
IL1-receptor accessory protein-like 1 (IL1RAPL1), a
protein involved in cognitive functions, regulates
N-type Ca2�-channel and neurite elongation
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Null mutations in the IL1-receptor accessory protein-like 1 gene
(IL1RAPL1) are responsible for an inherited X-linked form of cog-
nitive impairment. IL1RAPL1 protein physically interacts with neu-
ronal calcium sensor-1 (NCS-1), but the functional impact of the
IL1RAPL1/NCS-1 interaction remains unknown. Here, we demon-
strate that stable expression of IL1RAPL1 in PC12 cells induces a
specific silencing of N-type voltage-gated calcium channels (N-
VGCC) activity that explains a secretion deficit observed in these
IL1RAPL1 cells. Importantly, this modulation of VGCC activity is
mediated by NCS-1. Indeed, a specific loss-of-function of N-VGCC
was observed in PC12 cells overexpressing NCS-1, and a total
recovery of N-VGCC activity was obtained by a down-regulation of
NCS-1 in IL1RAPL1 cells. The functional relevance of the interaction
between IL1RAPL1 and NCS-1 was also suggested by the reduction
of neurite elongation observed in nerve growth factor (NGF)-
treated IL1RAPL1 cells, a phenotype rescued by NCS-1 inactivation.
Because both proteins are highly expressed in neurons, these
results suggest that IL1RAPL1-related mental retardation could
result from a disruption of N-VGCC and/or NCS-1-dependent syn-
aptic and neuronal activities.

PC12 cells � neuronal calcium sensor-1 � X-linked mental retardation �
exocytosis

Cognitive impairment or mental retardation (MR) affects
�2% of the population, leading to moderate (IQ �70) up to

severe (IQ �50) handicap. The underlying causes are extremely
heterogeneous, including genetic causes, many of which are
X-linked (XLMR) (1, 2). Null mutations in the IL1-receptor
accessory protein-like 1 gene (IL1RAPL1) [National Center for
Biotechnology Information (NCBI) accession no. NM�014271.2]
have been involved in a nonsyndromic form of XLMR (3).
IL1RAPL1 and the closely related protein IL1RAPL2 (NCBI
accession no. NM�017416) belong to a previously unrecognized
class of the interleukin-1/toll receptor family characterized by
the presence of a 150-aa C terminus domain with unknown
function (3, 4). IL1RAPL1 and IL1RAPL2 have specific, but not
redundant, temporal and spatial expression pattern in the brain,
Il1rapl1, the mouse homologue of IL1RAPL1, being specifically
expressed in adult brain structures that are known to be involved
in the hippocampal memory system (3).

Most of physiological and biological properties of IL1RAPL
proteins remain largely unknown. Recent studies have demon-
strated that expression of IL1RAPL1 in PC12 cells leads to a
profound inhibition of ATP-induced growth hormone (GH)
release (4). The underlying cellular pathways remain to be
elucidated; however, IL1RAPL1 has been shown to interact by
way of its 150-aa C-terminal domain with the neuronal calcium

sensor-1 protein (NCS-1), a protein widely expressed in neurons
(5) and the related chromaffin and PC12 cells (6).

NCS-1 belongs to a large Ca2�-binding protein family (7)
implicated in the regulation of Ca2�-dependent exocytosis (6)
through its activation of PI4 kinase and PIP2 formation (8–10).
Moreover, NCS-1 modulates Ca2� channels trafficking and
activity in various cellular models (11, 12) and has effects on
synaptic transmission by way of activity-dependent facilitation of
P/Q-type calcium currents at presynaptic nerve terminals (13).
Finally, at the behavioral level, NCS-1 appears also to be
involved in associative learning and memory (14).

Here, we focus on IL1RAPL1 functions by studying the
physiological impact of IL1RAPL1/NCS-1 interaction in PC12
cells, a well known model of both nerve growth factor (NGF)-
induced neuronal differentiation and Ca2�-dependent exocyto-
sis. We show that expression of IL1RAPL1 in PC12 cells, which
do not normally express the IL1RAPL1 protein, mediates,
through IL1RAPL1/NSC-1 interaction, a down-regulation of
N-type voltage-gated calcium channel (N-VGCC) activity and
has an impact on NGF-induced neurite outgrowth. With regard
to the well established role of N-VGCC in neurotransmission
and of neurite outgrowth in synaptogenesis and neuronal net-
work building-up, we propose that a misbalance of NCS-1
functions may be the initial defect causing the nonsyndromic
form of X-linked MR (XLMR) linked to the absence of
IL1RAPL1.

Results
IL1RAPL1 Induces a Specific Reduction in Amplitude of High-Voltage
Activated (HVA) Ca2� Currents in PC12 Cells. IL1RAPL1 has been
shown to physically interact with NCS-1, a regulator of VGCC
activity (4, 11). To test whether IL1RAPL1 controls Ca2�

channels, we analyzed the Ca2� currents in PC12 cell lines
lacking (SHAM cells) or stably expressing IL1RAPL1
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(IL1RAPL1 cells, Fig. 1B, see also Materials and Methods). We
used the whole-cell patch-clamp technique under the voltage-
clamp mode and appropriate experimental conditions to prevent
K� and Na� currents (see Materials and Methods).

Upon depolarization, naı̈ve PC12 cells elicited inward Ca2�

currents (Fig. 1 A) as indicated by (i) the reversal of the I/V curve
at approximately �70 mV (Fig. 1 A) and (ii) the blockade of the
currents by the Ca2� channel blocker Cd2� (200 �M) [supporting
information (SI) Fig. 8A]. According to previous studies (15–
17), we found that the whole-cell Ca2� currents in naı̈ve cells

were comprised of low-voltage activated (LVA) and high voltage
activated (HVA) conductances (Fig. 1 A). Despite a 5-fold
variation in the cell size (from �3 to �15 pF), mean LVA and
HVA currents densities were similar in small (capacitance �3.5
pF) and large (capacitance �15 pF) cells , indicating that PC12
cells may be considered as a homogeneous population (data not
shown).

We then characterized the Ca2� currents in IL1RAPL1 cells
(Fig. 1B1 Right) or SHAM cells (empty vector, Fig. 1B1 Left) and
found that HVA current densities were significantly depressed in
IL1RAPL1 cells (Fig. 1B2). The LVA current densities remained
unaffected as indicated by the lack of significant difference in
Ca2� currents obtained at negative potentials (Fig. 1B2 and SI
Fig. 9). These effects were independent of the cell size (data not
shown).

Expression of IL1RAPL1 in PC12 Cells Abolishes N-type Ca2� Current.
HVA Ca2� currents comprise N-, P/Q-, L-, and R-type VGCCs
that differ in their �1 subunit (18). Pharmacological dissection
of N-, P/Q-, and L-type Ca2� channels by using specific antag-
onists such as �-conotoxin GVIA (1 �M), agatoxin-TK (200
nM), or nimodipine (20 �M) allowed us to determine that, in the
naı̈ve PC12 cells used here, the N-type Ca2� channels contribute
�45% of the whole-cell HVA currents (Fig. 2 A Left and B Left),
whereas the contribution of P/Q- and L-type Ca2� channels was
only �10–15% each (SI Fig. 8 B and C). This result was strikingly
different in the IL1RAPL1 cells: Whole-cell Ca2� current was
not sensitive to 1 �M �-conotoxin GVIA application (Fig. 2 A
Right and B Right), pinpointing an almost complete lack of
N-type Ca2� current. The introduction of an empty plasmid
(SHAM cells) had no effect on N-type current (Fig. 2 A Center
and B Center). Thus, the large reduction in HVA currents in
IL1RAPL1 cells results from an absence of N-VGCC activity.

Fig. 1. HVA Ca2� currents of reduced amplitude at IL1RAPL1-expressing
PC12 cells. (A) Whole-cell Ca2� current in naı̈ve cells. Typical Ca2� currents
(lower traces) recorded in PC12 cells and I/V curve are presented. Note the
presence of LVA and HVA currents. (Scale bars: 50 pA and 25 msec.) (B1)
Whole-cell average Ca2�-current densities in SHAM (black line) and IL1RAPL1
(blue lines) PC12 cells. (Top) Western blot denoting the presence of IL1RAPL1
protein (�83-kDa) in stably transfected PC12 cells (arrow) but not in SHAM
cells. Ca2� current traces induced by depolarization (Middle) from �90 mV to
�70 mV by 15-mV, 30-ms steps (Bottom Right). (Scale bars: 1 pA/pF and 5
msec.) (B2) The corresponding I/V curves. Note the reduced amplitude of the
HVA (at �35 mV, Left Lower) but not LVA (at �10 mV, Left Upper) current
densities in IL1RAPL1 cells (blue traces). *, P � 0.05; ***, P � 0.001. (Scale bars:
2 pA/pF and 8 msec.)

Fig. 2. Expression of IL1RAPL1 in PC12 cells abolishes N-type Ca2� current. (A)
Same presentation as in Fig. 1B1. Average traces obtained at �35 mV (Inset)
from naı̈ve, SHAM, and IL1RAPL1 cells are shown. Cell numbers are indicated
above the traces. Black traces indicate Ca2� currents under control conditions;
red traces indicate Ca2� currents in the presence of 1 �M �-conotoxin GVIA.
(Scale bars: 2 pA/pF and 8 msec.) (B) Mean plateau-current amplitude (20- to
30-msec time-window) recorded at �35 mV in the same cells as in A. ***, P �
0.001. ns, not significant. The N-type contribution to the HVA current (gray
bars) was obtained by subtracting GVIA currents from those in control
condition.
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N-Type Current Is Depressed in PC12 Overexpressing NCS-1. In many
cells, including chromaffin cells, NCS-1 positively (13, 19) or
negatively (20) modulates Ca2� channel activities. Yet, this
possibility has not been examined in PC12 cells. To analyze the
effect of down- and overexpressing NCS-1 on VGCC activities,
naı̈ve PC12 cells were respectively transfected with plasmids,
allowing the expression of both NCS-1 small interfering RNA
(siRNA) and GFP (siNCS-1�GFP) or yellow fluorescent pro-
tein (YFP)-tagged NCS-1 protein (NCS-1/YFP). The efficacy of
these constructs in controlling expression levels of NCS-1 was
assessed by Western blot analysis (Fig. 3A and data not shown).
Neither GFP nor YFP expression alone altered HVA Ca2�

currents in PC12 cells (naı̈ve, 6.1 � 0.3 pA/pF; YFP or GFP,
6.5 � 0.6 pA/pF; P � 0.05, Figs. 2B and 3 B1 Left and B2 Left).
Similar HVA current densities were found in cells submitted to
NCS-1 silencing (siNCS-1�GFP, Fig. 3 B1 Right and B2 Right),
whereas cells overexpressing NCS-1 exhibited HVA Ca2� cur-
rents of reduced amplitude (NCS-1/YFP, Fig. 3 B1 Center and B2
Center) and no alterations of LVA Ca2� current (SI Fig. 9). To
determine whether this latter effect results from lack of N-
VGCC, we examined the action of 1 �M �-conotoxin GVIA on
HVA current densities. �-Conotoxin GVIA efficiently reduced
HVA current densities in the YFP/GFP and siNCS-1�GFP cells
(Fig. 3B) but failed to inhibit HVA currents in the NCS-1
overexpressing cells (NCS-1/YFP, Fig. 3B). Therefore, these
latter cells appear to display no N-type current, with no modi-
fication of the other Ca2� currents (HVA currents in the
presence of �-conotoxin GVIA; YFP/GFP cells, 4.2 � 0.5
pA/pF; NCS-1/YFP, 4.2 � 0.5 pA/pF; siNCS-1�GFP, 4.0 � 0.7
pA/pF; P � 0.05 between all groups, Fig. 3B2). This situation is
similar to the one found in IL1RAPL1 cells.

NCS-1 Is Required for IL1RAPL1-Dependent Inhibition of N-Type Cur-
rent in PC12 Cells. The data suggested that NCS-1 could mediate
the negative regulation exerted by IL1RAPL1 on N-VGCC

activity. Therefore we assessed the N-type currents in
IL1RAPL1 cells after NCS-1 silencing. No difference was found
in HVA currents from control IL1RAPL1 cells (4.3 � 0.2
pA/pF) and IL1RAPL1 cells expressing GFP (4.6 � 0.6 pA/pF,
P � 0.05, Figs. 2 and 4), but the HVA currents recorded in
IL1RAPL1 cells transfected with the NCS-1 siRNA and GFP
constructs (siNCS-1�GFP, Fig. 4 A Right and B Right) were
significantly increased (Fig. 4). The resulting HVA currents were
similar to those measured in naı̈ve PC12 cells submitted to
NCS-1 silencing (i.e., transfected with siRNA NCS-1 construct;
naı̈ve siNCS-1�GFP, 7.0 � 1.1 pA/pF; IL1RAPL1 siNCS-
1�GFP, 7.1 � 0.9 pA/pF; P � 0.05, Figs. 3B and 4B). The
recovery of a high HVA current density was due to reappearance
of N-type Ca2� current in IL1RAPL1/siNCS-1�GFP cells:
Indeed, a significant �-conotoxin GVIA-sensitive component
was found in these cells, and this fraction could account for the
recovery of HVA currents (Fig. 4B Right). Because no modifi-
cations in NCS-1 expression at mRNA or protein levels were
present in IL1RAPL1 cells (SI Fig. 10 A and B), our findings
indicate that IL1RAPL1 controls indirectly the functionality of
N-VGCC by way of NCS-1.

IL1RAPL1’s Effect on Secretory Activity Is N-VGCC-Dependent. Given
the well established role of VGCC in secretion (21, 22), we
examined whether IL1RAPL1-induced loss of N-type Ca2�

current could explain the reduction of secretion capacity re-
ported in PC12 cells expressing IL1RAPL1 (4). Using the
classical GH-secretion assay (4, 8), we found that in SHAM cells,
evoked GH release was strongly reduced after application of
�-conotoxin GVIA (�59 � 1% compared with untreated cells,
P � 0.001, n � 2), indicating that Ca2� influx through N-type
Ca2� channels may participate in the triggering of exocytosis in
the PC12 cells in our conditions. Cells stably expressing
IL1RAPL1 exhibited a deficit in GH release (�49 � 6%
compared with untreated SHAM cells, P � 0.01, n � 2), but in
contrast to SHAM cells, there no significant effect of
�-conotoxin GVIA onto secretion from IL1RAPL1 cells
(�16 � 7% compared with untreated IL1RAPL1 cells, P � 0.05,
n � 2). Moreover, after incubation with �-conotoxin GVIA, the
levels of GH release from SHAM and IL1RAPL1 cells were
very similar (respectively, 41 � 1% and 43 � 4% from that of
control-untreated SHAM conditions, P � 0.05), suggesting that
the secretion deficit observed in IL1RAPL1 cells results mainly
from a lack of N-VGCC activity.

IL1RAPL1 Impairs NGF-Induced Differentiation in PC12 Cells. When
treated with NGF, PC12 cells adopt neuron-like features (23,
24), displaying an increase in cell size, neurite elongation, and the
insertion of Ca2� channels, mainly of the N-type, in the plasma
membrane (15, 25, 26). These effects have been shown to
partially depend on NCS-1 activity (27). We therefore assessed

Fig. 3. N-type current is depressed in PC12 overexpressing NCS-1. (A) PC12
cells were transfected with plasmids allowing expression of GFP or YFP (YFP/
GFP) or expression of YFP-tagged NCS-1 (NCS-1/YFP) or NCS-1 siRNA and GFP
(siNCS-1�GFP). (B1) Data presentation is identical as that in Fig. 2A. Cells
submitted to recording were identified by epifluorescence. (Scale bars: 2
pA/pF and 8 msec.) (B2) Presentation is the same as that in Fig. 2B.

Fig. 4. NCS-1 is needed for inhibition of N-type current by IL1RAPL1 in PC12
cells. (A) IL1RAPL1 PC12 cells transfected with plasmids allowing expression of
GFP alone (�GFP) or NCS-1 siRNA with GFP (siNCS-1�GFP). Data presentation
is similar to that in Fig. 2A. Recorded cells were identified by epifluorescence.
(Scale bars: 2 pA/pF and 8 msec.) (B) Same presentation as in Fig. 2B. *, P � 0.05.
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a possible impact of IL1RAPL1/NCS-1 interaction on these
NGF-induced effects.

Naı̈ve and SHAM PC12 cells were found to respond similarly
to NGF treatment, and data were therefore pooled in a single
‘‘naı̈ve/SHAM’’ group. After 8 days of NGF treatment, signif-
icant neurite outgrowth was observed (Fig. 5A), together with a
clearly marked increase in cell surface, as assessed by capaci-
tance measurements (from 8.9 � 0.1 pF to 15.9 � 0.9 pF, P �
0.001, n � 520 and 130 cells, respectively). Because not all cells
responded morphologically to NGF, we selected a subpopulation
of NGF-treated cells characterized by large surface area (ca-
pacitance �13 pF), and visible neurites. This cell group was
denoted as ‘‘NGF-differentiated’’ cells (‘‘diff’’ in Fig. 5). Other
cells were considered as ‘‘not differentiated’’ (‘‘no diff’’ in Fig.
5). On the basis of this distinction, we found that HVA (Fig. 5B),
but not LVA currents (data not shown), were significantly
increased in the naı̈ve/SHAM NGF-differentiated cells. NGF-
induced increases in HVA currents have been previously re-
ported in PC12 cells and attributed to an increase in N-VGCC
activity (15). Accordingly, application of �-conotoxin GVIA on
‘‘NGF-differentiated’’ cells lowered HVA current densities (Fig.
5B) to the level observed in ‘‘not differentiated’’ cells treated
with �-Conotoxin GVIA. This finding shows that massive
plasma membrane insertion/activation of N-VGCC occurs when
PC12 cells respond to NGF. This also raises the question of
whether this effect is affected by IL1RAPL1/NCS-1 interaction.

We observed that NGF had less impact on the morphology of
IL1RAPL1 cells: For example, the average neurite length was
significantly decreased as compared with NGF-treated naı̈ve/
SHAM cells (naı̈ve/SHAM�NGF, 20.5 � 0.6 �m;
IL1RAPL1�NGF, 13.2 � 0.2 �m; P � 0.001, Figs. 5A and 6A),
albeit still significantly higher than in control IL1RAPL1 cells
(control, 9.2 � 0.2 �m; P � 0.001 compared with �NGF, Fig.
6A). After NGF treatment, the mean number of neurites per
NGF-treated cell was found to be similar in stable IL1RAPL1

and naı̈ve/SHAM cell groups (data not shown), suggesting a
deficit in neurite elongation rather than in neurite formation in
the presence of IL1RAPL1. Correlating well with the reduced
neurite extension, we found that cell capacitance of NGF-treated
IL1RAPL1 cells was only slightly increased compared with
NGF-untreated cells (no NGF, 8.4 � 0.2 pF; NGF, 11.2 � 0.7 pF;
P � 0.05, n � 231 and 106, respectively) (Fig. 6A), limiting the
number of ‘‘differentiated’’ cells. In the few IL1RAPL1 NGF-
treated cells that appeared differentiated, HVA densities were
very similar to that of naı̈ve or ‘‘not-differentiated’’ IL1RAPL1
cells (HVA currents: IL1RAPL1, 4.3 � 0.2 pA/pF;
IL1RAPL1�NGF ‘‘no diff,’’ 4.4 � 0.4 pA/pF;
IL1RAPL1�NGF ‘‘diff,’’ 4.2 � 0.6 pA/pF; P � 0.05, Figs. 2B
and 6B). Finally, �-conotoxin GVIA had no significant effect on
the whole-cell Ca2� currents recorded in both ‘‘differentiated’’
and ‘‘not-differentiated’’ stable IL1RAPL1 cells (Fig. 6B) sug-
gesting that the effect on HVA currents rely on the same
mechanism as the one carried out by IL1RAPL1 in control
conditions.

Next, the involvement of NCS-1 in the reduced NGF-induced
morphological differentiation observed in IL1RAPL1 cells was
examined. After lowering the endogenous level of NCS-1 by
siRNA, neurite elongation in IL1RAPL1 cells was found to be
comparable to naı̈ve/SHAM cells (naı̈ve/SHAM, 20.5 � 0.6 �m;
IL1RAPL1/siNCS-1/GFP, 18.7 � 1.0 �m; P � 0.05, Fig. 5A and
7A), and significantly higher than in the adjacent nontransfected
IL1RAPL1 cells (8.6 � 0.2 �m; P � 0.001, Fig. 7A). Confirming
that the NGF effect was fully recovered in the absence of NCS-1,
large N-type Ca2� currents were recorded in IL1RAPL1/siNCS-
1�GFP/NGF-treated cells: indeed, HVA current densities in
‘‘differentiated’’ cells were comparable in these cells and in the
naı̈ve/SHAM cells (10.3 � 2.6 pA/pF and 10.0 � 0.9 pA/pF,
respectively; P � 0.05, Figs. 5B and 7B). ‘‘Not differentiated’’
cells were only slightly affected (Fig. 7B). To summarize,
IL1RAPL1/NCS-1 interaction is mandatory to observe the
effect of IL1RAPL1 on NGF-induced neurite elongation in
PC12 cells.

Discussion
In this study, Ca2� currents analysis using pharmacological tools
combined with genetic manipulations of IL1RAPL1 expression
in PC12 cells reveals that the N-type, �-conotoxin GVIA
sensitive, Ca2� current is specifically abolished by IL1RAPL1.

Fig. 5. NGF induces neurite extension and increase in N-type Ca2� current in
PC12 cells. (A) Näive/SHAM cells plus NGF. (Left) Phase-contrast photograph of
neuronal-like differentiated PC12 cells after NGF treatment. (Scale bar: 20
�m.) (Right) Distribution histogram of neurites’ length emitted by naı̈ve/
SHAM cells in absence (ctrol, white bar) or presence of NGF for 8 days (gray
bar). (Inset) Mean neurite length. ***, P � 0.001. (B) Ca2� currents are
presented as in Fig. 2. For distinction between ‘‘no-diff’’ and ‘‘diff’’ cells, see
Results. NGF-differentiated PC12 cells (diff) have a cell capacitance �13 pF and
visible neurites. (Scale bars: 2 pA/pF and 8 msec.) **, P � 0.005.

Fig. 6. IL1RAPL1 inhibits NGF-induced neurite elongation and N-type cur-
rent. (A) IL1RAPL1 cells plus NGF. The presentation is the same as in Fig. 5A.
(Scale bar: 20 �m.) (B) Same presentation as in Fig. 5B. (Scale bars: 2 pA/pF and
8 msec.)
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We also found that increasing NCS-1 levels in PC12 cells results
in the suppression of N-type current whereas NCS-1 silencing
prevented the IL1RAPL1-induced inhibition of N-type currents.
Manipulation of IL1RAPL1 levels did not change the expression
of either NCS-1 or N-VGCC �1B subunit (SI Fig. 10 A and B),
suggesting an action of IL1RAPL1 on the functionality of NCS-1
and N-type Ca2�-channels. This finding is consistent with pre-
vious demonstrations that IL1RAPL1 specifically interacts with
NCS-1, excluding other members of the NCS-1 family, such as
calmodulin and hippocalcin (4) and, that NCS-1 regulates the N-,
P/Q-, or L-type Ca2�-currents (13, 19, 20, 28). The compelling
data reported here clearly establish that IL1RAPL1, through its
interaction with NCS-1, regulates the activity of N-type voltage-
gated Ca2�-channels.

The IL1RAPL1/NCS-1 interaction is likely to occur at the
plasma membrane within a wide range of physiological condi-
tions. IL1RAPL1 is an integral membrane protein. Because the
C-terminal part of NCS-1 binds to IL1RAPL1 in a Ca2�-
independent manner (4) and significant IL1RAPL1 and NCS-1
have been colocalized in unstimulated cells (4), this complex may
form in resting cells. Possibly, IL1RAPL1 allows bypassing the
requirement of cell stimulation to recruit NCS-1 at the plasma
membrane, as reported in naı̈ve PC12 cells (8). In naı̈ve PC12
cells, which display large N-type Ca2�-currents, NCS-1 silencing
has no effect on the Ca2�-currents, indicating that few channels
are inhibited by endogenous NCS-1. The same manipulation in
IL1RAPL1 cells reveals an important N-type current, suggesting
that IL1RAPL1 enhances the negative effect of NCS-1 on
N-type Ca2� channels activity. Therefore, we propose that,
under resting conditions, IL1RAPL1 mediates recruitment of
NCS-1 to plasma membrane, which is a step dispensable when
concentration of NCS-1 is high (Fig. 3B), and stimulates its
negative regulatory activity on N-VGCC.

The mechanisms underlying the negative regulatory action of
IL1RAPL1/NCS-1 on Ca2�-channels are yet unknown. The fact
that NCS-1 controls different Ca2� current subtypes in a number
of cell systems (13, 19, 20, 28) suggests a general mechanism of
action. Previous work has shown that the NCS-1-related neuro-
nal calcium binding proteins CaBP1 and VILIP2 bind to the
C-terminal domain of �-subunit of P/Q-type channel, thereby
regulating its function (29, 30). An interaction of NCS-1 with
�-subunits has also been proposed (13, 28). However, in PC12

cells, NCS-1 interacts with and regulates PI4K� activity, result-
ing in phosphoinositol 4,5-diphosphate (PIP2) production (8, 9,
31–33), a well known regulator of Ca2� channel activity (34, 35).
Through this activation of PI4K�, NCS-1 also stimulate exocy-
tosis (8, 10, 36) and endocytosis (37) in PC12 cells. However a
massive IL1RAPL1-induced endocytosis of N-type channels is
unlikely to account for by the observed reduction in N-type
current amplitude, as similar amount and localization of the �1B
N-VGCC specific subunit were found in SHAM and IL1RAPL1
cells (SI Fig. 10 C and D).

In IL1RAPL1 cells, although inactivation of N-VGCC was
responsible for the observed decrease in stimulated exocytosis
(ref. 4 and our unpublished data), such a process cannot account
for the deficit in neurite elongation. Indeed, chronic inhibition
of N-VGCC by �-conotoxin GVIA is insufficient to prevent
neurite outgrowth in NGF-treated PC12 cells (26). In contrast
with previous reports (27), we found that NCS-1 silencing in
SHAM cells did not increase neurite elongation, whereas, in
IL1RAPL1 cells, this induces a large increase in neurite length.
These data also indicate that in absence of IL1RAPL1 endog-
enous NCS-1 plays no or only a minor role in regulating
NGF-stimulated neurite elongation in PC12 cells.

On the basis of our data obtained in PC12 cells, it is tempting
to speculate that IL1RAPL1 may modulate neurotransmitter
release and synaptic activity and/or building-up in the nervous
system. IL1RAPL1/NCS-1 interaction could be essential for
synaptic physiology: Indeed, NCS-1 modulates VGCC activity at
synapses thereby controlling short term plasticity (13). In addi-
tion, Ca2� signaling in both synaptic compartments efficiently
controls long term plasticity (38, 39), thought to be the cellular
substrate for learning and memory. Our proposals are in line
with the recent progress in the field of MR suggesting that
synaptic defects may explain the cognitive impairment resulting
from mutations in MR-related genes which products are local-
ized at the pre- and/or postsynaptic compartments (2). There-
fore, our findings constitute a critical entry point to address
neuronal functions mediated by IL1RAPL1/NCS-1 interaction
and physiopathological mechanisms underlying cognitive deficit
resulting from a loss of function of IL1RAPL1.

Materials and Methods
Cell Culture. PC12 cells were plated on poly-L-lysine coated glass
coverslips, and cultured in DMEM (Invitrogen, Carlsbad, CA)
supplemented with 4.5 �g/ml glucose and containing 30 mM
NaHCO3, 5% FBS, 10% horse serum, and 100 units/ml of
penicillin/streptomycin (4, 8, 40). In ‘‘differentiation’’ experi-
ments (Figs. 5–7), 2.5 S murine NGF (50 ng/ml) was added to the
culture medium 24 h after plating or transfection procedure.

Plasmids, siRNA, and Generation of Stable Cell Lines. IL1RAPL1 and
SHAM cells were obtained either with pIREShygro vector
(Clontech, Mountain View, CA) containing IL1RAPL1 cDNA
or with an empty pIREShygro vector. Hygromycin (150 �g/ml)
was added 48 h after transfection, and resistant clones were
isolated and amplified. Expression of IL1RAPL1 was controlled
by Western blotting (Fig. 1B) using a polyclonal antibody
described in ref. 4. NCS-1-YFP was described in ref. 41. For
siRNA targeting, see SI Materials and Methods.

GH Secretion in PC12 Cells. Cultured confluent cells were trans-
fected using GeneReporter (Gene Therapy Systems, Gaithers-
burg, MD), and 30 �M ATP-mediated GH release was moni-
tored 48 h after transfection (4, 8, 40).

Patch-Clamp Experiments. For electrophysiological recordings,
cells were subjected to the standard whole-cell configuration of
the patch-clamp technique after 2–8 days in culture, depending
on the experimental conditions. To measure Ca2� currents, the

Fig. 7. IL1RAPL1 inhibits NGF-induced neurite elongation and N-type cur-
rent by way of NCS-1. (A) IL1RAPL1 cells plus NGF. The presentation is the same
as in Fig. 6A. Note the morphological difference between the GFP-expressing
cells (bright cell) and the surrounding nontransfected IL1RAPL1 cells. (B) (Left)
Same presentation as in Fig. 2A. (Scale bars: 2 pA/pF and 8 msec.) (Right) The
corresponding I/V curves. Note the increased amplitude of the HVA, but not
LVA currents, in ‘‘diff’’ cells (dark green traces). *, P � 0.05.
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internal (patch-pipette) solution consisted of 130 mM CsCl, 2
mM MgCl2, 11 mM EGTA, 20 mM Hepes, 2 mM Na2ATP, 0.1
mM GTP, 10 mM glucose, pH 7.3, and 300 mM mOsm, and the
bath solution contained 20 mM CaCl2, 125 mM tetraethylam-
monium (TEA)-Cl, 10 mM Hepes, 10 mM glucose, pH 7.3, and
300 mM mOsm. Transmembrane currents and capacitance mea-
surements were obtained using a multiclamp700B (Axon Instru-
ments, Union City, CA) amplifier and an Axon Digidata 1322a
interface. Command voltages and storage of current data were
driven by the pClamp 8.2 software (Axon Instruments). Currents
were recorded at room temperature (20–25°C), and within the
first minute after the seal opening to avoid run-up and run-down
of Ca2� currents. Ca2� currents were obtained in response to 30
msec depolarizing pulses applied every second from a holding
potential of �90 mV in 5-mV increasing steps. Plateau currents
(I) were obtained by averaging 20- to 30-msec time periods of
three consecutive steps (V), and I/V curves reconstructed. HVA
mean currents are considered at �35 mV and presented nor-
malized to the measured cell capacitance to account for cell size.

Neurite Outgrowth Analysis. After 8 days in NGF-supplemented
culture, PC12 cell images were picked blind at random for each

experimental group by using a phase contrast or epif luorescence
microscope. Neurite length was measured using the ImageTool
software.

Materials. Monoclonal anti-NCS-1 and anti-actin antibodies
were purchased from BD Biosciences (San Diego, CA) and
Sigma-Aldrich (Dorset, U.K.) respectively. �-Conotoxin
GVIA and Agatoxin-TK were from Alomone labs (Alomone,
Jerusalem, Israel), Cadmium and Nimodipine from Sigma-
Aldrich.

Data are presented as mean � SEM. Statistical tests were
performed using the two-tailed unpaired t test.
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