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FRIDAY’S PROGRAM 

 

11:00 - 5:00 Registration in Lobby of Keating Bio5 Building 

11:00 - 1:00 Set-up posters in Room 102 MRB  

1:00 Welcome to the Meeting - Scott Boitano, President, AzPS 

1:10 - 2:45 SESSION I: “Non-Academic Uses of a Physiology Degree” 

Chair: Scott Boitano (Keating Bio5 Room 103) 

 Lisa M. Williams, Ph.D., Cellular Analysis Sales Specialist, Roche Diagnostics Corporation, 

“Memoirs of an Aspiring Scientist: from Bench to Business”  

   Andrea N. Flynn, Ph.D., Member, Board of Directors, Cystic Fibrosis Foundation,  

    “Making a Difference Outside the Lab: Roles for Scientists in Non-Profit” 

 Dana Crouse, M.S., Life Science Specialist, Sigma-Aldrich Life Science: “TBA” 

 

2:45 - 3:05 Refreshment Break Bio 5 Lobby 

3:10 - 4:30 SESSION II: “An Animal Approach to Physiology” 

Co-Chairs:                         (Keating Bio5 Room 103) 

 Rayna Gonzales, Ph.D., “Protective role for dihydrotestosterone in modulating vascular 

function following induction of inflammation in the cerebrovasculature” 

 Surabhi Chandra, Ph.D., “Gender differences in the urinary concentrating mechanism 

following water restriction” 

 Kari Taylor, “Vertical jumping among mouse MDM genotypes” 

 Heidy Contrares, Ph.D., “Conflicts between two competing systems in the Hawkmoth 

Manduca Sexta” 

 Layla Al-Nakkash, Ph.D., “Effects of genistein and exercise on rat cardiac tissue” 

4:30 - 4:50 Break 

4:50 - 6:05   The AzPS Keynote Lecture 

Introduction by Stephen Wright (Keating Bio5 Room 103) 

“The phosphatidylinositol phosphate regulation of ENaC: lipid rafts, 

 cytoskeleton, and MARCKS protein” 

Dr. Douglas C. Eaton 

Department of Physiology and the Center for Cell and Molecular Signaling 

Emory University School of Medicine 

6:05 Chapter Reception Begins 

6:25 - 6:45 Minute Poster Discussion Keating Bio5 103 

6:50 - 8:00 Buffet Dinner Begins 

7:45 - 8:30 Posters in Session, MRB 102 - Odd numbered posters attended 

8:30 - 9:15 Posters in Session, MRB 102 - Even numbered posters attended 
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SATURDAY’S PROGRAM 

 
7:00 - 8:00 Poster Set Up in Room 102 MRB 

7:00 - 8:00 Continental Breakfast Served 

8:00 - 9:15 SESSION III: Topics on Teaching Physiology 

Introduction by Ralph Fregosi (Keating Bio5 Room 103) 

“Protein Structure in Physiology Teaching” 

Dr. William R. Montfort 

Department of Biochemistry 

University of Arizona 

9:15 - 9:35 Break 

9:35 - 10:45 The Distinguished Arizona Lecture 

Introduction by Henk Granzier (Keating Bio5 Room 103) 

What is the role of titin in active muscle? 

Dr. Kiisa C. Nishikawa 

Department of Biological Sciences 

Northern Arizona University 

10:45 - 11:00 Break - Refreshments Served 

11:00 - 12:00 SESSION IV: A Cellular Approach to Physiology 

Co-Chairs: Cara Sherwood, Kirk Hutchinson (Keating Bio5 Room 103) 

 Carlos Hidalgo, Ph.D. “Titin Spring elements as a substrate for serine/threonine kinases” 

 Stoyan Angelov, “Is calcium involved in endothelial cell-induced mural cell differentiation?” 

 Nathaniel Hart, “Modulation of a pancreatic -cell signaling using a heterobivalent 

GLP1/Glibenclamide ligand” 

 Sarah Kuzmiak, “Electron conductance in rat and sparrow skeletal muscle mitochondrial” 

electron transport chain” 

 Mohammad Shahidullah, Ph.D, “TRPV4 in porcine lens epithelium regulates hyposomotic 

stress-induced ATP release and Na,K-ATPase activity” 

12:00 - 12:15 Break - Bag lunch served 

12:15 - 12:35 Minute Poster Session, Keating Bio5 103 

12:35 - 1:20 Posters in Session, MRB 102 - Odd numbered posters attended 

1:20 - 2:05 Posters in Session, MRB 102 - Even numbered posters attended 

2:15 Business Meeting/Awards, Keating Bio5 103 
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Invited Lectures 
A. The phosphatidylinositol phosphate regulation of ENaC: lipid rafts, 

cytoskeleton, and MARCKS protein. Abdel A. Alli, Hui-Fang Bao, Alia A. Alli, 

He-Ping Ma, Ling Yu, Otor Al-Khalili and Douglas C. Eaton. Department of 

Physiology and the Center for Cell and Molecular Signaling, Emory University 

School of Medicine, Atlanta, Georgia 30322 

Renal epithelial sodium channels (ENaC) maintain total body fluid and electrolyte 

balance and lung ENaC maintains lung fluid balance. ENaC consists of 3 

homologous subunits, alpha, beta, and gamma. The amino termini of ENaC beta 

and gamma subunits bind phosphatidylinositol phosphates (PIP2 and PIP3) and 

PIP2 binding is required for ENaC activity.  But PIP2 is a rare lipid and ENaC is a 

rare protein so PIP/ENaC association requires concentration of ENaC and PIP2 in 

specific membrane areas; i.e., lipid rafts. However, lipid rafts are negatively 

charged and, therefore, energetically unfavorable for PIPs.  To stabilize PIP2 in 

lipid rafts requires a specific chaperone protein, MARCKS (myristoylated alanine-

rich C kinase substrate) to concentrate PIP2 in the vicinity of ENaC.   FRET 

studies show that ENaC and MARCKS are in close proximity in the apical 

membrane. Fluorescently labeled MARCKS and PIP2 co-localize in the apical 

membrane of epithelial cells, but phosphorylation of MARCKS causes its 

redistribution from the apical membrane to the cytoplasm after PKC-induced 

phosphorylation or ionomycin-induced increases in intracellular calcium.  The 

redistribution of MARCKS is associated with de-stabilization of PIP2 in the apical 

membrane and a loss of ENaC activity measured by transepithelial current and 

single channel measurements from epithelial cells.  Our findings provide a picture 

of the mechanism by which inositol lipids play a critical role in regulating ENaC 

activity. 

 Notes 

B. What is the role of titin in active muscle? 

Kiisa Nishikawa 

Department of Biological Sciences, Northern Arizona University 

Several properties of muscle defy explanation based solely on the sliding filament 

– swinging cross-bridge theory. Indeed, muscle behaves as though there is a 

dynamic “spring” within the sarcomeres. Numerous studies have suggested that 

the giant, elastic titin protein plays a role in active muscle contraction, but such a 

role remains to be demonstrated. We have developed a two-step “winding 

filament” hypothesis for the role of titin in active muscle. The hypothesis proposes 

that titin is first engaged mechanically during Ca2+-activation, and the cross-

bridges then wind titin on the thin filaments, storing elastic potential energy 

during isometric force development. The addition of titin into active sarcomeres in 

this way resolves many puzzling muscle characteristics, including the difference 

in length-tension properties between skeletal and cardiac muscle, the low cost of 

force production during active stretch, and the high thermodynamic efficiency of 

actively shortening muscle. In addition, the winding filament hypothesis provides 

much simpler explanations than the sliding filament hypothesis for several muscle 

characteristics, including the length dependence of force production, the change in 

shape of the length-tension curve with sarcomere length, and history-dependent 

behavior, including both force enhancement and force depression. Based on the 

winding filament hypothesis, we developed a constitutive “winding ratchet” 

model that accounts for the non-linear, history-dependent force output of muscle. 

The model out-performs Hill-type muscle models in predicting muscle force in 

isovelocity experiments, in which the non-linear behavior of muscle is prominent. 

The winding filament hypothesis and constitutive model have significant potential 

for explaining and simulating muscle’s contributions to motor control. The 

hypothesis and model also suggest biologically inspired designs for actuators and 

prostheses that realistically mimic muscles by providing non-linear history-

dependent force output and instantaneous adaptation to perturbations in load. The 

winding filament hypothesis also provides testable predictions that we hope will 

encourage new directions for research. 
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FRIDAY ABSTRACTS 
   NOTES 

1. Characterization of myocardiac passive stiffness in a mouse model 

of volume overload heart failure 

Hutchinson KR, Chung CS, Saripalli C Hidalgo C, Granzier H 

Volume overload (VO) heart failure occurs due to pathologies such as 

mitral valve regurgitation, infarcts and ventricular septal defects, and 

leads to characteristic eccentric dilation.  Changes in passive 

myocardial stiffness are not well understood and here we dissected the 

contribution of extracellular matrix (ECM)-based and titin-based 

stiffness to overall passive stiffness.   Titin is a giant protein that 

regulates passive tension and hence diastolic function in the 

myocardium.  In heart failure, differential splicing and phosphorylation 

events can occur that alter the stiffness of this protein and influence 

hemodynamics.  Increased diastolic stiffness due to differential splicing 

and phosphorylation of titin has been observed in pressure overload 

hypertrophy; however, there are no published studies investigating 

whether pure LV VO during compensated heart failure leads to changes 

in titin based passive stiffness. We studied the role of titin in 

modulating diastolic function in VO induced by aortocaval fistula 

(ACF) in the mouse.  ACF was induced in three-month-old male 

C57BL/6 animals and allowed to progress for 12 weeks.  At 12 weeks, 

echocardiography confirmed the presence of eccentric dilation and 

decreased systolic function as expected.  Tissues were obtained from 

control and VO hearts for mechanical measurements and protein 

studies.  Skinned muscle mechanics indicated an increase in both titin 

and ECM based passive based stiffness; we are currently investigating 

the molecular basis of the changes in titin.  In summary, volume 

overload causes an increased in passive stiffness to which titin 

contributes. 

  

2. TITIN BASED VISCOSITY IN VENTRICULAR PHYSIOLOGY: 

AN INTEGRATIVE INVESTIGATION OF PEVK-ACTIN 

INTERACTIONS 

Charles S Chung1; Methajit Methawasin1; O Lynne Nelson2; Michael H 

Radke3; Alexander Gasch4; Carlos G Hidalgo1; Siegfried Labeit4; 

Michael Gotthardt3; and Henk L Granzier1 

Viscosity is proposed to modulate diastolic function, but there is only 

limited understanding of the source(s) of viscosity.  In-vitro 

experiments have shown that the proline-glutamic acid-valine-lysine 

(PEVK) rich element of titin binds actin, causing a viscous force in the 

sarcomere.  It is unknown whether this mechanism contributes to 

viscosity in-vivo.  Therefore, we sought to test, via an integrative 

physiological study on a unique PEVK-knockout (KO) mouse, the 

hypothesis that PEVK-actin interaction causes significant cardiac 

viscosity and is important in-vivo.   

Both skinned cardiomyocytes and papillary muscle fibers were isolated 

from wildtype (WT) and PEVK KO mice and viscosity was examined 

using stretch-hold-release and sinusoidal analysis.  We previously 

found that viscosity is reduced by ~60% in KO myocytes and ~50% 

muscle fibers at room temperature (24oC).  Inhibition by blebbistatin 

reveals that actomyosin interaction is not present at room temperature 

but contributes to viscosity at physiologic temperature (37oC).  We also 

examined the passive contribution of lattice compression and 

temperature while inhibiting actomyosin interactions with blebbistatin.  

Lattice compression using the osmotic agent Dextran T500 enhances 

viscosity in WT but not KO tissues but increasing temperature alone 

does not significantly increase viscosity.  We also studied intact 

isolated hearts via a Langendorff perfused volume-controlled system.  

Stretch-hold protocols and sinusoidal frequency protocols indicated that 

KO hearts have a ~30% reduction in viscosity.  Finally, transmitral 

Doppler echocardiography and kinematic modeling was utilized to 

examine left ventricular viscosity in-vivo.  Quantifying viscosity with 

both traditional and kinematic echocardiographic measurements 

suggest a ~40% decrease in viscosity in the KO left ventricle.   

In conclusion, this integrative study is the first to quantify the 

consequences of a specific molecular (PEVK-actin) viscosity in-vivo 

and physiologic modulation of this passive viscosity by lattice spacing. 
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3. TITIN SPRING ELEMENTS AS A SUBSTRATE FOR 

SERINE/THREONINE KINASES.  

Hidalgo CG1, Hudson B1, Bogomolovas J2, Gasch A2, Labeit S2, and 

Granzier H1. 1Dept. of Physiology, University of Arizona, Tucson, AZ. 
2Universitätsmedizin Mannheim, Mannheim, Germany. 
Phosphorylation of cardiac titin spring elements by serine/threonine protein 

kinases affects the diastolic function of the heart. The detection and 

identification of these phosphorylation sites in different species is critical to our 

understanding of this important biological process. -adrenergic and cGMP 

activation of PKA and PKG, respectively, plays critical roles in the functional 

regulation of the heart and cardiovascular system; the PKA/PKG target domain 
is the N2B spring element and when phosphorylated they reduced passive 

stiffness of the cardiomyocytes. -adrenergic stimulation induces activation of 

protein kinase C isoforms. PKC targets the PEVK element and increases passive 
stiffness of the cardiomyocytes. The current aims are (1) to determine 

differences in N2B spring element phosphorylation between mouse and human 

using autoradiography and mass spectrometry (MS), and (2) to find the 
phosphorylation sites for PKC on PEVK spring element by MS. For 

autoradiography, mouse and human N2B recombinant fragments were incubated 

with PKA or PKG, separated by SDS-PAGE (4-20% gradient), and Coomassie 
blue stained. Autoradiography results indicate that human N2B is a stronger 

substrate for PKA and PKG than mouse N2B. To understand the molecular basis 

of these differences we carried out alignment analysis of human and mouse N2B 
sequences and determined phosphorylation sites of the human N2B by MS. For 

mass spectrometry, the human N2B or PEVK protein band was excised, 

digested with trypsin, and the products analyzed by nano-LC-MS/MS. The MS 
analysis of human N2B detected 12 residues phosphorylated by PKA and 7 by 

PKG. Comparing MS data alignment of the mouse and human N2B sequences 

showed that mouse N2B has less possible phosphorylation sites for PKA/PKG 
compared to human N2B. We found one phosphorylation site for PKA in the 

murine N2B. Two PKC sites were identified in the PEVK domain and both sites 

were conserved in all examined species. Antibodies were generated to these sites 
that were validated using mutated recombinant proteins. The availability of 

these phospho-specific antibodies can provide information regarding the 

functional state of titin in response to diverse stimulis. In conclusions, the N2B 
element is a better substrate for PKA than PKG, of all human sites found for 

PKA and PKG only one was conserved, and two PKC sites were identified in 

the PEVK element by mass spectrometry. 

  

4. VERTICAL JUMPING AMONG MOUSE MDM GENOTYPES 

KR Taylor, CM Pace, SA Mortimer, KC Nishikawa 

Northern Arizona University, Flagstaff, AZ 

Jumping is a ballistic locomotor behavior that can help elucidate how 

muscles work. During jumping, elastic components in the limbs store 

and recover energy to increase jump height. The protein titin 

contributes to the elastic properties of muscle. Mdm mice have a 

deletion in the N2A region of titin and exhibit different in vitro muscle 

properties compared to wildtype mice.  Studying vertical jumping in 

the mdm genotypes is an interesting biomechanical test of whether 

variation in titin affects locomotion. The goal of this project was to 

determine whether wildtype and mutant mice differ in vertical jumping 

ability. The mice were filmed jumping using a high-speed imaging 

system. Mice were age matched; however, wildtype mice are larger 

than mutants, so data were examined both in absolute terms and 

relative to body mass. There was no difference between mutants and 

wildtypes in take-off time. Jumps by mutant mice were shorter, slower, 

and produced less force than wildtype mice. However, when data were 

scaled to account for differences in body mass, the average jump 

velocity and height of the mutants were not different from wildtypes. 

The lack of variation between these two genotypes when scaled for 

mass is surprising given that previous research found differences in 

walking among genotypes. Lever experiments with mdm mutant and 

wildtype muscles have shown that mutant muscles are stiffer than 

wildtype muscles when passive but more compliant when active. 

Perhaps the increased passive stiffness is in some way compensating 

for the increased 

active compliance in jumping but not in walking. By studying whole 

animal locomotion in addition to mechanical studies of mdm muscle, 

we will broaden our understanding of how titin contributes to muscle 

function. Supported by NSF IOS-1025806. 
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5. Propulsive force calculations of a frog jumping from the water’s 

surface 

Kit C. Wilkinson, Kiisa C. Nishikawa, Theodore A. Uyeno, David Lee; 

Northern Arizona University, Flagstaff, AZ and University of Nevada , 

Las Vegas, NV 

The juvenile North American bullfrog or Lithobates catesbeianus  

(Rana catesbeiana), has a remarkable ability to generate enough thrust 

necessary to jump while floating in water, to distances up to several 

body lengths. This jump mode is used for aerial prey capture, escape 

from water-filled depressions, and possibly for aquatic predator 

avoidance and may contribute to the bullfrog’s success at invading new 

environments. The bullfrog is one of the best terrestrial jumpers in the 

world, jumping over 180cm in a single jump. However, few studies 

have attempted to analyze thrust production of jumping from an aquatic 

medium.  I am currently developing a model that will predict the 

aquatic jumping height from the thrust produced during a terrestrial 

jump. 

We jumped the frogs off a force plate (ATI, Nano 17) to measure 

ground-reaction forces to calculate terrestrial thrust. We are currently 

studying the unique aquatic jump using a custom DPIV (Digital Particle 

Image Velocimetry) system to analyze the flow generated by the 

jumping frog. Frogs are tested during aerial prey strike and escape 

response in an aquarium. The aquarium water is seeded with neutrally 

buoyant particles, illuminated with a green (532nm) laser light sheet. A 

high speed camera at 125frames/sec. records the flow of particles 

during the aquatic jump. The video file is converted to single image 

files. The images are analyzed with software that tracks the flow of 

particles. The DPIV system software measures vortex ring velocity and 

is used to calculate thrust. A comparison of the terrestrial and aquatic 

thrusts will allow a test of our hypothesis that a correlation exists 

between the thrusts produced in the two jumping modes and a 

mathematical model can be used to predict height jumped in either 

mode. 

 

  

6. STRUCTURAL CHARACTERISTICS OF TITIN’S N2A 

REGION SHED LIGHT ON TITIN FUNCTION AND 

MUSCULAR DYSTROPHY H. Tiffany, M.J. Gage, Ph.D.  Northern 

Arizona University, Flagstaff, AZ  

Muscular dystrophy (MD), a genetic disorder resulting in loss of 

muscle function, can be attributed to known mutations affecting the 

N2A region of the muscle protein titin.   Currently, the structure and 

function of the N2A region are poorly defined.  Understanding the 

relationship between structure and function will shed new light on the 

mechanism of MD.  The N2A region consists of four Ig domains and a 

117 amino acid unique sequence that has not been linked to any domain 

structures.  Disorder prediction algorithms indicate that the N and C-

termini of the unique region are disordered.  The retention time for this 

protein on size exclusion chromatography is consistent with a larger 

protein, and therefore consistent with the algorithm’s disorder 

prediction.  Secondary structure predictions indicate that this region is 

predominantly alpha-helical.  Initial circular dichroism (CD) studies are 

consistent with these predictions.  Interestingly, the unique sequence of 

the N2A region undergoes a conformational change in the presence of 

calcium in fluorescence studies, though the overall secondary structure 

does not appear to change according to CD.  Based on these 

preliminary results, we propose that the unique sequence region of the 

N2A is composed of several alpha-helices that are associated in the 

center of this region and extended near the ends of the protein.  Upon 

binding of calcium, the ordered center of the N2A unfolds to form a 

more extended conformation.  As a better understanding of the 

structure/function relationship of this region is developed, improved 

models of titin function can be developed and gaps in current proposed 

mechanisms of muscular dystrophy will be filled.   
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7. EFFECTS OF GENISTEIN AND EXERCISE ON RAT CARDIAC 

TISSUE.     

Al-Nakkash, L,, K. Peterson and T.L. Broderick  

Midwestern University, 19555 N. 59th Ave, Glendale, AZ.85308.  

Genistein, is purported to be an alternative to estrogen treatment for 

post-menopausal women. Given the known benefits of exercise to abate 

cardiovascular disease, in this study we examined the effects of a 6-

week treatment with genistein (300 mg/kg/day, G) administered by 

subcutaneously implanted constant release pellets or the corresponding 

control (Veh), with moderate exercise (Ex) or without exercise (Sed) on 

cardiac structure in ovariectomized (OVX) and intact (INT) Sprague-

Dawley rats. Rats were randomly divided into the following groups; 

Veh-Sed, G-Sed, Veh-Ex, G-Ex. Using Axiovision and Fiji software, 

H&E sections (10 µm) of whole cardiac tissue were analyzed for the 

following areas and nuclei numbers. Left ventricular surface area was 

significantly increased with exercise training in INT rats, but not OVX 

rats; INT Veh-Ex = 807.8 ± 122.5 mm2 (n = 5) versus INT Veh-Sed  = 

385.3 ± 156.4 mm2 (n = 4, P <0.05). As a consequence of the increase 

in left ventricle area, whole heart surface area was also significantly 

increased with exercise training in INT rats (no effect in OVX rats); 

INT Veh-Ex = 20432.8 ± 637.6 mm2 (n = 5) compared to INT Veh-Sed 

= 17789.2 ± 784.6 mm2 (n = 4, P <0.05).  Interestingly, genistein 

treatment significantly decreased right ventricular nuclei count in OVX 

hearts; G-Sed (138.6 ± 12.4, n = 5), compared to Veh-Sed (174.4 ± 7.6, 

n = 5, P <0.05).  There were no changes in right ventricular surface 

area, intra-ventricular septum thickness, or left ventricular nuclei 

number. Our data suggests that a 6-week treatment period of moderate 

exercise results in an expected increase in left ventricular surface area 

with concomitant increases in whole heart surface area in INT rats, but 

not in estrogen-deplete OVX rats. The lack of associated increases in 

left ventricular nuclei is suggestive of hypertrophy rather than 

hyperplasia of cardiac cells. Kurt Peterson was supported by the 

Midwestern University Summer DO Fellowship Program. Layla Al-

Nakkash and Tom Broderick were supported by MWU Intramural 

funds. 

 

  

8. Implications of hind limb scaling across mouse mdm genotypes. 

SA Mortimer, CM Pace, KC Nishikawa 

Northern Arizona University 

Flagstaff, AZ 

The mouse mdm genotypes are an excellent model to study effects of 

variation in titin on locomotion. Previous work from our lab has shown 

that mdm genotypes vary in their kinematics. However, mutant mice are 

identified by their smaller size and it is possible that changes in titin 

also affect growth and development. If mutant hind limb segments are 

not proportioned the same as the other genotypes this needs to be 

accounted for when interpreting locomotor data. Therefore, the goal of 

this project was to determine if the mdm genotypes vary in the lengths 

of their limb elements and if that variation persists as they grow. We 

measured hind limb segments of each genotype ranging in age from 24 

to 100 days old. For all genotypes, the longest limb segment is the calf, 

followed by the thigh, the metarsals, and the toes. Differences between 

wildtypes and heterozygotes are small, whereas mutants differed more. 

Across the entire age range, mutant body lengths and limb segments are 

smaller than the other genotypes. However, when body size is 

accounted for the hindlimbs of mutants are slightly longer than the 

other genotypes and their feet are larger. As there is no difference 

between heterozygous and wildtype limb segments, differences in 

locomotion may be driven by differences in titin function in muscle. 

While there are small differences in mutant leg segments, the fact that 

their legs are relatively longer while their stride length is relatively 

shorter, indicates that differences in titin function drive these locomotor 

differences, not differences in limb scaling. Given the utility of the 

mdm genotypes for elucidating the role of titin in muscle, understanding 

how the limb elements may differ is an important step to fully 

understanding the effect of titin on locomotion in these animals. 

Supported by NSF IOS-1025806. 
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9. FORCE ENHANCEMENT OF SOLEUS MUSCLES FROM 

MDM MICE 

Fuqua, RD, Monroy, JA, Nishikawa, KC Northern Arizona University, 

Flagstaff, AZ When muscles are stretched actively, tension increases 

and then returns to a steady state that is well above isometric force. The 

mechanism underlying this behavior, termed force enhancement, 

remains poorly understood. In this study, we tested the “winding 

filament” hypothesis (WFH), which accounts for force enhancement of 

muscle. The WFH states that the protein titin binds to the thin filaments 

upon Ca2+ influx, thereby increasing titin-based stiffness. As muscle 

force increases, titin stiffness continues to increase as it winds on the 

thin filament with each cross-bridge stroke. During active stretch, the 

work done in elongating titin is stored as elastic potential energy 

resulting in force enhancement. We used mdm mice with a deletion in 

the N2A region of titin, to elucidate the role of titin during active 

stretch. We stretched whole soleus muscles stimulated in three 

solutions, Kreb’s, BDM, which blocks the formation of strongly bound 

cross-bridges, and dantrolene, which decreases intracellular Ca2+. By 

comparing the force responses in these solutions, we were able to 

isolate the effects of intracellular Ca2+ on force enhancement. We 

found that wild-type mice showed a large decrease in force following 

stretch in dantrolene, suggesting that the observed increase in non-

cross-bridge stiffness is in fact Ca2+-dependent. In contrast, in all three 

solutions the magnitudes of passive and active forces following stretch 

did not differ in mdm mice. Similar to our results for elastic recoil, 

these data suggest (1) that upon activation in wild-type muscles, N2A 

titin binds to thin filaments, which decreases the length and increases 

the stiffness of titin; and (2) that N2A binding is absent in mdm 

mutants. These results are consistent with the WFH and may help to 

elucidate the mechanism for force enhancement with stretch. Supported 

by NSF IOS-1025806. 

  

10. MOUSE INTACT AND SKINNED CARDIAC MYOCYTE 

MECHANICS: CROSSBRIDGE AND TITIN-BASED STRESS IN 

UNACTIVATED CELLS. 

Mei Methawasin1, Nicholas M.P. King1, Joshua Nedrud1, Charles S. 

Chung1, Michiel Helmes2, Henk L. Granzier1.  
1University of Arizona, Tucson, AZ, USA, 2University of Oxford, 

Oxford, United Kingdom. 

We investigated the contribution of actomyosin interactions in 

unactivated intact and skinned cardiomyocytes in physiologic 

conditions.A carbon fiber based cell-attachment system was used to 

measure the diastolic stress-sarcomere length (SL) relation of murine 

intact cardiomyocytes, before and after the addition of actomyosin 

inhibitors (BDM or blebbistatin). Stress was measured during the 

diastolic interval of twitching myocytes that were stretched at 100% 

length/s. Diastolic stress increased nearly linearly from 0 at SL 1.85 

µm to 4.2 mN/mm2 at SL 2.1 µm. Actomyosin inhibitors lowered 

diastolic stress by ~1.5 mN/mm2 at SL 2.1 µm (~30% of total), 

suggesting that during diastole actomyosin interaction is not fully 

switched off. Stretch-hold-release studies on skinned cardiomyocytes 

showed that as temperature changed from 24ºC to 37ºC, there was 

shortening of slack SL (from 1.90±0.01 μm to 1.89±0.01 μm) and 

increasing of both peak stress (~35%) and steady state stress (~26%). 

Shortening of slack SL and increasing stress could be inhibited by 

blebbistatin. This suggests that at physiologic temperature, crossbridge 

cycling takes place which contributes to diastolic stress. To extend this 

further, calcium sensitivity of skinned cardiomyocytes was studied 

under conditions that simulate physiologic diastole: 37ºC, presence of 

Dextran T500 to compress the myofilament lattice to the physiological 

level, and [Ca2+] from below to above 100 nM. Mean active stress was 

increased at [Ca2+] >55 nM (pCa 7.25) and was ~0.7 mN/mm2 at 100 

nM [Ca2+] (pCa 7.0) and ~1.3 mN/mm2 at 175 nM [Ca2+] (pCa 6.75). 

The presence of active stress at pCa 7, which is a physiologic Ca2+ 

concentration of cytoplasm during diastole, confirms the contribution 

of crossbridge cycling to diastolic stress. These findings are relevant 

for understanding diastolic function and for future studies of diastolic 

heart failure. 
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11. The impact of micro-RNA-195 on the LKB1/AMPK signaling axis 

and hypertrophic cardiomyopathy  

Chen H, Mckee L, Perez J, Untiveros G and Konhilas J. University of 

Arizona, 1656 E Mabel St, Tucson AZ 85724 

It has been recently revealed that AMPK pathway plays a critical role 

in the development of myocardial hypertrophy. Currently, little is 

known about the posttranslational regulation of AMPK pathway during 

the hypertrophic disease process.  Our studies on R403Q transgenic 

hypertrophy mice show that the AMPK pathway is a direct target of 

regulation by miR195 and miR451, both whom have been previously 

reported being upregulated in different hypertrophy mouse models and 

human hypertrophic hearts. First, the expression of miR195 and 

miR451 have been confirmed by in situ hybridization and shown a 

similar distribution pattern in R403Q hearts. Second, MO25 was 

shown as a functional target of miR195; and over-expression of 

miR195 was able to suppress MO25 expression level. Third, MO25 

level is inversely related to the expression level of miR195 in R403Q 

hearts. In conclusion, our results suggest that particular miRNAs have 

an important role in regulating the AMPK pathway during 

myocardium hypertrophy. In addition, we have built AAV viral 

constructs for production of virus particles able of miR195 and 

miR451 expression. Current in-vitro experiments with AAV-GFP 

constructs reveal robust GFP expression in fibroblasts and 

cardiomyocytes. For our future direction, we intend to find whether 

there will be phenotype changes in R403Q mice induced by “gain of 

function” through mir195 or mir451 expression via AAV infection. 

Also, we will test for “loss of function” through antagomirs of both 

mir195 and 451. 

  

12. Electron Conductance in Rat and Sparrow Skeletal Muscle 

Mitochondrial Electron Transport Chain 

Sarah Kuzmiak and Wayne T. Willis 

Arizona State University, Tempe, AZ 

Flying birds utilize fat for fuel during flight, a moderate-high intensity 

exercise, while mammalian reliance on carbohydrate increases with 

increasing exercise intensity.  Previous investigations in our lab have 

shown this pattern of fuel selection persists even when saturating fuels 

are provided to mitochondrial inner membrane transporters, suggesting 

a fuel selection mechanism at the level of the matrix.  During the 

process of energy transduction in mitochondria, electrons are harvested 

from fuels via dehydrogenase enzymes, β-oxidation, and the citric acid 

cycle; and these electrons are subsequently transferred down the four 

complexes of the electron transport chain (ETC) and reduce oxygen to 

water.  Therefore, the purpose of this investigation was to compare the 

maximal rates of complete substrate oxidation to the oxidation of 

electrons, provided as NADH, as well as electron conductance in both 

rat and sparrow mitochondria.  Intact mitochondria were isolated, 

provided saturating fuels (pyruvate, glutamate, and malate), and the 

maximal rate of oxygen consumption (Jo) was determined.  

Mitochondria were then sonicated and maximum NADH oxidation, 

along with conductance of electron flow down the ETC, were 

determined.  Intact maximal Jo were 636 ± 87 and 641 ± 83 nmol·mg-

1∙min-1 in rat and sparrow, respectively, while the ETC Vmax were 731 

± 76 and 1020 ± 108 nmol·mg-1∙min-1.  Combined, these data indicate 

greater relative ETC activity in the sparrow; the (intact oxidase 

pathway)/(ETC only) ratio was .86 ± .04 in the rat and .65 ± .07 in the 

sparrow.  Additionally, the slope of the oxidation:reduction (redox) 

potential difference (∆Eh): Jo relationship was 1.7x greater in the 

sparrow than the rat, 12306 ± 1538 and 7196 ± 924, respectively.   

These data indicate avian mitochondria have greater ETC "excess 

capacity" as well as greater conductance down the ETC compared to 

mammalian mitochondria.  As a high reduction level of the 

mitochondrial matrix has been associated with an inhibition of β-

oxidation, we posit rat fatty acid oxidation is inhibited by high 

reduction in the mitochondrial matrix while birds, via a high ETC 

conductance, are able to maintain lower matrix reduction, allowing 

fatty acid oxidation to proceed. 
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13. ACETYLCHOLINE-MEDIATED VASODILATION IS 

DEPENDENT ON THE ACTIVATION OF POTASSIUM 

CHANNELS IN MOURNING DOVES (ZENAIDA MACROURA) 

Jarrett C, Mateja L, Smith C, Sweazea KL.  

Arizona State University, Tempe, AZ 

Acetylcholine (ACh) promotes endothelium-dependent vasodilation in 

mammals primarily through the activation of nitric oxide (NO) 

although pathways distinct from NO are also involved. While these 

pathways are well-characterized in mammals, little is known about 

ACh-mediated vasodilation in small resistance arteries from birds. The 

hypothesis was that ACh-mediated vasodilation of isolated avian 

arteries is likewise dependent on endothelium-derived NO. To examine 

vasodilation, isolated small resistance mesenteric and saphenous 

arteries (80-150µm, inner diameter) from doves were pre-constricted to 

50% of resting inner diameter with phenylephrine (PE) then exposed to 

increasing doses of ACh (10-9 to 10-5 µM, 5 mins per step) or the NO 

donor, sodium nitroprusside (SNP; 10-12 to 10-3 µM, 5 mins per step). 

Percent reversal of the PE-induced tone was measured by tracking the 

inner diameter of the blood vessels with edge-detection software. The 

endothelium was disrupted in some vessels by rubbing the lumen of the 

arteries with a strand of moose mane and flushing out the loose cells 

with a buffer solution. Neither mesenteric nor saphenous arteries were 

dependent on NO since inhibition with Nω-nitro-L-arginine (100µM) 

had no impact on ACh-mediated vasodilation (p>0.05), despite 100% 

reversal of PE-mediated vasoconstriction with SNP. ACh-mediated 

vasodilation was only partially endothelium-dependent in mesenteric 

arteries but abolished with endothelium removal in saphenous arteries. 

In the presence of the general potassium channel blocker, 

tetraethylammonium chloride (TEA, 10mM), SNP and ACh-

vasodilation were significantly impaired in both vascular beds 

(p<0.05). In conclusion, ACh and NO-dependent vasodilation are 

dependent on the activation of potassium channels in isolated arteries 

from doves. 

  

14. PROTECTION AGAINST L-NAME-INDUCED CARDIAC DYSFUNCTION 

PERSISTS EVEN AFTER CESSATION OF ACE-INHIBITOR TREATMENT 

Biwer LA1, Xu H2, Broderick TL3, Hale TM1; University of Arizona College of 
Medicine – Phoenix, AZ1; University of Rochester Medical Center, NY2; 

Midwestern University, AZ3 

We have recently demonstrated that brief (2-week), aggressive ACE inhibition 
produces changes that persist following cessation of treatment.  Specifically, the 

hearts from these rats display a reduced inflammatory, proliferative and fibrotic 

response to the non-selective nitric oxide synthase (NOS) inhibitor L-NAME. 
The present study was designed to examine the impact of this pre-treatment on 

NOS inhibitor-induced cardiac dysfunction.  

Young adult (11-week-old) spontaneously hypertensive rats (SHR) were 
divided into three groups: Control (C), Control + L-NAME (C+L) and Enalapril 

+ L-NAME (E+L). Rats were given either enalapril (E+L) or tap water (C, 

C+L) for 2 weeks followed by a 2-week washout period. At this point, C+L and 
E+L rats were given L-NAME for 10 days. Hearts were excised and perfused 

via the Langendorff isolated perfusion/working heart model. In separate SHR, 

arterial pressure was assessed via radiotelemetry. Histological analysis of H&E 
stained left ventricles was performed by a pathologist blind to treatment group. 

L-NAME increased systolic and diastolic pressure by a similar magnitude in 

C+L and E+L rats. L-NAME induced infarcts in the lateral and anterior wall of 
the left ventricle with a slight tendency toward greater pathology in C+L 

relative to E+L hearts. In SHR not previously treated with enalapril, L-NAME 

caused statistically significant decreases in flow-mediated functional parameters 
such as stroke volume (Con: 0.22±0.052 mL, C+L: 0.18±0.046 mL, E+L: 

0.24±0.042 mL), coronary flow (Con:17± 2.4 mL/min, C+L 13±1.9 mL/min, 
E+L: 17±4.7mL/min) and cardiac output (Con: 45±11.1mL/min, C+L: 

36±11.3mL/min, E+L:47±7.4mL/min).   

Despite equivalent impact on arterial pressure and overall incidence of 
myocardial infarction, those animals that were previously treated with enalapril 

demonstrated a preservation of cardiac output following 10 days of L-NAME. 

Understanding the mechanisms by which transient ACE inhibition protects 
against pathological reductions in cardiac function in the absence of ongoing 

treatment may reveal novel targets for heart failure treatment. 
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15. ANTI-INFLAMMATORY EFFECTS OF ACE INHIBITION PERSIST 

FOLLOWING WITHDRAWAL OF TREATMENT 
Tu D, Biwer LA, Shahid W, Leberer M, Hale TM; University of Arizona, 

College of Medicine – Phoenix, AZ 

We have previously demonstrated that transient (2-wk treatment + 2-wk 

washout) angiotensin converting enzyme (ACE) inhibition induces persistent 

changes that result in a preservation of cardiac function and a lower number of 

infiltrating macrophages after 10 days of non-selective nitric oxide synthase 
inhibition (L-NAME) – despite evidence of myocardial necrosis. In the present 

study we tested the hypothesis that prior transient ACE inhibition would yield a 

modified immune response during early L-NAME-induced pathological 
remodeling.  

We performed a timecourse analysis of inflammatory cytokines and macrophage 

infiltration during the first 10 days of L-NAME (L) treatment in young adult 
SHR that were previously treated with placebo (C+L) or the ACE inhibitor 

enalapril (E+L). ACE inhibitor treatment (2 weeks) was followed by a 2-week 

washout period prior to L-NAME challenge. Rats were sacrificed on day 0, 3, 7, 
or 10 of L-NAME treatment. Arterial pressure was measured via radiotelemetry. 

A cytokine array was performed on left ventricular tissue and infiltrating 

macrophages were evaluated by immunohistochemistry. 
L-NAME produced an equivalent increase in arterial pressure, regardless of pre-

treatment with enalapril (C+L ↑35%, E+L ↑38%). Distinct patterns of cytokine 

levels were observed in C+L vs E+L left ventricles. For example, in C+L hearts 

there was an early (day 3) and sustained increase in monocyte chemoattractant 

protein-1 (MCP-1) and granulocyte macrophage colony stimulating factor (GM-

CSF). In the E+L group, L-NAME did not cause a significant increase in MCP-
1; but GM-CSF was significantly increased at day 10. In C+L there was a 

significant increase in macrophage infiltration on day 7 of L-NAME treatment. 

In E+L SHR the increase in macrophages did not reach statistical significance.  
This is the first evidence that transient pre-treatment with an ACE inhibitor can 

produce long-term changes in immune responses in hearts challenged with L-

NAME. Further studies will determine whether this reduced macrophage 
recruitment will result in attenuation of post-infarct scar formation and long-

term preservation of cardiac function. 

  

16. PROTECTIVE ROLE FOR DIHYDROTESTOSTERONE IN 

MODULATING VASCULAR FUNCTION FOLLOWING INDUCTION 

OF INFLAMMATION IN THE CEREBROVASCULATURE. Gonzales RJ, 

Techapinyawat RA, O’Connor D, and Zuloaga KL, Basic Medical Sciences 
Department, University of Arizona College of Medicine, Phoenix, AZ  

-2/iNOS 

following an ischemic event have been implicated as a source of reactive 

oxygen species (ROS) and lead to the production of vasoactive factors. 

Recently, we have shown that dihydrotestosterone (DHT) attenuates 

inflammation-induced COX-2 in human vascular smooth muscle (VSM) cells. 
In rats, androgens have been shown to be protective during cerebral ischemia 

and TLR4-deficient mice sustain less brain injury following experimental 

stroke. Because TLR4 and oxidative stress have been implicated in ischemic-
induced inflammation, we hypothesized that DHT will attenuate TLR4 levels, 

decrease ROS, and thus improve vascular function following an inflammatory 

insult. Western blot was used to determine TLR4 levels in human primary brain 
VSM cells treated with/without DHT (10nM; 18 h) followed by hypoxia plus 

glucose deprivation (HGD) or endotoxin (6 h) in the continued presence or 

absence of DHT treatment. The effect of DHT on cytokine induced ROS 
production was measured using a fluorescent indicator dye. Myogenic tone in 

response to intraluminal step pressure increases (60, 80 and 100 torr) was 

measured in middle cerebral arteries (MCA) isolated from castrated male rats 
treated in vivo with DHT (2 wk) or placebo followed by a 6 h treatment with 

endotoxin (i.p.) or saline. Endotoxin and HGD increased TLR4 levels and DHT 

inhibited this response in an androgen receptor-independent mechanism. DHT 

also inhibited cytokine-induced increases in ROS production. In isolated 

pressurized MCA, DHT alone increased pressure-induced tone (i.e. artery 

diameter was constricted) compared to controls.  However, in the presence of 
endotoxin the ability of DHT to increase tone was blunted (i.e. artery diameter 

was less constricted) but the myogenic response to step pressure increases was 

preserved.  Thus, these data suggest that DHT may provide protection against 
inflammation-induced injury in the cerebrovasculature under a variety of 

pathophysiological conditions in part by decreasing TLR4 expression, ROS 

production, and improving vascular function. AHA SDG, Sarver Heart Center 
and Madson Family Award (RJG). 
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17. CONFLICTS BETWEEN TWO COMPETING SYSTEMS 

IN THE HAWKMOTH MANDUCA SEXTA 

Contreras, H.L. and Davidowitz, G. 

University of Arizona, Tucson, AZ 

In this study we used the hawkmoth, Manduca sexta, to 

investigate the effects that feeding status and activity level had 

on the metabolic rates of insects.    Overall our interest lie in 

understanding how this organism prioritizes and resolves the 

demand for energy from two simultaneous competing systems 

(such as exercise and digestion).  To determine the effect of 

feeding on the metabolic rate of M. sexta, we measured resting 

metabolic rates in unfed and fed individuals.  Twenty moths (10 

male and 10 female) were fed one of 5 treatments (water, 5, 15, 

25, 35% sucrose) at random, and their metabolic rate was 

measured within an hour after feeding. The energetic cost of 

flight for unfed and fed individuals was measured by placing 

individual moths in a flight mill while a flow-through 

respirometry system sampled air from the mill on a second-by-

second basis.  We found that the metabolic cost of activity and 

digestion are independent of each other and that there is an 

additive effect of energy demand from these two competing 

systems.  Furthermore, we found a significant increase in the 

cost of processing nectar containing 15% sucrose and above, 

which was observed when both resting and flight metabolic 

rates were measured.  This is the first study addressing how 

insects resolve the conflict between competing energy 

demands. 
 

  

18. MICROVASCULAR ENDOTHELIAL CELL 

ISOLATION AND GROWTH REGULATION OF CX37 

Oulton JR, Burt JM 

University of Arizona, Tucson, Arizona 

Connexin 37 (Cx37) exerts a growth suppressive effect in rat 

insulinoma cells (iRin37). Recent experiments suggest that 

Cx37 may have a similar growth suppressive effect in vivo; 

specifically, compared to wild type (WT) mice, Cx37 knockout 

mice have increased numbers of pial collaterals (consistent with 

increased vasculogenesis) and increased numbers of 

microvessels in the gastrocnemius following ischemia-induced 

remodeling of the hindlimb (a process dependent on 

angiogenesis). Both vasculogenesis and angiogenesis involve 

growth responses of endothelial cells, so the goal of the current 

study is to demonstrate that Cx37 exerts a growth suppressive 

effect in vascular endothelial cells. We have developed 

methodology for the isolation of primary vascular endothelial 

cells from mouse skeletal muscle and adipose tissue of WT 

(ECWT) and Cx37KO (EC37KO) mice. Preliminary experiments 

with these cells reveal differences in their proliferative 

potential. Using gene infection and silencing techniques, future 

experiments will test whether restoration of Cx37 to the EC37KO 

slows their proliferation and silencing of Cx37 in the ECWT 

increases their proliferation rate. Gene silencing in ECWT will 

be achieved by virally infecting the cells with a small hairpin 

RNA (shRNA) designed to complement the Cx37 gene. 
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19. Characterizing The Coagulopathy Associated With The Early Recovery 

Period Following Cardiac Arrest And Resuscitation.  

Thomas M. Glenn, Grace Davis-Gorman, and Paul F. McDonagh. Department 

of Surgery and the Sarver Heart Center. 

In the United States, approximately 70% of people who have been successfully 

resuscitated from a cardiac arrest and admitted to the hospital, do not survive. It 

appears that a Post-Resuscitation Injury (PRI) contributes to the poor recovery. 

One component of PRI may be a hypercoagulable condition. The purpose of this 
study was to determine if blood coagulability is increased in the first hours of 

recovery following successful resuscitation from cardiac arrest. Adult Sprague 

Dawley rats were anesthetized and subjected to a cardiac arrest and resuscitation 
(A/R) protocol. During the study, arterial blood gases, heart rate, and blood 

pressure were monitored prior to cardiac arrest (PRE) and for two hours 

following resuscitation (R60 and R120). Blood samples were taken at PRE, R60 
and R120 to assess whole blood coagulability using thromboelastography 

(TEG). Twenty one A/R experiments were conducted. Four animals could not 

be resuscitated and two others did not survive the two hour recovery period. For 
the survivors, most (10/15) demonstrated a significant increase in coagulability 

(Coagulation Index, CI) during recovery. The increase was particularly marked 

during the first sixty minutes. Surprisingly, the other survivors (5/15) 
demonstrated a hypocoagulable response during recovery. For the 

hypocoagulable survivors, marked intestinal hemorrhage and abdominal fluid 

accumulation were often seen at necropsy. Pronounced hemodilution was also 

observed for the hypocoagulable group, likely contributing to a functional 

depletion of platelets and coagulation factors. Thus, in A/R the more common 

coagulopathy is a hypercoagulable condition likely causing intravascular 
coagulation and perhaps perfusion defects. However, a hypocoagulable 

response can occur which is associated with hemodilution and severe intestinal 

hemorrhage. Both responses may significantly complicate recovery in the early 
hours following successful resuscitation. Supported by the Sarver Heart Center. 

  

20. COMBINED FOXC2/CX37 KNOCKOUT MICE EXHIBIT 

MORE SEVERE LYMPHATIC DEFECTS THAN MICE WITH 

SEPARATE DELETIONS 

Kanady JD, Munger SJ, Witte MH, Simon AM. University of Arizona, 

Tucson, Arizona, 85724. 

The basic mechanisms and molecular players that contribute to the 

normal development and physiology of the lymphatic vasculature are 

still at a very early stage of investigation.  We endeavor to better 

understand the role that connexins (Cxs) – proteins critical for 

intercellular communication in vertebrates – play in lymphatic 

development and function.  The forkhead box transcription factor 

Foxc2 represents a potential partner in these processes based on the 

similarities in lymphatic dysfunction that Foxc2-deficient mice share 

with Cx37 and Cx43 knockout mice.  To begin studying this possible 

relationship, mice were bred to generate offspring with combined 

deficiencies in Foxc2 and either Cx37 or Cx43.  Intradermal Evans 

blue dye (EBD) injections were performed to assess lymphatic 

drainage and whole-mount immunohistochemistry of the embryonic 

vascular network in the mesentery was used to evaluate lymphatic 

vascular development.  While it has been previously reported that 

Foxc2 heterozygous mice have lymphatic abnormalities (namely 

lymphatic vessel hyperplasia and incompetent lymphatic valves), we 

were unable to detect further differences in lymphatic defects in 

Foxc2+/-Cx37+/- or Foxc2+/-Cx43+/- mice compared to Foxc2+/- 

mice via EBD injections.  However, we discovered that Foxc2+/-Cx37-

/- mice died during late embryonic development and were not viable.  

Separately, Foxc2+/- mice and Cx37-/- mice survive to adulthood, 

albeit with lymphatic defects.  Immunofluorescent visualization of the 

mesenteric lymphatic vasculature in Foxc2+/-Cx37-/- embryos at 

E18.5 revealed a dramatic loss of lymphatic valves.  Additionally, 

there was a failure to remodel the vessels adjacent to the intestinal wall 

within the mesentery, which normally form a fine network of small 

caliber lymphatic vessels.  Our preliminary results suggest that Foxc2 

and Cx37 together are involved in lymphatic valve formation in the 

mesentery.  These proteins are also required for the proper maturation 

of the mesenteric lymphovascular network, particularly for the process 

of intussusceptive lymphangiogenesis. 
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21. Relationship of Three-Dimensional Architecture of Thin Limbs of 

Henle’s Loops to the Renal Inner Medullary Urine Concentrating 

Mechanism  

Kristen Y. Westrick, William H. Dantzler, Thomas L. Pannabecker, 

University of Arizona, Tucson, AZ 

Recent findings show that within the renal inner medulla (IM), the 

dominating organizing structural elements for the arrangement of the 

thin limbs of Henle’s loops and of the vasa recta are clearly 

distinguishable clusters of collecting ducts (CDs). Within CD clusters 

(the intracluster region) the arrangement of CDs, ascending vasa recta, 

and ascending thin limbs of Henle’s loops (ATLs), when viewed in 

transverse sections, form an array of compartments distributed 

throughout the outer region of the IM. The compartments, called 

interstitial nodal spaces, appear well suited to facilitate mixing of 

solute and fluid, which contribute to generation of an osmotic gradient 

necessary for the concentrating mechanism. The purpose of this study 

is to investigate how fluid and solute secretion and reabsorption by 

inner medullary thin limbs of Henle’s loops contribute to fluid and 

solute mixing in interstitial nodal spaces. Nephrons and vessels were 

identified in 1μm thick serial sections with immunohistochemistry. 

Amira graphical imaging software was then used to determine the 

points at which AQP1-null descending thin limbs (DTLs) and ATLs 

enter and exit interstitial nodal spaces by tracking 40 DTLs and 21 

ATLs as they descended/ascended through the IM. Their distance to 

the nearest CD was measured in every section. DTLs and ATLs that 

contacted CDs were assumed to lie within the intracluster region, 

where they may contribute to fluid and solute mixing within an 

interstitial nodal space. At the beginning of the IM, AQP1-null DTLs 

were on average 8.6 μm away from CDs, and were on average 1.3 μm 

from CDs at their terminus immediately before the prebend segment. 

ATLs ascend within the intracluster region for 38% of their length 

before moving away from the nodal spaces. The relationship of the 

AQP1-null DTLs to the CD clusters is likely related to NaCl 

reabsorption that occurs along the prebend and ATL. The relationship 

of ATLs to the CD clusters may promote urea retention in the IM, 

which is favorable to the urine concentrating mechanism. NIH DK 

083338; NSF IOS-0952885. 
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SATURDAY ABSTRACTS 
 
1. TRPV4 IN PORCINE LENS EPITHELIUM REGULATES 

HYPOSMOTIC STRESS-INDUCED ATP RELEASE AND Na,K-ATPASE 

ACTIVITY 

Shahidullah M, Mandal A, and Delamere NA, Dept. of Physiology, University 
of Arizona, 1501 N Campbell Avenue, Tucson, AZ, 85724, USA 

In several tissues TRPV4 channels are involved in the response to hyposmotic 

challenge. Here we report evidence for TRPV4 polypeptide in porcine lens 
epithelium and its role in hyposmotic stress-induced ATP release. 

Protein was detected by Western blot analysis. Intact porcine lenses were 

incubated in hyposmotic solution in the presence or absence of pharmacological 
agents. ATP in the bathing medium and propidium iodide uptake by the lens 

epithelium were measured by luminometry and fluorimetry, respectively. Na,K-

ATPase activity was measured by a colorimetric method and intracellular 
calcium was measured by Fura-2 ratiometric method.  

The Western blot analysis showed presence of TRPV4 polypeptide in the lens 

epithelial homogenate. The TRPV4 antagonist RN 1734 (10µM) completely 
prevented ATP release by lenses exposed to hyposmotic (200 mOsm) solution. 

Lenses exposed to a TRPV4 agonist, GSK1016790A (GSK), and lenses exposed 

to hyposmotic solution displayed ATP release and an increased ability of 
propidium iodide (PI) (MW 668) to enter the epithelium. The increases in PI 

uptake and ATP release both were abolished by a mixture of agents that block 

connexin and pannexin hemichannels, 18α-glycyrrhetinic acid (AGA, 100µM) 

and probenecid (1mM). An increase in Na,K-ATPase activity was detected in 
the epithelium of lenses exposed to GSK in isosmotic solution and the response 

was prevented by AGA + probenecid.  TRPV4 antagonists prevented the 

activation of Src family kinase and increase of Na,K-ATPase activity that 
occurred in the epithelium of lenses exposed to hyposmotic solution. In cultured 

porcine lens epithelium TRPV4 antagonists (RN 1734 or HC 067047) prevented 

the increase of cytoplasmic calcium elicited by hyposmotic solution. Added 
alone in isosmotic solution, the TRPV4 agonist GSK caused an increase of 

cytoplasmic calcium.  

The findings are consistent with hyposmotic shock-induced TRPV4 channel 
activation which triggers hemichannel-mediated ATP release. The results point 

to a pivotal role for TRPV4 activation as an initial event in a multi-step response 

of the lens to hyposmotic stress. 
Funding: This research was supported by a grant from the National Institute of 

Health, Grant number: NIH EY009532. 

  

2. HYPOSMOTIC STRESS-INDUCED CYTOPLASMIC CALCIUM  

INCREASE INVOLVES TRPV4 AND Src FAMILY KINASE 

ACTIVATION  

Mandal A, Shahidullah M and Delamere N.A.* 
Department of Physiology and *Ophthalmology & Vision Science, College of 

Medicine, University of Arizona, Tucson, AZ 85724 

Many cells respond to osmotic stress initially by releasing ATP which has been 
proposed to act as an extracellular signal for purinergic receptors. In previous 

studies, receptor-triggered increases of calcium and activation of Src family 

tyrosine kinases (SFKs) have been observed in lens epithelium. Here we 
examined the effect of hyposmotic stress on cytoplasmic calcium. Studies were 

conducted to test whether the calcium response involves purinergic receptors 

and SFKs.  
Porcine lens epithelium was established in primary culture. Cytoplasmic calcium 

was measured in Fura 2-loaded cells exposed to hypotonic solution (200 

mOsm). SFK activation was examined by Western blot analysis. ATP release 
into the medium was measured by luciferin-luciferase bioluminescence assay.   

Exposure of lens epithelial cells to hyposmotic solution caused an immediate 

increase in cytoplasmic calcium concentration. The selective SFK inhibitor PP2 
(10µM) suppressed the calcium increase. In parallel experiments, hyposmotic 

medium was found to cause SFK activation as evidenced by an increase in 

phosphoY416 band density which is significantly suppressed by RN 1734 
(10µM), a selective TRPV4 antagonist. The hypotonicity-induced cytoplasmic 

calcium increase also was largely prevented by RN 1734 and HC 067047 (both 

10µM). Exposure of the cells to TRPV4 agonist, GSK1016790A (30nM) or 4α-
PDD (3μM) caused similar increase in cytoplasmic calcium as that caused by 

hyposmotic stress. Expression of TRPV4 was confirmed by western blot. 

Pertussis toxin (15ng/ml) pretreatment for 24h blocked the calcium response to 
hyposmotic stress. The calcium response points to the involvement of P2-

purinoceptors and G protein. Consistent with this notion, intact lenses released 

ATP when exposed to hyposmotic solution.  
The results suggest that the hyposmotic stress-induced cytoplasmic calcium 

increase is the result of an interaction between purinergic P2 receptors and Src 

family tyrosine kinase. TRPV4 activation induced calcium entry could be the 
early mechanism for the complex signaling pathways in the lenses response to 

osmotic stress. 
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3. TIME-SENSITIVE IMMUNOFLUORESCENCE ASSAY 

USING 2-FUROYL-LIGRLO-DTPA-NH2: A NOVEL 

SCREENING METHOD TO ASSESS PAR2 

PEPTIDOMIMETIC BINDING 

Justin Hoffman1,3,4, Andrea N Flynn1,3,4, Dipti V. Tillu2, Josef Vagner3, 

Theodore J. Price2,3, and Scott Boitano1,3,4 

University of Arizona Departments of Physiology1 and Pharmacology2, Bio5 

Collaborative Research Institute3 and Arizona Respiratory Center4 
The protease activated receptor-2 (PAR2) is a G-protein coupled receptor 

expressed by a variety of cell types and associated with a number of diseases 

including arthritis, allergic asthma, cancer, and chronic pain. PAR2 can be 
activated by exogenous or endogenous proteases, which cleave the 

extracellular amino-terminus to expose a tethered ligand that leading to G-

protein activation of several downstream signaling pathways, including Ca2+ 
and MAPK signaling. Alternatively, PAR2 can also be activated by peptide 

or peptidomimetic ligands derived from the sequence of the natural tethered 

ligand. Screening of novel ligands that directly bind to PAR2 to agonize or 
antagonize the receptor is currently limited by the lack of a sensitive, high-

throughput competitive binding assay. We sought to develop a potent PAR2 

agonist for use in a competitive binding assay to evaluate the binding 
efficacies of novel peptidomimetics at PAR2. We describe the synthesis and 

use of a modified PAR2 peptidomimetic agonist, 2-furoyl-LIGRLO-

diethylenetriaminepentaacetic acid (DTPA)-NH2 (2-f-DTPA), for lanthanide 

(Europium)-based time resolved fluorescence screening. We first compared 

2-f-DTPA to its parent compound, the PAR2 peptidomimetic 2-furoyl-

LIGRLO-NH2 (2-f-LIGRLO), across a full spectrum of in vitro assays to 
demonstrate its potency and specificity as a PAR2 agonist. 2-f-DTPA induced 

full, albeit slightly reduced, PAR2-specific in vitro physiological responses. 

We next demonstrated the use of 2-f-DTPA in a competitive binding assay to 
evaluate ligand-receptor interactions at PAR2 with known high potency 

peptidomimetic agonists (2-aminothiazol-4-yl-LIGRL-NH2, 2-at-LIGRL and; 

6-aminonicotinyl-LIGRL-NH2, 6-an-LIGRL)) and a negative control (3-
indolacetyl-LIGRL-NH2, 3-ia-LIGRL)) that does not activate PAR2 

signaling. Both peptidomimetic agonists demonstrated sigmoidal competition 

binding curves, with the more potent agonist (2-at-LIGRL) showing 
increased competition for PAR2 binding. In contrast, the control peptide (3-

ia-LIGRL) displayed limited competition. In summary, we have developed a 

PAR2 agonist that can be used in a highly sensitive competition binding assay 
to screen novel PAR2 ligands in a high-throughput manner. This ligand will 

be a critical tool in the screening and development of PAR2 agonists and 

antagonists. 

  

4. MOLECULAR BAR CODING AND CELL SPECIFIC SIGNALING 

WITH MULTIVALENT TETHERED LIGANDS.  CS Weber, J Vagner, 

V Hruby, R Gillies and RM Lynch.  Departments of Physiology, Chemistry 
and Radiology, University of Arizona, Tucson, AZ and the Moffitt Cancer 

Center, Tampa, FL. 

Specific cells types can be identified by markers expressed on 
their surfaces (e.g., receptors). Ligands for single receptors 

usually do not provide enough specificity for targeting only the 

cell type of interest, particularly for cells found in low number. 
However, targeting a combination of surface markers may greatly 

enhance specificity.  We developed a multivalent ligand (MVL) 

by linking melanocyte stimulating hormone (MSH) to 
cholecystokinin (CCK), then evaluated its binding, specificity and 

activity.  In cells with both receptors, the Kd of the MLV was ~5 

nM compared to > 250 nM when one receptor was blocked with 
cold MSH (i.e., monvalent CCK binding).  Moreover, at 

concentrations <5 nM, binding to cells with only one receptor was 

negligible, demonstrating high specificity.  MVL activation of the 

second messengers cAMP (MSH) and Ca2+ (CCK) was tested.  

Even though the MVL has enhanced affinity, both the cAMP and 

Ca2+ responses were attenuated compared to the monovalent 
ligands.  Importantly, in cells expressing only CCKR, the increase 

in Ca2+ elicited by the MVL also was decreased compared to CCK 

suggesting that cross talk between CCK and MC4 receptors is not 
responsible for the lower efficacy of the CCK moiety.  Though 

less effective, the ability of the MVL to activate signaling is 

further evidence that the MLV binds to and activates both 
receptors.  Moreover, the high selectivity and binding affinity 

coupled with altered signaling may be a useful pharmacological 

property of these new multivalent ligands.  Supported by   NIH, 
CA097360, CA097360. 
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5. SYNTHETIC TETHERING INCREASES THE POTENCY OF 

PAR2 AGONISTS IN VITRO AND IN VIVO. 

Flynn A.N.1,3,4, Tillu D.V.2, Hoffman J.1,3,4, Zhang Z.3, Vagner J.3, 

Price T.J.2,3, Boitano S.1,3,4 

University of Arizona Departments of Physiology1 and Pharmacology2, 

Bio5 Collaborative Research Institute3 and Arizona Respiratory Center4 

Protease-activated receptor-2 (PAR2) is G protein-coupled receptor 

expressed by a variety of cell types and is important in a number of 

protease-associated pathologies including allergic asthma, cancer, 

arthritis, and pain. Peptides (e.g., SLIGRL-NH2) that mimic the 

sequences of the receptor’s native tethered ligand can activate PAR2 

without the off-target effects of proteases. A better understanding of the 

role of PAR2 in pathologies is currently limited by the need for potent 

and specific agonists. We and others have successfully developed more 

potent PAR2 agonists (e.g., 2-at-LIGRL-NH2) using peptidomimetics 

based on the trypsin cleavage site and serine head group substitutions. 

However, these agonists are still only effective at micromolar 

concentrations. We hypothesized that closely mimicking the native 

tethered ligand would increase the potency of known PAR2 agonists 

used a C-16 fatty acid residue, palmitate, to mimic the natural 

membrane anchor, transmembrane helix TM1. We further hypothesized 

a linker group between the membrane tether and PAR2-targeted peptide 

would be necessary to achieve maximal potency. We took advantage of 

the flexibility and solubility of polyethylene glycol (PEGO) to make a 

series of synthetic tethered ligands (STLs) with varying PEGO linker 

groups of varying length (Pep-PegN-Palm; N=1-5) and screened for 

potency using a combination of in vitro and in vivo assays. While 

palmitoylation alone (N=0) did confer an increase in potency, we 

achieved the maximal increase in potency with the addition of 3 PEGO 

linker groups. Pep-Peg3-Palm induced both Ca2+ and MAPK signaling 

in vitro (EC50 ~0.4 nM, 12.2 nM) and thermal hyperalgesia in vivo 

(0.36 nMol), and was specific for PAR2 in two different cell models. 

Pep-Peg3-Palm is 30 to 1000 times more potent across assays than the 

best described PAR2 agonist currently available, while remaining 

specific for PAR2. Our results indicate that an STL is a powerful 

approach to increasing ligand potency without sacrificing specificity. 

New subnanomolar agonists are important in better understanding the 

role of PAR2 and its associated downstream signaling pathways in a 

variety of pathologies. 

  

6. CX37-C61,65A MUTANT DOES NOT SUPPRESS RIN CELL 

GROWTH 

Good, M.E., Nelson, T.K., Burt, J.M. 

Department of Physiology, University of Arizona, Tucson, AZ 

Cx37 is has been shown to suppress the proliferation of rat insulinoma 

(Rin) cells. While it is known that both the carboxy-terminal tail and a 

functional pore are necessary, it is unclear if Cx37’s growth 

suppressive effect is hemichannel or gap junction channel dependent. 

Several mutation sites have been shown in other connexin isoforms to 

block docking of connexons to form gap junction channels, but retain 

hemichannel activity. There are 6 cysteines in the extracellular loops 

that are conserved across connexin isoforms and shown to be important 

for docking of connexons. Mutation of these 6 cysteines in Cx43 to 

alanines resulted in a loss of gap junction channel function but retained 

normal Cx43 hemichannel electrical activity. To explore whether 

hemichannel activity is sufficient for Cx37’s growth suppressive effect, 

we mutated two cysteines located within the first extracellular loop to 

alanines (Cx37-C61,65A) and examined this mutant’s localization 

within the cell, growth characteristics, and hemichannel activity as 

compared to wild type Cx37 (Cx37-WT). Similar to Cx37-WT, both 

clones of Cx37-C61,65A (1C3 and 1D2) localize both cytoplasmically 

and to the plasma membrane, with some staining at appositional 

membranes. Unlike Cx37-WT, Rin cells non-induced and induced to 

express Cx37-C61,65A proliferate comparably over a 21 day period. 

Dye uptake experiments are underway to explore hemichannel activity 

of this mutant. Regardless of channel function, mutation of Cx37 at 

cysteines 61 and 65 prevents growth suppression of Rin cells despite 

the presence of a full-length carboxy-terminus and similar localization 

within the cell. 
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7. INTERNALIZATION OF HETEROBIVALENT LIGANDS 

USING FLOURESCENT MARKERS. Justin Smith, Josef Vagner, 

Victor Hruby, Craig Weber and Ronald Lynch. Departments of 

Physiology, Chemistry and the BIO5 Institute, University of Arizona, 

Tucson, AZ.  

For most G-protein Coupled Receptors (GPCR), once a ligand is 

bound, the activated receptor rapidly becomes capped on the cell 

membrane then endocytosed into the cell.  Cycling of the receptor can 

then occur after the ligand is removed within the endosome.  We have 

developed a series of new ligands that have two binding domains to 

different GPCR’s. These heterobivalent ligands (HBL) exhibit 

increased binding affinity and specificity for cells that express both 

complementary receptors likely due to cross linking of the two 

receptors by the single ligand. However, it is not known how these 

HBL’s are processed once bound.  To observe ligand processing, we 

tagged a HBL consisting of a melanocyte stimulating hormone (MSH) 

linked to a cholecystikinin (CCK) with a fluorophore.  Experiments 

were performed where cells were labeled with ligand for 2 min then 

washed, then its distribution over time was compared to that of markers 

for mitochondria, lysosomes, endosomes/lysosomes, the nucleus, and 

plasma membrane, in both live cells and with immunocytochemistry. 

3D imaging was performed using standard fluorescence microscopy, 

but the data were deconvolved in order to obtain high resolution 

deblurred 3D distributions of HBL and organellar probes.  Immediately 

after incubation, the HBL resides on the cell surface, but within 3-5 

minutes all the ligand is capped and beginning to move below the cell 

surface.  The distribution of ligand at this time is not coincident with 

lysosomal markers, but does resemble that of endosomes labeled with 

for the LAMP2 protein.  Current studies are designed to better 

understand the intracellular events involving HBL binding and 

internalization to define the signaling potential and lifetime of these 

unique agents. 

Supported by the JDRF, and NIH CA 34583.    

  

8. Is Calcium Involved In Endothelial Cell-induced Mural Cell 

Differentiation?  Stoyan N. Angelov, David T. Kurjiaka, Karen K. 

Hirschi, Scott Boitano, Janis M. Burt. Department of Physiology, 

University of Arizona. 

During blood vessel formation, endothelial cell (EC) tubes recruit 

mesenchymal cells (MCs) by secreting chemoattractants and mitogens. 

After contact, Cx43 (or 45) gap junction mediated signaling events lead 

to the activation of TGF- by EC-secreted soluble factors. TGF- binds 

MC receptors and induces coordinated expression of mural cell genes. 

The identity of the signal(s) traversing Cx43 gap junctions, however, 

remains undetermined. Because of its role in stimulus-secretion 

coupling we aimed to determine whether calcium elevation in ECs 

could be a signal sufficient for soluble factor release and subsequent 

TGF- activation. Conditioned medium from bovine aortic endothelial 

(BAE) cells, Cx43-/- MCs, or co-cultures of these (treated or not during 

the conditioning period with ionomycin) was applied to naïve Cx43-/- 

MCs and differentiation (smooth muscle  actin (SMA) content) was 

assessed 48h later. In order to assess the effect of co-culture and Cx43 

coupling (between ECs and MCs) on cellular calcium handling, we 

utilized Fura2/AM loading and real time calcium imaging in the 

presence and absence of ionomycin stimulation. We found that 

increasing intracellular calcium in ECs with ionomycin did result in the 

secretion of a soluble factor capable of inducing limited Smad3 and 

ALK4,5, and 7 receptor-dependent differentiation response in MCs, but 

interestingly this process was not TGF- dependent. In addition, we 

observed changes in intracellular calcium during co-culture that were 

much more profound in MCs than in ECs. The changes in calcium were 

attenuated when Cx43-/- MCs were used in the co-cultures. These data 

suggest that calcium elevation in ECs is not sufficient to induce a full 

differentiation response in MCs. It is likely that multiple signals are 

necessary to induce both TGF- activation and mural cell 

differentiation. However, although calcium does not seem sufficient for 

the full differentiation response, it may nevertheless be necessary, since 

changes in calcium handling are evident in Cx43 coupled MC/EC co-

cultures. 

  



 21 

 
9. TARGETING DIABETES:  HIGH SPECIFICITY BINDING OF A 

YOHIMBINE LINKED GLP-1 DIVALENT LIGAND TO PANCREATIC 

-CELLS. 

Kameswari Ananthakrishnan1, Craig S. Weber1, Nathaniel Hart1, Josef 

Vagner3, Sean Limesand2 and Ronald M. Lynch1,3  

Departments of Physiology1, Animal Sciences2 and the Bio5 Institute3, 

University of Arizona, Tucson, 85721 

Pancreatic -cell dysfunction, and subsequent loss of -cell mass, underlies the 

development of Diabetes Mellitus. A primary limitation in the analysis of -cell 

mass is the lack of specificity of -cell targeting agents. We propose that 

multivalent ligands (MVL), composed of two or more unique receptor binding 

moieties against -cell targets, would increase -cell specificity. To test this, we 

synthesized a ligand composed of Yohimbine (Yhb, antagonist to 2 adrenergic 

receptor) linked to Glucagon-like Peptide 1(GLP-1). Receptors to both ligands 

are expressed on TC3 cells (-cell model).  Analysis by fluorescence 

microscopy showed rapid binding with ligand internalization in 2-3 min.  From 

population based competition assays, the binding affinity for monovalent GLP-1 
was ~30 nM, whereas GLP-1/Yhb exhibited two distinct binding sites, one of 

high affinity (6 pM) and another lower affinity 70 nM site. The high affinity 

binding is likely related to MVL crosslinking of the complimentary receptors 
causing a decrease in ligand off rate. The low affinity site is consistent with 

weak binding of the MVL GLP-1 moiety to spare GLP-1 receptors that are 

expressed at higher levels than 2-AR in TC3 cells as found through receptor 
number assays. Our findings suggest that GLP-1/Yhb will provide enhanced 

targeting to -cells due to decreased binding to cells that express only one 

receptor of the complimentary pair coupled with enhanced binding and retention 

to -cells. 
Supported by: Juvenile Diabetes Research Foundation, and the Arizona 

Biomedical Research Commission 

  

10. LIGHT ADAPTATION MODULATES GLYCINERGIC 

INHIBITION IN THE RETINA 

Mazade, RE and Eggers, ED, University of Arizona, Tucson AZ 

   Inhibition in the retina shapes the timing and magnitude of retinal 

signals, and we are interested in determining how light adaptation 

modulates glycinergic inhibition.  The excitatory pathway in the retina 

consists of photoreceptors that sense light, bipolar cell (BC) relay 

neurons and ganglion cells that carry signals to the brain from the optic 

nerve.  BC signals are shaped by inhibitory inputs from amacrine cells 

(AC). BCs form three retinal pathways – ON and OFF cone BCs 

receive inputs from bright light sensing cones and rod BCs receive 

input from dim light sensing rods.  Rod BCs do not contact ganglion 

cells directly, but instead use a glycinergic AC to carry information to 

cone pathways.  We expect that this input will be absent when only the 

cones are activated, but the modulation of BC signaling by inhibition 

in a light-adapted retina has not been determined. To investigate this, 

we recorded light-evoked inhibitory post synaptic currents (L-IPSCs) 

from OFF cone BCs.  We used whole-cell voltage clamp in dark 

adapted mouse retinal slices and isolated inhibitory currents by holding 

at the reversal potential for excitatory channels (0 mV).  A green LED 

was used for the light stimulus and the cells were filled with a 

fluorescent dye for labeling and identification.  BC L-IPSCs were 

recorded under both light (cone) and dark (rod) adapted conditions and 

the glycinergic input was determined with the glycine receptor 

antagonist strychnine.  In dark adapted conditions, the L-IPSCs were 

primarily due to the rod-mediated glycinergic pathway since 

application of strychnine significantly reduced the L-IPSCs.  However, 

under light adapted conditions, a large amount of inhibition remained 

which was not blocked by strychnine.  With light adaption, and the 

glycinergic rod pathway input missing, GABAergic ACs compensated 

for the missing inhibition.  Although the total inhibitory responses in 

light adapted conditions did not significantly differ, the inhibitory 

inputs came from different populations of ACs (GABAergic vs. 

glycinergic) that have different roles in retinal signaling.  This may 

affect the spatial and temporal sensitivity of BCs at different light 

intensities.  Understanding the how light conditions affect inhibitory 

circuitry can elucidate how the retina processes light information in a 

constantly changing environment. 
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11. GENISTEIN-STIMULATED INCREASES IN INTESTINAL 

CLORIDE SECRETION ARE MEDIATED BY ADENYLATE 

CYCLASE IN FEMALE MICE ONLY 

Al-Nakkash, L.      

Department of Physiology, Midwestern University, Glendale, Arizona    

The major route for cAMP-mediated chloride (Cl) secretion across the 

intestinal epithelial apical membrane is presumed to be via the CFTR 

chloride channel widely known to be activated in vitro by genistein. 

We have previously shown that a 1-2 week period of daily injections 

with genistein (600 mg/kg body weight, 600G) mediates significant 

increases in basal intestinal Cl secretion (Isc, μA/cm2) in both male and 

female C57BL/6J wild-type mice, when compared to DMSO control 

injected mice (0G). This study aimed to determine whether 600G-

induced increases in intestinal Cl secretion were attributed to changes 

in intracellular signaling mechanisms using basolateral application of: 

MDL-12330A (adenylate cyclase inhibitor, 10 μM), KT-5720 (PKA 

inhibitor, 1 μM), LY-294002 (PI3K inhibitor, 20 μM) and PD-98059 

(MAPK inhibitor, 10 μM). In female 600G mice, basal intestinal Isc 

was 215.9±13.1 μA/cm2 (n=15), and application of forskolin (10 μM, 

bilateral) significantly increased Isc to 316.6±23.4 μA/cm2 after 1-

week of injections. There was no effect of KT-5720 (n=8), LY-294002 

(n=12), or PD-98059 (n=8) on the basal or forskolin-stimulated Isc. 

Application of MDL-12330A, significantly decreased (n=8, P<0.05) 

both basal Isc by 27% (from 215.9±13.1 to 157.0±22.9 μA/cm2) and 

forskolin-stimulated Isc by 39% (from 316.6±23.4 to 192.6±19.1 

μA/cm2). In male 600G mice, basal intestinal Isc was 186.6±7.6 

μA/cm2 (n=5), and application of forskolin (10 μM, bilateral) 

significantly increased Isc to 259.8±17.7 μA/cm2 after 2-weeks of 

injections. There was no effect of KT-5720 (n=7), LY-294002 (n=11), 

PD-98059 (n=7) or MDL-12330A (n=11), on the basal Isc or 

forskolin-stimulated Isc.  These data suggest that gender differences 

exist in how genistein-mediated increases in intestinal Isc are 

mediated: via adenylate cyclase in wild-type female mice but not in 

male mice. Supported by NIH (1R15DK071625-01A2). 

  

12. EFFECTS OF GENISTEIN DIET ON JEJUNUM FROM R117H 

CYSTIC FIBROSIS MICE.     

Al-Nakkash, L1, M.L. Drumm2 and S. Polito1  
1Midwestern University, 19555 N. 59th Ave, Glendale, AZ.85308.  
2Case Western Reserve University, Euclid Ave, Cleveland, OH.  

We have previously shown wild-type (Wt) C57BL/6J mice fed a 

genistein-containing diet (600 mg/kg food, 600G) for 1-month, have 

significantly elevated basal levels of jejunal chloride (Cl) secretion 

(measured as transepithelial short circuit current, Isc) compared to 

mice fed a genistein-free diet (0G); a gender-specific response to 

600G, i.e. females produced a significant increase in Cl secretion, 

whereas no response was observed in males. We fed male cystic 

fibrosis R117H mutant mice, 600G and 0G diets for 1-month. Basal Isc 

was unchanged in 600G mice (40.4 ± 15.2 µA/cm2, n = 7) compared to 

0G controls (34.9 ± 7.7 µA/cm2, n = 9). Comparable steady-state 

increases in Isc in response to forskolin (10 µm, bilateral) were 

observed in 600G (47.4 ± 14.3 µA/cm2, n = 7) and 0G mice (46.8 ± 9.3 

µA/cm2, n = 9).  There was no effect of the inhibitor of the Na+/K+/2Cl- 

co-transporter, bumetanide (100 µm, basolateral), on the forskolin-

stimulated Isc in either 600G or 0G fed mice. Addition of 

acetazolamide (100 µm, bilateral) to block the HCO3
- secretory 

component, produced a significantly increased percentage inhibition in 

the 600G fed males (11.9 ± 3.0 %, n = 7) versus 0G fed males (7.4 ± 

6.9 %, n = 9). In these male R117H mice there were no changes in 

jejunal morphology associated with the two diet groups (villi length, 

number of goblet cells per villi, crypt depth and number of goblet cells 

per crypt). These data suggest that, in male R117H mice, a 4-week diet 

treatment with 600G does not provide any benefits towards the overall 

magnitude of basal or forskolin-mediated secretion, but rather provides 

a greater proportion of secretion that is HCO3
—mediated. Equivalent 

preliminary studies in female R117H mice are in progress. Sarah 

Polito was supported by the Midwestern University Summer DO 

Fellowship Program. Layla Al-Nakkash was supported by the Soy 

Health Research Fund. 
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13. Effects of voluntary and forced running on the stress 

response, food intake, and weight gain in the db/db mouse. 

Broderick TL, Parrott CR, Ghosh P. 

Department of Physiology, Laboratory of Diabetes and Exercise 

Metabolism, Midwestern University, Glendale. 

Exercise is recommended for the treatment of type 2 diabetes 

because of its benefits on body weight and glycemic control.  

Our recent work using the db/db mouse, a model that mimics 

the phenotype of type 2 diabetes, demonstrated that forced 

treadmill training exerted detrimental effects on obesity, 

hyperglycemia and insulin resistance.  We investigated whether 

this response is explained by increased corticosterone and 

norepinephrine secretion, measured as urinary byproducts, since 

these hormones are known to alter glucose homeostasis. Male 

db/db mice and lean littermates serving as controls, were 

assigned to sedentary, voluntary wheel training, and forced 

treadmill training groups for a period of 5 weeks.  At weekly 

intervals, mice were placed in metabolic cages to measure food 

intake and collect urine. After 5 weeks of treadmill running, 

db/db mice remained hyperglycemic compared to sedentary 

db/db mice and were hyperinsulinemic compared to db/db 

voluntary runners. Urine glucose and corticosterone levels were 

also highest in db/db treadmill runners compared to all groups. 

Urine normetanephrine levels, although lower in db/db mice 

compared to control mice, were increased after treadmill 

running. Interestingly, food intake was lowest in db/db 

treadmill runners compared to all other groups, whereas weigh 

gain was the highest after the 5-week period of treadmill 

running.  Our results indicate that treadmill running leads to 

perturbations in plasma levels of hormones associated with 

glucose homeostasis. A greater stress response may be invoked 

by treadmill training, worsening glycemic control in this model 

of type 2 diabetes. 

  

14. The Effects of Pioglitazone on Mitochondria Electron 

Transport Chain Function in Human Muscle 
1Cassandra Wolf, 1,2Sarah Kuzmiak, 1Xitao Xie, 1Christian 

Meyer 1Center for Metabolic Biology 2School of Life Sciences, 

Biology Department Arizona State University, Tempe, Arizona 

  Actos (Pioglitazone) is an FDA approved medication 

prescribed to patients with type 2 diabetes mellitus.  The 

present study investigated the effect of 12 week pioglitazone 

treatment in adult humans (n=3) on electron transport chain 

conductance and citrate synthase activity in mitochondria from 

skeletal muscle.  Enriched mitochondrial fractions were 

prepared from muscle biopsies obtained before and after 12 

weeks of treatment.  NADH oxidation in the presence and 

absence of rotenone inhibition was measured by following 

cytochrome-C reduction at 550 nm.  Citrate synthase activity 

was assessed by following the production of the mercaptide ion 

at 412 nm.  Pioglitazone treatment did not significantly alter 

cytochrome C reductase activity (pre: 88.6 ± 9.6 nmol・mg-

1・min-1; post: 78.8 ± 7.8 nmol・mg-1・min-1) nor citrate 

synthase activity (pre: 10.4 ± 1.7 nmol・mg-1・min-1; post: 

10.1 ± 1.8 nmol・mg-1・min-1) in skeletal muscle 

mitochondria.  Rotenone-sensitive activity was also unchanged 

(pre: 51.7 ± 5.4 nmol・mg-1・min-1; post: 48.7 ± 7.4 

nmol・mg-1・min-1).   Together, these findings indicate 12 

weeks of Pioglitazone treatment did not significantly alter the 

mitochondrial content or electron transport chain vmax in human 

skeletal muscle. 
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15. Insulin Signaling and Caveolae: Role of saturated fatty acids in the 

development of insulin resistance in 3T3-L1 adipocytes.  

Boyack D., Gunn A., Anand V., and Vallejo J., Department of 

Physiology, Midwestern University, Glendale, AZ  

Caveolae are microdomains recently recognized as critical for proper 

compartmentation of insulin signaling; however, their role in the 

pathogenesis of insulin resistance is not fully understood. Caveolae are 

particularly abundant in adipocytes and especially critical for insulin 

signaling transduction. Research demonstrated that the inhibition of 

insulin signaling and the elimination of insulin receptors from the 

caveolae were associated with an accumulation of glycosphingolipids 

such as ganglioside-GM3. A growing body of evidence implicates that 

saturated fatty acids, such as palmitate and ceramide, play a role in the 

pathogenesis of insulin resistance. Both palmitate and ceramide are 

precursors to ganglioside-GM3. Here we determined the effect of 

palmitate and ceramide on the total protein expression and the cellular 

protein distribution of caveolin-1 (Cav-1), insulin receptor (IR), 

phosphorylated insulin receptor (p-IR), protein kinase B (PKB/Akt), 

phosphorylated protein kinase B (p-PKB/p-Akt), and glucose 

transporter (Glut4) in 3T3-L1 adipocytes. We measured protein 

expression by western blot analysis and protein distribution by 

immunofluorescence microscopy. Our results indicate no significant 

changes in total protein expression of IR, p-IR, Cav-1, and Glut4 in the 

presence of palmitate or ceramide. Interestingly, protein expression 

and phosphorylation of PKB/Akt was diminished by ceramide 

treatment, but increased by palmitate, providing evidence for a 

differential deregulation of insulin signaling downstream of the insulin 

receptor that is dependent of the type of fatty acid exposure.  In 

accordance to this finding, we also provide evidence for deregulation 

of insulin signaling due to altered colocalization of IR and Glut4 to the 

caveolae after treatment with palmitate, but not with ceramide. These 

findings provide a possible mechanism for the reduced ability of 

insulin receptor to properly induce glucose uptake during the 

development of insulin resistance. 

  

16. The effects of TNF-α on GM3-synthase levels and its subsequent activation 

of the insulin receptor in C2C12 myocytes. 

Gordon, C., Miraglia, G., Kalin, M., and Vallejo J., Department of Physiology, 

Midwestern University, Glendale, AZ  
Both TNFα and non-esterified fatty acids have been proposed to be crucial 

factors in the development of the insulin-resistant state. The increased secretion 

of TNFα contributes to altered systemic as well as adipose tissue lipolysis, 
leading to elevated levels of circulating free fatty acids that might potentially 

increase sphingolipids and gangliosides. Since skeletal muscle is a key 

metabolic tissue, defects in insulin signaling in this tissue are central to the 
pathogenesis of type 2 diabetes mellitus (T2DM). Caveolae are sprcialized 

plasma membrane microdomains thought to serve as signaling platforms for 
several receptors including the insulin receptor (IR) and glucose transporters 

(e.g. Glut-1, -4), via interation with caveolin-1 and caveolin-3 proteins. Recent 

research has shown that TNF-α has an effect on the insulin signaling pathway 
by up-regulating the production of GM3-synthase, the enzyme responsible for 

producing ganglioside-GM3. We hypothesized that exposure of C2C12 cells to 

TNFα will result in deregulation of the insulin signaling cascade and affect the 
pattern of IR localization to the plasma membrane by promoting a shift of IR 

from caveolae to other membrane domains enriched in ganglioside-GM3 

expression. In this research study, C2C12 mouse myocytes were differentiated 

into skeletal myotubes and treated with TNF-α, insulin, and TNF-α antagonist, 

individually and in combination. The treated cells were subjected to SDS-

polyacrilamide gel electrophoresis and Western blot analysis with antibodies 
against insulin receptor-β (IR), phosphorylated insulin receptor (p-IR), GM3-

synthase (GM3-S) and actin (loading control).  Immunofuorescence analysis 

using the same antibodies and the caveolin proteins was also done.   
Immunofluorescence microscopy demonstrated higher levels of GM3-S in cells 

treated with TNF-α, which was reversed by treatment with the antagonist. These 

results suggest that TNF-α antagonists could be used as therapeutic agents in 
order to decrease GM3-synthase levels and increase the level of insulin receptor 

phosphorylation. This data could provide information relevant to the treatment 

of T2DM. 
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17. Fetal Adrenal Demedullation at 0.7 Gestation Alters Glucose-Insulin 

Homeostasis Near Term in Growth-Restricted Fetal Sheep. 

Antoni R Macko, MS, Dustin T Yates, PhD, Xiaochuan Chen, MS, Miranda J 

Anderson, MS, Amy C Kelly, BS and Sean W Limesand, PhD. Animal Science, 

The University of Arizona, Tucson, AZ, 85719. 

Placental insufficiency complicates 9% of pregnancies, causes intrauterine 

growth restriction (IUGR) and increases incidence of cardiovascular and 

metabolic diseases in adulthood. IUGR causes fetal hypoglycemia and 
hypoxemia which increase plasma norepinephrine (NE) to promote glucose 

sparing peripherally, at the fetal ß-cell via suppression of insulin secretion. The 

fetal adrenal medulla is the primary source of plasma NE. Our objective was to 
determine whether surgical ablation of the adrenal medulla at 0.7 gestation (G) 

alters glucose-insulin homeostasis independently of hypoxemia at 0.9 G. Sheep 

were randomly assigned into four groups by a combination of; control (C) or 
placental insufficiency-IUGR (I), and by surgical sham (S) or fetal adrenal 

demedullation (D) at 0.7 G. (n= 5 CS, 3 CD, 3 IS, 3 ID fetuses). At 0.9 G, each 

fetus underwent two studies (S1 & S2) to assess fetal metabolism. S1 in ambient 
normoxia, and S2 during acute fetal hypoxemia (CS & CD) or hyperoxemia (IS 

& ID). Placentome mass was lower in IS vs CS (119+29 v 364+20g p<0.001) 

and in ID v CD (143+12 v 302+22g, p<0.03). Fetal mass was lower in IS v CS 
(1.5+0.5 v 3.5+0.2 kg, p<0.005) and in ID v CD (2.1+0.3 v 3.0+0.2 kg, p<0.05). 

During basal conditions (S1): fetal plasma glucose was lower in IS v CS 

(10.6+1.1 v 20.2+0.9 mg/dL, p<0.005) and ID v CD (14.8+1.6 v 21.7+2.4 

mg/dL, p<0.05). Arterial pO2 was lower in IS v CS (14.7+1.9 v 21.4+0.6 

mmHg, p<0.005), and in ID v CD (12.6+1.9 v 19.8+0.7 mmHg, p<0.01). Fetal 

plasma NE was higher in IS v CS (2575.3+309.2 v 561.2+133 pg/ml, p<0.01) 
but not different between ID v CD (341.8+216.9 v 219.5+102.4 pg/ml) which 

were both less than IS (p<0.05). Insulin was lower in IS v CS (0.09+0.03 v 

0.47+0.1 ng/ml, p<0.05), but not different between ID v CD. Acute oxygen 
reversal (S2): Arterial pO2 was raised to 20.4+2.9 and 22.2+2.3 mmHg in IS 

and ID and reduced to 10.5+0.5 and 11.9+0.5 mmHg CS and CD. Glucose was 

not affected by hypoxia in CS or CD. Hyperoxia increased glucose in IS to 
16.2+1.3 mg/dL (p<0.05) but had no effect in ID. Acute hypoxia increased NE 

in CS (2838.9+1216.2 pg/ml, p<0.05) but not in CD fetuses, and reduced insulin 

concentrations in CS (0.22+0.06 ng/ml, p<0.05) but not in CD. Insulin 
concentrations were augmented during acute hyperoxemia in IS (0.4+0.25 

ng/ml, p<0.05) but not in ID. Together this data supports a model to elucidate 

the mechanisms by which oxygen and norepinephrine regulate glucose and 
insulin homeostasis differentially between normal and growth restricted fetuses. 

  

18. ANG (1-7) ATTENUATES ANG II-INDUCED INSULIN RESISTANCE 

IN RAT SKELETAL MUSCLE IN VITRO 
M. Prasannarong1,2, F. R. Santos1, and E. J. Henriksen1 
1 Muscle Metabolism Laboratory, Department of Physiology, University of Arizona 

College of Medicine, Tucson, AZ 85724, and  2 Exercise Physiology Laboratory, 

Department of Physiology, Faculty of Science, Mahidol University, Bangkok 10400, 

Thailand 

The metabolic syndrome is a cluster of the cardio-metabolic abnormalities including 

obesity, impaired glucose tolerance, insulin resistance, hypertension, and dyslipidemia. 

Alterations within the renin-angiotensin system (RAS) are important contributors to the 

mechanisms linking insulin resistance and hypertension. The RAS has two opposing 

vascular effects. Angiotensin II (ANG II) induces a hypertensive effect via the ANG II type 

1 receptor, while angiotensin (1-7) (ANG (1-7)), a peptide derived primarily from ANG II, 

elicits an antihypertensive effect via the Mas receptor. It has been reported that an elevation 

of ANG II is often associated with hypertension and can contribute to the etiology of 

insulin resistance.  Moreover, ANG II can directly impair insulin signaling and glucose 

transport activity in mammalian skeletal muscle. Although a critical role of ANG II in the 

etiology of skeletal muscle insulin resistance is well documented, the role of the ANG (1-

7)/Mas receptor axis in this context is poorly understood. Therefore, we determined 

whether ANG (1-7) is effective in ameliorating the negative effects of ANG II on insulin-

stimulated insulin signaling and glucose transport activity in isolated soleus muscle from 

normotensive lean Zucker rats.  A 2-hr incubation with ANG II (500 nM) alone decreased 

insulin-stimulated glucose transport activity by 45% (p<0.05). In the presence of 500-1000 

nM ANG (1-7), insulin-stimulated glucose transport activity in muscle exposed to ANG II 

improved by ~25% (p<0.05). Moreover, this ANG (1-7)-mediated improvement in glucose 

transport activity was associated with increased Akt Ser467 phosphorylation (47%, p<0.05) 

without an effect on phosphorylation of glycogen synthase kinase-3.  We next determined 

whether this action of ANG (1-7) was dependent on the Mas receptor by using A779 

peptide, a selective Mas receptor antagonist.  The positive effects of ANG (1-7) on insulin-

stimulated glucose transport activity and Akt phosphorylation in soleus muscle were 

completely blunted in presence of 1000 nM A779.  In conclusion, the present study 

demonstrates that ANG (1-7), via a Mas receptor-dependent mechanism, can ameliorate the 

inhibitory effect of ANG II on glucose transport activity in mammalian skeletal muscle, 

associated with enhanced Akt phosphorylation.  These results provide further evidence 

supporting the targeting of the RAS for interventions designed to reduce insulin resistance 

in skeletal muscle tissue. 
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19. THE SERINE KINASE C-JUN N-TERMINAL KINASE (JNK) 

CONTRIBUTES TO OXIDANT-INDUCED INSULIN 

RESISTANCE IN RAT SKELETAL MUSCLE 

F. R. Santos, M. K. Diamond-Stanic, M. Prasannarong, and E. J. 

Henriksen, Department of Physiology, The University of Arizona, 

Tucson, AZ 85724 

Insulin resistance of the mammalian skeletal muscle glucose transport 

system is a primary defect leading to the development of type 2 

diabetes.  While the etiology of insulin resistance in skeletal muscle is 

multifactorial, one factor known to cause insulin resistance in this 

tissue is oxidative stress, the overproduction of reactive oxygen 

species.  Although the direct effects of certain stress-activated serine 

kinases, such as glycogen synthase kinase-3 and p38 mitogen-activated 

protein kinase, in oxidative stress-induced insulin resistance have been 

described previously, the specific impact of c-Jun N-terminal kinase 

(JNK) in the development of this type of insulin resistance in 

mammalian skeletal muscle is not fully understood. Therefore, we 

assessed the role of JNK in the development of insulin resistance 

caused by in vitro exposure of mammalian skeletal muscle to the 

oxidant hydrogen peroxide (H2O2).  Strips of soleus muscle from lean 

Zucker rats were incubated in low levels of the oxidant H2O2 (30-40 

μM, produced by 50 mU/ml glucose oxidase in the medium) in the 

absence or presence of insulin (5 mU/ml) for up to 6 hr.  Decreases in 

insulin-stimulated glucose transport activity (determined using 2-

deoxyglucose uptake) were observed at 2 hr (23%), 4 hr (25%), and 6 

hr (42%) (all p<0.05), and was associated with similar diminutions in 

insulin stimulation of Ser467 phosphorylation of Akt (37-67%, 

p<0.05), a critical insulin signaling element.  Phosphorylation 

(Thr183/Tyr185) of JNK isoforms (JNK1 and JNK2/3) was increased 

(35-74%, p<0.05) by the oxidant H2O2 in the absence and presence of 

insulin at the time points studied. In order to determine the specific 

contribution of JNK activation to the oxidant-induced insulin 

resistance, the JNK inhibitor SP600125 (10 μM) was used.  Insulin-

stimulated glucose transport activity in the presence of H2O2 was 

substantially improved when the JNK inhibitor was added during the 

6-hr incubation. These results indicate that activation of the serine 

kinase JNK contributes, at least in part, to oxidative stress-induced 

insulin resistance in mammalian skeletal muscle.  

  

20. MODULATION OF PANCREATIC -CELL SIGNALING USING A 

HETEROBIVALENT GLP1/GLIBENCLAMIDE LIGAND 

Nathaniel Hart1, Josef Vagner2, Woo Jin Chung2, Craig Weber1, Sean 

Limesand3, Channa De Silva2, Ronald Lynch1,4. 1Physiological Sciences, 2Bio5 
Institute, 3Animal Sciences, 4Pharmacology, University of Arizona, Tucson, AZ 

Changes in pancreatic β-cell signaling and function underlie development of 

Diabetes Mellitus. With the goal of developing a β-cell specific therapeutic and 
imaging agent, we synthesized a multivalent ligand composed of two different 

receptor binding moieties: Glucagon Like Peptide 1 (GLP1) and Glibenclamide 
(Gbc, Sulfonyurea ligand, SUR1). We hypothesize that cross linking receptors 

with the bivalent ligand will enhance binding affinity only to the cells that 

express both receptors i.e. β-cells. The receptors for both ligands are expressed 
on the βTC3 cell line while the INS-1 cell line expresses SUR1 and relatively 

low amounts of the GLP1 receptor (GLP1R). The divalent GLP1/Gbc binds to 

βTC3 cells with a Km of ~10nM, but does not bind INS1 cells below 10nM (Km 

> 300nM), as predicted. GLP1 elevates cAMP while Gbc increases Ca2+ in β-

cells. The GLP1/Gbc ligand elicits a half maximal Ca2+ response at ~10nM 

reflecting its Km, however, the magnitude of the Ca2+ response was at least 10X 
less than that of monomeric Gbc. The decreased response is likely a property of 

GLP1/Gbc efficacy since both the sensitivity and magnitude of the Ca2+ was 

depressed in SUR1 only expressing cells. Unlike the Ca2+ response, cAMP 
production was only slightly (~20%) depressed compared to monomeric GLP1, 

suggesting that the incretin actions are retained in the bivalent ligand. Our 

findings indicate that multivalent ligands may provide cell type specific agents 
with tunable signaling behavior. 

Supported by: Juvenile Diabetes Research Foundation, Arizona 

Biomedical Research Commission, and the ARCS Foundation 
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21. Gender Differences in the Urinary Concentrating Mechanism 

following Water Restriction 

Surabhi Chandra, Qi Cai, Melissa Jill Romero-Aleshire and Heddwen 

L. Brooks 

Department of Physiology, University of Arizona, 1656 E. Mabel 

Street, PO Box 245218, Tucson, AZ-85724 

The anti-diuretic hormone, arginine vasopressin (AVP) is increased 

with dehydration and in diseases such as diabetes and congestive heart 

failure. AVP concentrates urine by enhancing water, salt and urea re-

absorption in the renal collecting duct. We hypothesized that gender 

differences may exist in the response of the collecting duct to 

vasopressin. We used wild type CD1 male and female mice (8-weeks 

old, n=8-10) and water restricted for 48 hours to increase endogenous 

AVP levels. Urine was collected before and after water restriction 

(WR) and at the end of the study mice were sacrificed, kidney’s 

collected and separated into cortex and inner medulla for analysis of 

RNA and protein. Urine osmolality in WR female mice (4874 

mOsm/kg.H20) compared to WR males (3962 mOsm/kg.H2O) was 

significantly higher (25%). Consistent with high AVP levels during 

WR, there was an elevation in AQP2 mRNA expression in males 

(1.61-fold) and females (2.12-fold) in the inner medulla (IM). 

Similarly, protein expression of AQP2 was elevated in IM of both WR 

male (126%) and female (151%) vs control male and female mice. WR 

had a similar response in IM of either gender in increasing mRNA 

expression of urea transporters (UTA1, UTA3) but decreasing sodium 

r 2 mRNA 

expression was however not changed with WR in either sex. Our data 

suggests that females are more sensitive to the actions of vasopressin in 

the renal medulla which results in higher water re-absorption from 

urine possibly through increased expression of AQP2 channels leading 

to higher urine osmolality. Support: DK073611 (HLB) and HL07249 

(SC) 

  

 


