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Abstract The calcium-binding protein frequenin (Frq), dis-
covered in the fruit fly Drosophila, and its mammalian
homologue neuronal calcium sensor 1 (NCS-1) have been
reported to affect several aspects of synaptic transmission,
including basal levels of neurotransmission and short- and
long-term synaptic plasticities. However, discrepant reports
leave doubts about the functional roles of these conserved
proteins. In this review, we attempt to resolve some of these
seemingly contradictory reports. We discuss how stimula-
tion protocols, sources of calcium (voltage-gated channels
versus internal stores), and expression patterns (presynaptic
versus postsynaptic) of Frq may result in the activation of
various protein targets, leading to different synaptic effects.
In addition, the potential interactions of Frq's C-terminal and
N-terminal domains with other proteins are discussed. Frq
also has a role in regulating neurite outgrowth, axonal
regeneration, and synaptic development. We examine
whether the effects of Frq on neurotransmitter release and
neurite outgrowth are distinct or interrelated through homeo-
static mechanisms. Learning and memory are affected by
manipulations of Frq probably through changes in synaptic
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transmission and neurite outgrowth, raising the possibility that
Frq may be implicated in human pathological conditions,
including schizophrenia, bipolar disorder, and X-linked men-
tal retardation.
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Introduction

Frequenin (Frq) and its mammalian counterpart, neuronal
calcium sensor 1 (NCS-1), are members of a family of
calcium-binding proteins called neuronal calcium sensors
(NCS), which include neurocalcin, visinin-like protein
(VILIP), hippocalcin, recoverin, guanylate cyclase activating
protein (GCAP), and K channel interacting protein (KChIP).
These proteins are expressed primarily in the nervous system
and are thought to be involved in a number of calcium signal-
ing pathways [1, 2].

Frq is the most extensively studied and founding member
of the NCS family. It is essential for survival in yeast [3], but
not in worms [4], flies [5], and mice [6], although NCS-1
knockout mice have a 30% reduction in survival compared to
controls. Frq has been implicated in a wide range of important
functions. It is a regulator of ion channels and postsynaptic
receptors, with consequent effects on neurite outgrowth and
synaptic transmission [5, 7—11]. Through these effects, Frq
affects higher functions, such as learning and memory [4, 11].
Frq has also been implicated in neuroprotection [12] and
axonal regeneration [13] and may thus have potential as a
therapeutic agent. Despite its importance, the significance of
this Ca** sensor is not fully understood since the mechanisms
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by which it exerts its effects are not entirely clear. Several
good reviews on the entire family of NCS proteins exist [1, 2,
14-19]. A recent review on NCS-1 focused primarily on its
role in chromaffin and PC12 cells [20]. Thus, a detailed
review on Frq and its synaptic roles in particular is lacking.
This review focuses on Frq's role in synaptic function and
attempts to resolve conflicting reports.

The Discovery of Frq

Frq was first identified in Drosophila melanogaster and
assigned a role in synaptic transmission [7]. The X-ray-
induced 7(X;Y)V7 rearrangement was originally thought to
be a Shaker-like mutant because the breakpoint was close to
the Shaker gene, and V'7 mutants were found to shake their legs
vigorously [21]. Subsequently, the V7 rearrangement was
shown to upregulate the expression of a novel calcium-
binding protein that was named frequenin due to the
frequency-dependent facilitation of neurotransmitter release
observed in V7 mutants [7]. Frq has since been identified in
numerous organisms from yeast to humans. The mammalian
counterpart was renamed NCS-1 [22]. A single fig gene has
been found in all organisms with sequenced genomes except
Drosophila [8] and the zebrafish Danio rerio [23] in which two
frq genes have been found. The two Frq proteins in zebrafish
and Drosophila differ by seven and ten amino acids, respec-
tively [8, 23]. The protein sequences of Drosophila Frql and
Frq2 is 100% conserved across 12 Drosophila species [24]. In
zebrafish, NCS-1a is widely expressed in the nervous system
and is involved in inner ear development, whereas the expres-
sion of NCS-1b is restricted to the olfactory bulb, and its
function is unknown [23]. The two Drosophila Frq proteins
are highly homologous and appear to have functionally
similar roles in synaptic transmission and nerve terminal
growth [8].

Structure

The protein sequence of Frq across species is highly conserved
with 100% conservation among mammals and 60% conserva-
tion between yeast and humans [25]. It contains four EF hand
motifs (Fig. 1); two [7] or three [25] of which bind Ca®" with
high affinity. In vitro assays have shown that Frq binds calcium
with a higher affinity than calmodulin and synaptotagmin [14,
26]. In addition, Frq has an N-terminal myristoylation domain,
which allows it to be membrane bound. Myristoylated NCS-1
binds Ca®" more strongly than non-myristoylated NCS-1, sug-
gesting that myristoylation induces a change in protein confor-
mation that enhances Ca®" binding [27]. Myristoylation is also
thought to be required for NCS-1 to activate some target
proteins, such as phosphatidylinositol-4-OH kinase (PI4Kf3;
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Fig. 1 Protein structure of Frq and possible binding partners. a Frq has
an N-terminal myristoylation domain (black) and four EF-hands (red).
An interfering N-terminal peptide (gray; first 27 amino acids) impairs
PIP synthesis. An interfering C-terminal (purple) is thought to block an
interaction with Ca®" channels [5, 8,9, 38, 39]. ILIRAPL binds to the
last 16 amino acids of the C-terminus (gold; [72]). b Frq has been
reported to interact directly or indirectly with several proteins and ion
channels [87]. Some of the more prominent presynaptic (red) and
postsynaptic (blue) targets are shown

[28, 29]). Some NCS proteins, such as recoverin, operate via a
calcium/myristoyl switch [30]. The binding of Ca®" to the EF
hands of cytosolic protein results in the extrusion of the myr-
istoyl group from a hydrophobic cavity of the protein, allowing
it to interact with membrane targets [31-33]. However, Frq
binds to membranes in the absence of Ca** [34], and mem-
brane localization is not affected by mutations in all functional
EF hands, indicating that in Frq, exposure of the myristoyl
group and its localization is independent of Ca** [35]. How-
ever, some Frq is also reported in the cytosol [36]. This
discrepancy was resolved in a recent study that used fluores-
cence recovery after photobleaching (FRAP) experiments to
show that NCS-1 is transiently membrane associated at resting
Ca*" levels, with a fraction of NCS-1 becoming more stably
associated with the membrane upon Ca*" elevation [37]. Thus,
Frq is primarily membrane bound due to myristoylation even
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under resting conditions, but some cycling of Frq to the plasma
membrane occurs.

The crystal structure of Frq revealed a large conformational
shift of the C-terminal region in comparison to neurocalcin and
recoverin, resulting in a wide hydrophobic crevice, which may
accommodate an unknown protein ligand [25]. An interfering
NCS-1 C-terminal peptide, consisting of the last 33 amino
acids of NCS-1, has been used to disrupt binding of target
proteins to this region [5, 8, 9, 38, 39]. This peptide consists of
part of the fourth EF hand, but does not bind Ca®" [40]. It is
unknown which proteins or how many bind to this region. The
interfering NCS-1 C-terminal peptide affects Ca>" currents and
signals; thus, it is possible that one of the target proteins is a
Ca”" channel or a protein that regulates Ca®" channels.

In addition to myristoylation, the N-terminus of NCS-1 is
also important for protein—protein interactions (Fig. 1). The first
71 residues of the N-terminus are required for an interaction
with dopamine type-2 receptor (D2R; [41]). However, more
recent work demonstrates that D2R binds to the hydrophobic
crevice of NCS-1 with residues on both the N- and C-terminals
being involved [42]. The N-terminus of NCS-1 has also been
implicated in regulating phosphatidylinositol-4-phosphate
(PIP) synthesis since an interfering NCS-1 N-terminal peptide
and an antibody raised against the N-terminal of NCS-1
inhibited PIP synthesis [43].

Expression Patterns

Frq is widely expressed in the central nervous system (CNS)
of flies [7], rats [44], mice [45], and humans [46], as evidenced
by western blots and immunohistochemistry. It is expressed
primarily in axons, dendrites, and astrocytes [47]. It is also
expressed in the peripheral nervous system (PNS): Presynap-
tic terminals in neuromuscular junctions of Drosophila larvae
[7], crayfish [48], frogs [49], and adult and developing rats
[50] are all labeled with anti-Frq antibodies. Frq was originally
thought to be exclusively expressed in the nervous system, but
has since been detected in other non-neuronal tissue [51]
including the heart [6, 52, 53]. By far, the strongest expression
in mammalian species occurs in the central nervous system.

Expression levels of Frq vary in different neurons. For
instance, it is expressed in the Purkinje cell layer of the
mouse cerebellum but very little if at all in the granule cell
layer [47]. Frq is also present in some glial cells such as
astrocytes, but it is absent in Schwann cells and oligoden-
drocytes [47]. Higher levels of Frq are found in presynaptic
terminals of crayfish and frog phasic motor neurons than in
their tonic counterparts [48, 54], raising the possibility that
the differential expression of Frq may contribute to func-
tional differences at these synapses.

Given the high degree of sequence similarity between Frq
and other NCS proteins (neurocalcin, VILIP, hippocalcin,
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recoverin, GCAP, and KChIP), caution should be taken in
interpreting localization studies based on Frq antibodies. The
ideal control to test for specificity of an antibody is to show
that no staining is apparent in Frq knockouts. The only
organisms in which Frq has been knocked out are Saccharo-
myces cerevisiae [3], Caenorhabditis elegans [4], Drosophila
melanogaster [5)], and Mus musculus [6, 55]. Localization
studies have been conducted only in flies and mice. Frq was
widely expressed in both CNS and PNS [7, 45, 47]. However,
these studies were conducted before the Frq nulls were gen-
erated; thus, it is possible that some of the staining could be
the result of cross reactivity with other NCS proteins (neuro-
calcin, VILIP, hippocalcin, recoverin, GCAP, and KChIP).
Nevertheless, Frq does appear to be expressed widely in the
Drosophila nervous system based on in situ hybridization
studies for which highly specific probes for fig mRNA exist
[8]. Future localization studies on Frq should use existing
knockouts to confirm specificity of Frq antibodies.

Presynaptic Effects

The presynaptic role of Frq in regulating synaptic transmis-
sion is controversial (summarized in Table 1): Some studies
have provided evidence suggesting that Frq is a calcium
sensor that enhances both basal levels of neurotransmitter
release in response to low-frequency stimulation [5, 8, 40,
56, 57], whereas other studies have indicated that Frq selec-
tively enhances short-term synaptic plasticity elicited by
paired-pulse or high-frequency stimulation [7, 28, 58, 59].
That Frq could be a sensor that promotes both functions is
difficult to reconcile with since many synaptic investigations
have shown that initial release probability (as evidenced by
output of transmitter generated by the first impulse in a train of
stimuli) is inversely related to facilitation [60]. Thus, if Frq
enhances initial transmitter release, the expected outcome would
be a decrease, rather than an increase, in short-term facilitation.

Overexpression of Frq due to an X-ray-induced chromo-
somal rearrangement in the Drosophila V7 mutant was
reported to enhance paired-pulse facilitation and transmission
during high-frequency trains, but had no effect on spontaneous
transmitter release or on neurotransmission evoked by low-
frequency stimulation [7, 58, 59]. However, two more recent
studies found that basal levels of neurotransmitter release were
enhanced, and the paired-pulse ratio was reduced when either
Frql or Frq2 was overexpressed using the GAL4/UAS system
[5, 8]. Conversely, frg null mutants displayed reduced neuro-
transmitter release and an increase in the paired-pulse ratio [5].
The basis for the discrepancy between the more recent studies
on Drosophila [5, 8] and the earlier work [7, 58, 59] may be
due in part to the standard saline solution previously used,
which does not maintain preparations in a stable condition at
room temperature for a long time [61]. In addition, the earlier
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Table 1 Summary of Frq's reported effects of basal levels of synaptic transmission and short-term synaptic plasticity

Basal levels of Spontaneous Facilitation/depression References
evoked release release
Drosophila Frq overexpressers No change No change Increased facilitation at low [Ca®"]. [7, 58, 59]
Injection of Frq into Xenopus embryonic Increased Increased Not tested [56]
spinal neurons
Frq upregulated in Xenopus nerve-muscle Increased Increased Decreased [57]
cocultured cells due to GDNF application
Transfection of NCS-1 into cultured No change No change Switched depression to facilitation [28]
rat hippocampal neurons
Drosophila Frq overexpressers Increased No change Not tested [8]
Drosophila Frq inhibitory C-terminal peptide Reduced No change Not tested [8]
Drosophila frqg null mutants Reduced No change Reduced depression at high [Ca®"]. [5]
and no change at low [Ca®'].
Drosophila Frq overexpressers Increased No change Increased depression at high [Ca®'], [5]
and no change at low [Ca®'].
Mouse NCS-1 inhibitory C-terminal peptide Decreased Not tested Increased facilitation [40]

studies did not take into account the fact that two types of
axons (type 1b and 1s; [62]) with different facilitation proper-
ties innervate the muscle fibers from which EJPs were
recorded. Type 1b motor-nerve terminals have physiological
and morphological similarities with tonic motor-nerve termi-
nals of other organisms (relatively large presynaptic boutons
and facilitating synapses with low initial release probabilty),
whereas type 1s terminals resemble phasic nerve terminals
more closely (smaller boutons and depressing synapses with
high release probability) [63]. Thus, variations in the contribu-
tion by the two types of recruited axons could account for the
discrepancy.

A large facilitated response (LFR) was occasionally observed
in V7 mutants. This response was characterized by a failure of
release in response to the first stimulus and LFR (10 to 12 times
the number of quanta normally released) in response to the
second stimulus [7, 58, 59]. In recent experiments with more
stable preparations, this LFR phenotype was observed twice in
V7 mutants in several trials in hemolymph-like HL6 saline, but
not when Frql or Frq2 was overexpressed using the GALA4/
UAS system [5]. Thus, the X-ray-induced translocation that
upregulates Frq2 in /7 mutants may alter the expression of
another protein that leads to the LFR. Consistent with this
interpretation, /7 mutants display a reduction in Shaker protein
levels [64], but there is no change in Shaker levels when Frq is
overexpressed using the GAL4/UAS system (J.R.-P. and A.F.,
unpublished data).

Findings in the two recent studies on Drosophila [5, 8] are
consistent with two earlier studies on Xenopus [56, 57], which
proposed a role for Frq in the regulation of basal levels of
synaptic transmission. Injection of Frq into Xenopus embryon-
ic spinal neurons caused an increase in both spontaneous and
evoked neurotransmitter release [56]. Glial cell line-derived
neurotrophic factor (GDNF), which upregulates Frq, reduces
paired-pulse facilitation in Xenopus nerve-muscle cocultures

by enhancing the amplitude of the first evoked synaptic re-
sponse [57]. Thus, current evidence from both Drosophila and
Xenopus indicates that Frq enhances the basal levels of synap-
tic transmission, with effects on paired-pulse facilitation or
depression being a consequence of altered initial release prob-
ability for the first spike of the paired pulses.

Application of an interfering NCS-1 C-terminal peptide to
mouse hippocampal slices impaired basal levels of synaptic
transmission and enhanced paired-pulse facilitation [40], as in
the Drosophila studies [5, 8]. However, an earlier study found
that transfection of NCS-1 into cultured rat hippocampal
neurons switched depression to facilitation in response to
paired-pulse and high-frequency train stimulation without
affecting basal levels of evoked release [28]. Examination of
the newly created NCS-1 knockout mouse [6, 55] for neuronal
phenotypes is needed to resolve the presynaptic role of Frq in
mammals. Overall, the majority of evidence to date points to a
role for Frq in regulating basal levels of neurotransmitter
release, with effects on short-term synaptic plasticity consis-
tent with alterations in initial release probability.

Overexpression of NCS-1 in PC12 cells was found to
enhance growth hormone release in intact cells, demonstrating
that NCS-1 is a positive regulator of evoked dense-core gran-
ule exocytosis [65]. However, overexpression had no effect on
Ca**-induced exocytosis in permeabilized PC12 cells, sug-
gesting that NCS-1 has a modulatory role on exocytosis
instead of a direct action on the exocytotic machinery.

Presynaptic Mechanisms
Frq Regulates Voltage-Gated Ca>" Channels

A physical interaction between Frq and Ca®" channels has yet
to be found. However, several studies have provided evidence
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that Frq exerts its effects by either directly or indirectly regu-
lating Ca”" channels [5, 8, 9, 38, 39, 57, 66-68]. GDNF
upregulates Frq and promotes synaptic transmission in
Xenopus nerve-muscle cocultures by enhancing N-type Ca>*
channel activation, leading to increased Ca®" influx [57]. The
effects of GDNF were prevented by injection of a Frq anti-
body, demonstrating that Frq was either directly or indirectly
responsible for the enhanced Ca" influx. Drosophila frq null
mutants exhibit impaired Ca®" influx in response to single
action potentials [5], further suggesting a role for Frq in
regulating presynaptic Ca®" channels.

Several groups have used interfering peptides that pro-
vide evidence for an interaction between Frq and Ca*"
channels [5, 8, 9, 38, 39]. Loading an interfering NCS-
1 C-terminal peptide into presynaptic terminals of the calyx
of Held abolished activity-dependent facilitation of P/Q-type
Ca*" currents, whereas recombinant NCS-1 protein mimicked
activity-dependent facilitation of Ca>* currents. Facilitation of
P/Q-type Ca*" currents is similarly impaired in o o-subunit
knockout mice [69]. Thus, the interfering NCS-1 C-terminal
peptide may block activity-dependent facilitation of P/Q-type
Ca”" currents by disrupting an interaction between NCS-1 and
the o A-subunit of voltage-gated Ca®" channels. The same
interfering peptide and knockdown of NCS-1 levels with
RNA interference reduce Ca®* signals and current in growth
cones of cultured Lymnaea primary neurons [9, 39]. An
interfering Frq C-terminal peptide based on the Drosophila
sequence impairs Ca”" entry in response to single action
potentials with a concomitant reduction in quantal release at
the Drosophila larval NMJ [5].

Further evidence for an interaction between Frq and Ca*"
channels comes from work with Drosophila frq and cacophony
(cac; encodes the a;-subunit of voltage-gated Ca®" channels)
null mutants. Trans-heterozygous genotypes can be used to
determine if the two genes are functionally linked through
participation in the same pathway. Such a functional link may
occur through a direct protein—protein interaction or through
one or more intermediary proteins. Impaired synaptic transmis-
sion (reduced neurotransmitter release) was observed in null frg
and cac trans-heterozygotes, but not in fig or cac heterozy-
gotes, demonstrating a synergistic relationship between Frq
and the &;-subunit of voltage-gated Ca>* channels [5].

A genetic interaction between Frq and the Ca®" channel
was further shown using a cac®? mutation in the carboxyl tail
of the «;-subunit [5], which is critical for Ca>* channel
inactivation [70]. Gain-of-function Frq phenotypes (increased
neurotransmitter release) were suppressed by cac™ [5]; thus,
cac is epistatic to fig. Given the location of the cac™ mutation
in the carboxyl tail of the o¢;-subunit [70], Frq may negatively
regulate Ca®" channel inactivation. Visinin-like protein-2
(VILIP-2), another member of the NCS family, binds to the
carboxyl tail of the «;-subunit of Ca®" channels, slowing
inactivation [71]. This raises the possibility that Frq may also
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bind to the carboxyl tail of the o;-subunit. However, a direct
interaction has not been shown, leaving open the possibility
that Frq is acting through an intermediary protein to regulate
the channel (Fig. 2a).

In neuroendocrine cells, NCS-1 appears to be an inhibitory
regulator of Ca®" channels. Expression of a dominant negative
form of NCS-1, in which the third EF hand is inactivated, in
bovine adrenal chromaffin cells enhances non-L-type Ca>"
currents [66]. NCS-1 inhibits non-L-type Ca®" channels by a
voltage-independent mechanism that requires Src kinase
activity [67].

A cDNA fragment encoding the last 16 amino acids of
the C-terminus (amino acids 174-190) of the human ncs-1
gene was found to interact with IL-1 receptor accessory
protein-like (ILIRAPL) in a yeast two-hybrid screen [72].
This interaction was confirmed using GST pull-down assays
and coimmunoprecipitation experiments. Expression of
ILIRAPL in PCI12 cells has an inhibitory effect on dense-
core vesicle exocytosis and N-type Ca®" currents, which is
dependent on NCS-1 expression [73].

Heterologous expression of defined Ca®" subunits and
NCS-1 in Xenopus oocytes revealed that NCS-1 reduced L-,
N-, and P/Q-type Ca”" currents [68]. This effect was dependent
on the expression of (3 subunit (31, 35, or (34), suggesting that
NCS-1 may reduce trafficking of Ca®" channels to the mem-
brane by preventing an «,/f association required for Ca®"
channel trafficking. The inhibitory role of NCS-1 in Ca**
channel function is surprising, given that numerous studies
have shown that NCS-1 has stimulatory effects on secretion.
It's possible that the effects of NCS-1 on Ca** channels are cell-
specific, with NCS-1 having a stimulatory role in neurons and
an inhibitory role in neuroendocrine and non-neuronal cells.
Alternatively, the different effects could be due to the different
methods used to manipulate NCS-1 function (i.e., knockouts,
overexpression, interfering peptides, and dominant-negatives).

Frq Interacts with Phosphatidylinositol-4-OH Kinase

Frq interacts with Pikl, the yeast orthologue of
phosphatidylinositol-4-OH kinase (PI4K(3), and is essential
for survival in yeast [3]. Human NCS-1 is able to substitute
for Frq in yeast and rescue the inviability of Frq-deficient
yeast cells [74]. Frq binds to Pikl on a binding site that
includes as its core a 13-residue hydrophobic sequence
(Ala-157 to Ala-169; [75]), and the structure for this complex
in yeast has been resolved [76, 77]. However, this binding site
is not conserved, and the complex has not been studied in
higher organisms. Nevertheless, NCS-1 has been shown to
coimmunoprecipitate with mammalian PI4K[3 from COS-7
cells [78], bovine chromaffin cells [79], and from rat neuro-
secretory cells [80]. In contrast, NCS-1 did not immunopre-
cipitate with PI4Kf3 in cultured dorsal root ganglion neurons
[81], and yeast-two-hybrid assays failed to show an interaction



Mol Neurobiol (2012) 45:388-402

393

a
Synaptic vesicle exocytosis

Dense-core vesicle exocytosis

C a2+ Ca2+

Fig. 2 Frq modulates both synaptic vesicle and dense-core vesicle
exocytosis. a Frq binds Ca*" and either directly or through intermedi-
ary proteins regulates Ca>" channels, thereby modulating synaptic
vesicle exocytosis [3, 38, 57]. b Frq binds Ca®" and activates PI4Kf3,

in Drosophila between Frq and PI4K(3 (J.R.-P. and AF,,
unpublished data; Julie Brill, personal communication).

Dense-Core Vesicle Exocytosis

Numerous studies have shown that overexpression of NCS-1
in neuroendocrine cells enhances dense-core vesicle exocyto-
sis [29, 34, 36, 65, 80, 82—85]. This enhanced exocytosis is
likely due to the increased PI4K[3 activity, which leads to
increased levels of phosphoinositides in PC12 cells overex-
pressing NCS-1 (Fig. 2b; [83]). Enhanced exocytosis is
dependent on PI4Kf3 levels since knock-down of PI4K{3 by
RNAi prevents it [29]. In addition to increasing PI4K (3 activity,
overexpression of NCS-1 in PC12 cells increased its associa-
tion with membranes, suggesting that the interaction between
NCS-1 and PI4K{3 may play a role in the translocation of
PI4K {3 to the membrane [80]. The stimulatory effect of NCS-
1 on exocytosis in PC12 cells can be abolished by overexpres-
sion of the small GTPase, ADP-ribosylation factor 1 (ARF1;
[84]). This is likely due to the fact that while both NCS-1 and
ARF1 can bind to and stimulate PI4Kf3 independently, when
present together, they form a complex that has impaired PI4K 3
binding [84, 85].

NCS-1 may play a role in vesicle priming or docking by
enhancing PI4Kf3 activity. Overexpression of NCS-1 in pan-
creatic 3 cells increased the number of secretory granules in the
readily releasable pool, resulting in enhanced glucose-induced
insulin secretion [86]. The authors propose that overexpression
of NCS-1 increases PI4K {3 activity, which leads to increases in

Ca2+ Ca2+

which leads to enhanced phosphatidylinositol-4-phosphate (PIP) and
phosphatidylinositol 4,5-bisphosphate (PIP,) levels [29, 34, 36, 65, 80,
82-85]. The increased phosphoinositide levels (PIP and PIP,) promote
dense-core vesicle exocytosis

phosphoinositide levels. Phosphatidylinositol 4,5-bisphosphate
(PIP,) may then bind to Ca®-dependent activator protein for
secretion (CAPS) and enhance the priming of secretory gran-
ules [86]. Frq has also been shown to directly interact with
CAPS [87], which is required for exocytosis in pancreatic [3
cells [88], plays a critical role in regulating exocytosis of dense-
core vesicles downstream of vesicle docking [89], and is
required for synaptic vesicle priming [90]. A study on the
interaction between Frq and CAPS may provide further insights
into Frq's role in dense-core and synaptic vesicle release.

Synaptic Vesicle Exocytosis

Despite the importance of the Frq—PI4Kf3 interaction for
exocytosis of dense-core vesicles, it does not appear to
regulate synaptic vesicle exocytosis. Drosophila PI4K 3 null
mutants do not display the impaired synaptic transmission
seen in Frq null mutants, suggesting that the two proteins
likely function in separate pathways [5]. In addition, a point
mutant that could not be myristoylated and thereby activate
PI4K 3 enhanced short-term plasticity in cultured hippocampal
neurons to the same extent as wild-type Frq, further suggesting
that a Frq—PI4K 3 interaction does not regulate synaptic vesicle
exocytosis [28]. The functional significance of the Frq—PI4K3
interaction was further tested using a Drosophila PI4K 3 null.
Overexpression of Frq at the Drosophila larval NMJ enhanced
neurotransmitter release in the presence or absence of PI4K{3,
ruling out the possibility that a Frq—PI4K[3 interaction was
enhancing release [5]. Thus, while an interaction between Frq

@ Springer



394

Mol Neurobiol (2012) 45:388—402

and PI4K 3 regulates dense-core vesicle release in neuroendo-
crine cells, this interaction does not appear to regulate synaptic
vesicle exocytosis (Fig. 2).

Frq Regulates K™ Channels

Type A K' currents operate in the subthreshold voltage
range and play a role in the repolarization of action poten-
tials. Coimmunoprecipitation experiments have shown that
Frq interacts with Kv4 channels, the molecular components
of type A K currents [91]. Lobster Frq modifies type A K"
shal-evoked currents in a Ca** dependent manner in Xen-
opus oocytes [92]. The amplitude of type A K'-currents in
Drosophila muscle fibers increases when external Ca®" is
increased, and this Ca**-dependent modulation of type A K™
currents is absent in 7 mutants [93]. However, a previous
study did not detect any Frq in muscle fibers [7]. V7 mutants
do display a reduction in Shaker protein levels [64]. A reduc-
tion in K" currents in Frq overexpressers could increase action
potential duration, leading to increased presynaptic Ca®" entry
and increased neurotransmitter release. However, we did not
observe a change in Shaker levels when we overexpressed Frq
using the GAL4/UAS system (J.R.-P. and A.F., unpublished
data). Thus, as previously mentioned, the reduced Shaker
levels in V7 mutants may have been due to other effects of
the X-ray-induced chromosomal rearrangement besides Frq
overexpression. In addition, overexpression of Frq in COS
cells results in an increase in Kv4 channel expression, sug-
gesting that Frq may enhance the trafficking of Kv4 channels
to the plasma membrane [91]. Nevertheless, some of the
reported effects on action-potential-induced presynaptic Ca®"
entry could be due to an interaction between Frq and K"
channels. Additional studies are needed to fully understand
the functional significance of this putative interaction.

Frq Regulates TRP Channels

A direct interaction between NCS-1 and TRPC5 has been
shown using yeast two-hybrid and GST-pulldown assays
[94]. NCS-1 also interacts with TRPC1 [95]. Expression of a
dominant negative form of NCS-1, in which the third EF hand
is inactivated, suppresses TRPC5 channel activity [94].

Other Possible Targets

Frq interacts with several other proteins, but the functional
significance of many of these interactions is currently
unknown. For instance, Frq interacts with adaptor protein 1
(AP1) and adaptor protein 2 (AP2) [87], raising the possibility
that Frq may play a role in synaptic vesicle endocytosis.
However, a role for Frq in synaptic vesicle endocytosis seems
unlikely, given that no changes were found in the number of
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synaptic vesicles in Drosophila frq null mutants and
overexpressers [5].

Frq may regulate cyclic nucleotide (cAMP and cGMP)
levels. Frq activates guanylate cyclase [7, 96], which may
lead to increased cGMP levels. Frq also binds to and acti-
vates cyclic nucleotide 3',5'-phosphodiesterase (PDE; [97]),
which may result in reduced cAMP levels. However, studies
in which cAMP and cGMP levels were directly measured
yielded conflicting results. cAMP and ¢cGMP levels in per-
meabilized chromaffin cells were not altered in the presence
of NCS-1 [34], while cAMP levels were reduced in PC12
cells overexpressing NCS-1 [98].

Frq binds to calcineurin [87] and potentiates the activity of
nitric oxide synthase in the presence of calmodulin [97]. How-
ever, these possible targets also interact with calmodulin and,
in some cases, have a greater affinity for calmodulin [99],
making it unlikely that they interact primarily with Frq in vivo.

Postsynaptic Effects

In addition to a presynaptic role in regulating synaptic trans-
mission, some evidence indicates a postsynaptic role for Frq
in regulating long-term synaptic plasticity in the mammalian
CNS. It has been shown to regulate both long-term potentia-
tion (LTP) and long-term depression (LTD; Fig. 3). NCS-1 is
expressed in the cerebellum and hippocampus [44, 45]. Frq
interacts with several proteins, including D2R, G-protein-
coupled receptor kinase 2 (GRK2), and transforming growth
factor 3 receptor 1 (TGFBR1), which are primarily present in
postsynaptic neurons [41, 42, 87]. An interaction between
Drosophila Frq and a type 1 TGFf3 receptor was detected in
a yeast 2-hybrid screen [100].

Induction of LTP in rats increased postsynaptic ncs-1/
mRNA levels in the dentate gyrus [101]. This transcriptional
upregulation was dependent on NMDA receptor activation.
Application of a metabotropic glutamate receptor (mGIuR)
agonist, (R, S)-3,5-dihydroxyphenylglycine, induces a form
of LTP with slow onset and enhances the level of NCS-1
protein [102]. These studies raised the possibility that enhanced
NCS-1 expression is at least in part responsible for the
enhanced synaptic strength observed during LTP. However, it
was unclear if the enhanced NCS-1 expression was the cause
of the enhanced synaptic strength or a consequence of it.

A recent study shed considerable light on a postsynaptic
role for NCS-1 in LTP. Overexpression of NCS-1 in the dentate
gyrus of mice increased D2R surface expression, enhanced
LTP, and lowered the stimulus threshold required for LTP
induction [11]. These effects were blocked by either D2R
antagonists or by an interfering peptide that was designed to
block an interaction between NCS-1 and D2R. In HEK293
cells, NCS-1 attenuates D2R internalization in a Ca>*-depen-
dent manner by interacting with GRK2 and thereby inhibiting
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receptor
internalization

Fig. 3 Frq regulates both long-term depression (LTD) and long-term
potentiation (LTP) through postsynaptic effects in the mammalian
CNS. a Frq and protein interacting with C kinase (PICK1) bind to
Ca®" released from internal Ca”" stores after mGluR activation. Frq
may then form a complex with PICK1 and protein kinase C (PKC).
This results in phosphorylation and internalization of AMPA receptors,

phosphorylation of D2R by GRK2 [41]. NCS-1 may regulate
D2R surface expression in the dentate gyrus through a similar
mechanism [11].

Another study found that NCS-1 also regulates LTD. RNAi
knockdown of NCS-1 or the inclusion of dominant-negative
NCS-1, in which the third EF hand is inactivated, blocks
mGluR-dependent long-term depression (LTD) in the rat peri-
rhinal cortex [10]. NCS-1 was activated by Ca”" released from
internal stores and binds to the BAR domain of protein inter-
acting with C kinase (PICK-1). Inclusion of a PICK1 BAR
domain peptide blocked mGluR-dependent LTD, likely by
blocking AMPA receptor internalization [10].

A putative interaction between NCS-1 and AP1 or AP2
could also influence long-term synaptic plasticity by regulating
postsynaptic receptor recycling. Hippocalcin, another NCS
protein, acts as a Ca®" sensor that binds to the p2-adaptin
subunit of AP2 and forms a complex with GluR2 (AMPA
receptor subunit) in response to NMDA receptor activation,
leading to AMPA receptor internalization and induction of
LTD. [103]. Additional studies are needed to determine if
NCS-1 also regulates postsynaptic receptor recycling through
a similar mechanism.

NCS-1 regulates both LTD and LTP because different
stimulation protocols result in different sources of calcium
activating NCS-1, which leads to NCS-1 binding to different
target proteins (Fig. 3). When Ca®" released from internal
stores activates NCS-1, LTD is promoted through an interac-
tion between NCS-1 and PICK-1 that leads to AMPA receptor
internalization. On the other hand, when Ca®" admitted
through NMDA receptors activates NCS-1, LTP is enhanced

LTP

receptor
internalization

resulting in LTD [10]. b Frq binds Ca>" and then binds to G-protein-
coupled receptor kinase 2 (GRK2), thereby inhibiting phosphorylation
of dopamine type-2 receptor (D2R). This leads to an increase in D2R
surface expression, resulting in LTP [11]. DAG diacylglycerol, ER
endoplasmic reticulum, /P; inositol trisphosphate, PIP, phosphatidyli-
nositol 4,5-bisphosphate, PLC phospholipase C

due to an interaction between NCS-1 and GRK?2. This inhibits
phosphorylation of D2R resulting in increased surface expres-
sion of D2R. The expression of different target proteins in
different cells may also contribute to the different effects of
NCS-1.

Frq Regulates Neurite Outgrowth

Frq has a developmental role, as evidenced by experiments
in fruit flies and snails in which neuron morphology was
affected by different levels of Frq expression (summarized
in Table 2). In Drosophila, Frq overexpressers had motor
terminals with reduced number and length of branches, and
fewer synaptic boutons [64, 104]. This effect was specific to
phasic-like type 1s boutons [8]. Conversely, the number of
these type 1s boutons was increased when an interfering C-
terminal peptide was chronically expressed [8]. This effect
was also observed in frq null mutants [5]. Application of the
same interfering C-terminal peptide and knockdown of
NCS-1 levels with RNAI interference enhanced neurite out-
growth of cultured Lymnaea primary neurons [9]. PC12
cells expressing a dominant negative form of NCS-1, in
which the third EF hand is inactivated, also displayed
enhanced neurite outgrowth [94]. Similarly, the number of
neurites per cell, branches per neurite, and length of neurites
were reduced in NG-108-15 cells transfected with NCS-1
[105]. All of these effects are consistent with a role for NCS-
1 as a negative regulator of neurite outgrowth. In addition, due
to its temporal and spatial expression patterns, NCS-1 has also
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Table 2 Summary of Frq's reported effects on neurite outgrowth

Effect References
Drosophila Frq overexpressers Reduction in nerve terminal growth [8, 64, 104]
NG-108-15 cells transfected with NCS-1 Reduced number of neurites per cell, [105]
branches per neurite and length of neurites

PC12 cells expressing a dominant negative form of NCS-1 Increased neurite outgrowth [94]
Drosophila Frq inhibitory C-terminal peptide Increased nerve terminal growth [8]
NCS-1 inhibitory C-terminal peptide or RNAi knockdown of NCS-1 Increased neurite outgrowth [9]

in cultured Lymnaea primary neurons
Drosophila frq null mutants Increased nerve terminal growth [5]
Chromophore-assisted laser inactivation of NCS-1 in cultured chick Growth arrest of neurites and retraction [114]

dorsal root ganglion neurons of lamellipodial and filopodial.
Lentiviral overexpression of NCS-1 in cultured rat cortical neurons Increased neurite outgrowth [13]

been implicated in synaptogenesis in the rat retina [106] and
axon outgrowth in the chick retina [107], in the developing
mouse olfactory pathway [108], and in the developing rat
spinal cord [109].

These developmental effects raise the possibility that Frq's
effects on transmitter release could be interrelated to its effects
on neurite outgrowth. However, chronic expression of an
interfering C-terminal peptide affects both nerve terminal
growth and neurotransmitter release, while acute application
of the peptide produces a rapid reduction of neurotransmitter
release (comparable in magnitude to that obtained with trans-
genic expression) but without an effect on nerve terminal
morphology [8]. While this proves that Frq's effects on neu-
rotransmitter release are not dependent on morphological
changes, it could be argued that Frq's effects on nerve terminal
growth are a consequence of its effects on neurotransmission.
Presynaptic terminal retraction has been shown to occur at
both wild-type Drosophila larval NMJ [110] and the frog
NMIJ[111, 112]. When presynaptic terminal retraction occurs,
the remaining postsynaptic density can be used as a footprint
for presynaptic terminal retraction [110]. There was no post-
synaptic footprint observed in Frq overexpressers [113]; thus,
the reduced innervation was probably not due to presynaptic
terminal retraction. In addition, Frq regulates transmitter
release from both 1b and 1s boutons, but only affects the
number of 1s boutons [5, 8], suggesting that the effects on
nerve terminal growth and neurotransmission are not tightly
linked, implying activation of different mechanisms in the two
types of motor neuron. In totality, these observations indicate
that Frq has a developmental role in regulating nerve terminal
growth.

Conversely, two recent studies have suggested that Frq
may be a positive regulator of neurite outgrowth [13, 114].
NCS-1 and 1,4,5-trisphosphate receptor (InsP3;R1) colocal-
ized in growth cones of cultured chick dorsal root ganglion
neurons [114]. Application of InsP;R1 inhibitors (2-APB)
reduced NCS-1 labeling in growth cones and inhibited neurite
outgrowth. The authors used chromophore-assisted laser
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inactivation (CALI) to inactivate NCS-1 bound to a specific
NCS-1 antibody and found that growth of neurites was
arrested and lamellipodial and filopodial were retracted. One
caveat of this method is the assumption that the antibody is
binding only to the protein of interest. Since NCS proteins
(neurocalcin, VILIP, hippocalcin, recoverin, GCAP, and
KChIP) are highly similar in structure, it is possible that
NCS proteins other than NCS-1 could have been inactivated.

Lentiviral overexpression of NCS-1 in cultured rat cortical
neurons enhanced neurite outgrowth and phosphorylation of
Akt [13]. The increased neurite outgrowth and phosphoryla-
tion of Akt were both blocked by a phosphatidylinositol-3-OH
kinase (PI3K) inhibitor (ly249002), which did not reduce
NCS-1 expression, demonstrating that PI3K is downstream
of NCS-1. It is unclear how NCS-1 activates PI3K. Frq does
not interact with PI3K in yeast [3], and no evidence for an
interaction exists in mammals. The discrepancy between these
two studies and previous studies may be due to the activation
of NCS-1 by Ca*" from internal stores, as opposed to Ca>*
entering the cell via voltage-gated Ca** channels. Different
sources of Ca*" may result in NCS-1 binding to different
protein targets. In addition, NCS-1 may have differential
effects in different neurons, possibly due to the expression of
different target proteins. A striking example occurs in Dro-
sophila: Frq regulates the number of 1s boutons, but has no
effect on the number of 1b boutons [5, 8].

Frq Enhances Learning and Memory

By regulating long-term synaptic plasticity [10, 11], NCS-1
may also affect higher functions such as learning and mem-
ory. A role for NCS-1 in learning and memory was first
demonstrated in a study on C. elegans, in which NCS-1
knockout worms showed defects in associative memory, while
overexpression of NCS-1 resulted in accelerated learning [4].
In mice, a recent study showed that overexpression of NCS-1
in the dentate gyrus enhanced D2R surface expression and
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spatial memory [11]. Both types of enhancement were blocked
by infusion of D2R antagonists or an interfering peptide that
disrupted an interaction between NCS-1 and D2R receptors,
demonstrating that overexpression of NCS-1 enhances spatial
memory by regulating D2R surface expression.

Neuroprotective Effects of Frq

A trauma or injury to the brain can often result in neuronal
apoptosis. NCS-1 appears to promote neuronal survival since
NCS-1 expression in cultured cortical neurons increased after
the application of GDNF and overexpression of NCS-1 in the
absence of GDNF mimicked the survival-promoting effects of
GDNF [12]. In addition, overexpression of NCS-1 in PC12
cells and cultured cortical neurons has neuroprotective effects
under apoptotic conditions. Similarly, lentiviral overexpres-
sion of NCS-1 in axotomized corticospinal neurons in living
rats reduced cell atrophy [13]. NCS-1 is upregulated in injured
neurons and can activate antiapoptotic pathways that may
prevent neuronal loss after a trauma by activating PI3K/Akt
pathway [12].

NCS-1 has also been implicated in regeneration. Lentiviral
overexpression of NCS-1 in the rat corticospinal tract induced
axonal sprouting and regeneration from the lesioned cortico-
spinal tract and collateral sprouting from the intact cortico-
spinal tract [13]. Both behavioral and electrophysiological
tests indicated improved forelimb function in injured rats that
were overexpressing NCS-1 in the intact corticospinal tract.

Role of Frq in Cardiac Function

While NCS-1 is primarily expressed in the nervous system, it
has also been detected in the mammalian heart [52]. NCS-1
expression in the heart is highest at the fetal and neonatal
stages; it then gradually decreases [6, 53]. NCS-1 interacts and
colocalizes with K* channels in the heart [52, 53]. NCS-1 has
also been shown to interact with IP; receptors. Ca>" levels
were reduced in NCS-1 knockout myocytes, leading to a
reduction in Ca*'/calmodulin-dependent protein kinase II
(CAMKII) activity [6]. Whether NCS-1 regulates CAMKII
activation in neurons is currently unknown.

Links Between Frq and Human Diseases

Connections have been made between NCS-1 and a number of
human diseases. Elevated levels of NCS-1 were found in the
dorsolateral prefrontal cortex in schizophrenic and bipolar
disorder patients [115, 116]. It is thought that dysregulation
of dopaminergic neurotransmission in schizophrenia may be
due to altered levels of dopamine receptor interacting proteins

[15, 116]. NCS-1 has been shown to colocalize [41, 117]
and interact with D2R [41, 42]. In addition, NCS-1 attenu-
ates D2R intemalization in a Ca’'-dependent manner by
interacting with GRK2 and thereby inhibits phosphorylation
of D2R by GRK2 [41]. Therefore, NCS-1 may couple dopa-
mine and calcium signaling pathways and play a role in
neuropathologies characterized by a dysregulation in dopami-
nergic neurotransmission [41].

NCS-1 interacts through its C-terminus with ILIRAPL,
which is involved in X-linked mental retardation [72]. Ex-
pression of ILIRAPL in PC12 cells has an inhibitory effect
on dense-core vesicle exocytosis, N-type Ca”" currents, and
neurite outgrowth [73]. These phenotypes were dependent
on NCS-1 expression, as RNAi mediated knockdown of
NCS-1 rescued all the phenotypes. Thus, an interaction
between NCS-1 and ILIRAPL may play a role in X-linked
mental retardation by regulating exocytosis and neurite out-
growth. Mutations in ILIRAPL have been linked to autism,
and a point mutation in NCS-1 (R102Q) was identified in one
autistic patient [118]. This mutation does not affect binding of
NCS-1 to ILIRAPL or Ca*", but affects cycling of NCS-1 to
the plasma membrane [37].

A recent study on Drosophila has also linked Frq to fragile
X syndrome (FXS). figl and frg2 mRNA levels were mildly
reduced (15-25%) in null fragile X mental retardation I
(fmrl) mutants [119]. It remains to be seen whether this
reduction in fig levels is responsible for the cognitive defects
associated with FXS. Understanding the role of Frq in these
various diseases would be aided by using existing fly or
mouse knockouts in disease models of these two organisms.

Given these links to disease, several studies have attempted
to find compounds that bind to or alter NCS-1 levels. The
neuroleptic drug chlorpromazine binds to NCS-1 [120], while
several antipsychotic drugs (haloperidol, clozapine, olanza-
pine, and aripiprazole) do not alter NCS-1 levels [121]. Inter-
estingly, Paclitaxel (also called Taxol), a chemotherapeutic
drug, reduced NCS-1 levels [122—124]. Paclitaxel is used to
treat several types of cancer and solid tumors. Prolonged
exposure to Paclitaxel activates calpain, which degrades
NCS-1, leading to a reduction in IP5-mediated Ca®" signaling
[123, 125].

Conclusions and Future Directions

Over the last two decades, we have come a long way in our
understanding of Frq's role in synaptic function and devel-
opment. Early evidence suggested a presynaptic role for Frq
as a Ca”" sensor affecting short-term synaptic plasticity, but
recent studies favor a role for Frq in regulating basal levels
of synaptic transmission, with effects on short-term synaptic
plasticity being a consequence of altered initial release prob-
ability. Several studies have disputed whether the presynaptic
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effects of Frq were due to Ca>* channels or an interaction with
PI4K (. We propose that a functional interaction with Ca*"
channels is required for synaptic vesicle release, whereas an
interaction with PI4Kf3 is required for dense-core vesicle
release (Fig. 2).

Clearly, Frq has a significant role in regulating synaptic
transmission and neurite outgrowth. However, a complete
mechanistic account of its actions remains elusive. For in-
stance, does Frq bind to Ca>* channels and how precisely does
it regulate Ca®" channel function? The functional significance
of many of Frq's binding partners remains unknown.

Frq also has a postsynaptic role in regulating both LTP and
LTD in the mammalian CNS. The different stimulation pro-
tocols used to induce LTP and LTD result in different sources
of Ca®" activating NCS-1, which leads to NCS-1 binding to
different target proteins (Fig. 3). NCS-1 may also have differ-
ential effects in different neurons due to the expression of
different target proteins. These effects on long-term synaptic
plasticity likely contribute to the learning and memory phe-
notypes reported in worms and mice.

A question that remains unanswered is why the absence of
Frq is lethal in yeast [3], but not in worms [4], flies [5], or mice
[6]. One possibility is functional complementation between
Frq and other NCS proteins (neurocalcin, VILIP, hippocalcin,
recoverin, GCAP, and KChIP). Frq is the only NCS protein
found in yeast, whereas additional NCS proteins are found in
worms, flies, and mice. The study of multiallelic combinations
of Frq and other NCS mutants could be a means to test this
hypothesis. This could be done in genetically tractable organ-
isms such as worms and flies.
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