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Abstract
SALMs are a family of five adhesion molecules whose expression is largely restricted to the CNS.
Initial reports showed that SALM1 functions in neurite outgrowth while SALM2 is involved in
synapse formation. To investigate the function of SALMs in detail, we asked if all five are involved
in neurite outgrowth. Expression of epitope-tagged proteins in cultured hippocampal neurons showed
that SALMs are distributed throughout neurons, including axons, dendrites, and growth cones. Over-
expression of each SALM resulted in enhanced neurite outgrowth, but with different phenotypes.
Neurite outgrowth could be reduced by applying antibodies targeting the extracellular leucine rich
regions of SALMs and with RNAi. Through over-expression of deletion constructs, we found that
the C-terminal PDZ binding domains of SALMs 1–3 are required for most aspects of neurite
outgrowth. In addition, by using a chimera of SALMs 2 and 4, we found that the N-terminus is also
involved in neurite outgrowth.

Introduction
Neurite outgrowth is a fundamental event in the development and maintenance of synaptic
connections in the nervous system. Through highly regulated mechanisms, young neurons
undergo axonal/dendritic polarization, and subsequent outgrowth of these neurites is essential
to the establishment of synaptic connections that lead to brain function (da Silva and Dotti,
2002). Cell adhesion molecules (CAMs) are a diverse class of proteins that function in neurite
outgrowth, synaptic development and maintenance, and cell adhesion at synaptic and non-
synaptic sites (Craig and Banker, 1994; Dalva et al., 2007). Several CAMs are enriched at
growth cones and are required for normal neurite outgrowth. For example, neural cell adhesion
molecule (NCAM), N-cadherin, and L1-CAMs have been shown to regulate neurite outgrowth
through various mechanisms, including changes in intracellular calcium levels, associations
with cytoskeletal proteins at growth cones, and the activation of FGFR and MAPK signaling
cascades (Doherty et al., 2000; Francavilla et al., 2007; Meiri et al., 1998; Utton et al., 2001).
In humans, mutations in L1-CAMs lead to various neurological disorders, including
hydrocephalus and MASA (mental retardation, aphasia, shuffling gait, and adducted thumbs)
syndrome, and expression of constructs encoding L1 with these known mutations leads to
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deficits in neurite outgrowth (Moulding et al., 2000). While a wealth of information implicates
CAMs in neurite outgrowth, the mechanism is highly complex and not completely understood.

Synaptic adhesion-like molecules (SALMs) are a family of CAMs that is largely restricted to
the CNS and is involved in neurite outgrowth and synapse formation (Ko et al., 2006; Morimura
et al., 2006; Wang et al., 2006). SALMs are also present in the adult where they may play a
role in synaptic maintenance and other cellular interactions. Five family members have been
identified: SALMs 1–5 (Ko et al., 2006; Morimura et al., 2006; Wang et al., 2006). The domain
structure of SALMs includes extracellular leucine-rich repeats (LRR), an immunoglobulin C2-
like domain (IgC2), a fibronectin type III (FN3) domain, a transmembrane (TM) region, and
a PDZ-BD (PSD-95, Discs-large, ZO-1, binding domain; absent in SALMs 4 and 5). This
domain structure is homologous with that of various related CAMs that function in outgrowth,
including AMIGO, LINGO, NGL-1, and FLRT proteins (Chen et al., 2006).

Over-expression of SALM1 in young (4 days in vitro, DIV4) primary hippocampal cultures
promotes an increase in neurite outgrowth (Wang et al., 2006), while alterations in SALM2
expression affects synapse formation and may play a role in regulating the balance of excitatory
and inhibitory synapses (Ko et al., 2006). Therefore, individual SALMs may have a range of
different functions. Alternatively, all SALMs may have multiple roles and function in neurite
outgrowth and synapse formation in developing animals, as well as maintenance of synapses
in adults. To investigate these possibilities, we have studied the role of all SALMs in neurite
outgrowth by using a combination of over-expression, RNAi-mediated knock-down of
expression, and blocking of function with antibodies to extracellular domains. Our results show
that all SALMs promote neurite outgrowth, but with various phenotypes.

Results
Distribution of SALMs in neurons

SALM1 and SALM2 localize to both axons and dendrites (Ko et al., 2006; Wang et al.,
2006). Additionally, SALM1 co-localizes with NMDA receptors (Wang et al., 2006), while
SALM2 co-localizes with both pre- and post-synaptic proteins at excitatory synapses in mature
neurons (Ko et al., 2006). To understand the roles of SALMs in neurite outgrowth, we began
by characterizing the cellular localization and morphological effects of overexpressed SALMs
early in neuronal development. Young primary hippocampal neurons (DIV4) were co-
transfected with GFP and myc-SALM1, myc-SALM2, untagged SALM3, myc-SALM4, or
HA-SALM5 cDNA constructs. Neurons transfected with GFP and pcDNA 3.1+ empty vector
were used as a control, and immunocytochemistry was performed 48 hours after transfection.
Transfected SALM constructs over-expressed their respective proteins by about 300%, as
compared to endogenous SALM levels (data not shown). Over-expressed SALMs are localized
throughout the cell in the soma, axons, dendrites, and growth cones (Fig. 1) with a largely
diffuse pattern. However, punctate staining is present and is particularly apparent when staining
is restricted to SALMs present on the cell surface (supplemental Fig. 1). Therefore, SALMs
are present in intracellular pools represented by the diffuse staining as well as on the surface
where they appear more clustered.

The various SALMs qualitatively appear to have distinct effects on cell morphology. For
example, SALM4-transfected neurons often had a dramatic increase in the number of shorter
primary neurites protruding from the cell body (Fig. 1D, arrows). These shorter neurites
appeared to be dendritic, as MAP2 immunostaining localized at these neurites (data not shown).
Many SALM5-transfected neurons showed another unique phenotype. The primary neurites
often overlapped and appeared to adhere to one another at regions proximal to the cell body.
SALM5 accumulated at these points of neurite adhesion (Fig. 1E, arrows). These various
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changes in cell morphology of SALM-transfected neurons imply that individual SALMs may
have different functions in the CNS.

SALMs promote neurite outgrowth
To further extend our initial qualitative observations indicating that SALMs may affect neurite
outgrowth, we performed a detailed computer-assisted analysis of neuronal morphology using
Metamorph Neurite Outgrowth Module (v7.0r3). The parameters tested included total neurite
outgrowth (defined as the total skeletonized pixel area in µm), mean process length, number
of primary neurites extending from the cell body, and number of total neurite branches. Primary
hippocampal cultures were transfected at DIV4, a time when significant neurite outgrowth
takes place (Dotti et al., 1988). Cultures were co-transfected with GFP (to visualize the entirety
of each cell) and myc-SALM1, myc-SALM2, SALM3, myc-SALM4, or HA-SALM5 cDNA.
Neurons were fixed and immunostained for GFP and SALM proteins 48 hours after transfection
(DIV6); GFP staining was used to quantify neurite outgrowth and SALM staining served to
verify SALM expression.

Our results showed that SALMs promote neurite outgrowth with various phenotypes. SALMs
1–5 all promoted significant increases in total outgrowth and number of branches, as compared
to the control (Fig. 2B and D, respectively). Additionally, SALM4 promoted more branching
than other SALMs (Fig. 2D). SALM2 promoted an increase in the number of primary
processes, as compared to the control, SALM1, and SALM5 (Fig. 2E). Consistent with the
dramatic increase in short primary neurites described earlier, the number of processes in
SALM4-transfected cells more than doubled, as compared to control and other SALM-
transfected neurons, including those transfected with SALM2 (Fig. 2E). The mean process
length of SALM4-transfected neurons was significantly less than that of SALM1, SALM3,
and SALM5-transfected neurons (Fig. 2C). Together, this increase in short primary neurites
in SALM4 is a visually distinctive phenotype as compared to the other SALMs. Thus, SALMs
promote neurite outgrowth with various distinct phenotypes, and the major outgrowth
parameters that SALMs 1–5 modify are total outgrowth and neurite branching.

SALMs promote axonal and dendritic outgrowth
The increase in the number of MAP2-positive processes extending from the cell body,
particularly evident with SALM4, indicates a change in dendrite growth. In order to determine
if the SALM-mediated increases in number of processes were axonal as well, we co-transfected
DIV4 neurons with SALM2 and GFP, immunostained for MAP2, and imaged the cells as
described earlier. Since more than 90% of all GFP-transfected cells also expressed SALM2
(data not shown), we used GFP expression as a positive indicator of SALM2 transfection in
these experiments. Along with MAP2 staining, the transfected cells were analyzed through the
morphological criteria described in the methods to distinguish axons from dendrites (Fig. 3A
and 3B, top panels). Once axons and dendrites were identified, the dendrites were digitally
removed from the cell and the resulting axon-only image was analyzed for neurite outgrowth
(Fig. 3A and 3B: bottom panels). Our results showed a 75% increase in total axonal outgrowth
(3543 ± 371.42 µm for SALM2, 2029 ± 419.03 for control) (Fig. 3C), 108% increase in axon
number (2.43 ± 0.37 axons for SALM2, 1.17 ± 0.17 for control) (Fig. 3F), and an 82% increase
of axonal branches for SALM2 (119 ± 17.57 branches for SALM2, 65 ± 18.37 for control)
(Fig. 3E), as compared to control axons, showing that axon growth is also affected by SALM
expression. Analysis of the non-axonal processes also showed increases in outgrowth with
SALM2 expression. These results showed that the SALMs affect both axon and dendrite
outgrowth, although the effects may vary with individual SALMs.
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Application of antibodies directed to the extracellular LRR region of SALMs inhibits neurite
outgrowth

While over-expression experiments suggest a role for SALMs in neurite outgrowth, they do
not address a role for endogenous SALMs. Previous studies have demonstrated the efficacy of
applying antibodies directed to extracellular domains of endogenous transmembrane proteins,
including cell adhesion molecules like cadherin, L1-CAM, and NCAM, to block their activity
(Garcia-Castro et al., 2000; Lindner et al., 1983; Muller et al., 1996; Tang et al., 1998). The
extracellular domains of SALMs contain several functional regions of potential protein-protein
interaction, including six highly conserved LRR regions, a FN3 domain, and an IgC2-like
domain. Recently, Seabold et al. (2008) showed that application of polyclonal antibodies that
bind to the LRR of SALMs (anti-LRR) inhibited SALM4 trans interactions in transfected
heterologous cells. Directed to amino acids 38–297 of SALM2 (a region of high similarity
among the SALMs), anti-LRR has been shown to interact with the extracellular domains of all
SALMs expressed in heterologous cells (Seabold et al., 2008). To test the ability of anti-LRR
application to inhibit SALM-mediated outgrowth, DIV4 primary hippocampal neurons were
transfected with GFP and treated by bath application with anti-LRR. To control for variability
due to the antibody application technique, parallel cultures were treated with antibodies
directed to the intracellular C-terminus of SALM4 (anti-S4CT). Neurons were fixed and
analyzed for neurite outgrowth 48 hours after antibody application. Representative examples
of treated neurons are shown in Fig. 4A. Anti-LRR-treated neurons showed a significant
reduction in total outgrowth, mean process length, and neurite branches (Fig. 4B, C, and D).
There was no significant change in the number of processes (Fig. 4E). While these results are
in accordance with increases in neurite outgrowth and branches promoted by the over-
expression of SALMs, we cannot rule out the possibility that anti-LRR antibodies interact with
a variety of other endogenous proteins present on the surface of the neurons which have LRR
domains, and that these interactions contribute to the changes in neurite outgrowth.

RNAi knock-down of SALM expression reduces neurite outgrowth
To further examine the function of SALMs in mediating neurite outgrowth, individual RNAi
plasmid constructs were generated for SALMs 1–5 using pcDNA™6.2-GW/EmGFP-miR
micro RNAi expression vectors, which co-express GFP. To test the efficacy of these RNAi
constructs, each one was co-transfected with its respective SALM cDNA into neurons at DIV2.
Over-expressed SALM levels were analyzed at DIV6 by fluorescence immunocytochemistry
of transfected neurons and compared to those transfected with control RNAi. Co-transfection
of each RNAi construct with the respective SALM cDNA resulted in significant reduction of
SALM over-expression (supplemental Fig. 2), with decreases in SALM over-expression of
28%, 75%, 60%, 61%, and 43% for SALMs 1–5, respectively.

We initially transfected neurons with individual SALM RNAi constructs and measured neurite
outgrowth. While there was a trend indicating a decrease in outgrowth and process length with
the individual RNAi constructs (data not shown), the changes were not statistically significant.
Since all SALMs promote neurite outgrowth and multiple SALMs are likely co-expressed in
neurons (Morimura et al., 2006), loss of one SALM protein may have only a slight effect on
outgrowth. Therefore, we examined the effects of knocking down all five SALMs on neurite
outgrowth. DIV2 neurons were quintuple transfected with SALMs 1–5 RNAi constructs, and
analyzed DIV6. GFP-positive RNAi-transfected cells showed a decrease in total outgrowth
and mean process length (Fig. 5B and C, respectively), with no change in the number of
branches or processes (Fig. 5D and E, respectively). These results indicate that cumulative
knockdown of endogenous SALMs 1–5 expression effectively inhibits neurite outgrowth.
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Neurite outgrowth is mediated by the PDZ binding domains of SALMs
PDZ interactions between CAMs and PDZ domain-containing proteins are critical for a variety
of mechanisms, including synapse formation and regulation, as well as neurite outgrowth (for
review, see Dalva et al., 2007). For example, neurexin and neuroligin complexes regulate
synapse formation through direct interactions with the PDZ proteins PSD-95 and CASK (Irie
et al., 1997) and have been implicated in mediating neurite outgrowth (Grifman et al., 1998).
SALMs 4 and 5 differ from SALMs 1–3 in that they do not have a PDZ-BD, and they have
visually distinctive phenotypes that may be related to the lack of PDZ interactions (SALM4
promotes a dramatic increase in the number of short primary neurites, and SALM5 often
induces primary neurites to overlap and apparently adhere to each other). To examine the roles
of PDZ interactions in SALM-mediated neurite outgrowth, we generated mutant cDNA
constructs of SALMs 1, 2, and 3 in which the distal C-terminal 4 (for SALMs 1 and 3) or 7
(for SALM2) amino acids corresponding to the PDZ-BD were deleted (SALM1ΔPDZ,
SALM2ΔPDZ, and SALM3ΔPDZ, respectively). The SALMΔPDZ constructs were
individually co-transfected with GFP into primary neurons at DIV4 and analyzed for neurite
outgrowth. Deleting the PDZ-BD greatly attenuated the neurite outgrowth facilitated by the
exogenous full-length SALMs 1–3. As seen in Fig. 6B–E, the amounts of total outgrowth,
mean process length, neurite branches, and number of processes were all similar to that of
control. These results indicate that the PDZ-BD functions in neurite branching, which was the
primary parameter of outgrowth seen by transfecting the full-length SALMs. Thus, the
mechanism of SALM-mediated neurite outgrowth for this subset of SALMs likely involves
interactions with PDZ domain-containing proteins.

Neurite outgrowth phenotype is determined by both the N-and C-termini
The individual SALMs display distinct phenotypes in promoting neurite outgrowth. The most
visually apparent and unique phenotype is that of SALM4, which promotes dramatic increases
in the number of short, primary processes extending from the cell body. By examining and
replacing the domains of SALM4, we can investigate which domains are involved in regulating
various facets of neurite outgrowth. The N-termini of the SALMs contain various protein-
protein interaction domains that are highly homologous among the family members, while the
C-termini show considerable sequence variability among the family members. Additionally,
SALMs 1–3 have C-terminal PDZ-BDs that contribute to neurite outgrowth, while SALMs 4–
5 do not. Therefore, it is conceivable that either the N- or C-terminal regions, or both, may
contribute various functions in the mechanism of SALM-mediated neurite outgrowth, and that
these functions may be unique to regions of the individual SALMs. To examine the domains
involved in neurite outgrowth, we generated chimera constructs with the N-termini and C-
termini of SALM2 and SALM4. Myc-SALM2/4 contains the N-terminus of SALM2 and the
C-terminus of SALM4, while HA-SALM4/2 contains the N-terminus of SALM4 and the C-
terminus of SALM2.

When transfected into DIV4 cultures, both chimera constructs promoted a significant increase
in total outgrowth (Fig. 7B), which is consistent with both SALM2 and SALM4 enhancing
outgrowth (Fig 2). However, the most apparent phenotype was that of HA-SALM4/2-
transfected cells, as they additionally promoted an increase in total outgrowth compared to
Myc-SALM2/4 (Fig 7B). HA-SALM4/2 also promoted an increase in process number, as
compared to both control and myc-SALM2/4, similar to the phenotype seen with transfected
SALM4 (Fig 2). HA-SALM4/2 promoted a statistically significant increase in branching, as
compared to control and myc-SALM2/4 (Fig. 7D). Increases in mean process length were not
statistically significant (Fig 7C), as was also seen for both SALM2 and SALM4 (Fig 2).

These results suggest that both the N and C termini play a role in neurite outgrowth. The most
prominent result was that SALM4/2 chimera showed a significant increase in the number of
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processes, similar to that of SALM4, suggesting that the N-terminus plays a role in outgrowth.
Total outgrowth was increased for both chimeras, which is similar to results seen with the over-
expression of SALM2 and SALM4, as both increase outgrowth. However, SALM2ΔPDZ over-
expression did not increase outgrowth (Fig 6), and the SALM2/4 chimera also lacks the PDZ-
BD found in SALM2. This result may suggest that the SALM4 C-terminus contains another
domain with a function similar to that of the PDZ-BD. On the other hand, while both SALM2
and SALM4 increased branching, only the SALM4/2 chimera increased branching. This
supports our finding that the PDZ-BD of SALM2 is required for branching. Therefore, the
mechanism of SALM-mediated outgrowth may involve an intricate interplay between multiple
functional regions on each individual molecule, including the N-terminal domains, the C-
terminus (including the PDZ-binding domains for SALMs 1–3), and conserved regions
common to the various SALMs.

Discussion
Here we show that all five SALMs promote neurite outgrowth when over-expressed in young
primary hippocampal cultures, with various phenotypes. Application of antibodies directed to
the extracellular domain, or knockdown of endogenous SALMs using RNAi in hippocampal
cultures, inhibits neurite outgrowth. The nature of the phenotype from over-expression is
determined largely by the extracellular domain, although the PDZ-BD is required for most
aspects of neurite outgrowth of SALMs 1–3. SALMs 4 and 5, which lack the PDZ-BD, also
effectively promote neurite outgrowth, suggesting that their intracellular C-termini either
function somewhat differently from SALMs 1–3 or that they have alternative interacting
mechanisms to substitute for the PDZ interaction.

The extracellular domain structure of the SALMs is homologous with that of a variety of related
proteins that regulate neurite outgrowth, including AMIGO, NGL, LINGO, FLRT, NLRR, and
PAL protein families (Chen et al., 2006). Similar to the SALMs, these proteins contain
extracellular LRRs and variations in the presence and number of Ig-like and FN3 domains.
Like SALMs, the AMIGO family members contain six LRRs and promote neurite outgrowth
in hippocampal neurons via their extracellular region (Kuja-Panula et al., 2003). In contrast,
LINGO proteins contain twelve LRRs and negatively regulate neurite outgrowth and
regeneration in brain and spinal cord by enhancing myelin-mediated inhibition and
participating in the Nogo/OMgp/MAG-NgR signaling pathway (Mi et al., 2004). Therefore,
the SALMs join a list of proteins with a general domain structure (X number of LRR +/− IgC2
+/− FN3) that regulate neurite outgrowth. However, the nature of the outgrowth is variable,
likely reflecting specific combinations of the protein-interaction domains, interactions with
extracellular binding partners, and intracellular signaling mechanisms.

The extracellular N-termini of SALMs are involved in neurite outgrowth
Several factors could play a role in the differential effects of SALM over-expression on neurite
outgrowth. For example, a different distribution of the SALMs within the neuron may lead to
selective outgrowth of axons or dendrites. To address this question, we expressed epitope-
tagged constructs, and found that all five SALMs are distributed throughout the neuron,
including in the growth cone. These results indicate that distribution alone is unlikely to be
responsible for the different effects of the individual SALMs.

Alternatively, the differential outgrowth effects of the SALMs could be due to the different
properties of interactions with other proteins through their extracellular domains. Our results
with the SALM2 and SALM4 chimeras show that the N-terminal regions of SALMs play a
major role in regulating neurite outgrowth. This is not unexpected since the extracellular
regions of related proteins, such as AMIGO (Kuja-Panula et al., 2003), have been shown to
mediate neurite outgrowth. While the N-termini are highly conserved among the SALMs, there
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are regions of high variability. Additionally, sequence analysis reveals that there is a potential
N-linked glycosylation site in the first LRR region of SALMs 1–3, but not SALMs 4 and 5
(data not shown). Glycosylation is a highly regulated post-translational modification which
influences a wide variety of functional consequences including cell adhesion, signal
transduction, and the trafficking of proteins to the cell surface (for review, see Scheiffele and
Fullekrug, 2000).

Our findings showing that the N-termini play a role in neurite outgrowth suggest that the N-
termini of individual SALMs may interact with different binding partners or with the same
binding partners, but with different affinities. The mechanisms by which the SALMs may
interact or signal through extracellular domains has not been extensively studied. However,
Seabold et al. (2008) recently reported that certain SALMs form trans associations in
heterologous cells. SALMs 4 and 5 form homomeric, but not heteromeric, trans associations.
Therefore, these interactions may play a role in determining SALM 4 and 5 neurite outgrowth
phenotypes. Multiple mechanisms remain to be investigated for the SALMs. In addition to
direct interactions through extracellular domains of molecules on the cell surface, secreted and
cleaved fragments of adhesion molecules can function in neurite outgrowth. For example,
NCAM is proteolytically cleaved by the metalloproteases TACE, and the inhibition of this
cleavage inhibits NCAM-mediated neurite outgrowth (Kalus et al., 2006). A similar
mechanism may be in play for the SALMs.

SALM-mediated neurite outgrowth involves PDZ domain interactions
A distinguishing feature of the SALMs is the presence of a PDZ-BD at the C-terminus of
SALMs 1–3. PDZ interactions mediate a variety of essential processes in the CNS, including
the clustering and trafficking of ion channels and facilitation of signaling at the synapse (El-
Husseini et al., 2000; Kim and Sheng, 2004). PDZ proteins are also involved in neurite
outgrowth (Charych et al., 2006; Hoogenraad et al., 2005). GRIP1, an AMPA receptor-
associated multi-PDZ domain protein, mediates dendritic formation and outgrowth by
regulating EphB receptor trafficking (Hoogenraad et al., 2005). Firestein and colleagues have
shown that PSD-95 regulates dendritic branching in an activity-independent manner (Charych
et al., 2006). Overexpression of PSD-95 decreases dendritic branching in immature neurons,
while knocking down PSD-95 increases it (Charych et al., 2006). Previous studies (Ko et al.,
2006; Wang et al., 2006) showed that SALMs 1 and 2 interact with PSD-95 and other MAGUKs
(membrane associated guanylate kinases), and that this interaction is required to recruit PSD-95
to presumed synaptic locations. Therefore, it is possible that interactions between SALMs and
MAGUKs may be important for the proper regulation of early neuronal development. Our
results show that the PDZ-BDs (in SALMs 1–3) and the N-termini of the SALMs are involved
in neurite outgrowth. Other adhesion molecules mediate outgrowth-related mechanisms
through PDZ interactions. NrCAM (an L1-CAM) binds to MAGUKs and this association
regulates trafficking to the membrane (Davey et al., 2005; Dirks et al., 2006). Neuroligin-1
(NGL) contains LRR and Ig-like regions and also has been implicated in regulating neurite
outgrowth (Grifman et al., 1998). The synaptic localization of NLG is mediated by PDZ-
interactions (Irie et al., 1997), and NLG regulates the balance of excitatory and inhibitory
synaptic contacts through interactions with the third PDZ domain of PSD-95 (Song et al.,
1999). Previous studies (Ko et al., 2006; Wang et al., 2006) showed that SALMs 1 and 2 interact
with members of the MAGUKs and that this interaction is required to recruit PSD-95 to
presumed synaptic locations.

The PDZ-BD has significantly different roles in trafficking of the individual SALMs; in
heterologous cells and neurons, SALM1ΔPDZ is excluded from the cell surface (Wang et al.,
2006). SALM2ΔPDZ, however, is expressed on the cell surface throughout the neuron (data
not shown). The requirement of the PDZ-BD for normal function of SALMs 1–3 suggests that
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either the PDZ interaction is required for the clustering of the SALM molecule, or that the PDZ
protein is required to organize the SALM C-termini with other molecules associated with
signaling. The slight, but not statistically significant, increase in total outgrowth of SALMs 1–
3-ΔPDZ, would be consistent with the interpretation that the PDZ interaction is required for
efficient coupling to intracellular signaling cascades; without it, only a minor effect remained,
likely due to random associations. Therefore, SALMs may mediate neurite outgrowth through
PDZ-mediated second messenger signaling cascades, which are disrupted in these mutant
constructs. Among these, MAPK cascades and FGFR cascades at growth cones have been
characterized in mediating neurite outgrowth in response to stimuli from CAMs such as L1,
N-cadherin, and NCAM (Doherty et al., 2000). SALMs 4 and 5 do not contain PDZ-BDs, but
over-expression still effectively promotes neurite outgrowth. A likely explanation is that they
contain another motif(s) in their C-termini that substitute for the PDZ-BD, but these remain to
be identified.

Dual functions for SALMs
The results of the present study, which indicate that all SALMs can enhance neurite outgrowth,
agrees with previous studies showing that SALM1 helps recruit proteins to the synapse (Wang
et al., 2006) and that SALM2 plays a role in determining the number of excitatory synapses
(Ko et al., 2006). Together these studies suggest that SALMs participate in at least two
functions, neurite outgrowth and synapse formation. Although not yet demonstrated
functionally, their presence in mature synapses suggests a role in synapse maintenance in
adults. This dual role is not without precedent among adhesion molecules, as the cadherins are
critical to the development of the CNS and have roles in neurite outgrowth and synapse
formation (for review, see Redies, 2000). N-cadherin mediates calcium-dependent cell
adhesion and has been demonstrated to promote neurite outgrowth through various methods
including over-expression studies (Matsunaga et al., 1988), function-blocking antibodies
(Bixby et al., 1987), and as substrates for neuronal culture (Bixby and Zhang, 1990). N-
cadherins also localize to growth cones, and mediate growth cone migration (Letourneau et
al., 1990). In mature neurons, N-cadherins are components of NMDA receptor complexes
(Husi et al., 2000), and function in synaptic plasticity and long term potentiation (LTP) (Tang
et al., 1998), and in the formation and maintenance of synapses (Fannon and Colman, 1996).
L1-CAMs also are involved in various mechanisms during development including, neurite
outgrowth, growth cone motility, and axonal fasciculation (Hortsch, 2000; Kamiguchi and
Lemmon, 1997, 1998). L1-CAMs mediate neurite outgrowth in developing neurons through
direct interactions with ankrynB (Nishimura et al., 2003), and via MAP kinase signaling
(Whittard et al., 2006). L1-CAMs are also important in LTP, synapse alignment, and synapse
formation (Godenschwege et al., 2006; Triana-Baltzer et al., 2006). This suggests that some
of the processes involved in synapse formation and neurite outgrowth are shared, but raises
questions about how these two processes are differentially regulated. For example, what
determines the proportions of SALMs dedicated to synapse formation compared to neurite
outgrowth, or what developmental change signals the switch in functions. We initially
hypothesized that the PDZ interaction would not be relevant to neurite outgrowth, but our
results showed that the PDZ-BD is required for neurite outgrowth. Therefore, the PDZ-BD
cannot be used to differentiate between the two processes, unless different PDZ interactions
regulate outgrowth earlier in development, while others regulate synapse formation.

Experimental Methods
Antibodies

Anti-Myc monoclonal (hybridoma purchased from ATCC, Manassas, VA, clone #9E10) and
anti-hemagglutinin (HA) monoclonal (Covance, Denver, PA, clone #16B12) primary
antibodies were used at a 1:1000 dilution. Anti-GFP polyclonal (Chemicon, Billerica,
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Massachusetts) was used at 1:2000. SALM antisera were produced in rabbits (Covance) as
described in Seabold et al. (2008). Briefly, for detection of transfected SALM3, polyclonal
antibodies were generated using a peptide directed to the C-terminus of SALM3, (amino acids
621–636: [NH2]-CRGVGGSAERLEESVV-[COOH]). For detection of transfected
SALM3ΔPDZ, polyclonal antibodies were generated using a peptide directed to the N-terminus
of SALM3 (amino acids 377–389: [NH2]-TSAEGGRPGPSDI-[COOH]. For function-
blocking antibody experiments, an antibody that recognizes the LRR regions of the SALMs
was generated by expressing the SALM2 LRR region (residues 38–297) as a glutathione S-
transferase (GST) fusion protein, and produced in rabbits (Covance).

cDNA constructs
Cloning and epitope-tagging of SALM cDNA constructs was conducted as previously
described (Seabold et al., 2008; Wang et al., 2006). The Myc tag was inserted into the sequence
of SALM1 before residue 21, the SALM2 Myc tag was inserted before residue 33, the SALM4
Myc tag was inserted before residue 24, and the SALM5 HA-tag was inserted before residue
18. Non-tagged SALM3 cDNA was utilized in our experiments due to difficulties in detecting
epitope-tagged SALM3 through immunocytochemistry.

To generate SALM2 and SALM3 constructs lacking the PDZ-BD, stop codons were introduced
by site-directed mutagenesis (Stratagene, La Jolla, CA) at W759 for SALM2(Δ7) and E633
for SALM3(Δ7). The GFP construct (pEGFP-N2) was purchased from Clontech. Chimeras of
SALM2 and SALM4 were made by creating a BamHI site after the transmembrane domain of
SALM2 and SALM4. A single amino acid was changed in the HA-SALM2 (D574S) and the
Myc-SALM4 (G566S) constructs for subcloning purposes. The C-terminal region of each
construct was then excised and exchanged by utilizing the BamHI and EcoRI sites from the
multiple cloning site in the pcDNA3.1+ vector.

Primary hippocampal cultures and transfections
Primary hippocampal neuronal cultures were prepared as previously described (Sans et al.,
2005; Wang et al., 2006). Briefly, embryonic day 18 (E18) hippocampi from Sprague-Dawley
rats (Harlan, Indianapolis, IN) were dissected and dissociated with trypsin EDTA (Invitrogen,
Carlsbad, California). Neurons were plated onto poly-ornithine/ fibronectin-coated coverslips
in 2% fetal bovine serum/Neurobasal medium (Invitrogen) in six-well culture plates. Fifty
percent of the culture media was changed to Neurobasal media plus B27 (Invitrogen) 72 hours
after plating. All animal procedures were done in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (National Institutes of Health
publication 85–23) under National Institute on Deafness and Other Communication Disorders
protocol 1167-07. Transfections of DIV4 hippocampal cultures were performed using a
calcium phosphate method (Clontech, Mountain View, CA) with modifications. Briefly,
Neurobasal/B27 culture medium was replaced with 5 ml DMEM one hour prior to transfection.
One to five micrograms of cDNA was mixed with 2 M calcium solution, and added to the same
volume of 2X Hepes buffered saline. The plasmid cDNA/calcium solution was incubated for
20 min at room temperature, and then applied to the neurons for 20 min. Neurons were washed
twice with DMEM and cultured in the original Neurobasal/B27 medium at 37°C, 5% CO2.
Control cells were co-transfected with empty vector (pcDNA 3.1+) and GFP (Green
Fluorescent Protein construct) in each experimental group. Forty-eight hours after transfection
(DIV6), neurons were fixed and processed for immunostaining. For neurite outgrowth
experiments using RNAi plasmids, neurons were transfected at DIV2 and fixed for
immunocytochemistry at DIV6 to allow sufficient time for knockdown of endogenous proteins.
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Immunocytochemistry
Immunocytochemistry was performed as previously described (Sans et al., 2005). Neurons
were fixed with 4% paraformaldehyde (PFA), washed with phosphate buffered saline (PBS)
and permeabilized with 0.25% Triton-X/PBS. Neurons were then blocked with 10% normal
goat serum (NGS)/PBS/0.1% Triton X-100 for one hour, and then incubated with primary
antibodies at room temperature in 3% NGS/PBS/0.1% Triton X-100 for one hour. Neurons
were washed and incubated with AlexaFluor 488 or 555 secondary antibodies (Molecular
Probes, Carlsbad, California) for 30 minutes, washed and mounted on slides using Prolong
Antifade Gold (Invitrogen). For surface staining experiments, live neurons were incubated with
primary antibodies for 30 minutes at 4 °C, fixed with 4% PFA for 20 minutes, blocked with
10% NGS/PBS, and incubated with secondary antibodies for 30 minutes.

RNAi constructs
RNAi constructs were designed and synthesized using the Invitrogen miR RNAi custom
synthesis service. Double-stranded oligos were synthesized and inserted into pcDNA6.2GW/
EmGFP-miR vector, which utilizes an shRNA designed to have an RNAi effect in the context
of micro RNA (miRNA) expression. The sequence region targeted for RNAi in SALM1 was
5’-TGC TGT ACT GAA GTC CAT CAA CTC ATG TTT TGG CCA CTG ACT GAC ATG
AGT TGG GAC TTC AGTA. The sequence region targeted for SALM2 was 5’-TGC TGA
GAA ATA GCG GTC AGT GAG ATG TTT TGG CCA CTG ACT GAC ATC TCA CTC
CGC TAT TTCT. The sequence region targeted for SALM3 was 5’-TGC TGA AGA GTT
GCC AAC CAG CCT GTG TTT TGG CCA CTG ACT GAC ACA GGC TGT GGC AAC
TCTT. The sequence region targeted for SALM4 was 5’-TGC TGA AAT GCA GCA GGC
CTG TCA TGG TTT TGG CCA CTG ACT GAC CAT GAC AGC TGC TGC ATTT, and the
region targeted for SALM5 was 5’-TGC TGA AAT CTG ACA GAC ACA ACG CTG TTT
TGG CCA CTG ACT GAC AGC GTT GTC TGT CAG ATTT. Control cells were transfected
with RNAi plasmids containing an insert predicted to not target any known human, mouse, or
rat gene (pcDNA 6.2-GW/EmGFP–miR-neg2): TGC TGT ATT GCG TCT GTA CAC TCA
CCG TTT TGG CCA CTG ACT GAC GGT GAG TGC AGA CGC AATA.

Image acquisition and neurite outgrowth analysis
Images were taken using a Nikon E1000M microscope equipped with a CCD camera using a
Plan Fluor 20x (0.5 NA) dry or Plan Apo 60x (1.4 NA) oil-immersion objective. For neurite
outgrowth experiments, only transfected neurons without overlapping neurites from adjacent
GFP-transfected cells were selected for analysis. All experiments were performed in triplicate.
Partial images were systematically acquired for sections of each cell using the 20x objective
until the entire cell was imaged. Partial images were digitally overlaid into a single composite
image using Adobe Photoshop 7.0 (Adobe, San Jose, CA). Reconstructed images exhibiting
the cell in its entirety were analyzed using Metamorph Neurite Outgrowth Module v7.0r3
(Molecular Devices, Sunnyvale, CA). If visual inspection of the resulting trace was incorrect,
settings for each cell were individually adjusted until the resulting trace accurately represented
that of the neuron. For SALM2 axonal measurements, dendrites were identified by MAP2
immunostaining and through morphological criteria. As described in Kaech and Banker
(2006): dendrites were identified as processes that emerged gradually from the cell body,
tapered with distance, had a radial orientation, and had a length of 200–300 µm. Axons were
identified as processes that were are thinner at their origin, exhibited less taper, often turned
at 90 degree angles, and extended over millimeters. Dendrites from reconstructed images were
digitally severed from the cell body using Adobe Photoshop 7.0, and the resulting images were
analyzed using Metamorph. Statistical analysis was performed using GraphPad Prism 4.0
(GraphPad Software Inc., San Diego, CA). Statistical significance between two groups were
determined with a two-tailed, paired Student's t-test, while significance among multiple groups
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was determined with an analysis of variance (ANOVA), followed by the post-hoc Newman-
Keuls multiple-comparison test. Differences were considered significant at p < 0.05. All values
are reported as mean ± SEM. For signal intensity studies, images were taken at consistent
exposure times and contrast values, and imported to Metamorph for analysis of pixel intensity
of transfected and non-transfected cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Localization and morphological characteristics of transfected SALM proteins
DIV4 primary hippocampal cultures were co-transfected with SALM and GFP cDNAs.
Neurons co-transfected with pcDNA3.1+ (empty vector) and GFP were used for control.
Immunostaining was performed 48 hours later and the SALM localization and cell morphology
were examined. Transfected SALMs localize throughout the cell body, axons, and dendrites.
Representative examples of neurons transfected with SALMs 1–5 are shown in A–E,
respectively. Scale bars, 20 µm. Transfected SALMs are enriched at growth cones (A–E, fourth
column). Scale bars, 10 µm. Transfected SALM4 and SALM5, which do not contain PDZ-
BDs, often exhibit distinct phenotypes as compared to SALMs 1–3. D, Myc-SALM4-
transfected cells show a large increase in the number of short primary processes (arrows). HA-
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SALM5-transfected cells often display an increase in the number of primary processes
crossing/overlapping with each other. E, Transfected SALM5 accumulates at these crossing
points (arrows). Representative examples of GFP and pcDNA3.1+ co-transfected (control) cell
body and growth cone morphology are shown in F.
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Fig. 2. SALMs promote neurite outgrowth
DIV4 primary hippocampal neurons were co-transfected with GFP and myc-SALM1, myc-
SALM2, SALM3, myc-SALM4, HA-SALM5, or pcDNA 3.1+ vector (control).
Immunostaining was performed 48 hours later, and neurite outgrowth was analyzed using
Metamorph Neurite Outgrowth software (v7.0r3). Analysis was based on the transfected GFP
signal. A, Representative examples of transfected neurons. B, Quantifications of neurite
outgrowth: all five SALMs promote increases in total outgrowth, as compared to control, but
do not promote increases in mean process length (C). The mean process length of myc-SALM4-
transfected neurons is less than that of neurons transfected with myc-SALM1, SALM3, and
HA-SALM5. D, All five SALMs promote increases in the number of branches, as compared
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to control. Additionally, myc-SALM4 promotes increases number of branches as compared to
the other SALMs. E, Myc-SALM2 promotes increases in the number of processes, as compared
to control, myc-SALM1, and HA-SALM5. Myc-SALM4 promotes increases in processes as
compared to myc-SALM1, myc-SALM2, SALM3, HA-SALM5 (dotted lines) and control
(n=15–17, values shown are mean +/− SEM, and analyzed by one-way ANOVA, * represents
significance with respect to control, # represents significance with respect to other conditions,
p<0.05). Scale bar, 100 µm.
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Fig. 3. SALM2 promotes axonal outgrowth
DIV4 primary hippocampal neurons were co-transfected with GFP and myc-SALM2 or
pcDNA 3.1+ empty vector (control). Representative examples of control and myc-SALM2
transfected cells used for analysis are shown in A and B, respectively. Axons and dendrites
were identified by morphological criteria and the dendritic marker MAP2 (A and B, left).
Dendrites were digitally separated from the cell body, and the resulting axon-only images were
analyzed for neurite outgrowth (A and B, right). Scale bars for composite images and insets
100 µm and 50 µm, respectively. Myc-SALM2 promotes an increase in total axonal outgrowth
(C), number of axonal branches (E), and number of axons (F), as compared to controls. D,
Myc-SALM2 does not promote increases in mean axon length (n=7, values shown are mean
+/− SEM, and analyzed by unpaired students t-test, *p<0.05).
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Fig. 4. Application of antibodies directed to the extracellular LRR region of SALMs inhibits neurite
outgrowth
DIV4 primary hippocampal neurons were transfected with GFP and treated by bath application
with antibodies directed to the LRR region of SALM2 (anti-LRR) or to the C-terminus of
SALM4 (anti-S4CT), as control. Immunostaining was performed 48 hours later, and neurite
outgrowth was analyzed using Metamorph. A, Representative examples of transfected/treated
neurons. Neurons treated with anti-LRR showed a significant decrease in total outgrowth (B),
mean process length (C) and number of branches (D), as compared to the control condition.
Anti-LRR treatment did not have an effect on the number of processes (E). (n=15, values shown
are mean +/− SEM, and analyzed by unpaired students t-test, *p<0.05. Scale bar, 100 µm.)
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Fig. 5. RNAi knock-down of SALM expression reduces neurite outgrowth
Individual RNAi plasmid constructs were designed and generated for SALMs 1–5 (Invitrogen
custom services). To knockdown the expression of endogenous SALM proteins, DIV2 neurons
were quintuple transfected with SALMs 1–5 RNAi constructs (SALM12345 RNAi), and
analyzed four days later (DIV6). A, Representative examples of transfected cells. GFP-positive
RNAi-transfected cells showed a significant decrease in total outgrowth and mean process
length (B and C, respectively). The number of branches and processes were not significantly
different, compared to control (D and E, respectively). (n=10, values shown are mean +/− SEM,
and analyzed by unpaired students t-test, *p<0.05. Scale bar, 100 µm.)
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Fig. 6. Neurite outgrowth is mediated by the PDZ domains of SALMs
Primary hippocampal neurons (DIV4) were co-transfected with GFP and myc-SALM1ΔPDZ,
myc-SALM2ΔPDZ, SALM3ΔPDZ, or pcDNA 3.1+ vector (control). Immunostaining was
performed 48 hours later, and neurite outgrowth was analyzed using Metamorph. A,
Representative examples of transfected neurons. Transfection of myc-SALM1ΔPDZ, myc-
SALM2ΔPDZ, or SALM3ΔPDZ do not promote increases in total outgrowth (B), mean process
length (C), number of branches (D), or the number of processes (E). (n=10, values shown are
mean +/− SEM, and analyzed by one-way ANOVA, *p<0.05. Scale bar, 100 µm.)
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Fig. 7. Neurite outgrowth phenotype is determined by both the N-and C-termini of SALMs
We generated SALM2/SALM4 chimera constructs in which the N-termini and C-termini of
SALM2 and SALM4 were switched. Myc-SALM2/4 contains the N-terminus of SALM2 and
the C-terminus of SALM4, while HA-SALM4/2 contains the N-terminus of SALM4 and the
C-terminus of SALM2. Chimera constructs were individually co-transfected with GFP at DIV4
and analyzed 48 hours later. A, Representative examples of pcDNA3.1+ (control) and chimera-
transfected cells. Both Myc-SALM2/4 and HA-SALM4/2 exhibited increases in total
outgrowth (B), but not mean process length (C), as compared to control. HA-SALM4/2
promoted increases in number of branches (D) and process number (E), as compared to both
control and Myc-SALM2/4. The HA-SALM4/2-mediated increase in process number is similar
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in phenotype to the increase seen with SALM4, indicating that the N-terminus of SALM4
confers this property (n=10, values shown are mean +/− SEM, and analyzed by one-way
ANOVA, * represents significance with respect to control, # represents significance with
respect to other conditions, p<0.05. Scale bar, 100 µm).
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