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Tyrosine Phosphatases Regulate AMPA Receptor Trafficking
during Metabotropic Glutamate Receptor-Mediated
Long-Term Depression
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Two forms of long-term depression (LTD), triggered by activation of NMDA receptors (NMDARs) and metabotropic glutamate receptors
(mGluRs), respectively, can be induced at CA1 synapses in the hippocampus. Compared with NMDAR-LTD, relatively little is known
about mGluR-LTD. Here, we show that protein tyrosine phosphatase (PTP) inhibitors, orthovanadate and phenylarsine oxide, selectively
block mGluR-LTD induced by application of the group I mGluR agonist (RS)-3,5-dihydroxyphenylglycine (DHPG-LTD), because
NMDAR-LTD is unaffected by these inhibitors. Furthermore, DHPG-LTD measured using whole-cell recording is similarly blocked by
either bath-applied or patch-loaded PTP inhibitors. These inhibitors also block the changes in paired-pulse facilitation and coefficient of
variation that are associated with the expression of DHPG-LTD. DHPG treatment of hippocampal slices was associated with a decrease in
the level of tyrosine phosphorylation of GluR2 AMPA receptor (AMPAR) subunits, an effect blocked by orthovanadate. Finally, in
dissociated hippocampal neurons, orthovanadate blocked the ability of DHPG to reduce the number of AMPA receptor clusters on the
surface of dendrites. Again, the effects of PTP blockade were selective, because NMDA-induced decreases in surface AMPAR clusters was
unaffected by orthovanadate. Together, these data suggest that activation of postsynaptic PTP results in tyrosine dephosphorylation of
AMPARs and their removal from the synapse.
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Introduction
The ability to regulate synaptic strength is a critical feature of the
CNS and is thought to underlie processes such as learning and
memory. Long-term potentiation and long-term depression
(LTD) have been studied intensely to understand the cellular and
molecular mechanisms of synaptic plasticity (Bliss and Col-
lingridge, 1993; Bear and Abraham, 1996). In the CA1 region, two
forms of LTD can be distinguished based on their induction
mechanisms; one requires activation of NMDA receptors
(NMDARs) (Dudek and Bear, 1992; Mulkey and Malenka, 1992;
Oliet et al., 1997), and the other the activation of metabotropic
glutamate receptors (mGluRs; mGluR-LTD) (Bashir et al., 1993;
Bashir and Collingridge, 1994; Bolshakov and Siegelbaum, 1994;
Oliet et al., 1997). These two forms of LTD can be induced by ago-
nists selective for NMDARs (Lee et al., 1998) and group I mGluRs
(Palmer et al., 1997), respectively. Indeed, the group I mGluR ago-
nist (RS)-3,5-dihydroxyphenylglycine (DHPG) is used widely to

study mGluR-LTD (Palmer et al., 1997; Fitzjohn et al., 1999; Huber
et al., 2000; Rouach and Nicoll, 2003; Tan et al., 2003; Gallagher et al.,
2004; Huang et al., 2004). This DHPG-induced LTD (DHPG-LTD)
has the important advantage of maximizing the number of synapses
affected, facilitating investigations into the underlying biochemical
mechanisms.

NMDAR-LTD involves an increase in postsynaptic Ca 2�, ac-
tivation of serine/threonine phosphatases, dephosphorylation of
the GluR1 subunit at ser845 (Lee et al., 1998), and internalization
of AMPA receptors (AMPARs) (Luthi et al., 1999; Beattie et al.,
2000) at extrasynaptic sites (Ashby et al., 2004). DHPG-LTD does
not occlude with NMDAR-LTD (Palmer et al., 1997; Fitzjohn et
al., 1999; Huber et al., 2001) and is independent of Ca 2� (Fitz-
john et al., 2001) and serine/threonine phosphatases (Schnabel et
al., 2001), indicating a very different underlying mechanism.
DHPG-LTD involves activation of G-proteins (Watabe et al.,
2002; Huang et al., 2004), protein tyrosine phosphatases (PTPs)
(Moult et al., 2002), mitogen-activated protein kinase (MAPK)
cascades (Gallagher et al., 2004; Huang et al., 2004), and postsyn-
aptic protein synthesis (Huber et al., 2000). However, the mech-
anism of expression of DHPG-LTD is unclear. For example,
DHPG-LTD involves alterations in paired-pulse facilitation
(PPF) (Fitzjohn et al., 2001; Watabe et al., 2002; Rouach and
Nicoll, 2003; Tan et al., 2003) but no change in sensitivity to
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uncaged L-glutamate (Rammes et al., 2003), which is suggestive
of a presynaptic alteration. In contrast, DHPG-LTD is prevented
by inhibitors of endocytosis or protein synthesis applied to the
postsynaptic cell and involves changes in the surface distribution
of GluR1 subunits in both slices and cultured hippocampal neu-
rons (Snyder et al., 2001; Xiao et al., 2001; Huang et al., 2004). It
has been suggested that differences in the mechanisms of DHPG-
LTD expression could be explained by a developmental switch
from presynaptic to postsynaptic changes occurring at �2 weeks
of age (Nosyreva and Huber, 2005).

In the present study, we investigated the role of PTPs in the
expression mechanisms of DHPG-LTD. We show that PTP in-
hibitors block DHPG-LTD and the associated changes in paired-
pulse facilitation, tyrosine dephosphorylation, and trafficking of
AMPARs.

Materials and Methods
Hippocampal slice preparation. Hippocampal slices (400 �m thick) were
obtained from female Wistar rats (10 –12 weeks of age, unless otherwise
stated). Animals were killed by cervical dislocation in accordance with
UK Animal (Scientific Procedures) legislation. The brains were removed
rapidly and placed in ice-cold artificial CSF (aCSF) consisting of the
following (in mM): 124 NaCl, 3 KCl, 26 NaHCO3, 1.25 NaH2PO4, 2
CaCl2, 1 MgSO4, and 10 D-glucose (bubbled with 95% O2/5% CO2).
Parasaggital brain slices were then prepared and the hippocampus iso-
lated from surrounding tissue. The CA3 region was removed in all cases.
Slices were allowed to recover at room temperature in oxygenated aCSF
for at least 1 h before use.

Cell culture. Primary rat hippocampal neuronal cultures were pre-
pared as described previously (Pickard et al., 2000, 2001) with a few
modifications. The CA3–CA1 region of the hippocampus from 1- to
3-d-old rat pups was dissected at 4°C, and the neurons were recovered by
enzymatic digestion with trypsin and mechanical dissociation. Cells were
then plated at a density of �50,000 per dish onto 22 mm glass coverslips
coated with poly-D-lysine (0.5 mg/ml; Sigma, Poole, Dorset, UK). Cul-
tures were maintained at 37°C in a 95% O2, 5% CO2 humidified incuba-
tor. The culture media were composed of Neurobasal A (Invitrogen,
Paisley, UK) supplemented with 2 mM glutamine, 2% B27, 10% horse
serum, and 2 mg/ml gentamycin. From the second day, the B27 and horse
serum content of the medium was reduced to 1%. From the third day in
culture, the media were supplemented with 10 �M uradine and 10 �M

5-fluoro-2�-deoxyuridine (Sigma) to prevent glial cell proliferation. Cul-
ture media were changed twice a week. Neurons were used for experi-
ments 13–15 d after plating.

Extracellular recordings. Grease-gap recordings were obtained from
the CA1 region as described previously (Blake et al., 1988; Moult et al.,
2002). Briefly, slices were placed on a glass coverslip on the surface of an
inclined temperature-controlled unit (maintained at �30°C). The slice
was partially covered with absorbent paper and superfused at a rate of 2
ml/min with aCSF (composition as above) bubbled continuously with
95% O2/5% CO2. For DHPG-LTD experiments, the GABAA receptor
antagonist picrotoxin (50 �M) and the NMDAR antagonist L-689,560
(trans-2-carboxy-5,7-dichloro-4-phenylaminocarbonylamino-1,2,3,4-
tetrahydroquinoline; 5 �M) were present throughout (Moult et al.,
2002). The Schaffer collateral– commissural pathway was stimulated at
0.033 Hz at an intensity that evoked a field EPSP (fEPSP) slope of �50%
of the maximum. Responses were digitized at 5 kHz and recorded on-line
using the LTP program (Anderson and Collingridge, 2001). The maxi-
mum slope was obtained from 20 – 80% of the incline of the response.

Whole-cell recordings from hippocampal slices. Slices were transferred to
a submerged recording chamber maintained at 30°C and perfused con-
tinuously with aCSF (composition as above) at a rate of 2–3 ml/min. The
GABAA receptor antagonist picrotoxin (50 �M) and the NMDA receptor
antagonist L-689,560 (5 �M) were present throughout. Electrodes with a
resistance in the range of 4 –7 M� were filled with Cs-based filling solu-
tion, which comprised the following (in mM): 130 CsMeSO4, 8 NaCl, 4
Mg-ATP, 0.3 Na-GTP, 0.5 EGTA, 10 HEPES, and N-(2,6-dimethyl-

phenylcarbamoylmethyl)triethylammonium chloride. The pH was ad-
justed to 7.2–7.3 using CsOH, while osmolarity was adjusted to 275–290
mOsm with sucrose if necessary. Where PTP inhibitors were included in
the filling solution, these were used at 10-fold lower concentration than
used extracellularly, and adjustments to pH and osmolarity were made
accordingly. Blind whole-cell recordings were made from neurons in the
CA1 pyramidal layer voltage clamped at �70 mV. The Schaffer collater-
al– commissural pathway was stimulated at 0.033 Hz. The stimulus in-
tensity used was that which evoked a peak amplitude of �50% of the
maximum. Responses were digitized at 10 kHz.

Whole-cell recordings from hippocampal cultures. Whole-cell record-
ings from pyramidal neurons were obtained as previously detailed (Fitz-
john et al., 2001). Cells were voltage clamped at �70 mV using the same
intracellular solutions used for recording from hippocampal slices. Cells
were perfused continuously with HEPES-buffered saline (HBS) of the
following composition (in mM): 119 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 25
HEPES, 33 D-glucose, 0.005 tetrodotoxin citrate, 0.1 picrotoxin, and
0.001 glycine, pH 7.4, at a rate of 2–3 ml�min �1. DHPG was applied by
addition to the HBS perfusate. Data were filtered at 2 kHz and digitized at
10 kHz. Continuous recording of miniature EPSCs (mEPSCs) was made
using Axoscope software (Molecular Devices, Union City, CA) and series
resistance measured using the LTP program.

Electrophysiological analysis. fEPSPs and EPSC data from hippocampal
slices were monitored on-line and analyzed off-line using the LTP pro-
gram (Anderson and Collingridge, 2001). LTD was calculated 25–30 min
after washout of the agonist and expressed as a percentage of the baseline.
The paired-pulse ratio (PPR) was calculated as the ratio of the amplitude
of the second EPSC to the first EPSC. To ensure that the measurement of
the peak amplitude of the second EPSC was not contaminated by residual
current from the first EPSC, the residual component was removed. This
was done by extrapolation of the first EPSC and using this point to
calculate the peak using the MiniAnalysis 5.6.25 program (Synaptosoft,
Decatur, GA). The PPR was calculated from an average of five successive
sweeps immediately before DHPG, during, and between 25 and 30 min
after DHPG application ceased. The coefficient of variation (CV) was
calculated as described previously (Kullmann, 1994; Fitzjohn et al.,
2001). Briefly, the mean and SD were calculated for the EPSC amplitudes
recorded during successive 5 min epochs (SDEPSC and meanEPSC). The
SD of the background noise was also calculated for each 5 min epoch
using a period immediately before electrical stimulation (SDNoise). The
CV for each epoch was calculated as (SDEPSC � SDNoise)/meanEPSC.

mEPSC detection was performed using MiniAnalysis software (Syn-
aptosoft). Events were detected by setting the threshold value for detec-
tion at three times the level of the root mean square noise, followed by
visual confirmation of mEPSC detection. For construction of cumulative
probability plots, 400 successive events were used from the period imme-
diately preceding application of DHPG and from the period before 30
min after commencing washout of DHPG. For pooled cumulative prob-
ability plots, data were normalized to the median value in the pre-DHPG
period.

Statistical analysis was performed using Student’s t test. n signifies the
number of times a given experiment was performed, with each experi-
ment using a slice from a different rat. Experimental treatments and
corresponding control experiments were interleaved throughout. Where
multiple comparisons were made against one of the control groups (see
Figs. 1–3), an ANOVA with post hoc Bonferroni’s test was applied.

Immunoprecipitation and immunoblot analysis. Hippocampal slices
were taken at the end of a 10 min DHPG application or after 30 min
washout. These slices, and parallel controls, were then homogenized in
Eppendorf Scientific (Westbury, NY) tubes with a pellet pestle on ice in
11% (w/v) sucrose, 10 mM HEPES, pH 7.2, 100 �M genistein, 1 mM

orthovanadate in the presence of a mixture of “complete” protease in-
hibitors (Roche Products, Welwyn Garden City, UK) and phosphatase
inhibitor mixture 1 (Sigma) to prevent degradation and dephosphoryla-
tion of proteins. Homogenized samples were centrifuged at 1000 � g for
15 min at 4°C to remove tissue debris. Supernatants were spun at
100,000 � g for 1 h at 4°C and pellets then stored at �80°C.

Membrane proteins were solubilized in 500 �l of lysis buffer [1% (v/v)
Triton X-100, 0.1% (w/v) SDS, 150 mM NaCl, 20 mM HEPES, 2 mM
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EDTA, 100 �M genistein, and 1 mM orthovana-
date in the presence of a mixture of complete
protease inhibitors (Roche Products) and
phosphatase inhibitor mixture 1 (Sigma)].
Samples were sonicated and rotated for 1–2 h at
4°C, followed by centrifugation at 100,000 � g
for 30 min at 4°C. After removing a 50 �l ali-
quot for a whole input sample, supernatants
were incubated with rabbit anti-GluR1– 4 anti-
body (3.5 �l per slice) (Pickard et al., 2000)
overnight at 4°C. Sepharose A beads [8 �l per
slice; pretreated with 5% (w/v) BSA in lysis
buffer for 30 min; Sigma] were used to separate
antibody/AMPAR complexes. After 2 h incuba-
tion at 4°C, Sepharose beads were separated by
centrifugation (1000 � g, 5 min, 4°C), and ali-
quots of the supernatants were mixed with 1:1
ratio of 2� SDS sample buffer [2% (w/v) SDS,
50 mM Tris-HCl, pH 6.8, 10% (v/v)
2-mercaptoethanol, 10% (v/v) glycerol, 0.1%
(w/v) bromophenol blue] and stored at �20°C.
Beads were washed with 1 and 0.1% (v/v) Tri-
ton X-100-containing lysis buffer (two times in
each) and once with PBS supplemented with
100 �M genistein, 1 mM orthovanadate in the
presence of a mixture of complete protease in-
hibitors (Roche Products) and phosphatase in-
hibitor mixture 1 (Sigma). Proteins associated
with Sepharose beads were extracted with 2�
SDS-PAGE sample buffer at 37°C for 10 min.

For the separate immunoprecipitation of
GluR1 and GluR2 proteins, AMPA receptor
subunits were dissociated in a modified radio-
immunoprecipitation assay (RIPA) buffer [1%
(v/v) Triton X-100, 1% (w/v) SDS, 0.4 (w/v)
sodium deoxycholate, 2 mM EDTA, 150 mM

NaCl, 50 mM Tris-HCl, pH 7.4] in the presence
of protease and phosphatase inhibitors at
100°C for 5 min. Individual subunits were im-
munoprecipitated using mouse anti-GluR2
(0.5 mg per slice; MAB397; Chemicon, Te-
mecula, CA), rabbit anti-GluR2 (0.4 mg per
slice; AB1768 –25UG; Chemicon), or rabbit
anti-GluR1 (0.4 mg per slice; catalog #07-660;
Upstate Biotechnology, Lake Placid, NY) anti-
bodies using the above-described procedure.

Immunoprecipitated proteins were sepa-
rated on 8% (w/v) SDS-PAGE gels followed by
transfer electrophoretically onto polyvinyli-
dene difluoride membranes using an Atto (To-
kyo, Japan) HorizBlot electrophoretic transfer
unit with a discontinuous buffer system for
1.5 h at room temperature, as recommended by
the manufacturer. Before the immunostaining
with the anti-phosphotyrosine P-Y20-
horseradish peroxidase (HRP)-conjugated an-
tibody (ICN Biomedicals, Costa Mesa, CA),
membranes were blocked with TBS containing
1% (w/v) ovalbumin, 3% (w/v) BSA, and 0.1%
(v/v) Tween 20 for 1 h at 4°C. Blots were
blocked with 5% (w/v) milk, 0.1% (v/v) Tween
20 in TBS for 1 h at 4°C before labeling with the
guinea pig anti-GluR1– 4 antibody (Pickard et
al., 2001) After three washes in 0.1% Tween 20
in TBS (TBST), blots were incubated with the
P-Y20-HRP antibody (1:5000 dilution) in 1%
ovalbumin, 3% BSA in TBST, or in guinea pig
anti-GluR1– 4 antibody (1:2000 dilution), rab-
bit anti-GluR1 (1.96 mg/ml), mouse anti-

Figure 1. PTPs are selectively involved in DHPG-LTD. Pooled data from control experiments are shown as percentage fEPSP
slope versus time. In this and subsequent figures, each point is the average of four successive responses, and example traces are
from an individual representative experiment shown at the time points indicated. A, Bath application of DHPG (100 �M, 10 min)
induces LTD of fEPSPs. B, DHPG-LTD is blocked by bath application of the PTP inhibitor PAO (15 �M). In B and E, PAO was present
throughout the illustrated portion of the experiment. The PTP inhibitors were applied for 20 –30 min before the addition of DHPG.
C, Bath application of PAO has no significant effect on the expression of DHPG-LTD. D, Bath application of NMDA (20 �M, 3 min)
induces LTD of fEPSPs. E, NMDAR-LTD is not blocked by bath application of PAO. The data illustrated in A and B are replotted from
Moult et al. (2002). Calibration: 0.5 mV, 5 ms. Data are represented as mean � SEM.

Figure 2. Block of DHPG-LTD by PTP inhibitors is prevented by inhibition of PTK. Data are presented as in Figure 1. When
used, PTP and PTK inhibitors were present throughout. A, Bath application of DHPG (100 �M, 10 min) induces LTD of fEPSPs
in the presence of the src-family tyrosine kinase inhibitor PP2 (10 �M). Bath application of DHPG also induces LTD of fEPSPs
in the presence of PP2 and either of the tyrosine phosphatase inhibitors, orthovanadate (OV; 1 mM; B) or PAO (15 �M; C).
D, Bath application of DHPG also induces LTD of fEPSPs in the presence of lavendustin A (Lav A; 10 �M) and orthovanadate
(OV; 1 mM). E, Bath application of DHPG also induces LTD of fEPSPs in the presence of genistein (Gen; 30 �M) and
orthovanadate (1 mM). F, Interleaved controls for this set of experiments. Calibration: 0.5 mV, 5 ms. Data are represented
as mean � SEM.
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GluR2 (1.96 mg/ml), or rabbit anti-GluR2 (0.25 mg/ml) subunit-
selective antibodies in 5% (w/v) milk powder in TBST, overnight at 4°C.
The immunolabeling obtained with the primary antibodies were revealed
with the appropriate HRP-conjugated anti-guinea pig (1:7500 dilution;
Jackson ImmunoResearch, West Grove, PA), HRP anti-mouse (1:7500
dilution; Sigma) or alkaline phosphatase-conjugated anti-rabbit (1:5000
dilution; Promega, Madison, WI) secondary antibodies for 2 h at room
temperature. The enhanced chemiluminescence (ECL) detection system
(Roche Diagnostics, Lewes, UK) was used for developing blots with
HRP-conjugated antibodies. Lumi-Phos WB chemiluminescent sub-
strate (Pierce, Rockford, IL) was used for alkaline phosphatase-
conjugated antibodies. The �-actin content of each input/homogenized
slice sample was analyzed using an anti-�-actin mouse monoclonal an-
tibody (Abcam, Cambridge, UK) visualized by an alkaline phosphatase-
conjugated secondary antibody (Promega) and Lumi-Phos WB chemi-
luminescent substrate (Pierce, Rockford). A series of antigen
concentrations, primary and secondary antibody dilutions, and ECL ex-
posure times were used to optimize our experimental conditions for the
linear sensitivity range of the autoradiography film (Hyperfilm MP;
Amersham Biosciences, Little Chalfont, Buckinghamshire, UK). Each
immunoreactive band was subjected to densitometry using a Bio-Rad
(Hercules, CA) imaging system (Quantity One) to determine the pixel
volume (pixel intensity-by-area).

Immunofluorescence staining and imaging of hippocampal neurons. Hip-
pocampal cultures were treated with agonists, with or without antagonists, as
described in Figure 9. One hour later, cultures were fixed using 4% parafor-
maldehyde in PBS for 15 min followed by incubation in 10 mM glycine in
PBS for 5 min at 4°C. Nonpermeabilized cells were washed in HBS (119 mM

NaCl, 5 mM KCl, 25 mM HEPES, 33 mM D-glucose, 2 mM CaCl2, 2 mM MgCl2,
1 �M glycine, pH 7.4; one time for 5 min) and in HBS supplemented with
50% Neurobasal A and 0.5% horse serum (three times for 10 min) at 4°C.
Surface GluR1 was labeled with an extracellular N-terminal domain-specific
antibody (1 �g/ml, 1 h, 4°C) (Molnar et al., 1993). After washing in 5%
bovine serum albumin containing HBS (three times for 10 min), cells were
probed with Alexa 488-cojugated anti-rabbit secondary antibodies in HBS
with 5% BSA for 1 h at 4°C. Coverslips were mounted in Vectashield mount-
ing medium (Vector Laboratories, Bretton, UK).

Images of immunolabeled neurons were
captured using an inverted Zeiss (Oberkochen,
Germany) LSM 510 Meta confocal laser scan-
ning microscope using a 63� lens. The 488 and
633 nm laser bands of an Ar laser were used for
dual dye excitation and FITC/tetramethylrho-
damine isothiocyanate filters for fluorescence
emission. The quantitative analysis was per-
formed blind using NIH ImageJ (http://rsb.in-
fo.nih.gov/ij/index.html). The threshold for
GluR1-positive fluorescent clusters (or puncta)
was fixed at twice the level of background fluo-
rescence obtained from a region of diffuse flu-
orescence within the dendritic shaft. Clusters
were �1–2.5 �m is size. Only puncta lying
along processes interpreted as dendrites were
counted. Regions where the clear identification
of neuronal processes was ambiguous were ex-
cluded from the quantification. For statistical
analysis, independent group t tests were used.
For quantitative comparisons, the number of
puncta per 100 �m length of dendrite was ex-
pressed for the GluR1 antibody within a given
field.

Results
PTP inhibitors block DHPG- but not
NMDA-induced LTD
In agreement with previous studies
(Palmer et al., 1997; Fitzjohn et al., 1999;
Huber et al., 2000; Rouach and Nicoll,
2003; Tan et al., 2003; Gallagher et al.,

2004; Huang et al., 2004), bath application of (RS)-DHPG (100
�M, 10 min) resulted in a sustained depression of synaptic trans-
mission. Field EPSPs were depressed to 72 � 2% of baseline, 30
min after washout of DHPG (n � 11; p 	 0.05 vs baseline) (Fig.
1A). The effects of DHPG were prevented by the specific mGluR5
antagonist 2-methyl-6-(phenylethynyl)pyridine hydrochloride
(MPEP) (data not shown), which is consistent with DHPG-LTD
being mediated via activation of mGluR5 (Palmer et al., 1997;
Fitzjohn et al., 1999; Huang et al., 2004). Interleaved with control
experiments, we applied one of two structurally distinct PTP in-
hibitors [orthovanadate, 1 mM and phenylarsine oxide (PAO), 15
�M]. Neither compound affected baseline synaptic transmission
(102 � 1 and 101 � 1% of baseline, respectively; data not shown),
but both compounds attenuated DHPG-LTD (89 � 3%, n � 6,
p 
 0.05; and 109 � 9%, n � 6, p 
 0.05, respectively) (Moult et
al., 2002) (PAO data illustrated in Fig. 1B). In contrast, applica-
tion of orthovanadate (1 mM) or PAO (15 �M) had no effect on
pre-established DHPG-LTD; responses before and during or-
thovanadate application were 67 � 4 and 74 � 4% of baseline
(n � 3; p 
 0.05); responses before and during PAO application
were 68 � 4 and 73 � 3% of control (n � 3; p 
 0.05) (Fig. 1C).

To determine whether PTP inhibition selectively blocked
DHPG-LTD, the two PTP inhibitors were tested against
NMDAR-LTD, in slices obtained from 3-week-old rats. NMDA
(20 �M, 3 min) caused a large initial depression of synaptic trans-
mission followed by a sustained depression (71 � 6%; p 	 0.05;
n � 8) (Fig. 1D). In contrast to DHPG-LTD, neither orthovana-
date nor PAO blocked NMDAR-LTD (64 � 4%, n � 5, p 	 0.05;
and 63 � 5%, n � 5, p 	 0.05, respectively) (PAO data illustrated
in Fig. 1E). These results indicate that the block of DHPG-LTD
by either orthovanadate or PAO is unlikely to be caused by some
nonspecific effect.

Figure 3. Postsynaptic PTPs are involved in DHPG-LTD. A, Bath application of DHPG (100 �M, 20 min) induces LTD of EPSCs. B,
In the presence of extracellularly applied orthovanadate (EC OV; 1 mM), DHPG-LTD is blocked. C, In the presence of extracellularly
applied PAO (EC PAO; 15 �M), DHPG-LTD is also blocked. D, In the presence of orthovanadate delivered intracellularly via the patch
pipette (IC OV; 100 �M) to the postsynaptic cell, DHPG-LTD is blocked. E, In the presence of PAO delivered intracellularly via the
patch pipette (IC PAO; 1.5 �M) to the postsynaptic cell, DHPG-LTD is also blocked. Calibration: 100 pA, 50 ms. Data are represented
as mean � SEM.
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Protein tyrosine kinase inhibitors prevent the effects of
PTP inhibitors
We reported previously that the protein tyrosine kinase (PTK)
inhibitors genistein and lavendustin A had no significant effect
on baseline transmission or DHPG-LTD (Moult et al., 2002).
Similarly, we find that the src-family PTK inhibitor 3-(4-
chlorophenyl)1-(1,1-dimethylethyl)-1H-pyrazolo[3,4-
d]pyrimidin-4-amine (PP2) had no effect on baseline synaptic
transmission or on DHPG-LTD (70 � 5%; n � 6; p 	 0.05) (Fig.
2A). Surprisingly, however, PP2 completely prevented the inhi-
bition of DHPG-LTD by orthovanadate (76 � 7%; n � 6; p 	
0.05) (Fig. 2B) or PAO (72 � 7%; n � 6; p 	 0.05) (Fig. 2C). This
effect was not unique to PP2, because both genistein and laven-
dustin A prevented the inhibition of DHPG-LTD by orthovana-
date [73 � 9%, n � 6, p 	 0.05 (Fig. 2D); and 66 � 5%, n � 6, p 	
0.05 (Fig. 2E), respectively] or PAO (74 � 5%, n � 6, p 	 0.05;
and 67 � 7%, n � 6, p 	 0.05, respectively; data not illustrated).
In all cases, these effects were not significantly different from
interleaved controls (72 � 3%; n � 8) (Fig. 2F). Thus, three
structurally distinct PTK inhibitors have no direct effect on base-
line transmission or DHPG-LTD but are able to completely pre-
vent the effects of the PTP inhibitors.

Analysis of DHPG-LTD using whole-cell recording
To investigate the mechanism of DHPG-LTD, we made whole-
cell recordings from hippocampal slices (Fig. 3). In agreement
with the extracellular experiments, DHPG (100 �M, 20 min) was
able to induce LTD (59 � 8%; n � 13; p 	 0.05) (Fig. 3A) without
affecting the holding current of the cesium-loaded neurons. In
interleaved experiments, DHPG-LTD was blocked by bath appli-
cation of orthovanadate (96 � 5%; n � 6; p 
 0.05) (Fig. 3B) or
PAO (97 � 4%; n � 6; p 
 0.05) (Fig. 3C) or by patch loading of
100 �M orthovanadate (111 � 14%; n � 6; p 
 0.05) (Fig. 3D) or
1.5 �M PAO (92 � 9%; n � 6; p 
 0.05) (Fig. 3E). This result is
unlikely to be explained by diffusion of the inhibitors out of the
loaded cell to inhibit presynaptic PTPs, because a 10-fold lower
concentration of the inhibitors was included in the patch solution
compared with bath application. These data suggest that the PTPs
critical for the induction of LTD are located in the postsynaptic
neuron.

Several studies have reported that
DHPG-LTD is associated with changes in
PPF, which is classically interpreted as an
alteration in the probability of release (Pr).
Such a finding is not readily compatible
with the observation that postsynaptic
loading of PTP inhibitors blocks DHPG-
LTD. One possible explanation is that
there are both presynaptic and postsynap-
tic mechanisms of expression of DHPG-
LTD and that PTP inhibitors only affect
the postsynaptic changes, which may
dominate in slices taken from older ani-
mals (Nosyreva and Huber, 2005). We
therefore analyzed PPF in the whole-cell
recording experiments from slices pre-
pared from 10- to 12-week-old animals
(Fig. 4A–C). In each experiment, two
pulses were delivered at an interval of 50
ms and the paired-pulse ratio calculated
30 min after washout of DHPG. Under
control conditions, DHPG caused an in-
crease in the PPR (from 1.5 � 0.1 to 1.9 �

Figure 4. DHPG-LTD-associated increases in both PPR and CV are abolished by PTP inhibitors in
the postsynaptic neuron. A, EPSC traces taken from representative experiments in which DHPG was
appliedundercontrolrecordingconditions,or inwhichthefillingsolutioncontainedeitherorthovana-
date or PAO. Each trace shows the average of four successive EPSCs evoked by paired pulses before
(black) and 30 min after (gray) DHPG application. Calibration: 100 pA, 50 ms. B, The same traces from
A in which the first EPSCs are scaled, for better comparison. C, Pooled data showing a significant
increase in PPR under control conditions, which is abolished when postsynaptic PTPs are inhibited by
eitherorthovanadateorPAO.D,CV,measuredduringthesamesetofexperiments,showsasignificant
and sustained increase after washout of DHPG. This sustained increase is abolished when either or-
thovanadate or PAO is included in the patch pipette. Data are represented as mean � SEM.

Figure 5. Jasplakinolide prevents DHPG-induced changes in PPF and CV. A, A representative experiment showing inhibition of
DHPG-LTD by jasplakinolide (2 �M), applied via the patch pipette. Individual EPSCs are taken from the time points indicated.
Calibration: 100 pA, 50 ms. B, Pooled data, showing that DHPG-LTD is blocked after inclusion of jasplakinolide in the filling
solution. C, There was no significant change in the PPR after DHPG. Ci, Individual traces taken from a representative experiment in
which the first EPSC is scaled for better comparison. Cii, Pooled PPR data from four experiments. D, CV, measured during the same
set of experiments, shows no significant change. In B–D the two interleaved controls (mean and range) for this set of experiments
are also plotted (white symbols in B, D). Data are represented as mean � SEM.
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0.1; n � 13; p 	 0.05). In contrast, in neurons loaded with or-
thovanadate or PAO, there was no change in the PPR (in both
cases, 1.6 � 0.1 to 1.4 � 0.03; n � 6; p 
 0.05). Similar results
were obtained with the whole-cell recording experiments using
bath-applied inhibitors (data not shown).

We also analyzed the CV for these experiments (Fig. 4D).
Under control conditions, the CV of the first EPSC of the pair
increased during application of DHPG, and this increase was
sustained for as long as recordings were obtained. For example,
30 min after washout of DHPG, the CV had changed from 0.22 �
0.02 to 0.33 � 0.03 (n � 13; p 	 0.05). In contrast, in neurons
loaded with orthovanadate or PAO, the CV was unchanged (or-
thovanadate, 0.22 � 0.03 to 0.22 � 0.03, n � 6, p 
 0.05; PAO,
0.24 � 0.02 to 0.23 � 0.02, n � 6, p 
 0.05). Again, similar results
were obtained with the whole-cell recording experiments using
bath-applied inhibitors (data not shown).

These results confirm that changes in PPF and CV are associ-
ated with DHPG-LTD. We now show that these changes, which
are usually interpreted as being presynaptic in origin, are depen-
dent on postsynaptic PTPs.

Effects of jasplakinolide on DHPG-LTD
There are, broadly speaking, two explanations for the observation
that DHPG-LTD is associated with changes in PPF and CV. The
first is that postsynaptic PTPs regulate neurotransmitter release,
perhaps via release of a retrograde messenger. The second is that
the alterations in PPF and CV reflect postsynaptic changes. To
further investigate these possibilities, we applied the actin stabi-
lizing drug jasplakinolide to the postsynaptic neuron. This com-
pound has been shown to block AMPA receptor endocytosis in-
duced by glutamate application (Zhou et al., 2001) and,
furthermore, has been shown to block DHPG-induced LTD
(Xiao et al., 2001). In agreement with this report, inclusion of
jasplakinolide (2 �M) in the recording solution completely
blocked DHPG-LTD (2 � 2%; n � 4; p 
 0.05) (Fig. 5A,B).

4

Figure 6. Regulation of tyrosine phosphorylation of AMPARs in hippocampal slices. A,
AMPARs were immunoprecipitated from Triton X-100-solubilized membrane fractions (input)
of hippocampal slices (400 �m) using a rabbit anti-GluR1– 4 polyclonal antibody. The immu-
noprecipitated AMPAR proteins were identified on immunoblots with an anti-GluR1– 4 guinea
pig polyclonal antibody. Under our experimental conditions, all AMPAR subunits are immuno-
precipitated from solubilized hippocampal slices. B, The immunoprecipitated AMPARs were
immunoblotted with an HRP-conjugated anti-P-Y antibody. The anti-P-Y antibody identified a
band at �105 kDa, which corresponds to the predicted molecular weight of AMPA receptor
subunit proteins. This band was not detectable in control samples in which the rabbit anti-
GluR1– 4 antibody was replaced by the same dilution of the preimmune serum during immu-
noprecipitation. C, AMPARs were immunoprecipitated from control, DHPG- (100 �M), and/or
orthovanadate- (OV; 1 mM) treated hippocampal slices. Slices were taken at the end of a 10 min
DHPG application and after 30 min washout (or equivalent time points for conditions in which
DHPG was not applied). Representative immunoblots showing the transient reduction of ty-
rosine phosphorylation of AMPAR subunits induced by DHPG. The positions of the molecular
weight markers are indicated on the left. D, E, Quantitative analysis of tyrosine phosphorylation
of AMPARs (D) and GluR1– 4 protein content (E) of hippocampal slices after DHPG and/or
orthovanadate treatments. After optimization of experimental conditions to the linear sensi-
tivity range of the autoradiography film, the relative P-Y and GluR1– 4 immunoreactivity was
analyzed for each sample using densitometry in 6 –11 independent experiments. D, The P-Y
immunoreactivity was normalized to the GluR1– 4 content of each sample. E, The GluR1– 4
immunoreactivity was normalized to the �-actin content of each sample. The normalized P-Y
(D) and GluR1– 4 (E) immunoreactivities are presented as percentage of the corresponding
untreated control values. Quantification showed significantly reduced level of tyrosine phos-
phorylation of AMPARs 10 min after DHPG treatment (D; **p 	 0.02) without a significant
change in the GluR1– 4 content of hippocampal slices (E). In the presence of orthovanadate,
there was no significant reduction in P-Y immunoreactivity at 10 min after DHPG treatment.
Data are represented as mean � SEM.
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Jasplakinolide also prevented the associated changes in PPF and
CV (PPR, 1.6 � 0.04 and 1.7 � 0.04, p 
 0.05; CV, 0.22 � 0.02
and 0.23 � 0.03, p 
 0.05) (Fig. 5C,D). In two interleaved con-
trols, DHPG-LTD was associated with changes in both PPF and
CV, similar to those shown in Figure 4.

DHPG-LTD is associated with tyrosine dephosphorylation of
AMPAR subunits
Because postsynaptic PTPs are involved in DHPG-LTD, a possi-
ble target for tyrosine dephosphorylation is the AMPAR itself.
Therefore, we next analyzed tyrosine phosphorylation levels of
AMPAR subunit proteins. We developed conditions for the com-
plete immunoprecipitation of all AMPARs from solubilized hip-
pocampal slices, which are suitable for quantitative comparisons
(Fig. 6A). Using an HRP-conjugated anti-P-Y antibody, a single
�105 kDa protein was identified in the immunoprecipitated
fraction, which corresponds with the correct size for the AMPAR
subunit proteins (Fig. 6B). The clearly detectable P-Y immuno-
reactivity in the immunoprecipitated fractions obtained from
nontreated hippocampal slices indicates that at least some of the
AMPARs are phosphorylated at tyrosine residues under basal
conditions. After DHPG treatment of hippocampal slices (100
�M, 10 min), the level of P-Y AMPAR immunoreactivity was
substantially decreased (56 � 12%; n � 11; p 	 0.05) (Fig. 6C,D).
The DHPG-induced reduction in tyrosine phosphorylation of
AMPARs was transient and returned to control levels 30 min
after DHPG treatment (82 � 13%; n � 5; p 
 0.05) (Fig. 6C,D).
The ability of DHPG to induce tyrosine dephosphorylation of
AMPARs was blocked when DHPG was applied in the presence of
orthovanadate (118 � 24%; n � 6; p 
 0.05) (Fig. 6C,D). The
DHPG and/or orthovanadate treatments did not significantly
change the total amount of AMPAR subunits (Fig. 6C,E). These
results indicate that DHPG-LTD involves a transient tyrosine
dephosphorylation of AMPARs.

To identify which AMPAR subunits are affected during
DHPG-LTD, we separated individual AMPAR proteins in a RIPA
buffer at 100°C before immunoprecipitation with GluR1- and
GluR2-selective antibodies (Fig. 7). Immunoblot analysis of sep-
arately immunoprecipitated GluR1 and GluR2 proteins revealed
that the phosphorylated tyrosine residues are mainly associated
with the GluR2 subunit. Furthermore, there was a marked reduc-
tion in tyrosine phosphorylation of GluR2 after DHPG treatment
without detectable changes in the phosphorylation state of
GluR1. Indeed, in agreement with a previous study (Ahmadian et
al., 2004), GluR1 showed virtually undetectable levels of tyrosine
phosphorylation. These results demonstrate that DHPG treat-
ment of hippocampal slices is associated with reduction in ty-
rosine phosphorylation of GluR2 subunits.

DHPG-induced reduction in mEPSC frequency is blocked by
PTP inhibition
DHPG-LTD can also be observed in cultured dissociated hip-
pocampal neurons, where it is manifest as a decrease in the fre-
quency of mEPSCs (Fitzjohn et al., 2001; Snyder et al., 2001; Xiao
et al., 2001). To determine whether this effect was also dependent
on postsynaptic PTPs, we interleaved control experiments with
experiments in which the whole-cell solution contained or-
thovanadate (100 �M). In agreement with our previous findings
(Fitzjohn et al., 2001), DHPG resulted in a persistent decrease in
the frequency of mEPSCs (frequency, 80 � 5% of baseline 30 min
after DHPG washout; p 	 0.05; n � 7) (Fig. 8) but no change in
the amplitude of mEPSCs (before DHPG, 17 � 1 pA; 30 min after
DHPG, 17 � 1 pA; p 
 0.05; n � 7) (Fig. 8). The effect of DHPG

on mEPSC frequency was blocked by orthovanadate (30 min
after DHPG application, mEPSC frequency was 102 � 12% of
baseline; average mEPSC amplitude was 17 � 2 and 16 � 2 pA
before and 30 min after DHPG, respectively; p 
 0.05; n � 9)
(Fig. 8). Therefore, cultured dissociated hippocampal neurons
can be used to study PTP-dependent DHPG-LTD.

DHPG-induced reduction in GluR1 cell surface clusters is
selectively blocked by PTP inhibition
It has been reported previously that DHPG-LTD is associated
with changes in synaptic AMPAR number (Snyder et al., 2001;
Xiao et al., 2001; Huang et al., 2004). We analyzed the surface
density of AMPAR GluR1 subunits in cultured hippocampal
neurons by an extracellular N-terminal domain-specific anti-
body (Molnar et al., 1993) and confocal imaging (Figs. 9, 10).
Treatment with DHPG resulted in a reduction in GluR1-
immunopositive clusters (control, 24 � 2 per 100 �m dendrite,

Figure 7. DHPG-LTD is associated with changes in tyrosine phosphorylation of the GluR2
subunit. Membrane fractions were obtained from control and DHPG-treated (100 mM, 10 min)
hippocampal slices. AMPAR subunits were solubilized and separated in RIPA buffer at 100°C,
and the GluR1 and GluR2 proteins were individually immunoprecipitated using subunit-specific
antibodies. The immunoprecipitated GluR1 and GluR2 proteins were immunoblotted with the
HRP-conjugated anti-P-Y antibody to reveal which subunit is phosphorylated at tyrosine resi-
dues. Whereas the GluR1 shows only very weak P-Y immunoreactivity with or without DHPG
treatment, the GluR2 subunit strongly reacted with the anti-P-Y antibody. DHPG treatment
produced a marked reduction in the anti-P-Y labeling of the GluR2 subunit compared with
untreated controls. Immunostaining with the GluR1 and GluR2 subunit-specific antibodies con-
firmed the complete separation and selective immunoprecipitation of these proteins. The same
pattern was obtained in three independent experiments.
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n � 9; DHPG, 16 � 2 per 100 �m dendrite, n � 9; p 	 0.05). This
effect of DHPG was dependent on activation of mGluR5 but not
mGluR1 or NMDA receptors, because it was blocked by 10 �M

MPEP (24 � 1 per 100 �m dendrite; n � 9; p 
 0.05) but not by
100 �M LY367385 (16 � 3 per 100 �m dendrite; n � 8; p 	 0.05)
or 5 �M L-689,560 (14 � 2 per 100 �m dendrite; n � 8; p 	 0.05),
respectively (Fig. 10). Crucially, the effect of DHPG was blocked
by orthovanadate (25 � 2 per 100 �m dendrite; n � 8; p 
 0.05).
NMDA treatment also reduced GluR1-immunopositive clusters
compared with controls (12 � 2 per 100 �m dendrite; n � 8; p 	
0.05). However, the effect of NMDA was not blocked by or-
thovanadate (10 � 2 per 100 �m dendrite; n � 4; p 
 0.05).

These results indicate that the DHPG-induced reduction in
density of GluR1 surface clusters is an mGluR5- and PTP-
dependent process. The differential sensitivity to the PTP inhib-
itor orthovanadate suggests that DHPG- and NMDA-induced
reduction in surface GluR1 puncta involves separate intracellular
mechanisms.

Discussion
Recently, we reported that bath application of two structurally
distinct PTP inhibitors (Coussens et al., 2000) can block the in-
duction of DHPG-LTD (Moult et al., 2002). Our present obser-
vation that direct loading of a single neuron with either of these
inhibitors is as effective as bath application strongly suggests that
the critical PTP(s) associated with DHPG-LTD is located
postsynaptically. The present study uses female rats, because our
original description of DHPG-LTD (Palmer et al., 1997) and its
subsequent characterization (Palmer et al., 1997; Schnabel et al.,
2001; Moult et al., 2002; Rammes et al., 2003) were conducted
using this sex. Although studies on male animals have reached

broadly similar conclusions (Watabe et al., 2002; Rammes et al.,
2003; Huang et al., 2004), it should be born in mind that possible
sex linked differences could exist.

In addition to the sustained depression, DHPG induces a tran-
sient depression that is less sensitive or insensitive to PTP inhib-
itors. Surprisingly, although this transient depression was unaf-
fected when the PTP inhibitors were bath applied, it was reduced
when the PTP inhibitors were loaded directly into the postsynap-
tic cell. This might reflect a lower effective concentration of the
bath-applied inhibitors at their postsynaptic site of action. How-
ever, the finding that PTP inhibitors block DHPG-LTD while
having either a small or no effect on the transient depression
suggest that not all group I mGluR-mediated effects may involve
activation of PTPs to the same extent. The involvement of PTPs
in other group I mGluR effects has also been demonstrated re-
cently. For example, PTP inhibition can reduce the block of the
slow-duration afterhyperpolarization seen with DHPG treat-
ment in CA1 pyramidal neurons (Ireland et al., 2004) and also
reduce the mGluR1-dependent slow EPSC seen in cerebellar Pur-
kinje neurons (Canepari and Ogden, 2003). Thus, group I
mGluR signaling may couple to PTP activation, producing a va-
riety of actions. What is currently unknown is whether mGluR
activation couples directly to PTP activation or whether this re-
quires a number of intermediary steps.

Tyrosine dephosphorylation of AMPARs is involved
in DHPG-LTD
Our data show that DHPG treatment decreases the level of
tyrosine-phosphorylated AMPAR protein, with no change in to-
tal AMPAR expression. This effect is blocked in the presence of
orthovanadate. Thus, it is likely that tyrosine dephosphorylation

Figure 8. Intracellular orthovanadate blocks DHPG-induced changes in mEPSC frequency in cultured hippocampal neurons. A, Under control conditions, DHPG (100 �M) elicited a persistent
decrease in mEPSC frequency recorded from dissociated hippocampal cultures (plotted as 2 min time bins; Ai). Aii, Aiii, Examples of mEPSCs recorded immediately before and 30 min after DHPG
application, respectively. B, When orthovanadate (100 �M) was included in the whole-cell solution, DHPG failed to affect mEPSC frequency. Calibration: 20 pA, 500 ms. C, Pooled data showing the
effect of DHPG on mEPSC frequency under control conditions (filled circles; n � 7) and in the presence of orthovanadate (open circles; n � 9). D, Pooled cumulative probability plots showing a
change in interevent interval elicited by DHPG under control conditions (Di) but not in the presence of intracellular orthovanadate (Dii). Black line, mEPSCs recorded before DHPG application; gray
line, mEPSCs recorded 30 min after DHPG application. E, mEPSC amplitude was unaffected by DHPG either under control conditions (Ei) or in the presence of orthovanadate (Eii). Data are represented
as mean � SEM.
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of AMPAR subunits is involved in the expression of DHPG-LTD,
possibly via an effect on AMPAR trafficking. Because we see only
a transient change in tyrosine phosphorylation of AMPARs, it is
likely that this change provides a trigger for the internalization
process. Our findings suggest that it is the GluR2 subunit that is
regulated by changes in tyrosine phosphorylation during DHPG-
LTD. GluR1 surface expression decreases with DHPG treatment,
yet the tyrosine phosphorylation state of GluR1 is not altered by
DHPG. This suggests that the change in GluR2 phosphorylation
is sufficient to drive changes in the surface expression of hetero-
meric AMPA receptor assemblies. Previous work has identified

the GluR2 subunit as being critically involved in AMPAR traffick-
ing (Nishimune et al., 1998). Interestingly, during insulin-
stimulated LTD, there is phosphorylation of tyrosine residues of
GluR2 that is associated with AMPAR internalization (Ahmadian
et al., 2004). Therefore, both tyrosine phosphorylation and de-
phosphorylation could regulate different aspects of AMPAR traf-
ficking at synapses.

A surprising observation was that, although PTK inhibitors
had no significant effect on DHPG-LTD per se, they were able to
completely block the effects of PTP inhibitors. A similar regula-
tion of PTPs by PTKs has been reported with respect to the inhi-
bition of NMDAR-mediated synaptic transmission (Coussens et
al., 2000). One possible mechanism to explain our current obser-
vations involves two parallel induction pathways. One path is
independent of tyrosine phosphorylation and may involve, for
example, a MAPK cascade (Gallagher et al., 2004; Huang et al.,
2004). The second pathway involves activation of a PTP to inhibit
a PTK, resulting in a dephosphorylayion of AMPARs. Both path-
ways must be stimulated by mGluR activation for LTD to be
induced. Inhibition of PTP enables activation of the PTK to
maintain the phosphorylation state of AMPARs and thereby in-
hibit the induction of LTD. Inhibition of PTKs is not itself suffi-
cient to induce LTD as the parallel pathway is not activated. How-
ever, PTK inhibitors counteract the effect of PTP inhibitors,
because PTP inhibitors have their effect via activation of PTK.

An unusual aspect of DHPG-LTD is that it can be reversed
during the application of an mGluR antagonist long after wash-
out of DHPG (Palmer et al., 1997). This could be because DHPG
induces a constitutively active state in mGluR5, and antagonists
reverse this constitutive activity for as long as they are bound to
the receptor. Therefore, the activation state of PTPs might mirror
that of the mGluR5, such that PTPs become persistently acti-
vated. However, we found that neither PAO nor orthovanadate
was able to reverse DHPG-LTD when applied 30 min after wash-
out of DHPG. Furthermore, we found that the decrease in ty-
rosine phosphorylation had essentially recovered to control levels
30 min after treatment with DHPG. These data are more com-
patible with a transient dephosphorylation resulting in a persis-
tent alteration in AMPARs at the synapse.

Expression mechanism of DHPG-LTD
In agreement with previous reports, in the current study, DHPG-
LTD was associated with an increase in the PPR and CV of EPSCs
and a decrease in mEPSC frequency (Fitzjohn et al., 2001; Rouach
and Nicoll, 2003; Tan et al., 2003). An increase in failure rate

Figure 9. Immunocytochemical analysis of GluR1 AMPAR subunit distribution on the surface
of cultured hippocampal neurons. Representative immunostained neurons (14 d in vitro) are
presented for the following conditions: control, untreated hippocampal neurons; DHPG, neu-
rons treated with DHPG (100 �M, 10 min); DHPG � OV, neurons treated with DHPG in the
presence of orthovanadate (1 mM); DHPG � MPEP, DHPG treatment was performed in the
presence of the mGluR5 antagonist MPEP (10 �M); NMDA, neurons treated with NMDA (20 �M,
3 min); NMDA�OV, NMDA treatment was performed in the presence of orthovanadate (1 mM).
Scale bars: top panels, 20 �m; enlarged areas, 5 �m.

Figure 10. Quantitative analysis of changes in GluR1 AMPA receptor distribution on the
surface of hippocampal neurons after DHPG and NMDA treatments. The diagram summarizes
pooled data from at least four experiments. *p 	 0.05. Data are represented as mean � SEM.
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during DHPG-LTD in slices has also been reported (Fitzjohn et
al., 2001). The simplest interpretation of these observations is
that DHPG-LTD involves a decrease in Pr. In addition, other
evidence has suggested a presynaptic mechanism of expression of
DHPG-LTD in 5- to 7-week-old mice (Watabe et al., 2002). We
have now found that the changes in PPR, CV, and mEPSC fre-
quency are prevented by postsynaptic block of PTPs. One possi-
bility, therefore, is that during DHPG-LTD, postsynaptic PTP
activation leads to a decrease in transmitter release, perhaps via
regulation of a retrograde messenger. Indeed, there is evidence
that synaptically induced mGluR-LTD is induced postsynapti-
cally yet is expressed presynaptically (Bolshakov and Siegelbaum,
1994; Oliet et al., 1997; Zakharenko et al., 2002) and involves
retrograde signaling involving 12-lipoxygenase metabolites of ar-
achidonic acid (Feinmark et al., 2003).

Recently, Nosyreva and Huber (2005) suggested that the site
of expression of mGluR-LTD is developmentally regulated, be-
cause there is a greater change in PPF in neonatal [postnatal day 8
(P8) to P15] compared with adolescent (P21–P35) animals. Con-
versely, changes in surface expression of AMPARs associated with
DHPG-LTD were only observed in adolescent animals. However,
our electrophysiological experiments, which revealed consistent
effects on PPR, were conducted in slices obtained from young
adult rats of 10 –12 weeks of age, and previous work has reported
changes in PPF in animals ranging from 2 to 6 weeks of age
(Fitzjohn et al., 2001; Rouach and Nicoll, 2003; Tan et al., 2003).
Therefore, although there may be quantitative differences,
changes in PPF associated with DHPG-LTD are observed across
all age ranges examined.

In the present study, we confirmed that there was a decrease of
surface GluR1 AMPAR subunit clusters after DHPG treatment
(Snyder et al., 2001; Xiao et al., 2001; Huang et al., 2004). We
found that block of PTP prevented the DHPG-induced decrease
in surface GluR1 AMPA receptor proteins. This effect of PTP
inhibition was specific for DHPG-LTD, because the NMDA-
induced decrease of GluR1 surface staining was unaffected by
orthovanadate. A simple explanation for these results is that
postsynaptic PTP activation leads to removal of AMPARs from
the synapse. It is therefore possible that postsynaptic activation of
PTP triggers a combination of presynaptic and postsynaptic ex-
pression mechanisms. An alternative explanation is that DHPG-
LTD expression is entirely postsynaptic but that it appears to be
presynaptic as assessed by electrophysiological measures. This
scenario could occur if DHPG brought about complete silencing
of synapses by removal of the postsynaptic AMPAR complement
(Snyder et al., 2001). This could account for the reported changes
in failure rate and mEPSC frequency as well as the alteration in
CV observed in this and a previous study (Fitzjohn et al., 2001).
The reduction in AMPAR clusters is consistent with this possibil-
ity. In addition, the increase in PPF would occur if high Pr syn-
apses were preferentially silenced, as suggested previously (Fitz-
john et al., 2001). The finding that jasplakinolide also blocked
changes in PPF and CV associated with DHPG-LTD also sup-
ports the idea that alterations in AMPAR trafficking can account
for the alterations in CV and PPF. Therefore, a purely postsynap-
tic mechanism for the induction and expression of DHPG-LTD is
the simplest explanation for our observations. Previously, we
found that, whereas NMDAR-LTD is associated with a reduction
in sensitivity to uncaged L-glutamate, DHPG is not associated
with any change (Rammes et al., 2003). We interpreted this result
to mean that DHPG is either caused by a presynaptic mechanism
or to lateral diffusion of AMPARs to extrasynaptic sites that are
affected by the L-glutamate application. In light of the present

findings, the latter possibility is the more likely explanation for
these results. Therefore, it seems likely that DHPG-LTD involves
PTP-regulated lateral diffusion of AMPARs away from the syn-
aptic site.
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