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Postsynaptic Receptor
Trafficking Underlying a Form of

Associative Learning
Simon Rumpel,1 Joseph LeDoux,2 Anthony Zador,1

Roberto Malinow1*

To elucidate molecular, cellular, and circuit changes that occur in the brain
during learning, we investigated the role of a glutamate receptor subtype in
fear conditioning. In this form of learning, animals associate two stimuli, such
as a tone and a shock. Here we report that fear conditioning drives AMPA-
type glutamate receptors into the synapse of a large fraction of postsynaptic
neurons in the lateral amygdala, a brain structure essential for this learning
process. Furthermore, memory was reduced if AMPA receptor synaptic incor-
poration was blocked in as few as 10 to 20% of lateral amygdala neurons.
Thus, the encoding of memories in the lateral amygdala is mediated by AMPA
receptor trafficking, is widely distributed, and displays little redundancy.

Animals continually adapt their behavior in

response to changes in the environment. It

has long been held that selective modifica-

tions in synaptic efficacy represent the phys-

ical substrate for this behavioral plasticity

(1, 2). Long-term potentiation (LTP), a cel-

lular model of synaptic plasticity, has emerged

as a leading candidate mechanism underlying

associative forms of learning in the central

nervous system (3–12). Much is now known

about the molecular mechanisms during LTP

that translate a brief change in electrical ac-

tivity patterns to a modification in synaptic

efficacy (13–23). Recent studies indicate that

synaptic addition of GluR1 subunit–containing

AMPA-type glutamate receptors (GluR1-

receptors) mediates the synaptic strengthening

observed during LTP (24, 25). An attractive
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10003, USA.
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Fig. 1. Viral infection with
amplicon vectors does not
alter basic electrophysiolog-
ical properties. (A) Schemat-
ic of recombinant proteins
used in this study: GluR1-
GFP, a fusion protein of
GFP and the GluR1 sub-
unit; GluR1-C-tail–GFP, a
fusion protein of GFP and
the last C-terminal 81
amino acids of the GluR1
subunit; and GFP alone. (B
and C) Low magnification
transmitted light (B) and
epifluorescence (C) images
of a coronal section of the
right hemisphere including
the amygdala. Note the
area of GFP-expressing cells
within the lateral amygdala
(dotted line) 1 day after in-
jection. d, dorsal; m, medial.
(D and E) Highly magnified
image of the lateral amyg-
dala by infrared-differential
interference contrast mi-
croscopy (D) and epifluo-
rescence (E), which contains
a neuron expressing (upper
arrow) or not expressing
(lower arrow) GFP. (F) Su-
perimposed current-clamp recordings of an infected (green traces) and noninfected (black traces)
neuron during 300-ms current injections of –100, 0, þ100, þ200, and þ550pA. Rp, resting po-
tential of neurons indicated next to traces.
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proposal is that a learning-driven increase in

GluR1-receptors at a selected group of synaps-

es underlies associative memory.

We tested this proposal by using auditory

fear conditioning, a well-characterized be-

havioral paradigm in which an animal learns

to associate a tone with an electric shock and

subsequently Bfreezes[ when presented with

a tone alone (11, 12, 26). The memory formed

by fear conditioning is long lasting and can be

easily assessed. Lesions and pharmacological

treatments indicate a role of the amygdala in

acquisition and storage of fear memory traces.

Furthermore, LTP occurs at the synapses be-

tween the auditory thalamus to the lateral

amygdala in vitro and in vivo. We have there-

fore studied the role of GluR1-receptor traf-

ficking at thalamo-amygdala synapses in as-

sociative fear conditioning.

Amplicon vectors to tag or block
plasticity. To investigate the role of GluR1-

receptor trafficking in fear conditioning, we

used an acute gene delivery technique to ex-

press recombinant proteins in a spatially and

temporally controlled manner within a targeted

brain region (27–31). In this way, we could

monitor and perturb AMPAR trafficking. We

injected amplicon vectors based on nonrep-

licating herpes simplex virus (32) into the lat-

eral amygdala of juvenile rats (33) (Fig. 1A).

Infected cells could be identified by amplicon-

driven coexpression of the green fluorescent

protein (GFP). Expression was rapid and ro-

bust, so that infected cells were clearly visible

in amygdala brain slices prepared 24 hours

after in vivo injection (Fig. 1, B through E).

The basic electrophysiological properties of

infected neurons, including input resistance

and firing properties, were indistinguishable

from those of noninfected control neurons (34)

(Fig. 1F).

The first amplicon vector we used (Fig. 1A)

encodes GluR1 fused with GFP. This vector

drives expression of homomeric AMPARs

that display greater rectification (i.e., a greater

conductance when passing inward than out-

ward current) than endogenous AMPARs (35).

Synapses undergoing plasticity by incorpo-

ration of recombinant GluR1-receptors show

increased rectification compared with synapses

with only endogenous AMPARs. These recep-

tors thus act as a ‘‘plasticity tag’’ for modified

synapses that can be detected with an electro-

physiological assay (36). The second ampli-

con vector encodes the carboxyl cytoplasmic

tail (81 amino acids) of GluR1 fused with

GFP. The resulting protein acts as a dominant-

negative construct to prevent synaptic incor-

poration of endogenous GluR1-receptors and

thereby blocks several forms of synaptic plas-

ticity in vitro and in vivo (36, 37); we des-

ignate this the ‘‘plasticity-block’’ vector. A

third amplicon vector (the ‘‘infection-control’’

vector) drives expression of only GFP and

serves as a control for infection.

There is little synaptic incorporation of

GluR1-receptors in the absence of strong

plasticity-inducing stimuli (38). We thus first

assessed trafficking of GluR1-receptors in

the lateral amygdala of animals that were not

subjected to fear conditioning. We prepared

brain slices from naı̈ve animals 36 hours af-

ter in vivo infection of the lateral amygdala

with the plasticity-tag vector. Rectification of

AMPAR-mediated transmission between au-

ditory thalamus and lateral amygdala (11) was

similar in infected and noninfected neurons

(Fig. 2, A to C), which indicated no detectable

synaptic incorporation of recombinant GluR1-

receptors in naı̈ve rats. In a second series of

experiments, we injected the plasticity-block

Fig. 2. Trafficking of GluR1 subunit–containing AMPARs in the lateral
amygdala of naı̈ve rats. (A) Transmitted light image of an acute amyg-
dala slice preparation. Placement of stimulation and recording electrodes
indicated. LA, lateral nucleus of the amygdala; BL, basolateral nucleus of
the amygdala; CE, central nucleus of the amygdala; EC, external capsule;
d, dorsal; m, medial. Note bundles of thalamo-amygdala fibers in the
ventral striatum. (B) (Left) Evoked AMPAR-mediated postsynaptic cur-
rents (AMPA PSCs; 25 to 40 responses averaged) at –60, 0, and þ40 mV
holding potential recorded from a neuron infected with the plasticity-tag
vector (green traces) and noninfected neuron (black traces). (Right) Mean
rectification indices of synaptic pathways [RI, (amplitude at –60 mV hold-
ing potential)/(amplitude at þ40 mV holding potential)] onto neurons
infected with the plasticity-tag vector and noninfected neurons showed
no statistically significant differences (t test, P 0 0.34; n.s.), which sug-
gests no incorporation of recombinant receptors in naı̈ve animals. (C)
Cumulative distribution plot of data shown in (B). (D) (Left) Super-

imposed averages (25 to 40 responses) of evoked AMPA PSCs recorded
simultaneously in a neuron infected with the plasticity-block vector
(green trace) and noninfected neuron (black trace) at –60 mV holding
potential. (Right) Mean amplitude of evoked AMPA PSCs recorded simul-
taneously in pairs of neurons infected with the plasticity-block vector
and not infected showed no statistically significant difference (t test, P 0
0.67; n.s.). (E) (Left) Evoked AMPA PSCs (12 responses averaged) recorded
in a noninfected neuron (black traces) and a neuron expressing plasticity-
block vector (green traces) before and 40 min after LTP induction. (Right)
Mean AMPA PSC amplitudes in neurons infected with the plasticity-block
vector and noninfected neurons before and after the pairing protocol.
Amplitudes were normalized to levels before pairing. Transmission in
paired pathways from infected neurons returned to basal levels 40 min
after LTP induction and was significantly lower than in paired pathways
in control neurons (t test, *P G 0.01). Error bars in this and all other
figures are SEM.
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vector into the lateral amygdala of rats to

probe the trafficking of endogenous GluR1-

receptors. Brain slices were prepared 14 to

20 hours after injection, to allow sufficient

time to detect expression of the construct in

neurons. The amplitude of basal AMPAR-

mediated transmission was not affected by

the plasticity-block construct, as assessed by

simultaneous recordings of evoked transmis-

sion in nearby infected and noninfected

neurons (Fig. 2D). Had there been synaptic

incorporation of endogenous GluR1-receptors

during the expression of the plasticity-block

construct, synaptic currents would have been

smaller in infected neurons (39). We then

used the plasticity-block vector to assess the

role of GluR1 trafficking during LTP in

lateral amygdala neurons (Fig. 2E). In non-

infected neurons, an LTP-inducing protocol

led to persistent enhanced transmission. How-

ever, in neurons expressing the plasticity-

block construct, the same stimulus protocol

led only to a brief increase in transmission,

similar to the results in hippocampus (38).

Taken together, these results suggest that

there was little or no synaptic incorporation

of GluR1-receptors in the lateral amygdala

of naı̈ve rats during the expression period we

examined.

Associative learning drives AMPARs into
synapses. We next tested the first key predic-

tion of the trafficking hypothesis: Conditioning

should induce the incorporation of GluR1-

receptors into thalamo-amygdala synapses.

We injected the plasticity-tag vector into

the lateral amygdala to monitor synapses un-

dergoing plasticity. Thirty-six hours after in-

jection, in one group of animals, we paired

tones with shocks; in a second group, which

Fig. 3. Fear conditioning induces synaptic incorporation of recombinant
GluR1 subunit–containing AMPA receptors. (A) Schematic of the experi-
mental protocol. (B) Behavioral analysis of animals infected with the
plasticity-tag vector 3 hours after either a paired conditioning protocol
(solid green bars) or as control an unpaired conditioning protocol (hatched
green bars). Freezing behavior was scored in testing cage during 1 min of
silence and 1 min of tone presentation, as indicated. Animals from the
paired group showed significantly increased freezing during tone presenta-
tion (t test, *P G 0.01). (C) (Left) Superimposed averages of evoked AMPA
PSCs recorded at –60, 0, and þ40 mV holding potential from neurons
infected with the plasticity-tag vector (green) and noninfected (black) neu-
rons from animals that underwent paired or unpaired conditioning. Note
the strongly increased rectification in infected neuron from paired animal.
(Right) Mean RIs of synaptic pathways from neurons infected with the
plasticity-tag vector (GluR1) and noninfected neurons (non) from paired
and unpaired animals (Paired, GluR1 versus non, t test, P G 0.01; unpaired,
GluR1 versus non, t test, P G 0.05; GluR1, paired versus unpaired, t test, P G
0.05; significant differences indicated by asterisks). (D) Cumulative distri-

bution of RIs from (C). Note the divergence of distributions for RI values 91.7.
(E) Histogram of RIs in infected and noninfected neurons from paired
animals (RIs have been averaged in case two synaptic pathways have been
obtained from one neuron). Of tested lateral amygdala neurons, 36%
showed learning-induced synaptic delivery of GluR1-receptors as estimated
by determining the number of infected neurons that show RIs larger than
two standard deviations of the distribution from noninfected neurons
(arrow). (F) Learning-induced delivery of GluR1-receptors occurs at subsets
of synapses and is not neuron-wide. (Left) Superimposed averages of
evoked AMPA PSCs recorded at –60, 0, and þ40 mV holding potential in a
single neuron expressing the plasticity-tag construct. Two individual synap-
tic pathways onto the neuron had been probed by interleaved stimulation
of two separate bundles of thalamo-amygdala fibers (see Fig. 2A). Note
strong differences in rectification between pathways. (Right) Scatter plot
of RIs from two pathways recorded in single neurons infected with the
plasticity-tag vector (green diamonds) and single noninfected neurons
(black crosses). RIs from pathways in infected neurons were not signifi-
cantly correlated (R2 0 0.014).
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served as control for nonassociative learn-

ing, we delivered the same number of tones

and shocks, but in an unpaired fashion (Fig.

3A). As expected (11, 12), the paired group

showed robust freezing in response to a test

tone presented 3 hours later, whereas the un-

paired control group did not (Fig. 3B). After

behavioral testing, we prepared brain slices

from both groups and examined synaptic

transmission between auditory thalamus and

lateral amygdala. In slices from each group,

we measured rectification of transmission onto

neurons expressing the plasticity-tag con-

struct, as well as onto noninfected neurons.

Infected neurons from the paired group

showed significantly more rectification than

infected neurons from the unpaired group

(Fig. 3, C and D), indicating synaptic

delivery of GluR1-receptors during this form

of associative learning. About 36% of infect-

ed neurons in the paired group displayed

rectification values more than two standard

deviations above the mean rectification of

the noninfected cells (Fig. 3E). This suggests

that about one-third of neurons in the lateral

amygdala undergo plasticity after formation

of the memory of the tone-shock pairing.

Rectification indices in infected neurons

from unpaired animals were slightly but sig-

nificantly higher than in noninfected neurons

from unpaired animals (Fig. 3, C and D) and

infected neurons from naı̈ve animals (t test,

P G 0.01) (Fig. 2, B and C). This result may

be due to the occurrence of some forms of

learning in the lateral amygdala (such as con-

textual learning, or learning that the tone pre-

dicts no shock) in the unpaired group that

may drive GluR1-receptor incorporation but is

not measured by our behavioral assay (40–42).

In summary, our findings demonstrate that

associative fear conditioning is a powerful

stimulus for the incorporation of GluR1-

receptors into synapses of auditory input to

lateral amygdala neurons.

Learning-induced receptor trafficking is
pathway-specific. One of the hallmarks of

LTP is that it is pathway-specific: Only

synapses that meet the conditions for induc-

tion undergo potentiation (43). We therefore

examined whether learning-induced receptor

trafficking in vivo occurred at all synapses

onto a cell, or at only a subset of synapses. We

compared rectification of two synaptic path-

ways onto infected lateral amygdala cells from

the paired group. Synaptic responses were

evoked by stimulation of two individual

thalamo-amygdala fiber bundles (Fig. 3F). In

general, rectification indices from two audi-

tory thalamic pathways onto the same

infected lateral amygdala cell showed no

significant correlation (R2 0 0.014). Most cells

displaying plasticity showed significantly

increased rectification in only one pathway

(7 out of 10). These results indicate that

receptor trafficking induced by fear condi-

tioning can be restricted to a subset of synaps-

es and is not a cellwide phenomenon.

Synaptic incorporation of AMPARs is
necessary for learning. We next tested a

second key prediction of the trafficking

hypothesis: Synaptic delivery of endogenous

GluR1-receptors is necessary to acquire the

conditioned response. Our approach was to test

whether molecular block of GluR1-receptor

synaptic incorporation impaired memory for-

mation. We first established a moderate

conditioning protocol that did not saturate

learning (Fig. 4A). We reasoned that such a

protocol would increase our ability to detect

an effect on learning if only a small fraction

of neurons were infected. We also wished to

avoid possible compensation of partial mem-

ory impairment by overtraining (44). To

probe the role of GluR1-receptor delivery in

fear memory formation, we infected one

group of animals with the plasticity-block

vector, the amplicon that showed no effect

on basal transmission in naı̈ve animals (Fig.

2D) but can block plasticity-induced synaptic

delivery of GluR1-receptors (38) (Fig. 2E).

A control group was infected with the

infection-control vector (Fig. 4B). To maxi-

mize the number of lateral amygdala neurons

infected, animals received robust bilateral

injections (1 to 2 ml total per amygdala). After

allowing 14 to 20 hours for expression of

constructs, we exposed animals to the

moderate conditioning protocol and then

later tested them for the conditioned re-

sponse as a measure of memory. To avoid

possible bias, we performed injections and

testing blindly (i.e., the experimenter did not

know the identity of the injected vector).

In memory retention tests 3 or 24 hours

after training, animals that received robust in-

jections of the plasticity-block vector showed

significantly less freezing in response to the

tone than did the group that received robust

injections of the infection-control vector (Fig.

4C). This finding suggests impairment of

fear acquisition that led to disruption of both

short-term (3-hour) and long-term (24-hour)

memory of the conditioning experience. Dur-

ing the conditioning protocol, the two groups

of animals showed similar levels of freezing

after the footshock. Since lesions of the amyg-

dala disrupt postshock freezing (11), the dif-

ferences in learning and the consequent effects

on memory cannot be explained by a simple

impairment of basic sensorimotor systems as

might be expected, for example, from impair-

ment of normal synaptic transmission rather

than of plasticity. Thus, blockade of synaptic

GluR1-receptor incorporation in lateral amyg-

dala neurons can disrupt the learning processes

that led to the formation of a lasting form of

associative memory.

Disabling plasticity in few neurons
impairs learning. We wished to determine

the fraction of neurons in the lateral amyg-

dala that must exhibit plasticity in order to

Fig. 4. Blocking synaptic
incorporation of GluR1-
receptors by overexpres-
sion of the plasticity-block
construct impairs memo-
ry formation. (A) Behavior-
al analysis of noninfected
animals 3 hours and 24
hours after single pairing
of a tone and a footshock
of varying intensity (pro-
tocols indicated). White
bar illustrates freezing in
animals conditioned with
a protocol involving mul-
tiple pairing of tones and
footshock (same data as
Fig. 3B). The moderate con-
ditioning protocol that was
used in later experiments
is indicated by arrows. (B)
Schematic of the experi-
mental protocol. (C) Behav-
ioral analysis of animals
infected either with the
plasticity-block vector or
the infection-control vec-
tor. Animals infected with
the plasticity-block vector
show significantly reduced
freezing compared with
control animals during
memory retention tests
(3 hours, t test, P G 0.05;
24 hours, t test, P G 0.01, significant differences indicated by asterisks), but not during the
conditioning protocol (conditioning, t test, P 0 0.81, n.s.).
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support fear conditioning. We therefore used

histological methods to estimate the propor-

tion of neurons that were infected with the

plasticity-block vector in the two lateral amyg-

dalas of each animal (Fig. 5, A and B). After

behavioral testing, the brain of each animal

was removed, fixed, and sectioned serially,

permitting three-dimensional analysis. For each

brain section, we measured the fractional area

of the lateral amygdala showing GFP fluores-

cence. By measuring fluorescence in all sec-

tions, the fraction of the two lateral amygdalas

infected was calculated for each animal.

In order to estimate the fraction of infected

neurons within each slice, we labeled several

sections with a neuron-specific NeuN antibody

(Fig. 5B). With dual-wavelength confocal im-

aging, individual neurons could readily be iden-

tified as infected or noninfected. The fraction of

neurons displaying GFP in an infected region

was measured [k 0 0.58 T 0.04 (mean T SEM);

n 0 5 sections, two animals]. By multiplying

this conversion factor k by the fraction of the

two lateral amygdalas infected, we could

estimate the fraction of infected neurons in

the two lateral amygdalas of each animal.

In animals that received robust injections

with the plasticity-block vector, on average

27 T 4% (n 0 13) of lateral amygdala neu-

rons were infected, indicating that blockade

of synaptic GluR1 incorporation in as few as

a quarter of neurons is sufficient to disrupt

learning (Fig. 5C). We observed the same

(27 T 3%, n 0 13) average rate of infection in

control animals that received robust injections

with the infection-control vector and showed

normal learning, which indicated that expres-

sion of the plasticity-blocking construct, rather

than variable infection levels, was responsible

for the effect on learning.

Does abolishing plasticity in less than one-

quarter of lateral amygdala neurons reduce

learning? To obtain a lower bound on the

fraction of lateral amygdala neurons required

to produce an effect on learning, we tested

an additional group of animals that received

sparse bilateral infections of the plasticity-

block vector or the infection-control vector

(0.3 to 0.6 ml per amygdala). In these ani-

mals, the fraction of neurons infected was

low (plasticity-block vector, 8 T 1%, n 0 7;

infection-control vector, 7 T 2%, n 0 6; n.s.),

and learning was normal (Fig. 5, C and D).

Thus, if trafficking of GluR1-receptors is

blocked in fewer than 10% of lateral amyg-

dala neurons, then the animal displays nor-

mal learning. We pooled the data from the

animals receiving robust and sparse infec-

tions and plotted the amount of freezing as a

function of the fraction of infected neurons

for each animal. We observed that most ani-

mals with 20% or more of lateral amygdala

neurons infected with the plasticity-block vec-

tor showed diminished learning, whereas ani-

mals with less than 10% of neurons infected

showed on average no effects on learning

(Fig. 5E). Assuming that the amplicon vector

does not preferentially infect neurons partic-

ipating in encoding of the memory, these

results indicate that blocking GluR1-receptor

trafficking in È10 to 20% of neurons under-

going plasticity is sufficient to impair mem-

ory formation in animals receiving moderate

conditioning.

Cellular mechanisms of memory. We

have shown that fear conditioning drives syn-

aptic incorporation of GluR1-receptors in later-

al amygdala neurons. It is noteworthy that not

all synapses onto these plastic cells are mod-

ified, which suggests that learning-induced

synaptic incorporation of GluR1-receptors is,

like LTP, regulated in a synapse-specific man-

ner. We find that interference with GluR1-

receptor trafficking impairs amygdala LTP

as well as fear conditioning, which indicates

an essential contribution of this molecular

process to memory formation. This view is

supported by studies on genetically modified

mice completely lacking the GluR1 subunit

(45) that demonstrate impaired associative

fear conditioning. Mice expressing GluR1 sub-

units with subtle mutations in phosphorylation

sites (46) that block synaptic incorporation

of recombinant GluR1-receptors (47) also

show deficits in some associative forms of

memory. Our findings establish the addition

Fig. 5. Histological
analysis of infection ef-
ficacy allows estimation
of minimal fraction of
plasticity-blocked neu-
rons necessary to cause
memory defects. (A)
Montage of epifluores-
cence images of the
lateral amygdala and
basolateral nucleus of
the amygdala taken
from serial sections of
the right (top) and left
(bottom) hemisphere
from an animal having
received injections with
the infection-control
vector. r, rostral; c, cau-
dal. (B) Combined dual-
channel image of an
injection site in the
lateral amygdala by con-
focal laser scanning mi-
croscopy. Red channel,
immunohistochemical
labeling of neuronal marker NeuN; green channel, GFP expression from
infected cells. Within the site of injection, 58% of neurons showed green
fluorescence. Dotted line circumscribes lateral amygdala. d, dorsal; m,
medial. (C) Fraction of amygdala neurons in animals infected with the
plasticity-block vector (solid bars) and infection-control vector (hatched
bars) for robust and intentionally sparse injections from a separate series
of experiments; no statistically significant differences were observed
between infection rate for the plasticity-block vector and the infection-
control vector (robust, t test, P 0 0.92; sparse, t test, P 0 0.89, n.s.). (D)
Behavioral analysis of animals with robust (same data as Fig. 4C) and
sparse injections. Freezing of animals expressing the plasticity-block

construct was normalized to control animals expressing only GFP. In
memory retention tests, animals with sparse injections of the plasticity-
block vector showed freezing levels similar to control animals and
significantly higher freezing as animals with robust injections of the
plasticity-block vector (3 hours, 24 hours, t test, P G 0.05, significant
differences indicated by asterisks). (E) Freezing of animals expressing the
plasticity-block construct was averaged across both test sessions,
normalized to control animals, and plotted against the fraction of
infected cells in the lateral amygdala [same data as in (D)]. Each symbol
represents values from a single animal. Dotted lines indicate average
freezing in animals with infection levels of 0 to 15% and 15 to 50%.
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of postsynaptic receptors, as a form of synaptic

plasticity, to be a key element in associative

memory formation.

Circuit mechanisms of memory. By

using molecular tagging techniques, we esti-

mate that about a third of lateral amygdala

neurons undergo plasticity during the forma-

tion of a memory driven by a single condi-

tioning block. Because not all synapses on a

plastic neuron undergo modification, one neu-

ron may potentially participate in many mem-

ories, which allows combinatorial storage of a

large number of memories (48–50). Perturbing

plasticity in a small fraction of lateral amyg-

dala neurons appears to be sufficient to re-

duce memory function, which suggests little

robustness or redundancy. Memory formation

may require coordinated changes in synaptic

strength, and perturbing a few plastic units

may corrupt integrated function, much as the

inability of a few violinists to change key prop-

erly can detectably offset a symphonic per-

formance. Finding such sensitivity to small

perturbation is striking given that large lesions

(51) or advanced brain pathology (52) produce

little disturbance of memory formation.
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Spin-Charge Separation and
Localization in One Dimension

O. M. Auslaender,1* H. Steinberg,1 A. Yacoby,1. Y. Tserkovnyak,2

B. I. Halperin,2 K. W. Baldwin,3 L. N. Pfeiffer,3 K. W. West3

We report on measurements of quantum many-body modes in ballistic wires
and their dependence on Coulomb interactions, obtained by tunneling between
two parallel wires in an GaAs/AlGaAs heterostructure while varying electron
density. We observed two spin modes and one charge mode of the coupled
wires and mapped the dispersion velocities of the modes down to a critical
density, at which spontaneous localization was observed. Theoretical cal-
culations of the charge velocity agree well with the data, although they also
predict an additional charge mode that was not observed. The measured spin
velocity was smaller than theoretically predicted.

Coulomb interactions have a profound effect

on the behavior of electrons. The low-energy

properties of interacting electronic systems are

described by elementary excitations, which

interact with each other only weakly. In two-

and three-dimensional disordered metals, they

are dubbed quasiparticles (1), as they bear a

strong resemblance to free electrons (2),

which are fermions carrying both charge and

spin. However, the elementary excitations in

one-dimensional (1D) metals, known as

Luttinger liquids (3, 4), are utterly differ-

ent. Each is collective and highly correlated

and carries either spin or charge.

We determined the dispersions of the

elementary excitations in one dimension by

measuring the tunneling current, I
T
, across an
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