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Glutamate receptor channels are synthesized in the cell body,
are inserted into intracellular vesicles, and move to dendrites
where they become incorporated into synapses. Dendrites con-
tain abundant microtubules that have been implicated in the
vesicle-mediated transport of ion channels. We have examined
how the inhibition of microtubule motors affects synaptic trans-
mission. Monoclonal antibodies that inactivate the function of
dynein or kinesin were introduced into hippocampal CA1 pyra-
midal cells through a patch pipette. Both antibodies substan-
tially reduced the AMPA receptor-mediated responses within 1
hr but had no effect on the NMDA receptor-mediated response.
Heat-inactivated antibody or control antibodies had a much
smaller effect. A component of transmission appeared to be
resistant even to the combination of these inhibitors, and we
therefore explored whether other agents also produce only a
partial inhibition of transmission. A similar resistant component

was found by using an actin inhibitor (phalloidin) or an inhibitor
of NSF (N-ethylmaleimide-sensitive fusion protein)/GluR2 inter-
action. We then examined whether these effects were indepen-
dent or occluded each other. We found that a combination of
phalloidin and NSF/GluR2 inhibitor reduced the response to
;30% of baseline level, an effect only slightly larger than that
produced by each agent alone. The addition of microtubule
motor inhibitors to this combination produced no further inhi-
bition. We conclude that there are two components of AMPA
receptor-mediated transmission; one is a labile pool sensitive to
NSF/GluR2 inhibitors, actin inhibitors, and microtubule motor
inhibitors. A second, nonlabile pool resembles NMDA receptor
channels in being nearly insensitive to any of these agents on
the hour time scale of our experiments.
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The mechanisms that regulate the function of glutamate recep-
tors are not well understood. An emerging hypothesis is that the
AMPA type of glutamate channels is in a dynamic state of
turnover that involves vesicle fusion and retrieval processes (Kim
and Huganir, 1999; Luscher et al., 2000; Turrigiano, 2000). Re-
cent work has visualized the activity-dependent movement of
intracellular green fluorescent protein-labeled (GFP) AMPA re-
ceptors directly from the dendrite to the spine (Shi et al., 1999).
This movement requires the activation of NMDA receptor chan-
nels and thus may occur during the induction of long-term po-
tentiation (LTP). Other recent work indicates that during LTP
new channels are inserted into the synaptic membrane (Hayashi
et al., 2000). Conversely, it appears that NMDA receptor-
dependent long-term depression (LTD) is accompanied by a
decrease in the number of synaptic AMPA receptor clusters
(Carroll et al., 1999b). In addition to these activity-dependent
processes there appears to be a constitutive process required to
maintain AMPA receptor-mediated responses. The evidence for
this is that agents that interfere with postsynaptic endocytosis
and exocytosis processes affect basal synaptic transmission
(Lledo et al., 1998; Song et al., 1998; Luscher et al., 1999; Noel et
al., 1999).

If AMPA channels are subject to a rapid turnover process,
there must be processes that maintain the supply of AMPA
channels. AMPA channels appear to be synthesized in the soma
and thus must travel to dendrites to be incorporated into synapses
(Eshhar et al., 1993) (for review, see Kelly and Grote, 1993;
Petralia, 1997; Somogyi et al., 1998). Intracellular vesicular move-
ment in the cytoplasm generally occurs via the action of cytoskel-
etal motor proteins (Goldstein and Yang, 2000). Microtubules are
found along dendritic shafts and are not prominent in spines. In
contrast, actin is concentrated strongly in spines. Studies in many
cell types indicate that microtubule motor proteins play a role in
the transport of vesicles from the Golgi apparatus to the cell
periphery (Burkhardt, 1998; Hamm-Alvarez and Sheetz, 1998;
Hirokawa, 1998; Hirokawa et al., 1998; Lippincott-Schwartz,
1998; Huang et al., 1999; Karki and Holzbaur, 1999; Kreitzer et
al., 2000; Goldstein and Yang, 2000), where there is a transfer to
actin-mediated transport near the plasma membrane (Shelanski
et al., 1981; Gavin, 1997; Depina and Langford, 1999; Huang et
al., 1999; Goode et al., 2000). Thus, based on studies in other cells
types, it would be likely that microtubule motors mediate the
movement of vesicles carrying AMPA channels from the cell
body to distal dendrites.

Relatively little is known about the actual role of microtubules
in dendrites and their function in maintaining synaptic transmis-
sion. Recently, it has been shown that the activity-dependent
fusion of vesicles into the dendritic membrane is blocked by the
depolymerization of microtubules (Maletic-Savatic and Malinow,
1998). However, it was not examined whether these processes
affected AMPA channel function. Another recent study identi-
fied a kinesin microtubule motor that appears to be responsible
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for the dendritic transport of NMDA channels (Setou et al.,
2000), but the role of this motor in the maintenance of synaptic
transmission also was not examined. We therefore have under-
taken to determine whether AMPA receptor-mediated or
NMDA receptor-mediated transmission is affected by interfering
with the function of microtubule motor proteins. In the course of
this study it became clear that, although the inhibition of micro-
tubule motors decreased AMPA receptor-mediated transmission,
these agents produced only a partial inhibition of AMPA
receptor-mediated transmission. Previous work with several other
agents also provided evidence that only a component of trans-
mission could be affected (Nishimune et al., 1998; Kim and
Lisman, 1999). In the second part of this study we examined this
question in more detail and established clear evidence for a
resistant component. We also asked whether these different
agents work on independent components of transmission or on a
common component. Our results indicate that all agents work on
a common labile pool and that there is a separate, nonlabile pool
that is not affected by inhibitors of actin, NSF/GluR2 interaction,
or microtubule motors.

MATERIALS AND METHODS
Slice preparation and solutions. Hippocampal slices (400 mm) were pre-
pared from 2- to 3-week-old Long–Evans rats. In brief, slices were
allowed to recover for a minimum of 2 hr on the surface of cell culture
inserts in an incubation chamber to which humidified oxygen was sup-
plied continuously (95% O2/5% CO2) and then transferred to a
submerged-type recording chamber with continuous flow (2.3 ml/min) of
oxygenated artificial CSF (aCSF) at 35°C. The aCSF for recording
contained (in mM) 124 NaCl, 26 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 4
CaCl2, 4 MgSO4, 20 D-glucose, and 0.05 picrotoxin. The whole-cell
recording pipette was filled with (in mM) 130 Cs-methanesulfonate, 10
CsCl, 10 HEPES, 4 Mg-ATP, 0.4 Na3GTP, 0.2 EGTA, and 10 phospho-
creatine, pH 7.3, ;300 mOsm. In the whole-cell recording for the
NMDA receptor-mediated EPSC measurement, 4 mM Ca 21, 1 mM
Mg 21, and 10 mM CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) or 5 mM
NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydorbenso[f]quinoxaline-7-sulfon-
amide) were contained in aCSF.

Electrophysiology. In whole-cell experiments two synaptic pathways
were stimulated alternately at 12 sec intervals. Stimulation of two path-
ways of Schaffer/commissural afferents was performed with two glass
electrodes filled with aCSF. The independence of the two synaptic
pathways was tested by a paired-pulse protocol. Paired-pulse facilitation
of EPSCs was observed only when two consecutive pulses with a 50 msec
interval were applied to the same path. When two consecutive pulses
were applied to different pathways, no facilitation was observed, indicat-
ing that the two pathways do not have common axons. CA1 pyramidal
neurons were identified visually by a modified infrared differential con-
trast method. Cells were held at 265 mV with an Axopatch 1D (Axon
Instruments, Foster City, CA) amplifier. Series resistance (8–15 MV)
and input resistance (70–200 MV) were monitored every 6 sec by
measuring the peak and steady-state currents in response to 2 mV, 30
msec hyperpolarizing voltage steps. Holding current also was monitored
throughout the experiment. For monitoring the stability of the slice
responsiveness, we recorded the amplitude of fEPSP simultaneously.
Data were filtered at 1 kHz. Changing of the internal pipette solution was
done as described previously (Otmakhov et al., 1997). Experiments with
.15 MV series resistances were discarded. Responses were averaged at
2 min intervals and then normalized to the average of the baseline
recording before drug application. All data acquisition and analysis were
done by custom software written in Axobasic 3.1. Mean 6 SEM was used
for representing average values. Error bars in each graph indicate SEM.
The data were compiled in Microsoft Excel and plotted with Microcal
Origin. Data were fit (Microcal Origin) by using the Boltzmann equation:

Y 5 A2 1 ~A1 2 A2) / (1 1 exp (X2X0) / dx),

where A1 is the initial value, A2 is the final value, X0 is the x value
(minute) at Y50%, and dx is the time constant (minutes); however, no
importance should be attached to this particular fitting function.

Materials. The antibodies are from Sigma (St. Louis, MO): anti-kinesin

antibody (monoclonal clone IBII, K1005), anti-dynein antibody (mono-
clonal clone 70.1, D5167), anti-digoxin antibody (monoclonal clone DI-
22, D8156), anti-biotin antibody (monoclonal clone BN-34, B7653), and
anti-gastric mucin antibody (monoclonal clone 45M1, M5293). The final
concentration of antibodies (Abs) was 100 mg/ml. Repeated (10 times)
heating (75°C for 30 sec) and cooling (4°C for 1 min) were used for the
inactivation of anti-kinesin antibody. The rat N-ethylmaleimide-sensitive
fusion protein (NSF)/GluR2 interaction inhibitory peptide (NSF/GluR2
ip, KRMKVAKNPQ) was a gift from Dr. R. Huganir (Johns Hopkins
University School of Medicine, Baltimore, MD). In peptide application
experiments a cocktail of three protease inhibitory peptides, bestatin,
leupeptin, and pepstatin (Boehringer Mannheim Biochemical, Indianap-
olis, IN), was added to the internal solution (100 mM each; Otmakhov et
al., 1997). Phalloidin was obtained from Calbiochem (La Jolla, CA).

RESULTS
A selective decrease in AMPA receptor-mediated
currents by postsynaptic application of anti-dynein
and anti-kinesin antibodies
Microtubules have a defined polarity that determines the direc-
tion in which particular motors produce transport. Both dynein
and kinesin are part of large family of closely related motor
proteins that can move on microtubules. In general it is known
that the motor protein family dynein moves toward the minus
polarity of the microtubule, whereas the other motor protein
family, kinesin, moves to the plus polarity although each family of
motors has some subtypes that can move in the opposite direction
(for review, see Vale, 1990; Vallee and Shpetner, 1990; Brady,
1991; Hirokawa et al., 1998). Because dendrites contain microtu-
bules of both polarities (for review, see Baas, 1999), both dynein
and kinesin could mediate transport from the soma to the
dendrites.

To study the role of dynein family motors, we used an antibody
against the dynein intermediate chain (Steuer et al., 1990), which
interacts with vesicular cargoes via dynactin (Gill et al., 1991;
Schroer and Sheetz, 1991; Paschal et al., 1992; Karki and Hol-
zbaur, 1995; Vaughan and Vallee, 1995). This antibody blocks
dynein function and has been used previously to study the role of
dynein in several systems (Heald et al., 1996; Burkhardt et al.,
1997). The antibody (100 mg/ml) was introduced into pyramidal
cells by internal perfusion of the patch pipette, starting 20 min
after the onset of whole-cell recording. Figure 1A, top, shows that
the AMPA receptor component of synaptic transmission started
to decline in amplitude after 10 min of antibody application and
continued to decline over the next 2 hr. This gradual reduction is
illustrated in the summary graph (Fig. 1B, top; n 5 26). During
this period the input resistance of the cell was unaffected, indi-
cating that the cell remained healthy throughout these long re-
cordings (Fig. 1A,B, bottom). We accepted the results only if the
series resistance remained low (,15 MV), because in this range
the fluctuations in series resistance do not change the size of the
EPSC. Control antibodies or heat-inactivated anti-kinesin anti-
body (see below) did not produce any decrease during the first 80
min of perfusion (there even may be a very small early increase
in the EPSC). After 80 min the control antibodies may have
produced a small decrease in the EPSC by 10–20%. Because the
small decline after 2 hr would have occurred even without the
control antibodies, we did experiments without the control anti-
bodies. The result showed that the decline of EPSC with the
control antibodies after 2 hr of whole-cell recording exactly
matched the drift without any antibodies, suggesting that the
control antibodies did not cause the decrease of EPSC after 2 hr
of recording. Comparing the effect of anti-dynein antibody with
control antibody, we conclude that the anti-dynein antibody pro-
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duced a 24.4 6 8.7% decrease (relative to control antibody) in the
AMPA receptor-mediated EPSC after 130 min of application and
that this effect was significant ( p ,, 0.01; Student’s t test).

To determine whether the anti-dynein antibody selectively af-
fected the AMPA receptor component of transmission, we inves-
tigated the effect of the antibody on the isolated NMDA receptor-
mediated EPSC. These measurements were carried at 260 or
255 mV holding potential; 5 mM NBQX or 10 mM CNQX was
included in the aCSF to block the AMPA receptor-mediated
EPSC. As shown in Figure 2, the NMDA receptor-mediated
EPSC was not affected by anti-dynein antibody over a 2 hr period.

To study the role of kinesin family motors, we used an antibody
against bovine brain kinesin (clone IBII, Sigma). This antibody is
known to bind to kinesin, and its ability to block motor function
recently has been shown (Bananis et al., 2000). This antibody
(100 mg/ml) produced a gradual reduction of the AMPA
receptor-mediated EPSC. Figure 3A, top, shows that the AMPA
receptor component of synaptic transmission started to decline in
amplitude after 15 min of antibody application and continued to
decline over the next hour. After 130 min this reduction was
;34.6 6 6.8% relative to that of control antibodies (Fig. 3B; p ,,
0.1; Student’s t test). Heat-inactivated anti-kinesin antibody pro-
duced a similar effect on the AMPA receptor component with
control antibodies, as expected (Fig. 3B). This decrease was

selective for the AMPA receptor component of EPSC; the
NMDA receptor component was almost unaffected (Fig. 4).

We next determined how the response was affected by the
combined application of kinesin and dynein motor inhibitors. If
these motors worked on a common system or if the inhibition of
one motor somehow blocked the action of the other, then adding
both inhibitors should have no more effect than adding either
alone. We found, however, that after a 130 min application the
combination of inhibitors reduced EPSC by 50.3 6 10.0% (rela-
tive to control antibody, n 5 8; data not shown), a value almost
twice that produced by each inhibitor alone. The simplest inter-
pretation is that the dynein and kinesin motor processes are
independent.

Stable and labile components of the EPSC
In the experiments with these antibodies we often noted in
individual experiments that the decrease in the AMPA receptor-
mediated response seemed to decline but then reached a plateau.
Even in the average of all experiments (Figs. 1B, 3B) that used
antibodies to kinesin or dynein (or both; data not shown), there
was little further decrease of the EPSC after 2 hr. However, data
taken at such late times are problematic because of possible
instabilities. Furthermore, it might be argued that the decrease
would continue very slowly as more distal synapses on the den-
drite progressively were affected. To determine whether a true
plateau was reached, we believe it is necessary to have agents that
decrease the AMPA receptor-mediated EPSC more rapidly. We
therefore measured the kinetics of the decrease for a variety of
drugs, alone or in combination, which decrease AMPA receptor-
mediated transmission.

We first turned to study the action of a peptide that inhibits the
interaction of the GluR2 C-terminal with NSF (Nishimune et al.,
1998; Osten et al., 1998; Song et al., 1998). We found that the
NSF/GluR2 interaction inhibitory peptide (NSF/GluR2 ip) pro-
duced a large decrease in the AMPA receptor-mediated trans-

Figure 1. Effects of anti-dynein antibody on the AMPA receptor-
mediated EPSC. The gray bar indicates the period of drug application. A,
An example of postsynaptic application of anti-dynein antibody. The top
plot shows the EPSC slope measurement. Inset, The average of 20 EPSC
traces at given time periods. The numbers indicate the time periods before
(1) and after (2) antibody application. The bottom two plots are the
measurement of series resistance (R-series) and input resistance (R-input).
B, Average effect of anti-dynein antibody. The top plot show the average
effect of anti-dynein antibody on the AMPA receptor-mediated EPSC
slope compared with that of control antibodies (total n 5 30; anti-gastric
mucin antibody, n 5 18; anti-biotin antibody, n 5 4; anti-digoxin antibody,
n 5 8; mean 6 SE) and with that of no-antibody control (n 5 14). The
bottom two plots are the average measurement of R-series and R-input.

Figure 2. Lack of effects of anti-dynein antibody on the NMDA
receptor-mediated EPSC. The gray bar indicates the period of drug
application. A, An example of postsynaptic application of anti-dynein
antibody. The top plot shows the EPSC area measurement. Inset, The
average of 20 EPSC traces. The bottom plot is the measurement of
R-series. B, Average effect of anti-dynein antibody application. The top
plot shows the average effect of anti-dynein antibody on the area of the
NMDA receptor-mediated EPSC. The bottom plot is the average mea-
surement of R-series.
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mission (Fig. 5A) with only minor effects on the NMDA receptor-
mediated component (Fig. 5C), as reported previously (Noel et
al., 1999). The minor effect on the NMDA receptor component
produced by NSF/GluR2 ip (13 6 6% decay at 80 min after
postsynaptic application) is comparable with control experiments
[14 6 5%; Kim and Lisman (1999), their Fig. 7C], suggesting no
significant effect of NSF/GluR2 ip itself on the NMDA receptor
component. The inhibitory kinetics by NSF/GluR2 on AMPA
receptor-mediated transmission is slower than we found previ-
ously for phalloidin (replotted here in Fig. 5A; Kim and Lisman,
1999), a substance that stabilizes actin filaments and inhibits their
function. Figure 5B shows one example experiment of the
postsynaptic application of phalloidin alone. NSF/GluR2 ip alone
reduced AMPA receptor-mediated transmission by 47.1 6 7.7%
at 96 min of application (Fig. 5A), but it should be noted that it
did not seem to reach a plateau. Phalloidin alone reduced EPSCs
by 54.3 6 4.7% on average (Fig. 5A) and by 67% in one exemplary
experiment (Fig. 5B) after 68 min of application. The example in
Figure 5B very clearly shows that a plateau effect was reached
(total application time, 82 min).

We next checked whether combining phalloidin and NSF/
GluR2 ip would produce a faster or stronger inhibition than
phalloidin alone. Figure 5A shows that after 1 hr of perfusion of
this combination there was ;70% inhibition of the AMPA re-

ceptor component and that over the subsequent 2 hr there was
little or no further effect. Indeed, the data taken between 90 and
176 min after the start of perfusion show that the average re-
sponses could be fit by a horizontal line [the calculated slope is
0.4E-6 (normalized pA/min) and ANOVA (F 5 1.311); a Stu-
dent’s t test (t 5 0.016) on the hypothesis that the slope is zero
indicates that this is significant ( p . 0.5)]. These results thus
show that a true plateau is reached and that there is component
of AMPA receptor-mediated transmission that is not sensitive to
NSF/GluR2 ip and phalloidin. Figure 5A also shows that the
residual component (32.6 6 3.9%) at 68 min after application of
the combination was only slightly smaller than that produced by
phalloidin alone (residual component 5 45.3 6 7.0%). The inhi-
bition by NSF/GluR2 ip alone was 47.1 6 7.7% at 96 min of
application, which was greater than those in previous studies
[;40% in both Nishimune et al. (1998) and Luscher et al. (1999);
;30% in Luthi et al. (1999)]. If the phalloidin and NSF/GluR2 ip
effects were independent, the combination in our experiments
should have inhibited the EPSC completely and left no residual
component. What we found, however, is that a large residual
component (32.6 6 3.9%) remained. These results indicate that
NSF/GluR2 ip and phalloidin must affect the same component of
AMPA receptor-mediated transmission. We further found that a
combination of phalloidin and NSF/GluR2 ip had only minor
(;10%) effects on the NMDA receptor-mediated EPSC after 80
min of application (Fig. 5C).

In a final series of experiments we checked whether the com-
ponent of AMPA receptor-mediated transmission that is affected
by these agents is also the component that is affected by the
inhibitors of microtubule motors. To test this, we applied a
combination of NSF/GluR2 ip and phalloidin and both microtu-
bule motor inhibitors. If the antibodies would work on the pool of
AMPA receptors that are not sensitive to NSF/GluR2 ip and
phalloidin, we would see a larger inhibition by these all combined
in one application. Figure 6 shows the result of the application of
all four agents. In this experiment all four agents were included

Figure 3. Effects of anti-kinesin antibody on the AMPA receptor-
mediated EPSC. The gray bar indicates the period of drug application. A,
An example of postsynaptic application of anti-kinesin antibody. The top
plot shows the EPSC slope measurement. Inset, The average of 20 EPSC
traces at the times indicated. The bottom two plots are the measurement
of R-series and R-input. B, Average effect of anti-kinesin antibody appli-
cation experiments. The top plot shows the average effect of anti-kinesin
antibody (n 5 43) on the AMPA receptor-mediated EPSC slope com-
pared with that of control antibodies (n 5 30; mean 6 SE), with that of
heat-inactivated anti-kinesin antibody (n 5 4; mean 6 SE), and with that
of no-antibody control (n 5 14), the latter two being replotted from
Figure 1 B for comparison. The bottom two plots are the average mea-
surement of R-series and R-input.

Figure 4. Lack of effects of anti-kinesin antibody on the NMDA
receptor-mediated EPSC. The gray bar indicates the period of drug
application. A, An example of postsynaptic application of anti-kinesin
antibody. The top plot shows the EPSC area measurement. Inset, The
average of 20 EPSC traces. The bottom plot is the R-series measurement.
B, Average effect of anti-kinesin antibody. The top plot shows the average
effect of anti-kinesin antibody on the area of the NMDA receptor-
mediated EPSC. The bottom plot is the average R-series measurement.
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directly in internal solution, and the responses were normalized
to the average of the first 2 min responses. The inhibition was
much faster than with each agent alone or with a combination of
NSF/GluR2 ip and phalloidin (at 50% of total inhibition, 10 vs 30
min). However, the residual component was 31.4 6 5.1% after
180 min of application, a value similar to that of NSF/GluR2 ip
and phalloidin (Fig. 5A). These result shows that adding micro-
tubule motor inhibitors affects the same component of AMPA
receptor-mediated transmission as NSF/GluR2 ip and phalloidin.

DISCUSSION
Our results show that AMPA receptor-mediated EPSC is sensi-
tive to inhibitors of the microtubule motors dynein or kinesin.
The effect of inhibiting either motor protein occurred in ,1 hr
and was selective for the AMPA receptor component, producing
little or no effect on the NMDA receptor EPSC and the resting
membrane resistance. The effect was much larger than that pro-
duced by a variety of control antibodies having a similar structure.
These results provide the first indication that the maintenance of
basal synaptic transmission requires a microtubule motor process.
The possibility that both dynein and kinesin are involved in the
dendritic transport is consistent with the fact that microtubules of
both orientations are present in dendrites. Our results show that,
when both motor proteins were inhibited, the effect was approx-
imately double that produced by each alone. This suggests that
both motors systems operate independently to enhance AMPA
receptor-mediated transmission.

The results we have found are consistent with the growing body
of evidence that dynamic cellular processes are required to main-
tain AMPA receptor-mediated transmission on the time scale of
hours, whereas NMDA receptor-mediated transmission is stable
on this time scale. The selective vulnerability of the AMPA
receptor-mediated response to inhibitory agents has been dem-
onstrated previously for postsynaptically applied phalloidin, an
inhibitor of actin filament (Kim and Lisman, 1999), and for
postsynaptically applied NSF/GluR2 ip (Nishimune et al., 1998;
Song et al., 1998; Luscher et al., 1999; Noel et al., 1999), a result
we have replicated here (Fig. 5A).

A further conclusion of our study is that the dynamic process
described above applies only to a component of the AMPA
receptor-mediated response. We call this the labile component.
Another component appears to be much more stable. Previous
work (Nishimune et al., 1998; Luscher et al., 1999) showed that
the effect of NSF/GluR2 ip on the AMPA receptor-mediated
transmission was never complete and suggested that the residual
component might have special properties. We have extended this
work by measuring the decline of AMPA receptor-mediated
transmission produced by several inhibitors and combinations of
inhibitors (Figs. 5, 6). We found that the most rapid and extensive

Figure 5. Effects of phalloidin and NSF/GluR2 ip on the AMPA
receptor- and NMDA receptor-mediated EPSCs. The gray bar indicates
the period of drug application. A, Effects of either phalloidin (100 mM)
alone, NSF/GluR2 ip (2 mM) alone, or a combination of both on the
AMPA receptor-mediated EPSCs. As a control, heat-inactivated NSF/
GluR2 ip (2 mM) was used. The fitting curves (solid line) on the combi-
nation of phalloidin and NSF/GluR2 ip and on phalloidin alone are from
sigmoidal curves [see Materials and Methods. Phalloidin alone, x2/df 5
2.633E-4; R 2 (the coefficient of determination) 5 0.99281; A2 5 44.9 6
0.8%. Combination of NSF/GluR2 ip and phalloidin, x2/df 5 5.661E-4;
R 2 5 0.98832; A2 5 30.3 6 0.0%]. B, A representative experiment of
phalloidin (100 mM) alone on the AMPA receptor-mediated EPSCs. The
responses are normalized to the baseline. The solid line indicates a fitting
curve, using a sigmoidal function (x2/df 5 0.001207; R 2 5 0.80246; A2 5
37.7 6 0.0%). C, Effect of NSF/GluR2 ip (2 mM) and phalloidin (100 mM)
on the NMDA receptor-mediated EPSCs.

Figure 6. The effect of postsynaptic coapplication of microtubule motor
inhibitors, actin filament inhibitors, and NSF/GluR2 interaction inhibitors
on EPSCs. The gray bar indicates the period of drug application. Phalloi-
din (100 mM), NSF/GluR2 ip (2 mM), anti-kinesin antibody (100 gm/ml),
and anti-dynein antibody (100 gm/ml) were included in the patch pipette
internal solution. The fitting curve (solid line) is from a sigmoidal curve
(x2/df 5 5.474E-4; R 2 5 0.96582; A2 5 34.1 6 0.0%).
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inhibition was produced by a combination of an actin filament
inhibitor and an inhibitor of NSF/GluR2 interaction. This rapid
action allowed us to establish firmly that, after the response was
reduced to 30% of its initial value, there was no further effect in
the subsequent 90 min (Fig. 5A,B). The stability and long duration
of this plateau argue against a trivial explanation of the plateau,
that the residual response is generated by a subset of synapses
that happen to be located more distally.

Our examinations of inhibitors applied in combination lead us
to conclude that the inhibitors are working on a common “labile”
pool. Specifically, we found that the combination of NSF/GluR2
ip and phalloidin does not produce a substantially larger inhibi-
tion of the EPSP than phalloidin alone (Fig. 5B). Furthermore, if
we add to this combination the inhibitors of both dynein and
kinesin motors, no additional inhibition is observed. These oc-
clusions indicate that there is a common component of AMPA
receptor-mediated transmission that can be inhibited by all of
these agents

Luthi et al. (1999) studied the relationship of LTD to the
NSF/GluR2 ip-sensitive component. They showed that postsyn-
aptically applied mouse NSF/GluR2 ip reduced transmission and
that, in this condition, it was not possible to induce LTD. Con-
versely, if they first induced LTD, the response to NSF/GluR2 ip
was not reduced. This mutual occlusion indicates a conclusion
that LTD and NSF/GluR2 ip act on the same component of
AMPA receptor-mediated transmission. Thus, what we term the
labile pool appears to be the same pool on which LTD operates.
However, it is noteworthy that the reduction that can be achieved
by LTD (;40%) is smaller than the 70% reduction that charac-
terizes the labile pool.

A reasonable working hypothesis that explains the various
agents that can affect the labile pool is as follows: AMPA recep-
tor channels are synthesized in the soma (Eshhar et al., 1993) and
inserted into vesicles in the Golgi apparatus via processes that are
standard for membrane proteins (Kelly and Grote, 1993). These
vesicles then are transported into the dendrites by the microtu-
bule motors of the dynein and kinesin families. The association of
AMPA receptors with microtubules has been observed in neu-
rons (Kessler and Baude, 1999). Importantly, very recent work
shows directly that NMDA receptor channels are transported
along dendritic microtubules by a motor that is a member of the
kinesin family (Setou et al., 2000). When vesicles reach synapses
in the dendrites, they may insert into the membrane by both a
constitutive and an activity-dependent process, perhaps depend-
ing on AMPA receptor subtypes. At the same time endocytosis
processes remove channels from the membrane (Lledo et al.,
1998; Carroll et al., 1999a,b; Luscher et al., 1999; Man et al., 2000;
Wang and Linden, 2000) (for review, see Luscher et al., 2000).
While channels are in the membrane they can incorporate into
the synapse and mediate transmission. We suspect that inhibiting
microtubule motors inhibits AMPA receptor-mediated transmis-
sion simply because it blocks the supply of newly synthesized
AMPA receptors. This transport presumably occurs in dendrites,
where microtubules are abundant, but microtubule-dependent
processes involving receptor transport or recycling also could be
occurring in spines. NSF/GluR2 ip probably works by blocking
the insertion or synaptic stabilization of the receptors in the cell
membrane (Lledo et al., 1998; Nishimune et al., 1998; Song et al.,
1998; Luscher et al., 1999; Noel et al., 1999; Man et al., 2000;
Wang and Linden, 2000). There are several possible explanations
for the effect of actin inhibitors, and these are not mutually
exclusive. In many cell types the vesicles are transported to the

near periphery on microtubules but then transfer from microtu-
bules to actin filaments as they approach the membrane (Shelan-
ski et al., 1981; Gavin, 1997; Depina and Langford, 1999; Huang
et al., 1999; Goode et al., 2000). These dual mechanisms make
sense for dendrites, because microtubules are found primarily in
dendrites, whereas actin is found primarily in spines (Matus et al.,
1982). Thus, to reach the spine synapses, vesicles containing
AMPA channels might become dependent on actin-based motil-
ity. An activity-dependent process of delivery to spines has been
visualized directly with GFP-labeled GluR1 (Shi et al., 1999), but
it has not yet been determined whether this is actin-dependent.
Another possible role of actin is to participate in the binding of
AMPA channels to the postsynaptic density (Allison et al., 1998;
Lisman and Zhabotinsky, 2001; Zhou et al., 2001).

Although it is possible to develop a reasonable picture of the
labile pool, not much can be said about the nonlabile pool and
why it is insensitive to disruption. An important first step will be
to determine whether the labile and nonlabile components occur
at the same synaptic sites or whether they reflect the properties of
altogether different synapses, perhaps in a different state of
maturity.
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