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ABSTRACT 

 

PLASMA VOLUME AND ALBUMIN mRNA EXPRESSION IN EXERCISE 

TRAINED RATS  

 

Nathan A. Bexfield 

Department of Exercise Sciences 

Master of Science 

 

Introduction- Exercise-induced plasma volume (PV) expansion is typically associated 

with an increase in plasma albumin content.  Increased hepatic albumin synthesis, a 

transcriptionally regulated process, is thought to contribute to the increase in albumin 

content.  Objective- We tested the hypothesis that exercise training induces an increase in 

albumin gene expression in relationship to the increase in PV.  Methods and Results- 40 

adult male Sprague-Dawley rats weighing between 245-350 grams were randomly 

assigned to one of four groups: cage control (CC); sham exercise 10 min/day at 48% 

VO2max (NE); continuous exercise training, 60 min /day at 72% VO2max (LI); and high 

intensity, intermittent exercise training, 8 bouts of 4 min at 98% VO2max followed by 5 

min at 48% VO2max  (HI). The training period lasted for two weeks with 12 training 

sessions with equalized training volumes in the exercise groups.  24 hours after the last 

training session the rats were anesthetized and a jugular catheter was placed for collecting 
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blood samples during PV determination by a dilution of a labeled-albumin molecule 

(Texas Red albumin).  The liver and red quadriceps (RQ) muscle tissue was then 

removed, flash frozen, and stored for later analysis.  The training protocol produced a 

significant increase in RQ citrate synthase activity (p < 0.05).  PV increased in proportion 

to the exercise intensity (p < 0.05) averaging 23.6 ± 2.7 ml•kg-1 body weight in the CC 

group and 26.6 ± 1.3 ml•kg-1 body weight in the HI group.  Albumin mRNA expression 

determined by real time polymerase chain reaction (PCR) increased 2.2 ± 0.1 and 2.9 ± 

0.2 fold following LI and HI exercise training, respectively. Conclusion- These data 

support the hypothesis that, during exercise-induced PV expansion, albumin gene 

expression is increased and contributes to an increase in plasma albumin content and PV. 
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Abstract 

Introduction- Exercise-induced plasma volume (PV) expansion is typically associated 

with an increase in plasma albumin content.  Increased hepatic albumin synthesis, a 

transcriptionally regulated process, is thought to contribute to the increase in albumin 

content.  Objective- We tested the hypothesis that exercise training induces an increase in 

albumin gene expression in relationship to the increase in PV.  Methods and Results- 40 

adult male Sprague-Dawley rats weighing between 245-350 grams were randomly 

assigned to one of four groups: cage control (CC); sham exercise 10 min/day at 48% 

VO2max (NE); continuous exercise training, 60 min /day at 72% VO2max (LI); and high 

intensity, intermittent exercise training, 8 bouts of 4 min at 98% VO2max followed by 5 

min at 48% VO2max  (HI). The training period lasted for two weeks with 12 training 

sessions with equalized training volumes in the exercise groups.  24 hours after the last 

training session the rats were anesthetized and a jugular catheter was placed for collecting 

blood samples during PV determination by a dilution of a labeled-albumin molecule 

(Texas Red albumin).  The liver and red quadriceps (RQ) muscle tissue was then 

removed, flash frozen, and stored for later analysis.  The training protocol produced a 

significant increase in RQ citrate synthase activity (p < 0.05).  PV increased in proportion 

to the exercise intensity (p < 0.05) averaging 23.6 ± 2.7 ml•kg-1 body weight in the CC 

group and 26.6 ± 1.3 ml•kg-1 body weight in the HI group.  Albumin mRNA expression 

determined by real time polymerase chain reaction (PCR) increased 2.2 ± 0.1 and 2.9 ± 

0.2 fold following LI and HI exercise training, respectively. Conclusion- These data 

support the hypothesis that, during exercise-induced PV expansion, albumin gene 

expression is increased and contributes to an increase in plasma albumin content and PV. 
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Introduction 

Exercise-induced hypervolemia refers to increased blood volume (BV) as a result 

of exercise training (7-9, 24, 30). Both plasma volume (PV) and red blood cell volume 

increase with endurance training. The expansion of PV can occur within 24 hours 

following a high intensity intermittent exercise protocol without a significant change in 

red blood cell volume (22).  In humans, exercise-induced plasma volume expansion is 

associated with an increase in plasma albumin content (21).  The increase in plasma 

albumin content is due to several physiological responses including 1) a redistribution of 

albumin from the interstitial fluid (ISF) to the plasma compartment (10, 22, 23, 31), 2) a 

reduction in the rate of albumin escape rate from the plasma compartment (10, 15), and 

3) an increase in hepatic albumin synthesis following exercise (21, 37).   

To investigate the cellular and molecular signally pathways involved in turning on 

albumin synthesis during exercise requires an appropriate animal model.  Exercise-

induced PV expansion occurs in several animals, including the rabbit (4), dog (16) and 

horse (17).  Although not clearly documented, antidotal evidence indicates a similar 

response occurs in the rat.  Stahl et al. has demonstrated in the rodent that PV expansion 

and plasma albumin dynamics in response to hemorrhage (31) is similar to that seen in 

humans following high-intensity intermittent exercise (10, 15, 22).  One purpose of this 

study was to develop a rodent exercise protocol that mimics the PV expansion seen in 

human studies (7-9, 24, 30).  A 12-day training schedule using a continuous (60 min) 

moderate exercise intensity (70-80% 

! 

˙ V O
2
max ) was chosen in an attempt to duplicate PV 

adaptations seen in human studies (3, 28).  Because high intensity intermittent exercise 

elicits plasma volume expansion and increased albumin synthesis in humans (21)  we 
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also evaluated a high intensity intermittent protocol for the rodent for comparison to the 

continuous training protocol.   

Because albumin synthesis is transcriptionally regulated (27), we expect that 

exercise training will enhance albumin gene expression (6, 18, 21, 22, 27, 31, 35).   Thus, 

a second focus of this study was to test the hypothesis that aerobic exercise training 

stimulates an increase in liver albumin mRNA expression.   

Methods and Materials 
 

Forty adult male Sprague-Dawley rats weighing between 245-350 grams were 

randomly assigned to one of four groups: cage control (CC, n=13), sham training (NE, 

n=10), continuous exercise training (LI, n=10), and high intensity, intermittent exercise 

training (HI, n=10).  All of the rats (except CC) were handled for 14 days before 

treatment was applied. Rats in the NE group walked on a motorized treadmill for 10 

minutes per day at 10 m/min for the entire 14-day acclimatization period.  Rats in the LI 

and HI groups participated in a pre-training program that increased in speed and duration. 

The respective treatments for each group were applied for two weeks including 12 

training sessions with 2 days of rest interspersed.  The rats ran on a standard multi-lane 

animal treadmill (Quinton®, Bothell, WA). Exercise intensities for each exercise group 

were based upon an established 

! 

˙ V O
2

 and speed relationships at 10% grade (1, 20, 25, 36) 

and an estimated 

! 

˙ V O
2
max for the male Sprague-Dawley rat of 100 ml•kg-1•min-1 in the 

literature (1, 20, 25, 36).    

The NE group walked on the treadmill for 10 min per day at 46 ± 2% of estimated 

aerobic capacity every training bout.  The LI group ran continuously on the treadmill at 

78 ± 3% of estimated aerobic capacity for 60 min.  The HI group performed a high 
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intensity intermittent exercise protocol that consisted of running at 98 ± 4% of estimated 

aerobic capacity for 4 min followed by a 5-min recovery period of running at 48 ± 2% 

aerobic capacity.  The rats in the HI group repeated this exercise pattern 8 times per 

session (72 min total time). The CC group was left in the cage for 14 days and sacrificed 

after that period.  We assumed the resting metabolic rate of the rodent at about 21 ± 1% 

of 

! 

˙ V O
2
max  (14). 

Approximately 24 hrs after the last training session, the rats were anesthetized 

with a ketamine/xylazine cocktail. The right jugular vein was cannulated and a control 

blood sample of 0.45 ml was taken.  A 0.25 ml Texas Red albumin solution was injected 

into the cannulated jugular vein.  After a 5-min period, a second blood sample of 0.5 ml 

was taken in order to determine blood volume using a dye dilution method described by 

Gillen et al. (6).  The liver was first exposed through a midline incision and then the 

animal was euthanized with approximately 0.23 ml of pentobarbital (200 mg•ml-1).  The 

liver was rapidly removed and back-flushed with ice cold 0.9% saline to remove blood 

cells.  The liver was frozen in liquid nitrogen and stored at -80° C until RNA was 

isolated.  Muscle tissue from the quadriceps was harvested in order to analyze citrate 

synthase enzyme activity using a citrate synthase colorimetric assay (Sigma-Aldrich, kit 

#CS0720).  The heart was also excised and weighed.   

Muscle tissue was crushed into a fine powder on liquid nitrogen and dry ice.  

Homogenate was made using Tris buffer and 40-75 mg of muscle tissue.  Frozen liver 

was crushed into a fine powder on dry ice and liquid nitrogen and RNA was isolated from 

100-150 mg of liver powder using a guanidine thyocyanate method.  cDNA was 

synthesized from 2 µg of total RNA with Oligo (dT) and Stratascript RT (Stratagene®, La 
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Jolla, CA) using an MJ Research PTC-200 Peltier® Thermal Cycler (Global Medical 

Instruments®, Ramsey, MN).  cDNA amount was quantified using picogreen reagent 

(Invitrogen-Molecular Probes®, Carlsbad, CA)  based upon a standard curve derived from 

a serial dilution of a  known concentration of double stranded DNA (dsDNA).  Real-time 

polymerase chain reaction (PCR) was performed on 100 ng of cDNA using a BioRad® I-

Cycler (Hercules, CA) with amplication detection using SyberGreen® for both albumin 

and a common housekeeping gene (GAPDH). The primers (Invitrogen-Molecular 

Probes®, Carlsbad, CA) used for albumin were: 

Sense: 

5’-GGCAACAGACGTTACCAAAATCA-3’ 

Antisense: 

5’-TCATCCGCGATTCCAA-3’ 

Rat GAPDH primers were supplied as a set from SuperArray Bioscience Corportation 

(Fredrick, MD).  PCR was quantified using a standard curve produced using serial 

dilution of cDNA derived from pooled liver samples for the target gene albumin and the 

endogenous reference (GAPDH).  The efficiencies of the PCR reaction for albumin and 

GAPDH were determined from duplicate standard curves and averaged 89% and 92%, 

respectively.  

Based upon our randomized block design we used factorial ANOVA to compare 

albumin mRNA expression, plasma volume, blood volume and other variables.   Least 

squares linear regression was used to identify significant relationships between variables.  

When a significant F value was obtained we used a least significant difference post-hoc 

test to compare each group to each other.  Significance levels were set at p<0 .05. 
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Results 

Training Stimulus.  Treadmill speed for the NE, LI and HI exercise groups were 

estimated based upon the linear relationship between treadmill speed and oxygen 

consumption from published data on male Sprague-Dawley rats running on a treadmill at 

a 10% grade (

! 

˙ V O2, ml • min-1 • kg -1BW =  1.61 •  speed (m • min-1) +  29.8) (1, 20, 25, 

36).  We assumed an average 

! 

˙ V O
2
max  for a male Sprague-Dawley rat of 100 ml O2• 

min-1•kg-1 body weight (1, 20, 25, 36).  The rats in each group were able to complete the 

12 days of assigned training with the exception of 3 rats in the LI group that were unable 

to complete the entire 60 min workout during the earlier sessions (sessions 1-4) but were 

able to work up to the required amount of work in the later sessions.   The 12-day training 

stimulus produced increases in citrate synthase activity in the red quadriceps (RQ) in 

proportion to the exercise training intensity (p < 0.05, r2 = 0.96).  Citrate synthase activity 

was 70% higher in the HI group compared to CC (p < 0.05, Figure 1).  Heart weight-to-

body weight ratio, which was not expected to change over this short training period, was 

similar for all treatment groups.  The training did reduce body weight in the exercise 

groups over the training period.  At the time of sacrifice, rats in the CC (294 ± 9 g) and 

NE (298 ± 7 g) groups were significantly (p < 0.05) heavier than rats in the LI (269 ± 4 g) 

and HI  (274 ± 5 g) groups.   

 Hematological responses.   Hematocrit increased (p < 0.05) following exercise 

training from 46.8 ± 0.5 % for CC to 47.4 ± 0.7 and 50.4 ± 0.4 % for LI and HI groups, 

respectively.  The NE group’s Hematocrit averaged 48.9 ± 0.4 %, which was also higher 

than CC (p < 0.05) but lower than HI (p < 0.05).  Plasma volume and blood volume 

averaged 7.3 ± 0.6 and 13.9 ± 1.3 ml in the CC group, respectively.  Mean PV and BV 
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tended to increase in proportion to the estimated exercise-training stimulus (p < 0.05, r2 = 

0.87 and r2 = 0.98, respectively).  However, ANOVA did not detect a significant 

difference between the four groups (Table 1).  Similarly, mean plasma albumin content 

increased in proportion to the estimated exercise-training stimulus (p < 0.05, r2 = 0.92).  

Plasma albumin content is shown for each treatment group in Table 1.  Plasma volume 

and plasma albumin content were significantly correlated (Figure 2, p < 0.05, r2 = 0.84) 

with a slope of 23 ml of plasma volume per gram of plasma albumin. 

Albumin mRNA expression increased (p < 0.05) above CC levels for NE, LI, and 

HI groups (Figure 3).  In addition, the increase in hepatic albumin mRNA expression was 

proportional to the estimated exercise-training stimulus (p < 0.05, r2 = 0.74, Figure 4). 

Discussion 

The objective of this study was to develop a rodent model for exercise-induced 

plasma volume expansion that could be used to investigate molecular signaling pathways 

in the liver related to albumin synthesis. In general, the12-day training protocol produced 

adaptations in muscle enzyme activity, PV, plasma albumin content and albumin mRNA 

expression in proportion to the exercise stimulus intensity. The significant finding of this 

study was that 12 days of high intensity intermittent training in the rat produced an 

increase in RQ citrate synthase activity and an increase in hepatic albumin mRNA 

expression (Figure 3). In addition, we noted a consistent relationship between plasma 

albumin content and plasma volume.  

Citrate synthase activity in the RQ was measured as a marker of aerobic 

adaptations in skeletal muscle following training.  In this study, the HI group produced a 

significant increase in citrate synthase activity in the RQ compared to the CC group, 
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indicating significant aerobic adaptations after only 12 days of training.  The citrate 

synthase levels in the LI group were similar to CC or NE.  This observation is consistent 

with the literature such that significant skeletal muscle adaptations to moderate intensity 

continuous exercise in the rodent requires more than 8 weeks to establish (11).  The HI 

group performed slightly more work (2152 meters per workout) than the LI group (1822 

meters per workout).  However, regression analysis demonstrated a significant 

relationship between RQ citrate synthase activity and exercise intensity (treadmill speed).  

This relationship indicates that exercise intensity may represent the primary signal in the 

citrate synthase response to the exercise stimulus rather than exercise volume (duration x 

intensity). 

Our rodent exercise training protocol differs significantly from previous models 

with longer periods of training.  Our exercise program involved only 12 days of training.  

Yet our protocol produced increases in citrate synthase activity in the red quadriceps 

muscle similar to exercise training programs lasting much longer (5, 12, 19, 32).  Our 

rodent exercise protocol did not affect the heart weight-to-body weight ratio.  Eight 

weeks of aerobic training does not produce an increase in heart weight-to-body weight 

ratio in the rodent (26, 33). However, training programs greater than 4 months will 

produce an increase in heart weight to body weight ratio (13).  

We noted an increase in hematocrit in all the groups compared to the cage control 

animals, however, the increase in hematocrit in the HI group was larger than the NE or LI 

group.   Increased hematocrit can be caused by an increase in red blood cell volume or a 

decrease in PV.  Since PV either remained the same or increased slightly in the NE, LI 

and HI groups, the increase in hematocrit was most likely due to an increase in red blood 
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cell volume.  Aerobic exercise training for 12 weeks does not typically induce an increase 

in rodent hematocrit or hemoglobin concentration (34).   We noted an increase in 

hematocrit in the sham exercise group.  It is unclear why hematocrit was increased in the 

sham exercise rats, however the increase in hematocrit may be attributed to the 

combination of altitude and the slight exercise stimulus they received. Our animal care 

facilities are located at an elevation of about 4500 ft.  This altitude in combination with 

light activity appeared sufficient to raise red blood cell volume in the NE group.   The 

increase in hematocrit in the LI group was similar to that seen with NE.  The combination 

of slight altitude with intense exercise produced the greatest increase in hematocrit.  The 

hematocrit data are in agreement with our citrate synthase data and indicated that the high 

intensity intermittent training protocol produces marked aerobic adaptations in the rodent 

in a mere 12 days. 

Regression analysis indicated a positive relationship between PV and exercise 

training intensity.  Despite the ability of our exercise training protocols to promote 

adaptations that promote enhanced aerobic capacity we did not identify (by ANOVA) a 

clear increase in PV or BV in 12 days.  One interpretation of these data is that the 

adaptation in body fluid compartments with training may require more time to develop 

than other physiological adaptations to exercise.  This seems unlikely since it has been 

clearly demonstrated that PV expansion occurs within 24 h after a high intensity 

intermittent training protocol in humans (3, 24).  A more likely explanation is a limitation 

in the measurement technique to resolve small (≈12%) changes in PV with training 

within the confines of cross section study design.  This limitation could be overcome by 
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implementing a longitudinal study design using chronically instrumented rodents.   

Alternatively, we could extend the training period an additional week or two. 

 Hepatic albumin mRNA expression increased 2 fold in the NE group and 3 fold in 

HI rodents.  Hepatic albumin mRNA expression in chronically instrumented rodents can 

be downregulated by 50% following albumin infusion (27).  Larger effects on albumin 

mRNA expression (2.3-2.5 fold increase) have been seen in cultured hepatocytes exposed 

to hydrocortisone or cAMP derivatives (2).  Following high intensity intermittent 

exercise training we noted a large three-fold increase in hepatic albumin mRNA.  We 

considered these changes to be reasonable and a valid index of the impact of exercise on 

liver gene expression for several reasons.  First, the mRNA expression of our 

housekeeping gene (GAPDH) was similar in all groups.  Second, the efficiency of our 

PCR reactions was similar for GAPDH and albumin averaged 92% and 89% respectively.  

Since albumin synthesis is transcriptionally regulated (35) the three-fold increase of 

albumin mRNA expression should have also been reflected by an increase in plasma 

albumin content.  We did note that the increase in plasma albumin content was 

proportional to exercise intensity.  In addition, the slope of the relationship between PV 

and plasma albumin content was equal to 23 ml•g-1 albumin.  This value corresponds 

with the expected ability of albumin to attract water into the vascular space (18 ml water 

per gram albumin) as described by Scatchard et al (29). These data support the hypothesis 

that exercise training stimulated albumin expression (Figure 3), which was reflected in a 

proportional change in plasma albumin content and plasma volume (Figure 2). 

  Limitations. Regression analysis indicated a significant relationship between PV 

and exercise intensity. Plasma volume increased ≈12% in the HI group compared to the 
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CC group (Table 1).  This level of expansion in PV is similar to those reported for human 

studies however (7-9, 24, 30).  However, variability in the PV measurement and the cross 

sectional design of the experiment limited our ability to detect group differences in PV 

and plasma albumin content by ANOVA.  Our measurement of PV in the anesthetized 

rodent was 18-35% lower than that reported for chronically instrumented, awake rodents 

using a similar Texas Red albumin dilution technique (6, 31).   The contribution of both 

acute trauma and anesthesia may have impacted cardiac output distribution and 

ultimately the size of the albumin distribution space leading to reductions in absolute PV 

determinations.  Since all animals were treated the same, this error should not have 

impacted the outcome of the analysis, but could explain the difference in absolute PV 

between awake and anesthetized rats. In the future, a longitudinal approach monitoring 

PV before and after training in chronically instrumented rodents, may allow sufficient 

resolution to detect smaller increases in PV and plasma albumin content with this training 

model. 

 In conclusion, our exercise protocol produced increased enzyme activity in 

skeletal muscle (increased citrate synthase activity in RQ) and albumin mRNA 

expression in the liver.   Plasma volume and plasma albumin content increased in 

proportion to the exercise intensity.  These latter two responses provide general support 

for the hypothesis that an exercise stimulus that induces PV expansion also stimulates 

expression of albumin mRNA.  One interpretation of these data is that exercise can 

induce molecular signaling within the hepatocytes that should lead to increased albumin 

gene expression. Our study design produced promising trends, however, a longitudinal 
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design would allow for improved resolution of small changes in PV associated with this 

12-day training program.   
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Table 1.  Hematological changes following 12 days of training 

 TREATMENT GROUP 

Variable CC NE LI HI 

HCT, % 46.8 ± 0.6   48.9 ± 0.3*   47.4 ± 0.7*    50.4 ± 0.4*†# 

PV, ml/kg 23.6 ± 2.7 23.4 ± 2.8 27.1 ± 3.1     26.4 ± 1.2 

BV, ml/kg 44.2 ± 5.4 46.2 ± 5.5 51.6 ± 5.8     53.1 ± 2.5 

CAlbumin, g/kg  0.70 ± 0.09  0.67 ± 0.13  0.83 ± 0.11 0.84 ± 0.07 

 

Where CC = cage control; NE = sham exercise; LI = continuous exercise; HI = high 

intensity intermittent exercise; HCT = hematocrit; PV = plasma volume; BV = blood 

volume; Calbumin = plasma albumin content. Values represent mean ± 1 SE.  * p < 0.05 

different from CC,  † p < 0.05 different from NE,  # p < 0.05 different from LI 
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 Figure 1 

 

Citrate synthase activity in the red quadriceps in each treatment group after the 12-day 

training period. Where CC = cage control; NE = sham exercise; LI = continuous exercise; 

HI = high intensity intermittent exercise.  * p < 0.05 different from CC.  (N = 43) 
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Figure 2 

 

Correlation between individual relative PV and individual relative plasma albumin 

content in each subject (N = 43) following the 12- day training period. R2 =0.84 

represents a proportional increase in plasma albumin content with the PV increase.  
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Figure 3 

Relative fold change in Albumin mRNA expression following the 12- day training period 

in each group. Where CC = cage control; NE = sham exercise; LI = continuous exercise; 

HI = high intensity intermittent exercise.  * p < 0.05 different from CC,  † p < 0.05 

different from NE,  # p < 0.05 different from LI. 
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 Figure 4 

 

Fold change in relative albumin mRNA expression compared to exercise intensity in each 

group following 12- day training period. Where CC = cage control; NE = sham exercise; 

LI = continuous exercise; HI = high intensity intermittent exercise.  Positive correlation 

(r2 = 0.9692) indicates a proportional increase in albumin mRNA expression with 

increased exercise intensity. 
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Chapter 1 

Introduction 

The physiological mechanisms involved in the increase in plasma volume during 

exercise training are not clearly identified or understood.  Elevated plasma volume 

provides improved cardiovascular function, which includes increased venous return.  An 

increase in venous return leads to increased stroke volume (SV) (7, 38).  Cardiac output 

(Q) is calculated by multiplying SV by heart rate (15).  An increase in SV will increase 

Q.  According to the Fick equation, VO2 is calculated by multiplying Q by the difference 

between arterial oxygen content and venous oxygen content (a-v O2 diff) (15).  Plasma 

volume expansion increases VO2 and oxygen supply to contracting muscles by increasing 

Q (11, 12, 13, 18).  Augmented plasma volume also increases blood flow to the skin 

during exercise thereby allowing increased cooling capacity of the body via convection 

(31,32).  

 In general, it is clear that plasma volume expansion improves athletic 

performance (31). Understanding how specific mechanisms act to stimulate plasma 

volume expansion could help in the development of procedures or training techniques 

that might optimize this process in athletes. Most of what is known about exercise-

induced plasma volume expansion has come from human experimentation (3). However, 

little is known concerning the cellular and/or molecular mechanisms that regulate these 

adaptations. The use of an animal model for exercise-induced plasma volume expansion 

would allow for a more in depth study of these cellular and molecular mechanisms.  

This study emphasizes the control in the rate of albumin synthesis in determining 

total plasma albumin content and overall plasma volume expansion.  Plasma albumin is 
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responsible for 75% of the colloid osmotic pressure of plasma and is critical to plasma 

volume regulation (15). During exercise-induced plasma volume expansion a hallmark 

response is an increase in plasma albumin content.  This increase in plasma albumin 

content is due, in part, to an increase in the hepatic rate of albumin synthesis (26).  The 

preceding observations have been made in humans during plasma volume expansion 

induced by a high intensity intermittent exercise protocol. While it is well documented 

that hepatic albumin synthesis increases during exercise-induced plasma volume 

expansion, the molecular signals that govern this response are unknown.  It is assumed 

that increased albumin synthesis is regulated, primarily, at the level of DNA transcription 

(37). The purpose of this study is two-fold.  First, to develop a rodent exercise model that 

will mimic the plasma volume expansion seen in human studies.  Second, to directly 

measure albumin mRNA expression in response to exercise, thereby providing insight 

into the molecular control of albumin synthesis. 

Hypothesis 

Exercise training, in the rodent will induce an increase in plasma albumin content 

and plasma volume. 

Exercise training will cause an increase in albumin mRNA expression as defined 

by quantitative rtPCR. 

Null Hypothesis 

Exercise training will have no effect on plasma albumin content and plasma 

volume. 

Exercise training will have no effect on albumin mRNA expression. 
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Assumptions 

1. The in vitro rtPCR data will accurately reflect the in-vivo status of mRNA 

within the hepatocyte. 

2. The measurement of albumin mRNA expression by rtPCR will accurately 

reflect the level of albumin gene expression. 

Limitations 

This study is limited by several factors.  First, generalization to humans will be 

limited because of the possible differences in the response to exercise between species.   

This difference may pertain to the fact that rats are quadrupeds and humans are bipeds. 

Another limitation with the rodent model is accurately quantifying rodent aerobic 

capacity.  The accuracy of determining maximal aerobic capacity in the rodent has direct 

impact of defining the appropriate exercise that should elicit a plasma volume expansion 

in rodents. The results obtained from this study will only identify possible mechanisms 

associated with our exercise protocol and may not be generalized to all exercise 

protocols.  However, in human studies exercise induced plasma volume expansion has 

been demonstrated under a variety of exercise protocols.  As such, we might expect 

similar results in the rodent model.   

Delimitations 

The subjects for this study are adult, male Sprague-Dawley rats that weigh 245-

350 grams each.  They will be purchased from the same company and co-habit a standard 

rat cage with one to two other rats.  They will all receive the same standard rat diet. 
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Significance 

This study will develop a rodent exercise model that will induce plasma volume 

expansion and allow us to identify the contribution of increased albumin mRNA 

expression to the increase in plasma albumin content.  Future studies can then focus on 

the cellular signal pathways that may be activated that would promote increased albumin 

gene expression and eventually increased plasma albumin content and plasma volume 

expansion. 
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Chapter 2 

Review of Literature 

Total Body Water and its Distribution 

Total body water (TBW) is the combination of intracellular fluid (ICF) 

compartments and extracellular fluid (ECF) compartments.  The ECF represents about 

60% of the TBW, while the ICF represents about 40% of TBW.  The distribution 

fluctuates based on osmotic factors (1).  The ECF can be further separated into smaller 

compartments: plasma volume (PV) or intravascular and the interstitial fluid (ISF) 

volume.  ECF volume is determined by sodium content and PV is about 20% of ECF and 

influenced by the plasma protein content, which is determined primarily by the albumin 

content.  Values for the aforementioned compartments in trained and untrained 

individuals are included in Table 1 below (18): 

Table 1. Total Body Water Compartments 

 TBW ICF ECF ISF PV 

Untrained 

(ml/kg) 
600 340 260 220 40 

Trained 

(ml/kg) 
671 424 247 189 58 

 

Distribution of ECF between the ISF and Plasma 

Fluid distribution between the ISF and plasma compartments is regulated by 

hydrostatic and osmotic forces as described by the Starling-Landis equation (2, 17, 23): 

Jv= Lp*S {(Pc- Pi) – σ (πc – πi)} 
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Where: Jv= the total water flow across the capillary (indicate filtration), Lp = hydraulic 

conductivity of the capillary membrane, S = surface area available for fluid movement, Pc 

= capillary hydrostatic pressure, Pi = interstitial space pressure, σ = reflection coefficient 

of capillary membrane for plasma proteins, πc = protein osmotic pressure (oncotic 

pressure), πi = oncotic pressure of ISF.   

The hydrostatic pressure gradient is defined by the difference between capillary 

(Pc) and interstitial space (Pi) pressure (36).  Nevertheless, normal values of capillary 

hydrostatic pressure are found to be around 35 mmHg at the arterial portion of the 

capillary bed and 10 mmHg at the venous portion of the capillary bed.  Factors that effect 

Pc are the arterial blood pressure, venous blood pressure, arteriolar resistance, and tone of 

precapillary sphincters.  The pressure difference between arteries and capillaries is 

greater than the pressure difference between capillaries and veins.  Due to these 

differences in pressure, a change in venous pressure has a far greater effect on capillary 

hydrostatic pressure than changes in arterial pressure.  Factors that affect venous pressure 

are total blood volume, venous capacity, and hydrostatic pressure gradients caused by 

gravity or artificial g-forces (i.e. centrifugation).   

 Interstitial hydrostatic pressure (Pi) is defined as the pressure within the interstitial 

space of the tissue.  Factors that affect Pi include interstitial compliance, rate of fluid 

filtration from capillaries, and rate of lymph flow.  Normal values for Pi in subcutaneous 

tissue and muscle are between 1-4 mmHg (2, 14) and 2.8 mmHg (16), respectively.   

 Plasma oncotic pressure (πc) is determined by the concentration of protein 

concentration in the plasma.  Normal values for plasma proteins and plasma albumin 
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concentration are 7.3 g/dl and 4.5 g/dl, respectively (15).  Normal values for πc range 

from 25-30 mmHg (2).  Increases in plasma πc will lead to increases in plasma volume. 

Interstitial oncotic pressure (πi) is determined by the concentration of proteins in 

the interstitial fluid.  Normal values of ISF protein concentration range from 2.5 to 3 g/dl 

(15, 16).  πi is determined by the rate of filtration of water and protein into the 

interstitium and lymphatic removal of water and proteins.  πi can be determined from a 

sample of interstitial or lymphatic fluid.  As with Pi, the values of πi vary between diverse 

tissues.  Normal values of πi are between 6 and 15 mmHg in subcutaneous tissue (2, 15).  

The surface area (S) available for fluid exchange is modulated by the following 

factors: arterial, venous, and interstitial pressures, humoral factors, and the sympathetic 

nervous system (17).  The reflection coefficient (σ) is the ratio of measured osmotic 

pressure by the predicted value of osmotic pressure.  This value depends on the capillary 

permeability to plasma proteins and is affected by the following factors: capillary 

hydrostatic pressure and humoral factors that modify capillary permeability.  Capillary 

permeability varies throughout the body.  Most capillaries are impermeable to plasma 

proteins and have a σ value between 0.8 and 1 (2).  Some capillaries (those in the liver 

and spleen), however, are permeable to plasma proteins and have σ values as low as 0.2 

(17).  Hydraulic conductivity (Lp) is the rate of water flow across a capillary membrane at 

a given pressure gradient.  Kidney and intestinal tissue have high values of Lp, while 

muscle and skin have low Lp values (2,23).   

The Starling equation is very effective at providing an instantaneous measurement 

of fluid movement across a capillary wall.  However, applying the Starling force equation 

to whole body fluid movement under physiological stress can be misleading.  The vast 
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variability in body tissue characteristics presents one problem to a whole body 

application of the Starling equation.  Another problem is the fact that all the variables 

included in the equation are interdependent.  A change in one variable could have 

differing effects on other variables in the equation.  Despite these issues, careful 

application of the Starling equation can provide valuable comprehension of the dynamics 

of fluid shift between PV and ISF.   

Albumin Content of Plasma 

Albumin is a protein synthesized in the liver. Albumin is not stored in the liver 

but is immediately secreted into the plasma.  An increase in the synthesis of albumin is 

therefore reflected in an increase in albumin in the plasma.  Albumin accounts for 50% of 

total plasma protein by weight as well as 75% of oncotic pressure of plasma (14).  Due to 

its large abundance, albumin plays a significant role in determining πc and fluid 

distribution between the plasma and ISF.  Albumin is a 65-70 kDa protein that is 

synthesized at a rate of 200 mg/ kg body weights per day and has a half life of 3 weeks 

(3, 9, 30).  Normal values of plasma albumin content are 1.86 g/ kg body weight (16).  

The extravascular content of albumin is roughly equal to intravascular albumin content 

due to the larger volume of ISF.  Plasma albumin filters across the capillary at a slow rate 

(5-7%/ hour) and albumin in the ISF is returned to circulation via the lymphatic vessels.   

Exercise-induced hypervolemia 

Human studies show that exercise training produces an increase in plasma 

albumin content (26) and an increase in plasma volume (25).  We also know from human 

studies that the increase in plasma albumin content is due to several physiological 
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adaptations including 1) a redistribution of albumin from the ISF to the plasma 

compartment (35), 2) a reduction in the rate of albumin escape rate from the plasma 

compartment (35), and 3) an increase in hepatic albumin synthesis following exercise 

(26).  Exercise-induced hypervolemia refers to increased blood volume (BV) as a result 

of exercise training (11, 12, 13, 27, 34).  Both PV and red blood cell volume increase 

with endurance training.  The response to high intensity intermittent exercise on PV 

expansion occurs within 24 hours without a significant change in red blood cell volume 

(25).  With prolonged training red blood cell volume also increases and accounts for 

about 40% of the increase in BV.   

The PV expansion, which is influenced by the changes in plasma albumin content, 

is the only factor with which we will be concerned.  Observing the mechanisms that 

occur during this transient expansion phase of BV will provide insights on the role of 

albumin in the process.  The increase in BV is almost directly proportional to increases in 

PV.  Numerous studies have shown that a linear relationship exists between maximum 

oxygen uptake (VO2max) and blood volume following exercise-induced hypervolemia (6, 

11, 16, 19, 33) demonstrated that plasma proteins played a significant role in BV 

expansion.  In support of these findings, Freund et al. (8) reported that plasma protein 

content in blood increased significantly after bouts of maximal exercise, thereby showing 

evidence that increase in plasma protein concentration plays a major role in BV 

expansion.  Convertino et al. (5) determined that 86% of plasma protein increase can be 

attributed to albumin content.  Because albumin synthesis is transcriptionally regulated 

(29), changes in albumin synthesis rate should be reflected in changes of albumin gene 

expression (10, 22, 25, 26, 29, 35, 37).  Albumin gene expression can be monitored by 
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measurement of albumin mRNA within the hepatocytes.  Using rtPCR to amplify the 

mRNA signal, we should be able to demonstrate a change in albumin gene expression. 

While the relationship exists between albumin and PV expansion, the mechanism 

is not well understood.  The increase in albumin concentration may be attributed to 

increased albumin synthesis or a decrease in albumin degradation. This study focuses on 

the establishment of a mechanism by which exercise-induced plasma volume expansion 

in the rat is associated with a simultaneous increase in liver albumin mRNA expression.   
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Chapter 3 

Methods and Materials 

Subjects 

The subjects are 40 adult male Sprague-Dawley rats weighing between 245-350 

grams.  They will be purchased from Charles River Laboratories, Inc. (251 Ballardvale 

Street, Wilmington, MA 01887-1000) and co-habit a cage with one to two other rats.  

They will eat a standard rat diet provided by the animal care facilities at Brigham Young 

University.   

Procedure 

The rats will be randomly assigned, with 10 in each group, to one of four groups: 

cage control (CC), sham exercise (NE), continuous exercise training (LI), and high 

intensity, intermittent exercise training (HI).  All of the rats will be handled for 14 days 

before treatment will be applied.  The handling process will include actual human 

contact. Rats in the sham exercise or exercise-training groups will walk on the treadmill 

for 10 minutes per day at 10 m/min for the entire acclimatization period. 

We will assume a maximum oxygen capacity of 100 ml/kg/min for the rodent 

based upon the literature for male Sprague-Dawley rats (4, 24, 28, 39).  Based upon the 

established VO2 and speed relationships determined on the treadmill, we will assign 

treadmill speeds (at 10%grade) that elicit 98.2%, 78.1%, 45.9%, and 29.8% of VO2 max 

(4, 24, 28, 39). 

The training period will last for two weeks.  The respective treatments for each 

group will be applied for two weeks with six consecutive days of training followed by 

one day of rest.  There will be a total of twelve training days.  The rats will run on a 
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standard multi-lane animal treadmill (Quinton).  The NE group will walk on the treadmill 

for 10 minutes at 45.9% aerobic capacity every training bout.  The LI group will run on 

the treadmill at 78.1% aerobic capacity for 60 continuous minutes per session.  The HI 

group will run at 98.2% aerobic capacity for 4 minutes and then at 48% aerobic capacity 

for 5 minutes.  This group will perform 8 bouts per session (72 min total time).  The LI 

group and HI group will consume approximately equal volumes of VO2 (ml/g/min) over 

time.  The CC group will be left in the cage for 14 days and sacrificed after that period.  

Approximately 24 hours after the last training session, the rats will be 

anesthetized using a dosage (ml/g) of ketamine/xylazine cocktail based upon the weight 

of the rat.  An incision will be made superior to the heart.  The right jugular vein will be 

cannulated and a control blood sample of 0.45 ml will be taken.  A 0.25 ml Texas red 

solution will be injected into the cannulated jugular vein.  After a five-minute period, a 

second blood sample of 0.5 ml will be taken in order to determine blood volume using a 

dye dilution method described by Gillen (10).  The animal will be euthanized with 

approximately 0.23 ml of pentobarbital (200mg/ml). The liver will be exposed through a 

midline incision and the liver will be rapidly removed and backed-flushed with ice cold 

0.9% saline to remove blood cells.  The liver will be frozen in liquid nitrogen and stored 

at -80° C until the RNA isolation process.  Muscle tissue from the quadriceps will be 

harvested in order to analyze citrate synthase enzyme activity using a citrate synthase 

colorimetric assay (Sigma-Aldrich, kit #CS0720).  The heart will also be excised and 

weighed.   

In the RNA isolation process, the frozen liver will be crushed into a fine powder 

on dry ice and liquid nitrogen.  RNA from 100-150 mg of liver powder will be isolated 
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using a guanidine thyocyanate method.  cDNA will be synthesized with 2 µg of total 

RNA with Oligo (dT) and Stratascript RT using an MJ Research PTC-200 Peltier 

Thermal Cycler.  cDNA amount will be quantified using a standard curve derived from a 

known concentration of double stranded DNA (dsDNA) and picogreen.  Picogreen is a 

reagent that binds to dsDNA.  This binding triggers a chemical reaction that emits 

fluorescence.  Therefore, the strength of the fluorescent signal is dependent on the 

amount of dsDNA present in the sample.  Real-Time reverse transcriptase PCR (rt-PCR) 

will be performed using a BioRad I-Cycler with amplication detection using CyberGreen.  

Cybergreen is a fluorescent used to detect an increase in product specific DNA using 

TAQ enzyme.  The primers used for albumin are 

Sense: 

5’-GGCAACAGACGTTACCAAAATCA-3’ 

Antisense: 

5’-TCATCCGCGATTCCAA-3’ 

PCR will be quantified using the BioRad MyiQ Single Color Real-time PCR 

Detection System (BioRad).   PCR analysis will employ a standard curve produced using 

serial dilution of cDNA derived from pooled liver samples for the target gene albumin 

and the endogenous reference (GAPDH).  

Statistical Analysis 

This study uses a randomized block design and will compare albumin mRNA 

expression, plasma volume, and blood volume.  Factorial ANOVA will be employed to 

determine significant difference.  A Tukey minimum significant difference test will also 
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be employed as a multiple post-hoc test to compare each group to each other.  

Significance levels are set at p< .05.      
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