The Journal of Neuroscience, June 15, 2000, 20(12):4545-4554

Postsynaptic Scaffolds of Excitatory and Inhibitory Synapses in
Hippocampal Neurons: Maintenance of Core Components
Independent of Actin Filaments and Microtubules
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The mechanisms responsible for anchoring molecular compo-
nents of postsynaptic specializations in the mammalian brain
are not well understood but are presumed to involve associa-
tions with cytoskeletal elements. Here we build on previous
studies of neurotransmitter receptors (Allison et al., 1998) to
analyze the modes of attachment of scaffolding and signal
transducing proteins of both glutamate and GABA postsynaptic
sites to either the microtubule or microfilament cytoskeleton.
Hippocampal pyramidal neurons in culture were treated with
latrunculin A to depolymerize actin, with vincristine to depoly-
merize microtubules, or with Triton X-100 to extract soluble
proteins. The synaptic clustering of PSD-95, a putative NMDA
receptor anchoring protein and a core component of the
postsynaptic density (PSD), was unaffected by actin depoly-
merization, microtubule depolymerization, or detergent extrac-
tion. The same was largely true for GKAP, a PSD-95-interacting
protein. In contrast, the synaptic clustering of CaZ?"/

calmodulin-dependent protein kinase Il (CaMKIl)a, another core
component of the PSD, was completely dependent on an intact
actin cytoskeleton and was partially disrupted by detergent.
Drebrin and «-actinin-2, actin-binding proteins concentrated in
spines, were also dependent on F-actin for synaptic localization
but were unaffected by detergent extraction. Surprisingly, the
subcellular distributions of the inhibitory synaptic proteins
GABA,R and gephyrin, which has a tubulin-binding motif, were
unaffected by depolymerization of microtubules or actin or by
detergent extraction. These studies reveal an unsuspected het-
erogeneity in the modes of attachment of postsynaptic proteins
to the cytoskeleton and support the idea that PSD-95 and
gephyrin may be core scaffolding components independent of
the actin or tubulin cytoskeleton.
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The neuronal cytoskeleton is a complex meshwork consisting of
microtubules, actin microfilaments, intermediate filaments, and
many associated proteins. These systems are responsible for de-
termining neuronal morphology and for transport and anchoring
of cellular constituents. Localization of postsynaptic proteins to
their sites of function may require interactions with regulatory
enzymes, vesicular adapters, molecular motors, scaffolding pro-
teins, and cytoskeletal systems.

More than 90% of excitatory glutamatergic synapses in the
mammalian brain occur on dendritic spines, small actin-rich pro-
trusions (Harris and Kater, 1994). Although diverse in size and
morphology, spines have a general structure containing longitu-
dinal actin filaments in the neck and a lattice of actin filaments in
the head (Landis and Reese, 1983; Cohen et al., 1985; Fifkova,
1985). Virtually all excitatory synapses have a pronounced
postsynaptic density (PSD) that contains receptors, signal trans-
ducing proteins, and cytoskeletal proteins and is typically identi-
fied as an electron-dense and almost completely detergent-
resistant structure found just beneath the membrane of dendritic
spines (Peters et al., 1991; Kennedy, 1997). Key elements of the
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core PSD include NMDA-type glutamate receptors, Ca*"/
calmodulin-dependent protein kinase II (CaMKII), and the
PSD-95/SAP90 family of PDZ domain proteins (Kennedy, 1997).
CaMKIl« binds to F-actin via its interaction with CaMKIIS,
PSD-95 binds to MAPIA and CRIPT, both of which are
microtubule-binding proteins, and the NRI1 subunit of the
NMDA receptor can bind to low molecular weight neurofilament
(Brenman et al., 1998; Ehlers et al., 1998; Niethammer et al.,
1998; Shen et al., 1998). Thus individual components of glutamate
synapses may be anchored to actin-, tubulin-, or neurofilament-
based cytoskeletal systems, or their localization may be indepen-
dent of these major cytoskeletal elements. In previous studies
(Allison et al., 1998), we showed that synaptic clustering of
NMDA receptors is largely independent of F-actin, whereas
synaptic clustering of AMPA receptor is strongly dependent on
F-actin in hippocampal pyramidal cells.

Inhibitory GABAergic synapses occur primarily on cell bodies
and on the shafts of dendrites and axon initial segments. The
GABA, receptor is thought to be attached to the microtubule
cytoskeleton via gephyrin and/or GABARAP (Kirsch and Betz,
1995; Essrich et al., 1998; Wang et al., 1999). Gephyrin binds to
microtubules in vitro and is required for synaptic localization of
GABA 4 receptors in hippocampus (Kirsch et al., 1991; Essrich et
al., 1998; Kneussel et al., 1999).

Many proteins bind to cytoskeletal components in vitro, but
which of these interactions are important for localization of the
proteins to the synapse? In this study, we induced depolymeriza-
tion of actin filaments or microtubules and performed detergent
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extraction to assess mechanisms of cytoskeletal anchoring of
components of glutamate and GABA postsynaptic specializations
in hippocampal pyramidal neurons in culture. We show that
individual components of spine synapses show a differential de-
pendence on F-actin for localization and, surprisingly, that
GABA4R and gephyrin are not dependent on microtubules for
synaptic localization. Our results suggest that PSD-95 and gephy-
rin may be core components of excitatory and inhibitory synaptic
scaffolds that are maintained independently of conventional cy-
toskeletal elements.

MATERIALS AND METHODS

Cell cultures. Rat hippocampal cultures were prepared using previously
described methods (Banker and Cowan, 1977; Goslin et al., 1998).
Briefly, hippocampi were dissected from 18 d rat embryos and dissociated
using trypsin and trituration through a Pasteur pipette. The neurons were
plated on coverslips coated with poly-L-lysine in minimal essential me-
dium with 10% horse serum at an approximate density of 2400/cm?.
Once the neurons had attached to the substrate, they were transferred to
a dish containing a glial monolayer and maintained for up to 4 weeks in
serum-free MEM with N2 supplements. Latrunculin A (5 pum) and
vincristine (5 uM) were added directly to the culture medium from a
concentrated DMSO or methanol stock, respectively. Reversal of the
effects of vincristine was accomplished after a 5 hr treatment in vincris-
tine followed by a 24 hr incubation in a fresh glial dish with conditioned
MEM plus N2 supplements. Vincristine was obtained from Sigma (St.
Louis, MO), and latrunculin A was obtained from Biomol Research
Laboratories (Plymouth Meeting, PA). For extraction, the neurons were
treated with 1% Triton X-100 and 4% polyethylene glycol (PEG; molec-
ular weight 40,000) in BRB80 buffer (80 mm PIPES, 1 mm MgCl,, 1 mm
EGTA) for 5 min, rinsed in BRB80, and fixed as described below.

Immunocytochemistry. Neurons were either fixed at 18-23 d in culture
in warm 4% paraformaldehyde, 4% sucrose in PBS for 15 min followed
by permeabilization with 0.25% Triton X-100 for 5 min (for immunocy-
tochemistry for GABA 4R, drebrin, a-actinin-2, and gephyrin) or simul-
taneously fixed and permeabilized in methanol for 15 min at —20°C (for
immunocytochemistry involving PSD-95, GKAP, and CaMKIl«). The
cultures were incubated with 10% bovine serum albumin (BSA) for 30
min at 37°C to block nonspecific staining and incubated with the primary
antibodies in 3% BSA. Presynaptic sites were labeled with a rabbit
antiserum G95 against synaptophysin (gift of P. DeCamilli, Yale Uni-
versity; 1:8000) or a mouse monoclonal antibody against SV2 (Develop-
mental Studies Hybridoma Bank, Iowa City, IA; 1:50). F-actin was
labeled with rhodamine phalloidin (Molecular Probes, Eugene, OR;
1:10,000). All of the following proteins were stained with mouse mono-
clonal antibodies: a-actinin (clone EA-53, Sigma; 1:20,000), PSD-95
family (clone 6G6-1C9, Affinity BioReagents, Golden, CO; 1:1000;
raised against PSD-95/SAP90 but also appears to cross-react with other
family members), drebrin (clone M2F6, Medical and Biological Labora-
tories, Nagoya, Japan; 1:300), CaMKIl«a (clone 6G9, Affinity BioRe-
agents; 1:100), GABA,R B2/3 subunit (clone bd17, Boehringer Mann-
heim, Indianapolis, IN; 1:100), tubulin (clone DMl«, Sigma; 1:1000),
and gephyrin (clone R7A, Cedarlane Laboratories, Hornby, Ontario,
Canada; 1:1000). Other proteins were stained with rabbit polyclonal
antibodies: GKAPs (gift of M. Sheng, Harvard University; 1:300; raised
against GKAP1 but recognizes multiple GKAPs), MAP2 (#2606, gift of
S. Halpain, Scripps Institute, 1:20,000), tubulin (affinity-purified on tu-
bulin immobilized on BrCN-activated Sepharose; 1:300), GluR1 (Up-
state Biotechnology, Lake Placid, NY; 1:4000), and NR2A (Upstate
Biotechnology; 1:2000). PSD-95 was also stained with a guinea pig
polyclonal antibody (gift of M. Sheng; 1:300). Neurons were generally
incubated in primary antibodies for 2 hr at 37°C, or overnight at room
temperature (NR2A), or ~40 hr at 4°C (GABALR), and in appropriate
secondary antibodies for 45 min at 37°C. Secondary antibodies were
conjugated to fluorescein, Texas Red, or AMCA (Vector Labs, Burlin-
game, CA; 1:200-1:600). The coverslips were mounted in elvanol with
2% 1,4-diazabicyclo[2,2,2]octane. Fluorescent images of the neurons
were obtained using a Zeiss Axioskop microscope with a 63X, 1.4 N.A.
lens and a Photometrics series 250 cooled CCD camera. Images were
prepared for presentation using OncorImage or Metamorph and Adobe
Photoshop software.

Dil labeling. Neurons were labeled with the lipophilic dye Dil as
previously described by Goldberg and colleagues (Park et al., 1996;
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Hasbani et al., 1998). In summary, neurons were fixed for 30 min in 4%
formaldehyde, 4% sucrose in PBS, then washed in PBS several times. Dil
(0.4 pg/ml freshly made in PBS) was then added for 30 sec followed by
another PBS wash. The coverslips were then mounted on hanging well
slides in PBS. Labeled cells were photographed, and their position was
noted for subsequent staining. The coverslip was removed from the slide,
and the neurons were permeabilized (and Dil removed) with 0.25%
Triton X-100 for 10 min before they were labeled with rhodamine
phalloidin as described above. Individual neurons were relocated and
imaged for phalloidin fluorescence.

Quantitation. To quantitate the data from the immunocytochemistry,
pyramidal neurons were chosen randomly for image acquisition (10-15
cells each from three to five separate experiments for paired control,
extracted, vincristine, and latrunculin A treatments). For each neuron,
two dendrites were chosen for analysis from the phase-contrast image,
and their length was measured. To count clusters per dendrite length, the
digital images were processed using Oncorlmage imaging software. Be-
fore measuring fluorescence intensities, images were background-
subtracted by a dark-field image and divided by the image of a uniform
fluorescence field to normalize for potential nonuniformity in illumina-
tion. Images were subjected to a user-defined intensity threshold to select
spines or clusters (with intensity approximately twofold or greater above
the parent dendrite), a selection for region of interest, and a count of the
number of clusters along each chosen dendrite. The number of synaptic
clusters was determined as the number of clusters apposed to punctate
synaptophysin or SV2 immunoreactivity. Dendritic protrusion density
was determined from randomly chosen Dil-labeled neurons (18-20 cells
each from two separate experiments for paired control, vincristine, and
latrunculin A treatments). Protrusions were defined by eye to include any
spine-like or filopodial-like dendritic protuberance. All image analysis
was performed such that the experimenter was blind to the treatment
group. The data were compiled in Microsoft Excel, analyzed in Statview,
and plotted using CricketGraph.

RESULTS

Both actin filaments and microtubules can be
depolymerized separately and reversibly within
hippocampal neurons

We have previously established a protocol for reversibly disrupt-
ing the F-actin cytoskeleton in mature primary cultures from
embryonic rat hippocampus (Allison et al., 1998). Control pyra-
midal neurons exhibited large concentrations of F-actin, as visu-
alized with rhodamine phalloidin, within their dendritic spines
(Fig. 14). Latrunculin A treatment disrupted actin within the
neurons without affecting microtubule staining (Fig. 1B). Latrun-
culin A depolymerized ~96% of the F-actin within the neuron,
when quantified by rhodamine phalloidin staining (Howard and
Oresajo, 1985; Knowles and McCulloch, 1992; Zigmond et al.,
1998). The loss of F-actin was also shown by Western blot analysis
after detergent extraction of living neurons. Although ~50% of
actin was extracted in control cells, ~94% was extracted in
latrunculin A-treated cells (Allison et al., 1998). F-actin indicated
by rhodamine phalloidin staining within the spines returned after
24 hr of recovery without latrunculin A (Fig. 1C).

We have now also established a protocol to disrupt the micro-
tubule cytoskeleton, using the Vinca alkaloid, vincristine. Vin-
cristine disrupts microtubules by binding to tubulin and prevent-
ing its polymerization. It also induces tubulin to self-associate
into paracrystals (Weber et al., 1975). Many other methods were
tried to induce microtubule depolymerization both alone and in
combination, including nocodazole, colcemid, vinblastine, and
cold treatment, under various conditions and concentrations.
These treatments were not effective in the depolymerization of
microtubules except at high concentrations, which were then
toxic. Vincristine was the only treatment that was successful in
depolymerizing microtubules without associated toxicity. Neu-
rons were treated with 5 uM vincristine for 5 hr before extraction
and immunostaining for tubulin to reveal microtubules. Control
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Figure 1. Treatment with cytoskeletal depolymerizing drugs reversibly disrupted actin microfilaments or microtubules in cultured hippocampal neurons.
A, Rhodamine phalloidin staining of 3 week hippocampal neurons shows a high concentration of F-actin within the dendritic spines of control neurons.
B, Treatment with latrunculin A eliminates the F-actin within the neurons, while not affecting microtubule staining (below). C, This effect can be reversed
by washing out the drug, allowing the actin filaments to repolymerize. D, Tubulin staining after extraction of control neurons reveals tight bundles of
microtubules within the dendrites and axons. E, Treatment with the microtubule depolymerizing agent vincristine eliminates the microtubule bundles,
leaving only tubulin paracrystals (arrow indicates smaller axonal paracrystals; arrowhead indicates larger somatodendritic paracrystals), which is
characteristic of vincristine treatment. This treatment does not affect the F-actin within spines as seen below. F, Within 24 hr after washing out the
vincristine, the microtubule bundles repolymerize. G-L, Dil membrane labeling (G-I) of random subpopulations of neurons reveals the continued
presence of dendritic protrusions after cytoskeletal manipulations, regardless of the local concentrations of F-actin (J-L). Control neurons (G, J) and
neurons treated with vincristine (Z, L) exhibit spines along the shaft of the dendrites with corresponding concentrations of F-actin. Latrunculin A-treated
neurons still show protrusions of membrane coming from the dendritic shafts (H') but lacking F-actin (K). M-O, Staining for MAP?2 reveals no change
after latrunculin A treatment (V) when compared with control (M ). Treatment with vincristine does allow M AP2 into the dendritic spines (O) but does

not affect polarity. Scale bar, 10 um.

neurons exhibited typical microtubule bundles present within the
dendrites and axons (Fig. 1D). After treatment with vincristine,
the individual microtubules could no longer be seen; they were
instead replaced by paracrystals throughout the cell. Both small
and relatively large paracrystals could be seen within the cell body
and processes of the neurons, but the lack of actual microtubules
was evident (Fig. 1E) (immunofluorescence intensity for tubulin
was reduced by 81.3% between the paracrystals). This treatment
did not alter F-actin staining within either the shafts or spines of
dendrites (Fig. 1E, bottom). When the drug was removed, the
microtubule bundles returned within 24 hr (Fig. 1F). Thus these
techniques are suitable for assessing the relationship between
postsynaptic proteins and the neuronal cytoskeleton.

Because the neuronal cytoskeleton plays such an important role
in cell shape and polarity, we looked at the effect that these drug
treatments had on the morphology and polarity of the neurons.
Staining of a random population of control neurons with the

lipophilic dye Dil (Park et al., 1996; Hasbani et al., 1998) reveals
a large number of protrusions from the dendrites (45.5 = 3.8 per
100 wm), representing mostly dendritic spines (Fig. 1G). The
spines contain concentrations of F-actin as seen by the corre-
sponding rhodamine phalloidin staining (Fig. 1J). After treat-
ment with latrunculin A, the number of dendritic protrusions
does not significantly change (38.9 = 3.8 protrusions/100 um, ¢
test, p > 0.1). A similar lack of effect of latrunculin B on the
presence of dendritic protrusions has been reported previously
(Kim and Lisman, 1999). However, Dil staining revealed an
apparent change in the morphology of the protrusions with la-
trunculin A treatment, corresponding to a large number of elon-
gated filopodia-like protrusions and fewer of the classical
mushroom-shaped spines (Fig. 1H). These structures are devoid
of detectable F-actin (Fig. 1K). They may be maintained by
connection to the presynaptic site via transynaptic proteins. Den-
dritic profiles of neurons treated with vincristine look virtually
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Figure 2. Proteins of the postsynaptic
density exhibited different modes of cy-
toskeletal association. A-C, PSD-95,
GKAP, and CaMKIle, respectively,
were found in clusters within dendritic
spines and dendrite shafts. Clusters of
each protein were primarily synaptic as
found by double-labeling for synapto-
physin (data not shown). D, E, After
actin depolymerization with latrunculin
A, both PSD-95 (D) and GKAP (E)
clusters remained largely intact. F, La-
trunculin A treatment dispersed the
CaMKIle« clusters to a diffuse immuno-
reactivity throughout the dendrites.
G-I, Microtubule depolymerization
with vincristine had no apparent effect
on the distributions of any of these PSD
proteins (G, PSD-95; H, GKAP; I,
CaMKIla). J, PSD-95 clusters were re-
sistant to detergent extraction. K, L,
GKAP (K) and CaMKIl« (L) clusters,
although still present, were reduced in
their intensity after detergent extrac-
tion, indicating partial extractability.
Double staining of PSD-95 and GKAP
(/, K) shows the change in relative in-
tensity when compared with controls. In
the case of CaMKlIle, it appeared that
the staining within the shafts and heads
of the spines was extractable, but the
staining at the tip within the PSD re-
mained. Scale bars, 10 wm.

identical to those of control cells (Fig. 1/,L) (51.02 = 2.84
protrusions/100 pm, ¢ test, p > 0.1). Microtubule-associated pro-
teins (M APs), established markers of neuronal polarity, remain
in polarized distributions after either treatment. Control cells
exhibit normal M AP?2 localization within the dendrites (Fig. 1M)
(Caceres et al., 1984) and tau in the axons (data not shown;
Mandell and Banker, 1996). Neurons treated with latrunculin A
have the same staining pattern for MAP2 (Fig. 1N) as controls.
Although M AP2 is a microtubule-binding protein, the polarity of
the MAPs is retained after depolymerization with vincristine
(Fig. 10). The only noticeable difference is the appearance of
MAP2 within the dendritic spines after vincristine treatment,
presumably because of greater soluble pools of M AP2 within the
dendrites. Tau remains axonal after both treatments (data not
shown).

Synaptic clusters of PSD-95 and GKAP are maintained
independent of actin microfilaments and microtubules

PSD-95/SAP90 and the closely related proteins chapsyn-110/
PSD-93 and SAP102, core components of the PSD, are localized
to excitatory postsynaptic specializations of hippocampal neurons
(Kornau et al., 1995; Miiller et al., 1996; Rao et al., 1998). We
found previously that the localization of PSD-95 and these closely
related cross-reacting family members appears to be largely inde-
pendent of F-actin (Allison et al., 1998). Here we quantified the
effect of latrunculin A on PSD-95 family protein localization and
tested the effects of detergent extraction or treatment with the
microtubule-depolymerizing agent vincristine. Treatment with
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either latrunculin A or vincristine resulted in no obvious differ-
ence in the pattern of PSD-95 immunoreactivity (Fig. 2D,G) and
no change in the number of total or synaptic PSD-95-
immunoreactive clusters per length of dendrite relative to
matched controls (Fig. 3). Thus neither microfilaments nor mi-
crotubules are required for maintenance of PSD-95 family pro-
tein clusters or for maintenance of their synaptic localization.
The detergent treatment results in extraction of synaptic vesicle
protein markers of presynaptic terminals, and so after detergent
extraction we were able to assess only the number of PSD-95
immunoreactive clusters but not synaptic localization. The deter-
gent extraction resulted in a slight increase in the number of
PSD-95 clusters (Fig. 3). It may be that the extraction unmasked
some clusters that were previously obscured by diffuse dendritic
shaft immunoreactivity, or that the detergent partially extracted
large clusters of PSD-95, thus apparently breaking up large clus-
ters into multiple smaller clusters. However, the pattern of
PSD-95 immunoreactivity was largely unchanged by extraction
(Fig. 2J), suggesting that most of the clustered PSD-95 family
protein is resistant to detergent extraction.

GKAPs/SAPAPs are a family of four closely related proteins
that have been shown to bind to the GK domain of the PSD-95
family and to be major constituents of the PSD in hippocampal
neurons (Kim et al., 1997; Takeuchi et al., 1997). Neither latrun-
culin A nor vincristine had any obvious effect on the localization
of GKAPs (Fig. 2E,H ). Thus, like PSD-95, GKAP clusters were
maintained at synapses after disruption of filamentous actin and
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Figure 3. PSD-95 clusters were not disrupted by depolymerization of
actin filaments or microtubules or by detergent extraction, but GKAP was
partially extractable. 4, The graph illustrates the number of PSD-95
clusters/100 um dendrite length for control, latrunculin A-treated, and
detergent-extracted neurons. The number of synaptic clusters was deter-
mined as the number of PSD-95 clusters apposed to punctate synapto-
physin immunoreactivity. None of the changes represents a significant
change in the number of clusters (¢ test, p > 0.1), except for the number
of clusters remaining after extraction (¢ test, p < 0.0001). B, A second set
of experiments was performed to test the effects of vincristine on PSD-95
distribution. The numbers of total or synaptic clusters of PSD-95 were not
significantly different between vincristine-treated and matched control
groups (¢ test, p > 0.1). C, This graph indicates the partial detergent
extractability of GKAP. For each cluster of GKAP the average immuno-
fluorescence intensity value was divided by the corresponding intensity of
PSD-95 immunofluorescence. With the GKAP to PSD-95 ratio normal-
ized to the control neurons, a 27% decrease was seen after extraction. The
difference was significant (¢ test, p < 0.0001).

microtubules. Consistent with the Dil labeling studies described
above, PSD-95 and GKAP clusters appeared to be largely main-
tained on small protrusions off the main dendrite shafts. Deter-
gent extraction on the other hand caused a decrease in the overall
intensity of GKAP staining compared with PSD-95. The ratio of
GKAP to PSD-95 immunofluorescence was 94% after latrunculin
A treatment but dropped to 73% after detergent extraction com-
pared with a normalized control of 100%, indicating that GKAPs
are more extractable than some other components of the PSD
such as the PSD-95 family.

Clustering of CaMKIll« in spines is dependent on
filamentous actin

CaMKI]I, itself a major PSD protein, can phosphorylate several
other PSD proteins and is a key regulator of plasticity at spiny
excitatory synapses (for review, see Kennedy, 1998). CaMKIl«
has recently been shown to interact with F-actin via the
CaMKIIB subunit and translocate to the PSD on activation of the
NMDA receptor (Shen et al., 1998; Shen and Meyer, 1999). As in
vivo, CaMKIla was concentrated within the dendritic spines of
hippocampal pyramidal neurons in culture (Fig. 2C). Treatment
with latrunculin A caused a dispersal of the clusters as well as a
decrease in the overall staining intensity of CaM KIl« (Fig. 2F).
Thus, clustering of CaM KIl« at spine synapses is dependent on
F-actin. Detergent extraction of the neurons also caused a de-
crease in the intensity of CaM KIIa immunoreactivity but did not
completely disrupt clusters (Fig. 2L). Within spines, CaMKIl«
appeared to be extracted predominantly from the body and neck,
leaving small puncta of immunoreactivity near the tips of spines,
in all likelihood corresponding to the PSD. Depolymerization of
microtubules with vincristine had no effect on the distribution of
CaMKIl« (Fig. 21).

Actin-binding proteins are dispersed by latrunculin A,
but unaffected by vincristine or detergent extraction

a-Actinin-2 and drebrin are two of the major actin-binding pro-
teins concentrated in dendritic spines. Both are thought to be
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Figure 4. Actin-binding proteins of dendritic spines were dispersed by
actin depolymerization but unaffected by depolymerization of microtu-
bules or detergent extraction. A, E, The actin-binding proteins a-actinin-2
(A) and drebrin (E) were found to be abundant within the dendritic
spines of hippocampal neurons. B, F, After actin depolymerization with
latrunculin A, the clusters dissociated, and both «-actinin-2 (B) and
drebrin (F) became diffusely localized within the dendrites. C, D, G, H,
Neither microtubule depolymerization with vincristine (C, G) nor deter-
gent extraction (D, H) disrupted the clusters of a-actinin-2 (C, D) or
drebrin (G, H). Scale bar, 10 wm.

involved in regulating the structure and plasticity of the excitatory
synapse, a-actinin-2 through its competitive, calcium-dependent
binding to the NMDA receptor (Wyszynski et al., 1997; Zhang et
al., 1998; Krupp et al., 1999) and drebrin by regulating binding of
F-actin to a-actinin-2 or tropomyosin (Ishikawa et al., 1994). In
the hippocampal neurons in culture, concentrations of both
a-actinin-2 and drebrin were observed by immunocytochemistry
in dendritic spines (Fig. 44,E). Latrunculin A treatment of the
neurons led to a complete dispersion of the clusters of both
a-actinin-2 and drebrin, as expected for actin-binding proteins
(Fig. 4B,F). Treatment with vincristine or detergent extraction
had no effect on the localizations of a-actinin-2 or drebrin (Fig.
4C,D,G.H).

Clusters of GABA,R and gephyrin at inhibitory
synapses are maintained independent of microtubules
and actin microfilaments

As the main inhibitory neurotransmitter receptor of the brain, the
GABA, receptor is found clustered on the shafts of cultured
hippocampal neurons opposite GABAergic terminals (Craig et
al., 1994). GABA,R immunoreactivity, as visualized with an
antibody against the 82/3 subunit, is typically seen as long, thin,
primarily synaptic clusters (Fig. 54). Depolymerization of actin
with latrunculin A did not affect the distribution pattern of
GABALR (Fig. 5B). Surprisingly, depolymerization of microtu-
bules with vincristine also had no effect on the distribution
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Figure 5. Clustering of GABA,R and gephyrin at inhibitory synapses
was unaffected by depolymerization of microfilaments or microtubules or
by detergent extraction. Immunostaining for the inhibitory neurotrans-
mitter receptor GABA 4R 2/3 subunits (A-D) and its putative anchoring
protein gephyrin (E-H) was not disrupted by latrunculin A (B, F),
vincristine (C, G), or detergent extraction (D, H). Large, elongated,
synaptic clusters of both proteins (arrows) still remained, even in the
absence of detectable microtubules (as in Fig. 1E), indicating that micro-
tubules are not primarily responsible for anchoring these proteins at
inhibitory PSDs. Scale bar, 10 wm.

pattern of GABA,R (Fig. 5C). GABALR clusters remained
intact (34.4 = 1.9 clusters per 100 wm after vincristine treatment
compared with 37.4 = 1.9 in matched controls; p > 0.1) and
maintained a synaptic localization (91.3% synaptic with vincris-
tine compared with 91.9% for controls) (see Fig. 6 for complete
data). GABALR clusters were also resistant to detergent extrac-
tion (Fig. 5D).

Gephyrin, a protein required for synaptic localization of the
GABA 4R, interacts with tubulin and is thought to either directly
or indirectly link the GABA,R to microtubules (Kirsch et al.,
1991; Craig et al., 1996; Essrich et al., 1998; Kneussel et al., 1999).
Gephyrin immunostaining of mature cultured hippocampal neu-
rons revealed both large synaptic clusters as well as ~16.4%
smaller nonsynaptic clusters on the shafts of dendrites (Fig. 5E).
Treatment for 24 hr with latrunculin A had no effect on the
distribution pattern of gephyrin (Fig. 5F) or on the number of
synaptic or nonsynaptic clusters (Fig. 6). Depolymerization of
microtubules with vincristine also had no effect on the distribu-
tion of gephyrin (Fig. 5G). After vincristine treatment, the total
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Figure 6. Clustering of inhibitory synaptic proteins was not affected by
treatment with vincristine to depolymerize microtubules. 4, The total
number of clusters and the number of synaptic clusters of GABA R did
not change significantly after vincristine treatment (¢ test, p > 0.1). B, The
number of gephyrin clusters was not affected by treatment with latruncu-
lin A, vincristine, or detergent extraction. Similarly, the number of syn-
aptic clusters of gephyrin did not change after latrunculin A or vincristine
treatments. There were no significant differences between groups (¢ test,
p > 0.1).

number of gephyrin clusters (59.5 * 2.8 clusters) per dendrite
length and number of synaptic clusters (52.9 * 2.8 synaptic) was
not different from controls (57.7 = 3.2 total clusters and 48.2 =
2.9 synaptic; p > 0.1 for each). Detergent extraction also had no
effect on the distribution of gephyrin (Figs. 5H, 6). These results
indicate that some mechanism other than F-actin or microtubules
is responsible for anchoring gephyrin and GABA 4R at inhibitory
synapses.

Proteins of the excitatory synapse show differential
sensitivities to latrunculin A and detergent extraction
To demonstrate further the selectivity of the treatments, we
performed double immunostaining using an antibody to a protein
that did change compared with one that did not after the treat-
ment. For the latrunculin A treatment, we compared two core
components of the postsynaptic density, NR2A (green) and
CaMKIla (red). Both appeared clustered within the spines of
control neurons (Fig. 74). After treatment with latrunculin A,
NR2A clusters remained abundant throughout the neuron, but
CaMKIla no longer appeared concentrated at corresponding
locations (Fig. 7B). Before detergent extraction, GluR1 (red) and
PSD-95 (green) also both appeared coclustered within dendritic
spines (Fig. 7C). The extraction removed the GluR1 from the
spines but left the PSD-95 immunoreactivity intact (Fig. 7D).
These results further demonstrate that the actin depolymeriza-
tion and detergent extraction disrupted specific interactions,
rather than simply inducing nonspecific degradation of the
postsynaptic specialization.

Tubulin paracrystals are not involved in the
stabilization of postsynaptic protein complexes
Treatment with vincristine has been shown to cause the forma-
tion of tubulin paracrystals within the cell. These paracrystals are
crystalloid structures consisting of tubulin dimers and the perti-
nent Vinca alkaloid (Bensch et al., 1969; Weber et al., 1975). To
show that these paracrystals are not responsible for binding to and
stabilizing the synaptic complexes, we have stained for either
PSD-95 or gephyrin along with tubulin after vincristine treat-
ment. PSD-95 clusters (Fig. 7E, red) do not colocalize with tubu-
lin paracrystals (Fig. 7E, green), nor do gephyrin clusters (Fig. 7F,
red). Because the clusters do not colocalize with the paracrystals,
nor are they disrupted, we can rule out a role for the paracrystals
in stabilization of the synaptic complexes.
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DISCUSSION

Several conclusions about the relationship between postsynaptic
proteins and their maintenance by the neuronal cytoskeleton can
be drawn from the above data. (1) F-actin is responsible for the
anchoring of certain spine-specific proteins (CaMKIle, drebrin,
and a-actinin-2). Previously, we have shown that F-actin is also
responsible for maintaining the localization of the AMPA recep-
tor on spines (Allison et al., 1998); however, (2) F-actin is not
necessary for retaining some of the proteins within the PSD
(PSD-95 family, GKAPs, and NMDAR), nor is F-actin required
for maintaining the localization of the inhibitory synapse proteins
GABALR and gephyrin. (3) Microtubules are not required to
maintain localization of GABA, R and gephyrin at inhibitory
synapses or to maintain spine clusters of PSD-95 or any of the
other excitatory synapse proteins assayed. (4) With the exception
of AMPAR as reported previously, none of the proteins assayed
is completely detergent extractable (GKAPs and CaMKIl« are
partially extractable). (5) All of this evidence suggests that core
postsynaptic specializations (containing PSD-95 family and
NMDARs for excitatory synapses, and gephyrin and GABA,R
for inhibitory synapses) are rather stable complexes of proteins
that once formed, maintain themselves independently of conven-
tional cytoskeletal systems. For summary, see Figure 8.

Dependence of synaptic proteins on the

actin cytoskeleton

Our data support the idea of two structural and corresponding
functional levels of spine PSD organization, a core component
and a peripheral actin-associated component (Adam and Matus,
1996). Some proteins are highly dependent on F-actin for their
localization (CaMKlIle, drebrin, and a-actinin-2), whereas oth-
ers appear to be completely independent (PSD-95 and GKAP)
(Figs. 2-4, 7). The actin-associated components (CaMKIIe, dre-
brin, and a-actinin-2) are specifically concentrated only at spiny
pyramidal neuron synapses (Jones et al., 1994; Hayashi et al.,
1996; Rao et al., 1998; Sik et al., 1998), whereas the actin-
independent components (NMDAR, PSD-95, and GKAP) are
also concentrated at nonspiny excitatory synapses of interneu-
rons. The actin-associated components of spines appear to have a
primary function in activation-induced signal transduction and
alterations of the actin cytoskeleton in response to signals initi-
ated through core components of the PSD. The disruption of
these actin-dependent proteins via latrunculin A left a membra-
nous protrusion at the presumptive spine site, possibly reflecting
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Figure 7. Treatment with latrunculin A
and detergent extraction affected synaptic
clustering of different components of the
PSD. A, Double immunostaining with
CaMKIla (red) and NR2A (green)
showed that both proteins are concen-
trated within the PSDs of control neurons.
B, After treatment with latrunculin A to
depolymerize actin, CaMKlIla clusters
dispersed (red), whereas the NR2A clus-
ters remained intact ( green). C, Similarly,
clusters of GluR1 (red) and PSD-95
( green) were seen within control dendritic
spines. D, After detergent extraction,
GluR1 clusters were extracted (red), but
PSD-95 clusters remained ( green). E, F,
After treatment with vincristine, neither
PSD-95 (E, red) nor gephyrin (F, red) co-
localizes with tubulin paracrystals (E, F,
green). Scale bar, 10 pm.
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Figure 8. Diagrammatic summary of results. Two different AMPA
receptor-binding proteins are postulated to account for the differential
detergent extractability and actin dependence of AMPA receptors in
spines versus shaft synapses as reported previously (Allison et al., 1998);
these may correspond to different forms of GRIP and/or PICK1. The
proteins dependent on F-actin for clustering include a-actinin-2, drebrin,
CaMKIle, and AMPAR in spines. GKAP and CaMKIl« are partially
detergent extractable, and AMPAR is highly extractable only from spine
synapses. All synaptic components were found to be localized indepen-
dent of microtubules; this is emphasized in the diagram for gephyrin and
GABA4R. These results indicate different modes of localization for
different components of dendritic spines and suggest that PSD-95 and
gephyrin form part of core scaffolds of excitatory and inhibitory synapses
maintained independent of association with conventional cytoskeletal
systems.

attachment of the actin-independent complex via transynaptic
proteins to the presynaptic terminal, and further supporting the
role for the actin-dependent proteins in ancillary activities. All
known components of the inhibitory postsynaptic specializations
on dendrite shafts could be considered core components func-
tionally and are independent of F-actin for localization
(GABALR and gephyrin) (Figs. 5, 6).

Actin-associated components of spine synapses include spec-
trin, myosin V, a-adducin, neurabin, neurabinll/spinophilin, cor-
tactin, and 4.1N (neuronal homolog of erythrocyte protein 4.1) as
well as CaMKIlq, drebrin, and a-actinin-2 (Carlin et al., 1983;
Morales and Fifkova, 1989; Espreafico et al., 1992; Seidel et al.,
1995; Allen et al., 1997; Nakanishi et al., 1997; Satoh et al., 1998;
Naisbitt et al., 1999; Walensky et al., 1999). Most of these proteins
either bind directly to actin, like a-actinin-2 and drebrin, or bind
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through one additional linkage, like CaM KIla, which multimer-
izes with CaMKIIB, which binds actin (Shen et al., 1998). Thus
the localization of these proteins to spines is also likely to depend
on F-actin. Many of these actin-associated proteins have addi-
tional interactions within the PSD. For example, a-actinin-2 and
spectrin both bind to the NMDA receptor, whereas CaMKII
binds to myosin V (Wyszynski et al., 1997; Wechsler and Teich-
berg, 1998; Costa et al., 1999), but as we found for a-actinin-2 and
CaMKIle, these additional linkages may not be sufficient to
maintain synaptic localization in the absence of F-actin.

The major function of the actin-associated components of the
PSD appears to be in signal transduction and modification of the
microfilament arrays in response to synaptic activation, events
thought to mediate long-term synaptic plasticity. For example,
entry of calcium reduces «-actinin-binding to NMDAR by com-
petitive binding of Ca*"/calmodulin, thus mediating NMDAR
inactivation (Zhang et al., 1998; Krupp et al., 1999). A large
number of mechanisms appear to act in concert to determine
spine morphology, including stabilization of actin filaments by
a-actinin-2, spectrin, a-adducin, neurabins, cortactin, and 4.1N,
spine elongation by drebrin (Hayashi and Shirao, 1999), cleavage
of spectrin by calpain (Seubert et al., 1988), inhibition of
a-adducin function by PKC phosphorylation (Matsuoka et al.,
1998), and enhanced synaptic localization of cortactin by gluta-
mate stimulation (Naisbitt et al., 1999). Rapid regulation of spine
morphology can occur (Halpain et al., 1998; Kaech et al., 1999),
and pharmacological blockade (Kirov and Harris, 1999) or syn-
aptic stimulation (Engert and Bonhoeffer, 1999) can induce new
spine formation.

Relationship between the microtubule cytoskeleton
and synaptic proteins

Tubulin is an abundant protein throughout the neuron that is
directly involved in the transport of many intrinsic components to
and from the processes. But what, if anything, is tubulin doing in
the PSD? Although microtubules are not seen within dendritic
spines, tubulin is a major component of biochemically isolated
PSD fractions (Blomberg et al., 1977; Matus and Taff-Jones, 1978;
Walsh and Kuruc, 1992; Lai et al., 1998). The metabotropic
glutamate receptor mGluR1a can interact directly with tubulin
(Ciruela et al., 1999), and the NMDAR may bind tubulin either
directly or indirectly through PSD-95 and MAPIA or CRIPT
(Pedrotti et al., 1994; Brenman et al., 1998; Niethammer et al.,
1998; van Rossum et al., 1999). Thus it has been suggested that
tubulin, in some form, may have an important function in the
organization of excitatory PSDs. However, we found that vincris-
tine, which disrupts microtubules (Fig. 1), does not disrupt main-
tenance of spines or excitatory PSD components (Figs. 2—-4). Thus
microtubules are not responsible for synaptic anchoring of
NMDA receptors or PSD-95 or for maintenance of the actin
cytoskeleton of spines. In addition, because vincristine sequesters
tubulin dimers from the cytoplasm into paracrystals, cytoplasmic
tubulin is also unlikely to play a major role in synapse organiza-
tion. Strictly speaking, however, we cannot exclude the involve-
ment of some other form of tubulin (different from microtubules
and free tubulin dimer) in the organization of synaptic protein
clusters, although we are unaware of any such forms resistant to
vincristine and extraction. An alternative role of tubulin near the
synapse may be to serve as a substrate for local cytoskeletal
modification of the dendrite in response to synaptic activity.
Calcium entry through NMDAR modulates M AP-2 phosphory-
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lation (Quinlan and Halpain, 1996), which could locally regulate
microtubule stability (van Rossum and Hanisch, 1999).

Microtubules are thought to play a central role in the organi-
zation of inhibitory postsynaptic specializations. This idea is
based largely on binding properties of components of GABAergic
and glycinergic synapses: the GABA R was initially copurified
with tubulin (Item and Sieghart, 1994), gephyrin binds tubulin as
well as the glycine receptor B subunit and is required for
GABALR clustering (Kirsch et al., 1991, 1995; Essrich et al.,
1998; Kneussel et al., 1999), GABAR AP binds the GABA,R y2
subunit and contains a putative tubulin-binding motif (Wang et
al., 1999), and the GABAR binds M AP-1B, which binds tubulin
(Hanley et al., 1999). However, microtubules do not directly
approach the plasma membrane. Moreover, our results show that
microtubules are not required for clustering or for synaptic local-
ization of either GABA R or gephyrin (Figs. 5, 6). Our results
are different from the disruption of clusters of gephyrin in spinal
neurons by the microtubule depolymerizing agent demecolcine as
reported by Kirsch and Betz (1995). There could be a number of
reasons for this difference: cell type, differential association of
gephyrin with GABA 4R versus glycine receptor, pharmacologi-
cal agents used, the possibility of additional irreversible effects of
demecolcine, stages of development, and possible differences in
half-life of the synaptic proteins.

Other possible mechanisms for anchoring
postsynaptic proteins

This study leads us to the conclusion that simple models for the
anchoring of postsynaptic proteins, such as anchoring of excita-
tory components to F-actin and inhibitory components to micro-
tubules, do not suffice. Of the synaptic components studied here,
none were dependent on either F-actin or microtubules for their
localization, with the exception of proteins specific to spines (i.e.,
CaMKII, drebrin, and e-actinin-2). Both F-actin and microtu-
bules are likely necessary for the initial formation or transport of
the synaptic structure but not for maintenance of most compo-
nents of the PSD. An interesting exception is the AMPAR, which
is partially dependent on F-actin for maintenance of spine clus-
ters (Allison et al., 1998). In view of recent models suggesting
rapid and continuous endocytosis and exocytosis of AMPA re-
ceptors at the synapse (e.g., Noel et al., 1999), AMPA receptors
may constitute a special case in which actin filaments may be more
involved in recycling than in direct anchoring, thus yielding the
partial dependence of localization on F-actin.

If neither actin nor microtubules are responsible for anchoring
core components of both excitatory and inhibitory synapses, in-
cluding NMDAR, PSD-95, GABA/R, and gephyrin, then how
do they maintain their localization? These proteins may comprise
part of postsynaptic densities that are more or less self-anchored
or self-maintained. PSDs can be isolated biochemically because
they are highly cross-linked, detergent-resistant structures (Peters
et al,, 1991; Adam and Matus, 1996; Kennedy, 1997). These core
interactions need not be static, as evidenced by the activity
regulation of NMDAR distribution (Rao and Craig, 1997), but
they are likely more stable that those of the actin-associated
components. Once a synapse has formed, our data suggest that
actin and microtubules are not required for localization of core
synaptic proteins but may be more involved in mediating activity-
dependent changes in morphology and signaling.
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