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these glial markers during this peak period of gliogenesis, con®rming that Dcx is expressed
solely in immature neurons.

Microscopy

We performed confocal microscopy using a Noran Instruments Oz Confocal Laser
Scanning Microscope, a Nikon Diaphot optical microscope, and Intervision 3D analysis
software. We produced 3D digital reconstructions from a series of confocal images taken at
0.3 or 0.5 mm intervals through the region of interest. This 3D analysis allowed us
unequivocally to co-localize BrdU and markers of differentiation. We compiled the
montage in Fig. 1f from three sequential sections from the anterior forebrain of an
experimental 28-week-survival mouse.

Quanti®cation

We quanti®ed the number of BrdU+ cells and BrdU+/NeuN+ neurons in experimental
and control regions by sampling every sixth section, using a modi®ed version of the
fractionator method31. The experimental regions of cortex extended from dorsal cortex to
the medial bank, and spanned the thickness of cortical layer VI. We compared numbers of
new neurons in experimental mice to control mice by multiple statistical methods:
unpaired two-tailed t test; non-parametric two-tailed Mann±Whitney test; and unpaired
t-test with Welch correction. All methods yielded P values less than 0.0009, demonstrating
a highly signi®cant difference between the groups.

FluoroGold Injections

We stereotactically injected 32 nl of 3% FluoroGold solution dissolved in water bilaterally
at each of the same three thalamic sites as the original nanosphere injections. We injected
the retrograde label FluoroGold into the thalamus of adult mice eight weeks after
induction of targeted corticothalamic neuron apoptosis, and perfused the mice at nine
weeks.
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Bidirectional changes in the ef®cacy of neuronal synaptic trans-
mission, such as hippocampal long-term potentiation (LTP) and
long-term depression (LTD), are thought to be mechanisms for
information storage in the brain1±4. LTP and LTD may be mediated
by the modulation of AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazloe proprionic acid) receptor phosphorylation5±7. Here we
show that LTP and LTD reversibly modify the phosphorylation of
the AMPA receptor GluR1 subunit. However, contrary to the
hypothesis that LTP and LTD are the functional inverse of each
other, we ®nd that they are associated with phosphorylation and
dephosphorylation, respectively, of distinct GluR1 phosphoryla-
tion sites. Moreover, the site modulated depends on the stimula-
tion history of the synapse. LTD induction in naive synapses
dephosphorylates the major cyclic-AMP-dependent protein
kinase (PKA) site, whereas in potentiated synapses the major
calcium/calmodulin-dependent protein kinase II (CaMKII) site is
dephosphorylated. Conversely, LTP induction in naive synapses
and depressed synapses increases phosphorylation of the CaMKII
site and the PKA site, respectively. LTP is differentially sensitive to
CaMKII and PKA inhibitors depending on the history of the
synapse. These results indicate that AMPA receptor phosphoryla-
tion is critical for synaptic plasticity, and that identical stimula-
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tion conditions recruit different signal-transduction pathways
depending on synaptic history.

AMPA receptors, the principal excitatory neurotransmitter
receptors in the brain, are composed of four different subunits
(GluR1±4) that can assemble in different combinations8,9. The
GluR1 subunit is predominantly expressed in the forebrain, includ-
ing the hippocampus, a region implicated in memory formation10.
A study using GluR1 knockout mice has shown that this subunit is
essential for LTP in the CA1 region of the adult hippocampus11. The
GluR1 subunit is regulated by protein phosphorylation at two sites
on its intracellular carboxy-terminal domain12. Serine 831 is phos-
phorylated by CaMKII and protein kinase C (PKC), whereas serine
845 is phosphorylated by PKA12±14. Phosphorylation of either of
these sites potentiates AMPA receptor function through distinct
biophysical mechanisms12,13,15,16.

The aim of this study was to examine changes in phosphorylation
of GluR1 at these two sites after the synaptic induction of LTP and
LTD using phosphorylation-site-speci®c antibodies. A chemically
induced form of LTD (chemLTD) is associated with persistent
dephosphorylation of GluR1 at a PKA phosphorylation site,
Ser 845 (refs 6, 7). The chemLTD approach was designed to maxi-
mize the number of affected synapses, thereby increasing the
probability of detecting biochemical changes. We have been able
to increase the sensitivity of our assay to detect small changes in
GluR1 phosphorylation on Ser 831 and Ser 845 in single hippo-
campal slices after the synaptic induction of LTP and LTD.

To analyse phosphorylation of GluR1 during synaptic plasticity,
we placed two hippocampal slices in the same recording chamber
and recorded extracellular ®eld potentials simultaneously in the
CA1 dendritic region of both slices upon stimulation of the Schaffer
collaterals. After collecting a stable baseline, stimulation to one slice
was turned off while the other slice received low-frequency stimula-
tion (LFS; 1 Hz, 900 pulses). After the LFS, the stimulation was
returned to the baseline frequency, and stimulation to the control
slice was resumed. The slice that received LFS showed homosynaptic
LTD (78 6 3% of baseline ®eld potential slope 1 h after the onset of
1-Hz stimulation, n = 17), but there was no signi®cant change in
synaptic strength in the control slice (101 6 2% of baseline, n = 17;
Fig. 1a). One hour after the induction of LTD the slices were
collected and frozen immediately on dry ice. We then analysed
the phosphorylation states of GluR1 at Ser 831 and Ser 845 in the
control and LTD slices by quantitative immunoblotting.

Like chemLTD, homosynaptic LTD produced speci®c dephos-
phorylation of Ser 845 (87 6 3% phosphorylation of control slices,
n = 17; paired t-test: P , 0.01; Fig. 1c), whereas there was no
signi®cant change in phosphorylation of Ser 831 (99 6 6% of
control; Fig. 1b and c). The dephosphorylation at Ser 845 could
be detected as early as 30 min after the onset of LFS (83 6 5% of
control, n = 11; Fig. 1c). As expected, the magnitude of the change in
GluR1 phosphorylation following homosynaptic LTD was smaller
than that reported for chemLTD, because only a small percentage of
synapses in the slice are depressed during LFS-induced homo-
synaptic LTD. This effect was, however, reproducible and statistically
signi®cant. In addition, there was no dephosphorylation in slices
that did not exhibit LTD after LFS, either because induction of LTD
failed or because the NMDA (N-methyl-D-aspartate) receptor
antagonist AP5 (D(-)-2-amino-5-phosphonovaleric acid) was
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Figure 1 Homosynaptic LTD in CA1 is associated with dephosphorylation of GluR1 at a

PKA site. a, Simultaneous recording of slices receiving baseline stimulation (control, open

circles) and 1-Hz stimulation (LTD, closed circles; n = 17 each). FP, ®eld potential.

b, Immunoblot using antibody against phosphorylated Ser 831 (CaMKII site; S831P) and

phosphorylated Ser 845 (PKA site; S845P) on GluR1. Both blots were stripped and

reprobed with the antibody recognizing the C-terminal end of GluR1 (total GluR1).

c, Summary of phosphorylation changes in Ser 831 and Ser 845 following LTD induction

30 min (n = 11) and 1 h (n = 17) after LFS. Asterisks indicate value statistically

signi®cantly different from control. d, Homosynaptic LTD is blocked by pretreatment of

slices with okadaic acid (control slices: Oka ctl, open circles; LTD slices: Oka+LTD, ®lled

circles; n = 11 each). e, Immunoblot of slices pretreated with okadaic acid using

phosphorylation-site-speci®c antibodies. Panels as in b. Okadaic acid pretreatment

increased the phosphorylation of Ser 831 by 155 6 17% and Ser 845 by 139 6 24%.

f, Okadaic acid pretreatment prevented the dephosphorylation of Ser 845 (PKA site)

associated with homosynaptic LTD. The signals were normalized as described in c.
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Figure 2 LTP induction increases phosphorylation at CaMKII phosphorylation site on

GluR1. a, Simultaneous recording of ®eld potentials in control slices (open circles) and

LTP slices (closed circles; n = 13 each). b, Immunoblots using phosphorylation-site-

speci®c antibodies. Panels as in Fig. 1b. c, Quanti®cation of immunoblots with samples

from control slices (Ctl) and 30 min (n = 9) and 1 h (n = 13) after LTP induction. One data

point was excluded from analysis, as the phosphorylation changes in Ser 845 exceeded

2 s.d. from the mean. The inclusion of this data point does not change the conclusions.

d, Changes in phosphorylation of GluR1 at the CaMKII site (S831) 1 h after induction of

LTP and LTD. e, GluR1 phosphorylation changes at the PKA site (S845) associated with

bidirectional synaptic plasticity 1 h after induction.
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applied (data not shown). Collectively, these results con®rm that
chemLTD and homosynaptic LTD share similar downstream
expression mechanism(s)6.

Homosynaptic LTD is dependent on postsynaptic protein phos-
phatase activity17,18. To test whether the dephosphorylation of
GluR1 following LTD is also sensitive to protein phosphatase
inhibitors, we incubated the control and experimental slices in
okadaic acid (1 mM in ACSF with 0.1% dimethyl sulphoxide
(DMSO)) for 2±3 h and transferred them to the recording
chamber. As reported, okadaic acid abolished LTD (101 6 4% of
baseline, n = 11, Fig. 1d; LTD in vehicle solution: 76 6 5%, n = 10,
data combined in Fig. 1a; t-test, P , 0.01). Moreover, pretreatment
of slices with okadaic acid blocked the LFS-induced dephos-
phorylation of Ser 845 (101 6 7% of OKA controls; n = 11; Fig. 1e
and f). In contrast, induction of LTD in slices kept in vehicle
solution still produced signi®cant dephosphorylation at Ser 845
(88 6 3% of controls; n = 10; paired t-test, P , 0.05; data combined
in Fig. 1c). This result indicates that protein phosphatase 1/2A may
be critical for the LFS-induced dephosphorylation of GluR1 at
Ser 845.

LTP is probably associated with an increase in phosphorylation of
GluR1 by CaMKII (ref. 5). We tested whether we could detect the
same changes using our phosphorylation-site-speci®c antibodies.
Slices that received theta burst stimulation (TBS) showed LTP
(134 6 3% of baseline at 1 h after TBS, n = 14; Fig. 2a), and a
signi®cant increase in GluR1 phosphorylation at Ser 831 (CaMKII/
PKC site) at both 30 min (110 6 3% of controls, n = 9; paired t-test,
P , 0.05) and 1 h (117 6 5% of controls, n = 14; paired t-test, P
, 0.05; Fig. 2c) after TBS. Phosphorylation of Ser 845 (PKA site)
was not signi®cantly increased 30 or 60 min after LTP induction
(Fig. 2b and c). In slices that did not exhibit LTP, GluR1 phos-
phorylation did not change (data not shown). These results agree

with those of previous studies indicating that the early phase of LTP
is dependent on postsynaptic CaMKII activation19,22 and that
phosphorylation of GluR1 by CaMKII increases following LTP5.

The data presented so far indicate that LTP and LTD may be
associated with changes in phosphorylation of GluR1 at different
sites (Fig. 2d and e). LTD is associated with dephosphorylation at
Ser 845, a PKA site, whereas LTP is associated with increased
phosphorylation of Ser 831, a CaMKII site. This indicates that
although induction of LTP and LTD results in the bidirectional
control of AMPA-receptor phosphorylation, LTP and LTD do not
regulate phosphorylation of the same site. As LTP and LTD are
reversible processes, we tested what happens to GluR1 phos-
phorylation after the reversal of LTP with LFS (`depotentiation')
and the reversal of LTD with TBS (`de-depression').

To examine depotentiation we subjected both slices in the
recording chamber to TBS simultaneously, which resulted in LTP.
After 30 min of recording, LFS was given to one of the slices. This
stimulation depressed the synaptic strength back to the baseline
level (depotentiation; 93 6 4% of baseline 30 min after onset of
1-Hz stimulation, n = 14; Fig. 3a) while the synaptic response stayed
potentiated in slices that only received TBS (139 6 3% of baseline at
1 h post-TBS; Fig. 3a). There was signi®cant dephosphorylation of
Ser 831 in depotentiated slices (89 6 5% of LTP slices, n = 14: paired
t-test: P h 0.05) but no signi®cant change in Ser 845 (106 6 5% of
LTP slices; Fig. 3b and c). This result indicates that the same
stimulation protocol (LFS) results in the dephosphorylation of
different sites on GluR1 depending on the previous experience of
the synapse (whether it had previously undergone LTP).
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and de-depression (De-D) slices. f, De-depression increases phosphorylation at Ser 845
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To examine de-depression, we induced LTD in two slices in the
recording chamber; 30 min later we delivered TBS to one of the
slices. The synaptic response in slices that received TBS was
potentiated back to around the baseline response (110 6 4% of
baseline, n = 10; Fig. 3d) whereas the synaptic strength in slices
that only received LFS stayed depressed throughout the experiment
(81 6 4% of baseline; Fig. 3d). There was no signi®cant change in
phosphorylation of Ser 831 (CaMKII/PKC site) following de-
depression (93 6 6% of LTD slices, n = 10; Fig. 3e and f). Interest-
ingly, the de-depression increased phosphorylation at Ser 845 (PKA
site; 129 6 9% of LTD slices; paired t-test: P , 0.05; Fig. 3e and f).
These results indicate that, like LTD-inducing stimuli, LTP-
inducing stimuli result in the differential regulation of GluR1
phosphorylation depending on the previous experience of the
synapse. TBS delivered to `naive' synapses causes phosphorylation
of a CaMKII site, but TBS delivered to previously depressed
synapses causes phosphorylation of a PKA site.

From these results we predict that the synaptic potentiation due
to changes in AMPA receptor phosphorylation following TBS-
induced de-depression or TBS-induced LTP should be differentially
sensitive to CaMKII and PKA inhibitors. To test this hypothesis, we
performed two-pathway experiments in which we could directly
compare, in the same slices, the effects of TBS on naive and
previously depressed synaptic inputs (Fig. 4). Under control con-
ditions, TBS produced the same amount of synaptic potentiation
regardless of the initial state of the synapses (n = 11; Fig. 4a), and
both LTP and de-depression were prevented when NMDA receptors
were blocked (n = Fig. 4b). However, when slices were incubated in
the selective CaMKII inhibitor KN-93 (10 mM in 0.1% DMSO), TBS
produced signi®cantly less de novo potentiation than de-depression
(measured 50 min after TBS; P , 0.02, paired t-test; n = 8; Fig. 4c).
Conversely, when PKA was transiently inhibited at the time of
tetanic stimulation using the selective inhibitor KT5720 (1 mM in
0.1% DMSO), TBS produced signi®cantly less de-depression than
de novo LTP (measured 50 min after TBS; P , 0.02, paired t-test;
n = 6; Fig. 4d). Thus, the relative contributions of CaMKII and PKA
to TBS-induced potentiation vary depending on the initial state of
the synapse, as predicted. This conclusion agrees with a previous
report suggesting that there are different LTP-expression mech-
anisms in naive versus depressed synapses in PKC-g knockout
mice23.

Our results show that bidirectional changes in synaptic function
are associated with the reversible regulation of AMPA receptor
phosphorylation. However, the phosphorylation or dephosphoryl-
ation of GluR1 occurred on distinct sites, depending on the past
experience of the synapse (Fig. 5). Although the mechanism of this
differential phosphorylation remains to be determined, it may
involve differential activation of protein kinases and protein phos-
phatases in the potentiated, naive and depressed synapses. This
differential bidirectional regulation of the phosphorylation of

AMPA receptors has signi®cant computational implications for
synaptic plasticity, as the results indicate that there may be at least
three states of AMPA receptor activity with limited and regulated
transitions between the states.

Although phosphorylation of the GluR1 subunit on either
Ser 831 or Ser 845 potentiates AMPA receptor function, it appears
to do so through distinct biophysical mechanisms15,16. PKA phos-
phorylation of Ser 845 regulates the open channel probability of
AMPA receptors16, whereas CaMKII phosphorylation regulates the
apparent single-channel conductance of the receptor15. Note that
single-channel conductance increases with LTP24. Regulation of
phosphorylation at these two sites should contribute to the changes
in the ef®cacy of synaptic transmission that are observed during LTP
and LTD. However, the traf®cking and synaptic targeting of AMPA
receptors may also be important in LTP and LTD25,26. The role of
phosphorylation of the GluR1 subunit in the regulation of AMPA
receptor synaptic targeting is unclear. It is possible that phos-
phorylation of these sites regulates synaptic traf®cking of the
AMPA receptor in addition to regulating channel function. Alter-
natively, the synaptic traf®cking of AMPA receptors may be regu-
lated through a distinct mechanism, occurring with and
complementing the modi®cation of channel properties. Our ®nd-
ings that different phosphorylation sites and signal-transduction
pathways contribute to bidirectional synaptic modi®cations in the
hippocampus provide evidence for unexpected complexity in the
control of the gain of excitatory synaptic transmission. M

Methods
Slice preparation

We prepared hippocampal slices from postnatal day 21±30 male Long±Evans rats
(Harlan) as described6. In brief, dissection was done using ice-cold dissection buffer
(composition in mM: sucrose, 212.7; KCl, 2.6; NaH2PO4, 1.23; NaHCO3, 26; dextrose, 10;
MgCl2, 3; CaCl2, 1) bubbled with 95% O2/5% CO2. A block of hippocampus was removed
and sectioned into 400-mm-thick slices using a vibratome. Area CA3 was surgically
removed after sectioning. The slices were transferred to a submersion-type holding
chamber containing arti®cial cerebrospinal ¯uid (ACSF; in mM: NaCl, 124; KCl, 5;
NaH2PO4, 1.25; NaHCO3, 26; dextrose, 10; MgCl2, 1.5; CaCl2, 2.5) bubbled with 95% O2/
5% CO2 and equilibrated at room temperature for about 1 h. Slices were then transferred
to a submersion-type recording chamber continually perfused with 29±30 8C oxygenated
ACSF at 2 ml min-1. For the experiments shown in Fig. 4, 500-mm-thick hippocampal
slices were used and the ACSF composition included 1 mM MgCl2 and 2 mM CaCl2.

Electrophysiological recordings

In most cases, we recorded from two slices simultaneously in the same recording chamber.
We evoked synaptic responses by stimulating Schaffer collaterals with 0.2-ms pulses
delivered using concentric bipolar stimulating electrodes (FHC), and recorded them
extracellularly in CA1 stratum radiatum. Baseline responses were obtained by stimulating
at 0.033 Hz using an intensity that yielded a half-maximal ®eld potential slope. To induce
LTP, four episodes of TBS were delivered at 0.1 Hz, using the same stimulation intensity as
for baseline. TBS consists of 10 stimulus trains delivered at 5 Hz with each train consisting
of four pulses at 100 Hz. Homosynaptic LTD was induced by delivering LFS (900 pulses at
1 Hz) at the same stimulation intensity as baseline27. After the recording, slices were
quickly frozen on dry ice for immunoblot analysis.

HFS

LFS

PS831
PS845

LTPNaive

GluR1

LTD
PS845

PKA CaMKII

PP1/2A PP1/2A

Figure 5 A model explaining the bidirectional changes in AMPA-receptor phosphorylation

and NMDA-receptor-dependent synaptic plasticity. High-frequency stimulation (HFS)

delivered to naive synapses preferentially activates CaMKII, which increases

phosphorylation of GluR1 on Ser 831 (CaMKII site; P831) resulting in LTP. In contrast, low

frequency stimulation (LFS) given in a naive slice activates protein phosphatases

(including PP1/2A), which dephosphorylate Ser 845 (PKA site; P845). However, LFS given

to a previously potentiated synapse (LTP) dephosphorylates Ser 831, as shown in our

depotentiation result. On the other hand, HFS delivered to previously depressed synapses

(LTD) phosphorylates Ser 845, as shown by our de-depression data.
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For two-pathway experiments, two stimulating electrodes were placed on either side of
the recording ®eld potential electrode to stimulate two independent synaptic inputs,
alternating every 15 s. The absence of cross-pathway paired-pulse facilitation was used to
ensure that the two inputs were independent of each other. KN-93 (Calbiochem) was
dissolved in 100% DMSO (Sigma) and directly applied to the ACSF perfusion solution to
reach a ®nal concentration of 10 mM in 0.1% DMSO.

Preparation of slices for SDS±PAGE

Homogenates of hippocampal slices were prepared by sonicating each slice on ice in 1 ml
of resuspension buffer (10 mM sodium phosphate (pH 7.0), 100 mM NaCl, 10 mM
sodium pyrophosphate, 50 mM NaF, 1 mM sodium orthovanadate, 5 mM EDTA, 5 mM
EGTA, 1 mM okadaic acid and 10 U ml-1 aprotinin) for 20 s. The homogenates were
centrifuged at 14,000g for 10 min at 4 8C. The crude membrane pellets were resuspended in
SDS sample buffer and loaded onto SDS±PAGE gels (7.5%). We usually loaded a control
sample of hippocampus onto each gel at different protein concentrations to con®rm that
the protein concentration in our samples falls in the linear range of antibody detection.
The resulting gels were transferred to PVDF membranes.

Immunoblot analysis

The phosphorylation-site-speci®c antibodies were generated and puri®ed as described14.
PVDF membranes were incubated in 25% methanol and 10% acetic acid (15 min). The
membranes were then blocked with 1% BSA and 0.1% Tween-20 in PBS for 1 h, incubated
for 1±2 h with the phosphorylation-site-speci®c antibodies (150±500 mg ml-1 in blocking
buffer), washed ®ve times for 5 min with blocking buffer, and incubated for 1 h with
alkaline phosphatase-conjugated anti-rabbit immunoglobulin (1:10,000 in blocking
buffer). After ®nal washes in blocking buffer (5 ´ 5 min) the membranes were immersed in
chemi¯uorescence (ECF) substrate (Amersham) for 5±30 min. The membranes were
dried between ®lter papers, and scanned in Storm 860 (Molecular Dynamics) at 750±
900 V. The phosphorylation-site-speci®c antibodies were stripped from the membranes by
incubation in 62.5 mM Tris (pH 6.8), 2% SDS and 0.7% 2-mercapto-ethanol at 60 8C for
20 min; the membranes were then reprobed with anti-GluR1 C-terminal antibodies to
estimate the total amount of GluR1. The scanned digital images were quanti®ed using
ImageQuant software (Molecular Dynamics). We analysed the relative amount of GluR1
phosphorylation by determining the ratio of the signals (P/C ratio) detected using the
phosphorylation-site-speci®c antibodies (P) and the phosphorylation-independent
C-terminal antibody (C). The P/C ratio of the control and the matching test slices was used
for statistical analysis. For display purposes, this ratio was normalized to the control to
derive the percentage of control values. The linearity of immunoblots was con®rmed by
analysing the ratio of the control samples loaded at different concentrations on each gel.
The ECF method gives a better linear signal than conventional chemiluminescence (ECL)
detection when looking at the ratio of signals.
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Anopheline mosquito species are obligatory vectors for human
malaria, an infectious disease that affects hundreds of millions of
people living in tropical and subtropical countries. The lack of a
suitable gene transfer technology for these mosquitoes has ham-
pered the molecular genetic analysis of their physiology, including
the molecular interactions between the vector and the malaria
parasite. Here we show that a transposon, based on the Minos
element1 and bearing exogenous DNA, can integrate ef®ciently
and stably into the germ line of the human malaria vector
Anopheles stephensi, through a transposase-mediated process.

Genetic and genomic information on malaria vectors has
expanded substantially during the last few years. However, further
progress is hampered by the lack of germline transformation, a key
technology in functional studies. In the fruit¯y Drosophila melano-
gaster the development of gene transfer techniques has promoted, in
a short time, a large ¯ow of functional information on genes
involved in embryogenesis, tissue modelling, intracellular signal-
ling, neuronal organisation, behaviour and innate immunity. This
success has prompted the development of methods for introducing


