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INTRODUCTION 
 

Activation of the sympathetic nervous system (SNS) through 

release of catecholamines norepinephrine and epinephrine can 

facilitate tumor growth through multiple pathways. One recently 

identified pathway is increased angiogenesis mediated by ß-AR 

activation. Stressor exposure facilitated vascular endothelial 

growth factor (VEGF) production in vivo1, and ß-AR agonists 

increase production of VEGF by a variety of tumor cells in vitro 
2,3. Our laboratory is interested in the molecular pathways that 

regulate tumor angiogenesis in vivo. In a panel of human and 

murine breast cancer cell lines, we observed a range of ß-AR 

expression from no detectable expression to relatively high 

receptor expression. The capacity to signal via ß-AR, as 

measured by elevated intracellular cAMP, usually correlated 

with receptor expression in these cell lines. Interestingly in the 

two cell lines that expressed the highest level of ß-AR (MB-231, 

a human breast adenocarcinoma, and MB-231BR, a brain-

metastasizing variant of MB-231), we observed a very different 

functional response to ß-AR stimulation in vitro. MB-231BR, but 

not MB-231, responds to ß-AR signaling with elevated 

production of VEGF. Here we compare the ß-AR-induced cAMP 

response in MB-231, MB-231BR, and a low ß-AR expressing 

breast cancer cell line, MB-361. We show that the cAMP 

response is differentially regulated between the two high-ß-AR 

expressing cell line. We hypothesize that regulation of 

intracellular cAMP is key to the differential regulation of the 

proangiogenic VEGF response in vitro.  

 

METHODS 
 

Cell Lines. Human breast adenocarcinoma cell lines MDA-MB-

231 (MB-231) and MDA-MB-361 (MB-361) were purchased from 

American Tissue Type Collection (Manassas, VA). MB-231BR, a 

brain-seeking variant of MB-231 was obtained from Dr. T. 

Yoneda (University of Texas Health Science Center, San 

Antonio, TX). All cell lines were maintained in DMEM containing 

high glucose, L-glutamine, penicillin/streptomycin, and 10% fetal 

calf serum.  

 

cAMP Assay. Tumor cells (1x106) in 12 x 75 mm polypropylene 

tubes were incubated for 20 minutes at 37˚C in a shaking water 

bath in HBSS containing 0.1% bovine serum albumin (BSA) with 

or without 100 µM isobutylmethylxanthine (IBMX), a 

phosphodiesterase inhibitor. Isoproterenol (a non-selective ß-AR 

agonist) or forskolin or buffer alone were added to each tube 

and the cells were incubated for 5-60 minutes at 37˚C (final 

volume = 1 ml). To stop the reaction, 2 ml ice-cold HBSS/BSA 

buffer was added to each tube. The cells were centrifuged two 

times for 10 minutes at 200 x g in HBSS/BSA buffer and then 

resuspended in Cell Lysis Buffer, provided 5X in the cAMP 

ELISA kit and diluted to 1X with dH20 prior to use. Intracellular 

cAMP was released by subjecting the cells to freezing at -20˚C, 

followed by boiling for 10 minutes in a 95˚C heat block and 

repeating the sequence. After centrifugation at 600 x g at 4˚C for 

10 minutes to remove cellular debris, the supernatants were 

collected and stored at -80˚C until analysis of cAMP content 

using the cAMP Parameter ELISA kit from R & D Systems 

(Minneapolis, MN) following the manufacturer’s instructions. For 

each supernatant at least two supernatant dilutions were tested 

to determine the optimal dilution. Absorption was measured at 

450 nm using a multiwell plate reader (Synergy HT, Biotek 

Instruments Inc, Winooski, VT). Non-specific binding (binding in 

the absence of the primary anti-cAMP antibody) was 

automatically subtracted from all wells. Curve fitting and sample 

concentration calculations were conducted with Gen5 software 

(Biotek). Results are expressed as pmoles/mL /106 cells. 

 

Statistical Analysis. For multiple groups comparisons, one-way 

analysis of variance was used. If a main effect of treatment was 

observed (p<0.05), then Neuman-Keuls post-hoc analysis was 

used to compare between groups. 

Table 1. Human Breast Cancer Cell Li nes 

Cell Line 

Cells 
Isolated  

from: 

Hormone 
Receptor  

Expression*  

§-AR 
Expression 

(Sites per cell#) 

Kd (M) 

M B-231 
Pleural 
Effusion 

EGFR+, HER2
low

 
ER

Ğ
 

13,798 ± 4,858 2.7x10
-11 

± 1.3x10
-11

 

M B-231BR 
Brain  

(Nude 

Mouse) 

EGFR+ HER2
lo
 11,027 ± 3,991 6.85x10

-10 
± 1.3x10

-11
 

M B-361 Brain 
EGFR

low
, HER2

high
 

ER+  
160 1.2x10

-9
  

* ER = Estrogen receptor-alpha; EGFR = Epidermal grow th factor receptor 

# Determined using standard radioligand binding technique measuring binding of 

varying concentrations of 125I-cyanopindolol to whole cells. The results w ere analyzed 

by non-linear regression to determine maximal binding (Bmax) and affinity (Kd). Sites per 
cell w as calculated from Bmax. 

RESULTS 

1. KINETICS OF ISO-INDUCED cAMP PRODUCTION 

C. MB-361 

3. ß-AR DESENSITIZATION OCCURS IN MB-231BR and MB-361, BUT NOT MB-231 

Fig. 3. Secondary exposure to ISO leads to an attenuated cAMP response in MB-231BR and MB-361, but not 

MB-231. For primary ß-AR activation, cells were stimulated for 5 minutes with 10-5 M ISO at 37˚C in the 

absence of IBMX. The reaction was stopped by placing the cells on ice and washing the cells two times. Cells 

were resuspended in HBSS/BSA buffer and placed on ice for 1 h (MB-231, MB-361) or for 3 h (MB-231) to 

restore cAMP to near baseline. For secondary exposured to ß-AR activation, cells were exposed to 10-5 M ISO 

or buffer containing IBMX for 5 minutes. Results are expressed as mean ± SEM, n=2 for each group. Asterisk 

indicates that the ISO/ISO group was significantly different from single exposure to ISO (0/ISO group) (p<.05, 

Neumann-Keuls post-hoc analysis). 

SUMMARY 
 

1. Peak cAMP production in response to ß-AR stimulation is 

greater in MB-231 relative to MB-231BR, but ß-AR expression 

(sites per cell) is similar. ß-AR cAMP in the low ß-AR-

expressing is lower than MB-231 and MB-231BR, but 

detectable. 

 

2. In MB-231, the ß-AR-induced cAMP response is sustained 

compared to a rapid decline over the same time period in MB-

231BR. The decline in the cAMP response in MB-231BR is 

independent of cAMP phosphodiesterase activity, because it 

occurs when cAMP phosphodiesterase is inhibited by IBMX.  

 

3. In the absence of IBMX, cAMP production is reduced and 

declines rapidly in MB-231BR. In MB-231, a decline in cAMP 

production is evident by 60 minutes, but cAMP is still 

significantly elevated relative to baseline. This suggests that 

cAMP phosphodiesterases are active in both cell lines.  

 

4. Forskolin-induced cAMP production is slightly reduced in MB-

231 suggesting that adenylate cyclase is inhibited in MB-231, 

perhaps as a compensatory response to sustained elevation of 

cAMP.  

 

5. Receptor desensitization is intact in MB-231BR but not in MB-

231. This suggests that the molecular pathway that leads to 

receptor desensitization, including ß-arrestins and G-protein 

related kinases, may be impaired in MB-231. 

 

6. In MB-361, a low ß-AR expressing breast cancer cell line, the 

kinetics of ß-AR-induced cAMP production in MB-361 is similar 

to that of MB-231BR (peak followed by a rapid decline). 

CONCLUSIONS 

 

The sustained ß-AR-induced cAMP response in MB-231 is due 

to impaired ß-AR desensitization, the inhibitory mechanism that 

normally attenuates ß-AR signaling. Because this mechanism 

is intact in MB-231BR, the results imply that in high ß-AR-

expressing breast tumor cell lines, the ability of ß-AR activation 

to elicit up-regulated VEGF is dependent on proper regulation 

of intracellular cAMP levels. Conversely, the inability of MB-231 

to respond to ß-AR activation with increased production of 

VEGF is due to impaired ligand-induced receptor 

desensitization and subsequent sustained elevation of  cAMP. 

VEGF is not elevated in the low ß-AR-expressing cell line MB-

361, suggesting a threshold level of intracellular cAMP, in 

combination with its subsequent down-regulation, is required to 

elicit increased VEGF. 
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2. ADENYLATE CYCLASE ACTIVATION BY FORSKOLIN 

Fig. 2. Direct adenylate cyclase activation by exposure to 10-4 M forskolin elicits a greater cAMP 

response in MB-231BR, compared to MB-231 and MB-361. Results are expressed as mean ± 

SEM, n=2-5 for each cell line. Asterisk indicates significantly different compared to MB-231BR 

(p<.05, Neuman-Keuls post-hoc analysis).  
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Fig. 1A. MB-231 cAMP Response to ß-AR Stimulation. With cAMP phosphodiesterase inhibition 

(left, with IBMX), the cAMP response is sustained through 60 minutes of continuous  exposure to 

ISO. In the absence of IBMX, the response declines by 60 minutes, but remains elevated. Results 

are expressed as mean ± SEM, n=2-5. 

 

B. MB-231BR 

0

10

20

30

40

50

60

70

80

90

100

5 20 60

Time (s)

cA
M

P
 (

p
m

o
l/
m

L
)

10-4 +IBMX

10-4 No IBMX

10-5 +IBMX

10-5 No IBMX

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80

Time (min)

c
A
M

P
 (

p
m

o
l/
m

L
)

0 ISO

10-7 M ISO

10-6 M ISO

10-5 M ISO

10-4 M ISO

Fig. 1B. MB-231BR cAMP Response to ß-AR Stimulation. With cAMP phosphodiesterase 

inhibition (left, with IBMX), the cAMP response declines through 60 minutes of continuous  

exposure to ISO. In the absence of IBMX, the magnitude of the cAMP response is much lower, and 

declines to baseline by 20 minutes. Results are expressed as mean ± SEM, n=2-5. 

Fig. 1C. MB-231BR cAMP Response to ß-AR Stimulation. With cAMP phosphodiesterase inhibition 

(left, with IBMX), the cAMP response declines through 60 minutes of continuous  exposure to ISO. In 

the absence of IBMX, the magnitude of the cAMP response and the kinetics is similar to that with 

IBMX. Results are expressed as mean ± SEM, n=2-5. 

FUTURE DIRECTIONS 
 

The goal of future studies is (1) to provide a definitive link 

between ß-AR desensitization and ß-AR-induced VEGF 

production and (2) to determine the relevance of this 

proangiogenic pathway in vivo: 

 

1. Does restoration of ß-AR desensitization in MB-231 elicit ß-

AR-induced elevation of VEGF? Conversely, does 

impairment of ß-AR desensitization in MB-231BR prevent 

ß-AR-induced elevation of VEGF? 

2. Does ß-AR stimulation elevate VEGF and other 

proangiogenic factors in breast tumors in vivo? By using 

breast tumor cell lines that are differentially responsive to ß-

AR signaling we can study the impact of ß-AR signaling via 

tumor cells versus ß-AR signaling of tumor stromal cells. 

Endothelial cells, immune cells, and fibroblast express ß-

AR and may participate in ß-AR-mediated angiogenesis. 

 

The overall objective of these studies is to provide definitive 

evidence that ß-AR activation can be an important stimulator of 

angiogenesis in breast cancer. If so, identifying the key 

molecular players in this pathway may lead to additional 

antiangiogenic therapeutic targets in the treatment of breast 

cancer. 
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