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Intersectin-short (intersectin-s) is a multimodule scaffolding
protein functioning in constitutive and regulated formsof endo-
cytosis in non-neuronal cells and in synaptic vesicle (SV) recy-
cling at theneuromuscular junctionofDrosophila andCaenorh-
abditis elegans. In vertebrates, alternative splicing generates a
second isoform, intersectin-long (intersectin-l), that contains
additional modular domains providing a guanine nucleotide
exchange factor activity for Cdc42. In mammals, intersectin-s
is expressed in multiple tissues and cells, including glia, but
excluded from neurons, whereas intersectin-l is a neuron-spe-
cific isoform. Thus, intersectin-Imay regulatemultiple forms of
endocytosis in mammalian neurons, including SV endocytosis.
We now report, however, that intersectin-l is localized to
somatodendritic regions of cultured hippocampal neurons,
with some juxtanuclear accumulation, but is excluded from syn-
aptophysin-labeled axon terminals. Consistently, intersectin-l
knockdown (KD) does not affect SV recycling. Instead intersec-
tin-l co-localizes with clathrin heavy chain and adaptor protein
2 in the somatodendritic region of neurons, and its KD reduces
the rate of transferrin endocytosis. The protein also co-localizes
with F-actin at dendritic spines, and intersectin-l KD disrupts
spine maturation during development. Our data indicate that
intersectin-l is indeed an important regulator of constitutive
endocytosis and neuronal development but that it is not a prom-
inent player in the regulated endocytosis of SVs.

Clathrin-mediated endocytosis (CME)4 is a major mecha-
nism by which cells take up nutrients, control the surface levels

of multiple proteins, including ion channels and transporters,
and regulate the coupling of signaling receptors to downstream
signaling cascades (1–5). In neurons, CME takes on additional
specialized roles; it is an important process regulating synaptic
vesicle (SV) availability through endocytosis and recycling of
SVmembranes (6, 7), it shapes synaptic plasticity (8–10), and it
is crucial in maintaining synaptic membranes and membrane
structure (11).
Numerous endocytic accessory proteins participate in CME,

interacting with each other and with core components of the
endocytic machinery such as clathrin heavy chain (CHC) and
adaptor protein-2 (AP-2) through specificmodules and peptide
motifs (12). One such module is the Eps15 homology domain
that binds to proteins bearing NPF motifs (13, 14). Another is
the Src homology 3 (SH3) domain, which binds to proline-rich
domains in protein partners (15). Intersectin is a multimodule
scaffolding protein that interacts with a wide range of proteins,
including several involved in CME (16). Intersectin has two
N-terminal Eps15 homology domains that are responsible for
binding to epsin, SCAMP1, and numb (17–19), a central coil-
coiled domain that interacts with Eps15 and SNAP-23 and -25
(17, 20, 21), and five SH3 domains in its C-terminal region that
interact with multiple proline-rich domain proteins, including
synaptojanin, dynamin, N-WASP, CdGAP, and mSOS (16,
22–25). The rich binding capability of intersectin has linked it
to various functions from CME (17, 26, 27) and signaling (22,
28, 29) to mitogenesis (30, 31) and regulation of the actin
cytoskeleton (23).
Intersectin functions in SV recycling at the neuromuscular

junction ofDrosophila andC. eleganswhere it acts as a scaffold,
regulating the synaptic levels of endocytic accessory proteins
(21, 32–34). In vertebrates, the intersectin gene is subject to
alternative splicing, and a longer isoform (intersectin-l) is gen-
erated that is expressed exclusively in neurons (26, 28, 35, 36).
This isoform has all the binding modules of its short (intersec-
tin-s) counterpart but also has additional domains: a DH and a
PH domain that provide guanine nucleotide exchange factor
(GEF) activity specific forCdc42 (23, 37) and aC2domain at the
C terminus. Through its GEF activity and binding to actin reg-
ulatory proteins, including N-WASP, intersectin-l has been
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implicated in actin regulation and the development of dendritic
spines (19, 23, 24). In addition, because the rest of the binding
modules are shared between intersectin-s and -l, it is generally
thought that the two intersectin isoforms have the same endo-
cytic functions. In particular, given the well defined role for the
invertebrate orthologs of intersectin-s in SV endocytosis, it is
thought that intersectin-l performs this role in mammalian
neurons, which lack intersectin-s. Defining the complement of
intersectin functional activities in mammalian neurons is par-
ticularly relevant given that the protein is involved in the patho-
physiology ofDown syndrome (DS). Specifically, the intersectin
gene is localized on chromosome 21q22.2 and is overexpressed
in DS brains (38). Interestingly, alterations in endosomal path-
ways are a hallmark of DS neurons and neurons from the partial
trisomy 16 mouse, Ts65Dn, a model for DS (39, 40). Thus, an
endocytic trafficking defect may contribute to the DS disease
process.
Here, the functional roles of intersectin-l were studied in

cultured hippocampal neurons. We find that intersectin-l is

localized to the somatodendritic
regions of neurons, where it co-lo-
calizes with CHC andAP-2 and reg-
ulates the uptake of transferrin.
Intersectin-l also co-localizes with
actin at dendritic spines and dis-
rupting intersectin-l function alters
dendritic spine development. In
contrast, intersectin-l is absent from
presynaptic terminals and has little
or no role in SV recycling.

EXPERIMENTAL PROCEDURES

Neuronal Cultures and Trans-
fections—Experiments were per-
formed on primary hippocampal
cultures from E18 rats, prepared as
described (41) and maintained in
culture from between 10 and 21
days in vitro (DIV). Neurons were
grown in Neurobasal medium sup-
plemented with penicillin/strepto-
mycin, L-glutamine, B-27, and N-2
supplements (Invitrogen). At 4–7
DIV, neurons were transduced with
lentivirus (see below) or transfected
using Lipofectamine 2000 (Invitro-
gen), following the manufacturer’s
guidelines.
miRNA Vectors and Viruses—

Three separate microRNA (miRNA)
sequences (intersectin #1, #2, and
#3) were generated to target rat
intersectin-l. Intersectin #1 and #2
are against regions that are also
found in intersectin-s, whereas
intersectin #3 is specific to intersec-
tin-l. The sequences target intersec-
tin-l mRNA starting at nucleotides

2085 (intersectin #1), 2205 (intersectin #2), and 5337 (intersec-
tin #3) and are CAAGCCGGAAGTGCAAGACAA, GAGTG-
CCAAAGTGGTGTATTA, and GGTCTTGTCATGGCTTC-
TAGA, respectively. A non-targeting miRNA was used for
controls, and its sequence is AATTCTCCGAACGTGTCA-
CGT. Oligonucleotides encoding the miRNA sequences were
cloned into pcDNA 6.2-GW/EmGFP-miR plasmid (Invitro-
gen). The EmGFP-miR cassette was then amplified by PCR and
subcloned into the pRRLsinPPT vector, and VSVG
pseudotyped virus was produced in HEK-293T cells. Virus par-
ticles were purified by ultracentrifugation and titered in HEK-
293T cells.
Antibodies for Immunofluorescence and Western Blots—

Mouse monoclonal antibodies against the following proteins
were from the indicated source: intersectin (ESE-1) and AP-1
(BD Bioscience, Franklin Lakes, NJ); PSD95 (mab-045, ABR);
synaptophysin (clone SVP38, Sigma); CHC (X22 produced
from hybridomas purchased from ATCC); and �-adaptin
(AP.6, ABR). F-actin was stained with TRITC-phalloidin

FIGURE 1. Intersectin is absent from presynaptic nerve terminals. A: top panels, confocal fluorescent images
of a representative cultured hippocampal neuron transfected with monomeric red fluorescent protein (mRFP)
to reveal its morphology (red) and immunostained for intersectin (green) and synaptophysin (blue). Scale bar is
15 �m. Bottom panels, higher magnification images from the fields indicated by white boxes in the upper panels.
Note that intersectin immunoreactivity is in dendritic branches (yellow) and is largely absent from synaptic
boutons labeled by synaptophysin (arrowheads). Scale bars are 5 �m. B: top panels, confocal fluorescent
images of representative dendrites immunostained for intersectin (green) and synaptophysin (red). Bot-
tom panel, higher magnification image from the field indicated by the white box in the upper panels. Scale
bars are 5 �m.
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(Sigma). Rabbit polyclonal antibod-
ies for intersectin (27) and clathrin
light chain (42) have been described
previously. For immunofluores-
cence, fluorophore-conjugated sec-
ondary antibodies were from Jack-
son ImmunoResearch laboratories
and Invitrogen. Immunofluores-
cence images were acquired with a
Zeiss LSM 510 Meta confocal
inverted microscope using Plan-
Apochromat 63� (numerical aper-
ture, 1.4) or 100� (numerical aper-
ture, 1.4) lenses.
Endocytosis Assays—FM4–64

uptake and analysis were performed
as previously described (42). For
CME of transferrin, neuronal cul-
tures were starved with unsupple-
mented Neurobasal media over-
night prior to the experiment.
Alexa-Fluor 546-transferrin (In-
vitrogen) was diluted to 12.5
�g/ml in Hanks’ balanced salt solu-
tion (Invitrogen) and was continu-
ously perfused in the imaging cham-
ber during the entire length of live
cell imaging. For quantification,
regions of interest were drawn to
outline the somatodendritic regions
of neurons using ImageJ software
(NIH). Total fluorescence in the
regions of interest was measured
and plotted over time. A linear
regression was performed on the
fluorescence time courses to calcu-
late the rate of uptake. Uptake rates
were averaged over multiple exper-
iments as indicated in the legend to
Fig. 6.
Analysis of Dendritic Spines—Pri-

mary hippocampal cultures at 9–11
DIV were transferred to a recording
chamber mounted on an upright
confocal microscope (DMLFSA,
Leica Microsystems, Heidelberg,
Germany) with a Leica SP2 scan-
head, and cultures were continu-
ously perfused with �30 °C Hanks’
balanced salt solution. EmGFP-
labeled tertiary dendrites were
imagedwith a Leica 63� (numerical
aperture, 0.9) water immersion lens
in three-dimensional stacks with
voxel dimensions of 61 � 61 �
250–300 nm. Areas of interest were
cropped and further processed for
deconvolution using Huygens Pro
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Software (Scientific Volume Imaging, Hilversum, The Nether-
lands) through a full maximum likelihood extrapolation algo-
rithm. Volume rendering and quantification was carried out
using Imaris software (Bitplane, Zurich). Dendritic spines were
quantified as previously described (43). Briefly, spines that have
short necks but a large, mushroom-shaped head correspond to
the “mushroom” class. Spines that have an elongated neck (�1
�m in length) but only a small head correspond to the “long-
thin” class. In addition, “filopodia”-type protrusions were typi-
cally �3 �m in length, lacking a distinct head, similar to those
found during synaptogenesis (44).

RESULTS

Intersectin Knockdown Does Not Affect SV Recycling in Hip-
pocampal Neurons—Intersectin has been shown to be present
and to regulate SV recycling at invertebrate neuromuscular
synapses (21, 32–34). Because invertebrates only express
orthologs of intersectin-s, and intersectin-s is not expressed in
mammalian neurons (26, 28, 35, 36), it is possible that intersec-
tin-l fulfills this function in vertebrates including mammals. In
fact, in lamprey, which expresses intersectin-l, disruption of
intersectin function through injection of antibodies or overex-
pression of SH3 domains disrupts CME of SVs, although these
reagents donot distinguish intersectin-s from intersectin-l (45).

To test for a possible role for inter-
sectin-l in SV recycling in mamma-
lian neurons, we first analyzed its
localization in hippocampal cul-
tures. When neurons expressing
monomeric red fluorescent protein
to reveal cell morphology were
stained for intersectin, the protein
was found in puncta that were dis-
tributed in neuronal processes and
throughout the cell body (Fig. 1A).
Double labeling immunofluores-
cence with an antibody against syn-
aptophysin, a marker of axonal
boutons revealed little or no co-lo-
calization of intersectin with synap-
tophysin (Fig. 1, A and B). This
result is in fact entirely consistent
with the recent observation of Nish-
imura et al. (19) that GFP-intersec-
tin-l transfected in hippocampal
neurons does not co-localize with
synaptophysin. Thus, intersectin
does not appear to be a major com-
ponent of pre-synaptic boutons but
is instead localized to somatoden-
dritic regions.

Recently, Yu et al. (36) demonstrated that intersectin null
mice display a subtle but significant slowing of SV endocytosis.
Thus, despite the fact there is little or no intersectin expression
in the presynaptic compartment of hippocampal neurons, we
sought to examine for possible defects in CME of SVs using a
loss-of-function approach. To this end, we took advantage of a
lentiviral system that we have developed to deliver inhibitory
miRNA into post-mitotic cells, including neurons.5 We used
three different miRNA sequences to KD intersectin-l in neu-
rons. Two of the miRNAs (intersectin #1 and #2) target
sequences that are common with intersectin-s, whereas a third
miRNA (intersectin #3) targets a sequence specific to intersec-
tin-l. Neuronal cultures transducedwith the various intersectin
targeted viruses or a control virus were lysed and processed for
Western blot analysis. Intersectin #1- and #2-encoding viruses
caused a decrease in the levels of both intersectin-s (�140 kDa)
and intersectin-l (�190 kDa) as detected with two different
antibodies (Fig. 2A). Intersectin #3 miRNA caused a selective
decrease in the level of intersectin-l with no affect on the level of
intersectin-s coming from glia (Fig. 2A). The levels of the mul-

5 B. Ritter and P.S. McPherson, unpublished results.

FIGURE 2. Intersectin KD in hippocampal neurons. A, lysates of hippocampal neuron cultures transduced with control lentivirus or with virus producing
miRNAs targeting both intersectin-s and intersectin-l (#1 and #2) or intersectin-l specifically (#3) were blotted with two different antibodies (polyclonal and
monoclonal as indicated) recognizing the two intersectin variants. An antibody that recognizes clathrin light chains (CLC) a and b and their respective splice
variants reveals equal loading. Similar results were obtained from four different cultures. B, confocal fluorescent images of representative fields of cultured
hippocampal neurons transduced with different lentiviruses as indicated. All viruses express EmGFP as a reporter. The cells were stained with antibody specific
for intersectin (red). Scale bar is 15 �m. C, efficient KD of intersectin expression was also achieved through transfection of miRNA-encoding plasmid vectors.
Note the weak intersectin immunoreactivity (red) of transfected neurons (green, the vectors express EmGFP as a reporter) when compared with surrounding,
non-transfected cells. Scale bar is 15 �m.

FIGURE 3. SV retrieval is normal following intersectin KD. A, confocal images of axonal processes of cultured
hippocampal neurons transfected with control vector or vector expressing intersectin #1 miRNA. Both vectors
express EmGFP as a reporter. The neurons were processed for FM4 – 64 uptake (red). Scale bars are 5 �m. B, bar
graph summarizing FM4 – 64 uptake following transfection with the indicated vectors. The data were accumu-
lated from three separate cultures/transfections (N � 3) and the total number of boutons analyzed (n) is
indicated.
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tiple variants of clathrin light chains serve as loading controls
and are equivalent between samples.
Intersectin KD was also readily detectable by immunofluo-

rescence where images from cultures treated with different
miRNA-encoding viruses and control virus were takenwith the
same microscope settings (Fig. 2B). Alternatively, we used
transfection of miRNA-encoding plasmids. Neurons trans-
fected with the various intersectin miRNAs showed reduced
intersectin immunofluorescence staining (Fig. 2C). These data
demonstrate the effectiveness of the intersectin KD, and,
importantly, they indicate that the immunofluorescence signal
seenwith the intersectin antibody is specific for intersectin.We
also observed that intersectin miRNAs targeting the region of
intersectin-l common with intersectin-s were able to eliminate
intersectin staining in glia, whereas the intersectin-l-specific
miRNA did not affect the levels of intersectin in glial cells (data
not shown). Thus, the intersectin miRNA-encoding reagents
are effective for intersectin KD.
We measured SV endocytosis with the membrane dye

FM4–64 as previously described (42). When comparing
FM4–64 uptake in axons of transfected neurons with their
non-transfected neighbors, we found no difference in axonal
bouton fluorescence intensity upon intersectin KD (Fig. 3A).
Averaging the amount of FM4–64 uptake in hundreds of
boutons from multiple cultures/transfections revealed no
significant effect of intersectin KD, regardless of which
intersectin miRNAwas used (Fig. 3B). Our data demonstrate
that intersectin is not present in axonal boutons and that it
does not appear to function in CME of SVs in mammalian
hippocampal neurons.
Intersectin Co-localizes with Markers of Clathrin-coated

Structures in the Soma andDendrites—Despite its seeming lack
of function in SV endocytosis, intersectin could still participate
in endocytic events in neurons. To examine this possibility, we
studied the localization of intersectin in relationship to CHC,
the central component of clathrin-coated pits and clathrin-
coated vesicles. In neurons, CHC is localized to clathrin-coated
structures that form at the trans-Golgi network (TGN) and the
plasma membrane in somatodendritic regions. CHC is also
found in synaptic boutons, were it co-localizes with synapto-
physin and other pre-synaptic markers. Intersectin was found
to partially co-localize with CHC in dendrites (Fig. 4) suggest-
ing that a pool of the protein is present on endocytic clathrin-
coated pits. Consistent with this notion we detected co-local-
ization of intersectin with AP-2 in dendrites (Fig. 5A). Because,
like CHC, a significant pool of AP-2 in neurons is found in
pre-synaptic boutons, the CHC and AP-2 puncta that are neg-
ative for intersectin likely represent, to a large part, the pre-
synaptic component. We also noted a pool of intersectin in the
juxtanuclear area (Figs. 4 and 5). This pool of intersectin was
also found to co-localize with CHC (Fig. 4), suggesting that
intersectin is present on clathrin-coated structures at the TGN.
Consistent with this notion, the juxtanuclear pool of intersectin
was seen to co-localize in part with adaptor protein-1 (AP-1), a
component and marker of TGN-derived clathrin-coated pits
(Fig. 5B). Little co-localization was seen with GM130, a marker
of the cis-Golgi (data not shown). Therefore, intersectin local-

izes to multiple clathrin-coated membranes in the somatoden-
dritic region of neurons.
Intersectin Functions in CME of Transferrin—Given the

somatodendritic localization of intersectin-l to clathrin/AP-2-

FIGURE 4. Intersectin co-localizes with CHC in somatodendritic regions.
Top panels, confocal fluorescent images of a representative cultured hip-
pocampal neuron immunostained for intersectin (green) and CHC (red). Scale
bar is 15 �m. Bottom six panels, higher magnification images from the fields
indicated by the white boxes in the upper panels. Arrowheads indicate co-
localizing structures in dendritic branches (a) and in the cell soma (b). Scale
bars are 5 �m.

FIGURE 5. Intersectin co-localizes with clathrin adaptor proteins. A: top
panels, confocal fluorescent images of a dendritic region of a representa-
tive cultured hippocampal neuron immunostained for intersectin (green)
and AP-2 (red). Middle and lower panels, higher magnification images from
the field indicated by the white box in the upper panels. Examples of co-
localizing structures are indicated by arrowheads. Scale bars are 5 �m.
B: confocal fluorescent images of the cell body of a representative cul-
tured hippocampal neuron immunostained for intersectin (green) and
AP-1 (red). Scale bar is 10 �m.
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positive clathrin-coated pits, we sought to examine if it contrib-
utes to constitutive endocytosis in neurons. Constitutive endo-
cytosis of transferrin occurs exclusively in dendrites and the
soma of cultured hippocampal neurons (46).We thus used live-
cell time-lapse monitoring of Alexa-Fluor 546-labeled trans-
ferrin to examine this CME pathway in cultures transfected
with control and intersectin miRNA-encoding plasmids. Inter-
sectin KD caused a marked reduction in the rate of transferrin
uptake when monitored over a period of 30–50 min, and sim-
ilar results were seen using all of the intersectinmiRNAs (Fig. 6,
supplemental Fig. S1, and supplemental movies S1 and S2). A
reduction in CME of transferrin was also seen when neurons
were transducedwith lentivirus encoding themiRNAs (supple-
mental Fig. 2). Thus, intersectin functions in constitutive CME
of transferrin in neurons.
Intersectin Co-localizes with F-actin in Dendritic Spines—In-

tersectin-l is a GEF for Cdc42. In vitro, intersectin-l stimulates

the formation of branched actin fil-
aments by activating Cdc42 with
subsequent downstream activation
ofN-WASP (23). F-actin is enriched
in dendritic spines, and in many
cases, the intersectin staining that
we observe in dendritic shafts
appears to progress into dendritic
spines. We thus sought to deter-
mine if intersectin co-localizes with
actin. Interestingly, intersectin
immunoreactivity was found to co-
localize with assembled actin as
determined by staining with phal-
loidin (Fig. 7A). Co-localization was
seen both in dendrites and in a jux-
tanuclear pool (Fig. 7A). It is unclear
if the juxtanuclear corresponds to
intersectin at the TGN. To further
examine the potential localization
of intersectin to spines, we per-
formed co-staining with the post-
synaptic marker PSD95, an impor-
tant scaffold protein that organizes
the different components of the
post-synaptic machinery (47). Neu-
rons were transfected with EmGFP
to reveal neuronal morphology and
then co-stained for intersectin and
PSD95. As expected, PSD95 was
generally found at the distal ends of
the spines (Fig. 7B). In many cases,
intersectin was also localized within
the spines, and in other cases, it was
found in the dendritic shaft at the
base of spines (Fig. 7B). Triple-la-
beling experiments further high-
lighted this observation. F-actin was
found throughout the spines,
PSD95 was co-localized with F-ac-
tin primarily in the distal part of the

spine, and intersectin was co-localized with F-actin at themore
proximal part of the spine (Fig. 7C). Thus, in addition to its role
in CME, intersectin is likely to have a role in the regulation of
actin assembly in spines.
Intersectin Regulates Spine Maturation—Overexpression

and dominant-negative studies in neurons have implicated
intersectin-l in the regulation of spine development (19, 24).
We thus sought to directly examine for a role for intersectin in
spine maturation using our loss-of-function approach. Neu-
rons transfected with control or intersectin miRNA encoding
vectors were imaged in three-dimensional stacks. Resulting
stacks were deconvolved using Huygens Pro Software and were
subjected to surface rendering using Imaris software. When
compared with neurons transfected with control vector, neu-
rons in which intersectin had been knocked down appeared to
have an increased number of long, thin, and immature looking
filopodia-type protrusions and fewer spines that appearedmor-

FIGURE 6. Intersectin KD delays CME of transferrin in hippocampal neurons. Hippocampal neurons were
transfected with control vector or intersectin miRNA vectors as indicated. A, transfected cells (green) were
identified due to EmGFP expression from the vectors. The neurons were then processed for transferrin (Tf)
uptake (red), and images at the end of 30 min of uptake are displayed. Filled arrowheads indicated transfected
neurons, and open arrowheads indicate surrounding non-transfected neurons. Movies corresponding to these
images are in supplemental Fig. S1. B, the bar graphs indicate the average rate of fluorescent Tf uptake � S.E.
(arbitrary fluorescence units (AU)/min) from a population of neurons coming from at least three separate
transfections/cultures. ***, p � 0.001 F-test.
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phologically mature (Fig. 8A). Quantification of numerous
images from multiple cultures/transductions revealed a signif-
icant increase in filopodia-type protrusions and a significant
decrease in mushroom spines in intersectin KD neurons (Fig.
8B). There was also a slight decrease in the number of long-thin
type spines, but this was not statistically significant (Fig. 8B).
Thus, it appears that loss of intersectin function influences the
maturation of dendritic spines.

DISCUSSION
In Drosophila, dynamin-associated protein of 160 kDa

(Dap160) is a four SH3-domain containing ortholog of intersec-
tin-s that localizes to the neuromuscular junction (32, 33). Both
temperature-sensitive (32) and loss-of-function mutants (33)
have been used to examine its function. Dap160 mutants cause
alterations in synapticmorphology, decreased synaptic levels of
other endocytic accessory proteins such as dynamin and synap-
tojanin, and reductions in SV endocytosis measured with FM
dyes (32, 33). In C. elegans, intersectin-s is expressed through-
out the nervous system and at the neuromuscular junction, and
intersectin-s mutants exhibit reduced frequency of miniature
end-plate synaptic currents (21). Mutants also exhibit synaptic

structure defects that are typically caused by disruptions in SV
recycling (21). These data strongly support a role for intersec-
tin-s in SV recycling in invertebrates. It is thus interesting that
intersectin-s is not expressed in mammalian neurons (26, 28,
35, 36), and as reported here, intersectin-l KD has no influence
on SV endocytosis. Although this result may seem surprising, it
is in agreement with our observation that there is little or no
intersectin in synaptic boutons of hippocampal neurons and
the observation of Nishimura et al. (19) that overexpressed
GFP-intersectin-l fails to localize to pre-synaptic boutons in
mammalian neurons but instead shows somatodendritic
localization. Moreover, such a situation is not without prec-
edent. For example, in mammalian neurons, amphiphysin is
enriched in pre-synaptic nerve terminals where it functions in
SV endocytosis, in part through recruiting dynamin and synapto-
janin to synaptic sites (48, 49). In contrast, in Drosophila,
amphiphysin variants lack CHC- and AP-2-binding motifs, the
protein is predominantlypost-synaptic, and it doesnot function in
SV endocytosis (50–52). It is thus interesting to speculate that the
role played by intersectin as a pre-synaptic scaffold for SV endocy-
tosis in invertebrates is played by amphiphysin inmammalian sys-

FIGURE 7. Intersectin co-localizes with F-actin in dendritic spines. A, confocal fluorescent image of a representative cultured hippocampal neuron immu-
nostained for intersectin (green) with F-actin detected by phalloidin (red). Scale bar is 15 �m. The panels on the right and below are magnified images from the
fields indicated by the white boxes in the main panel. Scale bars on the magnified images are 10 �m. Examples of co-localizing structures are indicated by
arrowheads. B, confocal fluorescent images of a representative cultured hippocampal neuron transfected with EmGFP to reveal its morphology (green) and
immunostained for intersectin (red) and PSD95 (blue). Scale bar is 15 �m. The lower panel is a magnified image from the field indicated by the white box in the
upper panels. Arrowheads indicate examples of PSD95 immunoreactivity in dendritic spines. In several cases, the spines also contain intersectin immunoreac-
tivity although intersectin is often found at the base of the spines. Scale bar is 5 �m. C, confocal fluorescent images of a dendritic region immunostained for
intersectin (green) and PSD95 (blue) with F-actin detected by phalloidin (red). Scale bar is 1 �m.
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tems. However, it must be noted that while intersectin does not
function in SV endocytosis in hippocampal neurons, we have not
formally ruled out a pre-synaptic trafficking role for the protein in
mammalian neuromuscular junctions.
Yu et al. (36) recently reported studies on intersectin null

mice. Using the pH-sensitive SV marker synaptophluorin (53)
in cultured neurons from the mice, they reported a small
decrease in SV endocytosis in a narrow time window between
10 and 20 s of stimulation in the nulls when compared with the
wild type (36). It is possible that this effect is caused by the loss
of a pool of intersectin-l that is present at low levels in synapses
and is thus undetectable in our studies. The relatively subtle
alterations recorded by Yu et al. (36) would likely be below the

level of detection of FM4–64 assays. However, given that inter-
sectin-l is present in the post-synaptic compartment and is
required for normal development of dendritic spines (Refs.
19,24 and our current results), it is also possible that the effects
on SV endocytosis reflect indirect changes in pre-synaptic
function occurring fromdevelopmental defects occurring post-
synaptically. Further studies will be required to address these
issues.
The first evidence of a role for intersectin in CME came

from transferrin uptake in cells lines (17, 27). In the studies
of Simpson et al. (27) CME of transferrin was inhibited fol-
lowing expression of individual SH3 domains and in Sengar
et al. (17), inhibition of transferrin endocytosis was observed
following overexpression of the full-length protein. Given
that both dominant-negative and gain-of-function ap-
proaches lead to alterations in transferrin uptake, it is impor-
tant to examine this crucial endocytic event in a loss-of-
function paradigm. Moreover, a potential role for
intersectin-l in CME of transferrin in neurons has not been
previously examined. This is critical, because intersectin has
been implicated in DS, and alterations in early endosomes
have been reported as a hallmark feature of DS neurons (38–
40). In fact, in the study of Yu et al. (36), which analyzed
neurons from intersectin null animals, whereas there was a
small decrease in SV endocytosis, the most striking pheno-
type observed was the enlargement (swelling) of endosomes
in the cell body of neurons. Such a change could result from
alterations in somatodendritic endocytosis. In the present
study, we demonstrate that a pool of intersectin-l is co-lo-
calized with AP-2 and CHC. Because there is little or no
intersectin-l detectable in the pre-synaptic compartment
where AP-2 and CHC are enriched, the co-localization of
intersectin-l with these proteins is modest. However, the
pool that does co-localize most likely represents intersec-
tin-l associated with plasma membrane-derived clathrin-
coated structures in the somatodendritic region. Consis-
tently, intersectin-l KD leads to a significant decrease in the
rate of CME of transferrin. Coupled with previous studies
demonstrating that KD of intersectin-s in COS-7 cells leads
to defects in epidermal growth factor receptor endocytosis
(54), these data clearly demonstrate an endocytic function
for intersectin family members in constitutive and regulated
forms of CME. Interestingly, we also detected a pool of inter-
sectin co-localizing with CHC and AP-1 at the TGN of hip-
pocampal neurons. Future studies will determine if intersec-
tin has a role in clathrin-mediated budding at the TGN and
will also examine the contribution of clathrin-mediated traf-
ficking to the pathophysiology of DS.
An important binding partner for intersectin is N-WASP.

We previously reported that N-WASP binds through its pro-
line-rich domain to various SH3domains of intersectin, notably
SH3A and SH3E (23).We also demonstrated that, in the case of
intersectin-l, N-WASP binding was required to activate the
GEF activity of the full-length protein toward Cdc42 (23). This
was subsequently confirmed, and it was shown that binding of
proline-rich domains to the SH3 domains of intersectin dis-
rupts an intramolecular interaction between the GEF-contain-
ing tail and the adjacent SH3 domain region, creating an open

FIGURE 8. Intersectin KD disrupts the development of dendritic spines.
A, surface rendering of confocal z-stack images of representative dendritic
regions of hippocampal neurons transfected with control or intersectin #3
miRNA vectors. Both vectors express EmGFP as a reporter. The images were
surfaced rendered with Imaris software, and examples of filopodia-type pro-
trusions (filled arrowheads), mushroom spines (open arrowheads), and long-
thin spines (arrows), as defined under “Experimental Procedures” are indi-
cated. Scale bars are 2 �m. B, bar graph summarizing the number of processes
per 10-�m length of dendrite, separated into the indicated classes from con-
trol versus intersectin #3 transfected neurons. The data were accumulated
from 18 dendritic branches from 5 separate cultures/transfections. *, p � 0.05
and **, p � 0.01 Student’s one-tailed t test.

Intersectin Function in Neurons

MAY 1, 2009 • VOLUME 284 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 12417



conformation in which the DH domain has access to Cdc42
(55). Furthermore, Irie and Yamaguchi (24) demonstrated that
the ephrin receptor EphB2 binds to intersectin-l and stimulates
its GEF activity in cooperation with N-WASP. Activation of
Cdc42 by intersectin-l subsequently leads to N-WASP activa-
tion and stimulation of branched actin filaments (23). Impor-
tantly, in hippocampal neurons at 9 DIV, disruption of the
interaction between intersectin-l and N-WASP, with a corre-
sponding decrease in GEF activity, leads to disruption of spine
development (24). Notably in the Irie andYamaguchi study (24)
there was a significant increase in immature protrusions �2
�m in length and a significant decrease in spines �0.5 �m in
width. This is very similar to what we observe here following
intersectin-l KD, specifically that there is an increase in long,
thin filopodia-like protrusions and a decrease in more mature,
mushroom spines. Dendritic spines are composed of a mesh-
work of branched actin filaments (56). Interestingly, a recent
study demonstrates that N-WASP is a critical regulator of actin
in the development of dendritic spines and that N-WASP KD
leads to a decrease in the number of spines in rat hippocampal
neurons (57). Thus, intersectin-l, through activation of Cdc42
and N-WASP appears critical for the development of dendritic
spines. In this regard, it is interesting to note that abnormalities
in dendritic spines are another hallmark feature of neurons
formDSbrains (58). Interesting avenues for the futurewill be to
better understand the role of intersectin in the pathophysiology
of DS.
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