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Abstract

Caveolin-1 is the predominant structural protein of caveolae, a subset of (lipid) membrane rafts 

that compartmentalize cell signaling. Caveolin-1 binds most G protein-coupled receptors and their 

signaling partners, thereby enhancing interactions among signaling cascade components and the 

relative activation of specific G protein-coupled pathways. This study reveals that chronic opioid 

exposure of μ-opioid receptor (MOR) expressing Chinese Hamster ovary cells (MOR-CHO) and 

chronic in vivo morphine exposure of rat spinal cord augmented recruitment of multiple 

components of MOR-adenylyl cyclase (AC) stimulatory signaling by caveolin-1. Strikingly, in 

MOR-CHO and spinal cord, blocking the caveolin-1 scaffolding domain substantially attenuated 

the chronic morphine-induced increased interaction of caveolin-1 with MOR, Gsα, protein 

phosphatase 2A (PP2A) and AC. Chronic morphine treatment also increased interactions among 

the above signaling proteins, thus enabling sufentanil to stimulate (rather than inhibit) cAMP 

production within lipid membrane micro-domains. The latter finding underscores the functionality 

of augmented interactions among MOR, Gsα, PP2A and AC. In the aggregate, our data strongly 

suggest that augmented caveolin-1 scaffolding undergirds the ability of chronic opioids to recruit 

an ancillary signaling pathway by acting as an organizing template for MOR-Gsα-AC signaling 

and delimiting the membrane compartment(s) in which it occurs. Since caveolin-1 binds a wide 

spectrum of signaling molecules, altered caveolin-1 scaffolding following chronic opioid treatment 

is likely to pertain to most, if not all, MOR signaling partners. The chronic morphine-induced 

trigger that augments caveolin-1 scaffolding could represent a seminal perturbation that initiates 

the wide spectrum of adaptations thought to contribute to opioid tolerance and dependence.

Graphical Abstract

*Corresponding author: Alan Gintzler, Dept. of OBGYN, SUNY Downstate, 450 Clarkson Ave, Brooklyn, NY 11203, (tel) 718 270 
2129, alan.gintzler@downstate.edu.
§some of these data to be submitted as partial fulfillment of the PhD degree

conflict of interest discloser
The authors declare that they have no competing interests.

Conflicts of interest: none

HHS Public Access
Author manuscript
J Neurochem. Author manuscript; available in PMC 2017 December 01.

Published in final edited form as:
J Neurochem. 2016 December ; 139(5): 737–747. doi:10.1111/jnc.13852.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chronic opioid treatment can lead to opioid tolerance and dependence, which confounds the use of 

opioids to treat chronic pain. Knowledge about underlying molecular adaptations still need to be 

increased to develop tolerance-mitigating treatments. Caveolin-1 is the predominant structural 

protein of caveolae, a subset of (lipid) membrane rafts that compartmentalize cell signaling. 

Chronic exposure to opioids augments recruitment by Caveolin-1 of mu-opioid receptors and 

proteins critical to the signaling cascade that activates adenylyl cyclase. This in turn enhances 

interaction among these signaling proteins, which is causally associated with the chronic 

morphine-induced shift from inhibitory to stimulatory mu-opioid receptor adenylyl cyclase 

signaling.
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Introduction

We have identified an interrelated cluster of post-opioid receptor adaptations to chronic 

morphine that qualitatively alters the nature of the mu opioid receptor (MOR) signaling. 

These adaptations have convergent outcomes: they shift MOR signaling from predominantly 

inhibitory to stimulatory adenylyl cyclase (AC) signaling. The qualitative change in MOR 

signaling results from two sets of adaptations, those that augment stimulatory MOR 

signaling via Gβγ (Chakrabarti and Gintzler, 2003; Chakrabarti et al., 2005b; Chakrabarti et 

al., 1998; Rivera and Gintzler, 1998) and those that augment functional coupling of MOR to 

Gs (Chakrabarti et al., 2010; Chakrabarti and Gintzler, 2007; Chakrabarti et al., 2012; 

Chakrabarti et al., 2005a). The cellular events, their subcellular localization and regulation 

of these adaptations remain unknown.

One clue to a triggering stimuli for and the cellular loci in which augmented MOR Gs 

signaling occurs is provided by the finding that Gsα dephosphorylation increases its 

association with MOR (Chakrabarti and Gintzler, 2007). Since Gsα is a neutral protein 

(isoelectric point=5.49), its phosphorylation state is inversely related to hydrophobicity i.e., 

decreasing Gsα phosphorylation would increase its lipid solubility (Polyansky and Zagrovic, 

2012). Thus, the inverse relationship between Gsα phosphorylation and its association with 

MOR suggests that MOR Gs signaling predominantly occurs in lipid-rich membrane 

compartments, aka lipid rafts. This inference was substantiated by the demonstration that 

acute activation of MOR stimulates the translocation of both Gsα and AC into lipid-rich 

(Triton-insoluble) membrane microdomains (Chakrabarti et al., 2010). Notably, lesser-
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phosphorylated Gsα, which preferentially interacts with MOR, is concentrated in these 

microdomains.

Caveolae are a subset of membrane (lipid) rafts that have a high concentration of sterol- and 

sphingolipids. The predominant structural protein of caveolae, caveolin-1 (Cav-1), is not 

only involved in maintaining the characteristic flask shape of caveolae, but is also a key 

regulator of cell signaling (as well as many other cellular processes). Caveolin-1 binds a 

plethora of signaling proteins e.g., heterotrimeric G proteins, G protein-coupled receptors 

(GPCRs), G protein–regulated effectors, Src family tyrosine kinases [see (Okamoto et al., 

1998; Patel et al., 2008) for review]. In this fashion, Cav-1 acts as a scaffolding protein, 

recruiting and concentrating signaling molecules within caveolae and/or Cav-1 scaffolds 

(flat oligomerized Cav-1 microdomains at the plasma membrane that do not form caveolae). 

By enhancing their spatial juxtaposition, caveolin-1 can facilitate interactions among 

components of signaling cascades and thus influence the relative activation of specific G 

protein-coupled pathways (Carman et al., 1999; Razani et al., 1999; Schubert et al., 2002; 

Woodman et al., 2002).

Accordingly, the current study tested the hypothesis that the scaffolding functionality of the 

Cav-1 present in lipid rafts, orchestrates the amplification of the MOR-Gs-AC stimulatory 

signaling that emerges after chronic morphine treatment. Results reveal a striking ability of 

chronic morphine to not only enhance interactions of Cav-1 with multiple interrelated 

signaling molecules relevant to MOR AC stimulatory signaling but to also increase 

functional interactions among them within defined lipid-rich membrane domains, thereby 

facilitating the recruitment of an ancillary MOR signaling pathway. Implications of 

generalized relevance of altered Cav-1 scaffolding to the myriad of signaling adaptations, in 

addition to MOR Gs signaling, that have been associated with opioid tolerance and 

dependence is discussed.

Materials and methods

Cell Culture

Chinese Hamster Ovary (CHO) cells stably transfected with MOR (MOR-CHO) 

(Chakrabarti et al., 2005a,b) were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing high glucose and L-glutamine (Mediatech, Herndon, VA) 

supplemented with 10% fetal bovine serum (Atlanta Biologicals, Atlanta, GA), 100 units/ml 

penicillin/streptomycin and 100 μg/ml G-418 (Geneticin, Mediatech). All experiments were 

compliant with institutional policy.

Chronic Opioid treatment of cells in culture

Cells were plated (10 X106 cells/150 mm dishes) and grown at 37°C in a humidified 

atmosphere of 90% air/10% CO2. Two days later, at 90 to 95% confluence, cells were 

chronically treated with vehicle or morphine, oxycodone, hydrocodone, or sufentanil (1 μM, 

48 h). Media used for chronic treatment was replenished every 24 h. Cells were also treated 

for 5 min with sufentanil (1 μM) to differentiate between acute effects that persisted vs. 

consequences of chronic exposure.
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Chronic administration of morphine

Male rats (250–300 g, Charles River, Kingston, NY) were implanted with a permanent 

indwelling cannula inserted into the lumbar spinal cord subarachnoid space under sodium 

pentobarbital anesthesia (40 mg/kg, i.p.; Abbott Laboratories) as described previously and 

routinely performed in this laboratory (Liu et al., 2011). Five days following cannula 

implantation, rats were intrathecally injected (via the cannula), once daily for five days, with 

either morphine (15 μg), or morphine concomitant with the caveolin-1 scaffolding domain 

competing peptide rendered cell permeable (CSD, 10 μg; Millipore Corporation, Bedford, 

MA, USA). This regimen of intrathecal morphine, administration is sufficient to produce 

profound analgesic tolerance at the time of killing (Powell et al., 2000). On day 6, animals 

were sacrificed by decapitation in strict accordance with institutional guidelines. Lumbar 

spinal tissue was expelled by injecting ice-cold phosphate buffered saline into the rostral end 

of the spinal cord and immediately processed. Experimental procedures were reviewed and 

approved by the Institutional Animal Care and Use Committee of SUNY Downstate Medical 

Center.

Membrane Preparation

Cells or spinal tissues were washed thoroughly (twice, 15 ml each) with ice cold phosphate 

buffered saline (pH 7.3) and homogenized directly in 20 mM HEPES, pH 7.4, containing 

10% sucrose, 5 mM EDTA, 1 mM EGTA, 2 mM Dithiothreitol [DTT], protease inhibitors, 1 

mM Benzamidine, 0.2 mg/ml Bacitracin, 2 mg/l Aprotinin, 3.2 mg/l each of soybean trypsin 

inhibitor and Leupeptin, 20 mg/l each of N-tosyl-l-phenylalanine chloromethyl ketone, Na -

p-tosyl-lysine chloromethyl ketone and phenylmethylsulfonyl fluoride (PMSF), and 

complete cocktail inhibitor tablet 1/50 ml. Homogenates were centrifuged at 1,000 x g, 4°C 

for 10 min. Supernatants obtained from the low speed spin were centrifuged at 105,000 g for 

1h at 4°C. Membrane fractions obtained were re-suspended in the same HEPES buffer (pH 

7.4) containing protease inhibitors without sucrose. Membranes were either stored at −80°C 

in aliquots or processed further. Naïve and chronic opioid-treated membranes were thawed 

once and incubated with 1% Triton x-100 (Triton; 30 min on ice). Sample preparations were 

centrifuged (105,000g for 30 min at 4°C) to separate the Triton-insoluble pellet from the 

Triton-soluble supernatant fraction. The pellet was washed again with 20 mM HEPES buffer 

(pH 7.4) and the Triton-insoluble pellet was solubilized (by agitation, 60 min at 4°C) with a 

mixture of detergents, 1% Octyl β-D-glucopyranoside, 0.4% Na-deoxycholate and 0.2% Na-

dodecyl sulfate, in the same HEPES buffer containing protease inhibitors, 10% glycerol and 

150 mM NaCl. After centrifugation (16,000 x g for 15 min at 4°C), clear supernatants were 

used for Protein Assay (Bradford).

Immunoprecipitation (IP) and Western analyses

For Cav-1 IP, purified mouse monoclonal anti-Cav-1 antibody (BD Biosciences; San Jose, 

CA; 2μl /100 μg protein) was used together with pre-washed Protein G-agarose (50 μl; 

Roche Molecular Biologicals, Indianapolis, IN) overnight at 4°C. For Gsα IP, rabbit 

polyclonal affinity purified anti-Gsα antibody generated against the C terminus of the Gsα 
subunit (aa 385–394; US Biologicals, Swampscott, MA) was used together with pre-washed 

Protein A-agarose (50 μl; Roche) overnight at 4°C. The beads were washed in 20 mM 

Chakrabarti et al. Page 4

J Neurochem. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HEPES buffer (pH 7.4) containing 1 mM each of DTT and EDTA, 150 mM NaCl, 0.05% 

Octyl β-D-glucopyranoside and the same protease inhibitors as mentioned above. 

Immunoprecipitates were eluted by heating samples in 30 μl of sample buffer (15 min at 

85°C). Samples separated on 4–12% gradient Bis-Tris gels (Invitrogen, Carlsbad, CA, USA) 

were electro-transferred onto nitrocellulose membranes and used for Western analyses.

Gsα and Caveolin-1 proteins were visualized using 1:5,000 dilution of a polyclonal rabbit 

anti-Gsα antibody raised against the C-terminus of Gsα (generously provided by Dr. J. 

Hildebrandt, Medical University of South Carolina) and a monoclonal mouse anti-caveolin-1 

antibody (BD Biosciences, San Jose, CA), respectively. AC was visualized using a 1:1,000 

dilution of the monoclonal anti-AC antibody, BBC4 (generated against the carboxyl 

terminus common to most AC isoforms by Dr. T. Pfeuffer and generously provided by Dr. 

Mollner, Heinrich Heine University, Düsseldorf, Germany; (Mollner and Pfeuffer, 1988). 

MOR was visualized using a 1:12,000 dilution of a polyclonal rabbit anti-MOR antibody 

generated against the C-terminal 50 aa of MOR (Chalecka-Franaszek et al., 2000), 

(generously provided by Dr. Thomas Cote, Uniformed Services University of the Health 

Sciences, Bethesda, Maryland). The secondary antibody utilized was either a peroxidase-

labeled donkey anti-rabbit or sheep anti-mouse antibody (Amersham/GE Healthcare, 

Piscataway, NJ).

Antibody-substrate complex was visualized using a Supersignal West Dura 

Chemiluminescence detection kit (Pierce, Rockford, IL). Specificity of MOR, Gsα, PP2A 

and AC Western signals had been previously demonstrated (Chakrabarti et al., 2005a; b; 

Chakrabarti et al., 1998) and was therefore not repeated in the current study. Opioid naïve 

MOR-CHO (control) were processed, electrophoresed and blotted in parallel with either 

MOR-CHO treated acutely (5 min with 1 μM morphine or sufentanil), or MOR-CHO treated 

chronically with morphine, oxycodone, hydrocodone or sufentanil (1 μM; 48h). Similarly, 

spinal cord membranes obtained from opioid naïve and chronic morphine treated rats were 

processed, electrophoresed and blotted in parallel. Westerns of control and experimental 

samples were exposed concomitantly to a GBox (charge-coupled device camera; Syngene, 

Frederick, MD). Intensity of signal was quantified using Syngene software.

Lipid Raft Isolation by Sucrose Density Gradient Centrifugation

Low-density membrane raft fractions were isolated as described previously (Bourova et al., 

2003) using sucrose density gradient centrifugation. MOR-CHO cells were washed in ice-

cold phosphate-buffered saline (pH 7.3), harvested and homogenized in 50 mM Tris buffer 

(pH 7.4) containing 3 mM MgCl2, 1 mM EDTA, 1 mM PMSF and complete cocktail 

protease inhibitor tablet (1/50ml). Exactly 2 mL of the resulting homogenate was mixed with 

2 mL of ice-cold 80% w/v sucrose in 50 mM Tris buffer (pH 7.4), transferred into a 

centrifuge tube for a Beckman ultracentrifuge SW 41 rotor and overlaid very slowly with 

35%, 30%, 25%, 20% 15%, 10% (1 mL each) and 5% w/v (1.5 mL) sucrose in 50 mM Tris 

buffer (pH 7.4). Great care was devoted to prevent mixing of the layers. Following 

centrifugation at 188,000 g for 20 h, density gradient fractions (first 0.5 ml followed by 

eleven aliquots of 1 ml fractions) were collected from the meniscus using an Auto Densi-
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Flow density gradient fractionator (Labconco, Kansas city, MO). Aliquots were snap frozen 

and stored at −80°C until further use.

Adenylyl Cyclase Assay

AC activity was determined from low density membrane fractions (combination of 3,4,5 and 

6 fractions) and was measured by the synthesis of [32P]cAMP from [α-32P]ATP 

(PerkinElmer, Waltham, MA,USA). Assays were initiated by the addition of 100 μl of 

reaction mixture to 100 μl of membrane fractions (5 μg protein). The assay mix contained: 

50 mM HEPES buffer, pH 8.0, containing 10 mM MgCl2, 20 mM creatine phosphate, 10 

units/sample creatine phosphokinase, 0.1 μM ATP, 10 μM GTP, 20 mM NaCl, 1 mM DTT, 1 

mM EGTA, 0.125 μM rolipram (cAMP specific phosphodiesterase inhibitor), 0.1% bovine 

serum albumin, and 1 μCi [α-32P]ATP. Assays were run in the absence or presence of the 

opioid agonist sufentanil (1 μM). Reactions (30°C, 15 min) were terminated on ice and by 

the addition of 20 μl of 2.2 N HCl. Samples were then incubated at 95°C for exactly 4 min. 

[32P]cAMP generated in samples was then separated by neutral alumina column 

chromatography as described previously (Alvarez and Daniels, 1990). [3H]cAMP (0.005 

uCi), added to each sample before fractionation, was used as an internal standard to correct 

for column recovery of the [32P]cAMP. Radioisotopes were quantified using liquid 

scintillation spectroscopy (Beckman LS 6500, Beckman, CA).

Statistical Analysis

One-way ANOVA was used to assess significance of differences of effects of chronic 

exposure to different opioids on the co-IP of targeted signaling proteins with Cav-1. ANOVA 

was also used to assess significance of effects of blocking the Cav-1 scaffolding domain on 

the chronic morphine-induced increase in Cav-1 co-IPs. Student’s t test was used to analyze 

differences in the co-IP of specific signaling proteins between opioid naïve and chronic 

opioid treated groups.

Results

Chronic opioids increase the association of MOR and Gsα with Cav-1

Since Cav-1 that is present in the Triton- insoluble membrane fraction is associated with 

caveolae/Cav-1 scaffolds, we used Triton insolubility as a partial purification step. We 

previously reported that both MOR (predominantly ≈80 kDa) and Gsα (predominantly ≈45 

kDa) co-immunoprecipitated (co-IPed) with Cav-1. In this study, we now show that chronic 

morphine significantly increased the association of Cav-1 with both signaling proteins: 

MOR: 44.4±8.9%, n=4; Gsα: 58.6±13%, n=5; P<0.05 and p<0.01, respectively (Fig. 1). 

Notably, the predominant molecular mass of the MOR species (≈80 kDa) whose association 

with Cav-1 increased following chronic morphine is also the predominant MOR whose 

association with Gsα increases after analogous treatment with morphine (Chakrabarti et al., 

2005a).

In order to ascertain if the ability of chronic morphine to augment Cav-1 recruitment of 

MOR and Gsα generalized to other clinically relevant opioids, we also determined the effect 

of chronic sufentanil, hydrocodone and oxycodone (1 μM each; 48h) on the interaction of 
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Cav-1 with MOR and Gsα. Analysis of variance (one-way) revealed a significant difference 

of treatment effects among naïve and chronic opioid groups for MOR (F3,19 =22.78; 

p<0.0001) and for Gsα (F3,21 =55.68; p<0.0001). Fig. 2 illustrates that similar to the effect 

of chronic morphine treatment, chronic treatment with sufentanil, hydrocodone and 

oxycodone also augmented interactions of MOR (49±6.5%, 55±17.4%, 49±11%) and Gsα 
(100±15.7%, 77±9.6% 132±14.4%), (n=3–5; P<0.001 for all groups), respectively with 

Cav-1. This underscores that augmentation of Cav-1 scaffolding following chronic opioid 

treatment is not idiosyncratic to a particular MOR agonist.

Importantly, chronic treatment with morphine (1 μM) while in the presence (initiated 2 h 

prior to chronic morphine exposure) of the caveolin-1 scaffolding domain peptide [CSD, 5 

μM; Millipore (aa 82–101 of Cav-1, rendered cell permeable)] (Bucci et al., 2000; Couet et 

al., 1997; Gratton et al., 2003; Sukumaran et al., 2002) failed to augment Cav-1 recruitment 

of MOR and Gsα (p<0.05 for both, n=3). In contrast, the scrambled CSD peptide (negative 

control) was without effect, i.e., in the presence of the CSD negative control peptide, the 

chronic morphine-induced increment in the co-IP of MOR and Gsα with Cav-1 persisted 

unabated. Additionally, the opioid antagonist naloxone (10 μM, added 30 min prior to and 

continued throughout chronic morphine treatment) blocked the increased recruitment of 

MOR (9±11%; p>0.05) and Gsα; (−2±1.4; p>0.05) by Cav-1 (Fig. 2). Furthermore, an acute 

(5 min) exposure to either morphine (data not shown) or sufentanil (1 μM for both) failed to 

augment Cav-1-MOR/Gsα interactions (Fig. 2C). Collectively, these data indicate that 

increased co-IP of MOR and Gsα with Cav-1 resulted from the augmented Cav-1 

scaffolding, which was elicited by sustained activation of MOR, and not its acute 

stimulation.

Chronic morphine augments the association of MOR with Gsα

It is possible that MOR and Gsα proteins each interact with different molecules of Cav-1. 

Thus, concomitant augmentation of Cav-1 with MOR and Gsα suggests, but does not 

necessarily indicate the augmented interaction between these signaling molecules. In order 

to investigate chronic morphine-induced augmented MOR association with Gsα, a 

prerequisite for increased MOR Gs signaling, we compared the magnitude of MOR that co-

IPed with Gsα from the Triton-insoluble membrane fraction obtained from opioid naïve and 

chronic morphine-treated MOR-CHO. Fig. 3 illustrates that MOR and Gsα co-IP from the 

Triton-insoluble membrane fraction, as we previously reported using membranes from 

opioid naïve MOR-CHO (Chakrabarti et al., 2010). Notably, however, chronic morphine 

significantly elevated the presence of MOR in the Gsα IP (48±13%, n=4; p<0.01), 

suggesting that chronic morphine increased MOR Gs signaling inside lipid raft 

compartments.

Chronic morphine augments the association of Cav-1 and PP2A

We previously reported that chronic morphine enhances dephosphorylation of Gsα by PP2A, 

thereby increasing the association of Gsα with MOR (Chakrabarti and Gintzler, 2007). 

Therefore, we hypothesized that chronic morphine would augment Cav-1-associated PP2A, 

in lipid rafts as a prelude to the observed increased MOR Gsα association. As an initial test 

of this hypothesis, we investigated if chronic morphine treatment increased the association 
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of PP2A with Cav-1. In these experiments, we compared the magnitude of PP2A that co-

IPed with Cav-1 from membrane fractions of opioid naïve and chronic morphine-treated 

MOR-CHO. Chronic morphine substantially increased PP2A association with Cav-1 

(67±21%, n=3, p<0.05; Fig. 4).

Chronic morphine augments the association of activated PP2A with Gsα

As was noted for MOR and Gsα, the concomitant augmentation of the association of both 

Gsα and PP2A with Cav-1 following chronic morphine, does not unambiguously establish 

the increased interaction between PP2A and Gsα. Accordingly, we directly assessed the 

interaction of PP2A with Gsα by quantifying the presence of PP2A in Gsα IP obtained from 

membrane fractions of opioid naïve vs. chronic morphine-treated MOR-CHO. Following 

chronic morphine, the magnitude of PP2A that co-IPed with Gsα from the Triton-insoluble 

membrane fraction increased by 65±6.6%, (p<0.05, n=5; Fig. 5A).

The activity of PP2A is regulated via its Tyr307 phosphorylation (pTyr307PP2A), which 

inhibits its phosphatase activity (Brautigan, 1995), i.e., dephosphorylated Tyr307PP2A 

represents the activated form of PP2A. In order to assess whether chronic morphine 

augments the association of Gsα with pTyr307PP2A (less activated) or dephosphorylated 

(more activated) PP2A, we determined the effect of chronic morphine on the 

phosphorylation state of the PP2A that co-IPed with Gsα. These experiments utilized an 

anti-pTyr307PP2A-specific antibody. Strikingly, following chronic morphine treatment, the 

co-IPed PP2A contained significantly less pTyr307PP2A immunoreactivity (42.3±4%; 

p<0.02, n=3; Fig. 5B). Thus, the observed ≈65% increment in total PP2A that co-IPs with 

Gsα following chronic morphine reflects an underestimate of the actual increase in PP2A 

activity that is associated with Gsα.

Chronic morphine increases the association of Gsα with AC

Adenylyl cyclase is a major target for signaling via Gsα. In order to assess whether AC was 

the transducer for augmented MOR Gsα coupling within lipid raft compartments following 

chronic morphine, we compared Gsα-AC association within Triton-insoluble membrane 

domains before and following chronic morphine. This was assessed by quantifying the 

content of AC in Gsα IP obtained from the Triton-insoluble membrane fraction of opioid 

naïve vs. chronic morphine-treated MOR-CHO. Following chronic morphine, the AC that 

co-IPed with Gsα increased by 75±8%, p<0.05, n=3; Fig. 6A).

Chronic morphine augments MOR stimulation of cAMP formation in caveolae/Cav-1 
scaffold fraction

In order to determine whether or not the chronic morphine-induced augmented association 

of MOR/Gsα/AC was productive, we compared the ability of sufentanil to stimulate cAMP 

formation in the caveolae membrane fraction obtained from opioid naïve and chronic 

morphine-treated MOR-CHO. Since the dependent variable in these experiments was AC 

enzymatic activity, not AC immunoreactivity, caveolae were obtained using sucrose density 

gradient centrifugation (Bourova et al., 2003) in lieu of Triton insolubility, which would 

denature AC and thus diminish its activity.
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Fig. 6B illustrates the distribution of MOR, Gsα and Cav-1 across the sucrose gradient. Most 

of the Cav-1 was present between 20% and 30% sucrose gradients (Fig. 6B), in agreement 

with previous findings (Bourova et al., 2003). These sucrose density fractions also contained 

MOR and Gsα immunoreactivity and were therefore used to validate the predicted 

emergence of sufentanil-stimulation of cAMP formation. The Cav-1 present in fraction 7 

appears to have a slightly higher molecular mass (≈5 kDa) than that present in the earlier 

sucrose density fractions and the Cav-1 visualized in Western blots. Most likely, the larger 

molecular mass Cav-1 is an artifact and does not reflect either another caveolin isoform or a 

dimeric form of Cav-1. First, Cav-3 and Cav-2 are actually smaller than Cav-1. Second, 

although caveolins do form homo- and heterodimers, the molecular mass differential 

between the smaller and the slightly larger Cav-1 (≈5 kDa) is too small for it to be a dimeric 

form of Cav. Irrespective of the explanation for the ≈25 kDa Cav-1 in fractions 7, it does not 

confound data interpretation since the AC activity assay was performed using fractions 3–6, 

which contained Cav-1 of the predicted molecular mass.

AC activity was determined from caveolae/raft fractions isolated from MOR-CHO cells with 

and without chronic morphine treatments (Fig. 6C). As expected, sufentanil (1 μM) failed to 

stimulate cAMP formation in the caveolae/raft fraction obtained from opioid naïve MOR-

CHO. Strikingly, however, in analogous fractions obtained from membranes of chronic 

morphine-treated MOR-CHO, the same concentration of sufentanil stimulated cAMP 

formation (30±4%, p<0.002, n=5; Fig 6C). These findings indicate that chronic morphine 

induces the emergence of MOR-coupled facilitatory AC signaling activity within caveolae.

Chronic morphine augments association of Gsα, PP2A and AC with Cav-1 in rat spinal 
cord

Validation of the inferred physiological relevance of current findings requires demonstration 

that chronic morphine induces altered Cav-1 scaffolding in the central nervous system as 

well as MOR-CHO. Accordingly, we tested the ability of chronic systemic morphine to 

increase Cav-1 recruitment of Gsα, PP2A and AC in rat spinal cord. One-way analysis of 

variance revealed a highly significant difference of treatment effects among naïve and 

chronic morphine treated groups (F3,17 =34.57; p<0.0001). A regimen of chronic morphine 

that produces spinal analgesic tolerance increased the association of AC (113±24%; 

p<0.001), Gsα (68±17%; p<0.001) and PP2A (70±2.2%; p<0.001) with Cav-1 present in 

Triton-insoluble membrane compartments of spinal tissue (n=3; Fig. 7A, lanes 2 vs. 1). 

These data indicate that increased Cav-1 scaffolding following persistent activation of MOR 

is not a consequence of MOR overexpression per se and furthermore is also manifest by 

complex integrated neuronal tissue following sustained in vivo exposure to morphine.

Blockade of the Cav-1 scaffolding domain eliminates the chronic morphine-induced 
increased association of Cav-1 with Gsα, PP2A and AC in spinal cord

We determined the effect of blocking the Cav-1 scaffolding domain on the chronic 

morphine-induced increased association of Gsα, PP2A and AC with Cav-1 to validate our 

inference from MOR-CHO that it resulted from augmented Cav-1 scaffolding. In these 

experiments, the Cav-1 scaffolding domain-blocking peptide CSD was applied intrathecally, 

once daily, 45 min prior to i.t. morphine, for five days. One-way ANOVA revealed a highly 
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significant difference of treatment effects between the chronic morphine and CSD+chronic 

morphine treated groups (F3,17 =11.92; p<0.0004). As was observed in MOR-CHO, CSD 

(10 μg i.t.) essentially eliminated the chronic morphine-induced increment in the co-IP of 

Gsα, PP2A and AC with Cav-1 (Fig. 7A, lane 3 versus lane 2; p<0.01 for all comparisons; 

lane 3 vs. lane 1 was not significantly different for all co-IPed proteins). This underscores 

the importance of Cav-1 scaffolding to the observed effects of chronic morphine on Cav-1 

interactions with targeted signaling proteins.

Discussion

Cav-1 has long been recognized to bind a wide spectrum of signaling molecules (see 

(Okamoto et al., 1998; Patel et al., 2008) for review). This ability enables Cav-1 to recruit 

many classes of signaling molecules and thereby facilitate their incorporation into signaling 

complexes. Despite the well-established ability of Cav-1 to spatially juxtapose signaling 

molecules, thereby facilitating their interactions and maximizing signal transduction 

efficiency, the role of Cav-1 in the development of chronic opioid-induced sequelae remains 

largely unknown.

The ability of chronic opioid exposure to alter Cav-1 recruitment of signaling molecules was 

investigated in the present study with respect to the ability of chronic morphine to augment 

stimulatory MOR Gs AC signaling (Chakrabarti et al., 2010; Chakrabarti and Gintzler, 2007; 

Chakrabarti et al., 2012; Chakrabarti et al., 2005a) within caveolae/Cav-1 scaffolds. In order 

to define the principal structural component of this lipid microdomain responsible for 

undergirding the tolerant-associated emergent MOR-Gsα-AC stimulatory signaling, we 

studied their association with Cav-1, the predominant structural component of caveolae. 

Specifically, we tested the hypothesis that chronic opioids would stimulate recruitment by 

Cav-1 of MOR, PP2A, Gsα and AC and thereby enhance their interactions in membrane 

microdomains.

Present findings demonstrate that chronic morphine: (1) enhanced Cav-1 recruitment of 

Triton-insoluble MOR, Gsα, activated PP2A and AC in MOR-CHO, as well as rat spinal 

cord, which was substantially attenuated by blocking the Cav-1 scaffolding domain. (2) 

augmented interactions among these signaling proteins in caveolae/Cav-1 scaffolds; (3) 

enabled the ability of sufentanil to stimulate cAMP production in lipid-rich membrane rafts. 

These findings underscore that the observed augmented interactions among MOR, Gsα, 

activated PP2A and AC are functional. Although our data also strongly suggest that 

augmented Cav-1 scaffolding undergirds the ability of chronic morphine to recruit an 

ancillary signaling pathway, we cannot eliminate the possibility that Cav-1 may be 

interacting with another protein that in turn binds to MOR and/or other related signaling 

molecules.

Several studies have reported that cholesterol depletion (via methyl-β-cyclodextrin) 

attenuates specific sequela of sustained MOR exposure (Levitt et al., 2009; Qiu et al., 2011). 

By suggesting the importance of lipid rafts/caveolae to chronic opioid-induced sequelae, 

these earlier studies are consonant with current findings, although they do not 

unambiguously indicate the importance of Cav-1 per se [see (Oner et al., 2010), which 
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suggests that methyl-β-cyclodextrin may interfere with receptor signaling independent of its 

caveola-disrupting property]. To our knowledge, this report is the first demonstration that 

chronic exposure to opioids enhances recruitment by Cav-1 of multiple interrelated signaling 

molecules, thereby facilitating interactions among them and thus the recruitment of an 

ancillary MOR signaling pathway.

Several observations indicate the likely relevance of altered Cav-1 scaffolding to adaptations 

causally associated with opioid tolerance/dependence. (1) The ability of chronic oxycodone, 

hydrocodone and sufentanil to also augment Cav-1 recruitment of MOR and Gsα indicates 

that altered Cav-1 scaffolding is a common adaptation to chronic opioid exposure. (2) 

Naloxone blocked the chronic morphine-induced augmentation of Cav-1 scaffolding 

indicating that it was MOR-mediated. (3) Acute treatment of MOR-CHO was not sufficient 

to augment Cav-1 scaffolding, underscoring the prerequisite for chronic exposure. In 

contrast to the latter finding, we previously reported using spinal cord as well as MOR-

CHO, that acute sufentanil produces a naloxone-reversible enhancement of the co-IP of Gsα 
and AC with Cav-1 (Chakrabarti et al., 2010). This discrepancy likely resulted from the 

temporal variation in sufentanil action in membranes of MOR-CHO or spinal cord (earlier 

report) vs. intact cells (current study), given the importance of cellular compartmentalization 

of signaling proteins and their subcellular relocation (which would be disrupted in a 

membrane preparation) to altered patterns of signaling generated by surface receptors 

(Kholodenko, 2006).

The present demonstration that chronic in vitro and in vivo opioid treatment of MOR-CHO 

and spinal cord, respectively, increases the recruitment (≥ 50%) by Cav-1 of components of 

stimulatory MOR AC signaling suggests but does not unequivocally establish that Cav-1 

facilitates interactions among them. In order to directly test this inference, we compared 

interactions among MOR, Gsα, PP2A and AC before and following chronic morphine, by 

quantifying their co-IP from MOR-CHO. Co-IP analyses revealed that chronic morphine 

increased the association of MOR, PP2A and AC with Gsα. The current demonstration that 

sufentanil stimulates cAMP formation in the same membrane fraction obtained from chronic 

morphine-treated, but not opioid naïve MOR-CHO, underscores that the increment in co-IP 

of MOR and AC with Gsα reflects their increased functional interactions.

The stoichiometry of Gsα phosphorylation is inversely proportional to its interaction with 

MOR; dephosphorylation of Gsα augments association with MOR (Chakrabarti and 

Gintzler, 2007). Although earlier reports (Chakrabarti and Gintzler, 2007) revealed that 

chronic morphine reduced phosphorylation of Gsα, via its increased association with PP2A, 

these earlier studies did not define the subcellular localization of these events and the role of 

Cav-1 scaffolding.

Chronic morphine not only increased the association of Cav-1 with Gsα, but also increased 

interactions between Cav-1 and PP2A. Moreover, the increment in PP2A association with 

Cav-1 was comprised of an increased proportion of activated (dephosphorylated) PP2A. 

Thus, the ≈65% increment in co-IP of PP2A with Cav-1 is an underestimate of the Cav-1-

associated increment in PP2A activity. These findings strongly suggest that the chronic 

morphine-induced dephosphorylation of Gsα occurs within caveolae/Cav-1 scaffold 
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membrane domains and that the Cav-1 contained therein orchestrates Gsα 
dephosphorylation, thereby facilitating MOR Gs coupling.

Multiple studies demonstrate that Gα subunits translocate to caveolae (Li et al., 1995; 

Murthy and Makhlouf, 2000), but the functional significance of this redistribution and 

association with Cav-1 remains controversial. One school of thought is that Cav-1 facilitates 

signal transduction by acting as a scaffolding molecule to organize signaling complexes 

within caveolae, where they are brought into proximity with downstream effectors 

(Bhatnagar et al., 2004). In this scenario, by spatially juxtaposing signaling molecules and 

effectors, Cav-1 would have a permissive effect on MOR Gs signaling. In striking contrast to 

this formulation, there is evidence that Cav-1 binding maintains Gsα proteins in an inactive 

GDP-bound state (Allen et al., 2009; Couet et al., 1997; Li et al., 1996; Li et al., 1995), 

thereby dampening GPCR signaling, i.e., translocation of signaling molecules into caveolae 

results in the termination of GPCR signaling, not their facilitation. This controversy 

underscores the complexity of interactions between G protein-coupled receptors/components 

of their signaling cascades and constituents of caveolae.

In the present study, the distinction between facilitating vs. terminating MOR-Gs-AC 

signaling by Cav-1 was investigated by determining the ability of the MOR agonist 

sufentanil to stimulate cAMP formation in the light membrane caveolae/lipid raft fraction 

obtained from opioid naïve vs. chronic morphine treated MOR-CHO. The ability of 

sufentanil to stimulate cAMP formation in the latter, but not the former, unambiguously 

indicates that lipid-rich membrane domains from opioid tolerant/dependent MOR-CHO 

provide a subcellular milieu supportive of MOR Gs AC stimulatory signaling. Since chronic 

morphine exposure increases the association of MOR, Gsα, activated PP2A and AC with 

Cav-1, it is likely that Cav-1 provides a supportive scaffolding matrix for the MOR Gs-

coupled AC signaling that emerges following chronic treatment with opioids, an inference 

bolstered by (1) our finding that the chronic morphine-induced increment in Gsα that binds 

to Cav-1 contains increased levels of lesser-phosphorylated Gsα (Chakrabarti et al., 2010), 

which preferentially binds to MOR (Chakrabarti and Gintzler, 2007) and (2) down stream 

effectors of MOR Gsα AC signaling, e.g., protein kinase A catalytic and regulatory subunits 

(Vang et al., 2001) and A-kinase-anchoring proteins (Tasken and Aandahl, 2004), are 

concentrated in membrane rafts.

While Cav-1 is essential for the formation of caveolae, Cav-1 also forms (Triton-insoluble) 

scaffolds that are structurally and functionally distinct from caveolae (Lajoie et al., 2007; 

Zheng et al., 2011). This could be particularly relevant to the ability of Cav-1 to regulate 

signaling in cells lacking caveolae, such as neurons (Boscher and Nabi, 2012). Differential 

expression of caveolae-associated Cav-1 vs. Cav-1 scaffolds could be responsible for 

opposing regulation of signaling cascades that has been observed. Therefore, while the 

current study demonstrates the importance of Cav-1 to opioid tolerance-associated 

augmented MOR Gs AC signaling, the relative involvement of Cav-1 that is outside of (e.g., 

associated with Cav-1 scaffolds) vs. integral to caveolae remains to be defined.

The relative participation of caveolae-associated Cav-1 vs. Cav-1 scaffolds could be 

signaling pathway specific, which would explain, in part, the observation that regulatory 
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consequences of Cav-1 are dependent on associated signaling partners, cellular context, and 

specific signaling pathways, e.g., Cav-1 suppresses the epidermal growth factor activation of 

ERK via the Grb2-Sos-Ras pathway (Park et al., 2000) whereas ERK activation of PI3 

kinase pathway is facilitated by Cav-1 (Park and Han, 2009).

In summary, the opioid tolerance-associated shift in MOR-G protein-AC signaling from 

predominantly inhibitory to stimulatory (which would negate opioid perturbations believed 

to be prerequisite for opioid antinociception and thus result in opioid analgesic tolerance) is 

undergirded by increased interactions of Gsα with MOR, activated PP2A and AC within 

lipid-rich membrane microdomains (e.g., caveolae, Cav-1 scaffolds, etc). The augmented 

association of each of these signaling molecules with Cav-1 following chronic morphine 

suggests that this scaffolding protein recruits and orchestrates the enhancement of protein-

protein interactions that underlie enhanced MOR-Gs-AC signaling following chronic 

morphine.

The chronic morphine-induced trigger that initiates the altered Cav-1 recruitment of MOR, 

Gsα, and related signaling partners remains unknown. Also, unknown is whether or not the 

ability of chronic morphine to alter Cav-1 scaffolding properties generalizes to other 

signaling partners of MOR. Knowledge of these considerations could help identify the 

seminal perturbation(s) produced by chronic opioids that result in the plethora of adaptations 

to chronic opioids that have thus far been elucidated.
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MOR Mu-opioid receptor

AC adenylyl cyclase

Cav-1 Caveolin-1

MOR-CHO Chinese hamster ovary cells stably transfected with mu-

opioid receptor

PP2A protein phosphatase 2A

pTyr307PP2A phosphotyrosine307 protein phosphatase

co-IP co-immunoprecipitate
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Figure 1. 
Chronic morphine increased the association of MOR and Gsα with Cav-1. Membranes were 

obtained from opioid naïve (Nv) and chronic morphine (CM) treated (1 μM, 48 h) MOR-

CHO. The Triton insoluble fraction was isolated, solubilized, and subjected to 

immunoprecipitation with anti-Cav-1 antibody as described in methods. Following SDS 

PAGE and electrotransfer of proteins, regions of the nitrocellulose membrane corresponding 

to MOR, Gsα, and Cav-1 were cut out and Western blotted with their corresponding 

antibodies. Quantification of Western signals corresponding to A: MOR (≈80 kDa) and B, 

Gsα (≈45 kDa) in Cav-1 ip was normalized to their corresponding directly IPed Cav-1 

protein. The content of MOR or Gsα in the Cav-1 IP obtained from chronic morphine-

treated MOR-CHO is expressed as a percent of their content in Cav-1 IP obtained from 

opioid naïve cells. Following chronic morphine, the association of MOR and Gsα with 

Cav-1 within caveolae/Cav-1 scaffolds is significantly increased. n=4–5; *indicates p<0.05.
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Fig. 2. 
Effects of chronic morphine on Cav-1 scaffolding generalize to sufentanil (SUF), 

hydrocodone (HYDRO) and oxycodone (OXY). The Triton insoluble membrane fraction 

was obtained from opioid naïve, acute (5 min) sufentanil-treated and chronic sufentanil-, 

hydrocodone- or oxycodone-treated (1 μM, 48 h) MOR-CHO, after which it was solubilized 

and subjected to immunoprecipitation with anti-Cav-1 antibody. MOR (A) and Gsα (B) 

were visualized and quantified as described for Fig. 1. All co-IPs were normalized to their 

corresponding directly IPed Cav-1 protein. The content of MOR or Gsα in the Cav-1 IP 

from opioid treated MOR-CHO is expressed as a percent of their content in Cav-1 IP 

obtained from opioid naïve cells (C). n=3–5; *indicates p<0.05. The ability of chronic 

morphine to augment Cav-1 scaffolding of MOR and Gsα generalized to sufentanil, 

oxycodone, and hydrocodone. Chronic, not acute, opioid exposure is a prerequisite for the 

observed augmented Cav-1 scaffolding, which is eliminated by concomitant exposure to 

naloxone (Nx).
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Figure 3. 
Chronic morphine augmented the association of MOR with Gsα. The Triton insoluble 

fraction obtained from membranes of opioid naïve (Nv) and chronic morphine (CM) treated 

MOR-CHO (1 μM, 48 h) was solubilized and subjected to immunoprecipitation using anti-

Gsα antibodies. Co-IPed MOR was visualized by Western blotting. Quantification of band 

intensity was normalized to their corresponding directly IPed Gsα protein. The content of 

MOR in the Gsα IP obtained from chronic morphine-treated MOR-CHO is expressed as a 

percent of the MOR content of Gsα IP obtained from opioid naïve cells. Chronic morphine 

increased the association of MOR and Gsα within lipid raft compartments. n=4; *=p<0.01.

Chakrabarti et al. Page 19

J Neurochem. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Chronic morphine augments the association of Cav-1 with PP2A. The Triton insoluble 

fraction obtained from membranes of opioid naïve (Nv) and chronic morphine (CM) treated 

MOR-CHO (1 μM, 48 h) was solubilized and subjected to immunoprecipitation using anti-

Cav-1 antibodies. Co-IPed PP2A was visualized by Western blotting. Quantification of band 

intensity was normalized to their corresponding directly IPed Cav-1 protein. The content of 

PP2A in the Gsα IP obtained form chronic morphine-treated MOR-CHO is expressed as a 

percent of the Cav-1 content of Gsα IP obtained from opioid naïve cells. Chronic morphine 

increased association of PP2A and Cav-1 within caveolae/Cav-1 scaffolds. n=3; *=p<0.05.
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Figure 5. 
Chronic morphine augments the association of activated (dephosphorylated) PP2A with 

Gsα. The Triton insoluble fraction of membranes of opioid naïve (Nv) and chronic morphine 

(CM) treated (1 μM, 48 h) MOR-CHO was solubilized and subjected to 

immunoprecipitation using anti-Gsα antibodies. A: Co-IPed PP2A was visualized by 

Western blotting using a pan anti-PP2A antibody. B: Gsα IP was obtained from an amount 

of Triton insoluble membrane protein identical to that used in panel A. The IP was Western 

blotted using an antibody specific for p-Tyr307PP2A. In both panels, quantification of band 

intensity was normalized by the amount of their corresponding directly IPed Gsα protein. 

The content of PP2A and p-Tyr307PP2A in the Gsα IP obtained from chronic morphine-

treated MOR-CHO is expressed as a percent of their content in Gsα IP obtained from opioid 

naïve cells. Whereas the co-IP of PP2A with Gsα was augmented (≈65%) by chronic 

morphine, this treatment decreased by a similar magnitude (≈42%) the co-IP of p-

Tyr307PP2A. In other words, the chronic morphine-induced increment in association of 

PP2A activity with Gsα is considerably greater than the increment in PP2A protein. n=5 for 

PP2A and n=3 for p-Tyr307PP2A; *=p<0.05.
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Figure 6. 
Chronic morphine increases Gsα adenylyl cyclase (AC) association and augments MOR 

stimulation of cAMP formation in caveolae/Cav-1 scaffold fractions. A: The Triton 

insoluble fraction of membranes of opioid naïve (Nv) and chronic morphine (CM) treated 

MOR-CHO (1 μM, 48 h) was solubilized and subjected to immunoprecipitation using anti-

Gsα antibodies. Co-IPed AC was visualized by Western blotting using an anti-AC common 

monoclonal antibody. Co-IPed AC was normalized to its corresponding directly IPed Gsα 
protein. The content of AC in the Gsα IP obtained from chronic morphine-treated MOR-

CHO is expressed as a percent of its content in Gsα IP obtained from opioid naïve cells. 

Chronic morphine increased by ≈75% the magnitude of the co-IP of AC with Gsα within 

lipid raft compartments. n=3; *=p<0.05. B: Triton-insoluble components of MOR-CHO 

membranes were fractionated using sucrose density gradient centrifugation as described in 

Methods. The presence of MOR, Gsα and Cav-1 across the sucrose gradient was determined 

by Western blotting. The majority of Cav-1 was contained within the 20% and 30% sucrose 

gradients (corresponding to fractions 3–6). C: AC activity was quantified by measuring the 

synthesis of [32P]cAMP from [α-32P]ATP) in membrane raft fractions contained in the 20% 

and 30% sucrose gradients, corresponding to fractions 3–6 (fraction 3 was included since, in 

addition to Gsα, longer exposure of Westerns revealed the presence of MOR and Cav1, 

albeit at lower levels than the other included fractions obtained from opioid naïve and 

chronic morphine-treated MOR-CHO). Sufentanil (1 μM) stimulated [32P]cAMP formation 

in membrane raft fractions obtained from chronic morphine-treated (30±4%, *=p<0.002, 
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n=5) but not opioid naïve MOR-CHO. Findings indicate that chronic morphine induced the 

emergence of MOR-coupled stimulatory AC signaling within membrane (lipid) rafts.
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Figure 7. 
Chronic morphine augments association of Gsα, protein phosphatase 2A (PP2A) and 

adenylyl cyclase (AC) with Cav-1 in rat spinal cord. Their association is substantially 

attenuated/eliminated by blocking the Cav-1 scaffolding domain. A: The Triton insoluble 

fraction obtained was obtained from lumbar spinal cord membranes of opioid naïve rats (Nv, 

Lane 1), i.t. chronic morphine (CM)-treated rats (lane 2), or rats treated chronically with i.t. 

morphine concomitant with 10 μg of the Cav-1 scaffolding domain peptide CSD (CSD+CM) 

(lane 3; see Methods). The Triton insoluble fraction was solubilized and subjected 

immunoprecipitation using anti-Cav-1 antibodies. Following SDS PAGE and electrotransfer 

of proteins, regions of the nitrocellulose membrane corresponding to AC, Gsα, PP2A and 

Cav-1 were cut out and Western blotted with their corresponding antibodies. Quantification 

of band intensity was normalized to the amount of their corresponding directly IPed Cav-1 

protein. B: The content of Gsα, PP2A and AC in the Cav-1 IP obtained from spinal cord of 

the above treated rats is expressed as a percent of their content in Cav-1 IP obtained from 

spinal cord of opioid naïve rats. A regimen of chronic in vivo morphine that produces spinal 

analgesic tolerance increased the association of Gsα, PP2A and AC with Cav-1 within 

caveolae/Cav-1 scaffolds of rat spinal cord. This increment was essentially eliminated by 

concomitant treatment with CSD. n=3; *=p<0.001 for CM vs. Nv; ^= p<0.01 for CM+CSD 

vs. CM.
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