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Axon growth is regulated by many proteins, including adhesion molecules, which need to be trafficked correctly to axons. The adhesion
molecule L1/neuron– glia cell adhesion molecule (NgCAM) travels to axons via an endocytosis-dependent pathway (transcytosis), tra-
versing somatodendritic endosomes. The Eps15 homology domain (EHD) family proteins (EHD1–EHD4) play important roles in endo-
somal recycling and possibly in endocytosis. We investigated whether EHD1 regulates L1/NgCAM trafficking in neurons. Both short
hairpin-mediated downregulation and overexpression of EHD1 led to dendritic mistargeting of NgCAM. Downregulation of EHD1
showed increased endosomal accumulation of NgCAM, whereas, surprisingly, overexpression of EHD1 led to impairment of L1/NgCAM
internalization in neurons but not in fibroblasts. Transferrin internalization, however, was unaffected. At longer overexpression times of
EHD1, NgCAM endocytosis returned to normal, suggesting rapid upregulation of compensatory endocytic pathways. EHD1 is capable of
hetero-oligomerization, and an endogenous complex of EHD1 and EHD4 was identified previously. We therefore tested whether short-
term overexpression of other EHD family members showed a similar endocytosis defect. Expression of EHD4, but not of EHD3, also
caused a defect in L1/NgCAM endocytosis. Oligomerization of EHD1 was required to cause NgCAM endocytosis defects, and simultaneous
expression of EHD1 and EHD4 rescued NgCAM endocytosis. Therefore, balanced levels of EHD1–EHD4 are important for NgCAM
endocytosis in neurons. Our data suggest that EHD1 plays roles in both endosomal recycling and a specialized endocytosis pathway in
neurons used by NgCAM. We propose that EHD1 and EHD4 act as hetero-oligomeric complexes in this pathway.

Introduction
Endosome function is important for neurite growth (Hirling et
al., 2000; Alberts and Galli, 2003), but the exact role of endosomes
in neurite growth is unclear (Sann et al., 2009). One role of the
endosomal system might be to regulate levels of adhesion mole-
cules at the cell surface by endocytic uptake and subsequent re-
cycling (Allen and Chilton, 2009; Lasiecka et al., 2009).

L1 is a cell adhesion molecule highly enriched on the axonal
surface. Neuron– glia cell adhesion molecule (NgCAM) is the
name for the chick homolog of L1. L1 is involved in axonal path-
finding and guidance, axonal branching, and myelination (Maness
and Schachner, 2007). The L1 cytoplasmic tail binds a number of
intracellular partners (Kamiguchi et al., 1998; Dickson et al.,
2002; Nagaraj and Hortsch, 2006; Maness and Schachner, 2007),

including the clathrin adaptor AP2. Endocytosis correlates with
growth cone advance on L1 substrate (Kamiguchi and Yoshihara,
2001). Our laboratory uncovered that endosomal trafficking is also
required to target L1 properly to the growing axon. L1/NgCAM
reaches the axon indirectly by transcytosis, involving initial so-
matodendritic targeting followed by endocytosis and trafficking
to the axon from somatodendritic endosomes (Wisco et al., 2003;
Yap et al., 2008a,b). Other cargos, such as transferrin (Tfn) recep-
tors, also endocytose and traverse somatodendritic endosomes
but are not ultimately sorted to axons (Park et al., 2004; Yap et al.,
2008b).

The Eps15 homology domain (EHD) family, comprising
EHD1–EHD4, plays crucial roles in endosomal trafficking. The
EHD proteins have a highly conserved domain structure. The
N-terminal G domain is required for ATP binding and mem-
brane recruitment, the central region for dimerization/oligomer-
ization, and the C-terminal EH domain for binding to NPF
motifs in a number of proteins (Grant and Caplan, 2008). The EH
domain also contains a lipid binding site (Naslavsky et al., 2007;
Grant and Caplan, 2008; Jovic et al., 2009). Structural studies of
EHD2 suggest that oligomers of EHD2 bind to lipids and deform
them into tubules, initiating budding (Daumke et al., 2007).
EHD proteins also associate with preexisting tubular membranes
(Jovic et al., 2009). It is likely that different EHD oligomers reg-
ulate distinct transport steps, but which oligomer acts where
remains essentially unknown. In nonpolarized cells, EHD1
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(Rme1), EHD3, and EHD4 (pincher) function in endosomes and
regulate trafficking through early and recycling endosomes
(Grant and Caplan, 2008). EHD2, conversely, appears to regulate
endocytosis (Guilherme et al., 2004). EHD1 has also been sug-
gested to regulate endocytosis of IGF1 receptor (Rotem-Yehudar
et al., 2001).

In neurons, EHD4 (Shao et al., 2002) has been implicated in
endocytosis rather than (or in addition to) recycling (Sharma et
al., 2008). EHD4 was identified as an NGF-induced protein in
PC12 cells, and it mediates Trk receptor endocytosis via a novel,
neurotrophin-stimulated macroendocytosis pathway (Valdez et
al., 2005, 2007). In this study, we propose that L1/NgCAM, but
not transferrin, is a cargo for EHD1/EHD4-sensitive uptake path-
ways and that hetero-oligomers of EHD1 and EHD4 are involved
in regulating the endocytosis of NgCAM in neurons.

Materials and Methods
Cell culture
Hippocampal neurons. Primary cultures of hippocampal neurons are ob-
tained from embryonic day 18 rat hippocampi as described previously
(Yap et al., 2008b). Cells were plated on poly-L-lysine coverslips and
incubated with DMEM with 10% horse serum. After 4 h, the cells were
transferred into serum-free medium supplemented with B27 (Invitro-
gen) and cultured for 9 –12 d in vitro (DIV).

COS cells and NRK cells. COS and NRK (normal rat kidney) cells were
maintained in DMEM plus 10% fetal bovine serum using standard cell
culture methods.

PC12 cells. PC12 cells were maintained in DMEM plus 10% horse
serum plus 5% fetal bovine serum, and all transfections were conducted
using Lipofectamine 2000 (Invitrogen) according to the protocol of the
manufacturer.

Reagents
Antibodies and plasmids. Anti-EHD1 antibodies were raised in rabbits
against the peptide ADLPPHLIPPSKRRHE. The 8D9 anti-NgCAM hy-
bridoma developed by Dr. Vance Lemmon was obtained from the De-
velopmental Studies Hybridoma Bank developed under the auspices of
the National Institute of Child Health and Human Development and
maintained by The University of Iowa, Department of Biology (Iowa
City, IA). Rabbit anti-FLAG, anti-hemagglutinin (HA), and anti-myc
antibodies were purchased from Sigma and Santa Cruz Biotechnology,
respectively, whereas mouse anti-rab5 antibody was from Abcam. EHD
family plasmids [myc–EHD1, myc–EHD1V203P, green fluorescent pro-
tein (GFP)–EHD1V203P, myc–EHD1G65R, myc–EHD3, HA–EHD4,
and HA–EHD4G68R] and affinity-purified anti-EHD1 and anti-EHD4
antibodies were described previously (Caplan et al., 2002; Naslavsky
et al., 2006, 2009; Sharma et al., 2008). FLAG–Rme1 and FLAG–
Rme1G429R were kindly provided by Dr. Fred Maxfield (Weill Cornell
Medical College, New York, NY) and Dr. Barth Grant (Rutgers Univer-
sity, Piscataway, NJ). Low-density lipoprotein receptor (LDLR) plasmid
was a gift from Dr. Heike Folsch (Northwestern University, Evanston,
IL). Anti-rat L1 rabbit polyclonal antibody raised against rat L1 was
kindly provided by Dr. Vance Lemmon (University of Miami, Coral
Gables, FL). Hybridoma producing anti-LDLR antibodies was purchased
from American Type Culture Collection.

Short-hairpin RNA plasmids. To specifically knockdown the EHD1
protein expression, we used short-hairpin RNA (shRNA) targeting the
rat EHD1 sequences obtained from Super Array Bioscience. The shRNAs
were expressed from the U1 promoter cassette of pGeneclip hMGFP
vector containing GFP under the regulation of the cytomegalovirus pro-
moter. The sequences of the four short-hairpin RNA targeting the rat
EHD1 were as follows: shEHD1#1, GCC CAC CTA TGA TGA GAT CTT;
shEHD1#2, AAG GAG ATG CCC AAT GTC TTT; shEHD1#3, CTG CGT
AAG ATG CAG GAA CTT; and shEHD1#4, CTG CTA GAT GAC GAG
GAG TTT. The scrambled sequence used as a control (shRandom) was
GGA ATC TCA TTC GAT GCA TAC.

Transfection of neuronal cultures
Neuronal cultures at 9–12 DIV were transfected using Lipofectamine2000
with 1 �g of DNA, 3 �l of Lipofectamine2000 for 60 –90 min, washed,
and incubated for 16 –20 h. To reduce the number of overexpressing
cells, NgCAM plasmid was mixed with empty plasmid containing no
insert. When indicated by the experimental design, empty plasmid was
included to maintain the same experimental plasmid concentrations
across multiple experimental conditions. Nucleofection of freshly disso-
ciated neurons was performed as described previously (Yap et al., 2008)
using a Nucleofector device (Amaxa Biosystems). At 1 and 3 DIV after
nucleofection, endocytosis assay with acid strip was performed to visu-
alize endocytosed L1 in transfected neurons.

Immunocytochemistry
Cells were fixed in 2% paraformaldehyde/3% sucrose/PBS in 50% con-
ditioned medium at room temperature for 30 min, quenched in 10 mM

glycine/PBS for 10 min. The fixation conditions used do not introduce
holes into the overwhelming majority of cells. Coverslips were then
blocked in 5% horse serum/1% BSA/PBS with or without 0.05% Triton
X-100 for 30 min. Antibodies were diluted in 1% BSA/PBS and incubated
for 1–2 h. Coverslips were mounted in Vectashield (Vector Laboratories)
and viewed on a Carl Zeiss Axiophot with a 40� objective. Images were
captured with the Orca cooled CCD camera (Hamamatsu) using Open-
lab software (ImproVision) and processed identically in Adobe Photo-
shop (Adobe Systems). For all surface staining, live cells were incubated
for 20 min at 37°C in primary antibody before fixation, and secondary
antibody was applied before permeabilization.

Endocytosis assay
Neurons expressing NgCAM for 18 h were incubated with 8D9 anti-
NgCAM antibodies for 20 min at 37°C and washed several times, and all
antibody remaining on the surface was stripped by treatment with pH
2.0, MEM for 2 min (Fourgeaud et al., 2003), washed extensively, and
returned to the incubator for various amounts of times before fixation in
2% paraformaldehyde/3%sucrose/PBS, pH 7.4. Internalized NgCAM
antibody was detected by applying Alexa-568 goat anti-mouse antibody
after permeabilization. Permeabilization was achieved either with 0.2%
saponin or 0.2% Triton X-100 for 10 min at room temperature as in a
previous study (Wisco et al., 2003).

Polarity index
Axon and dendrite fluorescence intensities were measured along a
1-pixel-wide line in NIH ImageJ after background subtraction and nor-
malized to length. The axonal polarity of L1/NgCAM is determined by
dividing average axonal intensity of L1/NgCAM surface staining by the
average intensity of surface L1/NgCAM on dendrites (Wisco et al., 2003).
The axon/dendrite polarity index (A/D PI) is a very sensitive readout of
NgCAM/L1 polarization, and even small effects because of partial down-
regulation can be detected.

Quantification and statistical analysis
For quantifying axonal polarity or somatic endosomal NgCAM, 15–20
cells were quantified per conditions in each of minimally three experi-
ments. For determining the percentage of cells endocytosing NgCAM,
150 –200 cells per condition and experiment were counted in minimally
three separate experiments. Expression levels of transfected proteins
were compared for differences in expression levels. If necessary, plasmid
concentrations were adjusted to equalize expression levels. We routinely
transfect in excess of 150 cells per coverslips, easily enough for scoring
sufficient numbers of cells. Cells were excluded from scoring if their
morphology is abnormal, indicating poor health. Statistical tests were
performed using SPSS version 13 Statistics software.

Results
Overexpression of EHD1 or dominant-negative EHD1
diminishes axonal polarization of NgCAM
EHD1 plays a role in endosomal recycling in non-neuronal cells.
Likewise, interference with EHD1 function using a dominant-
negative EHD1 impedes the recycling of AMPA receptors in neu-
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rons (Park et al., 2004). Because axonal localization of NgCAM
requires endosomal trafficking, we asked whether the same
dominant-negative EHD1 (EHD1G429R) interfered with proper
axonal localization of NgCAM. Cultured hippocampal neurons
at 10 –12 DIV were transfected with NgCAM plasmid and simul-
taneously with GFP as control, wild-type FLAG–EHD1, or
FLAG–EHD1G429R. At 18 h after transfection, live neurons were
incubated with anti-NgCAM antibody before fixation to visualize
the surface distribution of NgCAM. NgCAM in control neurons
(coexpressing GFP) accumulated preferentially on the axon at
steady state and was only faintly visible on the soma and dendrites
(Fig. 1A). To quantify the extent of polarized expression, we
determined the average pixel intensity along the distal part of
axons and along the dendrites and calculated a polarity index by
dividing the average axon intensity by the average dendrite inten-
sity (A/D PI, as in the study by Wisco et al., 2003). In GFP-
expressing control cells, NgCAM was fivefold to sixfold enriched
on the axon compared with dendrites (Fig. 1D). In contrast,
neurons coexpressing EHD1G429R showed an increased pres-
ence of NgCAM on the somatodendritic surface (Fig. 1C), result-
ing in a significant decrease of A/D PI (Fig. 1D). Surprisingly,
coexpressing wild-type EHD1 also decreased A/D PI of surface
NgCAM (Fig. 1B,D). As reported previously (Park et al., 2004),
overexpression of EHD1 induced many short dendritic protru-
sions resembling filopodia and spines. These results indicated
that changing the levels and/or function of EHD1 disrupted cor-
rect targeting of NgCAM to the axon.

To test whether NgCAM missorting occurred on the endo-
cytic or the biosynthetic post-Golgi pathway, we coexpressed a
point mutant of NgCAM, NgCAMY33A, together with GFP as
control, EHD1, or EHD1G429R. We showed previously that
NgCAMY33A did not use the transcytosis pathway but instead
traveled to the axon directly from the trans-Golgi network on an
endocytosis-independent pathway (Wisco et al., 2003). Impair-
ment of the endocytic pathway would therefore not disturb
axonal polarization of NgCAMY33A, whereas impairment of
post-Golgi sorting would. NgCAMY33A showed normal axonal
polarization (A/D PI) regardless of the coexpression of EHD1
(Fig. 1D), placing the EHD1-dependent defect in the endocytic
(uptake per se) or endosomal (post-uptake) pathway.

Downregulation of EHD1 diminishes axonal polarization
of NgCAM
Our finding that wild-type EHD1 and EHD1G429R overexpres-
sion caused a decrease in NgCAM axonal polarity raised the pos-
sibility that NgCAM polarization to the axon was sensitive to
levels of EHD1. We therefore performed experiments using
small-hairpin-interfering plasmids targeting EHD1 to knock-
down EHD1 expression levels. The efficiency of downregulating
endogenous EHD1 was tested for four different shEHD1 plas-
mids in NRK cells compared with a control plasmid containing a
random sequence (shRandom–GFP). All shRNA plasmids also
encoded GFP for identification of transfected cells. Three of the
four shRNA plasmids gave consistent downregulation of endog-
enous EHD staining in NRK cells. Quantification of endogenous
EHD1 in NRK cells revealed that expression of shEHD1#1 or
shEHD1#2 plasmids resulted in an average of 40 – 60% decrease
of endogenous EHD1 levels (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). The levels of an-
other EHD family member, EHD4, conversely, were not de-
creased by shEHD1 plasmids in NRK cells (data not shown). We
then transfected neuronal cultures at 7 DIV with NgCAM plas-
mid and either one of two shEHD–GFP plasmids, shEHD1#1–

GFP or shEHD1#2–GFP or with control shRandom–GFP. To
determine whether the polarized distribution of L1/NgCAM was
affected when shEHD1 plasmids were expressed, we measured
the average fluorescence intensities of surface NgCAM along
dendrites at 11 DIV. We usually determine an A/D PI to quantify
the relative localization of NgCAM to axons and dendrites. We
were unable to determine the A/D PI in cells expressing shEHD1
plasmids because the crisscrossing of NgCAM-expressing axons
became so extensive after 4 d of NgCAM and shEHD1 expression
that the axon tips could not be unambiguously traced back to
their cell bodies. We therefore measured the intensities of
surface NgCAM on dendrites only. In control cells expressing
NgCAM and shRandom–GFP control plasmid, NgCAM den-
drite intensity was 756 � 35 arbitrary fluorescent units (AFU)
(mean � SEM). Cells expressing NgCAM and shEHD1#1 or
shEHD#2 plasmids showed increased NgCAM intensity on den-
drites (shEHD1#1–GFP dendrite intensity, 1233 � 44 AFU,
mean � SEM, p � 0.0001; shEHD1#2–GFP dendrite intensity,
921 � 35 AFU, mean � SEM, p � 0.05), indicating that NgCAM
showed mislocalization to the dendritic surface when EHD1 was
downregulated by two different shRNA plasmids. Normalized
data are shown in Figure 1E. Average dendrite levels of NgCAM
are also shown for EHD1 and EHD1G429R overexpression for
comparison. The effect of shEHD1#1–GFP was larger than that of
shEHD1#2–GFP but qualitatively the same. We thus find that
both increased and decreased levels of EHD1 causes increased
accumulation of NgCAM on the dendritic surface.

Upregulation and downregulation of EHD1 levels lead to
different effects on endosomal accumulation of NgCAM
So far, we found that expression of EHD1 or EHD1G429R led to
missorting of NgCAM to the somatodendritic surface. Similarly,
there are increased levels of NgCAM on dendrites in cells express-
ing shEHD1 plasmids. Because EHD family members play roles
in both endocytosis and endosomal recycling and localize to both
endosomes and the plasma membrane, the increased accumula-
tion of NgCAM on the dendritic surface could be attributable to
decreased endocytosis from the somatodendritic domain (possi-
bility 1) or missorting to the somatodendritic surface from endo-
somes during recycling (possibility 2). To distinguish between
these possibilities, we performed NgCAM endocytosis assays (as
in the study by Yap et al., 2008b). We predicted that there would
be either lower levels of NgCAM in endosomes because of de-
creased endocytosis (possibility 1) or increased levels of NgCAM
in endosomes because more NgCAM was available on the soma-
todendritic surface for antibody uptake (possibility 2). Control
cells (expressing GFP or shRandom–GFP) showed robust uptake
of NgCAM into somatodendritic endosomes (Fig. 2A, red; D; F,
top). We quantified the fluorescence of endocytosed NgCAM
associated with somatic endosomes using NIH ImageJ. Knock-
down of EHD1 using two different shEHD1 plasmids increased
somatodendritic endosomal accumulation of NgCAM (Fig. 2F,
bottom; G). This observation is consistent with possibility 2, po-
tentially reflecting missorting during recycling. The increased ac-
cumulation of endosomes could additionally be attributable to
slowed recycling from endosomes and/or defects in transport of
endosomes to the axon.

In contrast, when EHD1 or EHD1G429R were expressed,
NgCAM labeling of somatic endosomes was greatly decreased
(Fig. 2B–D) compared with GFP– control cells. Quantifying the
percentage of transfected cells that showed NgCAM endocytosis
revealed that both EHD1 and EHD1G429R showed a significant
decrease in the percentage of cells showing endocytosis (Fig. 2E).
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We noted that cells still showing NgCAM
endocytosis usually expressed lower levels
of EHD1, whereas endocytosis was not or
barely detectable in cells with high overex-
pression levels. In addition to determin-
ing the percentage of endocytosing cells,
we also quantified the fluorescence of
endocytosed NgCAM associated with so-
matic endosomes in GFP-expressing con-
trol cells, EHD1G429R-expressing cells,
and EHD1-expressing cells (supplemental
Fig. 2A, available at www.jneurosci.org as
supplemental material). Cells coexpress-
ing EHD1 showed on average less than
half of NgCAM soma fluorescence of GFP
cells, whereas EHD1G429R was reduced
to 65% of control.

Because many cells showed no detect-
able uptake of NgCAM into somatic en-
dosomes when EHD1 was overexpressed,
we conclude that NgCAM either (1) does
not endocytose efficiently in the first place
or (2) undergoes endocytosis followed
by rapid recycling from a pre-early endo-
some(pre-EE)compartmentthatismem-
brane-near and very small in size, so that it
would not appear as distinct puncta by
immunofluorescence. These two possi-
bilities are not mutually exclusive. Be-
cause it is clear that NgCAM does not
accumulate in the large and easily visual-
ized EEA1-positive endosomes in most
EHD1-expressing cells, we refer to the
combined possibilities of inefficient en-
docytosis and rapid pre-EE recycling as
“endocytosis defect” in the remainder of
this work.

Loss-of-function phenotype of EHD1
in neurons?
Surprisingly, we find that knockdown of
EHD1 showed a different phenotype from
EHD1 and EHD1G429R overexpression
and reduced endocytosis was not appar-
ent after 4 d of shEHD1 expression. The
different phenotypes of the knockdown
and dominant-negative experiments could
arise if the level of downregulation achieved
was not sufficient to disturb NgCAM endo-
cytosis but was sufficient to disturb endoso-
mal recycling.

In addition, because the time courses
of the two experiments were strikingly dif-
ferent (18 h for EHD1 overexpression and
4 d for shEHD1 expression), the time
course could affect the phenotype. We
therefore repeated the EHD1 overex-
pression experiment with a longer time
course. Strikingly, despite the continued
presence of overexpressed EHD1, NgCAM
endocytosis after 4 d of overexpression
was not statistically different from that
of GFP control cells, whereas it was sta-

Figure 1. Overexpression and downregulation of EHD1 diminishes NgCAM polarization to the axon. A–C, The surface pool of NgCAM
(red) was stained in live cells coexpressing (in green) GFP as control (A), wild-type (WT) FLAG–EHD1 (B), or FLAG–EHD1G429R (C). The
mergedgreenandredchannelsareshownintherightcolumn.Theaxonisindicatedbyanarrow.D,TheA/DPIwasdeterminedandplotted.
A/D PI is diminished for NgCAM in the presence of EHD1G429R or wild-type EHD1. **p � 0.001, statistically significant from GFP control.
Error bars indicate SEM. n�20 cells for NgCAM plus GFP, 38 cells for NgCAM plus EHD1G429R, and 33 cells for NgCAM plus wild-type EHD1.
A/D PI of NgCAM Y33A is unaffected by overexpression of wild-type EHD1 or EHD1G429R. n�20 cells for NgCAM Y33A plus GFP, 25 cells for
NgCAM Y33A plus EHD1G429R, and 26 cells for NgCAM Y33A plus wild-type EHD1. E, The average fluorescence intensity of surface NgCAM
was determined along dendrites for cells expressing shRandom-GFP, shEHD1#1–GFP, or shEHD1#2–GFP for 4 d. Average fluorescence
intensities were normalized to the values of shRandom–GFP. n�35 cells for shRandom–GFP, 44 cells for shEHD1#1–GFP, and 35 cells for
shEHD1#2–GFP. Error bars indicate SEM. *p �0.05, **p �0.00001. The measurements used for D (GFP, EHD, and EHDG429R) were also
displayed as normalized dendrite intensity for comparison.
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tistically significant after 18 h of expres-
sion (supplemental Fig. 3, available at
www.jneurosci.org as supplemental ma-
terial). The disappearance of the NgCAM
endocytosis defect after 4 d of EHD1 ex-
pression suggested that compensatory en-
docytic pathways were upregulated over
time that were not operative in 18 h. Such
compensatory mechanisms are frequently
observed when other endocytic proteins
are inhibited or downregulated (Damke et
al., 1995; Kim and Ryan, 2009). In agree-
ment with our observations, compensa-
tion of L1 uptake was also observed in
previous work using L1 with mutations
in the endocytosis motif (Long et al.,
2001). We therefore document here
another example that longer-term inhi-
bition of endocytic pathways by knock-
down or knock-out approaches can cause
fairly rapid compensatory mechanisms
to emerge in cells. Because the acute effect
of changing EHD1 levels was the im-
pairment of NgCAM endocytosis, we
focused our analysis in this work on the
more acutely occurring phenotype. The
recycling defects evident after 4 d of
EHD1 knockdown will be analyzed in
more detail elsewhere (manuscript in
preparation).

Expression of EHD1G429R, but not
wild-type EHD1, leads to defective
recycling of transferrin
The apparent decrease in somatodendritic
endocytosis of NgCAM caused by EHD1
constructs was unexpected because no de-
fect in endocytosis had been observed for
Tfn in non-neuronal cells (Lin et al., 2001;
Caplan et al., 2002; Braun et al., 2005), or
neurons, or for AMPA receptors in neu-
rons (Park et al., 2004). Rather, recycling
of Tfn and AMPA receptors was impaired
by expression of EHD1G429R, leading
to increased endosomal accumulation.
Wild-type EHD1 overexpression, con-
versely, had no effect on Tfn or AMPA
receptor recycling. Consistent with the
published literature, we found that steady-
state loading of Tfn in cells coexpressing
either EHD1 or EHD1G429R was the
same as in untransfected controls (supple-
mental Fig. 4A,B, “t0,” available at www.
jneurosci.org as supplemental material),
but Tfn showed slowed recycling (t � 45
min chase) when EHD1G429R was coex-
pressed (supplemental Fig. 4B, “t45,”
available at www.jneurosci.org as supple-
mental material). Tfn recycling, but not
steady-state endocytosis, was therefore
impaired by EHD1G429R but not by
wild-type EHD1. Surprisingly then, our
results showed that the effects of EHD1

Figure 2. Overexpression of EHD1 diminishes endosomal accumulation of NgCAM, whereas downregulation of EHD1
increases endosomal accumulation. A–C, Endocytosis of NgCAM (after 20 min of anti-NgCAM antibody uptake; red) in the
somatodendritic domain in neurons expressing (in green) GFP as control (A), FLAG–EHD1G429R (B), or wild-type (WT)
FLAG–EHD1 (C). The merged green and red channels are shown in the right column. The dendrites are indicated by
arrowheads. D shows a magnified view of endocytosed NgCAM from the cells shown in A–C. E, The percentage of neurons
showing endocytic uptake of NgCAM was determined for 150 –200 cells each in four independent experiments. Error bars
indicate SEM. *p � 0.01, statistically significant from GFP. F, Endocytosis of NgCAM (after 20 min of anti-NgCAM antibody
uptake) in the somatodendritic domain in neurons expressing shRandom–GFP as control (top) or shEHD1#1–GFP (bottom).
The GFP channel is shown in the inset. G, Endosomal levels of NgCAM (after 20 min of anti-NgCAM antibody uptake) were
quantified in NIH ImageJ for cells expressing shRandom–GFP or two different shEHD1 plasmids targeting different regions
of EHD1 (shEHD1#1–GFP and shEHD1#2–GFP). Values are normalized to shRandom–GFP. Two independent experiments
were quantified and their averages combined in the graph. n � 43 cells for shRandom–GFP, 47 cells for shEHD1#1–GFP,
and 32 cells for shEHD1#2–GFP. Error bars are SEM. *p � 0.05, **p � 0.001.
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overexpression appeared to be specific to the cargo, affecting
Tfn and NgCAM differently.

Overexpression of EHD1 in non-neuronal cells does not
inhibit NgCAM endocytosis
To investigate whether the EHD1 effect on NgCAM endocytosis was
specific to neuronal cells, we repeated NgCAM uptake experi-
ments with or without coexpressed EHD1 or EHD1G429R in
two non-neuronal cell lines, COS cells (Fig. 3) and NRK cells
(data not shown). In both of these non-neuronal cells, NgCAM
uptake was easily observed in control cells expressing GFP as well as
in cells coexpressing EHD1 or EHD1G429R (Fig. 3A–C), and levels
of endocytosed NgCAM were not statistically different between
control cells and EHD1-expressing cells (Fig. 3D). L1/NgCAM
uptake is therefore affected in a cell-type-specific manner by
overexpression of EHD1.

EHD4 affects NgCAM endocytosis and polarity
EHD1 is part of a gene family with four closely related members,
EHD1–EHD4 (Grant and Caplan, 2008). EHD2 is minimally ex-
pressed in mammalian brain (Blume et al., 2007; George et al.,
2007). We therefore determined the extent of NgCAM endocy-

tosis in cells coexpressing myc–EHD3 or
HA–EHD4. Overexpression of EHD3 did
not cause impairment of NgCAM endocy-
tosis (Fig. 4B,E). A second quantification
method is shown in supplemental Figure
2 B (available at www.jneurosci.org
as supplemental material). Intriguingly,
overexpression of EHD4 significantly im-
paired NgCAM endocytosis (Fig. 4C,E)
(supplemental Fig. 2B, available at www.
jneurosci.org as supplemental material)
compared with GFP-expressing cells (Fig.
4A,E). An inactive mutant of EHD4
(EHD4G68R), conversely, which has no
ATPase activity, does not bind to mem-
branes, and does not dimerize/oligomer-
ize (Sharma et al., 2008), showed normal
levels of NgCAM endocytosis (Fig. 4D).

Next, we determined whether NgCAM
surface polarity was also disturbed in cells
overexpressing EHD3 or EHD4. The A/D
PI for NgCAM surface localization was
not changed by coexpression of EHD3
compared with GFP-expressing control
cells, but coexpression of EHD4 led to a
significant decrease in NgCAM axon/den-
drite polarity (Fig. 4F), similar to that
found for EHD1 overexpression.

The lack of phenotype for EHD3 was
surprising given the close sequence homol-
ogy with EHD1. We therefore checked
whether myc–EHD3 expression levels
were in a similar range to EHD1 overex-
pression. For this purpose, we repeated
the NgCAM polarity index determina-
tion for myc–EHD1 and myc–EHD3.
The fluorescence intensity ranges for
the two myc-tagged constructs was not
different, and NgCAM A/D PI remained
high even at high expression levels of
myc–EHD3 (data not shown).

Overexpression of EHD4 impairs endocytosis of
endogenous L1
We next determined whether the endocytosis of endogenous L1
was also impaired by EHD4 overexpression. The neuroendocrine
cell line PC12 highly expresses L1 endogenously. We therefore
tested the effects of EHD4 overexpression in PC12 cells, using
endocytosis of endogenous L1 as an assay. Similarly to NgCAM in
mature primary neurons, L1 uptake was inhibited in PC12 cells
highly overexpressing EHD4 (marked with asterisks) but not in
cells expressing GFP or low levels of EHD4 (supplemental Fig. 5,
available at www.jneurosci.org as supplemental material). Next,
we asked whether endocytosis of endogenous L1 in primary hip-
pocampal neurons was sensitive to EHD4 overexpression. For
this experiment, we electroporated dissociated hippocampal
neurons before plating with EHD4 –HA plasmid and then mea-
sured endocytosis of endogenous L1 either the next day or after
3 d. For technical reasons, we were not able to perform this ex-
periment in more mature cultures (as detailed in the study by Yap
et al., 2008b). Endogenous L1 endocytosis was significantly inhib-
ited by EHD4 overexpression after 1 d (Fig. 5A,C) (43% of control
levels) but not after 3 d (Fig. 5B,C) (94% of control levels) of over-

Figure 3. Overexpression of EHD1 in non-neuronal cells does not lead to NgCAM endocytosis impairment. A–C, COS cells were
cotransfected with NgCAM and GFP as control (A), wild-type FLAG–EHD1 (B), or FLAG–EHD1G429R (C). Anti-NgCAM antibody
uptake was performed for 20 min before fixation and immunostaining. Endocytosed NgCAM is shown in the left column (red), and
the FLAG tag is shown in the middle column (green). Merged red and green channel are shown in the right column. Robust
accumulation of NgCAM in endosomes is observed for all conditions. D shows quantification of endocytosed NgCAM intensity
normalized to GFP controls. n�29 cells for GFP, 32 cells for EHD1, and 42 cells for EHD1G429R. The differences were not statistically
significant.
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expression. Similarly to NgCAM endocyto-
sis therefore, L1 endocytosis was inhibited at
18 h of EHD4 expression but mostly re-
stored after 3 d of expression.

Localization of EHD1 and EHD4
in neurons
The distribution of EHD proteins for both
endogenous and exogenous protein has
been characterized in several non-neuronal
cell types (Blume et al., 2007; George et al.,
2007) but has not been investigated in neu-
rons. In non-neuronal cells, EHD1 is found
in endosomes as well as long tubules that are
part of the recycling endosomes. A sub-
population of EHD1 also localizes to dis-
persed early endosomes and to the plasma
membrane (Lin et al., 2001). EHD3 and
EHD4 are also found in endosomes
throughout the cell but are more heavily
concentrated in early endosomes (Galperin
et al., 2002; Sharma et al., 2008). In PC12
cells and in primary neuronal cultures,
EHD4 is also found at the plasma mem-
brane in addition to endosomes (Valdez
et al., 2005). We raised an antibody in rab-
bits against the C terminus of EHD1. The
antibody recognized multiple members of
the EHD family on Western blots of
tagged EHD proteins (data not shown).

To determine whether EHD family
proteins localize to endomembranes in
neurons, neuronal cultures were stained
with the anti-Ct EHD antibody after per-
meabilization. Numerous puncta remi-
niscent of endosomes were stained in both
neurons and glial cells (Fig. 6A–E). Preab-
sorption of the antibody with the immu-
nizing peptide abolished the staining
(data not shown). In glial cells, short
EHD-positive tubules were frequently de-
tected (Fig. 6E), similar to staining re-
ported for other non-neuronal cells. In
neurons, tubules were not prominent and
only occasionally could short tubules be
found. The most prominent staining in
neurons was clusters of organelles in the
soma. Additionally, dispersed presump-
tive endosomes were stained in both dendrites and axons, albeit
more faintly in axons (Fig. 6A,C). Often, EHD-positive compart-
ments could also be detected in axonal growth cones (Fig. 6D).
These compartments were mostly round. In addition to the
punctate staining in the cytoplasm, the nucleus was also stained
in neuronal cultures in many instances (Fig. 6A). Nuclear stain-
ing was competed by incubation with the immunizing peptide
(data not shown). No nuclear staining was observed with the
same antibody and staining protocol in fibroblast cell lines in
which only the presumptive endosomal staining was visible (data
not shown). The significance of the nuclear staining in neurons is
not known, but a nuclear localization signal has been identified in
EHD1 from the sequence (Haider et al., 1999).

We additionally used affinity-purified anti-EHD1 and anti-
EHD4 antibodies that are specific to their respective EHD family

members (Sharma et al., 2008). These specific reagents are difficult
to obtain and show only faint staining in neurons. We again see
strong nuclear staining with the anti-EHD1 antibody (Fig. 6F) as
well as punctate staining of presumptive endosomes throughout the
soma, dendrites, and axons (Fig. 6F�). This staining pattern is con-
sistent with EHD1 distribution in non-neuronal cells with the nota-
ble exception of the nuclear staining, which we only observe in the
neuronal cultures. Affinity-purified anti-EHD4 antibody did not
stain the nucleus of neurons, but staining was found prominently on
punctate structures in the soma and dendrites (Fig. 6H,H�).

EHD1 oligomerization is necessary for inhibition of
NgCAM endocytosis
EHD family members dimerize with themselves and with other
members of the EHD family and form higher oligomeric struc-

Figure 4. EHD4, but not EHD3, affects NgCAM endocytosis and axonal polarity. A–D, Endocytosis of NgCAM (after 20 min of
anti-NgCAM antibody uptake; red) in the somatodendritic domain in neurons expressing (in green) GFP as control (A), myc–EHD3
(B), HA–EHD4 (C), or the inactive mutant HA–EHD4G68R (D). The “overlay” column shows the merged red and green channels. The
“zoom” column shows a magnified view of endocytosed NgCAM from the cells shown in A–D. E, myc–EHD3 or HA–EHD4 were
expressed in neurons for 18 h, and NgCAM endocytosis was determined. The percentage of neurons showing endocytic uptake of
NgCAM was determined counting 150 –200 cells each in three to four independent experiments. Error bars indicate SEM. *p �
0.01, statistically significant from GFP. F, A/D PI of surface NgCAM was determined for neurons coexpressing GFP as control, myc–EHD3, or
HA–EHD4. Error bars indicate SEM. **p � 0.001, statistically significant from GFP. n � 20 for GFP, 29 for EHD3, and 36 cells for EHD4.
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tures that are crucial to their function (Grant and Caplan, 2008).
Notably, the only dimer currently known to exist endogenously is
the EHD1/EHD4 dimer (Sharma et al., 2008). Proteins partici-
pating in multimeric functional complexes are often sensitive to
expression levels because the balance of subunits is crucial for
correctly assembling the oligomeric structure (Papp et al., 2003).
Because overexpression of wild-type EHD1 or EHD4 had the
same phenotype for NgCAM endocytosis, we hypothesized that
the mechanism of the overexpression phenotype of EHD1 or
EHD4 might be that the proper balance of components required
for NgCAM endocytosis in neurons was changed. Because EHD4
overexpression phenocopied EHD1 overexpression, we tested
whether the capability for dimerization/oligomerization was nec-
essary for the effect of EHD1 overexpression on NgCAM endo-
cytosis. To test this idea, we used a previously characterized
EHD1 mutant (myc–EHD1V203P) (Fig. 7A), which shows a sig-
nificantly decreased capacity for dimerization/oligomerization
with EHD family members by coimmunoprecipitation and two-
hybrid analysis (Naslavsky et al., 2006; Sharma et al., 2008).

In contrast to wild-type EHD1, expression of EHD1V203P did
not interfere with NgCAM uptake (Fig. 7B,C). Likewise, NgCAM
axonal polarity (A/D PI) was not diminished by EHD1V203P
overexpression (Fig. 7D). As before, we checked the expression
levels of myc–EHD1V203P compared with myc–EHD1 as well as
GFP–EHD1V203P compared with GFP–EHD1 and found them

to be in the same range (data not shown). We therefore conclude
that interactions disrupted by the V203P point mutation (most
likely dimerization/oligomerization with another EHD family
member) were required for the decrease in NgCAM endocytosis
observed with EHD1 expression.

Coexpression of EHD1 rescues the endocytosis and polarity
defects of EHD4
Because both EHD1 and EHD4 overexpression caused impair-
ment of NgCAM endocytosis and the dimerization/oligomeriza-
tion capability of EHD1 was necessary for the observed effect, a
balanced expression of EHD1 and EHD4 might be required for
normal NgCAM endocytosis. We argued that overexpression
of EHD1 or EHD4 would change the relative levels of EHD1 and
EHD4 and thereby disturb the required balance of EHD1 versus
EHD4 subunits for formation of functional EHD1/EHD4 oli-

Figure 5. Endocytosis of endogenous L1 is inhibited by EHD4 overexpression in cultured
hippocampal neurons. A, B, HA–EHD4 was electroporated into dissociated hippocampal neu-
rons before plating (left column), and endocytosis of L1was assayed (right column) after 1 d (A)
or 3 d (B) of expression using anti-L1 antibody uptake for 20 min. Arrows point at transfected
neurons. Untransfected neurons show robust anti-L1 uptake (right column). C, The fluorescence
intensity of endocytosed L1 in the soma of untransfected control cells (black bars) and HA–
EHD4-expressing cells (gray bar) was quantified and normalized to control cells. Error bars
indicate SEM. ***p � 0.0001. n � 55 transfected cells for day 1; n � 29 transfected cells for
day 3. One representative experiment is shown.

Figure 6. Localization of endogenous EHD family proteins. A, EHD proteins localize to bright
puncta in dendrites (counterstained with MAP2 in B) and more faintly in axons. Additionally,
diffuse cytoplasmic or membrane staining is detectable. In addition, the nucleus is stained
brightly. C and D show zoomed images of a dendrite (C) and an axonal growth cone (D). E, Glial
cells also show numerous round puncta as well as elongated tubules. F, Neuronal cultures were
stained with an anti-EHD1 affinity-purified antibody. A zoomed image of the boxed area is
shown in F�. The nucleus stains brightly with only faint staining elsewhere. G, H, Neuronal
cultures were stained with an anti-EHD4 affinity-purified antibody (H ) and the somatodendritic
marker MAP2 (G). A zoomed image of the boxed area is shown in H�.
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gomers. If this were correct, simultaneous
overexpression of both EHD1 and EHD4
should restore the proper balance of
EHD1 and EHD4 and lead to rescue of the
NgCAM endocytosis defects observed
during overexpression of only one of the
proteins. We therefore expressed NgCAM
together with EHD1 and EHD4 and per-
formed NgCAM endocytosis assays. Fig-
ure 8A shows an example of a triple-
transfected cell expressing FLAG–EHD1,
HA–EHD4, and endocytosed NgCAM.
High levels of endocytosed NgCAM (right
panel) could be observed. Endocytosed
NgCAM partially overlapped with cyto-
plasmic puncta of EHD1 and EHD4 stain-
ing (Fig. 8B), in agreement with the
endosomal localization of EHD1 and
EHD4 observed in fibroblasts (Grant and
Caplan, 2008). Endosomal localization of
EHD1 and EHD4 was also confirmed by
costaining with the endosomal protein
rab5 (Fig. 8C, arrows).

Quantification of the percentage of
cells with NgCAM endocytosis in cultures
expressing both EHD1 and EHD4 showed
that NgCAM endocytosis was returned to
normal levels (Fig. 8D). Simultaneous
expression of EHD1 thus rescued the Ng-
CAM endocytosis defect caused by ex-
pression of EHD4 alone. To test whether
dimerization/oligomerization was neces-
sary for the observed rescue, we coex-
pressed NgCAM with EHD4 and the
oligomerization-impaired EHD1V203P
mutant. Simultaneous expression of EHD4
and EHD1V203P did not rescue NgCAM
endocytosis (Fig. 8D), arguing that dime-
rization/oligomerization of EHD1 and
EHD4 was indeed necessary in this pro-
cess. EHD3 coexpression also could not
substitute for EHD1 and did not rescue
the endocytosis defect caused by EHD4
overexpression (Fig. 8 D).

Last, we tested whether coexpression
of EHD1 and EHD4 also rescued the loss
of axonal polarity observed for overexpression of EHD1 or EHD4
alone. Surface distribution of NgCAM was determined using the
A/D PI, as before. Axonal polarity of NgCAM was restored: A/D
PI of NgCAM in GFP-expressing controls was 5.5 � 0.25
(mean � SEM; n � 40 cells) and in EHD1 plus EHD4 coexpress-
ing cells 5.0 � 0.20 (mean � SEM; n � 40 cells).

We noted that coexpression of EHD1 and EHD4 led to
increased membrane-near staining for both markers, whereas
coexpression of EHD1 and EHD3 was overwhelmingly found
on internal endosomes with no obvious membrane-near
staining (supplemental Fig. 6 A, B, available at www.jneurosci.
org as supplemental material). In addition, the membrane
protein LDLR was coexpressed and stained live with an anti-
body against an extracellular epitope. Line scans across the
soma showed coinciding intensity peaks at the position of the
plasma membrane for EHD1 and EHD4, but coinciding inten-
sity peaks were not apparent for EHD3 (supplemental

Fig. 6C–E, available at www.jneurosci.org as supplemental
material).

Discussion
Our experiments suggest that the axonal cell adhesion molecule
L1/NgCAM uses a specialized endocytosis pathway in neurons,
dependent on EHD1 and EHD4, either directly or indirectly. The
other receptors currently known to use EHD4-mediated endocy-
tosis are the neurotrophin receptors (Valdez et al., 2005) and
most recently Nogo A (Joset et al., 2010). In very young cultured
neurons, bulk membrane retrieval is also EHD4 dependent
(Bonanomi et al., 2008), but this pathway disappears with matu-
ration. Furthermore, we propose that the relative levels of EHD1
to EHD4 need to be regulated for the continued functioning of
NgCAM endocytosis, suggesting the model that EHD1 and EHD4
might act as hetero-oligomers in this pathway.

Figure 7. EHD1 oligomerization is necessary for inhibition of NgCAM endocytosis. A, Schematic diagram of the domain orga-
nization of EHD1. The position of the V203 mutant is indicated. B, Endocytosis of NgCAM (after 20 min of anti-NgCAM antibody
uptake; red) in the somatodendritic domain in a neuron coexpressing myc–EHD1V203P (green). Endocytosis of NgCAM is high in
cells expressing myc–EHD1V203P. C, The percentage of neurons showing endocytic uptake of NgCAM was determined for 150 –
200 cells each in four independent experiments. The oligomerization-impaired EHD1V203P mutant does not impair NgCAM
endocytosis. Error bars indicate SEM *p � 0.01, statistically significant from GFP. D, A/D PI of surface NgCAM was determined for
neurons coexpressing myc–EHD1, or myc–V203P EHD1 or GFP as control. Error bars indicate SEM. **p � 0.0001, statistically
significant from GFP. n � 32 for myc–EHD1 and 25 for myc–V203P EHD1. The expression range of the two myc-tagged constructs
is comparable (data not shown).
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A cell-type-specific phenotype for EHD1 in
NgCAM endocytosis
In non-neuronal cells, no effects of EHD1 on endocytosis of mul-
tiple cargos have been found. Rather, EHD1 has been strongly im-
plicated in endosomal trafficking from recycling endosomes
(Rapaport et al., 2006; Grant and Caplan, 2008). EHD1 was report-
edly found in a complex with the clathrin adaptor AP2 (Rotem-
Yehudar et al., 2001), but no direct experiments of endocytosis were
reported. Our work now shows that NgCAM endocytosis was not
perturbed by EHD1 overexpression in non-neuronal cells but
strongly inhibited in neurons, uncovering an unexpected cell-type
specificity for EHD1 in endocytosis. This specificity might be attrib-
utable to the expression of genes in fibroblasts that can functionally
compensate for EHD1/EHD4 in endocytosis of NgCAM.

A novel cargo for the EHD4 pathway
In non-neuronal cells, EHD4 plays a role in endosomal traffick-
ing from early endosomes (Sharma et al., 2008) but not in endo-
cytosis per se. In neurons, conversely, EHD4 is involved in
endocytosis of neurotrophin receptors (Shao et al., 2002; Valdez
et al., 2005, 2007): EHD4 mediates uptake of Trk receptors

after BDNF stimulation via a novel
pathway, coined “macroendocytosis.”
Immunoelectron microscopy showed
strong labeling of plasma membranes
and ruffled internalized membranes by
EHD4–HA (Shao et al., 2002), reminis-
cent of macropinosomes. Adjoining mul-
tivesicular bodies are also labeled and
might in fact be generated directly from
the macropinosomes (Valdez et al.,
2005). Our work now adds the axonal
cell adhesion molecule L1/NgCAM as a
new putative EHD4 cargo. TrkA actu-
ally contains an NPF motif that could in
principle bind directly to the EH do-
main. NgCAM, conversely, does not
have an NPF motif.

A model: a role in NgCAM endocytosis
for EHD1/EHD4 oligomers
Several lines of evidence lead us to pro-
pose that, in neurons, EHD1 and EHD4
operate as oligomers with a certain opti-
mal stoichiometry to regulate NgCAM
endocytosis: (1) EHD1 and EHD4 overex-
pression have identical phenotypes, inhi-
bition of NgCAM endocytosis, whereas
EHD3 overexpression does not; (2) the
oligomerization-defective EHD1V203P
mutant does not cause NgCAM endocy-
tosis defects; (3) simultaneous overex-
pression of EHD1 and EHD4 at
comparable levels rescues the NgCAM
endocytosis defect observed by overex-
pression of either one alone; and (4) the
oligomerization-defective EHD1V203P
mutant does not rescue EHD4-mediated
NgCAM endocytosis defects.

Our work raises the intriguing possi-
bility that, in neurons, EHD1 and EHD4
play a role directly in NgCAM endocytosis
at the plasma membrane. It is striking that

low-level coexpression of EHD1 and EHD4 recruits them both to
the plasma membrane, whereas EHD1 and EHD3 are recruited
onto endosomes when coexpressed. In addition, EHD4 has been
localized in neurons to the plasma membrane as well as to endo-
somes by immunoelectron microscopy (Valdez et al., 2005). In-
terestingly, the balance of EHD1 and EHD4 levels appears crucial
because overexpression of either one inhibits endocytosis. This
observation suggests that oligomers can become dysfunctional by
inclusion of too much EHD1 or EHD4. EHD3 overexpression,
conversely, does not negatively impact the EHD oligomers func-
tioning in NgCAM endocytosis. Therefore, we propose the
model that EHD1–EHD4 oligomers over a certain range of
stoichiometries are functional in NgCAM endocytosis in neu-
rons. This role could involve direct regulation of endocytosis
at the plasma membrane, as suggested by the membrane-near
localization, but an indirect effect of EHD1/EHD4 overexpres-
sion on NgCAM endocytosis cannot be completely ruled out
at this point. For instance, balanced EHD1/EHD4 levels might
be needed for the proper recycling of a crucial putative endo-
cytosis protein required specifically for NgCAM endocytosis
in neurons.

Figure 8. EHD1/EHD4 coexpression rescues NgCAM endocytosis and axonal polarity. A Coexpression of HA–EHD4 (left) and
FLAG–EHD1 (middle) rescues endocytosis of NgCAM (right). A single confocal section is shown. B, The area boxed in A is displayed
as two-color (1–3) or triple-color (4 ) overlays. The colors are as indicated below: red is endocytosed NgCAM, blue is HA–EHD4, and
green is myc–EHD1. C, Neurons were transfected with either FLAG–EHD1 (left column) or HA–EHD4 (right column) and costained
with antibodies against rab5. Merged images are shown in the top row (red, anti-HA or anti-FLAG; aqua, rab5). The corresponding
single-channel images are shown in the middle row (rab5) and the bottom row (FLAG or HA). D, The percentage of neurons
showing endocytic uptake of NgCAM was determined for cells coexpressing FLAG–EHD1 and HA–EHD4, myc–EHD1V203P and
HA–EHD4, or myc–EHD3 and HA–EHD4. Only wild-type EHD1 rescued NgCAM endocytosis. One hundred fifty to 200 cells were
counted each in three to four independent experiments. Error bars indicate SEM. *p � 0.05, statistically significant from EHD1 plus
EHD4.
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Our results show strong parallels between the effects of over-
expressing EHD1 and EHD4 on NgCAM endocytosis in neurons.
Strikingly, EHD3 overexpression does not result in the same phe-
notypes. This is surprising given the close homology of the pro-
teins (87% between EHD1 and EHD3; 75% between EHD3 and
EHD4). Furthermore, EHD3 and EHD4 have been implicated in
the same trafficking step, early to recycling endosome transport
(Grant and Caplan, 2008). Our results, in contrast, suggest that,
in neurons, EHD1 and EHD4 might regulate the same step,
namely NgCAM endocytosis. Consistent with this notion, it has
been shown that overexpressed EHD1 strongly interacts with
EHD4. Furthermore, a complex of endogenous EHD1 and EHD4
can be immunoisolated from cells (Sharma et al., 2008). This
complex might perform distinct functions in neuronal cells.
Other dimer/oligomer complexes of EHD family proteins likely
exist in vivo as well but have not been demonstrated because of
the lack of sufficiently specific antibodies.

Cargo specificity of EHD1/EHD4 pathway
In addition, not all cargos are equally affected by EHD1, even
in neurons. Our data and that of others demonstrate that
transferrin endocytosis is not disturbed by EHD1 overexpres-
sion, nor is endocytosis of AMPA receptors (Lin et al., 2001;
Caplan et al., 2002; Park et al., 2004; Braun et al., 2005). Our
work thus uncovered an unexpected cargo selectivity. In addi-
tion, we found that transferrin recycling is disrupted by the
dominant-negative EHD1G429R mutant but not by wild-type
EHD1. We argue that this observation suggests the hypothesis
that transferrin recycling might be mediated by EHD1 ho-
modimers/oligomers in neurons. If EHD1/EHD3 or EHD1/
EHD4 heterodimers/oligomers were functioning in transferrin
recycling, we would expect to see disruption of the EHD oligomer
stoichiometry by overexpression of wild-type EHD1.

Dosage sensitivity of EHD family members
Our results show that NgCAM endocytosis is highly dosage sen-
sitive to the expression of EHD1 and EHD4 but not of EHD3.
Overexpression-sensitive genes have been identified in Saccharo-
myces cerevisiae and make up �18% of the yeast genome (Sopko
et al., 2006). In the majority of these genes, the overexpression
phenotype does not phenocopy the loss-of-function phenotype.
Similarly, overexpression and downregulation of EHD1 give dis-
tinct phenotypes with regard to NgCAM endocytosis. What do
these distinct phenotypes tell us about the putative functions of
the endogenous protein? It is generally assumed that a loss-of-
function phenotype tells us about what the protein does do,
whereas a gain-of-function phenotype tells us about what the
protein can do but not necessarily what the protein does do. In
many instances, this interpretation is warranted, but more com-
plex scenarios are not uncommon. As an example, downregula-
tion of the endocytosis clathrin adaptor AP2 unexpectedly led to
only a partial decrease in endocytosis of synaptic vesicle proteins
(Kim and Ryan, 2009). The residual endocytosis showed complex
kinetics and was attributable to compensatory upregulation of
other endosomal pathways. Some of these compensatory path-
ways could be mostly eliminated by additional knockdown of the
TGN-resident AP1 adaptor. The loss-of-function phenotype
therefore also told us what another protein (i.e., AP1) can do
rather than what the protein in question (i.e., AP2) does do. In
the case of the EHD1 and EHD4 overexpression phenotype, we
also found that compensatory endosomal pathways were upregu-
lated after 3– 4 d and L1/NgCAM endocytosis was no longer sig-
nificantly impaired. Interestingly, compensatory changes in

expression levels of EHD1 were found in EHD4 knock-out mice
(Sengupta et al., 2009).

One of the proposed mechanisms for dosage sensitivity is that
proteins that participate in protein complexes are sensitive to the
balance of components (“balance hypothesis”) and overexpres-
sion of one of the components can lead to misassembly of the
whole complex (Semple et al., 2008). Alternatively, overex-
pressed proteins could potentially participate in off-target inter-
actions causing defects in other pathways. Our data support the
balance hypothesis for the EHD proteins because (1) overex-
pressing the dimerization partner of EHD1 rescues the pheno-
type, ostensibly restoring the balance, (2) the rescue can be
abrogated by a single point mutation, V203P, which causes a
decrease in dimerization, (3) EHD3 is not dosage sensitive with
respect to NgCAM endocytosis despite very high sequence ho-
mology, and (4) we observe cargo and cell-type specificity. These
observations taken together argue against nonspecific toxic ef-
fects of the overexpression.

We conclude that NgCAM does not share the same endocyto-
sis machinery used by other cargos, such as transferrin and
AMPA receptors. Rather, L1/NgCAM uses EHD1/EHD4-
dependent pathways for endocytosis, specifically in neuronal
cells. It is currently not known whether the EHD4 pathway uses
clathrin and clathrin adaptors or is molecularly distinct. The fact
that Trk receptors also use EHD4-dependent endocytosis path-
ways raises intriguing future questions about the potential regu-
latory crosstalk between neurotrophins and trafficking of cell
adhesion molecules to axons. This question was just made more
relevant by the recent discovery that TrkB receptors in com-
missural neurons travel from the soma to axons via transcyto-
sis (Ascaño et al., 2009), possibly on the same pathway that we
discovered for NgCAM.
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