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Summary

The Shank family of proteins interacts with NMDA re-
ceptor and metabotropic glutamate receptor com-
plexes in the postsynaptic density (PSD). Targeted to
the PSD by a PDZ-dependent mechanism, Shank pro-
motes the maturation of dendritic spines and the en-
largement of spine heads via its ability to recruit Homer
to postsynaptic sites. Shank and Homer cooperate
to induce accumulation of IP3 receptors in dendritic
spines and formation of putative multisynapse spines.
In addition, postsynaptic expression of Shank en-
hances presynaptic function, as measured by in-
creased minifrequency and FM4-64 uptake. These
data suggest a central role for the Shank scaffold in the
structural and functional organization of the dendritic
spine and synaptic junction.

Introduction

The postsynaptic membrane of central excitatory syn-
apses is characterized by an electron-dense thickening
known as the postsynaptic density (PSD), which con-
tains glutamate receptors and other membrane proteins
anchored in a matrix of cytoskeletal and signaling mole-
cules (Garner et al., 2000; Kennedy, 1997; Sheng and
Pak, 2000; Ziff, 1997). The Shank family of proteins (also
known as ProSAP, SSTRIP, cortBP, Synamon, and
Spank) are core components of the PSD and share a
domain organization consisting of ankyrin repeats near
the N terminus, followed by SH3 domain, PDZ domain,
proline-rich region, and a SAM domain at the C terminus
(Boeckers et al., 1999a; Du et al., 1998; Ehlers, 1999;
Lim et al., 1999; Naisbitt et al., 1999; Sheng and Kim,
2000; Tuetal., 1999; Yao et al., 1999; Zitzer et al., 1999a).
Complex alternative splicing of three Shank genes gen-
erates multiple isoforms of Shank proteins (Boeckers et
al., 1999a; Lim et al., 1999).

Consistent with a scaffolding function of Shank poly-
peptides, multiple protein interactions mediated by
Shank have been identified. The PDZ domain binds to
the guanylate kinase-associated protein (GKAP) family
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of PSD-95 binding proteins, thereby linking Shank to the
N-methyl-d-aspartate (NMDA) receptor/PSD-95 complex
(Boeckers et al., 1999b; Naisbitt et al., 1999; Tu et al.,
1999). In addition, the PDZ domain interacts with so-
matostatin receptors and the calcium-independent
a-latrotoxin receptor (Kreienkamp et al., 2000; Tobaben
et al., 2000; Zitzer et al., 1999a, 1999b). Two distinct
proline-based motifs within the proline-rich region of
Shank form the binding sites for cortactin, an actin regu-
latory protein, and for Homer, which also binds group
1 metabotropic glutamate receptors and inositol-1,4,5-
trisphosphate (IP3) receptors (Naisbitt et al., 1999; Tu
et al., 1999; Xiao et al., 2000). Through its interactions
with GKAP and Homer, Shank has the potential to link
together the NMDA receptor and metabotropic gluta-
mate receptor complexes in the postsynaptic special-
ization.

By quantitative immunogold localization, Shank is
concentrated in the deep part (near the cytoplasmic
face) of the PSD; in comparison, PSD-95 lies very close
to the postsynaptic membrane (Valtschanoff and Wein-
berg, 2001). Thus, Shank may play a role at the interface
between the PSD and the postsynaptic cytoplasm and
cytoskeleton. Consistent with this idea is the interaction
of Shank with cortactin, an actin binding protein that
translocates to the cortical cytoskeleton in response to
extracellular stimuli (Naisbitt et al., 1999; Weed et al.,
1998).

Excitatory synapses (and PSDs) in the central nervous
system (CNS) are found predominantly on dendritic
spines, specialized structures that protrude from den-
dritic shafts. Mature spines typically have a “mushroom”
shape characterized by a thin neck and a bulbous head
on which synapses usually form. Dendritic spines are
semiautonomous compartments that often contain
smooth endoplasmic reticulum (SER) and protein trans-
lational machinery (Harris, 1999a; Harris and Kater,
1994). The predominant cytoskeleton of spines is F-actin,
and spines undergo continual actin-based motility over
a time frame of seconds to minutes (Fischer et al., 1998;
Matus et al., 2000).

On a longer time scale, the morphology of dendritic
spines appears to change in response to many factors,
including learning, age, hormones, and disease (Bailey
and Kandel, 1993; Harris and Kater, 1994; Horner, 1993).
This morphological plasticity has led to the idea that
long-term memory may be encoded, at least in part, by
alterations in spine structure and associated synaptic
connections (Calverley and Jones, 1990; Muller et al.,
2000). For instance, long-term potentiation (LTP) has
been correlated with altered spine size (Fifkova and Van
Harreveld, 1977; Hosokawa et al., 1995), spine bifurca-
tion (Rusakov et al., 1997), and the emergence of new
spines (Engert and Bonhoeffer, 1999; Maletic-Savatic
et al., 1999), as well as with increased synapse size
(Desmond and Levy, 1988) and perforation of the PSD
(Toni et al., 1999). Little is known, however, about the
molecular mechanisms that determine the structure of
dendritic spines and their associated synapses, particu-
larly with respect to the role of PSD proteins.
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Since it lies at the cytoplasmic face of the PSD and
interacts with cortactin as well as glutamate receptor
complexes, Shank seems a good candidate to link syn-
aptic activity to regulation of the postsynaptic cytoskele-
ton. Here, we report that Shank promotes the maturation
of dendritic spines and the selective enlargement of
spine heads via a mechanism that depends on the post-
synaptic recruitment of Homer. Accompanying the spine
enlargement, Shank and Homer cause accumulation of
IP3 receptors and other PSD proteins in dendritic spines
and induce the formation of putative multisynapse
spines. Electrophysiologically, the major effect of post-
synaptic Shank is to enhance presynaptic function.
These pleomorphic effects reveal a central role for the
Shank scaffold in the structural and functional organiza-
tion of the dendritic spine and synapse.

Results

Shank1 Promotes Spine Maturation and Spine

Head Enlargement

To obtain insights into the function of Shank, we looked
for “gain-of-function” phenotypes in cultured hippo-
campal neurons transfected with wild-type Shank (Fig-
ure 1). Two splice variants of Shank1 were initially tested:
the “full-length” Shank1A and Shank1B (which lacks the
SAM domain and part of the proline-rich region) (see
below and Lim et al., 1999). Green fluorescent protein
(GFP) was cotransfected with the Shank constructs to
fill the cells and to outline the morphology of transfected
neurons.

Neurons transfected with Shank1B showed a striking
enlargement of dendritic spines, as visualized by
cotransfected GFP (Figures 1A and 1B). The spine-pro-
moting effect was seen in young and mature neurons.
At days in vitro 7 (DIV7), control neurons showed mostly
filopodia-like outgrowths (thin processes lacking ahead;
Figures 1Aa and 1Ac, arrows). In contrast, DIV7 neurons
transfected with Shank1B showed shorter dendritic
spines with well-developed spine heads on thin spine
necks (mushroom-like spines; Figures 1Ab and 1Ad, ar-
rowheads). Thus, in immature neurons, Shank1B over-
expression promoted the morphological maturation of
spines. By DIV18, control neurons have developed a
higher density of spines, some of which are mushroom
shaped (Figures 1Ae and 1Ag, arrows). However, DIV18
neurons transfected with Shank1B showed much more
prominent dendritic spines, virtually all of which were
mushroom shaped, with spine heads larger than control
neurons (Figures 1Af and 1Ah, arrowheads). Transfec-
tion of Shank1A or Shank3 (a closely related gene) had
the same effect on dendritic spine morphology as
Shank1B (data not shown). Shank overexpression had
no obvious effect on dendritic shaft structure, dendritic
branching pattern, or on axons, thus, the morphological
effect of Shank was selective for dendritic spines (Figure
1B). Exogenous Shank1B protein (stained by HA anti-
bodies) localized specifically in dendritic spines of trans-
fected neurons (Figures 1Bal and 1Bc1).

To quantify the effect of Shank on spine morphology,
we measured the length of spines and the width of spine
heads from stacked z series confocal images, using the
coexpressed GFP to outline the shape and dimensions

of dendritic spines (Figure 2 and Table 1). Although the
extent of GFP fluorescence does not necessarily report
spine size accurately in the absolute quantitative sense,
these GFP measurements are valid for showing relative
changes in the length and/or diameter of spines. The
frequency distributions of spine length and width for
individual dendritic spines were plotted on three-dimen-
sional graphs (Figures 2A and 2B; at least 600 spines
measured for each condition). Control DIV7 neurons
transfected with GFP alone showed dendritic protru-
sions of highly variable length (many >1.5 um long) with
poorly developed spine heads (diameter at spine tip
mostly <0.6 pm) (Figure 2A, upper). This graph reflects
the heterogeneous filopodia-like processes exhibited by
immature DIV7 neurons. In contrast, same-age neurons
transfected with Shank1B had shorter spines (mostly
between 0.7 and 1.5 pm in length) with larger diameter
spine heads (peak of distribution at 0.6-0.9 um) (Figure
2A, lower). The 3D representation of DIV7 Shank-
expressing spines shows an upward shift along the y
axis (width of spine head) and a narrower spread in the
x axis (length of spine), reflecting the greater uniformity
of dendritic spine length in the Shank-expressing neu-
rons. Expressed numerically, the mean length of den-
dritic spines was reduced in Shank1B-transfected DIV7
neurons (from 1.74 um to 1.54 pum; p < 0.05, Student’s
t test), while the mean diameter of the spine head in-
creased (from 0.52 to 0.78 pum; p < 0.05) (see Table 1).
Thus, in immature neurons (DIV7), Shank induces the
appearance of mushroom-shaped spines.

Later in development (DIV18), control GFP neurons
already show many dendritic spines with a well-defined
head (Figures 1Ae and 1Ag). Detailed quantitation re-
vealed that the frequency distribution of spine length
and width of control DIV18 neurons was similar to DIV7
neurons transfected with Shank1B (compare Figure 2B,
upper, with Figure 2A, lower). However, compared with
DIV18 neurons expressing GFP alone, DIV18 neurons
expressing GFP + Shank1B showed anincrease in spine
head diameter (upward shift of 0.4 um) and a more
modest increase in spine length (rightward shift of 0.2
wm) (Figure 2B, compare upper and lower panels). De-
spite this upward and rightward shift in response to
Shank overexpression, the overall spread of the length/
width distribution (shape of the 3D representation)
changed little (Figure 2B), suggesting that Shank exerted
arelatively uniform effect on most or all spines. In cumu-
lative frequency plots, Shank1B transfection induced a
rightward shift in spine head diameter in DIV7 and DIV18
neurons (Figures 2C and 2D). The parallel rightward shift
(0.3-0.4 .m) in DIV18 neurons implies that a wide range
of spines rather than a restricted subpopulation is modi-
fied by Shank. The linear density of spines on dendrites
was not changed significantly by Shank overexpression.
We conclude that overexpression of Shank in devel-
oping neurons promotes the maturation of mushroom
spines and, in older neurons, causes enlargement par-
ticularly of the spine head.

Synaptic Targeting of Shank

Since the postsynaptic localization of Shank may be
required for its effect on spine morphology, we first
analyzed the molecular determinants of Shank targeting
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Figure 1. Shank1 Promotes Development and Enlargement of Mushroom Spines

High-density hippocampal neurons were transfected (“Trx”) with GFP alone or with HA-Shank1B and GFP at DIV4 and DIV12 and stained for
GFP and HA at DIV7 and DIV18, respectively. (A) Examples of dendrites from transfected neurons at DIV7 (left) and DIV18 (right). Only the
GFP channel is shown in all panels to outline dendrite morphology. Compared with spines of control GFP-transfected neurons (arrows), spines
of Shank1B-transfected neurons have more prominent mushroom shape (arrowheads) at DIV7 and larger spine heads (arrowheads) at DIV18.
Scale bar, 5 nM. (B) Lower magnification views of transfected neurons stained at DIV7 (left) or DIV18 (right). Paired panels ([Ba1]/[Ba2] and
[Bc1)/[Bc2]) are double-label images of GFP and HA-Shank1B in the same neuron, as indicated in each panel. GFP images show that Shank1B
promotes spine enlargement throughout the dendrites (Ba2 and Bc2) but does not affect the overall morphology of neurons compared with
control GFP-transfected neurons (Bb and Bd). The exogenous HA-Shank1B protein, revealed by HA antibodies (Bal and Bc1), is mainly
localized to dendritic spines of DIV7 (Ba1) and DIV18 neurons (Bc1). Scale bar, 10 pM.

to dendritic spines. A series of deletion and point mu-
tants of Shank1 (HA-tagged at the N terminus) were
transfected in hippocampal neurons and their subcellu-
lar distribution determined by HA immunostaining (Fig-
ure 3). Wild-type HA-Shank1A accumulated in numerous
puncta flanking the main shaft of dendrites (characteris-
tic of localization in dendritic spines) (Figure 3Bal).
These puncta colocalized with endogenous Bassoon, a
presynaptic active zone protein (Figure 3Ba2) and with
synaptophysin (data not shown), confirming that exoge-
nous Shank1A is targeted to synapses like endogenous

Shank (Naisbitt et al., 1999). A similar spiny/synaptic stain-
ing pattern was found for splice variant Shank1B and for
the following Shank1 mutants: Shank1B(P1497L), (1-1440),
(1-840), (577-1849), (577-1440), and (481-840) (Figures
3B and 3C). To obtain a numerical index of postsynaptic
targeting, we measured the ratio of immunofluores-
cence intensity between the spine head and the den-
dritic shaft and found that the above constructs showed
a spine/shaft ratio of >3 (Figure 3A).

Many of the deletion mutants of Shank1 failed to accu-
mulate in dendritic spines after transfection in cultured
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Figure 2. Quantitation of Shank1 Effects on Spine Morphology
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(A and B) Three-dimensional graphs of the frequency distribution of spine length and spine head width in neurons transfected with GFP alone
(upper graphs) or with GFP + Shank1B (lower graphs). (A) Data for neurons transfected at DIV4 and stained at DIV7. (B) Data for neurons
transfected at DIV12 and stained at DIV18. The 3D graph displays the percentage of spines with a particular combination of length and width.
The percentage refers to bins of 0.25 um length and 0.25 um width (grid size in the graph).

(C and D) Cumulative frequency plots of spine head width in neurons transfected with GFP alone (blue diamonds; n = 12 for DIV7, and n =
15 for DIV18) or with GFP + Shank1B (red squares; n = 10 for DIV7, and n = 16 for DIV18).

(E) Examples of spines from neurons transfected at DIV12 with GFP or with GFP + Shank1B, as indicated, and visualized for GFP at DIV18.
The outline of the spine was manually traced (yellow line) from z series projection images such as these. Spine length (red line) and head

width (green line) were computed using MetaMorph software.

neurons: (1-753), (753-1849), ASP, (577-840), (481-753),
and (577-753). The staining pattern of these Shank mu-
tants was relatively diffuse (Figure 3D), with spine/shaft
ratios <2 (Figure 3A). One particular mutant [(1-618])]
was even targeted preferentially to axons (Figure 3Dg1).

The smallest Shank construct tested that targeted
efficiently to dendritic spines was Shank1(481-840) (Fig-
ure 3Cf; spine/shaft ratio = 3.8). Thus, the N-terminal
region containing the ankyrin repeats and most of the
proline-rich region of Shank1 are not required for synap-
tic targeting. Amutant lacking the SH3 and PDZ domains
(ASP) failed to concentrate in spines (Figure 3Dc). How-
ever, the SH3 domain is dispensable for postsynaptic

targeting, since deletion mutants (577-1849) and (577-
1440), which lack the SH3 domain, were efficiently local-
ized at synapses (Figures 3Cd and 3Ce). Deletion of the
PDZ domain from mutant (577-1849) (spine/shaft ratio =
16.5) abolished synaptic localization [(753-1849), spine/
shaft ratio = 0.7; Figure 3Db], highlighting the impor-
tance of the PDZ domain for synaptic targeting. Indeed,
no construct lacking the PDZ domain showed specific
accumulation in dendritic spines. However, neither the
isolated PDZ domain (577-753) nor slightly bigger con-
structs including the SH3 domain (481-753) or flanking
proline-rich region (577-840) were able to target to syn-
apses (Figure 3D). Although these small constructs ex-
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Table 1. Dendritic Spine Size in Neurons Overexpressing Shank and Homer

Age of Culture Transfected with

Length (=SD) of Spine (um)

Width (+SD) of Spine Head (i.m)

DIV? GFP 1.73 (+0.96) 0.55 (+0.20)
DIV? GFP + Shank1B 1.59 (=1.21) 0.79 (+0.25)°
DIV18 GFP 1.28 (+0.50) 0.68 (+0.25)
DIV18 GFP + Shank1B 1.48 (+0.45)° 1.05 (+0.25)°
DIV18 GFP + Shank1B + Homer1b 1.77 (+0.56) 1.31 (+0.41)>°
DIV18 GFP + Shank1B(P1497L) 1.14 (£0.39) 0.61 (+0.19)
DIV18 GFP + (1-1440) 1.20 (£0.47) 0.56 (+0.17)°
DIV18 GFP + (481-840) 0.98 (+0.26) 0.53 (+0.14)
DIV18 GFP + Shank1BASP 1.22 (£0.47) 0.57 (+0.16)°
DIV18 GFP + Homerlb 1.10 (£0.34) 0.64 (+0.19)°

2Values statistically different (p < 0.05) from values obtained in neurons transfected with GFP at DIV7.
® Values statistically different (p < 0.05) from values obtained in neurons transfected with GFP at DIV18.
¢ Values statistically different (p < 0.05) from values obtained in neurons transfected with GFP + Shank1B.

pressed well in COS cells by immunoblotting and in
neurons by immunostaining, we cannot be certain that
they fold correctly.

In conclusion, the mutational analysis indicates that
the PDZ domain of Shank is necessary but apparently
not sufficient for targeting to postsynaptic sites. Addi-
tional flanking sequences are required on both sides of
the PDZ domain—perhaps to allow proper folding of the
PDZ domain or to mediate specific interactions needed
for targeting. The importance of the Shank PDZ domain
for targeting to postsynapitic sites is consistent with our
previous finding that the C terminus of GKAP (which
binds directly to Shank’s PDZ) is involved in synaptic
localization of Shank (Naisbitt et al., 1999).

Homer Binding and Synaptic Localization Required
for Shank Effect on Spine Morphology
Having identified the determinants of synaptic targeting
of Shank, we turned to the domain requirements for
Shank-induced enlargement of spines. A subset of
Shank1 constructs described in Figure 3 was trans-
fected into hippocampal neurons with GFP and their
effects on spine morphology compared to control cells
transfected with GFP alone. Shank1B was at least as
effective as Shank1A in promoting the growth of den-
dritic spines and was used as a “positive control” (Fig-
ures 4Ab1 and 4C). Since Shank1B lacks the putative
cortactin binding site (see Figure 3A), this result sug-
gests that cortactin is not involved in the Shank effect
on spines. Deleting a further ~350 amino acids of the
proline-rich region [giving rise to mutant (1-1440)] abol-
ished the ability of Shank1 to induce spine enlargement
(Figures 4Ac1, 4C, and 4D), even though Shank1(1-1440)
targeted efficiently to spines (Figure 3). The Homer bind-
ing site (PPPLEFS) lies within the proline-rich region of
Shank1 that is deleted in the (1-1440) mutant (Tu et al.,
1999). Substitution of a critical proline residue (P1497)
of the Homer binding motif [Shank1B(P1497L)] abol-
ished the ability of Shank1B to increase spine width,
even though the mutant localized efficiently in spines
(Figures 4Ad1, 4Ad2, and 4C). These data indicate that
Homer binding is essential for Shank to promote spine
head enlargement.

If Shank binding to endogenous Homer is important
for spine head expansion, then it might be expected

that mutants (1-1440) and (P1497L) would have domi-
nant-negative effects on spine growth, since they should
interfere with recruitment of endogenous Homer. De-
tailed morphometric analysis showed a tendency of
Shank1B(P1497L) and Shank1(1-1440) to reduce spine
head width in transfected neurons, but the difference in
means did not reach statistical significance (Table 1;
Figures 4C and 4D). Rather, the most striking and statis-
tically significant effect of the (1-1440) and (P1497L)
mutants was to reduce the linear density of dendritic
spinesin transfected neurons by ~50% (Figure 4B; num-
ber of spines per 10 um dendrite length = 1.6 = 0.4 [(1-
1440)] and 1.8 = 0.4 [(P1497L)], compared with 3.2 =
0.2 [GFP + Shank1B] or 3.3 = 0.3 [GFP alone]; p <
0.01). We undertook an additional dominant-interfering
approach by overexpressing Shank1(481-840), the
smallest Shank construct tested that shows robust syn-
aptic targeting (Figure 3A). Shank1(481-840) would be
expected to compete for synaptic recruitment of endog-
enous Shank (which is dependent on its PDZ interaction
with the C terminus of GKAP). Interestingly, the primary
effect of Shank(481-840) on spines was also a reduction
in spine number (Figure 4B; 1.5 = 0.2 spines per 10 um
dendrite versus 3.3 = 0.2 GFP control; p < 0.01). In the
case of Shank1(481-840), however, there was also a
statistically significant reduction in spine length (0.98 =
0.26 wm from 1.28 = 0.5 um; p < 0.05) and width (0.53 +
0.14 pm from 0.68 + 0.25 pum; p < 0.05) (Figures 4Aet,
4C, and 4D; Table1). We could not directly assay for loss
of endogenous Shank from synapses, using dominant-
negative construct Shank1(481-840), since our Shank
antibodies would also react with the transfected con-
struct. However, the depletion of endogenous synaptic
Homer (see below) strongly suggests that Shank1(481-
840) displaced endogenous Shank from synapses.

In addition to the Homer binding motif, a postsynaptic
localization was also needed for Shank to exert its effect
on dendritic spines. The Shank1B(ASP) mutant lacking
SH3 and PDZ domains had no influence on the size of
spines, even though it contained the Homer binding site
(Figures 4Af1, 4C, and 4D). Taken together, our data
indicate that Homer binding is required for the spine-
promoting activity of Shank and that the Shank protein
needs to be concentrated at postsynaptic sites for the
effect.
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Figure 3. Determinants of Synaptic Targeting of Shank1

(A) Diagram of wild-type and mutant constructs of Shank1 (all HA-tagged at the N terminus) used in this study. The various domains, Homer
binding motif, and cortactin binding site are indicated. Ank, ankyrin repeats. Synaptic targeting of each construct is quantified to the right by
the ratio of staining intensity in spine/shaft (at least four neurons examined for each construct).

(B) Neurons were transfected with Shank1A (Bal and Ba2) or Shank1B(P1497L) (Bb1 and Bb2) at DIV14 and double-stained at DIV18 with
antibodies to HA (Ba1l and Bb1) and Bassoon (Ba2) or synaptophysin (Bb2). Wild-type Shank1A and Shank1B(P1497L) mutant colocalized
with both presynaptic markers.

(C and D) Neurons transfected with wild-type Shank1A or mutant Shank constructs (as indicated in each panel) were stained with HA antibodies
to visualize the transfected Shank protein (as in [Bal] and [Ba2]). (C) Examples of Shank constructs that showed specific localization in
synapses (colocalization with presynaptic markers not shown). (D) Examples of Shank mutants that failed to localize specifically in synapses.
For the (1-618) construct, which fills the axon (Dg1), cotransfected GFP is also shown to visualize the cell body and dendrites (Dg2).

Homer and Shank Cooperate in Promoting effect on spine dimensions (Figures 5A, 5C, and 5D;
Spine Growth Tablel1). The lack of effect may be due to the fact that
Shank requires Homer binding for its effect on spines; exogenous Homerlb was diffusely expressed in neu-
however, overexpression of Homerib (a splice variant rons (Figure 5Ab2), unlike endogenous Homer, which is
of Homer1, containing the coiled-coil multimerization selectively enriched in synapses (see Figure 6). Reason-

domain) in the absence of Shank had no significant ing that Homer may depend on Shank for localization



Spine Regulation by Shank and Homer
121

@

100 =00
= 80 (¢ GFP
0 = 1B
= 60 4 1-1440
o O P1497L |
E 40 0 481-840|
5 & ASP
O 20

0 05

16 2
Width

25

O

Cumulative %

-

N A O ®©® O

4

E |

=

- *

82 % *

£

&1 '

RSS2

N AT ¥
NN

o O O O O

-

005115225 335
Length

LIL LRI A B O B B B

Figure 4. Homer Binding Site and Synaptic Localization Required for Spine Enlargement by Shank

Neurons were transfected at DIV12 and examined at DIV18. (A) Neurons were transfected with GFP + Shank constructs as indicated to the
left. Each pair of images ([Aa1] and [Aa2], etc.) shows double labeling for exogenous Shank protein by HA antibodies (right) and for GFP to
assess spine morphology (left). The first row (Aal and Aa2) was transfected with GFP alone. 1B, Shank1B. (B) Quantitation of spine density
(number of spines per 10 um dendrite length) in neurons transfected as in (A) (at least eight neurons examined for each construct). Histogram

shows mean = SD. *, p < 0.01.

(C and D) Cumulative frequency plots showing distribution of spine head width (.m) and spine length (um) in neurons transfected as in (A)

(>600 spines and >8 neurons examined for each construct).

in synapses, we cotransfected neurons with Homer1b
and Shank1B (and GFP). In these neurons, exogenous
Homer was specifically targeted to dendritic spines, co-
localizing closely with exogenous Shank1B (Figures
5Ba1-5Ba3). In neurons overexpressing both Homer1b
and Shank1B, spine heads exhibited dramatic enlarge-
ment, surpassing even that of Shankl1B-transfected
neurons (Figures 5Ba1, 5C, and 5D; Table 1). The length
of spines also increased with Shank1B/Homer1b coex-
pression (Figure 5D), but this was largely attributable to
expansion of the spine head.

Homer1b failed to accumulate in dendritic spines
when cotransfected with the Shank1(1-1440) or
Shank1B(P1497L) mutants that lack the Homer binding
site (Figures 5Bb1-5Bb3 and data not shown). In these
cotransfected neurons, exogenous Homer was diffusely
distributed in the cytoplasm of dendrites and soma (Fig-
ure 5Bb3), even though the Shank mutant was localized
in dendritic spines (Figure 5Bb2). Significantly, the neu-
rons coexpressing Homer1b and Shank1(1-1440) did not
show enlarged spines (Figure 5Bb1). Thus, the synaptic
accumulation of Homer depends on its interaction with
Shank and correlates with the ability of Shank/Homer
to induce enlargement of spine heads.

Spine enlargement by Shank1B or Shank1B + Homer1b
was not prevented by culturing transfected neurons in
the presence of blockers of NMDA receptors (APV, 100
wm), AMPA receptors (CNQX, 100 .m), and mGIuRs (4-
CPG + AIDA, 500 um) from the time of transfection (data
not shown). These results argue that the effect of Shank/
Homer on spine size is not activity dependent.

Shank Recruits Endogenous Homer to Synapses

The above experiments indicate that exogenous Shank1
can recruit exogenous Homer1b to synapses. Does
transfected Shank also recruit endogenous Homer pro-
teins to mediate its effect on dendritic spines? In neu-
rons transfected with Shank1B alone (Figure 6A, left),
there was an increase in immunofluorescence staining
intensity for endogenous Homer at synapses (2.9 + 0.2
relative to control; p < 0.01), colocalizing with the exoge-
nous Shank protein. In contrast, neurons transfected
with Shank1(1-1440), which lacks the Homer binding
site, showed a markedly reduced level of endogenous
Homer (Figure 6A, right; 0.2 = 0.09 relative to control;
p < 0.01). Transfection of mutant P1497L also de-
creased the staining of endogenous Homer at synapses
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(A) Neurons transfected with Shank1B and GFP (left) compared with neurons transfected with Homerib and GFP (right). Pairs of images
([Aa1]/[Aa2] and [Ab1]/[Ab2]) show double labeling for GFP and exogenous proteins as indicated (HA antibodies for Shank1B, and Myc

antibodies for Homer1b).

(B) Neurons were triply transfected with GFP, Homer1b, and Shank1B wild-type or (1-1440). Each triplet of images ([Ba1]/[Ba2]/[Ba3], etc.)
shows triple labeling for GFP (to visualize dendritic spine morphology), exogenous Shank (HA antibodies), and exogenous Homer1b (Homer
antibodies). Insets show higher magnification views. Scale bar: 10 pum for main panels, 5 um for insets.

(C and D) Cumulative frequency plots of spine head width and spine length (in um) in neurons transfected as described in (A) and (B) (>600

spines and >8 neurons examined for each condition).

(Figure 6B). In triple-label experiments, exogenous
Shank1B(P1497L) (red) accumulated in bright puncta
that colocalized with synaptophysin staining (blue) (ma-
genta in merge), confirming the synaptic localization
of this Shank mutant (Figure 6B, arrows). These same
synapses that contained Shank1B(P1497L) also showed
diminished staining for endogenous Homer (0.3 = 0.15
relative to control, p < 0.01; Figure 6B), resulting in lack
of white (blue, red, and green) puncta in the merged
picture. As “internal control,” nearby dendrites from
cells not transfected with Shank1B(P1497L) showed ob-
vious punctate labeling for endogenous Homer that co-

localized with synaptophysin (cyan in merge) (Figure
6B, arrowheads). Thus, not only is Shank1B(P1497L)
incapable of recruiting endogenous Homer to synapses,
it actually inhibits the normal synaptic accumulation of
Homer. As expected, overexpression of Shank1(481-
840) also reduced the synaptic staining of endogenous
Homer, while Shank1BASP, which is not targeted to
synapses, had no effect (data not shown). Taken to-
gether, these data demonstrate that synaptically tar-
geted Shank can recruit endogenous Homer to dendritic
spines. Moreover, Shank mutants defective in Homer
binding act as interfering constructs to deplete endoge-
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nous Homer from synapses, correlating with their ability
to reduce spine number and/or size.

Effect of Shank and Homer on Other

Synaptic Proteins

We examined the effect of Shank overexpression on
synaptic levels of GKAP and PSD-95 in triple-labeling
experiments (Figure 7A). In neurons transfected with
Shank1B or Shank1B + Homer1b, the exogenous Shank
protein colocalized with endogenous GKAP and PSD-
95 in the enlarged dendritic spines (white in merge, Fig-
ure 7A), again confirming the postsynaptic targeting of
transfected Shank. The intensity of GKAP staining in
dendritic spines was increased slightly in Shank1B-
transfected neurons (1.3 = 0.18 relative to control, p <
0.05) and greatly in neurons cotransfected with Shank1B +
Homerlb (2.6 = 1.3, p < 0.01; Figure 7A; quantitation
in Figure 8E). The staining intensity of PSD-95 also in-
creased in spines of neurons overexpressing Shank1B
or Shank1B/Homer1b, but the effect was more modest

Figure 6. Shank
Homer to Synapses

(A) Neurons were transfected with wild-type
Shank1B (left) or Shank1(1-1440) (right) and
double stained for endogenous Homer
(green) and for exogenous Shank (red). Note
untransfected cells in both panels with green
punctate staining of Homer. Lower panels
show, at higher magnification and in grayscale,
the individual Shank and Homer channels.
Shank1B overexpression recruits endoge-
nous Homer to spines, whereas Shank1(1-
1440) reduces endogenous Homer in spines.
(B) Neurons were transfected with
Shank1B(P1497L) and triple labeled for exog-
enous Shank (red), endogenous Homer
(green), and endogenous synaptophysin
(blue). Individual channels are shown in
grayscale for better resolution and more
quantitative representation of staining in-
tensity. Dendritic spines containing the
Shank1B(P1497L) Shank mutant (arrows)
overlap closely with synaptophysin but
show a decrease in staining of endogenous
Homer, resulting in magenta puncta in merge
(arrows). In dendritic spines lacking
Shank1B(P1497L), there is punctate enrich-
ment of endogenous Homer (arrowheads)
that colocalizes with synaptophysin, resulting
in cyan puncta in merge (arrowheads).

Recruits  Endogenous

than that seen with GKAP (1.2 = 0.37, p = 0.18; and
1.7 = 0.46, p < 0.05, respectively; Figures 7A and Figure
8E). There was no increase in postsynaptic staining
of GKAP or PSD-95 in neurons transfected with
Shank1B(P1497L) or (1-1440), mutants that do not bind
Homer and that do not promote spine enlargement (Fig-
ures 7A and 8E). Thus, there was a correlation between
spine head enlargement induced by Shank/Homer and
the staining intensity of PSD-95 and GKAP in those
spines. These results are consistent with an expansion
of the PSD in the Shank/Homer-enlarged spine heads.
Interestingly, we observed that a large proportion of
spines in neurons overexpressing Shank1B (45.2% =
4.5%) and Shank1B + Homer1b (67.7% = 1.9%) con-
tained multiple discrete clusters of PSD-95 (Figure 7A,
arrowheads), compared with only 6.1% = 1.2% in un-
transfected neurons. These findings are suggestive of
split PSDs in the enlarged spine heads of Shank-trans-
fected neurons. However, ultrastructural analysis is
needed to confirm this possibility.
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Figure 7. Effect of Shank and Homer on PSD-95, GKAP, and Bassoon

(A) Neurons were transfected with Shank1B or Shank1 mutants (P1497L) or (1-1440), with or without Homer1b, as indicated to the left. Each
row of images shows triple labeling for Shank (red), PSD-95 (green), and GKAP (blue). Far right panel shows merge in color. Individual channels
are shown in grayscale for better resolution and more quantitative representation of staining intensity. Scale bar: 10 pm for top row (low
magnification), 2.5 pm for other rows. Arrowheads indicate examples of enlarged spines in Shank1B- or Shank1B/Homer1b-transfected
neurons that show multiple distinct clusters of PSD-95.

(B) Neurons were transfected as indicated to the left and triple labeled for Shank (red), Bassoon (green), and Homer (blue). Arrowheads indicate
examples of enlarged spines in Shank1B- or Shank1B/Homer1b-transfected neurons that are associated with multiple distinct clusters of

Bassoon. Scale bar, 2.5 pm.

In triple-labeling studies of neurons transfected with
Shank1B or with Shank1B + Homer1b, most if not all
of the spines labeled for exogenous Shank protein have
a presynaptic contact, as defined by punctate colocali-
zation with Bassoon (Figure 7B) or synaptophysin (data
not shown). Indeed, the staining intensity for Bassoon
associated with Shank- or Shank/Homer-transfected
neurons was slightly increased (Figure 8E). To a similar
extent as with PSD-95, Bassoon and synaptophysin
staining was frequently split into multiple distinct clus-
ters associated with individual enlarged spines in neu-
rons overexpressing Shank1B or Shank1B + Homer1b
(Figure 7B, arrowheads; data not shown).

Shank and Homer Recruit IP3 Receptor

and F-Actin to Spines

Homer binds directly to the IP3 receptor, which is local-
ized in the SER. In brain, SER is found particularly in

large dendritic spines (Spacek and Harris, 1997). We
therefore investigated the possibility that Shank and
Homer may recruit IP3 receptor (and by inference SER)
to spines. In untransfected or vector-transfected hippo-
campal neurons, IP3 receptor immunoreactivity was not
concentrated at synaptic sites, though a diffuse somato-
dendritic and axonal staining was observed (Figure 8A).
In neurons transfected with Shank1B, however, IP3 re-
ceptors became enriched in the majority of spines (Fig-
ure 8A; 2-fold increase in staining intensity, quantified
in Figure 8E). The recruitment of IP3 receptors to spines
by Shank may be mediated by Homer. Indeed, neurons
cotransfected with Shank1B + Homer1b showed a fur-
ther increase (5-fold relative to control) of IP3 receptor
staining in spines (Figures 8A and 8E). Enhanced IP3
receptor staining in dendritic spines was not seen in
neurons transfected with the Shank1(1-1440) mutant
(Figures 8A and 8E) or the Shank1B(P1497L) mutant
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Figure 8. Shank and Homer Recruit IP3 Receptor and Other Postsynaptic Proteins

(A) Neurons were transfected with Shank constructs = Homer1b as indicated to the left. Each row shows double labeling for Shank (red, left
panel) and IP3 receptor (green, middle panel); merge is shown in the right panel. Individual channels are shown in grayscale.

(B) Neurons transfected as in (A) were double labeled for Shank (green) and F-actin (phalloidin; red).

(C and D) Neurons transfected as in (A) were double labeled for Shank (red) and for GluR2/3 (C) and NR1 (D) (green). Scale bar, 5 um.

(E) Quantitation of changes in synaptic staining intensity of the indicated proteins induced by overexpression of Shank1B + Homer1b, Shank1B,
or Shank1 (1-1440). At least six neurons were analyzed for each endogenous protein; 30 to 50 synapses were scored per neuron. Histograms
show mean + SD normalized to the staining intensity in untransfected neurons. *, p < 0.05; **, p < 0.01.

(data not shown), both of which lack the Homer binding
site. These data demonstrate that Shank, via its ability
to bind and recruit Homer, can increase the abundance
of IP3 receptor in dendritic spines.

We also observed an increase in F-actin content (mea-

sured by phalloidin staining) in spines of Shank-trans-
fected neurons and a further increase in neurons co-
transfected with Shank and Homer (Figures 8B and
8E). Phalloidin staining in neurons transfected with
Shank1(1-1440) mutant was similar to control. Thus, en-
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largement of dendritic spines by Shank and Homer is
correlated with buildup of F-actin in these spines. The
recruitment of IP3 receptor and F-actin imply that, in
addition to physical enlargement of the spine head,
Shank/Homer also govern the cytoskeletal and intracel-
lular membrane contents of dendritic spines.

Finally, we examined the staining of endogenous glu-
tamate receptors. In neurons overexpressing Shank1B,
there was a slight but significant increase in synaptic
staining of NMDA receptor subunit NR1 (1.4 + 0.18 rela-
tive to control, p < 0.05) in Shank-transfected neurons
and a significant increase of both NR1 (1.6 = 0.39, p <
0.05) and AMPA receptor subunits GIluR2/3 (1.5 + 0.30,
p < 0.05) in neurons cotransfected with Shank1B +
Homer1b (Figures 8C-8E). In general, the largest effects
of Shank/Homer on synaptic protein levels were on
those molecules that interact most directly with Shank
or Homer, namely, GKAP, Homer, and IP3 receptor.

Effects of Shank on Synaptic Function

Given the structural and molecular changes induced by
Shank overexpression, we explored functional synaptic
effects by measuring the peak amplitude and frequency
of miniature excitatory postsynaptic currents (MEPSCs)
in transfected neurons. The physiological effects of
Shank overexpression were tested in both DIV17 and
DIV11 neurons (transfected at DIV5-6), since recent find-
ings indicate that neurons younger than DIV14 tend to
exhibit an “immature” type of synaptic transmission that
lacks AMPA receptor-mediated responses, while neu-
rons after DIV14 show a “mature” functionality incorpo-
rating the AMPA-mediated component (Renger et al.,
2001). In immature neurons (DIV11), transfection of
GFP + Shank had little effect on mEPSC amplitude but
markedly increased mEPSC frequency compared with
GFP-only neurons (Figures 9A and 9C; n = 15 for GFP +
Shank, 9 for GFP control; p < 0.05). In mature (DIV17)
neurons, Shank transfection resulted in a small but sur-
prising decrease in mEPSC amplitude (Figures 9A and
9C; n = 9 for GFP + Shank, 9 for GFP control; p < 0.05),
while minifrequency was modestly increased.

Since changes in mEPSC frequency generally reflect
presynaptic effects, we used FM4-64 dye uptake to eval-
uate the number and functional vesicle pool size of pre-
synaptic terminals contacting transfected neurons. In-
deed, Shank overexpression was associated with a
marked increase in FM4-64 staining density that corre-
lated with the elevated minifrequency in both immature
and mature neurons (Figures 9B and 9C). Thus, both
FM4-64 imaging and electrophysiological data indicate
that enhancement of presynaptic function is a major
outcome of postsynaptic Shank overexpression.

Discussion

Regulation of Spine Size and Number by Shank

We have shown here that overexpression of a single
protein, Shank, can promote the maturation and growth
of dendritic spines—the morphological effect being pri-
marily an enlargement of the spine head. In developing
brain, Shank expression increases in parallel with synap-
togenesis (Boeckers et al., 1999a; Lim et al., 1999). At
early ages in culture (DIV7), when endogenous Shank is

expressed at low levels in neurons (C.S., unpublished
data), spines are poorly developed and have a filopodial
appearance. Expression of Shank during the first week
in culture accelerates the development of mushroom
spines, at the expense of filopodia-like extensions. Even
at 2 weeks in vitro, when endogenous expression of
Shank has increased and neurons have developed many
mushroom-like spines, Shank overexpression is still ca-
pable of stimulating the enlargement of most if not all
spine heads in the transfected neuron. These findings
imply that the level of endogenous Shank protein in
neurons is limiting for maturation and growth of the
spine head. On the other hand, normal endogenous
Shank levels seem not to be the limiting factor for the
formation of spines, at least from DIV5 onward, since
Shank overexpression at this stage and later does not
lead to increased spine numbers.

Although the dominant-negative Shank mutants [(1-
1440), (P1497L), and (481-840)] tend to cause a reduc-
tion in spine size, it is notable that their major effect was
an ~50% reduction in spine density (Figure 4; Table 1).
This contrasts with Shank overexpression, which pre-
dominantly affects spine size rather than numbers.
There are several reasonable explanations for this ap-
parent discrepancy. First, normal spines may need to
mature and grow to a certain size before they become
“stable.” Dominant-negative Shank constructs would in-
terfere with the normal maturation and growth of spines
(perhaps arresting them in a filopodia-like stage), lead-
ing to a higher proportion of unstable spines that eventu-
ally disappear. This would be manifested ultimately as
reduced spine density. We favor this explanation, since
dendritic spines are believed to be highly plastic/motile
structures that develop through relatively unstable inter-
mediates (Harris, 1999a). According to this hypothesis
and consistent with the dominant-negative data, physio-
logical levels of Shank are required to promote the matu-
ration, growth, and stability of dendritic spines.

An alternative explanation (not mutually exclusive) is
that dominant-negative Shank and the consequent
depletion of synaptic Homer cause the shrinkage of a
subset of spines, such that many fall below the limit of
detection in our “GFP-fill” confocal microscopy mea-
surements. (This reduction in spine density would be
analogous to the apparent reduction in mEPSC fre-
quency seen when there is a decrease of EPSC ampli-
tudes that are close to “noise” levels.) Finally, it is possi-
ble that Shank is a relatively direct determinant of spine
numbers (i.e., Shank is important for initiating the forma-
tion of spines), and the dominant-negative constructs
reduce Shank activity below the critical level for promot-
ing spine formation. However, a direct instructive role
for Shank in spinogenesis is not supported by the lack
of effect of Shank overexpression on spine density and
the abundant synaptic presence of Shank in nonspiny
neurons (C.S. and M.S., unpublished data).

Role of Homer in Spine Morphogenesis

Synaptic recruitment of Homer appears to be a critical
factor in Shank’s ability to induce bigger spines: Homer
binding is critical for the spine-promoting activity of
Shank, and there is a correlation between synaptic
Homer levels and spine size. How might Homer be in-
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Figure 9. Functional Synaptic Effects of Shank Overexpression

Neurons transfected with GFP and Shank1B were compared with control neurons transfected with GFP only. (A) Example recordings of AMPA
receptor-mediated mEPSCs from neurons at DIV11 and DIV17. (B) FM4-64 staining of functional presynaptic terminals on transfected neurons
at DIV11 (transfected cell outline shown by GFP fluorescence). (C) Quantitation of mMEPSC peak amplitude (top), mEPSC frequency (middle),
and puncta density of FM4-64 staining (bottom; see Experimental Procedures) in cells at DIV11 and DIV17. Histograms show mean plus SEM.

* p < 0.05; **, p < 0.01

volved in the enlargement of spine heads? The Homer
family of proteins binds to the PPXXF motif found in
Group | mGluRs, IP3 receptors, ryanodine receptors,
and Shank—these interactions being mediated by the
N terminally located EVH1 domain of Homer (Tu et al.,
1998, 1999). By physically linking mGluR1« and mGIuR5
with ER-associated IP3 receptors, multimeric Homer is
believed to aid the coupling of these surface receptors
to intracellular calcium release (Tu et al., 1998; Xiao
et al., 1998). Our study shows that Shank recruits IP3
receptors (and by inference SER) to dendritic spines in
aHomer-dependent manner. Since calcium release from
intracellular stores has been implicated in the regulation
of spine morphology (Harris, 1999b; Korkotian and
Segal, 1999), Homer could promote spine enlargement
by enhancing intracellular calcium responses to activa-
tion of mGluRs or other postsynaptic receptors.

In addition, the C-terminal region of Homer (more spe-
cifically Cupidin/Homer2a) has been shown to bind in
vitro to Rho family GTPases such as Rac1 (Shiraishi et
al., 1999), which is implicated in regulation of dendritic
spines (Nakayama et al., 2000). Thus, Homer may have

actin regulatory properties that underlie its ability to
promote spine enlargement, perhaps as an effector or
modulator of Rho-family GTPases. However, arguing
against a major role for Rac in the Shank/Homer effect
is that Shank and Homer do not have the same morpho-
logical effects as activation of Rac, which results in
disruption of normal spine morphology and formation
of ruffles and long filopodia-like processes (Nakayama
et al., 2000). In contrast, the altered spines induced by
Shank overexpression show a relatively smooth enlarge-
ment of the spine head and little change in spine length
or number.

Role of Shank in Postsynaptic Molecular
Organization and Presynaptic Function

Not only does Shank increase the dimensions of the
spine head, it also alters the molecular and organelle
content of the dendritic spine. In Shank-enlarged spines,
there was accumulation of IP3 receptors, as well as
Homer, GKAP, F-actin, and, to a lesser extent, PSD-
95, NR1, and GIuR2/3. The increased levels of these
postsynaptic proteins suggest an expansion of the syn-
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apse that accompanies growth of the spine head. Inter-
estingly, however, electrophysiological measurements
and FM4-64 staining suggests that the major functional
effect of postsynaptic Shank overexpression is one of
presynaptic, rather than postsynaptic, enhancement. In
this sense, the results are reminiscent of a recent study
(El-Husseini et al., 2000) in which PSD-95 overexpres-
sion in developing neurons caused spine enlargement
that was accompanied by a 10-fold increase in mEPSC
frequency but only a 30% increase in mMEPSC amplitude.
In both these cases, a retrograde signal must be invoked
to transmit the effects of postsynaptic expression of
PSD-95 and Shank to enhancement of presynaptic neu-
rotransmitter release.

Nevertheless, there is an interesting difference be-
tween the electrophysiological effects of overexpress-
ing Shank (this study) and PSD-95 (El-Husseini et al.,
2000). Shank overexpression did not increase mEPSC
amplitude in young neurons and was even associated
with a reduced mEPSC amplitude in mature neurons.
How can this be reconciled with Shank-induced enlarge-
ment of spines and increased staining of various post-
synaptic proteins? A possible explanation comes from
the morphological evidence for multisynapse spines in
Shank-transfected neurons, in which individual enlarged
spine heads were associated with multiple discrete clus-
ters of PSD-95 and Bassoon. This putative “synapse
splitting” was observed in a large proportion of spines
in Shank- and Shank/Homer-transfected neurons (40%-
50% and 60%-70%, respectively) but relatively rarely
in control neurons (5%-7%). Ultrastructural studies are
required to confirm that the multiple puncta of PSD-
95 or Bassoon staining actually represent multisynapse
spines; however, synapse splitting of this sort could
explain why mEPSC amplitudes are unchanged or de-
creased despite overall accumulation of postsynaptic
proteins in individual enlarged spines. Since spine
growth and synapse splitting has been correlated with
long-term synaptic potentiation (Engert and Bonhoeffer,
1999; Maletic-Savatic et al., 1999; Toni et al., 1999), our
findings raise the possibility that Shank may be involved
in the molecular mechanisms underlying such forms of
activity-dependent structural plasticity.

Since the postsynaptic level of Shank protein appears
limiting for Homer recruitment and spine enlargement,
one might speculate that increasing the endogenous
expression of Shank could stimulate the growth of
spines. Interestingly, Shank1 mRNA is localized in den-
drites (Zitzer et al., 1999a; M.P. and M.S., unpublished
data), potentially allowing postsynaptic translation of
Shank (Steward and Schuman, 2001) and hence local
control of spine morphology by Shank. Another possibil-
ity is that the activity of Shank in the PSD might be
controlled by posttranslational modification—for in-
stance, phosphorylation could regulate Shank-Homer
protein-protein interaction. It will be interesting therefore
to determine whether the expression, subcellular distri-
bution, and/or phosphorylation state of Shank is con-
trolled by neural activity and how these changes contrib-
ute to the functional and structural plasticity of synapses.

Experimental Procedures
Neuron Culture

Hippocampal neuron cultures were prepared from E18-E19 rat hip-
pocampi. High-density (750-1000 cells/mm? neurons were plated

and grown as described in (Sala et al., 2000). Medium-density neu-
rons (150-200 cells/mm? were prepared (as described in Brewer
et al., 1993). Neurons were transfected using calcium phosphate
precipitation, and the transfection efficiency was ~1%.

Recombinant DNA

Full-length Shank1A and Shank1B cDNAs (described in Lim et al.,
1999; Naisbitt et al., 1999) were used as templates for all the con-
structs shown in Figure 3A. N-terminal HA-tagged versions of
Shank1A and Shank1B, deletion, and point mutant constructs were
made as follows. A fragment from amino acid 1 to amino acid 618
of Shank1A was amplified by PCR, digested with Ascl-EcoRlI, and
subcloned in-frame into a GW1-CMV expression vector (British Bio-
technology) with a built-in N-terminal HA tag (N-HA-GW1 vector).
This cDNA represents the deletion mutant (1-618). For full-length
Shank1A, Shank1B, and constructs (1-1440) and (1-840), an EcoRlI-
EcoRI fragment containing the second part of the protein was then
subcloned into the (1-618) plasmid. Deletion mutant (753-1849) was
made by subcloning a Bglll-EcoR1 fragment into the N-HA-GW1
vector. For the (5657-1849) and the ASP deletions, respectively, an
Ascl-Bglll fragment from 557 to 752 and from 1 to 480 was subcloned
into the (753-1849) construct. The point mutant (P1497L) was made
using the QuikChange system (Stratagene). The other deletion con-
structs were made by PCR amplification using appropriate oligos
and Shank1B cDNA as template. All constructs were checked by
sequencing and by expression of proteins of the expected molecular
weight in COS-7 cells. Myc-tagged Homer1b was provided by Paul
Worley (Xiao et al., 1998).

Immunostaining and Antibodies

After transfection (3-6 days), neurons were fixed in 4% paraformal-
dehyde and 4% sucrose at room temperature or in 100% methanol
at —20°C for 10 min. Primary and secondary antibodies were applied
in GDB buffer (30 mM phosphate buffer [pH7.4] containing 0.2%
gelatin, 0.5% Triton X-100, and 0.8 M NaCl). The following antibod-
ies/probes were used (source of antibody in parentheses): mouse
anti-GFP antibodies (Quantum); rat and mouse monoclonal anti-HA
antibodies (Boehringer); mouse monoclonal anti-Myc epitope (Santa
Cruz Biotechnology); Shank antibodies Shank 56/e (Naisbitt et al.,
1999); GKAP rabbit N1546 (Kim et al., 1997); PSD-95 mouse mono-
clonal K28/43.1 (gift from J. Trimmer); Shank guinea pig #1123,
Homer rabbit 1133 (gift from E. Kim, Korean Advanced Institute of
Science and Technology [KAIST], Taejon, Korea); IP3 receptor rabbit
(PA3-901; Affinity Bioreagents Inc.); Bassoon mouse monoclonal
7F407.3 (gift from C. Garner, University of Alabama); synaptophysin
mouse monoclonal (Sigma); NR1 mouse monoclonal (PharMingen);
GluR2/3 rabbit (Chemicon); FITC-, Cy3-, and Cy5-conjugated sec-
ondary antibodies (Jackson ImmunoResearch Labs); Texas red-
conjugated phalloidin (Molecular Probes). Fluorescence images
were acquired using Biorad MRC1024 confocal microscope.

Image Acquisition and Quantification

Confocal images were obtained using a Zeiss 63X objective with
sequential acquisition setting at 1280 X 1024 pixels resolution. Each
image was a z series projection of approximately 7 to 15 images,
each averaged two to three times and taken at 0.5-1 um depth
intervals. Labeled transfected neurons were chosen randomly for
quantification from two to five coverslips from two to six indepen-
dent experiments for each construct. The number of neurons used
for quantification is indicated in the figure legends. Morphometric
measurements were performed using MetaMorph image analysis
software (Universal Imaging Corporation). Single dendrites were se-
lected randomly, and each individual spine present on the dendrites
was manually traced (examples shown in Figure 2E). The maximum
length and head width of each spine was automatically measured
by computer and logged into Microsoft Excel. The ratio of average
immunofluorescence intensity between the spine head and the den-
dritic shaft was measured on manually selected spine head and
dendritic shaft areas.

Fluorescence intensity of staining of endogenous protein was
measured as mean intensity of synaptic areas in transfected and
untransfected neurons. Synaptic areas were defined by staining
for Shank in one fluorescence channel. The ratio was obtained by
comparing values in transfected cells versus untransfected cells.
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The 3D graphs of spine length and width distributions (Figure 2)
were constructed by sorting the length and the corresponding width
in bins of 0.25 .m size. The number of spines in each bin was then
divided by the total number analyzed. The resulting percentages
gave the heights of the intersections of the grid. Then, horizontal
“isofrequency” lines of equal percentage separated by different col-
ors were added. Statistical significance was determined by Stu-
dent’s t test.

Whole-Cell Recording

Rat hippocampal neurons were cultured as described previously
(Liu and Tsien, 1995) and transfected at DIV5-6 with GFP or GFP +
Shank, using calcium phosphate precipitation. Whole-cell re-
cordings were obtained at room temperature (23°C-25°C) from GFP-
fluorescent spindle-shaped pyramidal neurons at DIV11 or 17. Cells
were recorded while in Tyrode’s solution containing (in mM) NaCl,
124; KClI, 5; CaCl,, 2; MgCl,, 1; glucose, 30; and HEPES, 25 (pH 7.4
with NaOH). Tetradotoxin (1 .m) and picrotoxin (50 wm) were added
to block action potentials and GABAergic transmission. The re-
cordings were made with an Axon Instruments model 200B integrat-
ing patch-clamp amplifier with a 1 kHz Bessell low-pass filter. Minia-
ture EPSCs were detected by custom software using a template
matching algorithm (Clements and Bekkers, 1997). Once allmEPSCs
were located, their peak amplitudes and intervals were calculated.

Functional Imaging with GFP and FM4-64

GFP and FM dye signals were imaged using an Olympus 40X water
immersion objective. The staining procedure for FM4-64 is similar
to FM1-43 (Liu et al., 1999). To quantify the FM uptake by synapses
on GFP-positive cells, the boundaries of transfected cells were first
defined by GFP fluorescence. Individual FM spots occurring within
this outlined area were selected using ImageTool 2.0 (UTHSCSA,
San Antonio, TX), and the number of FM puncta per unit area (um?
of GFP was counted. FM puncta were discerned from “background,”
based on a manually selected threshold, which biases against
puncta of too small an area or too low brightness. Thus, differences
quantified under this method could reflect an increase in the number
of functional synapses and/or a general enlargement of functional
vesicle pool size such that more synapses meet the threshold.
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