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Abstract Caveolin proteins physically interact with and
compartmentalize membrane-localized signaling proteins
to facilitate high-fidelity intracellular signaling. Though
primarily studied outside the nervous system, recent
investigations have revealed that caveolin proteins are key
modulators of a variety of neuronal intracellular signaling
pathways. Through both protein aggregation and segrega-
tion, caveolin proteins can exert positive and negative
influences on intracellular signaling. This review will detail
recent findings regarding caveolin function in the brain.
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Caveolins: Background

Originally the cellular membrane was thought of as a
homogenous medium through which membrane receptor
proteins freely circulated [1, 2]. This model posited that
neurotransmitter and neuromodulator receptors relied
solely on random diffusion for both ligand binding as well
as activation of the appropriate downstream signaling
molecules. Yet, this diffusion model does not account for
the speed and fidelity with which intracellular signaling
occurs. It is now clear that the cellular membrane is a
highly organized structure in which discrete structural and
functional membrane microdomains facilitate rapid and
reliable signal transduction. To fully appreciate cellular
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function, we require a thorough understanding of the
mechanisms by which membrane microdomains influence
intracellular signaling.

Composed principally of caveolin proteins (CAVs),
caveolae were among the first described membrane
microdomains in epithelial cells [3]. Caveolae, literally
meaning “little caves”, appear as flask-like invaginations
in the plasma membrane of these cells [4]. There are three
CAV proteins: caveolin 1 (CAV1), caveolin 2 (CAV2), and
caveolin 3 (CAV3) [5-7]. CAV1 and CAV?2 have over-
lapping patterns of expression throughout numerous tissues
[8-11], while CAV3 is widely expressed in muscle [7, 12—
14] as well the nervous system [9]. Disruption of CAV1 or
CAV3 expression results in a loss of caveolae formation
[15, 16]. Conversely, disruption of CAV?2 expression does
not affect caveolae formation in vivo, and thus it has been
hypothesized that CAV2 only forms caveolae as hetero-
oligomers with CAV1 (and possibly CAV3) [17].

It is thought that all CAVs share a similar tertiary
structure. CAVs are hairpin structures with both the C- and
N-termini residing in the cytoplasm. Post-translational
lipid-modification proximate to the carboxy terminus,
along with the lipophilic hairpin motif, likely facilitate
CAV interaction with and localization to the plasma
membrane. All three CAVs contain a caveolin scaffolding
domain (CSD) that serves as the docking site for many
intracellular signaling proteins, including but not limited
to, G,, Gg,, adenylyl cyclase (AC), protein kinase A,
protein kinase C, mitogen-activated protein kinase, c-src,
PI3-kinase, and nitric oxide synthase (NOS) [4]. Given the
plethora of signaling molecules with which the CSD
interacts, CAVs are ideally suited to coordinate and regu-
late rapid, membrane-initiated signaling pathways.

Despite widespread expression in most other tissues, it
was initially believed that CAV expression in the nervous
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system was limited to glial cells, and thus did not play a
prominent role in neuronal intracellular signaling [18]. More
recent studies have reported expression of all three CAV
isoforms in neurons [8, 19, 20]. CAV action in neurons
diverges from known mechanisms in non-neuronal cells in
two significant ways. First, since immature neuronal-like
cells have been demonstrated to lose CAV expression upon
differentiation, investigators must carefully consider devel-
opmental influences when assaying for CAV expression and
function in neurons [21]. Second, CAV expression in neu-
rons has been detected independently of any conclusive
evidence for caveolae [22]. CAV interaction with cytoskel-
etal components [23] may be sufficient to compartmentalize
neuronal signaling molecules.

While little is known about CAV interaction with the
cytoskeleton in neurons, post-synaptic density proteins
(PSDs) are well-studied neuronal structural proteins that
facilitate intracellular signaling at the post-synaptic site.
Thus, one of the most interesting questions within the ner-
vous system relates to the relationship between CAVs and
PSDs. Proteins in this class (such as PSD-95) contain PDZ
domains, which function similarly to the CSD in CAVs,
allowing the protein to interact with various signaling and
structural moieties [24]. As their name implies, PSD proteins
are enriched at postsynaptic sites where they facilitate neu-
rotransmitter signaling. It has yet to be determined whether
CAVs also display a similar enrichment to post-synaptic
sites. Despite similar functions as structural proteins that
regulate intracellular signaling moieties, little is known
about the potential interactions between PSDs and CAVs.
One exception is a 1998 study that reported PSD co-locali-
zation to CAV1-enriched fractions [25]. These data suggesta
hypothesis whereby CAVs and PSDs act cooperatively at the
synapse to influence rapid intracellular signaling. Since little
is known about the sub-cellular localization of membrane
CAVs in neurons, future experiments should determine
whether CAVs localize to the post-synaptic site, as well as
whether CAVs and PSDs interact and co-localize in intact
neurons. Data from these investigations will contribute to
building a comprehensive framework for integrating the
mechanisms by which these structural proteins interact to
modulate intracellular signaling.

Independent of PSD interactions, two lines of evidence
suggest that CAVs may play a role in synaptic maintenance
and stabilization. First, CAVs bind cholesterol and require
cholesterol for protein oligomerization [22, 26]. Second,
cholesterol has been shown to play critical roles in synapse
development in retinal ganglion cells [27], as well as
synapse maintenance at the neuromuscular junction [28].
These lines of evidence suggest a hypothesis whereby
localization of cholesterol-bound CAV to the synapse is a
critical step for post-synaptic development and stabiliza-
tion. Interactions with membrane constituents like

cholesterol may represent a means of “secondary modu-
lation” whereby CAVs influence the structure and
composition of the synapse to facilitate the presence and
function of intracellular signaling moieties.

The presence of all three CAV isoforms in the brain
implies that they may exert profound regulatory effects on
neurons. Indeed, CAVs have been demonstrated to play
critical roles in regulating neuronal signaling pathways and
overall nervous system function. Although initially descri-
bed as negative regulators of intracellular signaling, a
seminal study in 2004 was the first to demonstrate that CAVs
can also facilitate intracellular signaling [29]. The remainder
of this discussion will describe some specific examples of
CAV-mediated regulation of neuronal intracellular signaling
pathways in the context of their ability to exert both positive
and negative influences on intracellular signaling. Since
many studies investigating CAV regulation of neuronal
signaling also utilize non-neuronal preparations, we will
include several relevant examples in our discussion (see
Table 1). Based on these initial studies, it is clear that we are
only beginning to understand the full scope of CAV function.
Future experiments will require a more comprehensive study
of CAV isoforms, examine potential differences between
cell types, and examine both short- and long-term effects of
CAVs on receptor signaling events.

Mechanisms of intracellular signaling regulation

CAVs influence membrane-initiated intracellular signaling
via the clustering of proteins, the segregation of proteins, and
the trafficking of proteins to and from the membrane (Fig. 1).
Clustering refers to the ability of CAVs to facilitate rapid and
specific intracellular signaling by assembling the appropriate
signaling molecules into close physical proximity. Since
there is no evidence to date supporting the existence
of caveolae-like invaginations in neurons, this physical
organization may occur in the context of membrane micro-
domains. Given that CAVs have been shown to interact with
a wide variety of signaling proteins, this modulation is
thought to occur via direct protein—protein interactions
between CAVs and the target signaling molecules. Notably,
it has also been demonstrated that in addition to facilitating
the activation of signaling pathways, CAVs may isolate
certain proteins from obligatory signaling partners to dam-
pen signaling [30]. This capacity for bidirectional regulation
is evidence of the profound influence that CAVs may have on
intracellular signaling.

Trafficking, an additional mechanism by which CAVs
regulate membrane-initiated signaling, refers to the ability
of CAVs to move membrane receptors and intracellular
signaling molecules to and from the plasma membrane
[30-38]. Notably, this mechanism of action also allows for
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Table 1 Summary of CAV regulation of neuronal-relevant intracellular signaling discussed in this review
Signaler Preparation CAV isoform Direction of regulation Reference
SHT>4R (Gyq) HEK?293/C6 glioma CAV1 Positive [40]
ER/MGIuR (G,o/G i) Hippocampal and striatal neurons CAV1/CAV3 Positive [20]
Group I mGIuR (G,4) Hippocampal neurons/HEK293 CAV1 Both [46]
L-type Ca®" Channel Smooth, skeletal, cardiac muscle CAV1 Positive [47-50]
NMDAR Cortical neurons CAV1 Positive [51]
EEACI1 C6 glioma cells CAV1/CAV2? Both [56]
GLUT4 Skeletal muscle cells CAV3 Positive [57]
Cellular prion protein Neuronal cell lines (N2A, 1C11, PC12, GN11) CAV1 Positive [61-65]
Adenylate cyclase C6 Glioma CAV1 Negative [68]
Dopamine I receptor (G,;) COS7/HEK293 CAV1 Negative [30]
bFGF N2A neuroblastoma CAV1 Negative [69]
iNOS SK-N-MC neuroblastoma CAV1 Negative [73]
AMPAR Hippocampal neurons CAV1 Negative [74]
Studies conducted in neurons are highlighted in bold
Clustering Isolation Trafficking
o ©
o©

G-Protein

|

Caveolin Caveolin

Activated Downstream
Signaling

Fig. 1 Examples of CAV-dependent modulation of intracellular
signaling. a Clustering: CAVs can pair a GPCR and its obligate
G-protein to facilitate intracellular signaling. b Isolation: CAVs can
segregate a GPCR from a G-protein to attenuate intracellular

CAV-mediated bidirectional regulation of signal trans-
duction. This form of trafficking provides multifaceted
signaling dynamics in addition to the immediate presence
or absence of a signaling unit in the membrane. For
example, receptors may undergo endocytosis, a process of
initial negative regulation. However, receptor endocytosis
may provide protection from receptor desensitization
and/or degradation. This would allow for receptor rein-
sertion into the membrane, ultimately providing a positive
influence upon intracellular signaling [39]. That said, we

Attenuated Downstream
Signaling

G-Protein

signaling. ¢ Trafficking: CAVs can transport membrane-localized
signaling moieties to and from the plasma membrane to exert both
positive and negative regulation of intracellular signaling

will use positive/negative classification in reference to the
immediate effect on the signaling molecule in question.
Positive regulation by CAVs

5-HT, AR signaling

CAVs facilitate intracellular signaling by clustering relevant
signaling proteins into discrete functional microdomains,
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presumably through the CSD. Important neuron-relevant
signaling molecules positively regulated by CAVs (spe-
cifically CAV1) appear to be several GPCRs that interact
with G, G-proteins. For instance, CAV1 has been shown
to facilitate both GPCR-G,, interactions, as well as
G,q-mediated activation of downstream signalers such as
extracellular signal-regulated kinase (ERK).

Using both transfected HEK293 cells and C6 glioma
cells, Bhatnagar et al. [40] demonstrated that CAV1 posi-
tively regulates signaling of the serotonin type 2A receptor
(5-HT,4R). Specifically, the authors found that while
CAV1 is not required for the membrane targeting of
5-HT,4Rs, it does interact with 5-HT, 4R in transfected cell
lines and whole-brain homogenate, supporting a role for
CAYV regulation of 5-HT,4Rs in nervous system function.
It should be noted that a limitation of using whole-brain
homogenate is an inability to discriminate contributions
from glia and neurons. The authors also found that this
interaction likely facilitates downstream signaling. Spe-
cifically, CAV1 knock-down in C6 glioma cells results in
abrogation of 5-HT,,R- and P2Y purinergic receptor-
mediated intracellular Ca>* mobilization (both G,-medi-
ated). Furthermore, CAV1 knock-down in these cells
results in a dysregulation of 5-HT,sR-mediated ERK
signaling.

The exact nature by which CAV1 regulates the above
signaling pathways is not entirely clear. Given that CAV1
expression is not necessary for targeting the receptor to the
membrane surface, CAV1 must regulate 5-HT,,Rs inde-
pendent of receptor trafficking. The authors reported that
CAV1 knock-down modestly attenuates signaling by a
constitutively active G,q subunit, and that CAV1 potenti-
ates the interaction between G,q and the 5-HT,5R. These
data suggest a model whereby CAV1 positively regulates
G,q signaling by spatially congregating the receptor and the
G-protein into a functional microdomain to facilitate effi-
cacious activation of the signaling pathway upon
neurotransmitter binding to the receptor. Importantly, these
data from non-neuronal cells have generated testable
hypotheses regarding CAV facilitation of 5-HT,,R and
G,q signaling which can now be examined in intact neu-
ronal systems.

Steroid hormone/mGluR signaling

Though CAVs were not initially thought to be expressed in
neurons [18], as early as 2004 it was hypothesized that in
neurons, caveolar-like microdomains (CLMs) may localize
steroid hormone receptors to the membrane as a novel way
for steroids to facilitate activation of intracellular signaling
pathways [41]. While caveolae have yet to be identified in
neurons, CAVs have since been shown to be expressed in
neurons [8, 19, 20]. Furthermore, a report from our lab that

CAVs modulate rapid estrogen signaling in hippocampal
neurons is consistent with these initial models of mem-
brane-localized steroid hormone signaling [20].

Estrogen bidirectionally regulates the phosphorylation
state of the activity-dependent transcription factor CREB in
cultured hippocampal neurons [42]. Estrogen enhancement
of CREB phosphorylation is mediated via estrogen binding
to membrane-localized estrogen receptor alpha (ERow),
and subsequent activation of mGluR1a (G,4) signaling. In
contrast, when a hippocampal neuron is depolarized in the
presence of estrogen, estrogen binding to membrane-
localized ERa or estrogen receptor 5 (ERf) leads to
mGluR2-(G,;,,) dependent inhibition of AC, resulting in a
subsequent decrease in L-type Ca®" channel-mediated
CREB phosphorylation.

In a follow-up study, CAVs were found responsible for
functionally (and probably physically) segregating these
two discrete neuronal signaling pathways [20]. Specifi-
cally, inhibition of CAV1 function or expression resulted in
an abolishment of estrogen-induced CREB phosphoryla-
tion. Importantly, inhibition of CAV1 did not inhibit CREB
phosphorylation that is induced by the mGIuR1 agonist
DHPG, suggesting that CAV1 functions by promoting or
facilitating an interaction between ERa and mGluRI.
Analogously, inhibition of CAV3 function resulted in
a loss of the estrogen-mediated inhibition of L-type
Ca”’" channel-dependent CREB phosphorylation. Since
inhibition of L-type Ca*" channel-mediated CREB phos-
phorylation by the mGIuR2 agonist APDC is only
minimally affected by CAV3 knock-down, CAV3 again
likely facilitates signaling by promoting an interaction
between mGluR2 and ERo/f5. A similar mechanism occurs
in striatal neurons as disruption of CAV1 eliminates
ERo/mGluR5-mediated CREB phosphorylation, while
disruption of CAV3 blocks ERo/f/mGluR3-mediated
inhibition of L-type Ca*" channel-mediated CREB phos-
phorylation (unpublished observations). Notably, the
mechanism by which CAVs promote 5-HT,,R signaling
(coupling GPCR to G-protein) is distinct from the mech-
anism by which they promote ER/mGIuR signaling
(coupling receptor to receptor). To determine whether
CAVs facilitate distinct signaling pathways via diverse
mechanisms, future studies will need to examine several
G,q signaling pathways in an intact neuronal preparation.

In support of a model where different CAVs facilitate
ER membrane localization and interaction with distinct
mGluRs, our co-immunoprecipitation experiments indicate
that in neurons CAV1 interacts with ERo, while CAV3
interacts with both ERa and ERf (unpublished observa-
tions). While these data suggest that CAVs function by
facilitating the interactions between ERs and mGluRs at
the membrane surface, they do not preclude the possibility
that CAV1/3 also regulate these signaling pathways by
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trafficking ERo and ERf to the membrane surface. This
possibility is intriguing given the fact that ERs were ini-
tially thought of as solely ligand-activated transcription
factors that do not localize to or function at the membrane
surface [43, 44]. Thus, CAVs may function to traffic and
localize non-canonical membrane-signaling proteins,
thereby greatly amplifying the potential intracellular sig-
naling opportunities in neurons.

Importantly, CAVI1 regulation is limited to the
ERa-mGluR1/5 pathway, while CAV3 regulation is limited
to the ERa/f-mGluR2/3 pathway [20]. Together, these data
suggest a model whereby CAV1 and CAV3 physically
segregate these signaling proteins into either CAV1- or
CAV3-containing microdomains. Consistent with this
model, CAV1 was found not to co-localize with ERf in a
hippocampal-derived cell line [45]. This leads to the
intriguing possibility that in the same neuron, distinct
signaling pathways can be physically segregated into dis-
crete microdomains that are comprised of different CAV
isoforms. Thus, expression of signaling molecules may not
be sufficient for a neuron to exhibit a given intracellular
signaling pathway. Rather, function of CAVs or other
structural proteins may be necessary for functional
expression of that signaling pathway.

Francesconi et al. [46] recently demonstrated that CAVs
can also directly interact with and regulate the function of
Group I mGluRs. Using whole-brain homogenate, they
reported that both mGluR1 and mGluRS interact with
CAV1 in the hippocampus and cerebellum (with the caveat
that glial contributions cannot be ruled out here). In cell
lines, they demonstrated that CAV1 facilitates surface
expression of both mGluR1 and mGluRS. Further, muta-
tion of the consensus CAV-binding-domain in mGluR1
attenuated its association with CAV1. Within hippocampal
neurons, CAV1 was found to be involved in mGIluR sur-
face trafficking. While these data do not definitely establish
a role for CAV1 in mGlIuR regulation in neurons, they
generate specific hypotheses that can now be tested in
neuronal systems.

CAV regulation of mGluR1 in cell lines reveals addi-
tional distinctions between membrane localization and
facilitation of downstream signaling. Intriguingly, expres-
sion of CAV1 in HEK cells decreased mGluR-dependent
activation of ERK [46]. Furthermore, basal levels of ERK
activation are elevated in neurons of CAV1 knockout-mice,
suggesting a role for CAV1 in the constitutive inhibition
of downstream mGluR1 signaling. Thus, CAV1 may posi-
tively regulate transport of mGluR1 to the membrane
surface, but then act to attenuate mGluR 1 signaling possibly
via physical segregation. Clearly further study is required.
However, it is evident that CAV regulation of a given sig-
naling protein may involve both positive and negative
regulation depending on the particular physiological state of

the cell. Relative to non-excitable cell lines, the complexity
of CAV regulation may be amplified in neurons, which
rapidly and repeatedly modulate their physiological state by
modifying the electrical potential across their membrane.
While CAVs may not be directly regulated by voltage,
neuronal signaling pathways are, and thus the influence of
CAVs on those signaling pathways may depend on these
dynamic electrical conditions.

L-type Ca®" channel/glutamate/VDAC signaling

In addition to G-protein signaling, CAVs have been shown
to modulate ion channel signaling. For instance, in skeletal
muscle [47], smooth muscle [48, 49] and cardiac cells [50]
CAYV function has been shown to be necessary for L-type
Ca®*" function. Although not directly addressed in the
ER/mGIuR study [20], this is consistent with the hypoth-
esis that CAV3 may facilitate estrogen-induced attenuation
of depolarization-induced CREB phosphorylation by clus-
tering ERo/f, mGluR2/3, and L-type Ca*" channels into
functional microdomains via direct protein—protein inter-
actions. These data also suggest that distinct CAV isoforms
may regulate specific signaling players across multiple cell
types (i.e., CAV3 and L-type Ca>" channels).

CAVs influence ionotropic glutamate receptor signaling
in neuronal systems. CAVI1 function was found to be
necessary for N-methyl-p-aspartate receptor (NMDAR)-
mediated activation of ERK and Src in cultured cortical
neurons. CAV1 and the NMDAR subunit NMDAR2B co-
localize in rat cortical neurons [51]. Although the authors
did not mutate the CAV-binding motif to test its necessity
in this interaction, NMDAR?2B most likely interacts with
CAV1 via a specific protein motif interaction, since the
NMDAR2B contains two putative CAV-binding motifs
[52]. This interaction also likely facilitates NMDA-medi-
ated Src and ERK1/2 activation, as siRNA knock-down of
CAV1 attenuates the ability of NMDARSs to mediate this
effect [51]. Finally, over-expression of CAVI1 in CAV1
knock-out neurons rescues NMDA-mediated Src and
ERK1/2 activation. Together, these data strongly suggest
that CAV1 facilitates NMDAR signaling in cortical neu-
rons via a specific protein—protein interaction with the
NMDAR?2B subunit. These results are especially exciting
since they were obtained from primary neurons. Given the
ubiquity of NMDAR expression in brain neurons, future
investigations should determine whether CAV1 similarly
facilitates NMDAR signaling in other neuronal types.

CAV regulation of ion channel signaling is also relevant
to organism physiology and pathology. Head et al. [51]
demonstrated that CAV1 facilitation of NMDAR-mediated
ERK and Src activation is necessary for neuronal protec-
tion from ischemic cell death. CAV dysregulation may play
a role in human pathologies as well. In post-mortem
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samples of human cortex and hippocampus, voltage-
dependent anion channel (VDAC) and ERa form a com-
plex with CAVI1. This interaction is modified in
pathological states, as samples from patients with Alzhei-
mer’s showed excessive VDAC accumulation in caveolae
[53]. Since VDAC is thought to be involved in mediating
some aspects amyloid-f neurotoxicity in Alzheimer’s dis-
ease [54], CAV dysregulation may play a prominent role in
its symptomology. It remains to be determined, however,
whether these VDAC aggregations precede Alzheimer’s
pathology and play a causal role in degeneration, or
whether the aggregations are symptomatic of some more
fundamental dysregulation.

In contrast to CAVs regulating glutamatergic signaling
by affecting glutamate receptors themselves, CAVs have
also been shown to modulate the localization of EEACI,
a sodium-sensitive glutamate transporter critical for the
re-uptake and recycling of glutamate in neurons [55].
Gonzalez et al. found that CAV1 facilitates cell surface
localization of EAACI1 [56]. Specifically, expression of
EAACI on the cell surface of glioma cells was attenuated
by either over-expression of a dominant negative CAV1, or
siRNA knock-down of CAV1. Consistent with this result,
cultured cortical neurons from CAV1 knock-out mice
displayed attenuated membrane delivery Kkinetics of
EAACI relative to wild-type controls. Not surprisingly,
immuno-precipitation experiments revealed that CAV1 and
CAV2 form complexes with EAACI1. This is consistent
with the hypothesis that a direct interaction between CAVs
and EAAC] may be responsible for mediating the traf-
ficking of the transporter to the membrane surface.

Similar to bidirectional mGIuR regulation [46], it is
interesting to note that CAVs may also negatively regulate
EAACI [56]. For instance, CAV1 facilitates endocytosis of
EAACI, since endocytosis of EAACI1 is delayed when
CAYV expression or function is disturbed by use of siRNA
knock-down of CAV1 or dominant negative CAV1 over-
expression. Since CAV1 also facilitates EAAC expression
at the membrane surface (see above), CAVs can participate
in the full membrane-protein trafficking cycle and bidi-
rectionally regulate the same protein depending on specific
physiological conditions.

CAVs also affect the trafficking and membrane distri-
bution of several other transporters. For instance, insulin-
induced membrane trafficking of glucose transporter 4
(GLUT4) is impaired when CAV3 expression is eliminated
in skeletal muscle cells [57]. Additionally, the disruption of
lipid rafts has also been shown to attenuate glutamate [58],
anandamide [59], and serotonin uptake [60]. Since these
effects were shown by general disruption of lipid rafts, it
still remains to be determined if CAVs are specifically
involved in regulating the activity of these transporters.
These studies were carried out in non-neuronal systems,

and therefore it will also be necessary to determine whether
CAYV regulation of these membrane transporters occurs in
neuronal systems.

Cellular prion protein signaling

Cellular prion protein (PrP€) is a glycosyl-phosphatidyl
inositol linked cell surface proteins, whose aberrant form
(PrPS%) is thought to underlie transmissible spongiform
encephalopathies. In this disease state, it is thought that
PrPC is internalized before its conversion to PrPS¢. A
seminal report using mouse neuroblastoma cells (N2A),
found that PrP© forms a physical association with CAV1,
which may explain the basis for its localization to mem-
brane rafts [61].

While PrPS¢ was initially studied because of its patho-
logical role, more recent attention has been focused on the
physiological role of PrPS, which is highly enriched in
neurons and membrane lipid rafts. These investigations
have revealed a role for CAV1 in PrP“-mediated intracel-
lular signaling. In fact, several reports detailed below have
used neuronal cell lines as a model to investigate these
issues. In one of the first reports investigating CAV1
influence of PrP“-mediated intracellular signaling in neu-
ronal cell lines, Mouillet-Richard and colleagues [62]
utilized the neuronal differentiation model 1C11, a neuro-
ectodermal progenitor that acquires either a serotonergic or
noradrenergic fate following specific induction paradigms.
Although 1C11 cells express PrP€ in both the differentiated
an undifferentiated states, antibody cross-linking activation
of PrP€ results in activation of the tyrosine kinase Fyn only
in differentiated cells [62]. In PC12 cells CAV1 association
with PrPS may both depend on tyrosine phosphorylation of
CAV1, and contribute to cell differentiation [63]. CAV1
function is necessary for this effect in 1C11 cells since
immuno-sequestration of CAV1 prevented PrP“-mediated
Fyn activation [62]. Moreover, PrP co-immunoprecipi-
tates with CAV1 only in lysates from differentiated cells.
Thus, while there does not appear to be a dramatic devel-
opmental regulation of CAV1 expression in this paradigm
(as in GnRH neurons [21]), there is a dynamic regulation of
the localization and coupling of CAV1 to intracellular
signaling pathways. These data reinforce the notion that
CAV expression and/or activity may be closely linked to
the developmental state of the neuron in question, and
thus these variables must be carefully considered when
designing future experiments.

CAVI may also contribute to PrP5C signaling in the
disease state by facilitating PrP*-CAVI-Fyn signaling.
Application of the peptide fragment PrP 106-126, which
imitates the neurotoxicity of PrPSC, resulted in overflow of
reactive oxygen species, as well as activation of ERK1/2,
SAPK, and apoptotic signaling in differentiated 1C11 cells
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[64]. Importantly, these effects depend on the PrP°-CAV 1-
Fyn signaling pathway, and only occur in differentiated
neuronal cells, suggesting that CAV1 regulation of the
signaling pathway is required for these effects. Thus,
attenuating the association of CAV1 with PrP signaling in
pathological states represents a putative target for inter-
ventional therapy.

The physical association between PrPS and CAV1 also
occurs in GNI11 cells, which are a neuronal cell line
derived from migrating GnRH neurons. CAV1 interaction
with PrP© in GN11 cells depends on an octapeptide repeat
in the N-terminus of PrP® [65]. Density-gradient centrifu-
gation confirmed co-localization of CAV1 and PrP€. In this
system, this association is activity-dependent as antibody-
mediated activation of PrP© resulted in its clustering with
both CAV1 and Fyn. Since PrPC activation resulted in
increases in downstream ERK1/2 phosphorylation, the
authors attempted to demonstrate the necessity of CAV1.
However, in agreement with results from a study discussed
above [46] as well as investigations in non-neuronal cells
[66, 67], knock-down of CAV1 expression resulted in
elevated levels of phopho-ERK1/2. Given the consistency
of this phenomenon across many cell types and prepara-
tions, CAVl-inhibition of ERK1/2 may be a fundamental
regulatory feature. Whether CAV1 directly inhibits
ERK1/2, or alternatively inhibits upstream modulators of
ERK1/2 has yet to be determined, and warrants future
study.

Negative regulation by CAVs
G,/AC signaling

CAVs can negatively regulate the initiation of intracellular
signaling by sequestering membrane signaling proteins and
preventing their interaction with the appropriate down-
stream signaling machinery. Furthermore, CAVs may
remove membrane-signaling machinery from the mem-
brane surface via endocytosis. Below we discuss several
examples in which CAVs mediate negative regulation of
intracellular signaling that is relevant to the nervous
system.

CAVs have been shown to negatively regulate AC sig-
naling. For instance, in C6 glioma cells, RNAi knock-down
of CAV1 potentiates isoproterenol (f-adrenergic receptor),
thyroid stimulating hormone (thyroid stimulating hormone
receptor), and forskolin-(AC) induced cAMP accumulation
[68]. The authors determined that while CAV1 knockdown
actually resulted in decreased G, localization and reduced
AC activity in caveolae, it attenuated agonist-induced G,
internalization. These data are consistent with a model in
which CAVs support agonist-induced internalization of the

receptor complex, in this case leading to the observed
reduction of cAMP production following various neuro-
transmitter agonists.

A second example of CAV-mediated attenuation of
membrane-initiated signaling is CAVl-regulation of
G,s-coupled DI1-dopamine receptors (D1R). In a study
using COS7 and HEK293 cells, DIR was shown to both
interact with CAV1 as well as co-localize in CAV-enriched
fractions [30]. In contrast to other results [68], G, did not
co-localize in CAV-enriched fraction. This contradiction
may be due to differences in the cell lines used in each
study.

This study also reported that agonist application causes
DIR translocation to CAV fractions, and subsequent
internalization via a CAV-dependent mechanism, both of
which depend on the DIR CAV-binding motif [30].
However, CAV1-regulation of DIR signaling appears to be
considerably more complicated. Disruption of the DIR
CAV1 binding motifs result in constitutive desensitization
of DIR signaling, while disruption of caveolae formation
enhances DI1R-mediated cAMP accumulation. Thus,
blocking CAV1 expression is not equivalent to disrupting
caveolae in this system, perhaps because other CAVs may
be involved. As noted, this issue will require further study
to be fully understood. Nevertheless, in non-neuronal cells,
CAV1 negatively regulates D1R signaling by internalizing
the receptor upon agonist binding. It is unknown whether
the receptor is then targeted for proteosomal degradation or
re-inserted into the membrane at a later time point. While a
weakness of this study for addressing neuronal signaling is
its use of non-neuronal cell lines, if this CAV regulation of
DIR signaling occurs in the nervous system, it will have
implications for a wide variety of human pathologies
characterized by aberrant dopamine signaling.

Growth factor and nitric oxide signaling
in neuroblastomas

CAVs have been shown to play a role in growth factor
signaling in neuroblastoma cells. Specifically,
expression of CAV1 can inhibit basic fibroblast growth
factor (bFGF)-mediated neurite growth in N2a mouse
neuroblastoma cells [69]. In particular, CAV1 attenuates
the interaction between Rac/Cdc and Pakl leading to an
attenuation of downstream ERK activation, necessary for
neurite outgrowth. The study reported that CAV1 interacts
with these signaling molecules, preventing their interac-
tion. It is not yet clear whether this occurs via sequestering
or trafficking the molecules from the membrane. It also
remains to be determined whether this regulation is rele-
vant to embryonic development (CAV1 as a negative
regulator of neurite outgrowth) and human disease such as
Parkinson’s [70], or if it is exclusive to neuroblastoma

over-
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cells. These are important considerations when extrapo-
lating to neurons since cancer cells are often characterized
by aberrant intracellular signaling. Nevertheless, CAV1-
inhibition of neurite outgrowth in neuroblastoma cells may
have implications for cancer treatment.

Using purified protein, CAVs have been shown to interact
with and inhibit both neuronal NOS (nNOS) and inducible
NOS (iNOS) function via the CSD [71, 72]. Thus, a study
reporting the effects of CAV inhibition of iNOS in neu-
roblastomas may have direct relevance to CAV regulation of
neuronal survival [73]. The authors reported that neuro-
blastoma cells exposed to hypoxic conditions for 15 h
showed an increase in iNOS expression and downstream NO
production. This led to a specific increase in CAV1 expres-
sion that caused feedback inhibition of iNOS expression. The
authors note that since hypoxic neuroblastoma cells can
become progenitor cells and lead to cancerous progression,
this is a putative mechanism by which these cells adapt to
these hypoxic conditions. Thus, an understanding of the
exact mechanism by which CAV1 facilitates this adaptation
will be important for developing effective clinical treatments
for cancer therapy.

Glutamatergic signaling

Finally, the glutamate receptor, 2-amino-3-hydroxy-5-
methyl-4-isoxazole propionate (AMPAR) also seems to be
negatively regulated by CAV1 through an indirect mech-
anism. Ligand binding to AMPARs is almost completely
abolished by over-expression of the CAV1 CSD [74].
However, this modulation is not due to CAV1 binding the
APMAR, but rather CAV1 modulation of the enzyme
phospholipase (PLA,), which itself has been shown to
promote APMAR ligand binding [75, 76]. PLA, contains
a CAV-binding domain and has been identified in
CAV-enriched membrane fractions from hippocampal
neurons (which may include glial contributions). The
authors propose that CAV1 inhibits the enzymatic activity
of PLA,, subsequently leading to modulation of AMPAR
binding in neurons. CAV1 seems to divergently regulate
glutamate signaling (facilitation of NMDAR signaling [51]
versus attenuation of AMPAR signaling). This dichotomy
is exciting given that these studies were both carried out in
primary neurons. However, it remains to be determined
whether this difference can be attributed to difference in
neuronal type (hippocampal vs. cortical).

Conclusions
It is now clear that CAVs play a crucial role in achieving

the temporal and spatial specificity that is required for
effective execution of intracellular signaling in neurons.

CAVs achieve this exquisite regulation by physically
interacting with and sequestering the appropriate signaling
molecules at the neuronal membrane and/or trafficking the
molecules to and from the membrane surface. They may
also influence signaling molecules via indirect mechanisms
such as interacting with modulators of those pathways (as
in the case of AMPARSs). Importantly, these mechanisms
allow for bidirectional regulation of particular signaling
pathways, and in some cases bidirectional regulation of a
single signaling molecule.

We have only begun to understand the pivotal role of
CAVs in regulating neuronal intracellular signaling. Many
of the studies here have utilized non-neuronal preparations
to generate testable hypotheses about neuronal intracellular
signaling pathways. Thus future investigators are chal-
lenged to investigate these possibilities in primary neuronal
systems that allow a dissociation of neuronal and glia
contributions. These preparations will also provide insight
into the seemingly paradoxical notion that CAVs exert
complex regulation in neurons in the absence of evidence
for caveolae.

While these limitations prevent us from offering a
comprehensive theory of CAV regulation of neuronal sig-
naling, some themes have begun to emerge from the initial
studies described here: CAV1 appears to positively regu-
late certain classes of signaling (G,, signaling), and
attenuate others (ERK1/2). Evidence from investigations of
rapid ER effects in hippocampal neurons suggests that
CAVs may facilitate membrane-initiated signaling by non-
canonical proteins. This notion that CAVs may not only
organize previously identified signaling cascades, but also
facilitate previously unrecognized signaling pathways
greatly amplifies the signaling possibilities in neurons.
Furthermore, different CAV isoforms may be responsible
for physically segregating distinct signaling pathways in
neurons. Nonetheless, the overall impact of CAV on ner-
vous system function will be an integration of CAV
influence on specific signaling molecules and specific
pathways throughout the duration of signaling events. This
capacity for extensive but precise regulation of intracellular
signaling dictates that CAVs are uniquely positioned to
impact many aspects of neuronal signaling, and play a
critical role in nervous system function and disease.
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