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Group | metabotropic glutamate receptors (mGIluR1/5) are impor-
tant to synaptic circuitry formation during development and to
forms of activity-dependent synaptic plasticity. Dysregulation of
mGluR1/5 signaling is implicated in some disorders of neuro-
development, including fragile X syndrome, the most common
inherited form of intellectual disabilities and leading cause of
autism. Site(s) in the intracellular loops of mGIuR1/5 directly bind
caveolin-1, an adaptor protein that associates with membrane
rafts. Caveolin-1 is the main coat component of caveolae and
organizes macromolecular signaling complexes with effector
proteins and membrane receptors. We report that long-term
depression (LTD) elicited by a single application of the group |
mGIluR selective agonist (RS)-3,5-dihydroxyphenylglycine (DHPG)
was markedly attenuated at Schaffer collateral-CA1 synapses of
mice lacking caveolin-1 (Cav1~"), as assessed by field recording. In
contrast, multiple applications of DHPG produced LTD comparable
to that in WT mice. Passive membrane properties, basal glutama-
tergic transmission and NMDA receptor (NMDAR)-dependent LTD
were unaltered. The remaining LTD was reduced by anisomycin,
an inhibitor of protein synthesis, by U0126, an inhibitor of MEK1/2
kinases, and by rapamycin, an inhibitor of mammalian target of
rapamycin (mTOR), suggesting mediation by the same mechanisms
as in WT. mGluR1/5-dependent activation (phosphorylation) of
MEK and extracellular signal-regulated kinase (ERK1/2) was al-
tered in Cav71™~ mice; basal phosphorylation was increased, but
a single application of DHPG had no further effect, and after
DHPG, phosphorylation was similar in WT and Cav1~~ mice. Taken
together, our findings suggest that caveolin-1 is required for nor-
mal coupling of mGIuR1/5 to downstream signaling cascades and
induction of mGIuR-LTD.

roup I metabotropic glutamate receptors (mGluRs),

mGIluR1 and mGIuRS, are G protein-coupled receptors
enriched at excitatory synapses throughout the brain, where they
regulate neuronal excitation (1, 2). mGluR1/5s play an important
role in the establishment of synaptic circuitry during brain de-
velopment (3, 4) and in activity-dependent forms of synaptic
plasticity, including long-term potentiation and long-term de-
pression as occur in associative learning (5-8). Dysregulated
mGluR1/5 signaling is implicated in neurological, psychiatric,
and cognitive disorders (8), including fragile X syndrome, the
most common inherited cause of intellectual disabilities (9, 10).
The broad spectrum of physiological and pathological functions
in which mGluRs participate is related to their capacity to ini-
tiate diverse signaling events by G protein-dependent and -in-
dependent mechanisms (11, 12).

Membrane rafts (13, 14) and caveolae (15) are specialized
membrane domains of the plasma membrane, enriched in cho-
lesterol and glycosphingolipids, that serve as platforms to com-
partmentalize specific signaling activities at the cell surface.
Caveolin-1 is an adaptor protein that interacts with an array of
receptors, including mGluR1 and mGIuRS (16-18) and effector
proteins, and modifies signaling strength and duration by regu-
lating the activity of its interacting partners (19-21). Binding to
caveolin-1 attenuates the rate of mGluR1 constitutive in-
ternalization and attenuates mGluR1-mediated activation of
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extracellular signal-regulated kinase (ERK) signaling (16). Cor-
tical neurons from CavI~'~ mice show enhanced basal ERK1/2
phosphorylation and prolonged phosphorylation/activation of
ERK1/2 in response to stimulation by the group I mGluR-se-
lective agonist DHPG (16). However, the full impact of caveolin-
1 on synaptic function and plasticity is unclear.

Activation of group I mGluRs elicits long-term depression
(mGluR-LTD) at Schaffer collateral-CA1 (Sch-CAl) synapses,
a form of NMDA receptor (NMDAR)-independent synaptic
plasticity (22) that requires de novo protein synthesis in the adult
(23-27). mGluR-LTD induced by DHPG is absent in the mGIuRS
KO mouse (24). In the present study, we examined mGluR-LTD at
these synapses in mice lacking caveolin-1 (Cav1™"). Cavl™~ mice
are viable and fertile (28, 29), although they develop pathological
features including vascular and pulmonary dysfunction and im-
paired liver regeneration (15). They do not show gross neuroan-
atomical abnormalities, but they do exhibit motor and behavioral
deficits, including decreased exploratory activity, impaired spatial
memory, and increased anxiety (30, 31).

Here, we report that mGIuR-LTD at Schaffer collateral-CA1
synapses of CavI™~ mice induced by a single brief (5 min)
application of (RS)-3,5-dihydroxyphenylglycine (DHPG) was
markedly reduced relative to that in wild-type (WT) mice. In-
creasing the duration of DHPG application had little or no effect
on the magnitude of LTD. Multiple applications of DHPG in-
creased the LTD; the saturating level was the same in Cavl /=
mice as in WT, but more applications were required. Basal
glutamatergic synaptic transmission, presynaptic function, and
NMDAR-dependent LTD were normal. Basal phosphorylation
of MEK and ERKI1/2, signaling kinases required for the in-
duction of mGluR-LTD, were elevated in the hippocampus of
CavI™~ mice, but were not further increased by brief application
of DHPG. Together, these findings suggest that caveolin-1
orchestrates signaling events required for efficacious induction of
mGIluR-LTD at CALl synapses.

Results

mGIuR-LTD at Sch-CA1 Synapses Is Impaired in Cav1~~ Mice. Acti-
vation of group I mGluRs (mGluR1/5) with the selective agonist
DHPG (32) elicits a form of homosynaptic long-term depression
(chemical mGIluR-LTD) of synaptic transmission at Schaffer
collateral to CA1 (Sch-CA1l) pyramidal cell synapses that is in-
dependent of NMDA receptor (NMDAR) activation (24, 33).
To examine whether caveolin-1 has a role in mGluR-LTD, we
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applied DHPG (100 pM, 5 min) to hippocampal slices from WT
and CavI™~ mice aged 20-34 d (Fig. 14). In WT slices, DHPG
produced a robust depression of evoked field potential (fEPSP)
slope values to 76 + 3% of pre-DHPG baseline, assessed at 50-55
min after DHPG (n = 10; Fig. 14), consistent with previous
reports (24). In contrast, in slices from Cavl™'~ mice, DHPG
produced less mGIuR-LTD (depression of fEPSPs to 90 & 3% of
baseline,n = 10, P <0.01 Cavl™~ vs. WT; Fig. 14). The short-term
depression of fEPSPs, measured at 4-6 min after onset of DHPG
application, was also decreased in Cavi™~ compared with WT
mice (Cavl ™~ t0 67 +4%,n = 10,vs. WT to 51 +4%,n = 10; P <
0.05 Cavl™~ vs. WT). Attenuation of short- and long-term syn-
aptic depression in response to DHPG was also observed in slices
from P10-11 Cavl ™"~ mice (Fig. S1), indicating that caveolin-1 also
affects mGluR-LTD at earlier ages. However, the mechanisms are
likely to be different, because at this early age, mGluR-dependent
LTD is presynaptic and not dependent on protein synthesis (34).
Application of DHPG in the presence of the selective mGluR1
antagonist LY367385 (100 pM) together with the mGluRS5 an-
tagonist MPEP (10 uM) to CavI ™"~ slices failed to induce LTD of
fEPSPs (responses were 99 + 2% of baseline, n = 6; Fig. 1B),
consistent with a requirement for group I mGIuR activation. To-
gether, these findings indicate that both short- and long-term
mGluR1/5-dependent synaptic depression induced by a single
application of DHPG are markedly decreased at CA1 synapses of
mice lacking caveolin-1.

NMDAR-LTD at Sch-CA1 Synapses Is Normal in Cav1~~ Mice. To ex-
amine whether caveolin-1 is required for mGluR-independent
forms of LTD, we examined NMDAR-LTD at CA1 synapses of
Cavl™~ mice. We delivered low-frequency stimulation (LFES;
1,200 pulses at 1 Hz) to Schaffer collateral axons and recorded
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Fig. 1. DHPG-induced LTD at Sch-CA1 synapses is attenuated in Cavi™~
mice, whereas NMDAR-dependent LTD is normal. The fEPSPs in the CA1
region were evoked by stimulation of Schaffer collateral axons; LTD was
induced by bath-application of RS-DHPG (100 uM, 5 min). The fEPSP slope
(mean + SEM) is plotted as the percent of pre-DHPG baseline. Insets show
representative fEPSPs (average of three to five traces) at times indicated by
numbers (baseline: thick gray line, posttreatment, thin black line). (A) LTD
induced by DHPG (5 min) was attenuated in Cav1™~ mice compared with
that in WT mice (for each genotype n = 5 mice, n = 10 slices, P < 0.01). (B)
Incubation with mGIuR1 (LY367385, 100 uM) and mGIuR5 (MPEP, 10 pM)
antagonists blocked DHPG-induced LTD in Cav1™~ mice (n = 3 mice, n=6
slices). (C) LTD induced by low-frequency stimulation (LFS; 1 Hz, 20 min) of
Schaffer collateral axons. The fEPSP slope (mean + SEM) is plotted as the
percent of the pre-LFS baseline. LFS-induced LTD was not altered in Cavi™~
mice compared with WT (WT, n=9; Cavi™", n=8; P = 0.342). (D) LFS-induced
LTD was blocked by D-APV in Cav1™~ mice (n = 6).
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fEPSCs in area CA1 (35-37). LFS induced robust depression of
fEPSPs in slices from both WT and Cavi™™ mice, as assessed
35-40 min after stimulation (WT depression to 83 + 5% of
baseline, n = 9; Cavl ™~ depression to 79 + 4% of baseline, n =
8 P > 0.05 Cavl™~ vs. WT, P < 0.001 CavI™~ or WT vs.
baseline; Fig. 1C). To confirm the dependence of this form of
synaptically induced LTD on activation of NMDARs, LFS was
delivered in the presence of the selective NMDAR antagonist D-
APV (50 pM). Application of D-APV abolished LFS-LTD in
slices from Cavl™™ mice (Fig. 1D). Collectively, these observa-
tions indicate that the cellular machinery underlying this form of
LTD remains intact in CavI~'~ mice.

Saturating Levels of mGIuR-LTD Are the Same in WT and Cav1~~
Mice. DHPG-induced LTD at Sch-CAl synapses is a saturable
form of plasticity that shares a common expression mechanism,
internalization of AMPA receptors, with NMDAR-independent
LTD induced by paired-pulse low-frequency stimulation (24). To
further investigate the properties of the reduced mGIluR-LTD in
Cavl™~ mice, we used repeated applications of DHPG. In WT
mice, two consecutive applications of DHPG produced maximal
depression of the fEPSPs (Fig. 24), in corroboration of others
(24). In contrast, four applications of DHPG were required to
achieve maximal LTD in slices from CavI~~ mice (Fig. 2B).
Importantly, the maximal depression measured 30-35 min after
final application of DHPG in slices of Cavl ™~ mice was as great
as that observed in WT slices (P > 0.05 Cavl 7759 +5%,n =5,
vs. WT 56 + 2%, n = 6; Fig. 2C).

The observed attenuation of mGluR-LTD in Cavl™~ mice
could be due to insufficient stimulation of mGIluR1/5 by the 5-
min exposure to DHPG. To test this possibility, we examined
whether a single but longer lasting application of DHPG (20
min; ref. 33) enhanced the magnitude of LTD in slices from
Cavl™~ mice. Although slightly increased, LTD induced by 20
min of DHPG did not significantly differ from that induced by 5
min of DHPG (data from Fig. 14 included in Fig. 2D; 20 min of
DHPG, 85 + 4%, n = 10, 20 min vs. 5 min; P > 0.05), indicating
that prolonged exposure to the agonist does not further engage
the molecular machinery underlying LTD. These findings are
consistent with a model whereby coupling of mGIluR1/5 to
downstream signaling pathways mediating mGIluR-LTD is im-
paired in mice lacking caveolin-1.

Basal Transmission at lonotropic Glutamate Receptors Is Normal in
Cav1~~ Mice. To examine whether the impaired mGluR-LTD in
slices of CavI™~ mice is associated with deficits in basal gluta-
matergic neurotransmission, we measured paired-pulse facilita-
tion (PPF; ref. 38), and AMPAR- and NMDAR-EPSCs at Sch-
CA1 synapses (Fig. 3). No significant differences were observed in
PPF (Fig. 34), the EPSC amplitude-membrane voltage relation
(Fig. 3B), the AMPAR-EPSC rectification index (measured in 50
pM D-APYV, Fig. 3C), or the NMDAR/AMPAR ratio (assessed at
+40 mV as the ratio of the peaks of the D-APV sensitive and in-
sensitive components; Fig. 3D) in CavI™~ vs. WT slices. The
membrane properties of CAl neurons including resting potential,
input resistance (R;,), and input time constant under volt-
age clamp were not significantly different in Cavl ™~ vs. WT slices
(Table S1). Furthermore, the magnitude of DHPG-induced,
Ca**-dependent inward current (39-41) did not differ between
CavI™~ and WT mice (Fig. S2). Collectively, these findings in-
dicate that mGluR-independent forms of LTD and basal AMPA/
NMDA transmission at Sch-CAl excitatory synapses were not
significantly altered in Cavl ™"~ mice. Thus, the role of caveolin-1 at
CA1 synapses may be selective for mGluR-dependent plasticity.

Reduced mGIuR-LTD in Cav1~~ Mice Is Protein Synthesis-Dependent
and Requires Signaling via ERK and Mammalian Target of Rapamycin
(mTOR). In adult mice, induction of mGIluR-LTD requires stim-
ulation of de novo protein synthesis (7, 23, 34) and depends on
signaling via the ERK (42, 43) and mTOR (44, 45) pathways. To
test for dependence on protein synthesis in CavI~'~ mice, hip-
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Fig. 2. The saturated level of mGIuR-LTD does not differ in WT and Cavi~"~
mice. fEPSPs in CA1 were evoked by stimulation of Schaffer collaterals. Insets
show representative fEPSPs (average of three to five traces) at indicated
times (baseline, thick gray traces; post treatment, thin black traces). (A-C)
mGIuR-LTD in Cav1~~ mice was saturated by four applications of DHPG (B),
whereas two applications were sufficient to saturate LTD in WT (A). Satu-
rated levels were comparable in both. (C) Summary graph of the magnitude
of LTD after one application of DHPG and at saturation. The magnitude of
LTD induced by one application of DHPG is significantly less in Cav1~ than
in WT mice (n = 10, P < 0.01 WT vs. Cav1~"), whereas LTD at saturation is not
significantly different (Cavi™~, n = 5; WT, n = 6; P > 0.05). (D) Prolonged
stimulation with DHPG did not enhance LTD in Cav1™~ mice. LTD was in-
duced by bath-application of RS-DHPG (100 pM) for 5 (filled bar) or 20 min.
The fEPSP slope (mean + SEM) is plotted as the percent of pre-DHPG base-
line. DHPG applied for 20 min did not significantly enhance LTD compared
with DHPG applied for 5 min (n = 10, P > 0.05). The LTD data for 5-min DHPG
application in Cav1™~ mice are the same as in Fig. 1A.

pocampal slices were incubated with the protein synthesis in-
hibitor anisomycin (25 pM, 40-60 min). Anisomycin did not
significantly affect DHPG-induced short-term depression (vehi-
cle LTD to 62 + 7% of baseline, n = 8, anisomycin to 65 + 5% of
baseline, n = 8, P > 0.05 anisomycin vs. vehicle; measured at 4-6
min after onset of DHPG) but suppressed LTD at 50-55 min
after DHPG (anisomycin-treated Cavl™~ slices depression to
98 + 1% of baseline, n = 8; vehicle-treated slices depression to
88 + 4% of baseline, n = 8, P < 0.05 anisomycin vs. vehicle,
Fig. 44).

To examine whether ERK signaling is required for the re-
sidual mGIuR-LTD observed in CavI™~ mice, we incubated
hippocampal slices with the selective MEK inhibitor U0126 (20
uM, 40-60 min). U0126 had little or no effect on short-term de-
pression but reduced DHPG-elicited LTD assessed at 50-55 min
after initiation of DHPG application (U0126-treated Cavl ™'~
slices depression to 97 + 4% of baseline, n = §; vehicle-treated
slices depression to 88 + 4% of baseline, P < 0.05 U0126 vs.
vehicle; Fig. 4B). To examine whether mGIuR1/5 signaling via
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Fig. 3. Basal glutamatergic synaptic transmission is not altered in Cavi™~
mice. (A-C) EPSCs were evoked in the presence of D-APV (50 pM). (A) Paired-
pulse facilitation was not altered in Cavi™~ neurons: Representative paired-
pulse EPSCs at indicated interstimulus intervals in WT (Top) and Cavl™~
(Middle) mice. Mean PPF ratio is plotted as a function of interstimulus interval
(Bottom; WT, n=13; Cavi~"~,n=8).(B) Representative EPSCtraces (Upper) and
current-voltage relation (Lower) in 50 uM D-APV in Cav1~~ mice. The EPSC
reversal potential was near 0 mV. (C) Representative EPSC traces in D-APV (50
pM) at —60 and +40 mV in Cav1~"~ mice (Left) and summary graph (Right) of
rectification index in WT (n = 20) and Cav1~~ mice (n = 19; P > 0.05). (D)
Summary graph of NMDAR/AMPAR ratio (Right). The D-APV-sensitive current
(Subtracted) recorded at +40 mV was obtained by subtracting the EPSC before
D-APV (Control) from that after D-APV (WT, n=17; Cavl~~, n=15; P=0.581).
The bar graph shows the ratio of the EPSP peaks.

mTOR is also required for the reduced mGluR-LTD in Cavl ™~
mice, we incubated hippocampal slices with rapamycin (20 nM,
40-60 min), an inhibitor of mTOR signaling. Blockade of mMTOR
greatly reduced mGIuR-LTD in CavI~~ mice (rapamycin-trea-
ted Cavl™" slices depression to 96 + 3% of baseline, n = §;
vehicle treated slices depression to 89 + 4% of baseline, P < 0.05
rapamycin vs. vehicle at 50-55 min after DHPG; Fig. 4C). To-
gether, these findings indicate that the residual mGIluR-LTD in
Cavl™~ mice requires activation of ERK and mTOR signaling
and the same cellular mechanisms engaged by group I mGluRs
at WT Sch-CA1 synapses.

Basal Phosphorylation of MEK and ERK1/2 Is Elevated in the
Hippocampus of Cav1~~ Mice, but Not Further Increased by Brief
Application of DHPG. Caveolin-1 acts as an adaptor for macro-
molecular signaling complexes within cholesterol-rich membrane
microdomains and can modify signal intensity and duration by
regulating the activity of some of its interacting partners, in-
cluding ERK2 (46). We examined the ability of mGluR1/5 to
activate ERK signaling in the hippocampus of mice lacking
caveolin-1. DHPG (100 pM, 5 min) or vehicle was applied to
acute hippocampal slices and the levels of phosphorylated MEK
and ERK1/2 (which are the active forms of these enzymes) were
assessed in lysates of control and treated slices by Western blot
analysis. Application of DHPG to WT slices rapidly induced
phosphorylation of MEK and ERK1/2 (Fig. 5 A and B), in cor-
roboration of others (42, 43, 47, 48). In Cavl ~/~ glices, basal
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levels of pMEK, pERK1, and pERK2 (relative to the unphos-
phorylated forms) were markedly increased compared with levels
in WT slices (Fig. 5 4 and B). Application of DHPG to Cavl ™~
slices induced little or no change in the already elevated levels of
pMEK, pERKI, or pERK2, and the levels of activated/phos-
phorylated forms after DHPG were similar in DHPG-treated
WT and CavI™~ slices (P > 0.05; Fig. 5 4 and B). These findings
indicate that in the hippocampus of CavI~~ mice, the rapid
activation of ERK signaling by group I mGluRs is impaired or
perhaps occluded by increased basal phosphorylation and are
consistent with a model whereby uncoupling of mGIluR1/5 from
downstream intracellular signaling contributes to the markedly
attenuated mGIuR-LTD at CA1 synapses of Cavl™~ mice in
response to a brief application of DHPG.

Surface Expression of Group | mGluRs Is Not Altered in Cav1~~ Mice.
A possible explanation for deficits in DHPG-elicited LTD and/or
DHPG-dependent activation of ERK signaling is that surface
expression of mGIuR1/5 is reduced in mice lacking caveolin-1,
although lack of change in DHPG induced inward current makes
reduced surface expression unlikely. We used biotinylation to
examine surface expression of mGluRS5, the most prevalent group
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Fig. 4. The attenuated mGIUR-LTD in CA1 of Cavi™~ mice depends on
protein synthesis and requires activation of ERK and mTOR. Procedures and
display as in Fig. 1A, but comparing Cav1~" slices with and without drug. (A)
Preincubation with the protein synthesis inhibitor anisomycin reduced
DHPG-LTD compared with vehicle (vehicle LTD to 88 + 4% of baseline, n =8,
P < 0.05; anisomycin LTD to 98 + 1% of baseline, n = 8; P < 0.05 anisomycin
vs.vehicle). (B) Preincubation with the MEK inhibitor U0126 reduced residual
DHPG-LTD compared with vehicle (vehicle LTD to 88 + 4% of baseline, n =8,
P < 0.05; U0126 LTD to 95 + 4% of baseline, n = 8; P < 0.05 U0126 vs. vehicle).
(C) Preincubation with the mTOR signaling inhibitor rapamycin reduced
DHPG-LTD compared with vehicle (vehicle LTD to 89 + 4% of baseline, n = 8,
P < 0.05; rapamycin LTD to 96 + 3% of baseline, n = 8; P < 0.05 rapamycin vs.
vehicle).

Takayasu et al.

I mGlIuR in CAl pyramidal neurons (49, 50), and required for
DHPG-induced LTD at Sch-CA1 synapses (24). Hippocampal
slices were labeled with cell-impermeable biotin under resting
conditions to label surface proteins, and total and biotinylated
surface mGluR5 was assessed by Western blot analysis. Surface
mGIuRS abundance did not significantly differ in Cavl ™~ vs. WT
slices (Cavl™~ 91 + 7% of WT, n = 7 for WT, 8 for Cavl™~, P >
0.05; Fig. S34). Because biotinylation experiments do not dis-
tinguish between synaptic and extrasynaptic receptors, we exam-
ined receptor abundance in synaptoneurosomes, enriched in
synaptic proteins (Fig. S3B) and total homogenates in WT and
CavI™~ mice. Western blot analysis with antibodies against
mGluR5 (WT 1.3 + 0.3 vs. Cavl™ 1.4 +0.2; mean + SD, n = 3,
P> 0.05) or mGluR1 (WT 1.0 + 0.3 vs. CavI~~ 1.0 + 0.3; mean +
SD, n = 3, P > 0.05) showed that the relative abundance of
mGIuRS5 or mGluR1 did not differ significantly in synaptic
membrane preparations from WT vs. CavI~~ mice (Fig. S3C);
moreover, the total abundance of mGluR5 or mGluR1 was not
significantly affected by the absence of caveolin-1 (Fig. S3C).
These findings indicate that impaired DHPG-LTD and DHPG-
induced activation of ERK signaling in mice lacking caveolin-1
are unlikely to arise from deficits in mGIuR1/5 expression levels.

Discussion

In this study, we document a role for caveolin-1 in mGluR-LTD
at Sch-CALl synapses. In mice lacking caveolin-1, the magnitude
of LTD induced by a single brief (5 min) application of DHPG at
Sch-CA1 synapses was markedly reduced, as determined by field
recordings. Prolonged (20 min) application did not significantly
increase the magnitude of LTD. However, the effects of re-
petitive applications summated, and the maximum LTD was the
same in WT and CavI™"~ mice. Thus, the machinery for mGluR
LTD was present, although it took repeated application of
DHPG to achieve the same degree of depression. [WT mice may
differ in the effect of prolonged DHPG application; Volk et al.
(51) reported that WT mice showed greater LTD in response to
20-min application of DHPG than to 5-min application.] Fur-
thermore, Cavl~~ mice exhibited normal NMDAR-dependent
LTD, which requires an NMDAR-mediated rise in postsynaptic
Ca**. Both forms of LTD are mediated by persistent in-
ternalization of synaptic AMPARs (52, 53), but mGluR LTD
requires protein synthesis, whereas NMDA LTD does not (23).
The deficit in mGluR-LTD in absence of caveolin-1 was unlikely
to be caused by deficits in basal presynaptic function, because
paired-pulse facilitation and the AMPAR- and NMDAR-medi-
ated components of the EPSC were not altered in CA1 neurons
of Cavl™™ mice. Furthermore, passive membrane properties and
DHPG-induced depolarization, mediated via activation of non-
selective cation channels, were not altered in CAl neurons of
Cavl™~ mice. These findings restrict the possible mechanisms
underlying the deficit in mGluR LTD in Cavl™~ mice.

One hypothesis to explain the difference in mGluR-LTD in
Cavl™~ versus WT mice is that mGluR1/5 expression at hippo-
campal synapses was reduced (or compromised) in absence of
caveolin-1. Several lines of evidence argue against this possibility.
First, surface expression of mGluRS, the most abundant group I
mGluR subtype present in CA1 pyramidal neurons (49, 50, 54),
was not detectably altered in Cavl ™'~ vs. WT hippocampal slices.
Second, the relative abundance of mGIuR5 (and mGluR1) in
synaptoneurosomes was similar in Cav/™~ and WT mice, sug-
gesting normal expression of the receptors at synaptic sites.
Third, the amplitude of inward current elicited by bath-applied
DHPG was not altered in CAl neurons lacking caveolin-1,
suggesting that the number of functional group I mGluRs
expressed at the plasma membrane was not altered. Acute ma-
nipulation of caveolin-1 expression or mutations in caveolin-1
binding motifs present within the intracellular loops of mGluR1
alter the kinetics of mGluR1 constitutive internalization, thereby
affecting receptor expression at the cell surface (16). The ob-
servation that mGIluRS surface expression was not detectably
altered in Cavl™~ mice under basal conditions is consistent with

PNAS | December 14,2010 | vol. 107 | no.50 | 21781

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015553107/-/DCSupplemental/pnas.201015553SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015553107/-/DCSupplemental/pnas.201015553SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015553107/-/DCSupplemental/pnas.201015553SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015553107/-/DCSupplemental/pnas.201015553SI.pdf?targetid=nameddest=SF3

A [_JWT Bl Cavi1”-
1
ns
WT Cav1” 15 = .
ns
> O > O
& &
& e & & Em
v o] =] 8
=05
(=9
== =
0
DHPG - + -+
B CIWT B Cav1”-

p-ERK/ERK
o o o
B (=] [+:]

m

3

2
o
Y

0
DHPG -+ -+ -+ -+

ERK1 ERK2

Fig. 5. mGIuR1/5 signaling to MEK and ERK is impaired in Cav1™" mice. (A
and B) Phosphorylation of MEK and ERK1/2 in hippocampal slices from Cav1~/~
and WT mice under basal conditions and after application of DHPG (100 uM).
Representative immunoblots and summary data for total and p-MEK and p-
ERK1/2. (A) Total and phosphorylated MEK under basal or DHPG-stimulated
conditions (WT, n = 15; Cav1™"~, n = 10). DHPG increased p-MEK in WT. Basal
phosphorylation was greater in Cav?™~ mice, and unaltered by DHPG. (B)
Total and phosphorylated ERK1/2 under basal and DHPG-stimulated con-
ditions. DHPG increased ERK1/2 phosphorylation in WT. Basal phosphorylation
was greater in Cav1 ™~ mice and was unaltered by DHPG. Phosphorylation was
comparable in WT and Cav?~'~ mice after DHPG treatment. Unpaired Stu-
dent’s t test for comparisons of basal levels between groups; paired Student’s t
test, for comparisons of basal vs. DHPG levels within each group, n=10. *P <
0.05, **P < 0.01.

findings by others that compensatory trafficking mechanisms are
operative in cells derived from Cavl~~ mice (55).

An attractive scenario is that in absence of caveolin-1, the
ability of mGIuR1/5 to engage intracellular signaling cascades
that mediate induction of mGIuR-LTD is compromised.
Whereas DHPG-LTD does not require a rise in postsynaptic Ca>*
(33) or retrograde signaling by endocannabinoids (34), it does
require rapid ERK- (42, 43) and mTOR-dependent (44, 45)
de novo protein synthesis (23-27, 34). We found that the small
remaining DHPG-LTD at CA1 synapses of Cavl™~ mice also
required de novo protein synthesis and activation of ERK and
mTOR signaling. These observations suggest that the mecha-
nisms and signaling pathways underlying the induction of
DHPG-LTD are preserved in the absence of caveolin-1 but can
be activated only at a reduced level in response to mGIuR1/5
stimulation. Caveolin-1 possesses the dual capacity of promoting
the formation of macromolecular signaling complexes (by bind-
ing both receptors and effectors) and inhibiting the activity of
some signaling effectors with which it interacts; for example, G
protein alpha subunits (56), PKC (57), Src (58), and ERK (59).
Our findings showed that in CavI™~ hippocampal slices, the
basal level of phosphorylated/activated MEK and ERK1/2 was
enhanced compared with WT and that application of DHPG
(adequate to induce hyperpolarization and reduced LTD) failed
to induce a further increase in phosphorylation. A possible in-
terpretation of these findings is that the absence of caveolin-1
impairs the rapid assembly of functional macromolecular sig-
naling complexes that are required for stimulation of de novo
protein synthesis and mGluR-LTD (25-27). Loss of coupling
could be due to increased desensitization of a receptor property
not measured by the inward current or by desensitization further
downstream in the signaling cascade.

An alternative possibility is that reduced mGluR1/5-de-
pendent activation of ERK and mTOR signaling arises from
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a “ceiling” effect imposed by the high basal level of hyperactive
kinases. Enhanced basal phosphorylation/hyperactivation of
ERK1/2 in Cavl™~ mice has been reported in both nonneuronal
cells (59) and cortical neurons (16, 21) and might arise as
a consequence of inhibition of phosphatase activity and/or loss of
caveolin-1 inhibitory actions on kinases. We propose that the
intrinsic property of caveolin-1 to act as a “dynamic” adaptor for
macromolecular signaling complexes modulates the potency and
temporal expression of signaling initiated by group I mGluRs
that underlies mGluR-LTD.

Materials and Methods
Details are in S/ Materials and Methods.

Drugs. Agents used were obtained from Tocris Cookson and diluted from
stock solutions immediately before use. Lidocaine N-ethyl bromide (QX-314,
a quaternary form of lidocaine; Sigma Aldrich) was used in the internal so-
lution for whole-cell patch-clamp recording.

Mice and Slice Preparation. All proceduresinvolving animalswere carried outin
accordance with the guidelines of the National Institute of Health for the care
and use of laboratory animals and were approved by the Animal Institute of the
Albert Einstein College of Medicine. Acute hippocampal slices were prepared
by using standard procedures from 20- to 34 d-old Cavi~~ mice [made in
B6129SF2/) and backcrossed for five generations with WT C57BL/6J (Jackson
Laboratory)].

Electrophysiology. For extracellular field recordings, pipettes (1-2 MQ) filled
with external solution were placed in the stratum radiatum of area CA1. The
fEPSPs were evoked by square pulses (10-100 pA, 100 ps) to Schaffer collateral/
commissural afferents with a concentric bipolar tungsten stimulating elec-
trode. Baseline presynaptic stimulation was delivered once every 30 s at an
intensity yielding 40-60% of the maximal response. Baseline slope was cal-
culated from the mean slope values recorded for 20 min before drug appli-
cation or synaptic conditioning.

For whole-cell voltage-clamp recordings from CA1 pyramidal neurons,
slices were maintained at 32 °C and perfused with external solution (2.5-3
mL/min) containing picrotoxin (100 pM, to block inhibitory synaptic trans-
mission), and neurons were visualized by infrared-differential interference
contrast (IR-DIC) microscopy.

Biochemical Analysis of Surface Receptors. After 2 h to recover from slicing
400-pm-thick hippocampal slices were incubated with 1 mg/mL sulfo-NHS-LC-
biotin (Pierce) (30 min at 4 °C), washed, and homogenized in lysis buffer.
After centrifugation, equal amounts of protein per condition were in-
cubated with 80-uL Neutravidin beads (Pierce) for 2 h at 4 °C, centrifuged,
and washed. Bound proteins were eluted in sample buffer (with 100 mM
DTT) at 70 °C for 20 min, and total and biotinylated proteins were frac-
tionated by SDS/PAGE, transferred to membranes, probed with anti-mGIuR5
(LabVision) or anti-actin antibodies (LabVision), and visualized by enhanced
chemiluminescence. Band densities were measured with the NIH Image/Im-
age J software.

Synaptoneurosomes. Synaptoneurosomes (SNs) were prepared according to
ref. 60. Briefly, mouse cerebral cortices were homogenized and centrifuged
and the supernatants were overlaid onto Percoll gradients. The SN fraction
was isolated at the 15 and 23% interface.

MEK, ERK1/2 Phosphorylation. Hippocampal slices (400 pm thick) were in-
cubated at room temperature in normal external recording solution bub-
bled with 95% 0,/5% CO, for 120 min. Control and DHPG-treated slices
were snap-frozen in dry ice and stored at —80 °C. After thawing on ice, the
tissue was homogenized in lysis buffer and proteins were resolved by SDS/
PAGE, and transferred to membranes. Membranes were probed with anti-p-
MEK (Ser217/221), anti-MEK, anti—p-ERK1/2 (Thr202/Tyr204), and anti-ERK1/2.
Detection and quantification of band densities were as described above.

Statistics. Data are expressed as mean + SE. Student’s t tests and ANOVA
were used as appropriate. Significance was taken as P < 0.05.
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