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Abstract
Microglia are ramified cells that serve as central nervous system (CNS) guardians, capable of
proliferation, migration, and generation of inflammatory cytokines. In non-pathological states,
these cells exhibit ramified morphology with processes intermingling with neurons and astrocytes.
Under pathological conditions, they acquire a rounded amoeboid morphology and proliferative
and migratory capabilities. Such morphological changes require cytoskeleton rearrangements. The
molecular control points for polymerization states of microtubules and actin are still under
investigation. Caveolins (Cav), membrane/lipid raft proteins, are expressed in inflammatory cells,
yet the role of Caveolin isoforms in microglia physiology is debatable. We propose caveolins
provide a necessary control point in the regulation of cytoskeletal dynamics, and thus investigated
a role for caveolins in microglia biology. We detected mRNA and protein for both Cav-1 and
Cav-3. Cav-1 protein was significantly less and localized to plasmalemma (PM) and cytoplasmic
vesicles (CV) in the microglial inactive state, while the active (amoeboid-shaped) microglia
exhibited increased Cav-1 expression. In contrast, Cav-3 was highly expressed in the inactive state
and localized with cellular processes and perinuclear regions and was detected in active amoeboid
microglia. Pharmacological manipulation of the cytoskeleton in the active or non-active state
altered caveolin expression. Additionally, increased Cav-1 expression also increased
mitochondrial respiration, suggesting possible regulatory roles in cell metabolism necessary to
facilitate the morphological changes. The present findings strongly suggest that regulation of
microglial morphology and activity are in part due to caveolin isoforms, providing promising
novel therapeutic targets in CNS injury or disease.
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INTRODUCTION
Microglia, resident central nervous system (CNS) macrophages, play an important role in
the response to injury, infection and aging. Once considered to be “resting” or inactive cells,
their ability to migrate and sense markers of injury and stress in the extracellular
environment has led to a new understanding and appreciation of glia in response to CNS
injury (Nimmerjahn et al., 2005). The central manifestation of the microglial response is to
alter their morphology and migration to the site of injury, proliferate, and secrete cytotoxic
or trophic molecules (i.e., the classical M1 macrophage type response). Chronically
“activated” microglia result in neuroinflammation, typically exhibited in disease states such
as Alzheimer’s disease (AD), Parkinson’s disease (PD) or multiple sclerosis (MS) (Glass et
al., 2010). Though the M1 type activation of microglia has been extensively studied (Monif
et al., 2010), reversal back to an inactive state has only recently been investigated (Larson et
al., 2010; Lee et al., 2008; Watson et al., 2010)

Caveolae, a subset of membrane/lipid rafts (MLR), are 50–70 nm plasmalemmal
invaginations, highly enriched in sphingolipids and cholesterol, and the cholesterol binding
protein caveolin; the latter of which serves to scaffold and dock many signaling proteins
(Head and Insel, 2007; Patel et al., 2008). Three isoforms of caveolin (Cav-1, Cav-2 and
Cav-3) are expressed in a variety of cells, with Cav-1 and Cav-2 predominantly expressed as
heterodimers in vascular tissue, adipocytes and fibroblasts, while Cav-3 is highly expressed
as a homodimer in muscle tissues (Chidlow and Sessa, 2010).

In regards to the CNS, all three isoforms have been described (Shin et al., 2005; Silva et al.,
2007). Neurons, which are devoid of morphological caveolae, do express all three isoforms
(Stern and Mermelstein, 2010). Astrocytes, neuronal supporting glia, show morphological
caveolae and express all three isoforms (Ikezu et al., 1998). Peripheral macrophages have
been found to express Cav-1 and Cav-2 (Kiss et al., 2002), yet microglial expression of
caveolin has not been thoroughly investigated. Although Marella and colleagues (Marella et
al., 2002) detected Cav-1 in a human microglia cell line, other reports have shown no Cav-1
expression in BV2 cells, a well-documented mouse microglia cell line (Park et al., 2009).
Thus, the functional role of caveolin in microglia is still unknown.

Caveolins serve structural and metabolic roles in cells (Fridolfsson et al., 2012); two
processes that may be key to microglial activation and inactivation. Polymerization and
depolymerization of actin and tubulin are key regulators of cell morphology, organelle and
vesicular transport, and cell migration. Cav-1 localization is dynamically regulated by both
actin and tubulin in CHO cells (Mundy et al., 2002). An ultrastructural localization study of
Cav-3 in splenic endothelial cells demonstrated an association with stress fibers determined
to be mainly composed of actin (Uehara and Miyoshi, 2002). Regulation of the cell
cytoskeleton directly by caveolins has been studied in other cell types for both Cav-1
(Shajahan et al., 2007) and Cav-3 (Head et al., 2006). With increasing awareness of the role
of chronic inflammation after CNS injury or in neurodegenerative states (Cunningham,
2013; Nolan et al., 2013; Shultz et al., 2013), we investigated potential functional roles for
Cav-1 and Cav-3 in regulation of microglial cell structure and metabolism. In this report, we
define the expression of Cav-1 and Cav-3 in BV2 cells and in primary mouse derived
microglia (PMG). Caveolins, which provide scaffolds for receptor signaling cascades as well
as cytoskeletal tethering points at the PM, may serve an essential role for regulating early
changes, both morphological and biochemical, in transitioning cell states between activation
and inactivation of microglia. We have further defined potential key roles for caveolin in the
regulation of mitochondrial function and cytoskeletal polymerization. Therefore, caveolin
isoforms may represent potential regulators of microglial function and may also serve as a
target for genetic or pharmacological manipulation in a variety of disease settings.
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MATERIALS and METHODS
Reagents, antibodies, vectors and primers

Cholera toxin (CTx)-488 and 594; phalloidin-488 and 594; GSA (Griffonia simplificia)-488,
DAPI and all secondary fluorescent antibodies were purchased from Invitrogen (Carlsbad,
CA). Polyclonal antibodies used were, Cav-1 (D46G3, Cell Signaling), Cav-1 (C4490,
Sigma), β-tubulin (sc-9104, Santa Cruz Biotechnology), flotillin-1 (ab50671, Abcam),
flotillin-2 (#3436S, Cell Signaling) and goat pAb actin 1–19 (sc-1616, Santa Cruz), Iba1
(#019–19741, Wako Pure Chemicals Ltd). Monoclonal antibodies included Cav-3 (sc29944;
Santa Cruz Biotechnology), Cav-2 (#79382, Abcam), IL-1β (#9722, Abcam) and HSP90 (rat
mAb) (SPA-835, Stressgen). The MTT cell proliferation assay (#10009365) was from
Cayman Chemical Co., Ann Arbor, MI. Products from Qiagen-SABiosciences, Valencia,
CA were RNeasy kits, mouse specific caveolin PCR primers (Quantitech #QT0024825),
RT2 First Strand cDNA kit (#330401) and SYBRGreen® Mastermix (#330500). DMEM
(#11965) and Opti-MEM (#31985) medias were from Gibco-Invitrogen, Carlsbad, CA.
Specialized serum free media, (ADCF-MAb #SH30340.01) was purchased from HyClone-
Thermo Scientific, Rockford, IL. Primary cells were isolated using a Papain dissociation kit
(#3150) from Worthington, Lakewood, NJ. Cells were transfected with mouse specific
siRNA pools of 2–5 target specific 19–25 nt pools (Cav-1 sc-29942 and Cav-3 sc-29944;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA) with Lipofectamine 2000® (#11668–019;
Invitrogen, Carlsbad, CA). Reagents for cytoskeletal experiments were purchased from
Calbiochem, La Jolla, CA (jasplakinolide #420127, nocodazole #487928, cytochalasin D
#250255, paclitaxel #580555) and Cayman Chemical Co., Ann Arbor, MI (latrunculin B
#10010631). Cell fractionation experiments were performed with Qproteome Cell
Compartment Kit (cat. # 37502) from Qiagen-SA Biosciences, Valencia, CA.
Lipopolysaccharide (LPS) (cat. # L2654) was from Sigma, St. Louis, MO. Electron
microscopy transition fluid, HPMA (2- hydroxypropyl methacrylate #16900) was purchased
from EMS, Hatfield, MA, and embedding kit was LX112 (#21210; Ladd, Willston, VT).
Specific antisense morpholino contructs for mouse Cav-1 and Cav-3 were designed and
manufactured, along with control morpholinos and Endo-porter® by Gene Tools, LLC
(Philomath, OR). Microtubule stability was assessed with BK038 kit from Cytoskeleton, Inc
(Denver, CO).

Cell Culture
BV2 cells were a generous gift from Dr. Christopher Glass. Cells were continually grown
and passaged in Opti-Mem 1% FBS to maintain a moderate rate of growth and minimal
activation. 1–2 days before experimentation, cells were split into appropriate culture dishes,
allowed to adhere and then washed with PBS followed by a media change. Treatments, for
all experiments, were a minimum of 24–48 hours after media changes. Primary cultures
were obtained from post-natal day 3 mouse pups. Mixed glia were separated from neurons
according to manufacturer’s instructions and grown to confluence in T-75 flasks. Overlaying
microglia were shaken for 2–4 hours at 200 rpm to separate from astrocytes and plated on
glass coverslips or 12 well dishes (Giulian and Baker, 1986).

Immunofluorescence (IF) Microscopy
BV2 cells and PMG were seeded on uncoated glass coverslips, allowed to grow in
appropriate media for two days then fixed with 2% paraformaldehyde in 0.1M PO4 buffer.
After washing in PBS, cells were blocked with 10% goat serum, 0.1% Triton X-100 and
0.7% glycine for 15 minutes. Coverslips were either labeled for 2–3 hours overnight at 4°C
in primary antibodies followed by 2 hours of incubation in secondary antibodies with DAPI,
PHL or GSA. They were washed in PBS, mounted with an anti-fade solution and imaged on
an Axiophot scope (Zeiss). When appropriate, matched exposures were obtained. All other
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images were exposure and saturation optimized. For quantitation of morphology or mitotic
structures, random 10x –25x fields were taken (minimum =5).

MTT Cell Proliferation Assay
BV2 cells were seeded and diluted serially in 96 well plates, with an initial seeding density
of 10,000 cells/well. After 4 days of growth in appropriate media, 10μl of MTT reagent was
added according to manufacturer’s directions. After 4 hours at 37°C, media was carefully
removed and the MTT crystals dissolved. The plates were read at 570nm on a Tecan Infinite
M200 plate reader.

Electron Microscopy
After 2 days of growth in 60mm dishes, cells were washed and fixed with 4%
paraformaldehyde, 1% gluteraldehyde, 5% sucrose in 0.1M cacodylate buffer pH 7.2. After
1% OsO4 in 0.1M cacodylate buffer for 1 hour, followed by 1 hour in uranyl acetate (UA) in
10% ethanol, cells were dehydrated through a standard ethanol series, infiltrated, using
HPMA as a transitional media and finally embedded as monolayers with LX112. Pieces
were mounted on blocks, thin sectioned to 70nm, placed on Cu grids, contrasted with Pb and
UA and examined on a JEOL CX100 scope.

Mitochondrial function assays
Oxygen Consumption Rate (OCR) and Extra-Cellular Acidification Rate (ECAR) were
measured in cell culture using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience).
BV2 cells were suspended in appropriate growth medium and normalized to 2.0 x 105 cells/
ml. 100μl aliquots of cell suspension were transferred to an uncoated 24- well XF plate,
whereupon the plate was incubated at 37°C and 5% CO2 for 1–2 hours to allow cell
adherence. After incubation, 400μl of additional growth medium was added to each well for
overnight incubation. “Flux Pak” cartridge (containing O2 and H+ sensitive fluorophores)
was hydrated in XF Calibrant solution overnight at 37°C and ambient atmosphere. The
following day, cells were gently washed and then placed into 675μl of XF Assay medium
(bicarbonate-free DMEM; supplemented with 25mM glucose, 2mM pyruvate), followed by
1 hour incubation of the plate in an ambient atmosphere, 37°C incubator to allow CO2 de-
gassing. Following the Seahorse MitoStress Test® metabolic profiling protocol,
mitochondrial complex inhibitor solutions were prepared and loaded into the hydrated Flux
Pak as such: Port A: 75μl oligomycin A ([stock]=10μM, 1% DMSO), Port B: 83.3μl FCCP
([stock]=20μM, 1% DMSO), and Port C: 92.5μl rotenone - antimycin A cocktail (each
[stock]=10μM, 1% EtOH). Loaded Flux Pak was calibrated for 20 minutes prior to adding
de-gassed cell plate and conducting MitoStress Test protocol (baseline respiration t=~0–
30min, Port A inject t=~30min, Port B inject t=60~min, Port C inject t=~90min).

RNA Isolation and RT-PCR
Total cellular RNA was isolated according to manufacturer’s directions by RNeasy columns
(Qiagen). Concentration and purity was assessed with Implen® Pearl
nanospectrophotometer. For semiquantitative RT-PCR, equal amounts of total RNA were
reverse transcribed and equal volumes of cDNA used for PCR. Products were analyzed on
1% TAE agarose gels. RNA to be used for quantitative real time PCR was further
characterized by electropherogram spectroscopy to determine 18 and 28S ribosomal bands.
A ratio of 28S/18S below 2.0 was discarded. RNA used had ratios ranging from 2.5–3.0.
Real time PCR was analyzed by ΔΔCT methods using GAPDH to normalize Cav-1 and actin
to normalize Cav-3 mRNA. Products were generated and quantitated using SYBR-green®
and Bio-Rad real time PCR thermocycler (CFX96 C1000).
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Cell Lysates and Western Blotting
Cells were lysed in buffer containing 50mM Tris-HCl, 150mM NaCl, 5mM EDTA, 0.2%
Triton X-100 and 0.2% deoxycolate pH 7.4 (DXY buffer), for Cav-1 or a bicarbonate high
pH buffer (150mM Na2CO3, 1mM EDTA pH 13), to disrupt cellular cytoskeleton and
release any associated Cav-3, sonicated and normalized by Bradford protein assay. 2–5μg of
protein were electrophoresed on 10% SDS-PAGE gels and transferred to PDVF membranes.
Membranes were incubated overnight at 4°C in blocking solution and later imaged on a
UVP imaging system. Protein loading was assessed with GAPDH.

Sucrose Density Fractions
Cells were lysed using bicarbonate lysis buffer with protease and phosphatase inhibitors.
Cell lysate was sonicated in 1.5ml microfuge tubes 3 cycles for 15 seconds on ice. Sucrose
was dissolved in MBS buffer to prepare 80%, 35% and 5% solutions (28). Sucrose gradients
were made by adding 1ml of 80%, followed by 1ml of sonicated sample with brief
vortexing, followed by 6ml of 35% sucrose, followed by 4ml of 5% sucrose. Gradients were
spun in an ultracentrifuge using a SW-41 rotor at 39000 rpm at 4°C for 3 hours. Fractions
(1ml) were collected from the top of each tube starting at 4ml to 12ml. Fractions were
further analyzed using WB.

Cell fractionation assay
For Qproteome compartmentation assays, cells were pelleted and extracted according to
manufacturer directions. Defined fractions were collected and electrophoresed for WB
analysis.

Cav-1 and Cav-3 Gene Silencing and Overexpression
BV2 cells were plated in 24 well plates and grown in appropriate media, without antibiotics,
to 70–80% confluence. siRNA’s were prepared and complexed to Lipofectamine 2000®,
according to manufacturer protocol. siRNA was dripped into wells avoiding swirling and
incubated with the cells for 48 hours. Cells were lysed in DXY buffer and analyzed by WB.
PCMG were seeded in 24 well plates and allowed to grow for 48–72 hours and washed to
remove any floating debris generated by mechanical shaking. Cells were treated according
to Gene Tool® instructions. Antisense morpholinos were heated to 65°C for 10 minutes,
added to wells at 5μM, followed by Endo-porter®, swirled gently and returned to incubator
for 48 hours. For Adv-mediated overexpression, viral constructs for Adv-Cav-1, Adv-GFP
and Adv-Cav-3 were directly added to cells in D10% at 70–80% confluence at 106 PFU/μl
and allowed to express for 24 hours.

RESULTS
In vitro model of microglial activation and inactivation

Microglia activation has been defined by proliferative potential, morphologic criteria,
metabolic states, differential transcriptional regulation, and inflammatory markers (van
Rossum and Hanisch, 2004). Cells were grown in either serum-free (HyC, homoestasis) or
high serum conditions (D10%, constitutively active) prior to analysis of cellular
morphology. GSA (Griffonia simplicifolia) lectin (red) and phalloidin (PHL-green)
immunoflourescence (IF) labeling confirmed both the proliferation and morphological
changes associated with culturing in the serum-free condition (HyC) or in 10% FBS (D10%)
(Fig. 1A). HyC cells are highly processed and less numerous than D10% cells indicative of
microglial inactivation and activation respectively. To quantify the morphological
difference, cell fields (10 per group), were counted for processed cells from the GSA-PHL
coverslips. HyC cells averaged 65–70% processed, while less than 10% of D10% cells
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exhibited extended processes (Fig. 1B). MTT assays assessed the proliferation of cells
grown with high serum (D10%) or serum-free (HyC) media (Fig. 1C). Statistically
significant growth differences were seen between HyC and D10% cells, with HyC grown
cells numbering 40% less than D10% (**p=0.007). Using cholera toxin (Ctx-green) as a
marker for membrane/lipid rafts (MLR), BV2 cells were assessed for presence of MLR by
IF microscopy (Fig. 1D). Cells grown in either media display Ctx labeled MLR. The
cytoplasmic protein and microglial marker Iba1 (red) was used as a control for PM
localization (Fig. 1E). By switching BV2 cells from an activation state/growth promoting
media (D10%) to an inactivated and proliferation suppressing media (HyC), a model system
has been established to study the transition from an inactive-homeostatic state to a
constitutively active and highly proliferative cell phenotype.

Activation/inactivation of microglia results in distinct ultrastructural and metabolic profiles
Further morphological analysis was performed using routine electron microscopy to
determine presence of morphological caveolae and to assess any ultrastructural difference
between the two conditions (Fig. 1F: small A–D). Caveolae and clathrin coated pits (CCP)
were localized to the PM in both conditions with similar distribution and localization. D10%
grown cells had very dense endoplasmic reticulum and more abundant mitochondria (M)
(Fig. 1F, A), suggestive of highly metabolic cells. HyC grown cells (Fig. 1F, B) contained a
greater percentage of empty vacuoles and vacuoles with fusing vesicles and less numerous,
smaller mitochondria, indicating a less active metabolic state. C and D are higher resolution
images of PM areas focused on both CCP and caveolae in either condition. Metabolic
activity was assessed with the Seahorse Bioscience metabolic flux analyzer. Both oxygen
consumption rate (OCR, Fig. 1G) and extracellular acidification rate (ECAR, Fig. 1G),
measures of mitochondrial respiration and glycolysis, respectively, were enhanced in D10%
verses HyC grown cells. Such data suggest that the morphologic features observed in cells
under various growth conditions impact metabolic function.

Cav-1 and -3 are differentially expressed with culture conditions and localize to discrete
intracellular domains

IF microscopy of the BV2 cells grown in the different media exhibit different morphology,
and exhibit different expression levels and localization of Cav-1 and Cav-3 (Fig. 2A). HyC
grown BV2 have low levels of Cav-1 (top left), while serum activated cells (D10%) have
higher levels and show distinct punctate staining along the PM (left panels Fig. 2A). The
middle columns of Fig. 2A provide the first evidence for the expression of Cav-3, normally
associated with skeletal and cardiac muscle, in myeloid derived macrophage-like cells. In
the highly processed cells (HyC), Cav-3 staining was associated with the cytosol, in
perinuclear regions, as well as along cellular processes, the latter suggestive of a cytoskeletal
distribution. Furthermore, both the perinuclear and total expression of Cav-3 was decreased
as the cells transitioned from inactive to an active state. We further assessed Cav isoforms in
primary microglia (PMG) from neonatal mice (Fig. 2B). IF analysis of isolated PMG grown
with either HyC or D10% and stained for Cav-1 and Cav-3 revealed similar findings seen in
BV2 cells: in HyC media, PMG display extended processes with enhanced Cav-3 expression
(red); D10% cells were more rounded or flattened with Cav-1 expression predominantly
(green) at the PM and in the cytosol. However, in contrast to the highly compartmented
expression in BV2 cells, some co-localization was detected in perinuclear regions in both
media. To confirm these results, we used PCR in conjunction with Western blot (WB)
assays to measure changes in caveolin isoform expression. HyC cells have 1.5 fold less
Cav-1 mRNA (p<0.05, n=3 experiments) than D10% cells, but a 1.1 fold increase in Cav-3
mRNA (p<0.02, n=3 experiments) (Fig. 2C) in BV2 cells. Fig. 2C (right) shows qPCR
products from wild type (WT) PMG grown in D10% for Cav-1 and Cav-3. The efficiency of
Cav-1 and Cav-3 primers used for BV2 qPCR was not sufficient when used for PMG to
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acquire statistically significant quantitations but a reduction in Cav-1 mRNA was found for
HyC to D10% (−1 ± 0.16 S.E.M ΔΔCT n=4) and an increase in mRNA for Cav-3 was found
for HyC to D10% (+1.74 ± 0.31 S.E.M ΔΔCT n=4). Protein expression and antibody
specificity was determined by WB for WT, Cav-1 and Cav-3 KO PMG lysates, all grown in
D10% to demonstrate antibody specificity (Fig. 2D). In BV2 cell lysates, Cav-1 showed the
lowest expression in the inactive state (i.e., HyC); in contrast Cav-3 expression remained
elevated (Fig. 2E). When PMG are cultured similarly to BV2 cells, HyC conditions also
resulted in decreased Cav-1 and increased Cav-3 expression (Fig. 2F).

Microglia in vivo must be able to both activate and inactivate in response to a changing
environment. To determine if the results of cells grown in either condition were reversible,
cells grown 2 days in each media were washed and replaced with the opposite condition
(Fig. 2G). Cells were lysed and subjected to WB analysis for Cav-3 down-regulation and
Cav-1 up-regulation in the switch from HyC to D10%, or for Cav-1 down-regulation and
Cav-3 up-regulation for a D10% to HyC switch. Cav-3 expression decreased within 4 hours
in HyC to D10% cells but the decrease in overall Cav-1 expression in D10% to HyC cells
was more gradual, indicating difficulty of reversing activated cells to an inactive phenotype.
Such data also suggest that Cav-1 at the PM is not recycled as rapidly under steady state
conditions. Cav-1 can be held stationary within the MLR domain or dynamically exchanged
from a multi-vesicular pool of stored Cav-1 by a described “kiss and run” mechanism to
maintain a steady pool of available protein (Pelkmans and Zerial, 2005) at the PM. This pool
would need to be depleted by increased signaling or increased degradation, which is time-
dependent.

Subcellular distribution analysis suggest preferential localization of Cav-1 to MLR whereas
Cav-3 associates with the cytoskeleton

To confirm subcellular localization by biochemical analysis, we performed sucrose density
fractionations to isolate MLR. Localization of caveolin in Cav-enriched membrane fractions
(i.e., MLR) was confirmed by Cav-1 localization to the buoyant fraction 5 (F5) in both HyC
and D10% cells (Fig. 3A), indicating association with MLR. Considerably less Cav-3 was
found in MLR, with a shift to non-caveolar membrane fractions (F11–12) especially in the
inactive state (HyC). To test whether this switch in Cav isoforms was specific to Cav, a
second MLR associated protein, flotillin, was examined, by WB. Flotillin has similar
scaffolding properties and is inserted into the PM by cysteine palmitoylation, similar to Cav.
Figure 3B shows an interesting switch for the two isoforms. Flotillin-1 was increased in
D10% and flotillin-2 increased in HyC cells, indicating changing compositions of MLR
within these two conditions. WB analysis was performed to determine expression
differences of the two major cytoskeletal proteins with differing conditions in BV2 cells
(Fig. 3C). D10%, which has higher Cav-1 expression, exhibited higher tubulin expression.
Conversely, HyC cells, which have higher Cav-3 expression, show increased actin
expression. To further define caveolin localization, BV2 and PMG cells grown in the two
media conditions were fractionated to determine the subcellular distributions (Fig. 3D–E) of
caveolins. Cav-3 was highly abundant in the cytoskeletal fraction (lane 4 in all blots) in both
HyC and D10% media, in accordance with the observed non-membrane localization. Cav-1,
however, was localized to the defined membrane fraction (lane 2 in all blots), although in
PMG cells a significant pool of Cav-1 was also found in the cytoskeletal fractions, along
with a shift of tubulin from membrane fractions in BV2 cells to cytoskeletal fractions in the
PMG. Actin was found in all fractions in both BV2 and PMG. These data suggest a
connection between caveolins and key cytoskeletal proteins.
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Cytoskeletal disruption and stabilization differentially regulated caveolin isoform
expression

Tubulin and Cav-1 were detected in membrane fractions in BV2 cells (Fig. 3B); therefore,
we used microtubule disrupting (nocodazole, Nocz) or stabilizing agents (paclitaxel, Taxol)
to determine the impact of microtubule dynamics on Cav-1 expression in BV2 cells (Fig.
4A). When HyC cells were treated with Nocz (10 μM), the cells rounded, lost processes and
Cav-1 (green) expression increased over 4 hours at or near the PM. Tubulin also became
more intense proximal to the PM; these findings were confirmed by WB (Fig. 4C - top
panels). D10% cells had a reduction of Cav-1 (green) as detected by both IF and WB after 4
hours of Taxol (0.5 μM)(Fig. 4A, C). With an apparent cytoskeletal connection by both
compartmentation and IF studies for Cav-3 and no expression change seen with microtubule
disrupting agents, we depolymerized or stabilized F-actin with cytochalasin D (CytoD) or
jasplakinolide (Jasp) respectively and assessed Cav-3 expression/localization (Fig. 4B).
When HyC cells were treated with CytoD (1μg/ml) for 4 hours and labeled with Cav-3 (red)
and PHL (green), the actin cytoskeleton and Cav-3 did not colocalize. However, as the cells
progressively collapsed inward, the expression of Cav-3 decreased while actin remained at
the vestiges of the former processes. Fig. 4D (left) confirmed the decreased Cav-3
expression by WB (left). The converse is seen when D10% cells are treated with Jasp (0.5
μM) to stabilize F-actin. At time 0, actin is localized both intracellularly and cortically, but
redistributed to discrete PM areas at 4 hours, which are distinct from an increasingly strong
intracellular Cav-3 expression. Jasp treatment increased Cav-3 expression in D10% cells
(Fig. 4D right).

With a slightly different cellular distribution of tubulin seen in BV2 cells, PMG cells
responded differently to the same reagents (Fig. 4E–H). HyC PMG treated with Nocz and
D10% PMG treated with Jasp had the same increases in caveolin isoforms as BV2 cells.
Nocz increased Cav-1 expression and Jasp increased Cav-3 (Fig. 4E, F). However, CytoD
treatment resulted in Cav-1 collapsing to a perinuclear ring, with no vestiges of PM labeling
remaining (Fig. 4G) while there was no expression change of either isoform by WB. Taxol
increased expression of Cav-1 and also increased the PM localization into dense patches in
D10% PMG (Fig. 4H). Treatment of BV2 cells with latrunculin B (LatB, 0.5μM), which
sequesters G-actin monomers, resulted in no caveolin expression change, but a longer LatB
treatment (24 hour) did differentially change Cav-3 in PMG (Fig. 4I). PMG, unlike BV2
cells, are not highly proliferative in culture, unless grown with astrocytes or in astrocyte
conditioned media, so LatB did not significantly increase cell numbers as in BV2 cells (Fig.
5B). Sequestration of G-actin in CHO cells causes an immediate increase in Cav-1 positive
vesicles trafficking to perinuclear domains (Mundy et al., 2002). Therefore, we postulate
that in PMG this potential loss of PM Cav-1 shifts tubulin and actin ratios. Whereas in BV2
cells, this ratio change increases cell proliferation (D10%). In PMG, Cav-3 is potentially
degraded (HyC) or expression upregulated (D10%) to return ratios to previous homeostatic
conditions. Therefore, in both cell systems, there appears to be tubulin/Cav-1 or actin/Cav-3
regulation.

Cav-3 associates with nuclear cytoskeleton to regulate microglial proliferation
BV2 cells were treated with 0.5 μM LatB, for 1 and 4 hours, to sequester globular G-actin
and prevent filamentous F-actin formation. BV2, in either media, display a rounded or
condensed morphology with a reduction in PHL fluorescence (Fig. 5A). However, Cav-3
(top panels) showed clear differences in subcellular distribution after 4 hours of treatment.
In HyC cells, nuclei became highly polarized, similar to Jasp treated D10% PMG, and Cav-3
was distributed to opposite polar domains; Cav-1 appeared similar to Cav-3 distribution
(inset). Actin was only detected on PM patches with an obvious lack of association with
processes, whereas, nuclei remained centric in D10% conditions (Fig. 5A-right 2 panels) and
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Cav-3 began to associate with perinuclear mitotic organizing centers (MTOC; small arrows)
and mitotic structures (*). Cav-1 did not localize to spindles (inset) and maintained a similar
distribution to that exhibited in untreated cells. To determine if the loss of G-actin also
directly increases BV2 proliferation, MTT assays were performed as previously described
(Fig. 5B) with 3 days of LatB treatment (0.5 μM). LatB significantly (**p=0.005) increased
D10% grown cell proliferation over untreated cells and either slowed HyC growth or
induced cell death. Equal numbers of seeded D10% cells were treated for 8 hours with LatB
or vehicle followed by assessment of percentage of mitotic figures per field (Fig. 5C). LatB
averaged 11–12 clearly dividing cells, while untreated (UT) averaged 5. Fig. 5D provides
evidence in proliferating mixed glia cultures and PMG of the association of Cav-3 with both
MTOC and mitotic structures, suggesting the possibility that Cav-3 may be an attractive
target to attenuate inflammation by preventing the proliferation of activated microglia.

Caveolin knockdown attenuates the inflammatory response induced by LPS in microglia,
potentially by mediating intracellular trafficking

Microglia IL-1β response to LPS is well documented, and can be mediated by Cav-1 in
macrophages (Tsai et al., 2011). After 10 ng/ml LPS stimulation, both HyC and D10% BV2
cells have increased Cav-1 expression (Fig. 6A left). Although pro-IL-1β (IL-1β) response
was robust in either treatment, HyC cells have slightly attenuated expression most likely due
to the initial lower level of PM localized Cav-1 and a lack of LPS-binding protein (LBP) in
the media. For comparison, similar experiments were performed with PMG (Fig. 6A right).
Following 10 ng/ml LPS stimulation, Cav-1 expression increased and a similar attenuation
of IL-1β in WT PMG HyC cells was seen. The upregulation of Cav-1, following LPS
stimulation, has lead to the suggestion of the association of LPS signaling/trafficking with
PM localized Cav-1 (Lei and Morrison, 2000). Experiments to understand potential
signaling defects downstream from LPS-TLR4 interactions resulting from Cav isoform loss
were performed. Initial dose response experiments using siRNA to decrease either Cav-1 or
Cav-3 were performed to achieve at least a 50% reduction in expression (Fig. 6B left). BV2
cells increased expression of IL-1β at 4–8 hours of stimulation. siRNA for Cav-1 resulted in
an attenuation of IL-1β expression, with maximal expression seen at 8 hours (Fig. 6B -right).
While siRNA for Cav-3 treated cells reached maximal but attenuated IL-1β expression
within 4 hours, similar to untreated (UT) and SCR treated cells.

For comparison, similar silencing experiments were performed with PMG. The siRNA used
for BV2 silencing proved cytotoxic and activating for PMG, so a less immunogenic anti-
sense morpholino approach was utilized (Fig. 6B left). A similar attenuation of IL-1β
response to LPS with either anti-sense morpholino Cav-1 (mCav-1) or anti-sense
morpholino Cav-3 (mCav-3) was observed (Fig. 6B right). MLR have been shown to be
critical in TLR4 signaling via the TLR4-MyD88 complex implicating an interaction with
Cav-1 in downstream signaling events critical to cell inflammatory responses (Mirza et al.,
2010; Triantafilou et al., 2002; Wang et al., 2009). Therefore, a reduction in Cav-1 should
result in delayed or truncated intracellular signaling, supporting previous findings (Lei and
Morrison, 2000). Silencing Cav-3, however, also results in attenuation of the enhanced
IL-1β expression, indicating downstream messengers may have been affected, possibly by
disruption of critical cytoskeletal interactions during initial signaling events.

Caveolin regulates migration and metabolism in microglia
Cell migration differences were studied by a wound-healing assay in caveolin knockdown
BV2 cells. PMG cells show limited migratory abilities by time-lapse microscopy, at rest
(Movie S1 in supplementary material), or in wound healing assays (Movie S3) but BV2 cells
have robust migratory responses without wounding (Movie S2) or post wounding (Figure S1
and Movie S4), so were chosen for this assay. Fig. 6C shows BV2 cells 8 hours post
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wounding, when approximately 50% of the wounded area is filled in by the three treatment
groups: siSCR, siCav-1 and siCav-3. However, at 24 hours, siCav-1 cells have about the
same cell number, indicating reduced overall migration. siCav-3 cells have an
overabundance of migrated cells, suggesting an overall increase in actin polymerization, a
requirement for cell migration. Polymerized F-actin forms the typical fan-shaped expanding
lamellae seen during the migratory phase (Movie S4) and has been characterized as a
superstructure composed of “podosomes” rich in F-actin, phosphotyrosine residues, tyrosine
kinases and phosphorylated Cav-1 in migrating microglia (Vincent, et al., 2012).

In order to assess the effect of altered expression levels of Cav-1 and Cav-3 isoforms upon
the metabolic state of microglia, BV2 cells cultured in D10% media were challenged with
the Mitochondrial Stress Test® assay using the XF24 Extracellular Flux Analyzer (Seahorse
Biosciences). As depicted in Fig. 6D, both oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were measured simultaneously in BV2 cells
subjected to siRNA gene knockdown (left top and bottom) or adenovirus-mediated gene
overexpression (right top and bottom) of Cav-1 and Cav-3. Comparative analysis of OCR
readings between knockdown and overexpressing cells showed that knockdown cells of both
Cav-1 and Cav-3 had significantly lower mitochondrial respiration profiles as compared to
scrambled siRNA controls (p≤ 0.05), and inversely that overexpressing cells had
significantly higher respiration patterns as compared to GFP controls (p≤ 0.05). This data
suggests that the degree of caveolin protein expression in BV2 cells is directly correlated
with overall metabolic functional capacity in glial mitochondria. Interestingly, when
comparing ECAR measurements in the siRNA treated cells (left bottom), we observed that
only Cav-1 knockdown cells had a significantly lowered ECAR profile in both baseline
conditions and in response to mitochondrial stress, implicating that Cav-1 is a more critical
regulator of background cellular signaling and metabolic activity in response to metabolic
stress. Conversely, for adenoviral overexpression, ECAR levels in Cav-3 BV2 cells were
observed to be significantly higher at both stressed and unstressed conditions, signifying an
increase in global metabolic flux for Cav-3 expressing cells.

Altered expression of Cav changes tubulin and actin expression and further results in
distinct morphological changes

Expression of β tubulin and actin in BV2 cells, following either knockdown or Adv-
mediated overexpression of Cav, was assessed by semi-quantitative WB analysis (Fig 7A–
C). β-tubulin (hereafter termed tubulin) has 2 distinct molecular weights in our cells, when
lysed with a proprietary microtubule stabilizing buffer: the described 55kD and a slightly
higher weight band of approximately 75kD, which we hypothesize is a post-translationally
modified (PTM) form with either polyglycylation or polyglutamination side chains, both
common modifications indicating increased stability (reviewed by Janke and Bulinski,
2011). When Cav-1 is knocked down in D10% cells, tubulin appears to have increased
stability, substantiating the decrease in Cav-1 seen following microtubule stabilization with
Taxol in BV2 cells (Fig. 4A,C). Overexpression of Cav-1 by Adv infection (Fig. 7B) results
in a loss of the 75kD band and a reduction in tubulin expression overall, leading us to
conclude that Cav-1 may sequester free tubulin and prevent polymerization. Actin
expression is slightly increased with siCav-3 treatment (Fig. 7C) but assessment of F/G
ratios would provide a more precise measure of the exact changes. Adv-mediated
overexpression of Cav-3 showed only very slight actin expression decreases with less
cytoskeletal associated Cav-3 and more cytosolic pools, indicating possible mis-
localizations (data not shown). WB analysis was performed using WT and KO PMG to
assess cytoskeletal proteins (Fig 7D, E). In Cav-1KO microglia, both tubulin and actin are
increased over WT, with greatly increased 75kD bands. Cav-3KO cells had higher levels of
actin expression over WT and on the tubulin WB, no 75kD was detected and a prominent
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lower band seen, indicating the lack of PTM or less stabilized microtubules overall. When
these cells were stained for actin (PHL-green) and tubulin (red), more highly polymerized
forms of both actin and tubulin are evident in Cav-1KO. Cav-3KO cells show non-uniform
sizes with large pools of G-actin and punctated tubulin, reminiscent of less stabilized form
for both proteins.

DISCUSSION and CONCLUSIONS
Microglial activation is a tightly regulated and self-limiting process in vivo, with external
signals coordinating the following steps: process retraction, increased transcriptional
synthesis, migration, phagocytosis, and cell fate (i.e., apoptosis). Our initial goal for these
experiments was to design a cell culture model system of microglial activation/inactivation
states. In the process of defining such a model we have uncovered a unique Cav isoform
switch. In our defined experimental conditions in BV2 cells, we have found that putative
inactive (homeostatic) cells (HyC) express high levels of Cav-3 in intracellular domains and
reduced amounts of Cav-1 while constitutively active cells (D10%) express much lower
levels of Cav-3 but increased Cav-1, especially at the PM. These observations were also
confirmed in PMG. This differential expression was mirrored, by a second MLR associated
protein, flotillin. The expression of the two isoforms of flotillin, flotillin-1 and flotillin-2, is
independently regulated and not thought to follow Cav expression (Volonte et al., 1999).
But in our model system, it appears that flotillin expression is dependent upon Cav isoforms
expression. Flotillin-1, increased in D10%, is known to regulate cell signaling (insulin
receptor) (Baumann et al., 2000) and cell proliferation (Santamaria et al., 2005). In live cell
imaging experiments with flotillin-2-GFP, hematopoietic cells keep their flotillin
localization to tips of the leading edge during migration, but this polarity is lost after actin
destabilization (Rajendran et al., 2009). This suggests that microglia may use MLR as a
common mechanism to segregate signaling and cytoskeletal regulatory proteins during the
transition between homeostatic or active states.

A previously published paper (Park et al., 2009) reported that BV2 cells did not express
Cav-1, yet we detected both mRNA and protein for Cav-1 and Cav-3. We have used a
different Cav-1 antibody and optimized lysis buffers for our experiments, although BV2
clone differences remains a plausible explanation for our conflicting results. Determining
the localization of Cav-1 to PM domains is not surprising due to previously published
studies of Cav-1-mediated signaling for many receptors (Panneerselvam et al., 2012;
Williams and Lisanti, 2004). And the finding that Cav-1 is not rapidly degraded or removed
from the PM during the D10%-HyC switch demonstrates the importance of this Cav in
inflammatory phenotypes and also points towards the difficulty in achieving resolution of
existing inflammation during injury or disease by a strict knockdown approach. As the two
Cav isoforms appear to function cooperatively, a two-step approach, by reducing Cav-1 and
increasing Cav-3 expression might accelerate the repression of the inflammatory phenotype.
Localization of Cav-3, traditionally thought to be specific to cardiac and skeletal muscle, to
a non-canonical intracellular domain is a novel finding. This observation was confirmed by
cell compartment fractionation assays, which show Cav-1 distribution to membrane and
cytoskeletal fractions, while Cav-3 was confined to the cytoskeleton and cytosolic
compartments. By treating our differentially cultured cells with cytoskeletal disrupting
agents, we establish putative connections between tubulin stability with Cav-1 expression
and actin polymerization with Cav-3 expression and localization. Furthermore, by
sequestering G-actin monomers with LatB in BV2 cells, we demonstrate Cav-3 specific
localization to the mitotic spindle of dividing cells, indicating a possible mechanistic role in
mitosis and cytokinesis of microglia cells.
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Regulation of the cell cytoskeleton by caveolins has been studied in other cell types for both
Cav-1 (Shajahan et al., 2007) and Cav-3 (Head et al., 2006). The actin cytoskeleton has been
shown to post-translationally modify iNOS and therefore regulate nitric oxide production
following LPS challenge in macrophages (Eswarappa et al., 2008). Recently, a link between
ezrin-radixin-moesin (ERM proteins) cytoskeletal linkers and microglia activation following
a traumatic brain injury has been described (Moon et al., 2011). In that study, limited
expression of ERM proteins was found in normal tissue and high expression was detected in
Iba1+ cells following injury, implicating a critical role for the cytoskeleton in the injury
response. Studies of ameboid microglia treated with the GluR1 agonist kainite (KA), a
receptor regulated by Cav-1, results in rapid actin changes, associated with increased
phagocytosis (Christensen et al., 2006). However, this study was hampered by the lack of
morphologically quiescent microglia with high levels of Cav-3 expression, which we have
shown to interact with the actin cytoskeleton. 2DE map analysis, using BV2 cells treated
with Aβ25–35, localized an acidic cytosolic actin species upregulated over nontreated cells,
which has been postulated to be associated with the initial cytoskeletal dynamic changes
needed for conversion to a phagocytic phenotype (Di Francesco et al., 2012). A newly
emerging importance for defective actin function in microglia has been described for
Huntington disease (HD). Microglia from early, non-symptomatic, HD model mice, are
compromised in their migrational abilities, as mutant Huntington protein (Htt) interferes
with cofilin-actin interactions (Kwan et al., 2012).

An important observation, from this study, is that constitutively active microglia (D10%)
have increased expression of Cav-1, with enhanced mitochondrial respiration and glycolysis,
indicative of a higher metabolic states. This functional change may be facilitated by
structural changes as well, as active cells appeared to be more densely packed and had
enhanced number of mitochondria. We have recently shown in cancer cells that upregulation
of Cav-1 leads to enhanced mitochondrial function, biogenesis, and stress adaptation
(Fridolfsson et al., 2012). It appears the relationship between caveolin and mitochondria is
highly conserved and may be a common means of stress adaptation in numerous cell types.

Normal aging results in a reduction in Cav-1 expression in the CNS (Head et al., 2010).
Cav-1KO mice have increased cerebral injury following ischemia (Jasmin et al., 2007), and
work from our laboratory (Head et al., 2010) details an Alzheimer’s Disease-like pathology
associated with young adult Cav-1KO mice (3 months of age). Furthermore, these mice
exhibit increased astrogliosis and increased numbers of Iba1+ microglia in the hippocampus.
To date however, there are no studies on the pathogenic consequences of Cav-3 loss in the
brain, probably because Cav-3 role within the CNS is still undefined. Although both neurons
(Luoma et al., 2008) and astrocytes (Silva et al., 2007) express Cav-1 and Cav-3 (Stern and
Mermelstein, 2010), expression of these isoforms in a microglia is a novel concept. In
macrophages, either Cav-1 deletion or disruption of caveolae by the cholesterol chelator
methyl-β-cyclodextrin (MβCD), leads to defective phenotypes (Cuschieri, 2004; Tsai et al.,
2011). Aged microglia display dystrophic, severely fragmented, processes in vivo (Streit et
al., 2009) and this dystrophia has been proposed as an alternative hypothesis for the
pathogenesis of many neurodegenerative diseases. Initial intracellular signaling cascades
mediated by caveolae and Cav-1 need an intact and functional cytoskeletal arrangement.
Following ligand binding to receptor, caveolae pinch off the PM, and are transported via
microtubules (Mundy et al., 2002). Our data suggests that besides a direct receptor-mediated
signaling role, Cav-1 also acts as a microtubule-associated protein (MAP) to negatively
regulate localized MT polymerization within microglia cells, a previously un-described and
novel function. In coordination with Cav-3 maintaining a useable pool of localized G-actin
monomers, microglia can maintain functionally quiet states, with long processes moving and
sampling the environment, but can rapidly change to an active functional state once local
external signals are detected (summarized in Fig. 8 – schematic diagram). From our data, we
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propose a model of cytoskeletal regulation at the localized PM, which ultilizes the
scaffolding capabilities of caveolins to regulate polymerization states of microtubules and
actin. Although the exact molecular binding sites or other potential binding partners for
either the proposed Cav-1: “free/non-polymerized” tubulin and Cav-3: G-actin interactions,
needs to be further studied in depth; we believe this model is a starting point to design future
experiments.

In conclusion, we describe novel and emerging roles for both Cav-1 and Cav-3 in microglial
cell physiology. Cav-1, besides mediating signaling events at the PM, acts as a localized
negative regulator for microtubule stability and enhances mitochondrial function. While
Cav-3 acts as a localized negative regulator of actin polymerization by potentially
sequestering G-actin monomers and has no direct role in mediating cell signaling from
caveolae: a previously defined functional role in striated muscle. Future experiments,
designed to explore the relationships with other cytoskeletal associated proteins, such as
filamin, or cytoskeletal regulators, such as RhoA or Rac1, and Cav isoforms are currently
planned. Observations from this work also suggest novel therapeutic targets, using glial
specific morpholinos or adeno-associated viruses (AAV) to modulate expression levels of
either Cav-1, by suppressing expression to decrease inflammation or augmenting Cav-3 to
retain the surveillance functions in microglia, for a variety of neurodegenerative pathologies.
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Figure 1. BV2 cells proliferation and morphology are altered with or without FBS
A. Phalloidin (PHL-green) and GSA-lectin (red) labeling of cells grown in Hyclone; ADCF-
mAb (HyC-serum free) media and cells grown in 10% FBS (D10%). B. Quantification of
the IF shows 85% of HyC cells are processed while 90% of D10% cells are round. C. MTT
proliferation assay shows significantly increased rate of proliferation of D10% cells
compared to HyC 4 days after seeding. Assay was performed a minimum of 3 times. D–E.
HyC or D10% cells labeled with cholera toxin (Ctx-green) to stain PM lipid rafts. HyC cells
are elongated and processed (left panels) while D10% cells are rounded (i, ii). Ctx
specificity for PM was tested with the cytoplasmic microglia marker, Iba1 (E).
Magnification bars = 10μM. Statistical analysis was performed with student’s paired t-test.
F. TEM analysis of BV2 cells. Small A (a) and C are D10% grown cells. B (b) and D are
HyC grown cells. A. Numerous mitochondria (M) and a dense network of rough
endoplasmic reticulum (RER) is evident, typical of highly proliferative cells. Inset shows a
representative caveolae at the PM from these cells. B. HyC grown cells have minimal
mitochondria, and reduced RER. Large cytoplasmic vacuoles (V), some with vesicles inside
or entering (arrows) are present indicating these cells are still able to internalize and process
extracellular proteins. Inset shows typical HyC caveolae. (Arrow) marks a potential vesicle
fusion with a cytoplasmic vacuole. C and D show representative vesicle uptake in either
culture condition. Both clathrin coated vesicles (CCV) and morphological caveolae are seen
in both images (arrowheads = CCV; arrows = caveolae). One degradative multi-vesicular
body (MVB) is seen in D. * magnification bar = 200nm ** magnification bar = 50nm. G. O2
consumption rate (OCAR) is enhanced in BV2 cells grown with D10% media suggesting
higher mitochondrial respiratory capacity than HyC cells. Glycolysis, measured by
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extracellular acidification rate (ECAR), is also higher at baseline in D10% cells compared to
HyC.
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Figure 2. Caveolin isoform expression is cell state specific in both BV2 microglia and neonatal
mouse primary microglia cultures (PMG)
A. IF analysis of BV2 cells expression of Cav-1 (left panels) and Cav-3 (middle panels).
Cav-1 is minimally expressed as small fine cytoplasmic and PM vesicles in HyC cells and in
dense PM patches in D10%. Cav-3 is associated with long processes seen in HyC (top) and
also localized in a dense perinuclear region. Lesser cytoplasmic expression and less frequent
perinuclear localization are seen in D10% cells (bottom). B. IF analysis of PMG showing
highly processed, elongated cells in HyC with increased expression of Cav-3 (red – top
panels). D10% cells are rounded with significant Cav-1 label (green) at the PM and in the
cytosol. Higher magnification more clearly demonstrates intracellular localization of Cav-3
compared to Cav-1. Magnification = 10μm. C. qPCR analysis of HyC or D10% BV2 cells
shows the same pattern for RNA transcripts as protein expression between conditions. Cav-1
mRNA is increased in D10% cells and Cav-3 mRNA is increased in HyC. PCR was
normalized with 28S ribosomal RNA and statistically significant ΔΔCT are graphed below
(n=3 separate experiments). qPCR (right) products (n=2 experiments) from D10% grown
PMG show distinct bands for Cav-1 and Cav-3 with normalizing actin and GAPDH. D. WB
analysis of WT, Cav-1 and Cav-3 KO PMG demonstrate specificity of antibodies used and
expression of Cav-1 and Cav-3 protein. E. WB analysis, of caveolin isoforms in model
conditions, in BV2 cells (left) and PMG (F) demonstrate Cav-1 increases with D10% culture
conditions. Cav-3 expression is highest in quiescent HyC cells. Lanes represent cells grown
and analyzed separately and blots were normalized with GAPDH (n=3). Statistically
significant differences are graphed (right). WT PMG grown in HyC or D10% show similar
expression of caveolin as BV2 cells. G. Cav-3 and Cav-1 expression is modulated by
phenotype state and can be switched when the conditions change. Cav-3 expression
decreases within 4 hours of FBS treatment in HyC cells. Cav-1 expression decreases more
slowly when FBS is removed and cells revert to a more resting phenotype (D10% to HyC
switch).
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Figure 3. Cav-1 and Cav-3 are associated with cytoskeletal fractions in BV2 and PMG
A. Detergent resistant fractions (DRM) from HyC and D10% cells – top panel shows Cav-1
is found in DRM f4–6. Bottom panel for Cav-3 shows a minimal amount of Cav-3 protein in
f5 with the majority of detectable Cav-3 in the heaviest non-lipid raft fractions (f11–12). B.
HyC cells have less flotillin-1 and increased flotillin-2 compared to D10% cells. C. In a
semi-quantitive assay based on total protein, HyC cells show decreased tubulin and slightly
increased actin whereas D10% cells show the converse pattern. Blots are normalized to
HSP90, since GAPDH was too abundant for accurate normalization on the stripped blots. D.
Qproteome cell compartmentation assay was used to determine Cav-1 and Cav-3 cellular
distribution between cytosol, membrane, nuclear and cytoskeletal compartments in BV2
cells – HyC (right) D10% (left). In either condition, Cav-1 distributes to the membrane
component (lane 2). Cav-3 is predominantly distributed to the cytoskeleton component (lane
4). Tubulin is confined to cytosolic and membrane fractions, while actin is distributed across
the fractions. E. Qproteome cell compartmentation assay was used to determine Cav-1 and
Cav-3 cellular distribution between cytosol, membrane, nuclear and cytoskeletal
compartments in PMG – HyC (right) D10% (left). Cav-1 is found in membrane fractions,
cytosolic fractions and also distributes to the heavy cytoskeletal fractions, along with
tubulin, unlike the exclusively membrane localized Cav-1 in BV2. Cav-3 is found
exclusively in the cytosol and cytoskeletal fractions. As with BV2 cells, actin is found in all
fractions, but a shift to cytosolic fractions is seen in the D10% cells.
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Figure 4. Depolymerizing or stabilizing cytoskeletal proteins alter expression and localization of
Cav-1 and Cav-3 in BV2 cells and PMG
A. Microtubules were either depolymerized with 10μM nocodazole (Nocz) to disrupt
processes in HyC cells or stabilized with 0.5μM pacliltaxel (Taxol) in D10% cells. Tubulin
(red) appears mainly associated with PM domains, with limited staining seen through the
processes, consistent with the compartmentation experiments of Fig. 4A. Cav-1 (green)
expression shows a reduction over time at 4 hours in D10% cells while HyC cells increase
the expression of Cav-1 and at 4 hours resemble the initial time 0 of D10% cells. B. Actin
was either depolymerized with 1μg/ml cytochalasin D (CytoD) to disrupt processes in HyC
cells or stabilized with 0.5mM jasplakinoide (Jasp) in D10% cells. Actin, stained with PHL
(green), localizes to processes and in globular bundles in HyC cells and mainly as cortical or
perinuclear actin in D10% cells. Cav-3 (red) does not colocalize with actin in either
condition, indicating discrete domain separation. HyC cells show a loss of Cav-3 as actin
becomes increasingly concentrated to shrinking processes. In D10% cells, expression of
Cav-3 increases as actin becomes more concentrated intracellularly. C–D. WB analysis of
all treatments confirms the expression patterns seen by IF. Cav-1 expression increases
within 2 hours in the HyC cells treated with Nocz and decreases by 2 hours in D10% cells
treated with Taxol (C). Minimal changes were seen for Cav-3 following microtubule toxin
treatment. Cav-3 expression decreases in HyC treated with CytoD within 4 hours and
increases in D10% treated with Jasp at 4 hours (D), with minimal changes in Cav-1 seen
following CytoD treatment. Magnification bar = 10μm. E–H. Results of IF and WB
analysis, of PMG cells, treated with cytoskeletal toxins. E. HyC grown cells treated with
10μM Nocz do not lose their processes but show an increase in Cav-1 expression both at the
PM (arrowheads) and in intracellular domains. Cav-3 (red) remains in processes. WB
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analysis mirrors the IF with Cav-1 (top) increasing by 4 hours and Cav-3 unchanged. F.
D10% cells treated with 0.5μM Jasp result in the greatest morphological changes. Nuclei
become eccentric (arrows), Cav-3 expression increases and condenses in intracellular
domains. Cav-1 remains at the PM (arrowhead) and expression is largely unchanged. WB
analysis shows a similar expression pattern as the IF, with Cav-3 (top) increasing by 2 hours.
Insets are untreated (UT) 0 minute cells showing typical Cav-1 distribution in HyC cells and
typical Cav-3 distribution in D10% cells. G. When HyC cells are treated with CytoD, unlike
BV2 cells, neither isoform expression is altered, but localization of Cav-1 shifts from PM
and intracellular domains to a perinuclear ring (arrows). H. Stabilizing microtubules in
D10% cells increases Cav-1 expression and increases PM localized Cav-1 positive vesicles
(arrows) in denser patched areas. Nuclei remain centric (N) and Cav-3 expression is
unchanged. Magnification bar = 10μm. I. When G-monomers are sequestered with 0.5μM
LatB, in PMG, Cav-3 decreases by 24 hours in HyC cells and increases within 4 hours in
D10% cells.
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Figure 5. Cav-3 localizes to mitotic structures in cells, either induced to proliferate with LatB or
in proliferative cultures
A. Following 8 hours of 0.5μM LatB treatment, HyC cells round, lose filamentous actin
structure, and both caveolin isoforms concentrate in opposite polar ends to shrinking nuclei.
Cav-3 concentrates in intracellular regions. D10% cells show cellular enlargement and
increased numbers of mitotic cells. The mitotic figures seen in D10% cell have specific
Cav-3 labeling on the mitotic spindle (*) and perinuclear areas (arrows) colocalize with
actin. Insets are the corresponding Cav-1 labeled cells with a different distribution from
Cav-3. B. Sequestering G-actin with 0.5μM LatB in either condition effects the survival or
proliferation of the cells. An MTT assay quantified the increase in proliferation of LatB
treated D10% cells and the probable cell death or retarded growth seen in HyC cells after 3
days of growth. Assay was repeated 3 times. * p<0.05 **p<0.02 by student’s paired t-test.
C. The number of mitotic figures was quantified by IF. Total number of cells and total
number of mitotic figures per 25x field was determined. In the UT samples, an average of
less than 6 were seen, while an average of 11 were counted after 8 hrs of LatB treatment. D.
In mixed glia cultures, both astrocytes and microglia are evident. Cav-2 labeling (red) is
abundant in morphologically identifiable astrocytes (large nuclei-DAPI) and localized to
mainly PM in morphologically identifiable microglia (*)(left top panel). Cav-3 (green) is
highly expressed in these cells, with cytoplasmic and perinuclear distribution. Cav-3 shows
novel distribution to MTOC in actively dividing putative PMG cells in mixed cultures,
where such cells are more abundant. The last panel is a PMG, in a pure culture from D10%
grown cells, with Cav-3 (red) clearly evident during mitotic events, representing a novel
localization for a normally PM associated protein, while Cav-1 (green) remains intracellular.
Magnification bars = 10μm.
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Figure 6. Altered signaling, cell migration after injury and mitochondrial functional are
dependent on specific caveolin isoform expression following LPS stress
A. WB baseline data of BV2 and PMG treated with 10ng/ml LPS for 4 and 8 hours. Cav-1
expression increases while Cav-3 does not. IL-1β (33kDa: IL-1β) response to LPS is
attenuated when cells are grown without serum at 8 hours. Blots are normalized to GAPDH.
B. Left panels are knockdown control WB for corresponding right panels of knockdown
functional consequences following LPS treatment with at least a 50% reduction in
expression of caveolin. siRNA treated cells were further analyzed by 10ng/ml LPS treatment
and WB for IL-1β response. Both siCav-1 and siCav-3, in either BV2 or PMG, show
attenuation of maximal IL-1β expression evident as early as 4 hours. For WT PMG cells,
antisense morpholinos (mrpl), specific stable oligos, that bind to complementary sequences,
for either mRNA Cav-1 or Cav-3 were designed. VC = DMSO vehicle; SCR = mrpl control;
mCav-1 5uM and mCav-3 5uM. Each experiment was repeated n=3 and blots are
representative of results. C. A wound healing/migration assay was used to assess BV2
migration following siRNA at 0 min, 8 hours and 24 hours. Plates were fixed, stained with
methylene blue and imaged. D. Comparison of oxygen consumption rate (OCR; left panels)
and extracellular cellular acidification rate (ECAR; right panels) measurements for BV2
cells treated with siRNAfor gene knockdown of Cav-1 and Cav-3. Scrambled siRNA (SCR))
was used as a control. Comparisons of oxygen consumption rate (OCR; left panel bottom)
and extracellular cellular acidification rate (ECAR; right panel bottom) measurements for
BV2 cells treated with adenovirus for gene overexpression of Cav-1 and Cav-3. GFP
adenoviral vectors were used for controls. (*; p≤ 0.05)
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Figure 7. Cav-1 and Cav-3 negatively regulate tubulin and actin expression
A. WB of BV2 tubulin following siCav-1 treatment and lysis in a microtubule-stabilizing
buffer. A distinct upper band at approximately 75kD is increased with loss of Cav-1. B. WB
of BV2 tubulin after Adv-Cav-1 overexpression. The 75kD band is not evident and overall
expression decreases compared to Adv-GFP controls. C. Actin levels are slightly elevated in
BV2 following siCav-3 treatment, similar to (E) below. D. In Cav-1KO PMG, the 75kD
band is highly expressed along with increased 55kD (2.5 fold increase). Actin is also
increased over WT controls. E. As in (C), actin levels are increased in Cav-3KO (2 fold
increase). A lower molecular weight band of tubulin is detected, which is only slightly
resolved in WT, indicating possible changes in post-translational modifications or less
polymerization. F. WT microglia (small arrows) display strongly polymerized MT
(arrowhead) and regions of punctated tubulin associated with processes, along with both
globular (G-actin) and filamentous (F-actin) structures, representing actively remodeling
cells. Cav-1KO and Cav-3KO PMG have altered cellular structures. Both subcortical MT
and proximal F-actin, are prominent features of highly stellate Cav-1KO PMG (arrowheads).
Both overall size and nuclear morphology are affected in Cav-3KO PMG. Cav-3KO PMG
(small arrows) demonstrate the size heterogeneity of the culture and the increased punctated
tubulin and actin (*). Mag bar = 10μM.
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Figure 8. Schematic representation of caveolin-mediated cytoskeletal regulation in microglia
cells
In quiescent microglia, represented by our HyC condition, Cav-1 resides within the inner
leaflet of the PM, anchored to cholesterol via palmitoylated cysteine residues and interacts
with free-non-polymerized tubulin to maintain a readily available pool, while the majority of
cellular tubulin is polymerized to maintain the long and active sentinel processes. Once
caveolae-mediated receptors bind ligand, represented by our D10% condition, free tubulin is
displaced, by another microtubule binding partner, possibly filamin, which tethers the now
polymerizing microtubules to the internalizing caveolae, facilitating downstream signaling
cascades. Cav-3, on the other hand, is never localized to the PM and remains within the
cytosol, as monomers or dimers, or bound to actin cytoskeletal compartments. Unbound free
cytosolic Cav-3 interacts with, and maintains a pool of G-actin monomers, near the inner
leaflet of the PM, which is structurally maintained by a dense cortical actin network,
represented by HyC cells. Once caveolae-mediated receptors bind ligand, the G-actin is
released by the cytosolic Cav-3 or directly incorporated, along with Cav-3, into the rapidly
nucleating actin needed for internal transport. The released cytosolic Cav-3 is either
degraded or is available to interact with the rapidly denucleating cortical actin network G-
actin monomers, to resupply the localized environment for further signaling.

Niesman et al. Page 26

Mol Cell Neurosci. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


