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ABSTRACT

Hypertension is determined by the interaction of multiple genetic and
environmental factors, making it difficult to elucidate any single genetic determinant.
Biochemical markers such as intraerythrocytic sodium concentration, erythrocytic
ouabain binding-site density and passive sodium leak indicate that abnormal
membrane cation flux segregates with some hypertension subtypes. The sodium
pump, Na+, K+ ATP-ase (NKA) may therefore participate in the development of
hypertension. It is a multi-subunit cell membrane protein which translocates sodium
and potassium ions with hydrolysis of ATP. It is inhibited by ouabain and regulated
by phosphorylation. The alpha subunit (of which there are four isoforms encoded by
different genes) is currently ascribed all catalytic function, while the beta and gamma
subunits may have regulatory roles. We examined NBCA alpha and gamma subunit
gene expression in spontaneously hypertensive rats (SHR) and Wistai Kyoto controls
(WKY). Both prehypertensive and adult SHR exhibit abnormal renal sodium
retention. Solution hybridization studies in adult SHR revealed a decrease in alpha 1
expression in kidney. Kidney is a heterogeneous tissue whose functional unit, the
nephron, may be divided into 12 distinct segments. To examine NKA expression in
individual segments requires an assay allowing quantitation of NKA alpha and gamma
isoform RNA in microdissected tissue samples. We combined competitive RT-PCR
with a novel ion-paired reversed phase HPLC to produce rapid, accurate and precise
vi

measurement of gene expression in a single-tube assay. The ability of HPLC to
resolve heteroduplex molecules formed between native and competitor products
proved essential. Assay validation confirmed absolute quantification is possible if
competitors have identical reverse-transcription efficiency to the native RNA. We
used the assay to examine qualitative and quantitative expression of NKA subunits in
normotensive Sprague-Dawley, prehypertensive and adult SHR and WKY.
Qualitative analysis revealed alpha 1 and gamma expression in all segments examined.
Expression of the other alpha isoforms was not detected. Quantitative analysis in the
prehypertensive SHR revealed that a selective alteration in alpha 1 expression in
proximal convoluted tubule may explain the results obtained in whole kidney and
suggest an attempted feedback response by SHR to reduce sodium reabsorption.
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CHAPTER I
INTRODUCTION

Hypertension aggregates in families and has a distinct genetic component (32,
33). Twin studies have demonstrated a higher correlation in blood pressure between
monozygous than dizygous twins (18, 32). Adoption studies have demonstrated
twice the correlation of blood pressure between parents and natural children than
adopted children (8, 18). It has been estimated from such studies that between 10 and
60% of total variability in blood pressure across the general population is genetically
determined (17). However, like many quantitative characteristics, blood pressure is a
multifactorial trait determined by the interaction of multiple genetic and environmental
factors, which make it difficult to elucidate any single genetic determinant.
Pedigree analysis for biochemical markers indicates that abnormal membrane
cation flux serves as a genetic marker for some subtypes of hypertension (33).
Intraerythrocytic sodium concentration represents one such variable. It has been
demonstrated by maximum likelihood analysis to be a recessive trait with four alleles
at a major locus, accounting for 29% of the total variability. It is estimated that
homozygosity for the high-sodium allele is present in 10% of the population who
exhibit susceptibility to high blood pressure (33). Intracellular sodium levels are
primarily maintained by the action of the sodium pump, Na, K-ATPase (NKA). A
second biochemical marker for susceptibility to the development of hypertension is

that of ouabain binding-site density on erythrocyte membranes. Ouabain is a potent
inhibitor of NKA activity which binds to the catalytic subunit in an equimolar
maimer. Ouabain binding-site density therefore reflects the number of NKA units
present in the membrane. Maximum likelihood analysis has implicated a single major
recessive locus accounting for 14% of the total variability with respect to this trait,
with a prevalence in the hypertension-susceptible population of 2%. Individuals with
the high level of this trait appear to have significantly increased susceptibility to
early-onset hypertension and coronary disease (33). Thus intracellular sodium levels
and ouabain binding site number both appear to influence susceptibility to the
development of high blood pressure. Recent statistical analysis of human
hypertensive pedigrees has revealed further evidence that major genes that partially
determine sodium transport may increase susceptibility to hypertension (13). The
authors applied principal components analysis to 14 variables related to sodium
transport in 1,128 members of hypertensive pedigrees. The resulting scores were
subject to segregation analysis, revealing 8 genetic variants which affect sodium
transport. One of these variants is recessive, with a homozygous genotype frequency
of 7.4% of the population and results in increased intraerythrocytic sodium and
passive sodium leak while decreasing sodium pump number. A gene that directly
influenced sodium pump number would account for this phenotype, thus may
constitute this genetic variant (13). A second variant identified in this analysis may
coincide with an insulin resistance gene. Elevated plasma insulin levels, which directly

correlate with NKA rate have previously been implicated in the development of
hypertension (14). Genes that encode the sodium pump isoforms are therefore
reasonable candidate genes for the development of hypertension.
Under normal physiological conditions, the sodium pump is an oligomeric
protein that serves to translocate 3 sodium ions and 2 potassium ions in opposing
directions across the plasma membrane, with accompanying hydrolysis of a molecule
of ATP (12). It therefore provides the primary motive force for both an electrical and
chemical gradient across the cell membrane, which are of immense physiological
importance. The maintenance of the potential difference is required for subsequent
depolarization and generation of the action potential. The chemical gradient manifests
as low intracellular sodium and provides the means whereby secondary transport of
ions, electrolytes and solutes can occur in thermodynamically unfavorable directions.
Therefore, any alteration in the structure or regulation of NKA may be expected to
result in physiological changes.
The smallest functional unit of the sodium pump was, until recently, thought
to comprise a heterodimer vsdth a large alpha polypeptide (110 kD) and a smaller
glycosylated beta polypeptide (55 kD) (12, 19). However, recent evidence indicates
that the pump exists in the membrane in at least some cases as a heterotrimeric unit,
consisting of an alpha, beta and gamma subunit (22). All catalytic function is currently
ascribed to the alpha subunit, which contains the binding sites for ATP, cations and
cardiac glycoside pump inhibitors such as ouabain. It is phosphorylated and

undergoes ligand-dependent conformational change accompanying the binding and
subsequent translocation of cations across the plasma membrane. The function of the
beta subunit is presently unclear. It is postulated to play a role in membrane insertion
and stability, but may also be involved in modulating enzymatic activity of the mature
pump (20). The gamma subunit (previously termed the proteolipid component) is a
much smaller protein comprising 58 amino acids. It has long been identified in purified
enzyme preparations, and was previously thought to be a contaminant or degradative
product of the other subunits. However it is the product of a separate gene and has
recently been cloned and sequenced (22). There is evidence to suggest that it may
comprise part of the ouabain binding site (10, 25) and localization studies have
demonstrated its distribution to be widespread, including various regions of the
kidney (26).
Until relatively recently the sodium pump was thought to consist of a single
type of alpha and beta subunit. However, gene cloning studies have revealed that the
sodium pump has multiple isoforms (28). Four alpha, three beta and one gamma
isoform have been identified thus far. The alpha isoforms (termed alpha 1,2,3 and 4)
demonstrate different properties with respect to ionic activation and ouabain
sensitivity and show a highly specific tissue and developmental pattern of expression
(19). Sequence comparison has revealed that the alpha isoforms are likely to be the
product of an early gene tripling event (23,29) with strong phylogenetic conservation
of isoform specific regions. There is greater sequence homology of the individual

isoforms between birds and man than exists between isoforms within a particular
species. This evidence indicates sequence conservation of individual isoforms through
natural selection. Together with the data on their differential activation and inhibition,
this implies specific functional roles for each isoform.
The physiological rationale for multiple isoforms of NKA is not well
understood but three main advantages to the organism have been proposed (12).
Firstly, the existence of isoforms encoded by different genes allows independent
regulation of synthesis, degradation and cellular targeting either during development or
in response to specific physiological circumstances. Related to this is the opportunity
for their functional activity to be regulated independently, by cations, inhibitors such
as cardiac glycosides and through phosphorylation and dephosphorylation. Thirdly,
individual isoforms could have entirely specific functions. For instance, it has been
proposed that the alpha 1 isoform, which is ubiquitously expressed, constitutes the
housekeeping pump (maintains ionic homeostasis and provides ion-motive force for
translocation of various molecules by sodium-dependent mechanisms under normal
physiological conditions), while the discretely expressed alpha 2, 3 and 4 isoforms are
likely to facilitate specialized pump fimction. Alpha 2 may have evolved to facilitate
buffering of acute fluctuations in extracellular potassium (allowing muscle to function
as a "potassium-sink") (21) while alpha 3 has been suggested to constitute a highcapacity, low-affinity sodium pump which allows excitable tissues to respond to
acute high-sodium influx (12).

An organ of primary importance with respect to the regulation of the sodium
pump is the kidney. There is considerable evidence in both human and animal models
that the kidney plays a significant role in the development of hypertension.
Transplantation of a kidney from a mature spontaneously hypertensive rat (SHR)
into a control animal leads to the subsequent development of hypertension in that
animal (24). Prehypertensive SHR demonstrate enhanced retention of sodium and
water (4), a consequence of decreased glomerular filtration or increased sodium
reabsorption. The kidney is responsible for the control of body-fluid homeostasis. It
achieves this through the ordered expression of solute -specific channels and carriers
along the nephron which facilitate regulated reabsorption of filtered solutes. The most
significant filtration and selective reabsorption process is that of sodium ions, which
is directly dependent on the sodium pump. The sodium pump is localized to the
basolateral membrane of kidney epithelial cells facilitating maintenance of a
chemiosmotic gradient. This allows sodium to enter the apical side of the cells from
the tubule lumen by secondary transport mechanisms, thereby driving net sodium
reabsorption. The sodium gradient also provides the motive force for the reabsorption
and excretion of various other solutes by co- and countertransport mechanisms. One
way that the kidney may respond to a salt-load is by inhibiting the activity of the
sodium pump, thus resulting in natriuresis. This is an important homeostatic
mechanism and a decreased ability to adequately perform this function is likely to
play a role in hypertension pathophysiology, especially when considering the

elevated sodium consumption prevalent in Western diets. In the simplest scenario,
failure to excrete excess dietary sodium appropriately may result in fluid retention,
leading to increased blood pressure, cardiovascular overload and accompanying
hypertrophy, and ultimately to the development of hypertension. Genetic alterations
in membrane sodium handling may result in increased intracellular sodium levels in a
wide variety of cell types. Consequent alterations in fluid-balance and feedback
mechanisms may also contribute to the development of hypertension. It is reasonable
therefore to hypothesize that aspects of altered sodium pump function may
contribute to the development or maintenance of essential hypertension.
The kidney is a highly heterogeneous organ, whose basic functional unit, the
nephron, may itself be divided into a least 12 morphologically and functionally
distinct segments (5). Different segments participate to a differing degree in net
sodium reabsorption and in the transport processes to which the sodium pump is
coupled, therefore may be expected to exhibit distinct patterns of expression and
regulation of NKA. The proximal part of the nephron facilitates a bulk reabsorption
of sodium and water filtered by the glomerulus. The more distal regions of the
nephron participate in the fine-tuning of sodium homeostasis and are more dependent
on hormonal and neural controls. Alteration in sodium pump expression in a particular
nephron segment may therefore affect regulation of sodium balance and predispose to
the development of hypertension. Previous studies in SHR animals support this
rationale. Measurement of total NKA activity in nephron segments from
7

prehypertensive and aduh SHR have revealed alterations in discrete segments from
hypertensive animals when compared to Wistar Kyoto (WKY) controls (11). Garg
and Narang found NKA activity to be significantly higher in the proximal convoluted
tubule (PCT) and lower in the medullary thick ascending limb (MTAL) in 5 and 8
week old SHR than in WKY. This difference was absent m adult animals. In the distal
convoluted tubule (DCT) NKA activity was lower in 5-week old SHR and higher in
adult SHR than in age-matched controls. These alterations could result from subtle
changes in NKA regulation at a number of levels including transcriptional regulation,
pre-mRNA splicing, mRNA stability, translational regulation, post-translational
modification, assembly and stability, cellular trafficking, regulation by second
messenger systems and functional activation.
Considerable evidence exists to suggest alterations in the regulation of sodium
pump function in hypertensive rat kidneys when compared to normotensive controls.
The natriuretic and antinatriuretic actions of first messengers such as dopamine, atrial
natriuretic peptide, norepinephrine and angiotensin II are mediated in part through
direct actions on renal tubular NKA via an intracellular protein phosphorylation
cascade (2, 3, 15). Dopamine mediates natriuresis by binding Dl receptors and raising
cAMP levels, thereby activating PKA, while ANP induces a similar response through
cGMP and PKG. The activated kinases decrease NKA activity by two mechanisms;
first they directly phosphorylate NKA thereby inacfivafing it (7), secondly they act
through an indirect pathway involving the phosphorylation of DARPP-32, which
8

responds by potently inhibiting protein-phosphatase 1, preventing the
dephosphorylation and reactivation of NKA (1). Conversely, norepinephrine and
angiotensin II promote sodium retention by raising intracellular calcium thereby
activating Ca2+/calmodulin dependent phosphatase (calcineurin). This leads to both
direct dephosphorylation and reactivation of NKA (7) and dephosphorylation of
DARRP-32.
Regulation of NKA in the kidney has also been demonstrated to involve
dopamine-receptor activated stimulation of phospholipase C and PKC activity (6). In
the SHR, renal dopaminergic systems were found to be impaired, with increased NKA
activity in PCT and brush border membrane vesicles (9). This has been found to be
attributed to the reduced ability of SHR DAI receptors to stimulate adenylate cyclase
(16), the absence of effective DAl/G protein coupling in SHR compared to WKY (27)
and defective agonist binding domains on SHR DAI receptors (30). In addition, recent
evidence suggests that interactions between DAI and DA2 receptors may be involved
in the regulation of NKA in the kidney and that this cooperative interaction may be
lacking in SHR PCT membranes (31).
It is possible that a generalized genetic defect in sodium pump function and
regulation in prehypertensive SHR leads to enhanced sodium retention and
consequent alterations in sodium homeostasis, contributing to the development and
maintenance of hypertension in this model. The wealth of data suggesting a defect in
sodium pump regulation in SHR kidney provides a rationale for examining expression

patterns of the sodium pump alpha and gamma isoforms in a qualitative and
quantitative manner in rat nephron segments. The pattern of expression of the four
physiologically distinct sodium pump isoforms in the nephron remains to be clearly
defined. Even if the alpha 2 ,alpha 3 and alpha 4 isoforms are shown to be expressed
in the nephron, only through quantitative measurement can their expression be
assessed in terms of likely functional relevance. It is difficult to make meaningful
quantitative measurements of NKA at the functional membrane protein level in
microdissected nephron segments, due to limitations in the sensitivity and accuracy of
current techniques. My goals for these studies were firstly, to measure sodium pump
alpha isoform expression in whole kidney using a solution hybridization RNase
protection assay. Secondly, I aimed to develop and validate methodology that pairs
RT-PCR with a novel HPLC technique to make accurate, precise and absolute
measurements of NKA alpha and gamma isoform expression in RNA extracted from
microdissected nephron segments. My third aim was to utilize the technology to
develop a qualitative and quantitative map of NKA alpha and gamma isoform
expression along the length of normal rat nephron. By developing such a qualitative
and quantitative map , I hoped to obtain a clearer understanding of how sodium pump
expression relates to functional heterogeneity with respect to sodium reabsorption in
the kidney. Finally I aimed to test the hypothesis that alterations in NKA mRNA
levels are present in discrete nephron segments of both prehypertensive and adult
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SHR when compared with their WKY controls, thereby allowing us to assess whether
alterations in NKA expression accompany the perceived defects in sodium handling in
SHR kidneys.
This dissertation describes the completion of those aims. In Chapter II, the
quantification of NKA alpha isoform gene expression in tissues from adult SHR and
WKY rats is described, revealing a significant reduction in the expression of alpha 1
RNA in SHR kidney. Chapters III-VII describe various aspects of the development,
validation and utility of the RT-PCR/HPLC methodology. Chapter III outlines the
development and advantages of a competitive RT-PCR/HPLC system for the
quantitative analysis of gene expression. An emphasis is placed on the ability of the
HPLC technology to resolve heteroduplexes, permitting the system to meet
theoretical ideals. In Chapter IV, the development of the assay is extended to
demonstrate absolute quantification of gene expression in a single-tube reaction.
Estimates of accuracy and precision are provided, and the observation that reversetranscription efficiency differences between competitor and native sequences affects
quantification is made. In Chapter V an alternative application for the RT-PCR/HPLC
technology is evaluated. Specifically, competitive RT-PCR and HPLC analysis are
used to examine the relative quantification of splice variants in tissues from
hormonally manipulated animals. Chapter VI evaluates aspects of reversetranscription efficiency. The effects of predicted RNA secondary structure and
changing various experimental conditions on efficiency are explored. In Chapter VII
11

the use of the RT-PCR HPLC quantification system to make measurements of NKA
mRNA levels in microdissected nephrons is evaluated. The inclusion of an assay to
measure the expression of a housekeeping gene as a control for RNA extraction
efficiency is also described. Chapter VIII outlines the delineation of a qualitative and
quantitative map of NKA alpha and gamma isoform gene expression along the length
of Sprague Dawley rat nephrons. Finally, Chapter IX addresses the hypothesis that a
difference in NKA mRNA levels exists in microdissected nephrons from
prehypertensive and adult SHR rats when compared to WKY controls. It
demonstrates that there is a significant reduction in NKA alpha 1 mRNA abundance
in SHR proximal convoluted tubules.

12
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CHAPTER II
QUANTIFICATION OF ALPHA-NA, K-ATPASE ISOFORM GENE
EXPRESSION BY SOLUTION HYBRIDIZATION ASSAY IN
TISSUES FROM HYPERTENSIVE RATS

Abstract
The present paper describes the development and evaluation of a solution
hybridization assay for the measurement of gene expression of the alpha 1, alpha 2
and alpha 3 isoforms of rat sodium, potassium-ATPase (NKA). The cDNA's
(obtained from Dr. J. Lingrel) were subcloned into pGEM 4Z vector and amplified by
transformation of competent E. coli. The pGEM 4Z RNA polymerase promoter sites
(SP6 and T7) were used to synthesize sense and antisense RNA. Antisense RNA was
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synthesized in the presence of UT P and yielded riboprobes of high specific activity.
Known quantities of sense RNA were used to develop a standard curve in the
hybridization assays. Sensitivities of the three assays were approximately lOpg sense
RNA/tube. Total nucleic acid extracts were prepared from several tissues from adult
spontaneously hypertensive (SHR) and age and sex-matched (male) Wistar-Kyoto
(WKY) rats. We examined the expression of the three isoforms in brain tissue (basal
forebrain and brainstem), cardiac ventricle and atrium and kidney. In ventricle,
expression of alpha 1 was most abundant, but alpha 2 and alpha 3 expression was also
detected. In atrium, alpha 1 was again the most abundant and alpha 3 expression was
observed in some samples, but no alpha 2 expression could be shown. In brain stem
17

and basal forebrain expression of all three isoforms was readily demonstrable. In
kidney, alpha 1 was the predominant isoform expressed, but alpha 2 was also found
in all samples and alpha 3 was occasionally observed. These patterns of expression
are comparable to those which have been reported by others in studies of dot blot
density. Because the solution hybridization assay provides a direct quantitation of
gene expression in samples from individual animals rather than pooled RNA extracts,
we were able to statistically evaluate whether the presence of hypertension was
accompanied by alteration in gene expression. Across tissues, the pattern of gene
expression was similar in both strains. No significant differences were observed
between hypertensive and normotensive animals in ventricle, atrium, basal forebrain
or brainstem in any of the isoform genes expressed in these tissues. However, a
significant decrease in alpha 1 gene expression in SHR compared with WKY animals
was found in kidney. These results indicate that solution hybridization provides a
useful quantitative tool to examine NKA gene expression in tissues from individual
animals and demonstrate that established hypertension is associated with a selective
change in alpha 1 gene expression in the kidney of SHR.

Introduction
The development of tools for detecting expression of specific genes has
provided a mechanism for analyzing the tissue distribution of gene expression. With
appropriate quantitative tools, methods can also be employed to determine the
magnitude of gene expression in individual tissues, the variation in such expression
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between subjects and the relationship between changes in physiological variables, or
the existence of pathophysiological changes, and the magnitude of gene expression.
The genes encoding the proteins which make up the membrane-bound enzyme
sodium, potassium-ATPase (NKA) have been cloned. Genes for the three major
forms of the alpha subunit have been cloned (1,2) and three forms of the beta subunit
gene have been identified (3-5). Measurement of gene expression holds out the
possibility of a more selective description of the presence of different isoforms of the
gene in various tissues than is possible from studies using antisera raised against
preparations of protein corresponding to each of the subunits where antiserum crossreactivity can be a limitation. However, the relationship between gene expression and
biologically active enzyme isoform concentration in a given cell or tissue is subject to
translational, assembly and insertional effects as these genes encode their specific
proteins, as the subunits assemble and as the assembled subunits are inserted into the
cell membrane. Notwithstanding these limitations, quantitative measurement of gene
expression provides a tool which may be productive in advancing understanding of the
biology of NKA. The biological relevance of the existence of isoforms of NKA
subunits is not presently clear (6). This laboratory is interested in the role of cellular
electrolyte homeostasis in the processes leading to the production of hypertension
and in the effects of elevated blood pressure on cellular electrolyte balance. Given the
central role of NKA in cellular electrolyte movement, studies directed at evaluating the
expression of the genes of this enzyme have value because physiological and
pathophysiological changes which may be caused by or influence cellular electrolyte

19

balance may reasonably be expected to be accompanied by qualitative and quantitative
changes in expression of genes of the NKA family. While information on the enzyme
protein levels present and the activity of the enzyme is desirable, the value of
measurements of gene expression is amplified if such measurements are accurately
quantitative and if they can be made in tissue samples from individual animals. The
present studies describe the development of quantitative solution hybridization
assays for the measurement of alpha 1, alpha 2, and alpha 3 subunit mRNA's in rat
tissues and the evaluation of the suitability of this approach for studies examining the
influence of changes in arterial blood pressure on the expression of these genes.

Methods
Animals
Animals used in this study were 6 fourteen week-old male spontaneously
hypertensive (SHR) rats (300g) and 6 age and sex-matched Wistar-Kyoto (WKY) rats
(all obtained from Harlan, Indianapolis, Ind.)
All animals were first anesthetized with sodium pentobarbital (40-50 mg/kg
IP). Indirect arterial blood pressure was measured in anesthetized rats in order to
ascertain that animals had not been mis-identified. Arterial blood pressures could be
measured in both animals without pre-heating, presumably due to the strong
cutaneous vasodilatory properties of pentobarbital. SHR's had significantly higher
blood pressures than WKY's, though in both strains pentobarbital anesthesia was
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accompanied by lowered blood pressures. After blood pressure measurements, the
animals were killed by decapitation, tissues were rapidly collected by dissection and
flash frozen in liquid nitrogen.

Sample preparation
Total nucleic acid content was extracted from tissue samples by the method of
Dumam and Palmiter (7). Frozen samples were thawed and homogenized in SDSEDTA-Hepes buffer (SEH) and digested with protease K. After digestion, total
nucleic acids were extracted in phenol/chloroform and precipitated in ethanol. After
centrifiigation the pellets were dried in a vacuum and reconstituted in 0.2 x SEH. They
were stored frozen until use. Extracts were evaluated for purity by measurement of
260/280 nm absorbance ratio and DNA content of the samples was estimated by
fluorescence in the presence of Hoechst 33258 dye using salmon testis DNA as a
standard.

Solution hybridization
Dr. J. Lingrel kindly provided the partial rat alpha subunit cDNA's. They
were obtained in pUC 18 vectors from which they were removed by double digestion.
The insert cDNA's were separated from vector DNA by gel electrophoresis and were
ligated into pGEM 4Z (Promega). Competent E. Coli were transformed with pGEM
4Z vector containing the insert and grown in selective medium. The vector was
amplified from a single colony derived from the transformed E. coli. Plasmid was
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recovered by standard methods. Recovered plasmid was evaluated by double digestion
and gel electrophoresis. Migration of vector and inserts were compared with migration
of a DNA ladder and integrity of the insert was validated in this manner. Integrity was
also assessed by identification of restriction sites in the cDNA's and digestion
followed by electrophoresis of the products.
Solution hybridization assays utilized sense RNA's synthesized from their
respective cDNA's by means of the RNA polymerase promoters in pGEM 4Z. The
RNA's produced were measured by spectrophotometry and 260/280nm ratios were
calculated to ascertain product purity. Serial dilutions of 1250pg to 2.5pg of sense
RNA in a volume of lOp.1 were used to generate a standard curve. Antisense RNA
(riboprobe) was synthesized by RNA polymerase in the presence of UT^^P.
Riboprobes were purified through P-30 Biogel spun columns. Approximately
lOOOOcpm riboprobe was added to each assay tube. Samples and standards were
routinely performed in duplicate. Hybridization was performed for 24 hr at 70°C in
the presence of 40% formamide. Unhybridized RNA was digested with RNase A and
RNase TI and the hybridized material was collected by filtration and counted by
liquid scintillation. The standard curve was fitted to a four parameter logistic model
using a least squares best fit method and unknowns were calculated from the equation
of the standard curve. All measurements of gene expression were divided by the
amount of DNA present in the TNA sample used in hybridization so that the final
measurement reflected gene expression for a uniform amount of DNA and therefore,
assuming equal distribution of cells in the cell cycle, for a uniform cell number. Cross-
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hybridization between the alpha isoforms was assessed by comparing the ability of
sense RNA's of alpha I, alpha 2 and alpha 3 to hybridize to antisense probes of alpha
1, alpha 2 and alpha 3. Doses of sense RNA's tested for cross-hybridization ranged
from 2.5 - 2500pg.
Data analysis was performed using the Statview II program (Abacus Software)
to generate means and standard errors and to perform t tests comparing SHR values to
WKY. For the purpose of statistical analysis, samples which had undetectable levels
of expression were computed as zero values.

Results
Figure 2.1 demonstrates that no cross-hybridization between isoforms was
observed over the range of doses tested. Since this range includes the actual levels of
gene expression of each of the isoforms present in the tissue samples it is apparent
that the solution hybridization assays gave specific measurements of each isoform.
Reliability of measurement as determined by coefficient of variation of the same
sample measured repeatedly in each of the assays was also good. Coefficient of
variation within the alpha 1 assay was 11.6%, alpha 2 was 10.2% and alpha 3 was
10.1%. Coefficients of determination (CD) were calculated for each assay to evaluate
what proportion of the binding of specific riboprobe was accounted for by the dose of
specific sense RNA present. For the alpha 1 assay, CD was 96.7%, for alpha 2 CD
was 95.6% and for alpha 3 CD was 97.3%. The use of a four parameter logistic model
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to fit the standard curve data gave regression coefficients between 1.0 and 0.95 in all
assays, indicating excellent approximation of the actual data to the model.
Expression of the alpha 1 isoform in ventricle was the most abundant in both
strains of rats. However, animals of both strains also appeared to express alpha 2. In
some animals, alpha 3 expression could also be detected in ventricle (Figure 2.2). No
difference between SHR and WKY in the amount of expression of alpha 1, alpha 2 or
alpha 3 could be shown. Isoform expression in atrium was similar to ventricle with
one major exception: alpha 2 expression could not be detected in any animal of either
strain (Figure 2.3).
Both brain regions studied showed abundant expression of alpha 1, alpha 2
and alpha 3. The expression of all three isoforms in nervous tissue has been
previously described. No significant difference in expression across the two strains
could be demonstrated (Figures 2.4 and 2.5). In kidney alpha 1 and alpha 2 expression
could be routinely observed. Expression of alpha 1 was by far the most abundant but
was significantly reduced (p<0.008, t test) in SHR compared to WKY rats. No
significant difference in alpha 2 expression was found. In some animals of both strains
a low level of alpha 3 expression was observed (Figure 2.6).

Discussion
Three isoforms of the alpha subunit of Na, K-ATPase have been revealed as
the result of cloning of the alpha subunit gene (1,2). The three isoforms are
differentially distributed across tissues and organs (8,9). There may be functional
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specialization of enzyme activity which is reflected in the presence of three isoforms.
For example, the alpha 1 isoform has lower affinity for binding ouabain (6). Solution
hybridization is well suited to the quantification of alpha subunit gene expression in
various tissues from the rat. Using this technique it was possible to quantify gene
expression in single tissue samples from individual animals and measure duplicate
samples from individual members of each study group in a single assay. Use of the
polymerase chain reaction (PCR) for demonstrating the expression of mRNA's has
been increasing. This technique is particularly useful for studying genes with low
levels of expression because of the amplification provided by the PCR reaction.
However, PCR does not provide the direct quantification of gene expression
obtainable with the solution hybridization technique. Efforts to make the PCR
technique more reliable as a quantitative approach have lead to the use of deletion
mutants acting as standardizing controls added to each PCR reaction and while this
has improved the reliability of quantitation by this technique, it does not readily allow
direct comparison of gene expression across a wide range of tissues harvested and
measured individually from each member of a group of subjects. Furthermore, the use
of specific hybridization to provide RNAse protection in solution hybridization
increases the selectivity of the assay.
The pattern of expression of the alpha 1, alpha 2 and alpha 3 isoform genes in
various tissues was similar to that which has been reported in studies in other
laboratories which have used indirect quantification of gene expression (e.g. slot-blot.
Northern blot) (8,9). Brain tissue expressed all three isoforms, kidney expressed
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predominantly the alpha 1 isoform while ventricle expressed predominantly alpha 1
with some expression of alpha 2 and alpha 3. Farman and colleagues have studied
alpha isoform expression in rat kidney using in situ hybridization and have shown
that alpha 1 predominates (10). Some alpha 2 expression was detected, but no distinct
pattern of anatomical localization of the alpha 2 isoform expression in kidney tissue
was observed, implying that this isoform does not serve a specific function over a
restricted part of the nephron.
The present data indicates that there are no differences in the levels of alpha
isoform gene expression in atria, ventricles, brainstem and basal forebrain of mature
spontaneously hypertensive rats compared to normotensive Wistar-Kyoto controls.
However, a significantly higher level of alpha 1 gene expression was detected in the
kidney of Wistar-Kyoto rats compared to spontaneously hypertensive rats. Several
other reports on amount of NKA activity or density of ouabain binding sites have
been reported in SHR's. The data concerning NKA in myocardium is contradictory
and may reflect the techniques applied to assess NKA and developmental changes.
Godfraind and Noel observed increased activity of NKA in myocardium in 7 week old
SHR compared with WKY (11). In 3 week old SHR rats David-Dufilho and colleagues
found that NKA activity was double that in myocardial membrane preparations from
WKY and a greater number of ouabain binding sites were also present in SHR cardiac
sarcolemmal membranes (12). Chen and Lin-Shiau observed that NKA activity and
ouabain binding in 6 and 14 week old SHR was less than m WKY(13) and Sowers and
colleagues also report lower NKA activity in myocardium from 12 week old animals,
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but not at 6 or 9 weeks of age (14). In studies of gene expression using Northern blot
analysis, Tsuruya and colleagues found that gene expression for the alpha 1 and alpha
2 isoforms of NKA in heart were increased 4 and 8 times in 4 week old SHR
compared to WKY, though by 8 weeks, alpha 1 levels were equivalent across the two
strains and by 16 weeks, no differences were apparent in alpha 2 expression (15). Our
own animals were studied after the period when hypertension had become established
and our fmdings appear to reinforce the indirectly quantitative observations of
Tsuruya and colleagues indicating that the presence of established hypertension in
SHR does not result in a sustained pattern of alteration in alpha isoform gene
expression in SHR. Clough and colleagues also report that in 36-38 week old SHR
there is no alteration in NKA activity in myocardium (16).
Our finding that gene expression in the kidney, in contrast to myocardium,
was consistently inhibited in hypertensive animals shares support from other
investigations. Postoov and co-workers have reported that NKA activity is lower in
SHR between ages 16-29 weeks than in WKY (17). Another report indicates that
kidney NKA activity is decreased in 9 and 12 week old SHR kidney tissue (14). Chen
and Lin-Shiau report reduction in renal NKA activity detectable in pre-hypertensive 6
week old animals (13). However, studies of segments of isolated renal mbules indicate
that either increased or decreased NKA activity can be detected in SHR nephrons
depending on which region of the nephron is examined (18,19). There do not appear
to have been any prior reports of the expression of NKA genes in kidney from SHR
and none of the reports published which have studied gene expression in other tissues
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has employed the directly quantitative approach permitted by our solution
hybridization technique. Our finding of reduced alpha 1 gene expression supports the
above reports of inhibition of NKA function in SHR. These initial findings in mature
animals suggest that a further exploration of alterations in NKA gene expression
during the development phase of hypertension in these animals is warranted. While
the present experiments are not able to distinguish changes in NKA gene expression in
SHR as cause or effect of hypertension, studies of gene expression during the
development of high blood pressure may help clarify this question.
Our observation that alpha 2 expression is readily detectable in nucleic acid
preparations from the kidney reflects the increased sensitivity of our RNAase
protection method. Studies of the cross-hybridization between alpha 2 specific probe
and synthetic sense alpha 1 RNA indicate a very low rate of cross-hybridization
which cannot account for the alpha 2 material detected in kidney in this study. The
presence of some alpha 2 or alpha 3 expression in kidney has been assumed from
studies which show a distinct gradient of ouabain sensitivity from the glomerulus to
collecting duct (20, 21). Since alpha 1 is highly ouabain resistant, particularly in the
rat, the presence of a differential of ouabain sensitivity has been presumed to reflect
the presence of at least two ouabain binding affinities in the nephron. Our report
provides a basis for this phenomenon because the alpha 2 isoform is much more
susceptible to ouabain inhibition than the more abundant alpha 1 isoform.
In summary, the use of solution hybridization in an RNAase protection assay
with sense RNA standards provides a highly sensitive quantitative approach to
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examining the expression of NKA genes in rat tissues from individual animals. Our
application of this technique to WKY and SHR rats reveals a tissue specific pattern of
isoform expression which is similar to that reported by others. Comparison of the
level of expression across the two strains indicates that gene expression is largely
unaffected in the presence of established hypertension. An exception is our
observation that alpha 1 expression in the kidneys of SHR is significantiy reduced
compared to WKY. Furthermore, alpha 2 gene expression was routinely detectable
using this method. If this gene transcript is translated into functional NKA protein
this may account for the ouabain sensitivity of the rat nephron.
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Alpha 2 - Alpha 3 cross-hybridization

Alpha 1 - Alpha 2, Alpha 3 cross-hybridization
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Figure 2.1. Hybridization of ^^P-labelled riboprobes to homologous and heterologous
alpha isoforms of NKA. The absence of hybridization by increasing doses of standard
preparations of sense alpha 2 and alpha 3 mRNA to alpha 1 probe (left panel) and of
hybridization of alpha 3 sense mRNA to alpha 2 probe is shown in the two graphs
along with hybridization of sense alpha 1 mRNA and alpha 2 mRNA respectively.
Note that the ordinate is logarithmic, indicating the wide range of doses evaluated.
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Figure 2.2. Expression of alpha isoform genes of sodium, potassium-ATPase (NKA)
in ventricles of adult male spontaneously hypertensive rats (solid bars) and age and
sex-matched Wistar-Kyoto rats (stippled bars) determined by solution hybridization.
Total nucleic acid (TNA) content of tissues was extracted and used in solution
hybridization. The units of gene expression are pg and were determined by
comparison to a standard curve containing serial dilutions of sense RNA standard for
each isoform. Gene expression is reported per microgram of DNA in the TNA extract.
Values are mean ± SEM and the fractions below each column indicate the ratio of
samples containing detectable gene expression to the number of samples assayed.
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Figure 2.3. Expression of alpha isoform genes of sodium, potassium-ATPase (NKA)
in atria of adult male spontaneously hypertensive rats (solid bars) and age and sexmatched Wistar-Kyoto rats (stippled bars) determined by solution hybridization.
Other conditions were as described in methods and summarized in legend to Figure
2.2.
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Figure 2.4. Expression of alpha isoform genes of sodium, potassium-ATPase (NKA)
in basal forebrain of adult male spontaneously hypertensive rats (solid bars) and age
and sex-matched Wistar-Kyoto rats (stippled bars) determined by solution
hybridization. Other conditions were as described in methods and summarized in
legend to Figure 2.2.
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Figure 2.5. Expression of alpha isoform genes of sodium, potassium-ATPase (NKA)
in brain stem of adult male spontaneously hypertensive rats (solid bars) and age and
sex-matched Wistar-Kyoto rats (stippled bars) determined by solution hybridization.
Other conditions were as described in methods and summarized in legend to Figure
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Figure 2.6. Expression of alpha isoform genes of sodium, potassium-ATPase (NKA)
in kidneys of adult male spontaneously hypertensive rats (solid bars) and age and sexmatched Wistar-Kyoto rats (stippled bars) determined by solution hybridization. A
significantly increased level of alpha 1 gene expression was found in the alpha 1
isoform of WKY rats compared to SHR's. Other conditions were as described in
methods and summarized in legend to Figure 2.2.
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CHAPTER III
RAPID QUANTIFICATION OF GENE EXPRESSION BY COMPETITIVE
RT-PCR AND ION-PAIR REVERSED-PHASE HPLC

Abstract
Competitive RT-PCR techniques for quantification of gene expression employ
titrations in which the products of multiple PCR reactions must be separated,
analyzed and quantified in order to compute gene expression in a single sample. We
have employed a novel ion-pair reversed-phase HPLC (IP-RP-HPLC) system to
analyze and quantify RT-PCR reactions performed with mutant RNA internal
standards. PCR products could be separated and quantified in 6 minutes per reaction
using the absorbance signal from an on-line UV detector. Crude PCR products can be
analyzed without further processing and without the addition of radioactive or
fluorescent markers to reactions. Analysis of titration regression and slope values
approached mathematical ideals indicating that amplification of native and competitor
RNA occurred with equal efficiency. Further, serial dilution of input RNA over three
orders of magnitude did not affect the calculated level of gene expression nor the slope
of the titration. IP-RP-HPLC appears to offer important advantages to quantitative
measurements of gene expression. These include: rapid sample analysis and column
re-equilibration; reduced sample handling and opportunity for introduction of
quantification error; avoidance of fluorescent or radioactive tracers; high detector
sensitivity and linearity; and excellent quantitative reliability.
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Introduction
The polymerase chain reaction, in conjunction with reverse transcriptase, has
provided a convenient and highly sensitive method for examining gene expression. In
many settings, accurate quantitative information concerning the level of gene
expression is desirable (7, 15, 22). Modifications of the RT-PCR method to
accomplish this goal have been introduced. Becker-Andre and Hahlbrock were the first
to propose the use of competition assays employing a competitor mutant RNA of the
gene of interest (1). In this system, the RNA homolog shares the same sequence
which is recognized by the reaction primers, but is modified either to alter the
existence of a restriction site or to alter the length of the sequence intervening between
the primer binding sites. Mutant internal standard RNA is added in a range of known
quantities to multiple reactions each containing uniform amounts of the RNA
preparation to be quantified. Gene expression is estimated by observing the relative
amount of native and homolog products resulting from RT-PCR. Numerous
applications of this approach in varying modifications have now been published (6,
23).
As this technique gains wider application, there is a growing need to develop
methods which provide accurate quantitative analysis of competitive RT-PCR
reactions, but which limit the labor intensive analysis of the products of multiple
titration assays. Current methods employed to quantify the products of competitive
RT-PCR reactions center on gel electrophoresis, though some exceptions exist (12).
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After separation of the reaction products, quantification is based on the use of
radiolabelled or fluorescent PCR components. Reaction products have been measured
by excising the bands and counting the radioactivity contained in them (15) or
performing phosphorimager analysis of the resolved products (5). Some groups have
hybridized labeled DNA probes to blots made from gels resolving PCR products (1),
while others have employed fluorescent primers in the PCR and measured
fluorescence of the resulting bands (14). Each of these approaches suffers the
disadvantage that two steps are necessary to measure the reaction products. Each can
be time consuming and each introduces the possibility of errors which may impair
accuracy. The ideal approach would reduce post-reaction analysis to a single step,
eliminate the time consuming activities of gel preparation, loading, running and
analysis, eliminate the need to use radioactive components, lend itself to convenient
automation and produce accurate and reproducible measurements of gene expression.
Several reports have appeared of the application of HPLC to the analysis of
PCR reaction products. These reports have employed non-porous resin-based, anionexchange column packings which have been adapted for rapid analysis, but require reequilibration intervals between runs (3,4, 13, 24). Recently, IP-RP-HPLC on
alkylated nonporous poly(styrene-divinylbenzene) particles has been shown to be
well suited to rapid, automated quantitative analysis of double stranded DNA
(dsDNA) fragments in the pico- to femtomole range by on-line UV absorbance (9) or
fluorescence (16) detection respectively, with calibration curves exhibiting linearity
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over three orders of magnitude. Building on these features, as well as on the sizedependence of elution (10), the applicability of IP-RP-HPLC to the quantitation of
competitive RT-PCR products is demonstrated.

Materials and Methods
Production of competitive mutant RNA
Rat sodium, potassium-ATPase alpha 1 isoform (NKAal) cDNA was
generously provided by Dr. Jerry Lingrel. The partial cDNA was provided in a
pUC18 construct. It was removedfi-omthis construct by digestion with EcoRI and
Hindlll. The NKAal partial cDNA was isolated by agarose gel electrophoresis of the
restriction digest products, cut from the agarose gel and ligated into the multiple
cloning site of pGEM4Z (Promega, Madison, WI).
Rat angiotensinogen cDNA (gift of Dr. Kevin Lynch) was digested with
PpuMl, the resulting fragments were separated by agarose slab gel electrophoresis
and the 145bp fragment was excised. The pGEM4Z construct was digested with
PpuMl and the 145bp angiotensinogen cDNAfi-agmentwas ligated to produce a
construct in which the NKAal cDNA was interrupted by the presence of 145bp of
angiotensinogen cDNA. Synthetic RNA (541 bases) was synthesized from the T7
polymerase promoter (Novagen T7 kit, Novagen, Madison, WI) contained in this
construct after digestion with EcoRI. Synthetic sense RNA was recovered by
isopropanol precipitation at room temperature, washed and quantified by
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spectrophotometry. The recovered RNA was checked for purity and quality on a
denaturing agarose (Metaphor, FMC, Rockland, ME) gel and stored at -70°C in
DEPC-treated water.

Primer design
We employed the Primer 0.5 program generously provided by the Lander lab,
Whitehead Institute for Biomedical Research, MIT to design primers for PCR
amplification. The primers selected were designed to avoid dimerization and to span
an intron so as to distinguish amplification of cDNA from any genomic DNA
contaminating samples. The forward primer sequence was an 18mer:
5'-CCCTAGTTCCCGCCTCTC, the reverse primer was a 21mer: 5'TGGTCGTCCATAGACACTTCC. These primers yield PCR products of 245 bp
(native) and 390 bp (insertion mutant). Primers were synthesized by the TTU
Biotechnology Core Facility and were checked for homogeneity by HPLC.

RNA preparation
Total RNA was prepared from whole rat blood by addition of 100-200|i.l of
blood to 800^1 RNAzol B (Biotecx Industries, Houston, TX). After extraction by the
manufacturer's recommended procedure the integrity of the RNA was checked by
denaturing gel electrophoresis, dissolved in DEPC treated water, quantitated by
spectrophotometry, and the remaining RNA was stored frozen at -70°C.
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PCR conditions
Competitor mutant RNA was diluted in a solution of 20)Lig/ml yeast total
RNA from a working stock solution of competitor RNA (100ng/|il). Yeast total RNA
was added as carrier to reduce non-specific binding of mutant RNA to the dilution
tubes. The range of dilutions of competitor which were added to the reverse
transcription reactions was 1, 5, 10, 20, 50 and 100 fg/jil. One microliter of these
dilutions was added to approximately 0.1|Lig of blood total RNA. The mixture was
reverse transcribed in a lOp.1 reaction volume using MMLV reverse transcriptase and
random hexamer primers (Perkin-Elmer, Norwalk, CT) The RT reaction was
performed at 42°C for 25 minutes followed by 5 minutes at 99°C then cooled rapidly
to 5°C. The RT reaction was overlaid with Chill-out wax (MJ Research, Watertown,
MA) and incubations were performed in 200|il tubes in a Peltier effect thermal cycler
(Minicycler, MJ Research).
PCR reactions were initiated by addition of 40|il of PCR mastermix containing
AmpliTaq DNA polymerase (Perkin-Elmer, Norwalk, CT) at a final concentration of
lU/50jLil and 0.3jiM NKAal forward and reverse primers. The reaction cycle
sequence comprised 2 minutes at 95°C, followed by 36 cycles comprising 45 seconds
at 94°C, 45 seconds at 56°C and one minute at 72°C with a final extension for 5
minutes at 72°C. Samples were then rapidly cooled and held at 0°C before removal for
storage at -20°C.
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IP-RP-HPLC of PCR products
The HPLC system comprised binary Rainin Rabbit HPLC pumps, MacRabbit
system controller software, a 1.2ml volume dynamic solvent mixer, column oven
(50°C), LDC-Milton Roy Spectromonitor 3000 variable wavelength UV detector set
at 256nm (all obtained from Rainin, Wobum, MA), pre-column filter (0.5 micron
PEEK, Upchurch Scienfific, Oak Harbor, WA) and a Hewlett-Packard 3390A
calculating integrator (Hewlett-Packard, Kennett Square, PA). Solvent A was O.IM
triethylammonium acetate (TEAA), pH 7.0, and solvent B was 25% acetonitrile in
O.IM TEAA, pH 7.0. A gradient profile was used for elution starting with 39%
solvent B increasing linearly to 60% solvent B over 3 minutes followed by a linear
increase to 67% B over 4 minutes. The profile was completed by a further linear
gradient to 85% solvent B over 1 minute, 1 minute further at 85% B and then a return
to starting conditions over a further 1 minute. This gradient can be modified for
products of specific known sizes to reduce elution time, but retain separation of
products. Flow rate was 1 ml/minute.
The column used for analysis (50mm x 4.6 mm 1. D., Sarasep, Santa Clara,
CA) was packed with nonporous alkylated poly(styrene-divinylbenzene) particles
prepared according to previously published protocols (2). Sample injection volume
was lOp-l. All samples were injected without further processing.
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Results
Nonporous alkylated poly(styrene-divinylbenzene) packing materials are very
well suited to analysis of dsDNA molecules. Rapid separation and high resolution of
analytes was obtained. Further information on system optimization and size
dependence of elution times is provided elsewhere (10, 11, 16).
The competitive PCR products have been resolved by agarose gel
electrophoresis and show the separation of increasing amounts of competitor product
as the amount of competitor input is increased (Figure 3.1). Corresponding to the
increase in competitor product, the native product is reduced. Accurate quantification
of the amounts of these products is necessary to use this titration to calculate the
amount of native NKAal RNA in the sample.
Figure 3.2 shows chromatograms obtained from PCR reactions whose
products were previously resolved (Figure 3.1) by agarose electrophoresis. The
chromatograms indicate clear separation of reaction products. Increases in the ratio of
competitor to native products are reflected in the chromatograms and can be readily
quantified by on-line integration of the area of peaks detected in the absorbance signal
(256nm) from a UV detector attached to the column outlet.
Competitive RT-PCR using homologous RNA standards may lead to the
production of heteroduplexes formed between native and mutant products which
share sequences which are partially complementary (8). Methods to separate and
analyze products of these reactions must take into consideration the possibility of
heteroduplex formation and accoimt for such products in the subsequent calculations.
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We noted that some reactions produced an additional product peak in our
chromatograms. To determine the likelihood that this product reflected heteroduplex
formation we digested reactions with SI nuclease. When the additional reaction
product was present, SI nuclease treatment resulted in its selective removal. This
fmding is compatible with a heteroduplex in which SI nuclease digests the singlestranded loop formed by the unmatched competitor insert and subsequently digests
the remaining nicked double-stranded product.
To confirm the identity of the third peak, native and competitor RNA were
reverse transcribed and amplified in separate reactions and then mixed together. IPRP-HPLC analysis of this mixture revealed only two peaks (Figure 3.3). Heating the
mixture to 97°C for 3 minutes and cooling to 4°C led to the appearance of a new
product. The retention time of the third product corresponded to that of the
unaccounted peak in the chromatograms of the initial set of RT-PCR reactions (Figure
3.2). There was a concomitant decrease in the peak area of the native and competitor
products. Further studies indicated that the amount of the heteroduplex formed was
influenced by the rate of cooling from 96°C. Similarly, reduction in salt concentration
reduced the amount of heteroduplex formed, but did not prevent its formation.
The presence of heteroduplex formation is a consequence of similarity
between the competitor and native products. However, such similarity is essential for
the efficiency of amplification of native and competitor products to be equal.
Amplification in PCR of both products by the same primers and with identical
efficiency is a requirement to meet the mathematical constraints of absolute
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quantification of gene expression (18). Quantification was performed by calculating
the log of the ratio of native to competitor products in reactions which varied in initial
amount of competitor. A plot of log ratio of products against the log of the initial
amount of the competitor should generate a straight line with a slope of 1. We
calculated the slope and regression coefficients resuhing from quantitative titrations of
NKAal isoform message from RNA extracted from whole blood. Blood was chosen to
examine the robustness of the system because of the low levels of expression which is
limited to nucleated cells. We obtained a mean (± SEM) coefficient of determination
(R2) of 0.986 ± 0.007 and a slope value of 0.88 ± 0.023 (n=5). Figure 3.4 shows a plot
of the relationship between ratio of reaction products and the amount of competitor
added per reaction in one randomly selected titration.
We have also examined the effect of altering the amount of native RNA input
on the calculated level of gene expression. This was performed using RNA from tissue
with abimdant NKAal expression (brain). Titrations against competitor were
performed at three starting levels of native RNA obtained by two serial ten-fold
dilutions. Figure 3.5 shows the regression plots obtained at each of these input levels.
The calculated amounts of gene expression determined (at each dilution) were
37.5pg/|Lig brain RNA (0.25^g brain RNA/reaction), 39.2pg/^g brain RNA (0.025|ig
RNA), 33.9pg/|Lig brain RNA (0.0025!ig RNA) respectively.
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Discussion
Competitive titration assays for the quantification of gene expression by RTPCR result in the generation of multiple samples because of the necessity to examine
the amplification of native mRNA at several levels of competitor RNA input.
Traditional methods for the analysis of these samples have emphasized slab gel
electrophoresis which requires the preparation, loading, running and subsequent
analysis of gels. This task is labor intensive and time consuming. Additionally, it
introduces new opportunities to enter error into a quantitative system. Further, in
order to detect reaction products, DNA must be stained with potentially toxic dyes or
reaction products must be labeled or hybridized to labels so as to visualize them by
fluorescence, electrochemiluminescence, autoradiography or phosphorimaging. HPLC
approaches offer the possibility to avoid these time and labor intensive activities and
also to improve accuracy of quantification by reduction of sample handling. In the
system reported in the present study, PCR products can be analyzed directly by IPRP-HPLC without further sample handling. Quantification of reaction products by
on-line UV absorbance detection provides accurate information concerning the amoimt
of reaction products present in each peak. Our analyses typically employ only 10)il
of a 50|LL1 reacfion volume, permitting replication of analysis. HPLC equipment to
perform these analyses is far more cost effective than fluorescence or isotopic
detection and quantitation systems now available for gel analysis. Reduction in the
overall dead volume of the HPLC and optimization of the elution profile for products
within a defined size range will permit the analysis of up to 30 samples per hour with
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little operator involvement beyond loading samples into an autosampler tray (9). This
effectively minimizes an inherent limitation of HPLC, which is the necessity of
sequential sample analysis.
Sensitivity of the system is illustrated by the ability to quantify expression in
small volumes of whole blood in which input abundance is low (Figure 3.4). We have
not attempted to quantitate very low abundance inputs because as input copy number
declines, the biological relevance of differences between samples is progressively
reduced. The quantification of gene expression in dissected renal tissue employed total
RNA extracted from 0.5mm of isolated nephron tissue in each reaction (Figures 3.2
and 3.3). This indicates the suitability of the method to determine quantitative
expression differences using RNA from very small tissue samples.
Additional advantages emerge from the application of this system to
competitive RT-PCR reactions which employ partially homologous intemal
competitor RNA. Partially homologous competitors are selected for RT-PCR
quantification because they can be amplified by the same primers which amplify the
native gene product. However, the similarity between competitor and native
sequences can result in products which have potential for heteroduplex formation (8).
This occurrence has been considered a disadvantage to the accuracy of the quantitation
system, however, this exists only when the analytical method fails to accurately
detect and quantify heteroduplexes.
The potential for heteroduplex formation leads to a design decision whether to
generate competitor RNA which differs in size from the native signal or which differs
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in the presence of a selected restriction site, but not in size. \V'e have chosen to
generate size variation because restriction mutants require an additional step in PCR
product analysis. Furthermore, restriction enzymes are unable to digest
heteroduplexes which contain recognition sequence for the restriction enzyme on only
one strand. Such undigested material would not be distinguishable based on size and
would therefore be mistakenly added to the balance of the undigested reaction product
used to calculate the fmal product ratio. This problem may be reduced if
heteroduplexes form with almost the same efficiency as homoduplexes in such
systems. In such a system, De Kant and colleagues have shown that analysis of only
the digested homoduplex product can yield reliable quantification of PCR inputs if
appropriate mathematical analysis of the proportion of digestible products is
performed (4). In such a system, it is also necessary to verifv' that restriction
digestion is complete for each batch of samples.
Our experience with heteroduplex formation in the present study indicates
that heteroduplexes readily formed even though our reaction products differed in size
by 145 bp and shared only 63% homology. Formation of heteroduplexes was
apparent through the appearance of an additional reaction product in IP-RP-HPLC
chromatograms. This product eluted with a retention time less than the 245 bp
homoduplex native product. Since retention behavior is determined by the ability of
dsDNA to bind the ion-pair reagent, such retention is consistent with a product
containing somewhat less dsDNA than the native 245 bp product. Formation of a
heteroduplex between a 390 bp competitor strand and the 245 bp nafive strand
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permits matching of a maximum of 245 bp with a reduction in total base pairing
around the location of the unmatched strand. The migration of such a heteroduplex
under non-denaturing gel electrophoresis conditions is unpredictable due to the effect
on mobility of the flexible single-stranded portion of the duplex and quantification of
heteroduplex using dye staining of the products appears to be unrehable (20). We
confumed the identity of our heteroduplex by experiments involving melting and reannealing of a mixture of pure homoduplexes of both the native and competitor
products. Heteroduplexes were more rapidly digested by SI nuclease than
homoduplexes and extensive alterations in primer concentrations failed to affect
heteroduplex formation (data not shown). Comparison of Figure 3.1 and 3.2 indicate
that heteroduplexes are not readily identifiable when PCR products are analyzed by
agarose (Metaphor) gel electrophoresis.
The importance of analysis of heteroduplex formation to the quantitative
accuracy of competitive RT-PCR cannot be overemphasized. Titrations are calculated
from the ratio of reaction products. Since heteroduplexes subtract equimolarly from
both homoduplex reaction products, the only circumstance when their formation will
not change the ratio of homoduplex products is when the ratio is unity. By
determining the amount of heteroduplex present in a reaction and re-allocating each of
its components back to the corresponding homoduplex, the error generated by
heteroduplex formation is corrected. Thus, our experiments reveal the ease with which
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heteroduplexes can form even when native and competitor sequences have relati\el>
low homology. However, they also reveal the utility of IP-RP-HPLC analysis for the
detection of and correction for these products.
Raeymaekers has analyzed some of the mathematical considerations
concerning competitive mutant RT-PCR (18). He has emphasized that such reactions
generate log-log plots of product ratio against initial amount of competitor which
should form a straight line with a slope of unit\'. As demonstrated by the data
obtained in Figures 3.4 and 3.5, our reactions meet linearity requirements almost
ideally. Furthermore, the slopes generated by these reactions are consistently close to
unity. This appears to be an important advantage of IP-RP-HPLC quantification
compared to other methods which have generated slope values greatly different from
unity (8, 17, 19, 21). Finally, by diluting input RNA preparations over three orders of
magnitude and performing titration analysis on each of the dilutions we have shown
that the calculated initial level of gene expression is essentialh unaffected by the level
of initial input. The slopes of the titration lines for these reactions are
indistinguishable (analysis of covariance) and the effect of dilution is to shift the
titration line by the order of magnitude difference in the input RNA amount.
Ion-pair reversed-phase HPLC analysis of competitive mutant RT-PCR
reacfions provides a convenient and efficient method of reacfion product
quantification. The IP-RP-HPLC method can also demonstrate whether heteroduplex
formation has occurred and permits correct re-allocation of heteroduplex components.
Quantitative accuracy may benefit from the minimal amount of post-PCR product
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handling. Competition reactions employing a competitor which is 159% greater in size
results in titrations which closely approach mathematical ideals indicating similar
efficiency of amplification of native and competitor products. Dilution of input RNA
over three orders of magnitude further confirms the reliability of absolute
quantification by this method.
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Figure 3.1. Products from competitive RT-PCR reaction to quantitate sodium,
potassium-ATPase al isoform gene expression in dissected kidney tissue, analyzed
by agarose gel electrophoresis. From left to right, the first seven lanes represent 15|il
of products generated in sequential 50|il reactions containing equal starting amounts of
native RNA and decreasing amounts of competitor mutant RNA. Amounts of mutant
competitor RNA added to each reaction (#2-#8) were 500ag, Ifg, 5fg, lOfg, 50fg,
lOOfg and 200fg respectively. The native product is 245bp and the mutant product is
390bp in length. The right lane contains size markers, consisting of pUC18 DNA
digested with Haelll (visible band sizes are 587, 458/433, 298, 267/257 and 174 bp).
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Figure 3.2. Products from competitive RT-PCR reaction to quantitate sodium,
potassium-ATPase al isoform gene expression in dissected kidney tissue, analyzed
by IP-RP-HPLC. Chromatograms #3-#8 represent lOp,! of products generated in
sequential 50)il reactions containing equal starting amounts of native RNA and
increasing amounts of competitor mutant RNA. The reactions are the same reactions
analyzed by gel electrophoresis in Figure 1. The peaks represent UV absorbance at
256nm of the following products: N denotes native product, M mutant product and H
heteroduplex products, elution times are indicated.
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Figure 3.3. Chromatograms generated by IP-RP-HPLC analysis of RT-PCR products
illustrating the formation of the heteroduplex products. The left-hand chromatogram
was produced on IP-RP-HPLC analysis of a lOjil aliquot of a mixture of products
from two separate RT-PCR reactions, one generating only native product, the other
only mutant product. The right-hand chromatogram was produced by analysis of a
10 }xl aliquot of the same mixture, heated to 97°C then cooled to 4°C, resulting in the
appearance of a third peak representing the formation of heteroduplex products.
Elution times of the products are marked on the chromatograms.
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Figure 3.4. Regression plot generated by a representative competitive RT-PCR
titration reaction to quantitate sodium, potassium-ATPase al isoform gene expression
in rat blood. For each reaction tube, log ratio of native to mutant product amounts
generated was plotted against the log of the corresponding initial amount of
competitor RNA added. The initial amount of total blood RNA added to each reaction
tube was 96 ng, the competitor input levels were 1,5, 10, 20, 50 and 100 fg. The
initial amount of native RNA in the blood sample was determined from the regression
at the point where the log ratio = 0. This corresponds to an expression level of 112 fg
of mutant RNA input/|ig blood total RNA.
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Figure 3.5. Regression plots from three RT-PCR titration reactions with different
starting levels of rat brain total RNA. From left to right, plots generated by reactions
initially containing 0.0025p,g, 0.025p,g and 0.25p.g brain total RNA, are shown
superimposed to illustrate their relationship.

62

CHAPTER IV
ACCURATE AND ABSOLUTE QUANTITATIVE MEASUREMENT
OF GENE EXPRESSION BY SINGLE TUBE RT-PCR AND HPLC

Abstract
We report a method which allows accurate, absolute quantification of gene
expression in a single RT-PCR reaction. This method makes use of novel HPLC
technology to resolve and quantify the products of competitive mutant RNA
polymerase chain reactions. The HPLC technique allows rapid, high resolution of
reaction products. On-line UV detection eliminates the need for radiolabel or other
tracers. The HPLC technique also demonstrates that these competition reactions
readily generate heteroduplex products. The ability of HPLC to resolve and quantify
heteroduplex products is fundamental to the accuracy of the technique. Accurate
measurements of gene expression have been obtained over four orders of magnitude
and experiments employing pre-determined quantities of specific native RNA input
have demonstrated the ability of the system to provide absolute estimates of gene
expression. Large size differences between native and mutant RNA inputs affected
RT efficiency, but not PCR amplification efficiency. However, the magnitude of the
RT efficiency effect can be estimated, is reproducible and can therefore be adjusted
by a calculated correction factor. The RT efficiency difference can been eliminated
by reduction in the magnitude of the sequence difference between native and mutant
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RNA so that no correction factor is required. The application of the technique to
quantification of expression of the alpha 1 subunit of sodium, potassium-ATPase in
microdissected nephron segments is demonstrated.

Introduction
Accurate quantitative measurements of specific nucleic acid sequences are
required in a rapidly increasing number of circumstances. These include
determination of viral burden in infectious disease to aid diagnosis and therapy,
examination of tumor suppressor gene expression as in situ neoplastic tissue
progresses to invasion, and drug resistance development in chemotherapy (2, 10, 12,
15). Furthermore, quantitative gene expression measurements provide information
about the likely type and level of protein present, as well as its response to
perturbation, in circumstances where tissue amounts or organ microstructure are too
small to provide reliable direct information about the protein itself At present, the
prevailing strategy for quantification is competitive (RT-) PCR (1,5).
Competitive approaches provide the prospect of both accurate and absolute
quantification. However, the exponential nature of the amplification reaction imposes
two primary constraints which must be met in order for measurements to be reliable.
Firstiy, the PCR amplification efficiency of native and competitor inputs must be
identical. Second, the decline in amplification efficiency which occurs as reactions
proceed to plateau (a necessary constraint for the quantification of low abundance
signals) must affect both native and competitor inputs identically. A mathematical
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model of competitive PCR reactions has been devised (14). While incorporating onl>
the evident parameters, this model indicates the computational consequences if these
constraints are not met. It is widely noted that competitive RT-PCR reactions used to
quantitate nucleic acids generally fail to meet these fundamental predictions implicit
in exponential amplification with identical efficiency.
Recent advances in reversed phase HPLC technology now permit the rapid
analysis and quantification of double-stranded DNA (8, 11). This technology offers
significant advantages to the analysis of competitive reactions which can contribute to
increased accuracy. We have employed HPLC in conjunction with competitive RTPCR first: to examine transcription and amplification efficiency in competitive RTPCR reactions; second, to determine the accuracy of quantitation using predetermined
RNA and DNA inputs; third, to examine the precision of the measurement system;
fourth, to examine the ability of quantitative accuracy to be preserved over a wide
range of input RNA; and finally, to determine if accurate, precise measurements can
be obtained in single tube assays which avoid the labor, time and expense of multiple
titrations.

Methods
RNA was transcribed from the T7 RNA polymerase promoter of a pGem4Z
construct containing a 396 bp rat alpha 1, sodium, potassium-ATPase (AINKA)
sequence. Two mutant RNA's (541bp insertion mutant and 382bp deletion mutant)
were transcribed from similar constructs containing the same 396bp native sequence
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interrupted by a 145bp insertion or a 14bp deletion respectively. After determination
of the RNA yield by UV absorbance, the transcribed RNA was diluted in a solution of
yeast total RNA to reduce non-specific binding to plastic surfaces and to minimize
degradation by RNAse. RNA dilutions were made in the same yeast RNA buffer.
Each RNA mixture was reverse transcribed at 42°C for 25 minutes in a Peltier effect
thermal cycler (MJ Research, Watertown, MA). Reaction volumes (10|LI1 with a 20^1
wax overlay) comprised Perkin Elmer reagents including MMLV reverse
transcriptase and random hexameric primers. After heating the reactions to 99°C and
cooling to 5°C, 40|LI1 PCR reaction mastermix containing Amplitaq DNA polymerase
(1.25U/40|il) and 0.3|iM each alpha 1 primer was added to each tube. Standard
cycling parameters were as follows; 2 minutes at 95°C, followed by 36 cycles
comprising 50 seconds at 94°C, 60 seconds at 56°C and 70 seconds at 72°C with a
final extension for 5 minutes at 72°C. Samples were rapidly cooled and held at 0°C
for analysis.
Primers were designed to avoid self-complementarity and to span an intron, so
as to distinguish cDNA amplification from possible contaminating genomic DNA
amplification. The forward primer was an 18mer with sequence: 5'CCCTAGTTCCCGCCTCTC, the reverse primer was a 21mer: 5'TGGTCGTCCATAGACACTTCC. Reaction products were subjected to agarose gel
electrophoresis and ion-pair reversed phase HPLC (DNASep column, alkylated
polystyrene-divinylbenzene packing, Sarasep Inc, Santa Clara, CA.) (7, 11). HPLC
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was performed without further treatment of reaction products. Amount of product was
determined by on-line UV absorbance detection and no labeling of reaction products
was required.

Results
Analysis of reaction products: HPLC versus gel electrophoresis
Figure 4.1 shows the analysis of reaction products by agarose gel
electrophoresis and HPLC from a competitive titration in which 6 different levels of
the 541 bp insertion mutant RNA were subject to RT-PCR in the presence of constant
amounts of native rat brain RNA. Agarose gel electrophoresis demonstrated two
principal reaction products visualized by ethidium bromide fluorescence, the ratios of
which changed to reflect changing proportion of reaction input RNA. Subsequent
regression analysis revealed that the densitometric analysis of the gel provided an
estimate of molecule number approximately one third that estimated by the HPLC
analysis. This indicates that most of the heteroduplex product co-migrates with the
mutant product during agarose electrophoresis, overestimating the amount of mutant
product formed and causing erroneous quantification. It is an important property of
this HPLC system to reliably resolve heteroduplex from homoduplex products. For
accurate quantification, the peak area of heteroduplex products is divided in
proportion to the UV absorbance contributed by each heteroduplex component (native
strand - 39% and mutant strand - 61%) and each component is added back to its
appropriate homoduplex peak prior to calculation of native/mutant product ratios.
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Demonstration of heteroduplex formation
HPLC of the reaction products revealed the existence of a third product peak
which was most prominent when individual reactions produced significant amounts
of both native and mutant products, rather than at the extremes of the titration when
one product predominated. Further examination of the additional peak revealed that it
was a heteroduplex peak resulting from the annealing of native and mutant reaction
products. Separate RT-PCR reactions were performed containing either native or
mutant RNA input. When products resulting from individual native and mutant
reactions were mixed and the mixture analyzed by HPLC, only two peaks resulted.
When an aliquot of this mixture was heated to 95 °C, cooled and analyzed, the third
peak (heteroduplex) became evident which co-eluted with the third peak produced in
competition reactions. The relative size of this peak is influenced by rate of cooling,
and may be selectively removed by treatment with SI nuclease. The heteroduplex
product elutes prior to the native product because retention time is determined by the
interaction of ion-pairing reagent with paired bases. Heteroduplex product contains
fewer paired bases than native homoduplex due to incomplete complementarity.

Quantitative data analysis
The quantification method requires calculation of the ratio of reaction
products (6). The formation of heteroduplex subtracts equally from the numerator and
denominator of this ratio only when the reaction products are fortuitously present in
exactly equal amounts. Therefore, it was essential that the portion of the heteroduplex
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peak due to the native and mutant reaction products be redistributed to their product
of origin. A spreadsheet was developed which reallocated the absorbance due to
heteroduplex according to the size of each component of the heteroduplex. The
spreadsheet was further used to perform regression analysis and plot the logarithm of
the mutant competitor input against the log of the corrected ratios of reaction
products. Such a plot should generate a straight line with a slope of unity if the PCR
amplification efficiencies of the native and mutant inputs are identical throughout the
reaction. The mathematical basis of these requirements have been fully discussed
elsewhere (14), however, published methods have paid little attention to both these
requirements and when such analysis has been present, these requirements are
generally not approached. Robust titrations which consistently conform to slope and
linearity properties constraining competitive reactions were obtained (mean slope and
R2 for these reactions was 1.01 ± 0.01 and 0.99 ± 0.005 respectively, mean ± SEM, n
= 18.)

Mutant selection
Selection of mutant for competitive RT-PCR is a critical component of the
strategy. Our 541bp insertion mutant produced a PCR product which shared only
63% homology with the native product so as to minimize the likelihood of
heteroduplex formation. However, this readily occurred in reactions which proceeded
into the plateau phase. The production of mutants which differ by the presence of a
small base change to provide a specific restriction cleavage site are even more likely
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to generate such heteroduplexes. In this case, error can be expected due to the
inability of the heteroduplex to be cleaved and to the extra post-reaction handling
necessary in the restriction digestion step.
Evidence that the substantial size mutation was not responsible for altered
PCR amplification efficiency was obtained by diluting native input RNA over four
orders of magnitude and performing competitive titrations at each level of input. The
results are shown in Figure 4.2 and revealed preservation of slope and linearity
attributes of the regression analysis and reproducible quantification at each of the
levels of input.

Validation of absolute quantification and determination of accuracy
Our goal was to develop a method of quantification which was absolute
(correctly able to measure the actual number of input native mRNA molecules) (4). In
order to determine if HPLC analysis provided these conditions we performed
quantitative titrations using knovm amounts of native RNA transcribed from the
plasmid construct in competitions with knovm amounts of the 541bp insertion mutant
RNA. The results of these reactions indicated that there was a consistent difference in
the estimated amount of native RNA input compared with the known amount. This
difference was over-estimated by 3.79 ± 0.20 fold (all values are mean ± SEM, n =
18). The source of this consistent difference was RT efficiency. When knovm
amounts of native and insertion mutant DNA were co-amplified, the titrations
accurately estimated the known amount (15.5 x 10^ molecules) of input DNA
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(estimate 16.8 x 10^ ± 1.4 x 10^ molecules) and the slope and linearity properties were
preserved as before (mean slope and R2 were 1.02 ± 0.03 and 0.99 ± 0.003
respectively). A constant RT efficiency difference allows absolute quantification of
gene expression as long as this constant is determined.
The ease with which heteroduplexes can form and the critical need to analyze
them to preserve the mathematical analysis indicates that mutants should be designed
so that heteroduplexes can easily be identified. Within the constraints of HPLC
resolution this means design of a mutant sufficiently different in size so that its
homoduplex reaction product can be adequately separated from the native
homoduplex product and to provide sufficient non-homology so that the resulting
heteroduplexes are also adequately resolved from both homoduplex products. The
PS-DVB column permits size differences as small as 10 bases to be resolved. So a
competitive mutant was generated which differed by only 14 base pairs (intemal
deletion) from the native amplicon. When this mutant was used in competitive RTPCR reactions with known amounts of transcribed native RNA the difference in the
estimated amount of native RNA input compared with the known amount was 0.95 ±
0.06 fold (all values are mean ± SEM, n = 12). Slope and R^ values obtained in these
titrations were 0.98 ± 0.032 and 0.99 ± 0.005 respectively. Thus, using a mutant of
increased homology, absolute quantification is possible without a correction factor.
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Determination of precision
In addition to providing accurate measurements, we also examined the
precision of measurements made with this quantification system. Precision was
determined by repeatedly analyzing the same sample of RNA by competitive RTPCR and HPLC and determining the variance in the results obtained. Using RNA
from a tissue in which AINKA gene expression is relatively abundant (brain), we
observed a coefficient of variation of 8.3% in samples (n = 5) in which gene
expression was 8.82 x 10^ ± 0.33 x 10^ molecules of AlNKA/jig total RNA.
Precision was also estimated for low copy number sources by performing the same
analysis on RNA from microdissected nephron segments. We observed a CV of
17.8%) in these samples (n = 6), in which the level of expression was 16.8 x 10^ ± 1.22
X 102 molecules/0.025mm nephron sample.

Quantification in single tube reactions
Quantification of gene expression by titration is essential to demonstrate that
the quantitation system is conforming to slope and linearity ideals discussed above.
However, once demonstrated for a system, there is no theoretical reason why a single
analysis (one competition between a single, known dose of competitor and native
RNA) should not be used for quantification. This fact derives from the principal that
if PCR amplification efficiency is identical, then the ratio of products at the end of the
reaction should always reflect the ratio at the beginning and, using a detection system
with sufficient linear range, only one reaction is required to estimate this ratio. We
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tested this supposition by comparing the result of quantification by titration with the
result obtained by single tube assays using the same sample. Further we compared the
precision of single tube quantification with that of titration. Comparison was made at
both high and low initial signal abimdance by using brain and nephron segment
RNA's. Results were essentially identical in both systems (Fig. 4.3).

Discussion
The present work demonstrates the absolute and accurate measurement of
gene expression. It confirms the utility of HPLC as a rapid and accurate means of
analyzing reaction products and the importance of detecting and quantifying
heteroduplexes formed in competition reactions to the accuracy of the system. Using
this system, all mathematical requirements of competitive reactions can be
consistently attained. Accuracy and precision of measurements is excellent and once
performance parameters of a specific quantification system have been established,
extensive titration analysis can be replaced with quantification by single reactions.
The ability to detect heteroduplices is a primary advantage of this quantitation
system. We have demonstrated that heteroduplex formation occurs readily when
competitive PCR reactions proceed beyond the linear range (Figure 4.3). At the
beginning of every cycle of competitive PCR all products are denatured. Any
molecules which subsequently fail to bind a primer and undergo extension will either
reanneal to their complement (forming a homoduplex molecule) or to their partially
homologous mutant complement (resulting in a heteroduplex). This constitutes the
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plateau phase of the reaction and heteroduplex formation may be \iewed as an
indicator of reaction phase. Detection by HPLC therefore provides a convenient
means of assessing whether a particular reaction has proceeded beyond the linear
range. A second important advantage we ha\'e demonstrated is that heteroduplex
products may be easily quantified by HPLC and their resulting peak areas reallocated
to the respective homoduplex values. Therefore HPLC permits quantitative reactions
to be performed which are not limited to the linear range, obviating the necessity for
sample-dependent cycle number optimization.
Failure to detect heteroduplex molecules formed during competitive PCR may
result in inaccurate quantitation. This is especiall}- pertinent when intemal
competitors are constructed which differ only by the presence or absence of a
restriction enzyme site. Under these circumstances, heteroduplex molecules will fail
to be recognized and cleaved by the enzyme resulting in their erroneous inclusion
with the non-digestible homoduplex products during analysis. This is well illustrated
in Figure 4.4. The problem may be circumvented by ensuring the reaction is limited
to the linear range (18, 19). This may be facilitated by the increased sensitivit\afforded b> use of fluorescent primers. It may also be possible, if ideal conditions
exist, to compute the initial ratio of competitor and native templates mathematical!} if
the amount of digestible products is accurately quantified (3). However, in either case
restriction enzyme digestion adds a further processing step, increasing cost and time
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involved in the analysis and introducing the possibility of new sources of imprecision.
Using our approaches, post-reaction handling is minimized and quantification beyond
the linear range of PCR reactions is feasible and accurate.
Several other methods seeking to achieve accurate and reliable quantification
of specific RNA and DNA inputs have been developed and it is worthwhile to
contrast the attributes of these methods with our HPLC-based technique. Automated
sequencers have been used in combination with fluorescent primers to detect and
quantify products from competitive PCR reactions (13). Accurate estimates should be
achievable in this system so long as denaturing electrophoresis is used to assure
separation of heteroduplexes. However, this equipment is less readily available and
more expensive than HPLC.
An approach using mini-sequencing of streptavidin-immobilized, biotinylated
competitive PCR reaction products has been developed by Ilkonen and colleagues (9).
This method offers the possibility of running a large number of samples at once.
However, post-PCR sample processing is complex involving extensive liquid
handling, radioisotopes and liquid scintillation counting. This provides many
opportunities to introduce error into the system. Another approach using biotinylated
reagents links PCR to an enzyme immunoassay (17). Biotinylated RNA probes are
hybridized to the PCR products and the RNA-DNA hybrids are immobilized witii
anti-biotin antibodies. The immobilized materials are then bound by DNA-RNA Fab
antibody coupled to beta-galactosidase. After rinsing, addition of substrate and
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substrate hydrolysis, fluorescence of the reaction product is determined. Here again
post PCR sample processing is extensive and the wide number of steps and reagents
employed may adversely influence reliability and precision.
Nucleic acid side chain branching assays have been developed for the
quantitation of specific viral nucleic acid sequences (16). By coupling with
electrochemiluminescent probe technology, a one-tube assay system has been
reported for HlV-1. Precision and accuracy of this system have been thoroughly
investigated and the use of a well-defined HIV-1 reference (quantitated by electron
microscopy) is certainly an important feature of this assay system. Here again the
assay system offers the possibility of analyzing a large number of samples in parallel
with opportunities for automation. This approach has revealed two primary
weaknesses. First, the system is suitable only for RNA inputs, while our competitive
PCR/HPLC system has been useful for quantifying either RNA or DNA. Perhaps of
greater concem is that precision of this assay is low. While we obtained coefficients
of variation in our estimates below 10%, the NASBA HIV-1 assay indicates much
less precision with coefficients of variation approaching 70%). Arguably the ability to
make measurements at the level of precision we have obtained is not always vital in
clinical virology, however, high coefficients of variation may impede the ability to
make reliable clinical assessments and treatment decisions in all conditions.
In summary, the important advantages of HPLC include the ability to resolve
amplicons (competitor and native) differing by only 10 or more bases pairs, the
ability to resolve heteroduplexes and the opportunity to automate processing of
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samples with minimal post-PCR sample handling. Competitor RNA can be
synthesized which provides essentially identical RT efficiency and thereby simplifies
the calculation of unknowns. Using our approaches, quantification beyond the linear
range of PCR reactions is feasible, precise and accurate and reliable measurements of
gene expression can easily be obtained in samples as small as microdissected nephron
segments.
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Figure 4.1. Analysis by HPLC and agarose gel electrophoresis of products from a
single RT-PCR titration series. Aliquots from RT-PCR (15)il) were run on a 5%
Metaphor gel (FMC, Rockland, ME) at 50V for 2.5 hr in Ix TPE buffer. The gel was
post-stained with ethidium bromide, photographed under UV illumination and
analyzed by densitometry using NIH Image 1.55. For HPLC, aliquots of the same
reaction products (6|Lil) were injected sequentially onto the PS-DVB HPLC column at
approximately 6.5 minute intervals. The elution system was a gradient of acetonitrile
in O.IM TEAA, pH7, Iml/min. UV detection was at 254nm and the UV absorbance
signal was analyzed by an on-line integrator. No processing of PCR products was
required prior to injection. Each reaction in the titration contained 25ng rat brain total
RNA input with varying mutant input. On the gel, lane 1 is a pUC18 Haelll ladder,
lane 2 contains RT-PCR products of native RNA only, lanes 3-8 contain competitive
reaction products in which native RNA was subject to RT-PCR with 0.25, 0.5, 1, 2, 4
and 8 pg mutant respectively, and lane 9 contains RT-PCR products of 4 pg mutant
RNA only. Only two bands are evident from the competition reactions on gel
electrophoresis, whereas the HPLC chromatograms reveal the presence of a
heteroduplex product in reactions in which both inputs are present.
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Figure 4.2. Regression lines generated from RT-PCR titrations to quantify AINKA
molecules at four known input levels. Each titration comprised a fixed initial number
of native molecules per tube (A, 1.13xlO^B, 1.13 x 10^ C, 1.13 x 10^'and D, 1.13
•7

X 10 ) with appropriate varying competitive mutant RNA input. For each regression,
lOfil aliquots of reaction products were analyzed by HPLC. Raw area values for the
mutant peak were adjusted for the relative base length difference between the native
and mutant products. The heteroduplex peak area was reapportioned to each
homoduplex peak as described previously. The logarithm of the ratio of the two
products was then plotted against the logarithm of the initial amount of mutant RNA
in each tube. The initial amount of AINKA native RNA can be estimated by
extrapolation from the point on the line at which the log product ratio = 0. The
intersection of the titration lines with log ratio = 0 shifts appropriately with change in
input level. The slopes of the lines were shown by analysis of covariance to be
indistinguishable from one another. In addition, slope and R^ values did not differ
significantly from unity, demonstrating feasibility of quantification over at least four
orders of magnitude.

82

brain

nephron

1.4T

20-1

|l.2i
= 15-

1 '^
= 0.8

I/-,

<

-0.6X

.2i

'J

5-

2 0.2H
multiple tube

multiple tube

single tube

single tube

Figure 4.3. Estimation of precision of measurement of AINKA RNA comparing
multiple tube titration with single tube quantification for a high abundance (brain) and
low abundance (nephron) samples. For each tissue, multiple measurements were
made from one RNA sample, analysis of reaction products was by HPLC and the
results are shown as mean ± SEM. This data confirms that, once the system is
demonstrated to obey theoretical requirements for quantification, titration is not
required and precise estimates of gene expression can be obtained from the analysis
of products of a single tube reaction.
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Figure 4.4. Effect of single point differences in restriction enzyme recognition
sequence on digestibility. Heteroduplexes were formed by annealing complementary
43 bp oligonucleotides which were identical except for point mutations affecting
either a Sau3 AI or an Alul restriction site. Panel a) shows the elution profile of
undigested homoduplex and the digested fragments created when the homoduplex
contained intact Sau3 AI and Alul restriction sites (the first peak eluting at the solvent
front is unretained material such as protein, the doublet peak in the smaller Sau3 AI
represents denaturation of the complementary 8 and 12 base strands cleaved by this
enzyme). Panel b) shows the effect on digestibility of a point mutation in one of the
complementary oligos which affects the Alul site. Panel c) shows the effect on a
single base pair substitution in one of the complementary strands which affects the
Sau3AI site.
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CHAPTER V
COMPETITIVE RT-PCR AND IP-RP-HPLC FOR ANALYSIS
AND PROPORTIONAL QUANTIFICATION OF
REGULATED RNA SPLICING

Introduction
The ability to make accurate quantitative measurements of specific nucleic acid
molecules is becoming increasingly significant in biomedical science. One important
clinical application is the quantification of viral nucleic acids in patients' serum and
tissues to assess viral burden for determination of disease course and efficacy of
treatment. In this case, accuracy and precision of measurement are of primary
importance as decisions concerning selection of medication and dose may depend
entirely on perceived change in viral load in an otherwise asymptomatic patient. A
second utility in basic biomedical research is the quantification of specific mRNA
molecules in functionally characterized cell types. These measurements are useful as
they provide a prediction of protein abundance in cell samples in which proteins
cannot be quantified directly.
Traditional methods of gene quantitation include Northern blots and RNAse
protection assays. While these provide levels of accuracy and precision acceptable for
most comparative studies, the resulting quantitation is relative. In addition, although
there have been improvements in sensitivity with the development of RNAse
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protection assays, relatively large amounts of RNA are still required and these assays
therefore lack the sensitivity necessary for making quantitative measurements in
microscopic tissue samples or small numbers of cultured cells. In order to make these
kind of absolute measurements, some form of signal amplification is required. Two
approaches to amplification are currently in use. Reverse-transcription polymerase
chain reaction (RT-PCR) and nucleic acid side-chain branching assay (NASBA) both
employ nucleic acid template amplification (26). Another approach is to amplify the
detection signal of a specific template rather than the template itself, as in the
branched DNA assay (2).

HPLC Analysis of PCR Products
HPLC offers a number of advantages over other available methods for the
analysis of competitive RT-PCR reactions. Reaction products can be analyzed
immediately with no further processing and no requirement to incorporate radiolabels,
or make, load and nm gels. Errors due to inefficient or variable gel blotting or
autoradiographs outside the linear detection range are therefore avoided. The use of
refrigerated HPLC autosamplers allows 100 or more PCR reactions to be analyzed per
day. Other techniques which provide similar rapid separation of double-stranded
DNA have been developed. The most advanced of these is capillary zone
electrophoresis (CZE). However, HPLC offers some important advantages over CZE
(16). PCR reaction products cannot be subjected to CZE without further processing
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(dialyzation or ultrafiltration). Gel scanner techniques provide sensitivity equal to
that obtained by HPLC with use of fluorescent primers (18). However, the equipment
is three or more times as expensive, does not provide the automation or flexibility
available in HPLC and requires much greater sample handling.
Efficient and rapid analysis by HPLC of biopolymers requires
chromatographic conditions significantly different from those commonly applied to
the separation of small molecules. The main reason is that the low diffiisivity of large
biomolecules necessitates the use of low flow-rates and shallow salt or organic solvent
gradients even when using relatively wide-pore packings (30-40 jim). One approach
to HPLC of nucleic acids employs very small non-porous particles (1.5-2.5 micron)
to circumvent some of these problems (8, 9, 25). The smaller the particles, the more
surface area and capacity. The advantages of such particles are numerous: (a) rapid
mass transfer, as permeation is not hindered by diffusion through pores, (b) no sizeexclusion effects, (c) short analysis times, (d) biopolymers retain their biological
activity because of the short analysis times, (e) higher peak concentrations due to less
diffusion result in higher mass sensitivity, (f) quantitative recovery and (g) fast
regeneration and equilibration of the column because of the absence of pores. A
drawback of non-porous beads is the relatively small surface area compared with
porous particles, which results in low loading capacity, typically in the lower
microgram range. This loading capacity, however, is more than sufficient for most
applications in molecular biology.
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Non-porous particles allow the rapid separation of both proteins and nucleic
acids, as confirmed independently by Kato (10) and Oefner (6, 17, 18). However,
these investigators differ with regard to the matrix used and, particularly, with regard
to the functional groups attached to the beads. Kato creates a solid anion-exchanger by
covalently attaching DEAE groups to methacrylate beads. A drawback of this
approach is that no size-dependent separation of double-stranded DNA is obtained,
though a recent modification has reduced this problem to a certain extent by replacing
the sodium chloride gradient with a tetramethylammonium bromide gradient.
However, anion-exchangers are far more difficult to handle than alkylated stationary
phases and require longer equilibration times, i.e., time of separation might be short,
but up to 15 minutes may be required to re-equilibrate the system to starting
conditions, resulting in fewer possible runs per day.
More recently, Oefher and co-workers demonstrated that highly efficient
DNA separations can be obtained on alkylated poly-(styrene/divinylbenzene) (PSDVB) particles using an ion-pairing reagent, typically tri- or tetraalkylammonium
salts, in the mobile phase (6, 17, 18). The ion-pairing reagent converts the stationary
phase into a dynamic anion-exchanger. The number of methylene groups in the alkyl
chains of the ion-pairing reagent also determines the extent to which the surface of the
beads retains its hydrophobic properties, which in turn exerts a significant effect on
the mode of separation. Short alkyl chains (number of methylene groups per alkyl
chain) result in incomplete coverage and the stationary phase retains partially its
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hydrophobic or reversed-phase properties. Longer alkyl chains create complete
coverage and anion-exchange becomes the predominant mechanism of separation (18).
This also explains why the separation of single-stranded oligonucleotides is so
dependent on the ion-pairing reagent chosen. Triethylammonium ions, for instance,
cover the stationary phase only partially and therefore separation is not only
govemed by size, but also by base composition. Tetrabutylammonium ions, on the
other hand, result in complete coverage of the stationary phase, consequently
separation of single-stranded oligonucleotides is almost strictly size-dependent (18).
The reverse situation is observed in the separation of double-stranded DNA.
Tri- and tetraalkylammonium salts with short alkyl chains are able to ion-pair
specifically with AT-base pairs. This suppresses their preferential interaction with
the dynamic anion-exchanger and enables a degree of size-dependent separation
otherwise only observed in denaturing polyacrylamide slab gel electrophoresis (6).
The preferential interaction of AT-base pairs with the anion-exchange stationary
phase was also the reason why size-dependent separations cannot be obtained using a
NaCl gradient (10). Tetraalkylammonium ions with longer alkyl chains do not fit into
the major groove of the double helix and so are unable to ion-pair with doublestranded DNA. As a consequence, when ion pairing agents with longer alkyl chains
are used, separation becomes govemed to a large degree by the AT-content of the
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DNA fragments instead of their size (18). A further advantage of the PS-DVB phase
is the chemical and physical stability of the matrix. Several thousand runs can be
carried out on a single column.
The advantages conferred by the PS-DVB stationary phase combined with an
ion-pairing mobile phase for double-stranded DNA separation led us to examine its
suitability for ion-pair reversed-phase (IP-RP-) HPLC analysis of competitive RTPCR reaction products. In addition to those already mentioned, several benefits are
offered by the IP-RP-HPLC technology. The sensitivity and extensive linear dynamic
range of UV detectors makes detection of reaction products simple and accurate. The
column offers excellent resolution of DNA molecules (Figure 5.1). In addition,
quantitative PCR techniques have consistently required the generation of titration
curves which result in large numbers of samples. The potential ability to automate
sample loading and analysis using HPLC autoloaders and computerized data
acquisition and analysis software provides major advances in productivity and
efficiency over other methods of PCR product separation and quantitation.

IP-RP-HPLC Heteroduplex Detection; An Essential Property
for Analysis of Regulated mRNA Splicing
One of the most important advantages that IP-RP-HPLC offers over other
nucleic acid separation techniques is the ability to detect and resolve heteroduplex
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molecules that may form by hybridization of partially homologous DNA (4, 5, 19,
24). The generation of such products can perturb the mathematical relationships
between input template native and competitor ratios and the resulting product ratios.
The formation of heteroduplexes is likely in any competitive PCR reaction that
approaches or enters the plateau phase. However, we have shown that these
heteroduplexes are generally not resolved in non-denaturing gel electrophoresis.
Analysis of competitive RT-PCR reaction products by HPLC (Figure 5.2)
demonstrates that, in addition to the two expected homoduplex product peaks, a third
peak is evident that elutes immediately prior to the smaller of the two products and is
most prominent when individual reactions produce significant amounts of both
homoduplex products rather than when one product predominates. Further analysis
of the additional peak revealed that it represents the heteroduplex products. Separate
RT-PCR reactions with native and mutant templates were performed. When the
reaction products were mixed together and analyzed by HPLC, only the two
homoduplex peaks were evident. When an aliquot of this mixture was heat-denatured
and then cooled slowly to room temperature, the third peak evident from the
competition reactions was again revealed. The relative size of this peak is influenced
by cooling rate and salt concentration, and the peak can be selectively eliminated by
SI nuclease treatment (4). Partial denaturation of the homologous portion of the
double-stranded heteroduplex molecule occurs at the peripheries of the region of nonhomology. Retention time on the column is determined primarily by the interaction of
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ion-pairing reagent with complementary paired bases. Because the heteroduplex
molecule contains fewer paired bases, it elutes prior to the homoduplex molecules.
We have developed IP-RP-HPLC for the detection and proportional
quantification of altematively spliced mRNA molecules. RT-PCR is performed using
total or poly A+ RNA extracted from cells or tissues of interest and a pair of primers
designed to flank a cDNA sequence believed to be altematively spliced. If more than
one splice variant is expressed, IP-RP-HPLC will reveal the specific homoduplex
products and the heteroduplex products, which characteristically elute immediately
prior to the smallest homoduplex product. The presence of heteroduplex products
confirms that two specific PCR products amplified by the same primer pair share
significant homology. RT-PCR and IP-RP-HPLC can then be used to accurately
quantitate changes in the relative levels of the two messages between different
samples and imder conditions of physiological and pharmacological manipulation.
This can provide a measure of regulated splicing efficiency. We applied this
technology to the study of altematively spliced uteroglobin promoter-binding
proteins in rabbit endometrial tissue.
In the rabbit uterus, uteroglobin (UG) is a progesterone-induced
preimplantation secretory protein, which binds progesterone and has
immimosuppressive and anti-inflammatory properties (14, 15). It has been a useful
model system for studies of progesterone action because its transcription is
stimulated by progesterone (1,21, 23). UG is present in human endometrium (20).
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where like rabbit UG, the highest level of expression occurs in response to
progesterone dominance and coincides with the events of embryo implantation. The
recent localization of a high-affinity UG-binding protein on human trophoblast cells
(11) suggests that UG may play a pivotal role in regulating cellular invasiveness.
The UG gene contains two strong and two weak progesterone receptor binding
sites that are located between positions -2.7 kb and -2.3 (7). Gel shift assays,
Southwestem blots and UV-crosslinking in situ identify four proteins that bind to the
UG promoter (-194/+9). cDNA's for two of the UG promoter binding proteins
(RUSH-1 j3 and RUSH-la, 95-kDa and 113-kDa respectively) were cloned by
recognition site screening (3). RUSH-lp is a truncated version of RUSH-la that
results from altemative splicing of a 57-bp exon.
Northem analysis of uterine endometrial poly(A+)RNA revealed a single
RUSH band of approximately 5.2-kb. Quantification of autoradiograms by computerassisted image analysis indicated that progesterone increased the uterine content of
message for the RUSH proteins in estrous rabbits (Figure 5.3). However, because the
RUSH-la and RUSH-1 p proteins result from altemative splicing of a 57-bp exon, the
small difference in their mRNA sizes could not be detected by Northem analysis.
In addition to hormonal regulation of net expression of RUSH mRNA there
may also be hormone-dependent differences in the relative levels of the altematively
spliced RUSH mRNA's. To assess this possibility primers were designed to
nucleotide sequences on either side of the 57-bp insert. This results in the
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amplification of two templates (282 and 225 bp respectively) which differ only by
the presence or absence of the altematively spliced insert. Amplification of these
templates simulates a competitive RT-PCR reaction. Initial ratios of these
homologous templates reflect the proportion of the altematively spliced transcripts
and these ratios should be preserved during amplification. However, heteroduplex
formation can occur between homologous amplicons and must be both detected and
quantified to provide an accurate estimate of initial ratios.
Analysis of competitive RT-PCR reaction products by agarose gel
electrophoresis and ion-pair reversed-phase HPLC is shown in Figure 5.4. Metaphor
agarose gel electrophoresis demonstrated the two principal reaction products
visualized by ethidium bromide fluorescence, the ratios of which changed according to
the hormonal condition of the animals. A third reaction product was also detectable
by gel electrophoresis. HPLC analysis revealed that it eluted immediately prior to the
smaller homoduplex product, which identified it as a heteroduplex from the annealing
of the two principal reaction products. A spreadsheet was used to mathematically
reallocate the absorbance due to the heteroduplex (A) and to calculate the ratio (B,
mRNA for RUSH-la: C, mRNA for RUSH-ip) of the two reaction products which is
proportional to splicing efficiency. It is important to note that in the absence of an
intemal PCR control one cannot compare the amounts of products between individual
lanes.
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The mRNA for RUSH-1 p is preferentially expressed in estrous animals. For
these animals, the RUSH-la isoform is a minor component of the transcripts
generated from the competitive RT-PCR reaction. The RUSH-la amplification
product was detectable by HPLC even though it was barely visible by ethidium
bromide staining (Figure 5.4). When estrous rabbits were treated with progesterone
there was a dramatic change in the preference of splice site selection in favor of the
RUSH-la isoform (Figures 5.4 and 5.5). The increase (p < 0.005) in the RUSH-la
isoform correlates with the overall increase in accumulated message as determined by
Northem analysis (Figure 5.3). However, a change (p < 0.005) occurred when estrous
animals were treated sequentially with progesterone and estradiol benzoate. Northem
data revealed a decline in RUSH message and HPLC analysis showed RUSH-lp
mRNA is once again the predominant isoform (Figures 5.4 and 5.5). Transcripts for
both messages were detected in lung and liver control tissues, suggesting RUSH
protein isoforms may regulate genes in numerous cell types.
Splicing regulation of RUSH proteins may prove to be a critical adjunct to the
regulation of the UG promoter. As a mechanism to regulate gene expression it allows
for changes in protein isoforms without changes in transcriptional activity (22). PremRNA splicing occurs in a large macromolecular ribonucleoprotein particle or
spliceosome whose assembly requires two stable intermediate stages. Formation of
the so-called committed complex is the earliest detectable stable precursor to the
spliceosome, and it is purported to be the key regulatory step. To date, in vitro
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splicing systems have provided most of the details of the biochemical reactions that
are involved in altemative splicing. Mathematical models for splicing events indicate
the ratio of the spliced product to unspliced product is the most informative, sensitive
indicator of splicing efficiency (12, 13). Therefore, the 8-12 fold progesterone-induced
increase in the ratio of the RUSH-la splice variant to RUSH-lp parallels an
equivalent change in the relative rate of splicing. Regardless of changes in degradation
rates, more complex splicing pattems and issues of translatable versus nontranslatable mRNA's, the HPLC PCR product ratio calculation provides an intemally
controlled method of confirming that progesterone plays a regulatory role in posttranscriptional processing of RUSH message isoforms.

Conclusion
High sensitivity and excellent size-separation properties, combined with
remarkable heteroduplex resolution capability makes IP-RP-HPLC a powerful and
versatile tool for nucleic acid quantitation. It can be utilized to identify and quantify
genetic differences at a number of levels, any of which may prove important m the
study of disease. First, we have demonstrated the importance of IP-RP-HPLC in the
development of a system for absolute and accurate gene quantitation in microscopic
tissue samples. This provides the ability to study both transcription rate and viral
disease progression in a quantitative manner. Second, we have described its utility in
the detection and quantitation of RNA splice-variants, providing a quantitative
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measure of post-transcriptional regulation. Finally we have demonstrated the exciting
ability of DHPLC to detect point-mutations. This constitutes a fast and sensitive
method for identifying genetic polymorphisms and provides the means for
quantifying the accumulation of genetic change in disease and by evolution.
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18 min

Figure 5.1. Chromatogram of pBR322-HaeIII digest (0.75fig) and pBR322-MspI
digest (0.4|ig) on PS-DVB-C18 HPLC column (50 x 4.6mm I.D.). Fragment sizes are
labeled. Elution profile was modified to optimize separation of the large number of
fragments present. Mobile phase composition: A = O.IM TEAA, pH 7.0, B = O.IM
TEAA pH 7.0,25% acetonitrile. Gradient: linear 37-55% B in 6 min; 55-65% B in 14
min; flow rate Iml/min; temp. = 50°C; detection UV 254nm.
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r
Figure 5.2. Chromatograms generated by IP-RP-HPLC analysis of RT-PCR products
illustrating the formation of the heteroduplex products. The left-hand chromatogram,
was generated by mixing proportionately products from reactions generating native
product alone or mutant product alone. Ten microliters of this mixture was injected
onto the column and the two expected peaks were resolved. The right-hand
chromatogram was produced by analysis of a 10 |il aliquot of the same mixture,
heated to 97°C then cooled to 4°C, resulting in the appearance of a third peak
representing the formation of heteroduplex products. For HPLC, Solvent A was O.IM
TEAApH7. Solvent B was O.IM TEAA pH 7 with 25% Acetonitrile. The
products are resolved in a gradient of 50% B to 57%B over 4 minutes.
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Figure 5.3. Summary of results from Northem blots. Poly(A^RNA was isolated
from uterine endometrium of estrous rabbits injected subcutaneously with hormones
(+P = 5 injections of 3 mg progesterone/kg/24 hours; +E = 5 injections of 50 )j,g
estradiol benzoate/animal/24 hours) or vehicle (ethanokcom oil), and killed 24 hours
after the last injection. Message is expressed as fold-increase or decrease over estrous
control animals, i.e., the zero base line.
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Chromatogram

C(282bp)
A

Figure 5.4. Analysis of competitive RT-PCR products by HPLC and electrophoresis.
Product A = heteroduplexes formed between RUSH-la and RUSH-ip amplicons.
Product B is from RUSH-la amplification and product C is from RUSH-lp
amplification. Lane 1 illustrates 0X174/HINF I molecular size markers, and lanes 2-4
illustrate competitive RT-PCR products with mRNA from animals treated as follows:
estrous controls (2), estrous + progesterone (3), and estrous + progesterone +
estradiol benzoate (4).
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Figure 5.5. Message ratios of RUSH-la to RUSH-ip change in response to hormones.
Ratios were calculated from peak areas generated by HPLC analysis of products from
competitive RT-PCR with poly(A^RNA. Values are expressed as mean + SEM.
Data were analyzed by a one-way analysis of variance and Duncan's multiple range
test (P<0.05). Values with the same letter designation are not significantly different.
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CHAPTER VI
REVERSE TRANSCRIPTION EFFICIENCY AND
ACCURATE GENE QUANTIFICATION

Abstract
The recent development of a quantitative gene expression system which
couples competitive RT-PCR with reaction product analysis by HPLC provides a
means to evaluate secondary structure influences on reverse transcription efficiency.
Furthermore, it provides an opportunity to assess the influence of a number of
manipulations of the reverse transcription (RT) reaction on its efficiency. The present
studies have compared product yield from PCR and RT-PCR reactions in which
several pairs of homologous templates (native and competitor) were amplified by the
same primer pair. We have shown that PCR efficiency was identical even when
sequence similarity between the input DNA's was as low as 73%. However,
differences in RT efficiency were observed in some RNA templates whose
corresponding DNA templates amplified with identical efficiency in PCR. We
analyzed secondary stmcture by the RNA modeling program mfold to examine
whether structural differences between homologous templates existed and to
determine the free energies associated with such stmctures. Our results indicate no
simple relationship between secondary stmcture or its relative stability and RT
efficiency of the homologous templates, but suggests that the creation or loss of stemloop stmctures at the location of the mutation may underlie the RT efficiency
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difference. Modification of RT conditions to reduce concentration of random
hexamers in the reaction reduced the RT efficiency difference between homologous
templates, however, total PCR product accumulation in RT-PCR reactions also
correlated with random hexamer concentrations, limiting the utility of this approach to
overcome RT efficiency differences. Elevation of RT reaction temperature reduced the
difference in RT efficiency between homologous templates for MMLV reverse
transcriptase (RTase), AMV RTase and rTth DNA polymerase. Our resuhs indicate
that persistent differences in RT efficiency can occur between RNA templates used in
competitive RT-PCR which cannot be completely overcome. However, such
differences are sufficiently consistent that, once estimated, accurate quantitation of
gene expression can be achieved by the application of a simple correction factor.

Introduction
Gene quantification has become an important tool both in studies of the
regulation of gene expression (11, 20) and in infectious disease (9, 12, 14, 18). A
commonly used approach to gene quantification is competitive RT-PCR in which the
co-amplification of two templates in the same PCR reaction provides intemal
standardization of the exponential accumulation of reaction products (1,4, 22). This
approach has been progressively refined so that amplification of heterologous genes in
the same reaction to provide an intemal reference has given way to DNA competitors
sharing homologous primer bmding sites and then further to the introduction of RNA
competitors to overcome differences in RT efficiency which might affect
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quantification. However, until our recent introduction of HPLC analysis of
competitive RT-PCR reaction product analysis (5), the actual capacity of these
systems to provide both accurate and precise quantification had not been established.
By using known quantities in vitro transcribed native and competitor RNA templates
we demonstrated that such a system can determine accurately and precisely the
amount of native template in the reaction with reference to the amount of competitor.
Such measurements were shown to be absolute, i.e. the system correctly determined
the known number of molecules present in the reaction and did not simply reflect
relative differences between samples (5, 6).
However, in our design and evaluation of this system we observed that RNA
competitor templates which differed significantly in sequence from the native
template may show different efficiency from the native template in the RT reaction
while preserving identical PCR amplification efficiency (5). We suspected that such
differences might be attributable to the formation of stable secondary stmcture
differences between the native and competitor templates. The availability of a means
to accurately assess the presence of differences in RT efficiency using the competitive
RT-PCR-HPLC system we have devised provides an opportunity to further assess
the factors which can affect RT efficiency and to evaluate whether differences in RT
efficiency might be reduced or overcome by modification of RT reaction conditions.
The present study reports an examination of the effect of various degrees of
sequence similarity between native and competitor RNA inputs in competitive RTPCR reactions on RT efficiency and the relationship between such effects and
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predicted secondary stmcture differences. Further we have assessed whether observed
RT efficiency differences are identical for both Moloney murine leukemia vims
(MMLV) and avian myeloblastosis vims (AMV) reverse transcriptases and rTth
DNA polymerase. We have also studied whether manipulations of [Mg ], [dNTP],
random hexamer
concentration, denaturation in the presence of DMSO or the temperature at which the
RT step is performed can affect the difference in RT efficiency between homologous
templates.

Materials and Methods
The studies employed plasmid constmcts containing partial cDNA's for the
following rat genes: sodium, potassium-ATPase alpha 1 isoform (NKA), calcineurin
A alpha subunit (CaN) and cyclophilin-like protein (cy-lp). All cDNA's were cloned
into pGEM4Z to permit the in vitro transcription of RNA using the T7 RNA
polymerase promoter site upstream of the pGEM4Z multiple cloning site.
Mutations were generated within the cloned cDNA's to permit the in vitro
transcription of homologous mutant RNA's for use in competitive RT-PCR. The
mutation strategy was centered on selective restriction digestion of the plasmid
constmct targeted toward the central region of tiie cloned cDNA to excise deletions or
create insertions (by ligation of non-homologous DNA into the digested site). The
following mutations were created: NKA large mutant (NKAL) contamed a 145 bp
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insertion mutation; NKA small mutant (NKAS) contamed a 14 bp deletion; CaN
mutant contained a 28 bp deletion; and the cy-lp mutant contained a 24 bp insertion.
The plasmid cDNA constmcts contained the following sequences. The
pGEM4Z native rat NKA constmct contained bases 89-421 of the rat NKA sequence
(GenBank Accession #'s X51461, X53233 and X53234). The following primers were
used which amplified both NKA native and competitor DNA: forward 5'CCCTAGTTCCCGCCTCTC and reverse 5'-TGGTCGTCCATAGACACTTTCC.
The pGEM4Z-native CaN constmct contained bases 241 to 836 of the rat CaN A
alpha sequence (GenBank Accession # D90035). The following CaN primers were
used which amplified both native and competitor DNA: forward 5'GACTATGTTGACAGAGGGTACTT and reverse 5'GTGTACACACAGGAATTG. The pGEM4Z-native rat cy-lp constmct contained
bases 442-708 of the rat cy-lp coding sequence (8). The following cy-lp primers were
used which amplified both native and competitor DNA: forward 5'CAAGACCTCCTGGCTAGACGGC and reverse 5'TTGTGACTGGCTGCTTTCAC.
In order to determine whether amplification efficiency between the native in
vitro transcribed RNA's and their respective mutant competitors was identical in RTPCR, titration reactions were performed using known constant (measured by UV
spectroscopy) inputs of native RNA. Each native input was competed agamst several
levels of competitor input to create a titration. Such titrations can be used to estimate
the amounts of unknown native sample present in reactions. We compared the
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estimated native input with the known native input. We also compared the properties
of the titration reactions with the ideals which have been proposed by Raeymaekers
(15, 16, 17). These ideals indicate that competitive RT-PCR titrations should result in
a relationship (between the log of the ratio of the native and competitor reaction
products and the log of the known competitor input) which generates a straight line
with a slope of unity.
In cases in which the estimated native input in our competitive reactions
differed from the known input we determined whether such differences were
consistent across numerous reactions within any native/competitor pair. We further
sought whether such consistent differences resulted from a difference in RT efficiency
or in PCR efficiency between the two templates. This was accomplished by
performing PCR reactions in which known quantities of competitor and native DNA
templates (digested plasmid cDNA constmcts) were used as inputs to PCR reactions
and comparing the estimated amount of native input derived from such reactions with
the known input.
We examined whether formation of stable secondary stmcture differences
between native and homologous competitor RNA pairs was associated with
differences in RT efficiency by examining the RNA templates using the RNA
modeling program mfold (23).
We attempted to determine whether manipulation of RT reaction conditions
could provide a means to overcome RT efficiency differences we encountered. We
examined whether changes in RT reagent concentrations ([Mg ], [dNTP], [random
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hexamers]) could reduce or eliminate differences in RT efficiency between native and
competitor templates. We examined whether a preliminary denaturation step
performed by incubating the diluted RNA at 50°C for 45 minutes in 90% DMSO
prior to reverse transcription influenced RT efficiency differences. The ability of
heating RNA m tiie presence of random hexamers to 95°C to overcome the RT
efficiency difference was also assessed.
We also examined whether RT efficiency differences were influenced by the
reverse transcription enzyme employed. We compared MMLV (Perkin-Elmer/ABI,
Foster City, CA) with AMV reverse transcriptase (Promega, Madison, WI) and rTth
DNA polymerase (Perkin-Elmer).
Finally we examined tiie effect of the temperature at which the RT reaction
was performed on the difference in RT efficiency. Such comparisons were made for
both AMV and MMLV.

PCR product analysis
Reaction products were separated and quantitated by HPLC using a PS-DVB
column (DNASep, Sarasep, Inc., Santa Clara, CA) previously described (7). This
column is able to resolve reaction products without further processing of the reaction
during runs as short as 5 minutes (13). The reaction products were detected as they
eluted from the column by on line UV absorbance at 256 nm. The column has the
important property of resolving not only the native and competitor products, but also
any heteroduplex products which result from annealing of homologous native and
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competitor templates (6, 21). Conditions for use of this column in competitive RTPCR product analysis has been previously reported by this lab (5,6).

Results
Slope, linearity and accuracy of competitive RT-PCR reactions
We examined the properties of competitive RT-PCR titrations for the NKAL.
CaN and cy-lp native/competitor template pairs. Figure 6.1 shows that all three
competitive systems produced titrations which conformed very closely to the
requirement that such competitions generate straight lines with a slope of unity (15,
16, 17).
Accuracy reflects the ability of an assay system to correctly estimate the
unknown variable. Through our use of knovm quantities of native RNA, we were able
to evaluate the performance of our systems in this regard. The titration for cy-lp was
found to accurately estimate the known input. However, this was not the case for the
NKAL and CaN systems. In both instances, consistent differences were observed
between the known amount of native RNA input and the estimated native input. We
demonstrated this consistency in a series of replicate analyses which revealed that the
NKAL system overestimated native inputs by 3.79 ± 0.2 fold (mean ± SEM). In
contrast, the CaN system underestimated inputs by 0.45 ± 0.031 fold.
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Source of consistent differences in RT-PCR efficiency
We determined whether the source of tiie difference in RT-PCR efficiency
observed with NKAL and CaN was limited to either the RT step or the PCR step by
performing titrations in which tiie performance of each competitive system in RTPCR (determined with known RNA input levels) was compared with its performance
in PCR reactions (determined with known DNA input levels). In botii cases, DNA
inputs accurately estimated the known quantities of native DNA template present.
For NKAL the difference between known DNA input and estimated was 1.08 fold.
For CaN, the difference between known DNA input and estimated was 1.02 fold. The
observations clearly indicate the importance of differences in RT efficiency between
native and their respective competitor RNA inputs in producing the errors in accuracy
observed in RT-PCR.

Effect of increasing sequence similarity between the native
and competitor RNA inputs on RT efficiency differences
The NKAL system employed an RNA competitor which was 73.2%
homologous with the native RNA input. We considered that increasing sequence
similarity might reduce the RT efficiency difference observed and so designed a new
mutation which resulted in native/competitor sequence similarity of 96.5%. These
inputs produce PCR products which differ in size by 14 bp, a sufficient difference to
permit efficient resolution by HPLC. We repeated the analysis of accuracy for the
NKA alpha 1 system using the almost homologous competitor (NKAS). Known
RNA input resulted in estimates of the amount of native template present which
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differed by 0.95 fold from the known amount of native template added to the
reactions. We concluded that, in some instances at least, RT efficiency differences
between homologous native and competitor templates can be eliminated by increasing
sequence similarity.

Studies of RNA secondary stmcture by mfold modeling
Our observations that increasing the sequence similarity between native and
competitor templates eliminated the RT efficiency difference observed in the Na, KATPase alpha 1 system led us to investigate whether such an effect might be
associated with differences in stability of secondary stmcture formation. To do so, we
used the mfold RNA modeling program to compare secondary stmctures of
competitors with their respective native templates at 42°C .
We observed that predicted differences in secondary stmcture existed at 42°C
for all native/competitor pairs employed in this study. There was no consistent
relation between stability of the secondary stmcture (reflected by its free energy) and
differences in RT efficiency. For example, no difference m RT efficiency was
observed between the cy-lp native and mutant templates as expected from the
negligible difference in their free energies of-66.5kcal/mole and -67.2kcal/mole
respectively. However, the CaN competitor and native templates showed reduced RT
efficiency of the native, but respective free energies were identical (-126.2kcal/mole).
Stem-loops were observed to be formed in the region in which the NKAL was
inserted which were absent in the native NKA template. The CaN mutation, which
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was a deletion, resulted in the removal of a stem-loop (Figure 6.2). Interestingly, the
loss of a stem-loop by deletion to create the CaN mutation resulted in a template
which was reverse transcribed with mcreased efficiency compared to native while the
addition of stem-loops to the NKAL resulted in a competitor which was reverse
transcribed with reduced efficiency. The NKAS mutant affected a region of tiie
molecule where no stem-loops were predicted. Similarly, the cy-lp insertion mutation
did not result in the acquisition or loss of stem-loop stmcture. These results suggest
that specific secondary stmcture features rather than overall stability of secondary
stmcture may be a critical determinant of relative RT efficiency.

Effect of modification of RT reaction conditions on RT efficiency
differences
We studied the ability of modification of RT reaction conditions to influence
the difference in RT efficiency between the CaN native and competitor templates.
Magnesium ion concentration in the RT reaction was varied over a range of 2-7.5mM,
however, no significant relationship was observed between [Mg ] and the relative
efficiency of transcription of the native and competitor templates, as reflected in the
ratio of the native and competitor PCR products in reactions to which identical
amounts of native and competitor RNA were added (Figure 6.3).
We further examined whether the concentration of dNTP's present in RT
reactions would influence relative RT efficiency of the native and competitor
templates. We examined the effect of [dNTP] over the range 0.5, 1,1.25, 1.5,1.75, 2,
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5 and lOmM. No reaction products were observed when [dNTP] was 5 or lOmM. No
effect of dNTP concentration on relative RT efficiency was observed.
We then examined whether the concentration of random hexamers present in
the RT reactions would influence relative RT efficiency of the native and competitor
templates. A significant negative correlation was observed between random hexamer
concentration and the relative efficiency difference of reverse transcription of the
native and competitor templates, though the effect was modest (Figure 6.4). However,
random hexamer concentration was also found to influence the total accumulation of
RT-PCR reaction products over the range of concentrations tested so that the lower
concentrations of random hexamers which reduced the relative RT efficiency
differential also reduced the net PCR product accumulation, possibly by reducing
total amount of first strand synthesized (Figure 6.4).
We compared the ability of AMV with MMLV to overcome secondary
stmcture differences affecting RT efficiency (Figure 6.5). No significant difference
was observed in reaction product ratios between these two reverse transcriptases
(p=0.07).
We examined whether use of rTth polymerase to perform both RT and PCR
steps would affect the RT efficiency difference observed in our two enzyme RT-PCR
systems (Figure 6.5). A significant increase in reaction product ratio was observed
(p=0.01) using rTth polymerase. Overall, however, the effect was small.
We examined the ability of pre-heating followed by rapid cooling on ice to
affect the reaction product ratio. Heating of RNA to 95°C resulted in an increase in

118

tiie difference between the reaction product ratios (Figure 6.6). We exammed the
ability of pre-heating to 50°C of RNA inputs in the presence of DMSO followed by
rapid dilution on ice to affect tiie RT efficiency difference between native and
competitor inputs (Figure 6.6). Heatmg in tiie presence of DMSO also lead to an
increase in the RT efficiency difference.
Finally, we examined the effect of RT reaction temperature on relative RT
efficiency of the native and competitor templates. For MMLV RTase, a significant
positive linear relationship was observed between temperature and reaction product
ratios (Figure 6.7). A positive relationship was also observed for AMV RTase
between reaction temperature and relative efficiency of reverse transcription of the
native and competitor templates, however, this relationship did not reach significance
(Figure 6.7).

Discussion
Recently we have shown that analysis of competitive RT-PCR reactions by
HPLC provides a means to detect and accurately quantify all specific reaction
products with essentially no additional handling which might lead to the introduction
of quantitation error (5). Further, we have shown that theoretical mathematical ideal
properties of such competitive amplifications can be readily met so long as
heteroduplex products formed between native and competitor product strands are
correctly recognized and quantified, a property in which ion pair HPLC far
outperforms non-denaturing gel electrophoresis. Using this approach we developed

119

evidence by amplifying known input amounts of native and competitor DNA
templates that PCR amplification efficiency differences did not occur between
homologous native and competitor sequences and these reactions met the ideal slope
and linearity properties predicted for PCR competitions (5,6). However, a major
unresolved issue is the selection of appropriate RNA competitors (2, 3). The present
study has sought to evaluate differences in RT efficiency between native and
corresponding competitor templates so as to better understand their implications for
specific RNA sequence quantitation and to examine their relationship to the stability
of folding differences between native and competitor RNA templates.
The first topic on which the present study sheds light is the desirable degree
of sequence similarity between native and competitor templates. It is clear from our
studies that some, though not all, competitors which share high sequence similarity
with native templates (greater than 95%) will be reverse transcribed with the same
efficiency as the native template. Design of competitors which differ only by a single
base might seem, on the surface, to be a rational path to this ideal. However, this
approach can create several problems. For example, the necessity of performing some
further manipulation (such as restriction digestion) to distinguish the reaction
products can pose problems: each further manipulation provides opportunity to
introduce error into the quantitation. Furthermore, we have also shown that
heteroduplexes can readily form between homologous templates (5, 6). If these
templates differ only by a single base pair they may not be digested by a restriction
enzyme designed to digest one of the two homoduplex products (native or
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competitor) and will therefore contribute error m being mistaken for undigested
homoduplex product. The need to create a competitor which is unequivocally
distinguishable from the native reaction product while having a high likelihood of
identical RT efficiency imposes constraints related to the technique used for analysis
of products. HPLC offers two key advantages in this regard. First, it resolves PCR
products differing only a few per cent in size. Second, it readily separates and
quantifies the heteroduplexes formed during competitive PCR (5, 6, 7,13, 21).
Formation of stable secondary stmcture appears to be the most likely
explanation for differences in RT efficiency between homologous native and
competitor templates. We have addressed this topic by examining likely secondary
stmcture formation and the stability of RNA folding using the RNA modeling
program, mfold (23). We compared the folding of native and competitor templates at
42°C (the temperature at which we performed MMLV reverse transcription). All
templates showed considerable secondary stmcture with free energies ranging from
66.5kcal/mole for the cy-lp native template to 156.5kcal/mole for the NKAL
template. Our results suggest the importance of the creation or removal of stem-loops
as a result of mutation in determining RT efficiency. Our resuhs clearly show the
importance of stem-loops in reverse transcription, with its efficiency being effectively
reduced and increased through the creation and loss of such stmctures, respectively.
We performed a number of manipulations to determine whether the consistent
variation in RT efficiency observed between the CaN native and competitor templates
could be reduced or eliminated. Most of these manipulations had no or only very
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limited effect on the difference in RT efficiency observed between native and
competitor templates. Increased RT reaction temperature, presumably due to its
effect to reduce secondary stmcture stability, was found to shift reaction product
ratios towards unity, though the temperature effect was only significantiy correlated
to reaction product ratio for MMLV (Figure 6.7). Others have attempted to reduce
RNA secondary stmcture effects on RNA sequencing by pre-treatment with DMSO
and heat (50°C) (19). In our hands, this manipulation was ineffective. Similarly,
heating RNA templates to 95°C for 5 minutes in the presence of random hexamers
was not effective in reducing the RT efficiency difference. Indeed, there was a
significant change in relative RT efficiency after both these manipulations which was
opposite to that which we expected to observe. The explanation for this result may be
that heat denaturation (with and without DMSO) results in an RNA molecule which
is able to form greater secondary stmcture than are present in the RNA after
transcription. This greater degree of secondary stmcture may provide further
impediments to reverse transcription reflected in the reduced RT efficiency observed.
The encouraging effect of elevated temperature during, rather than before, the
RT reaction caused us to evaluate the effect of performing RT with the thermostable
enzyme, rTth DNA polymerase. This enzyme possesses reverse transcriptase
activity in the presence of Mn^ ions which permits the enzyme to perform first
strand synthesis as a reverse transcriptase and subsequently the DNA polymerase
activity of the enzyme can be used for amplification (10). Using rTth polymerase we
observed a small but significant improvement in the relative amplification of the CaN
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RNA templates. However, the magnitude of the effect appears to be determined
principally by tiie temperature at which the RT reaction is performed rather tiian any
intrinsic capacity of rTth polymerase to overcome secondary stmcture. This idea is
supported by our observation that reductions in the reaction product ratio difference
of similar magnitude to those obtained with rTth polymerase were also observed
when AMV and MMLV were used at elevated temperatures.
In conclusion, accuracy of gene expression quantification by competitive RTPCR can be influenced by RT efficiency differences occurring between native and
competitor templates. These RT differences are associated with prediction of the
formation of stable stem-loop stmctural differences between native and competitor
templates. Some such stmctures appear to be stable at elevated temperatures and we
have not been able to overcome them completely using a wide range of modifications
to the RT reaction conditions. However, RT efficiency differences between native and
competitor templates are remarkably consistent and, therefore, can be easily
accounted for by use of an experimentally determined correction factor. This results in
estimates which accurately reflect the amount of native template present in a sample.
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Figure 6.1. Competitive titrations between native and competitor RNA's of NKAL,
calcineurin (CaN) and cyclophilin-like protein (cy-lp). The ordinate reports the
amount of competitor RNA added to a reaction, the abscissa is the logarithm of the
ratio of the reaction product quantities determined by HPLC of reaction products.
These titrations produce straight lines with slopes close to unity. This supports the
identical amplification efficiency of native and competitor templates in PCR (13-15).
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Figure 6.2. Prediction of most stable secondary stmcture of CaN native (right) and
deletion mutant competitor (left) RNA's at 42°C using mfold (23). The inset (lower
right) shows the stem-loop stmcture lost as a result of the deletion mutation produced
to generate the competitor.
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Figure 6.3. Effect of magnesium concentration in the reverse transcription reaction
using Moloney murine leukemia virus (MMLV) reverse transcriptase on the relative
efficiency of transcription of the CaN native and competitor templates.
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product accumulation

Effect of [hexamers] on RT efficiency difference
R ' = 0.9, p = 0.004

R'

= 0.69, p :: 0.04

3 -

0.65

«
• 2.6 3
O

»-2.2 c

3
•D

0.55

/ •

O

•

; 1.8 •

"3
o
- 1.4 -

0.45

«/

X
*

•

1 -

2
4
[random haxamsrs] |iM

2
4
(random hexamers] MM

Figure 6.4. Effect of random hexamer concentration in the reverse transcription
reaction (using MMLV RTase) on the relative efficiency of transcription of the CaN
native and competitor templates (left panel) and on total RT-PCR product
accumulation (right panel).
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Figure 6.5. Effect of avian myeloblastosis vims (AMV) reverse transcriptase (RTase)
on reaction product ratio (relative efficiency of reverse transcription of native versus
competitor templates) compared with MMLV reverse transcriptase (left panel). No
significant difference was observed in reaction product ratios for MMLV and AMV
(p=0.07, t test). Effect of thermostable reverse transcriptase/DNA polymerase (rTth)
on reaction product ratio compared wdth MMLV reverse transcriptase (right panel).
Reaction product ratio was significantly greater for rTth than MMLV (p=0.01, t test)
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Figure 6.6. Effect of pre-heating RNA before reverse transcription on reaction product
ratio. Pre-heating resulted in a decline in reaction product ratio (left panel) which was
statistically significant (p<0.001). Effect of heating RNA templates to 50°C m 95%
DMSO prior to reverse transcription on reaction product ratio (right panel). This
treatment also significantly reduced the reaction product ratio (p<0.001).
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Effect of RT reaction temperature on RT efficiency
difference using AMV RTase

Effect of RT reaction temperature on RT efficiency
difference using MMLV RTase
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Figure 6.7. Effect of increasing reverse transcription reaction temperature on reaction
product ratios. The upper panel reveals a significant relationship between increasing
RT reaction temperature and reaction product ratio in reverse transcription using
MMLV. The lower panel reveals a similar trend for AMV, however, this trend did
not produce a significant correlation coefficient.
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CHAPTER VII
NEPHRON SODIUM PUMP GENE EXPRESSION
PART I: DEVELOPMENT OF AN ACCURATE
AND PRECISE QUANTIFICATION SYSTEM

Abstract
Measurements of gene expression in stmctures, such as the nephron, which
demonstrate functional specialization at the microscopic level provide a means to
further dissect the regional compartmentalization of function. Reverse transcriptionpolymerase chain reaction (RT-PCR) assays have been applied to detect gene
expression in individual nephron segments. Until recently, such measurements of gene
expression were qualitative and suited principally for determining whether expression
of a particular gene was, or was not, detectable. However, an important objective is to
assess the amount of gene expression. Methods such as Northem and solution
hybridization can be semi-quantitative, but are not sufficiently sensitive to detect
specific messages in microdissected nephrons. We report here the application of a
novel competitive RT-PCR approach which introduces the use of high performance
liquid chromatography (HPLC) for PCR product analysis. This analysis permits
quantification of specific mRNA's which is accurate, precise and reliable. Key
advances include new insight into the formation of heteroduplexes between
competitor and native amplicons in these reactions and the removal of heteroduplex
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formation as a limitation to accuracy and precision and demonstration that known
inputs can be accurately estimated by the assay system. Finally, development of a
similar system for a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), provides a reference which permits accurate between sample or treatment
comparison. We demonstrate here the application of this system to the estimation of
sodium pump gene expression in nephron segments.

Introduction
Individual nephrons show axial heterogeneity which is reflected in their
morphology, stmctural relationships and transport function. Thus, a full elucidation
of nephron function requires examination at microscopically localized levels. The
ability to assess a variety of transport fiinctions at the biochemical level in
microdissected nephrons is an important, but insufficient tool to provide a full
understandmg of regional nephron specialization and physiological adaptation. This
fact is highlighted by rapid advances at the molecular level indicating that a number of
renal transport proteins exist in several isoforms, each with presumed or known
specialization of function (1,14). Immunonological approaches require careful
validation if antibodies are to be used to distinguish between protein isoforms.
Conflicting results have been obtained in studies of nephron sodium pumps when
mRNA expression is compared with the results of Western blots (5, 15, 28). Such
approaches are also limited in their sensitivity and precision as a tool to discem the
135

amount of protein present in microdissected nephron segments (15). For this reason,
RT-PCR approaches have recently been applied to further-probe nephron function (3,
16, 18). RT-PCR approaches offer two identifiable advantages: they use the
amplification of the PCR reaction to increase sensitivity and, by the careful selection
of priming sequences, they permit greater power to distinguish between different
products of the same or related genes.
The extension of specific and sensitive nephron gene expression studies to
include quantitative information by use of RT-PCR poses problems connected to the
exponential nature of amplification. The comparison of specific gene expression in
two samples of RNA from different nephron segments or from the same segments of
different nephrons cannot be performed by a direct comparison of amount of reaction
products present in samples handled identically. This is because very small
differences in amplification efficiency between reactions can rapidly result in
completely unreliable estimates. Efforts to generate a reliable RT-PCR quantification
system have met with considerable practical and theoretical obstacles (7, 20-22). The
most common approach has been to perform competitive reactions in which the target
gene of interest is amplified in the presence of a knovm amount of another template
which is simultaneously amplified. This known template then serves as a reference
against which the relative level of target template is compared.
Approaches using competitive RT-PCR raise new questions. There has been
discussion concerning the selection of intemal or external controls (29), DNA versus
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RNA competitors (2) and the reliability of estimations which clearly differ from the
result expected for an ideal competitor (20-22). These concems have proved an
obstacle to the development of reliable quantification methodology and there is ample
evidence that most estimates are at variance from the expected result if target and
competitor sequences were amplified with identical efficiency. A further problem in
tissues such as nephron is the need to find a means to compare the amount of
expression between two similar samples with reference to some other attribute.
Reporting of gene expression per unit of nephron length is clearly one means, but this
may be less helpful when comparing segments where the relationship between
nephron length and cell volume or tissue mass varies.
The emergence of new methods to analyze and quantify PCR (11, 17)
products permits us to hypothesize that, through the use of appropriately designed
competitive RT-PCR reactions, the expression of specific genes can be detected and
quantified in individual nephron segments. In addition, we have investigated whether
this quantification can be both precise and accurate. Finally, we have proposed that
the application of similar techniques to quantify the expression of a "housekeeping"
gene expressed in nephrons can provide an additional reference which may increase
the ability to make meaningful quantitative comparisons between samples. The
studies reported here will describe how these goals have been accomplished.
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Methods
Generation of mutant competitor RNA: GAPDH and sodium,
potassium-ATPase alpha 1 subunit.
Glyceraldehyde-3-PO4 dehydrogenase (GAPDH)
Rat GAPDH cDNA was the generous gift of Dr. Kenneth Livak (Applied
Biosystems, Inc.). The partial cDNA was cloned in a pCRII vector which contains a
T7 RNA polymerase promoter upstream of the GAPDH cDNA. A competitor
mutant construct was generated by digesting the plasmid constmct at a unique
restriction site (Bst EII) present in the cDNA sequence. The digested constmct was
dephosphorylated, the five base 5' overhang was filled by Klenow fragment and a 20
base pair double stranded synthetic oligo (previously kinase-treated) was ligated into
the constmct. Sequencing confirmed that the mutant constmct contained 24 bases
inserted at the expected location. The resulting template was used for in vitro
transcription of competitive mutant GAPDH RNA.

Sodium, potassium-ATPase alpha 1 subunit
RNA was transcribed from the T7 RNA polymerase promoter of a pGem4Z
constmct contaming a 396 bp rat alpha 1, sodium, potassium-ATPase (AINKA)
sequence. Mutant competitor RNA (382bp deletion mutant) was transcribed from a
similar constmct containing the same 396bp native sequence intermpted by a 14bp
deletion. After determination of the RNA yield and purity by UV absorbance, the
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transcribed RNA was diluted in a solution of yeast total RNA to reduce non-specific
binding to plastic surfaces and to minimize degradation by RNAse. RNA dilutions
were made in the same yeast RNA buffer.

Nephron microdissection/RNA collection
Male Sprague-Dawley rats were deeply anesthetized wdth pentobarbital (IP,
40mg/kg) and the abdominal cavity was opened. The renal artery was cannulated and
the kidney was perfused with saline solution, followed by a solution of coUagenase
(Sigma, St. Louis, MO). The kidney was then removed and cut along the corticomedullary axis. The cut segments were placed into well oxygenated dissecting medium
containing an RNAse inhibitor, lOmM vanadyl ribonucleoside complex (New England
Biolabs, Beverly, MA). Nephron segments were dissected free, identified on the basis
of their renal origin and morphology, measured with a calibrated ocular micrometer,
rinsed and added to RNAzol B (Tel-test, Houston, TX) for extraction of RNA. Linear
acrylamide co-precipitant (Ambion, Austin, TX) was added to increase yield.
Recovered RNA was stored at -80°C after dissolving in a solution of yeast transfer
RNA (lOOng/fXl). Integrity of RNA was validated by extraction of RNA from
segments of kidney after completion of dissection. This provided sufficient RNA to
be visualized by gel electrophoresis. Intact 18S and 28S bands were observed.
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RT-PCR conditions
Each RNA mixture was reverse transcribed at 42°C for 25 mmutes in a Peltier
effect thermal cycler (MJ Research, Watertown, MA). Reaction volumes (10|il vdth a
20|il wax overiay) comprised Perkin Ekner (Foster City, CA) reagents includmg
MMLV reverse transcriptase and random hexameric primers. After heating the
reactions to 99°C and cooling to 5°C, 40|il PCR reaction mastermix containing
Amplitaq DNA polymerase (1.25U/40p.l) and 0.3|iM of each primer was added to
each tube. Standard cyclmg parameters were as follows; 2 minutes at 95°C, followed
by 36 cycles comprising 50 seconds at 94°C, 60 seconds at 56°C and 70 seconds at
72°C with a final extension for 5 minutes at 72°C. Samples were rapidly cooled and
held at 0°C for analysis.

Primer design and PCR product sizes
Primers were selected to avoid self-complementarity and to span an intron, so
as to distinguish cDNA amplification from possible contaminating genomic DNA
amplification. For the alpha 1 rat isoform, the forward primer was an 18mer with
sequence: 5'-CCCTAGTTCCCGCCTCTC, the reverse primer was a 21mer: 5'TGGTCGTCCATAGACACTTCC. PCR reaction product sizes were 245bp and
231bp for the native and mutant amplicons respectively.
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For GAPDH amplification, the forward primer was an 20mer with sequence:
5'-AAGGTCGGAGTCAACGGATT, the reverse primer was a 20mer:
5'-TTGATGACAAGCTTCCCGTT. PCR reaction product sizes were 226bp and
250bp for the native and mutant amplicons respectively.

Gel electrophoresis and HPLC analysis of products
RT-PCR reaction products were analyzed on agarose gels (Metaphor, FMC,
Rockland, ME) under non-denaturing conditions. Ethidium bromide stained gels were
examined under UV illumination to demonstrate the major reaction products. HPLC
analysis of PCR reaction products was performed using a novel polystyrenedivinylbenzene C18-bonded phase (DNASep'^'^, Sarasep. Inc., Santa Clara, CA.).
Reaction products could be analyzed by direct injection into the HPLC system. The
solvent system was a gradient of acetonitrile in triethylammonium acetate. On-line
UV detection (254iim) coupled with a Hewlett-Packard calculating integrator was
used to quantitate reaction products. HPLC analysis conditions were as previously
described (10).

Results
Gel versus HPLC analysis of reaction products
Analysis of competitive PCR reaction products on ethidium bromide-stamed
non-denaturing high resolution (4.5% Metaphor) agarose gels demonstrated the
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expected shift in the ratio of reaction products produced by addition of increasing
amounts of competitor (Figure 7.1, upper panel). Two main products were apparent
in competitive reactions which migrated as expected by their size. Analysis of the
same reactions by HPLC indicated that three major reaction products were present in
most competitive reactions (Figure 7.1, lower panel). The third product could also be
generated if the products of reactions amplifying only native or competitor inputs
were mixed, heated and re-annealed (Figure 7.2). The re-annealed reactions always
produced the two expected products, but an additional third product appeared which
was not present when the mixed reactions were analyzed without heating and reannealing. The third product is a heteroduplex which results from the hybridization of
one strand of native and one strand of competitor product. These heteroduplexes are
generally not resolved on agarose gels because migration is determined principally by
cross-sectional area. Heteroduplexes migrate as if they have a cross-sectional area
which is determined by the longer of the two strands from which they are comprised.
On the agarose gel in Figure 7.1 a broadening of the native band is observed. This
reflects the co-migration of the native and heteroduplex products. In the HPLC
system we used, elution is determined principally by the number of paired bases in a
product. Thus, the heteroduplex product elutes first because the number of paired
bases is limited to the number of bases in the smallest of its two strands, less the
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unpaired bases adjacent to the looped out, unpaired region. As discussed below,
detection and quantification of heteroduplexes is essential to accurate quantification in
competitive RT-PCR reactions.

HPLC analysis of competitive RT-PCR conforms to
theoretical constraints
The exponential nature of the amplification reaction imposes two primary
constraints which must be met in order for measurements to be accurate and precise.
First, the PCR amplification efficiency of native and competitor inputs must be
identical. Second, the decline in amplification efficiency which occurs as reactions
proceed to plateau must affect both native and competitor inputs identically.
Equation 7.1 describes the accumulation of reaction products in PCR. It predicts that
small variations in efficiency (E) can lead to dramatic variations in product yield.

N = No(l+E)"

(7.1)

Where N is the final amount of reaction product, NQ is the initial amount of DNA in
the reaction, n is the number of cycles and E is the efficiency of the reaction.
Competitive PCR employs an intemal mutant designed to be amplified by the
same primer pair as the gene of interest and in the same reaction tube, but to be
distinguishable from the native product on subsequent analysis of PCR products. If
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the initial competitor concentration is known or is always constant between samples
it can be used as a quantitative reference. We have used an intemal RNA competitor
that differs in amplified sequence from the native molecule by a small deletion,
allowing the products of the competition to be resolved on HPLC by their relative
length.
The small size mutant competitor RNA in the RT reaction step is a major
advance in permitting quantitative precision in determining gene expression levels, but
it is not without some theoretical problems. The most obvious of these are (1) that
the processivity rate of Taq polymerase (about 50 bases/sec) may be sufficiently low
that during the elongation step in our PCR reaction, shorter DNA's might be amplified
wdth greater efficiency than longer ones and (2) there may be differences in the
efficiency of reverse transcriptase which bias native or mutant signal generation. To
understand the significance of these factors requires a mathematical approach to PCR
amplification and the effects of variations in efficiency on accumulation of amplified
products. Raeymaekers has devised such an approach and our methods provide an
opportunity to test the mathematical model he has developed (22). This model is
described briefly below.
If the initial unknown amount of a gene N in a competitive RT-PCR reaction is
No and that of its specific (mutant) competitor RNA is Co and these templates are
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subjected to n reaction cycles in which the efficiency of amplification is En and Ec for
the unknown and competitor respectively, then from equation 7.1 we can describe the
amount of reaction products at the end of n cycles by:
Nn = No-(l+En)"

(7.2)

Cn = Co • (1 + Ee)"

(7.3)

Making a ratio of Eqn. 7.2 and Eqn. 7.3 and taking the logarithm gives:

log(Nn/Cn) = log No - log Co + n • log[(l + E„)/(l + Ee)]

(7.4)

A basic assumption of competitive RT-PCR is that En and Eg remain equal throughout
the reaction. In this case, Eqn. 7.4 reduces to:

l0g(Nn/Cn) = log No - log Co

(7.5)

In calculating competitive RT-PCR reactions to obtain the unknown amount
of a gene (No) present m a sample, a titration plot is made which relates log(Nn/Cn) to
logCo, the known amount of starting competitor RNA. This allows logNo to be
calculated. The estimated initial value for amount of native gene expressed in a sample
(No) is the antilog of this value.
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Eqn. 7.5 indicates that such a plot will form a straight line having a slope of-1
(or of 1 if log(Cn/Nn) is plotted).
We used RT-PCR in conjunction with competitive HPLC to ascertain whether
our system meets these theoretical requirements. We examined whether competitions
between constant amounts of native target and varying amounts of competitor
resulted in titration lines which were linear and had a slope of unity. In our system,
these criteria are routinely achievable (Figure 7.3). We obtained values of mean slope
and R^ for these reactions of 1.01 ± 0.01 and 0.99 ± 0.01 respectively (mean ± SEM,
n = 18). However, the HPLC quantification of reaction products is essential to
achieve these slope and linearity properties. As noted above, the titration line is a plot
of the ratio of the native and competitor reaction product ratios against the initial
input of competitor. Since these competitive reactions may generate heteroduplex
products which are not detected by gel electrophoresis, it is essential that the reaction
products are analyzed by a method which distinguishes and accurately quantifies
heteroduplex products. By assessing the amount of heteroduplex product it is
possible to apportion the native and competitor strands present in the heteroduplexes
to the actual product (native or competitor) which they represent, thereby providing a
tme reflection of final product ratios (9).
Having demonstrated that slope and linearity properties were being met, the
next objective was to examine transcription and amplification efficiency in our
competitive RT-PCR reactions. Our results indicate that transcription and
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amplification efficiency of the native and competitor templates were identical.
Titrations performed with known amounts of synthetic native RNA input were used
to estimate the amount of known native template added to the reaction. The estimated
and known input levels differed by a factor of 0.95 ± 0.06 (mean ± SEM, n = 12).
This resuh indicates that the estimations generated by this quantitation system are
highly accurate.
Precision describes tiie variability of estimates of gene expression in the same
sample in multiple estimations of the same sample. Repeated measurements of gene
expression have been performed in samples of brain RNA which represent relatively
large tissue samples witii abundant alpha 1 gene expression. Precision has also been
estimated for alpha 1 expression in samples of proximal tubule RNA m which
expression is abundant, but the small sample size results in a much smaller input to
the assay system. Precision has been estimated as % coefficient of variation. For
samples of brain RNA, precision was estimated at 8.3%. For nephron RNA, we
obtained a coefficient of variation (CV) of 17.8%.

Use of GAPDH expression as a reference for expression
of another gene
In small tissue samples it may be impossible to determine accurately the size
of samples in which specific gene expression is to be compared. Furthermore, the
amount of total RNA recovered from the sample may be too small for
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spectrophotometric quantification. In this case, measurement of expression of a
housekeeping gene against which the expression of the gene of interest can be
normalized may provide a useful tool to permit comparison of gene expression across
samples. To this end, we have established a similar competitive RT-PCR quantitation
system for expression of glyceraldehyde-3-phosphate dehydrogenase, a key enzyme
of glycolysis. Determination of GAPDH gene expression in nephron segments was
performed. This allowed us to compare estimates of alpha 1 gene expression per mm
of nephron (determined by ocular micrometry during nephron dissection) with
estimates of alpha 1 gene expression per fg of GAPDH expression (Figure 7.4). The
results obtained indicate that precise estimates can be obtained in both systems
permitting meaningful comparison of gene expression in reference to the housekeeping
gene even when it is impossible or undesirable to obtain some physical description of
the tissue sample from which the RNA was extracted.

Discussion
The present study demonstrates, for the first time, the feasibility of obtaining
quantitative measurements of specific gene expression in identified, microdissected
nephron segments which have the accuracy and precision necessary to make this
approach useful for studies in which the role of altered gene expression in normal and
perturbed nephron function is examined. Measurements of gene expression provide
information not presently attainable at this level concerning protein fimction.
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Specifically, the PCR amplification combines sensitivity wdth specificity to provide
botii qualitative, and using competitive RT-PCR-HPLC metiiods, quantitative
information beyond the capability of current studies at the protein level.
This insight has been made possible principally through the use of recent
advances in DNA analysis by HPLC. The development of an ion-pair, reversed-phase
HPLC method suitable for the direct analysis (without further sample processing) of
(RT-)PCR products provides several key advantages not previously realized (11, 12,
17). First, the formation of heteroduplex products in competitive reactions is likely in
any reaction which approaches the plateau phase. Furthermore, conventional nondenaturing gel electrophoresis approaches may be silent as to the occurrence of
heteroduplex formation (Figure 7.1). It is well recognized from the recently devised
continuous spectrophotometric monitoring of PCR reaction product accumulation
that different reactions reach plateau phase at different rates (19). Thus, any method
to analyze products which fails to detect or otherwise account for the possibility of
heteroduplex formation will be inaccurate because heteroduplex formation alters the
relationship between the initial ratio of native and competitor inputs and the final
ratio of their products which is the central relationship on which the competitive
method relies. By determining whether heteroduplexes have formed using HPLC and
by appropriately reallocating the native and competitor strands comprising these
heteroduplexes, accurate fmal product ratios can be obtained.
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Otiier methods have been reported in which qualitative and quanitative
assessment of gene expression in the nephron and other small tissue samples have
been attempted (6, 13, 23-27, 30-32). Those reports which have attempted
quantification have not yet developed sufficiently to permit a rigorous assessment of
the accuracy or precision of the quantitative system (3, 4, 6, 8, 27). Furthermore,
analytical methods to estimate product accumulation have failed to make a thorough
analysis of the effect on the system of either selection of intemal competitors or the
ability of the system to correctly estimate known RNA inputs. A critical element of
the system we report here is the use of a highly homologous intemal RNA
competitor. In preliminary studies we observed that a competitor which shared only
62% homology with the native amplicon differed in RT efficiency. However, PCR
amplification efficiency (determined by use of known quantities of DNA as inputs in
the estimations) remained identical between the two amplicons (10). Indeed, the RT
efficiency difference observed with the less homologous competitor was a constant
which could be readily estimated and applied as a correction factor to make estimates
which reflect the absolute amount of target in the sample . Furthermore, the necessity
to determine the presence of heteroduplex formation is critical to the accurate
estimation of final native and competitor product ratios. HPLC using the novel ion
pair reversed-phase method we describe provides this and several other important
advantages. It allows PCR reaction products to be analyzed wdthout sample
processing. This reduces analysis time and minimizes the opportunity to introduce
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new errors in quantitation. The HPLC analysis can be conducted in between 3 and 5
minutes per sample, the difference being determined by pre-column dead space.
Finally, we have analyzed more tiian 1000 reactions on a single HPLC column, making
this approach highly cost effective.
In conclusion, we report here a means to estmiate the absolute (rather than
relative) levels of specific gene expression in microdissected nephron segments. This
provides a quantitative approach to study of regional nephron function at the level of
nucleic acid transcription. Levels of accuracy and precision obtained in this system are
similar to those obtained in many other assays systems which do not involve
exponential signal amplification (e.g. radioimmunoassay, ELISA and ligand binding
assays). By reference to expression of a housekeeping gene in the sample, the
applicability of this approach is extended even to minute tissue samples on which it
may not be possible to obtain physical measurements concerning sample size or RNA
content.
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Figure 7.1. Analysis by HPLC and agarose gel electrophoresis of products from a
single kidney RT-PCR titration series. Aliquots of reaction products (15 |il) were run
on a 4.5% Metaphor gel, stained with ethidium bromide and photographed under UV
illumination. For HPLC, aliquots (6 jil) were injected sequentially onto the PSDV
column at 6 minute intervals, eluted with a gradient of acetonitrile in O.IM TEAA
(pH 7) and UV absorbance measured. Each reaction in the titration contained 50 ng
kidney total RNA with varying mutant competitor input. Lanes 1-5 contain
competitive reaction products in which native RNA was subject to RT-PCR with
0.25, 0.5, 1, 1.5 and 3 fg mutant respectively. Lane L contains apUC18 Haelll ladder.
Three products, native (N), mutant (M) and heteroduplex (H) are evident.
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Figure 7.2. IPRP-HPLC chromatograms demonstrating heteroduplex formation
between GAPDH native and mutant products. The left-hand chromatogram was
generated by amplifying GAPDH native and mutant transcripts in separate reactions,
mixing the products and analyzing a 10 jil aliquot by HPLC. Two peaks, native (N)
and mutant (M) are evident. The right-hand chromatogram represents an aliquot of the
same mixture that was subject to heat denaturation and allowed to cool before
analysis, resulting in the appearance of the heteroduplex product peak (H).
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Figure 7.3. Regression plot generated by a representative competitive RT-PCR
titration reaction, to quantitate NKA alpha 1 expression in 0.25mm rat proximal
convoluted mbule. For each tube, the log ratio of products is plotted against log
competitor input. Excellent regression parameters are obtained, demonstrating that the
quantitative system meets the necessary theoretical ideals.
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Figure 7.4. RT-PCR quantification of NKA alpha 1 gene expression in rat proximal
convoluted tubule (n=3). Results (molecules) are normalized to nephron length (left
bar) and GAPDH expression (right bar), demonstrating that precise estimates of
expression can be obtained using a physical (length) or housekeeping (GAPDH)
reference.
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CHAPTER VIII
NEPHRON SODIUM PUMP GENE EXPRESSION.
PART II: QUALITATIVE AND QUANTITATIVE
EXAMINATION OF SPRAGUE DAWLEY RATS

Abstract
The sodium pump is the primary motive force in renal sodium reabsorption.
In order to explore the relationship between Na, K-ATPase (NKA) function and the
maintenance of sodium homeostasis, it is important to understand the distribution of
NKA isoforms along the nephron, which is the functional unit of the kidney wdth
respect to sodium balance. In this study, competitive reverse transcription PCR (RTPCR) using RNA from microdissected Sprague Dawley nephrons was used to
delineate a qualitative and quantitative map of NKA alpha and gamma subunit gene
expression along the rat nephron. RT-PCR Products were analyzed by HPLC, which
allows accurate, precise and rapid quantification. Our qualitative analysis revealed
expression of alpha 1 and gamma transcripts in every segment examined. We did not
detect expression of message for the alpha 2, alpha 3 or alpha 4 isoforms in any
segment. Degenerate primers were designed to amplify an alpha 3-like message from
distal tubule segments. Products were cloned and sequenced and did not yield
products similar to alpha 3 in sequence. Quantitative analysis of a subset of nephron
segments revealed that both alpha 1 and gamma subunit RNA are expressed at
approximately five times the level in proximal convoluted tubule (PCT) than in
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collecting tubule segments. The expression of alpha 1 and gamma RNA in each
segment examined was very similar, demonstrating that NKA units in nephron tissue
may include the gamma subunit protein.

Introduction
The sodium pump is an oligomeric protein which translocates 3 sodium ions
and two potassium ions in opposite directions across the plasma membrane, wdth the
hydrolysis of one molecule of ATP (12). It provides the primary motive force for the
electrochemical gradient existing across the cell membrane. It is therefore responsible
for maintenance of both the potential difference required for generation of the action
potential and the low intracellular sodium ion concentration that drives secondary
transport of ions, electrolytes and other solutes in thermodynamically unfavorable
directions.

«

Until recently, the smallest functional Na^, K^ ATPase (NKA) unit was
thought to comprise a heterodimer wdth a large 110 kD alpha subunit and smaller
glycosylated beta subunit (12, 22). The catalytic function is currently attributed to
the alpha subunit, which has a large intracellular domain, the cation and ouabam
binding sites and the phosphorylation site. In contrast, the beta subunit is largely
extracellular. It is postulated to contribute to membrane msertion and stability of the
mature protein, but may also have a role in modulating enzyme function (11,18).
Recentiy a tiiird component, the gamma subunit, was identified (26). Previously
termed the proteolipid component, the gamma subunit is a small protein that was
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originally thought to represent a cellular contaminant or degradation product. It has
recently been cloned (26), and studies utilizing ouabain analogs have demonstrated
that in some tissues it may comprise part of the ouabain binding site (26).
The subunits that comprise the sodium pump have multiple isoforms,
generated both by different genes and altemative splicing. Five alpha isoforms, three
beta isoforms and one gamma isoform have been identified and cloned. The alpha
isoforms are transcribed from four different genes. Alpha 1 is ubiquitously expressed.
The other isoforms, alpha 1-T (a splice variant of alpha 1) (25), alpha 2, alpha 3 and
alpha 4 are expressed in a tissue and developmentally specific fashion, offering the
possibility of specific functional roles or differential regulation (17, 22, 32). Further
support for this hypothesis is provided by studies demonstrating differential ionic
activation of the alpha isoforms (20) together with differing sensitivity to cardiac
glycoside inhibition (23). The physiological rationale for multiple isoforms is not
currently clear, but several potential advantages can be envisioned. The expression of
multiple isoforms permits differential synthesis, cellular targeting, regulation and
degradation of pumps in addition to the possibility that each isoform may have
discrete cellular roles.
In the kidney, NKA is localized to the basolateral surface of renal epithelia,
facilitating maintenance of a chemiosmotic gradient, thereby driving net sodium
reabsorption and providing the ionic gradient for other secondary transport systems.
The kidney is a highly heterogeneous organ whose basic functional unit, the nephron,
may be divided into 12 or more morphologically and functionally distinct segments
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(5). These segments exhibit differences in sodium handling. Differences include the
types of channels, carriers and pumps expressed, and their regulation at the second
messenger level by extracellular signals. One way that different segments could
accomplish differential sodium handling is by qualitative or quantitative variation m
sodium pump expression. Studies in both rat and rabbit nephrons have supported this
premise, demonstrating increased sensitivity to ouabain in distal tubule segments
when compared to proximal segments (8). This suggests the presence of more than
one alpha isoform in the nephron. It could also be explained by differences in
expression of a ouabain binding-site modifier, a role which could conceivably be
accomplished by a protein such as the gamma subunit. Studies to date which have
addressed alpha subunit diversity in kidney have yielded conflicting results. Some
studies indicate that only alpha 1 is expressed, while others have detected alpha 2 and
alpha 3 expression (1,6). One study noted the expression of alpha 3 RNA by reverse
transcriptase polymerase chain reaction (RT-PCR), but failed to detect the presence
of alpha 3 protein (33). This highlights the possibility that leaky transcription or
contamination from another tissue could provide a positive PCR signal without the
actual presence of a functional membrane protein. Conversely, as expression of alpha
1 is abundant in the kidney, it may be difficult to detect presence of rarer isoforms at
the protein level, although they may play an appreciable functional role in discrete cell
types. Through quantitative analysis, the expression of a gene can be assessed for
likely functional relevance.
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The objective of tiiis study was to delineate a qualitative and quantitative map
of sodium pump alpha and gamma isoform gene expression along the length of the
Sprague Dawley rat nephron. This provides a means to develop a clearer
understanding of how NKA expression relates to functional heterogeneity with
respect to sodium reabsorption in the kidney. Using qualitative RT-PCR wdth
isoform-specific primers we detected the expression of alpha 1 and gamma isoforms in
every segment examined. Alpha 2, 3 and 4 were not detected in any segment. In
addition, we used an assay we have developed which combines competitive RT-PCR
wdth a novel HPLC detection system, to accurately and precisely quantify alpha 1
and gamma subunit gene expression in RNA samples from a subset of microdissected
nephron segments.

Methods
Nephron microdissection and total RNA isolation
Nephrons were dissected from adult male Sprague Dawley rats. The rats were
deeply anesthetized wdth intraperitoneal pentobarbital (40 mg/kg) prior to the
procedure. The abdominal cavity was opened and the abdominal aorta clipped above
the bifurcation of the renal artery, which was subsequently used for perfusion. One
kidney was selectively perfiised with 20ml ice-cold dissection solution containing
1 .Omg/ml collagenase (Sigma, St. Louis, MO) in a Tris-HCl buffered physiological sah
solution. The kidney was removed, sliced into thin sections along the
corticomedullary axis and incubated in collagenase dissection solution bubbled with
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100% 0 2 for 15 minutes at 37° C. The slices were rinsed to remove collagenase, and
placed for dissection in a Petri dish of ice-cold dissection medium containing the
RNAse inhibitor, lOmM vanadyl ribonucleoside complex (New England Biolabs,
Beverly, MA). The tissue was dissected to release individual nephron segments, and
identified segments were measured for length using an ocular micrometer. The
following segments were isolated: glomemlus; proximal straight tubule (PST);
proximal convoluted tubule (PCT); medullary thick ascending loop of Henle (MTAL);
thin ascending Loop of Henle (thAL); cortical collecting duct (CCT); and medullary
collecting duct (MCT). Nephron segments (10mm) were then transferred to a single
well of a 96-well tissue culture plate that had been pre-coated wdth a lOOng/p-l yeast
transfer RNA solution and rinsed to remove the RNAse inhibitor. They were lysed
directly in the well wdth RNA extraction solution (RNAzol B) (Tel-test, Houston,
TX) and the lysate transferred to a microcentrifuge tube. Co-precipitants yeast
transfer RNA (100ng/|J.l) and linear acrylamide (Ambion, Austin, TX) were added to
increase yield. Precipitated RNA was dried and redissolved in yeast transfer RNA
(lOOng/p.1) at a concentration of RNA from 0.25mm nephron per jil, before storage at
-80°C. Integrity of RNA was validated by extraction of RNA from a slice of kidney
after dissection. On denaturing agarose electrophoresis, ethidium bromide staming
revealed intact 18S and 28S bands.
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Construction of mutant competitor NKA alpha 1 and gamma RNA
Mutant competitor RNA was synthesized by mn-off transcription using a T7
RNA polymerase (Novagen, Milwaukee, WI) from pGEM 4Z constmcts containing
alpha 1 and gamma subunit mutant cDNAs. For alpha 1, the cDNA was a 382bp
deletion mutant that was constmcted as previously described (14). The gamma
mutant cDNA was constmcted by inserting an 18bp pUC18/HaeIII ladder (Sigma, St
Louis, MO) fragment (gel purified) into StuI restriction-digested gamma cDNA
(645bp). This resulted in a 663bp insertion mutant. The gamma cDNA was the kind
gift of Dr Robert Mercer. The transcribed synthetic RNA was dissolved in RNAse
free water (Biotecx, Houston,TX) and quantitated by absorbance at 260nm on a UV
spectrophotometer. Purity of the RNA was assessed by calculating 260/270nm and
260/280nm absorbance ratios, and quality was validated by denaturing agarose
electrophoresis. RNA was then diluted to a concentration of lng/p.1 in yeast transfer
RNA solution (100ng/|Lil) and stored in lOp.1 aliquots at -80 C until use.

RT-PCR conditions
RT-PCR was performed in a Peltier effect thermocycler (MJ Research,
Watertown, MA). For competition reactions, mutant competitor RNA was diluted to
the appropriate concentration in yeast transfer RNA solution (100ng/|il).Total RNA
from 0.125nim nephron was mixed wdth a known quantity of synthetic mutant RNA.
For qualitative experiments, total RNA from between 0.25 and 1mm of nephron was
used For both qualitative and quantitative experiments, the RNA was reverse
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transcribed at 42°C for 20 minutes in a buffer containing 5mM MgC12, ImM dNTPs,
MuLV reverse transcriptase (2.5 U/|xl), RNase Inhibitor (lu/|xl) and 2.5p.M random
hexameric primers (Perkm Elmer, Foster City, CA). The reactions were heated to
99°C for 5 minutes and cooled to 5°C before addition of 40 |il of a PCR mastermix
containmg Amplitaq Gold DNA polymerase (1.25U/40^1) and 0.3 |Lim each primer.
Cyclmg conditions were as follows; 1 minute at 95 °C followed by 10 minutes at 94
°C, then 38-44 cycles, comprising 55 seconds at 94°C, 60 seconds at the appropriate
annealing temperature for the primer pair (varies between 45 and 56 °C) and 70
seconds at 72°C, with a final extension step of 5 minutes at 72°C. Reactions were
cooled and held at 0 °C for analysis.

Primer design and RT-PCR product sizes
Primers pairs were designed to minimize self-complementarity and, where
possible, to span an intron so as to control fro genomic DNA contamination. Primer
sequences and product sizes are summarized in Table 8.1.

HPLC analysis of products
HPLC analysis of reaction products was performed using a column containing
a novel polystyrene-divinylbenzene stationary phase wdth a reversed phase coating
(DNASepTM, Sarasep. Inc., San Jose, CA). Aliquots (6-10 |xl) of products were
injected directly into the HPLC system. Products eluted from the column withm 5
minutes using a gradient of acetonitrile in O.IM triethylammonium acetate. Products
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peaks were quantified by on-line UV detection (254nm) followed by integration with
a 3390A calculating integrator (Hewlett Packard, Kennett Square. PA). HPLC
conditions were as previously described (13).

Degenerate RT-PCR for alpha 3 expression
Primers were designed to amplify a 252 base pair sequence corresponding to
amino acid residues 2 to 85 of the mature rat alpha 3 protein. Primer sequences are
described in Table 1. The forward primer corresponds specifically to all possible
sequences coding for amino acids 2 to 11 of the rat alpha 3 polypeptide. The reverse
primer corresponds to amino acid residues 78 to 85, a sequence that is 100%
conserved between alpha isoforms. RNA from either 1mm nephron, or 0.1 |ig rat brain
or testis total RNA (positive control) was reverse transcribed at 42°C for 20 minutes
in a buffer containing 5mM MgCl2, ImM dNTPs, MuLV reverse transcriptase (2.5
U/|Lil), RNase inhibitor (lu/|il) and either 2.5|i.M random hexameric primers or
0.75|iM reverse primer. The reactions were heated to 99°C for 5 minutes and cooled
to 5°C before addition of 40 \i\ of a PCR mastermix containing Amplitaq DNA
polymerase (1.25U/40|il), ImM, 2mM or 3mM MgC12 and 0.3 p.m each primer. A
reaction containing reverse transcribed RNA from 1mm PCT was amplified wdth
alpha 1 primers as a positive control. Negative controls contained no RNA.
Touchdown cycling conditions were as follows: 1 minute at 95 °C, followed by 50
cycles of 45 seconds at 94°C, 60 seconds at the appropriate annealing temperature
(10 cycles each at 49.5°C, 48C and 46.5°C and 20 cycles at 44.5°C) and 60 seconds at
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72 °C, with a final extension step of 5 minutes at 72 °C. Products were analyzed by
agarose electrophoresis. Aliquots from reactions yielding bands visible on stainmg
with ethidium bromide were used for cloning.

Cloning of degenerate products
Cloning was performed using a T-vector cloning kit (Novagen, Milwaukee,
WI). Reaction products were extracted wdth an a equal volume of chloroform/isoamyl
alcohol (24:1) (Sigma, St Louis, MO). Aliquots (2 |il) of each aqueous phase was
added to a Hgation reaction consisting of IX ligase buffer, DTT (lOmM), ATP(lmM),
50ng pT7Blue vector and 2.5 units T4 DNA ligase, and were carried out at 16°C
overnight. 1.5 |xl each ligation were subsequently transformed into Novablue
competent cells. 100 |il aliquots of transformed cells were spread on LB plates
containing carbenicillin (60|Lig/ml), tetracycline (15|ig/ml) and X-gal (Boehringer
Mannheim, Indianapolis, IN). Resulting white colonies were picked and those yielding
plasmids containing inserts were sequenced. Sequences were subject to BLAST
analysis to identify any homology with sequence data contained in GenBank.

Results
Qualitative analysis of nephron segments
Total RNA extracted from glomemlus, proximal convoluted tubule (PCT),
proximal straight ttibule (PST), tiiin ascending limb (ThL), tiiick ascendmg limb
(MTAL), cortical collecting ttibule (CCT) and medullary collectmg ttibule (MCT) was
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examined qualitatively by RT-PCR, using primers specific for each NKA alpha
isoform and the gamma subunit. Replicate samples were assayed for each segment and
isoform. Reaction products were analyzed by HPLC, a method which we have
demonstrated to have excellent sensitivity and size dependent elution characteristics
(13, 14). We found that the NKA alpha 1 and gamma subunits were expressed in
every segment examined. Expression of the alpha 2, alpha 3 and alpha 4 isoforms was
not detected in any nephron segment examined. As positive controls, alpha 1, 2 and 3
and the gamma subunit were demonstrated in rat brain RNA preparations using the
same primers, and the alpha 4 isoform in adult rat testis RNA, demonstrating that our
assay could detect specific expression for each isoform. We were unable to detect
alpha 4 expression in two day rat testis, implying developmental regulation of
expression. Negative control reactions did not produce any detectable products.

Degenerate RT-PCR for alpha 3 expression
We designed degenerate primers to amplify a 242 base pair sequence of the
alpha 3 cDNA (accession number Ml4513), directed toward the 5' ttanslated part of
the gene (31). The forward primer was specific for alpha 3, while tiie reverse primer
was designed to anneal to sequence shared identically between the rat alpha 1, 2 or 3
cDNA sequences. We analyzed the products of degenerate touch-down RT-PCR
usmg RNA from PCT, CCT and bram by agarose gel electtophoresis. RT was
performed using random hexamers and in addition in the case of CCT, the gene
specific reverse primer. PCR reactions were carried out using ImM, 2mM and 3mM
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[Mg^"^ to maximize primer specificity. Results are shown in Figure 8.1. RT-PCR
using brain RNA gave one product of the expected size for alpha 3 irrespective of
whether hexamers or reverse primer were used for reverse transcription of all MgCl2
concentrations. PCT RNA yielded no product in reactions using ImM [Mg^^] and
hexamers, a faint band of approximately tiie expected size using 2 mM [Mg^'^
(hexamers and reverse primer) and a brighter band accompanied by a smear of other
products at 3niM MgC12 (hexamers). CCT reactions yielded no product at ImM
[Mg^^] (hexamers) and multiple products using 2mM[Mg^^ (hexamers and reverse
primer). Products from the ImM brain, 2niM and 3mM random hexamer-primed PCT
and 2mM reverse-primed CCT were subsequently cloned. Clones containing inserts
of approximately the expected size, were analyzed by restriction digestion and were
subsequently sequenced. Sequence analysis of clones from brain revealed native alpha
3 sequence. However, none of the inserts from PCT and CCT clones analyzed were
found to be similar to alpha 3. We further subjected the sequence data from the PCT
and CCT clones to BLAST analysis to ascertain whether any of the clones showed
homology wdth any of the other alpha isoforms, or to other cloned ion-motive
ATPase genes. None of the clones were homologous to sequences in GenBank.

Quantitative RT-PCR of nephron segments
Having established that alpha 1 is the only alpha isoform whose expression
can be detected in the microdissected nephron segments, we examined how its
expression varies quantitatively along the nephron. We therefore quantified expression
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using single-tube competitive RT-PCR and HPLC in microdissected PCT, CCT and
MCT from 6 adult male SD rats. Results are shown in Figure 8.2. We demonsttate
that alpha 1 expression is approximately five-fold more abundant on PCT than in
equivalent lengths of CCT or MCT. This agrees well with estimates of both
abundance and activity of NKA in these segments that has been reported by other
investigators(21). Next we examined gamma RNA expression in the same segments.
Unlike alpha 1, little is known about gamma subunit function in renal tissue.
Quantitation of RNA provides a measure of likely protein abundance. Results are
shown in Figure 8.3. Expression in PCT is approximately five times than that in CCT
and MCT. Abundance of expression for the gamma subunit in each nephron segment
was very similar to that of the alpha 1 subunit.

Discussion
We demonstrate in this study our ability to detect and quantitate coexpression of sodium pump isoform subunits in nephron segments. Quantification is
accomplished by a sensitive assay that we have developed using quantitative
competitive RT-PCR combined wdtii a novel HPLC technology which allows rapid,
accurate and precise measurements of specific gene expression in microdissected
tissue samples in a single tube. The development and attributes of this system have
been previously described (14).
The question of which sodium pump alpha isoforms are expressed in the
nephron is mteresting for a number of reasons. Studies using both rat and rabbit
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nephrons have revealed a gradient of ouabain sensitivity from the proximal to the
distal parts of the nephron (9, 29). Since the alpha isoforms exhibit varying sensitivity
to ouabain, differential expression of alpha isoforms in functionally distinct regions of
the nephron could explain this observation. In addition, differences in NKA sodium
activation appear to accompany the gradient of ouabain sensitivity along the nephron.
(3). This could result from differential expression of isoforms, which exhibit variation
in their sensitivity to sodium activation. Although the majority of filtered sodium is
reabsorbed proximally, the more distal portions of the nephron are responsible for
tightly regulated fine-tuning of sodium excretion. Expression of multiple alpha NKA
isoforms in discrete nephron segments, which could perhaps be regulated
differentially by ions, activators and inhibitors (such as cardiac glycosides) and
through second messenger pathways in response to hormones such as dopamine, may
allow an extra level of control over sodium balance in the kidney.
A number of efforts to explore these observations have yielded conflicting
results. Using solution hybridization, we demonsttated the expression of three alpha
isoforms in RNA from whole rat kidney (16). Using qualitative RT-PCR, Clapp et al
reported the presence of all three isoforms in outer cortex and inner and outer medulla
RNA (7). The kidney is a highly heterogeneous tissue. It is impossible in studies
using RNA from whole kidney homogenates to infer whether detected expression is
from the nephron, vascular, neural or adipose tissue. Tumlm et al were able to detect
the expression of alpha 1 and alpha 3, but not alpha 2, in whole kidney,
microdissected PCT and CCT (33). However, they were unable to detect the presence
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of mature alpha 3 protein, perhaps because its abundance was low. However,
detection of alpha 3 could also reflect illegitimate ttanscription or contamination of
nephron RNA samples with RNA from other tissues. In a contrasting study, alpha 1
and alpha 2 were routinely detected in nephron tissue, but no alpha 3 was evident
(28). Finally, some groups have detected the expression of alpha 1, 2 and 3 in every
nephron segment examined (1). In the present study, qualitative RT-PCR results
confirm expression of alpha 1 throughout the nephron, but we were unable to detect
expression of the other alpha isoforms in any nephron segment assayed. The recent
cloning of a novel alpha 4 isoform from human kidney (30) led us to investigate
whether it is expressed in nephron. We did not detect expression in any nephron
segment examined. The high sensitivity of our assay argues that inadequate sensitivity
does not explain our observations. It is more likely that alpha 4 is either not expressed
in rat kidney, or is expressed in tissue other than nephron.
It has been postulated that a reason for the variability in detection of alpha 3
in nephron segments could reside in the selection of primers and probes directed to
different regions of the molecule. Primers directed to the 5' end of the message appear
to detect alpha 3 expression more readily than those which target the 3' end (2, 29).
This raises the possibility that an altematively spliced alpha 3 molecule could be
expressed in the kidney, perhaps analogous to the truncated alpha 1 message that is
expressed in vascular tissue. Our gene-specific primers were directed to the extreme 5'
portion of the alpha 3 message. Our failure to detect alpha 3 signal therefore conflicts
with this hypothesis. To examine the possibility that there is some other alpha
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isoform or other message with homology to the alpha 3 molecule, we designed a
degenerate RT-PCR experiment. Barlet-Bas et al. (4) reported that an antibody raised
to a 10 amino acid peptide present at the 5 end of the alpha 3 protein, the G8
antibody, was able to significantly inhibit NKA activity in the distal nephron. We
used a degenerate forward primer directed to that unique amino acid sequence, and a
degenerate reverse primer that recognized a conserved epitope of the alpha 1, 2 or 3
isoforms m RT-PCR experiments usmg PCT and CCT RNA. Clonmg and sequencing
of the products revealed clones wdthout significant homology to any ion-motive pump
sequences. This implies that the antibody was inhibiting NKA function through some
other mechanism.
An altemative explanation for the enhanced sensitivity to inhibition by cardiac
glycosides and reduced Km of sodium binding in the distal nephron may be found in
the expression of some modifier protein which may alter fiinctional characteristics of
the mature pump. The gamma subunit is a small protein (lOkD) that appears to
associate wdth NKA alpha and beta heterodimers (10, 27), but has not been
demonstrated as essential for function. Analysis of rat tissues reveals that two forms
of the gamma subunit protein that appear to arise from the same gene exist, and are
expressed in a tissue-specific manner (26). The gamma subunit therefore may have a
tissue-specific regulatory role. Alteration of ion-pump function by a small associated
membrane protein is exemplified by phospholamban regulation of Ca^-ATPase of
the sarcoplasmic reticulum (19). Qualitative studies by others have demonstrated the
expression of the gamma subunit in microdissected nephron segments (26, 28). Our
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present study confirms these findings. It is impossible however to attribute likely
functional significance to the expression of any gene detected by RT-PCR unless it is
shown to be expressed at physiologically relevant levels.
For this reason we developed a quantitative system for the detection of
expression of the NKA isoforms. The ability to quantify the expression of specific
genes in microdissected tissues is useful as it provides a prediction of likely protein
abundance. In the present study, we utilize quantitative competitive RT-PCR and
HPLC and demonstrate that absolute quantification of multiple sodium pump genes is
possible in nephron segments. A recent study examined NKA alpha isoform
abundance in kidney by competitive RT-PCR (24). However, in this study
measurement was restricted to RNA extracted from sections of whole kidney tissue,
so it is difficult to interpret whether the levels reported for alpha 2 and alpha 3
message are attributable to nephron or other tissue. In addition the quantification
system described does not appear to meet necessary theoretical requirements for
reliable quantification (15).
Our data for alpha 1 expression in PCT, CCT and MCT segments closely
agrees wdth estimates of protein abundance and activity previously reported (21).
Expression in PCT is approximately fivefold higher than that in the other segments
examined. In addition, we demonsttate that the gamma subunit message is expressed in
approximately equal abundance to that of the alpha subunit in all three segments.
Statistical analysis reveals that the level of gamma subunit expression does not differ
in any segment examined from alpha 1 expression., although in MCT mean expression

177

levels of gamma subunit ttanscripts are twdce that of alpha 1 and the difference
approaches significance (p=0.11). Therefore, in the nephron segments examined, if
message abundance reflects protein abundance, NKA alpha/beta heterodimers may all
be associated wdth gamma subunits. It would be interesting to examine whether under
conditions where renal sodium pump function is altered (e.g., sodium depletion), the
ratio of expression of alpha 1 to gamma message is altered.
To conclude, in this study we demonstrate the detection of message for the
alpha I and gamma isoforms in the renal tissue which is of primary functional
relevance with respect to ion balance. We did not detect the expression of the other
alpha isoforms. We also show the utility of RT-PCR coupled to HPLC in making
measurements both of number of ttanscripts of a particular gene in different nephron
segments and of abundance of transcripts for related proteins.
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Table 8.1. Sequences of primers used for RT-PCR and sizes (bp) of resulting specific
PCR products

Alpha 1 subunit
Alpha 2 subunit
Alpha 3 subunit
Alpha 4 subunit
Gamma subunit
Alpha 3 degenerate

Forward primer sequence
(5'-3')
CCCTAGTTCCCGCCT
CTC
AAGAAGAAACAGAA
AGAGAAG
GGGGACAAAAAAGA
TGAC
CGGCCACTAGTGAG
CAGAAGC
CGAGTATGACTATGA
AACCGTCC
GGNGAYAARAARGA
YGAYAA
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Reverse primer sequence
(5'-3')
TGGTCGTCCATAGAC
ACTTCC
CAGGATACCATAGG
CIAAGAA
GGCTTTACTGTGTGT
CAGA
GGCGTTTTCTTGGTA
ATAAG
CATTGACCTGCCTAT
GCTTCTT
CKRC/^JIAAY ITNACC
CAYTC

Product size
(bp)
245 (native)
231 (mutant)
285
171
373
131(native)
149(mutant)
252

r

2

3 4

5

6 7

8

9 10 11 12 13 14

Figure 8.1. Degenerate alpha 3 RT-PCR of PCT, CCT and brain total RNA. Aliquots
(15jj,l) of products were subject to agarose electrophoresis and photographed under
UV illumination. Lanes 7 and 14 contain pUC18/Hae III ladders. The remaining lanes
contain RT-PCR products as follows: lane 1 brain with 2mM Mg^^; lane 2 CCT with
2mM Mg^^; lane 3 PCT with 2mM Mg^^; lane 4 brain with ImM Mg^^; lane 5 CCT
with ImM Mg^"^; lane 6 PCT with ImM Mg^^; lane 8 brain with 2mM Mg"^^; (reverse
primed for RT); lane 9 CCT with 2niM Mg^^; (reverse primed for RT); lane 10 PCT
with 2mM Mg^^; (reverse primed for RT); lane 11 brain with 3mM Mg^^; lane 12
CCT with 3mM Mg^^; and lane 13 PCT with 3mM Mg^^.
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Figure 8.2. Alpha 1 (al) expression in nephron segments (pet-proximal convoluted
tubule, cct-cortical collecting tubule, mct-medullary collecting tubule) from SD rats.
Results are expressed as molecules ± SEM per 0.0625mm nephron.
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Figure 8.3. Gamma subunit expression in nephron segments from SD rats. Results are
expressed as molecules ± SEM per 0.0625mm nephron.
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CHAPTER IX
NEPHRON SODIUM PUMP GENE EXPRESSION.
PART III: STUDIES OF ALPHA AND
GAMMA SUBUNIT EXPRESSION
IN GENETIC HYPERTENSION

Abstract
A quantitative RT-PCR technique was devised which provides accurate and
precise measures of the absolute number of molecules of specific gene expression. The
system was applied to the analysis of the expression of alpha and gamma sodium
pump subunits in whole kidney and nephron segment RNA in spontaneously
hypertensive (SHR) and Wistar-Kyoto rats (WKY). In whole kidney from 5 week old
animals, no significant difference in alpha 1 or gamma subunit gene expression were
detected between SHR and WKY, though mean alpha 1 levels were lower in SHR than
WKY, analogous to previous observations of a significant reduction in renal alpha 1
expression in 14 week old SHR. In proximal tubules isolated from 5 and 16 week old
animals, SHR alpha 1 gene expression was consistently lower than WKY. Overall, the
level of alpha 1 expression in proximal convoluted tubule RNA was significantly
reduced (p=0.029) in SHR compared to WKY. No significant difference was observed
in gamma subunit gene expression in 5-week old animals. Alpha 1 is the only catalytic
isoform we have been able to detect by quantitative RT-PCR in rat nephron segments.
Alpha 1 expression in cortical collecting duct (CCT) was lower than in medullary
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collectmg duct (CCT =3247 ± 452 molecules/0.125mm and MCT = 6459 ± 1230).
However, there were no differences in level of expression observed between rat sttains
at 5 weeks of age. The present studies provide evidence of a specific alteration of
sodium pump function in the SHR which is manifest at the level of altered gene
expression and which may be specific to the proximal tubule.

Introduction
The spontaneously hypertensive rat (SHR) develops elevated blood pressure
against a background of increased sodium retention compared to matched nonhypertensive conttol animals (5, 7, 17). Hypertension can be transmitted to conttol
animals by renal ttansplantation (23), suggesting that the primary genetic defect in
SHR is a renal abnormality manifested as increased sodium retention. Several simple,
monogenetic forms of human hypertension have been described for which the genetic
abnormality responsible for each has been identified (14, 15, 25-27). In each of these
human examples, genes causing hypertension have been centtal to the regulation of
renal sodium reabsorption.
The principal protein involved in the reabsorption of sodium by the kidney is
sodium, potassium-ATPase, the sodium pump, which is present throughout the
nephron (22). We have recently identified the alpha 1 catalytic isoform as responsible
for nephron sodium ttansport from proximal tubule to medullary collecting duct (20).
The recent development of a quantitative gene expression technique suitable for
microscopic samples such as nephron segments has provided the first opportunity to
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examine sodium pump gene expression at a morphologically-defined level and to
compare expression in normotensive rats with that in hypertension (18, 19).
In the present paper we report the results of a study to examine whether
changes in sodium pump gene expression in tiie proximal tubule are present before or
during tiie development of hypertension in the SHR. This is the renal site wherein tiie
bulk of filtered sodium is reabsorbed. Physiological studies of isolated nephrons have
suggested increased fluid reabsorption in 5-week-old SHR in this nephron segment
(32). In older animals, proximal tubule fluid reabsorption did not differ (4) or was
lower (32) in isolated tubules from SHR compared wdth matched WKY. However, to
achieve similar reabsorption rates in SHR required much higher perfusion pressures.
Further, pharmacological studies suggest an abnormal conttol of the sodium pump by
dopamine in this nephron segment which is genetically determined and co-segregates
in F2 progeny of SHR x WKY (1). Therefore, we have tested the hypothesis that the
development and maintenance of hypertension in the SHR is accompanied by
qualitative and/or quantitative changes in sodium pump gene expression in the
proximal tubule of the nephron.

Methods
Animals
Spontaneously hypertensive rats and matched Wistar-Kyoto conttols were
obtamed from Harlan (Indianapolis, IN). Animals were housed two per cage m a room
maintained at 22-25°C on a 12h:12h L:D cycle. Ammals were fed a standard Purina
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laboratory rodent diet and de-ionized water ad libitum. Studies were performed on
animals between 4-5 weeks of age and in another group aged 15-16 weeks. All animals
were held after shipping for at least 5 days prior to tissue collection.

Nephron microdissection and RNA preparation
Nephrons were dissected from rats deeply anesthetized with inttaperitoneal
pentobarbital (40mg/kg) prior to the procedure. The abdominal cavity was opened and
the aorta clipped above the bifurcation of the renal artery. A catheter was inserted
into the aorta for perfusion. One kidney was then selectively perfused wdth 20ml icecold dissection solution containing 1.Omg/ml collagenase (Sigma, St. Louis, MO) and
albumin in a Tris-HCl buffered physiological salt solution. This kidney was removed,
sliced into thin sections along the corticomedullary axis and incubated in collagenase
dissection solution bubbled with 100% O2 for 15 minutes at 37° C. The slices were
then rinsed to remove collagenase, and placed for dissection in a Petri dish containing
ice-cold dissection medium and the RNAse inhibitor, lOmM vanadyl ribonucleoside
complex (New England Biolabs, Beverly, MA).
RNA was prepared from whole (unperfused) kidney and from nephron
segments dissected from the opposite kidney. Corticomedullary segments of whole
kidney were homogenized briefly in RNAzol B (Tel-test, Houston, TX). RNA was
prepared according to the manufacturer's directions, redissolved in 100ng/|xl yeast
total RNA and stored at -80°C. Individual nephron segments were obtained from tiie
opposite, collagenase-perfused kidney by microdissection under a stereomicroscope.
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Identified segments were measured for length using an ocular micrometer. The
following segments were isolated for RNA extraction: proximal convoluted tubule
(PCT), cortical collecting duct (CCT) and medullary collectmg duct (MCT). Pooled
nephron segments (10mm from the same nephron region) were then ttansferred to a
single well of a 96-well tissue culture plate tiiat had been pre-coated wdth a lOOng/fil
yeast transfer RNA solution, and rinsed to remove the RNAse inhibitor. They were
then lysed directly in the well with RNA exttaction solution (RNAzol B) (Tel-test,
Houston, TX) and the lysate ttansferred to a microcentrifuge tube. The coprecipitants yeast transfer RNA (100ng/|il) and linear acrylamide (Ambion, Austin,
TX) were added to increase yield. Precipitated RNA was dried and redissolved in
yeast ttansfer RNA (100ng/|il). The RNA was diluted for storage so that RNA from
0.25inm nephron was present per [il of RNA preparation. Storage of RNA exttacts
was at -80°C. Integrity of RNA was validated by extraction of RNA from a slice of
kidney after dissection. On denaturing agarose electtophoresis, intact 18S and 28S
bands were evident.

Determination of NKA alpha 1 and gamma subunit mRNA abundance
Quantification of gene expression was performed by a competitive RT-PCR
method which we have described fully elsewhere (18-20). Briefly, the method
employed in vitto ttanscribed size-mutant competitors which shared high sequence
homology wdth the amplified native transcript. These competitors have been
previously demonstrated to share identical reverse ttanscription and PCR
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amplification efficiency and result in estimates of nephron gene expression which have
a variance of less than 10%. Measurements are performed in replicate single tube
quantitation and the resulting estimate is reported as molecules of specific mRNA
expressed per mm of nephron. Our previous nephron gene expression studies
indicated that such data had the same variance as measurements which were indexed to
the corresponding level of housekeeping gene expression (GAPDH) in the nephron.

Competitive RT-PCR product analysis
A critical component in the accurate and precise quantification of nephron
gene expression is the method employed to analyze the products of competitive RTPCR reactions. As described previously, reaction products were analyzed using a
novel ion pair, reversed phase HPLC technique. The stationary phase is now
commercially available (DNASep, Sarasep, Inc, San Jose, CA). Product detection was
by UV absorbance (254nm).

Statistical Analysis
Data was analyzed for heteroscedascity using the Fmax test. Student's t test
was applied and the null hypothesis was rejected at the 95% confidence interval.
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Results
Whole kidney studies
Gene expression was examined in total RNA from corticomedullary kidney
slices in 5 week old animals. Our previous studies had indicated that the only alpha
isoform of NKA expressed in nephron is the alpha 1 isoform. Studies at the whole
kidney level in these pre-hypertensive animals indicated that there was a smaller, but
not significant, abundance of alpha 1 expression in the 5 week old SHR kidney (Figure
9.1). These results mirror our previous observations in SHR and WKY kidney in
which quantification by solution hybridization revealed a significantly lower level of
alpha 1 gene expression in kidney RNA from 14 week old SHR compared wdth
matched WKY (21).
We also examined expression of the gamma subunit (formerly known as the
proteolipid component) of NKA in whole kidney RNA from WKY and SHR. The
ability to make accurate quantitative measurements provides opportunity both to
determine the level of expression of the gamma subunit in comparison wdth the level
of expression of the alpha 1 subunit and to seek between strain differences in
expression. We found that the absolute level of expression of this isoform is
approximately equal to expression of the alpha 1 isoform (Figure 9.2). This suggests
that the proteins may also be equally abundant, and if complexed together to form
functional pump units, that renal pump units essentially always contain the gamma
component. No between strain differences in level of expression were observed.
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Nephron expression studies
Our previous studies employing solution hybridization were limited by tiie
fact that this technique requires relatively large amounts of RNA to quantify
expression. In conttast, RT-PCR is a highly sensitive technique which provides an
opportunity to probe differences in the level of gene expression in individual,
functionally and morphologically distinct nephron segments. Therefore, we used this
technique to evaluate whether the previously noted lower level of alpha 1 isoform
expression in whole kidney preparations reflected changes in expression at the level of
individual nephron segments. We focused these sttidies on the PCT where alpha 1
expression is largely determined by constitutive factors unrelated to sodium balance
(thyroid and glucocorticoid hormones) and CCT and MCT where mineralocorticoid
effects predominate to control both NKA activity and sodium reabsorption.
In PCT the pattem of reduced expression of the alpha 1 isoform seen in whole
kidney was repeated both in 5 and 16 week old animals (Figure 9.3). Measurements
had relatively high variance. Since observations obtained by repeated measurement on
the same nephron RNA preparation resulted in % CV of approximately 10%) (19), it
is clear that much of the variance observed between individual nephron samples is not
derived from the assay system, but rather is more likely to be a product of biological
variance between the animals and variable efficiency of RNA exttaction from the
nephron segments. Nonetheless, when statistical power was increased by pooling
measurements from 5 and 16 week old animals, a significantly (p=0.029) lower level
of SHR alpha 1 gene expression in nephrons from SHR was observed. Expression of
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gamma subunit gene in PCT remforced tiie observation made at tiie level of whole
kidney tiiat tiie molar level of alpha 1 and gamma expression are sunilar, though no
significant difference between tiie two sttains has been observed (Figure 9.4).
However, there was no tendency for tiie levels of gamma expression to be lower in
SHR tiian WKY.
No significant difference was observed in alpha 1 gene expression from
medullary or cortical collecting duct in 5 week old animals (Figure 9.5). Absolute
levels of gene expression were lower m tiie collecting duct tiian in the proximal mbule.
Studies of ouabain binding site density and NKA activity in nephron segments
indicate that the pattems of expression we observed in the collecting duct followed
that expected from the NKA activity reported for these nephron segments (22).

Discussion
In order to sustain long term elevations in arterial blood pressure a shift in the
pressure-natriuresis curve must occur which results in levels of sodium reabsorption
in the hypertensive animal which are typical of the normotensive animal (12, 13). The
precise location where such a regulatory change occurs in the spontaneously
hypertensive rat is not known. However, the ability to ttansfer elevated blood
pressure by renal ttansplantation from a hypertensive into a normotensive host,
suggests that, in this model at least, the kidney plays the critical role (23, 30). The
same conclusion has recently been drawn in several rare forms of single gene
hypertension in humans. In glucocorticoid-remediable aldosteronism, syndrome of
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apparent mineralocorticoid excess and in Liddle's syndrome, the critical genetic defect
is one with direct bearing on renal sodium reabsorption (14, 15, 25-27).
In SHR, however, changes in distal sodium reabsorption which is the hallmark
of these uncommon human hypertensive diseases appear to be secondary to altered
fluid delivery to this region (9, 11). This suggests that the major primary defect m the
SHR might be in proximal mechanisms where the bulk of sodium reabsorption takes
place. This idea finds support in several observations. First, sodium retention is
elevated in the SHR during the period in which hypertension is developing (16, 17).
Second, isolated proximal tubules from young SHR show increased reabsorption (32).
Further, estimates of Na, K-ATPase activity in the proximal tubule indicate that
activity is increased in SHR during the period when blood pressure begins to rise (10,
11). Finally, this segment appears to be the location of a defect in the dopaminergic
conttol of sodium, potassium-ATPase, the enzyme responsible for providing the ion
motive force for sodium reabsorption throughout the nephron (24, 28).
Our previous studies echo those of other investigators who have reported a
lower microsomal ouabain-inhibitable ATPase activity in membrane preparations
from the kidney of SHR compared to WKY (8, 29, 31). Such studies of enzyme
activity are generally performed under saturating substtate conditions and therefore
report information most likely reflective of the V^ax of NKA activity. These studies
are not isoform specific. Furthermore, it is not clear how protein kinase and
phosphatase-mediated phosphorylation and dephosphorylation of the catalytic
subunit of the enzyme which is now recognized as an important mechanism of
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regulation(2, 3, 6) of sodium pump activity might affect such assays. Clearly, shifts in
the disttibution of sodium pumps between phosphorylation states may have
unpredictable effects on the preformed pump units.
The data reported here are supportive of studies we reported earlier which
indicate that the alpha 1 isoform is the predominant catalytic subunit of NKA
expressed in the kidney. They further suggest that a similar pattem of lower alpha 1
NKA expression in the kidney may precede the development of hypertension in
SHR. By applying the amplification of PCR in conjunction with reverse transcription,
we have devised a competitive method which permits quantitative gene expression
differences to be studied at the level of isolated nephron segments.
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Na*, K*-ATPase alpha 1 gene
expression in whole kidney (5 weeks)
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Figure 9.1. Expression of alpha 1 isoform of sodium, potassium-ATPase in total RNA
from whole kidneys of 5 week old spontaneously hypertensive (SHR) and WistarKyoto (WKY) rats.
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Na*, K*-ATPase gamma gene expression
in whole kidney (5 weeks)
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Figure 9.2. Expression of gamma isoform of sodium, potassium-ATPase in total RNA
from whole kidneys of 5 week old spontaneously hypertensive (SHR) and WistarKyoto (WKY) rats.

203

Na*, K*-ATPase alpha 1 gene expression
in proximal convoluted tubule
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Figure 9.3. Expression of alpha 1 isoform of sodium, potassium-ATPase in total RNA
from proximal tubules of 5 and 16 week old spontaneously hypertensive (SHR) and
Wistar-Kyoto (WKY) rats. Expression is reported as amount of gene expression
(number of molecules of specific mRNA detected) per 0.125nim of nephron.
Expression was significantly lower (p=0.029) in nephrons from SHR than WKY
(pooled).
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Na*, K*-ATPase gamma gene expression
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Figure 9.4. Expression of gamma isoform of sodium, potassium-ATPase in total RNA
from proximal tubules of 5 week old spontaneously hypertensive (SHR) and WistarKyoto (WKY) rats. Expression is reported as amount of gene expression (number of
molecules of specific mRNA detected) per 0.125mm of nephron.
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Na*, K*-ATPase alpha 1 gene
expression in cortical collecting
duct (5 weeks)

Na, K-ATPase alpha 1 gene expression
in medullary collecting duct (5 weeks)
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Figure 9.5. Expression of alpha 1 isoform of sodium, potassium-ATPase in total RNA
from cortical collecting duct (left panel) and medullary collecting duct (right panel) of
5 week old spontaneously hypertensive (SHR) and Wistar-Kyoto (WKY) rats.
Expression is reported as amount of gene expression (number of molecules of specific
mRNA detected) per 0.125mm of nephron.
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CHAPTER X
CONCLUSIONS

In these studies we address a number of questions. Firstly, is there an
alteration in sodium pump expression in the kidneys of spontaneously hypertensive
rats (SHR)? Chapter II describes our examination of sodium pump alpha isoform
expression in a number of adult SHR tissues. We demonstrate the expression of the
alpha 1, alpha 2 and alpha 3 isoforms in RNA extracted from whole kidney. In
addition, we report a reduction in alpha 1 mRNA abundance in kidney RNA from
SHR when compared to WKY controls. The questions that arose from that
observation were, is that alteration manifest at the level of the nephron, which is the
kidney tissue primarily responsible for the maintenance of sodium balance, and if so,
in which nephron segments? In addition, conflicting reports regarding sodium pump
alpha isoform expression in kidney tissue from normal rats led us to question whether
the alpha 2 and alpha 3 isoform expression in kidney that we demonstrated in chapter
II resulted from differential isoform expression in discrete nephron segments. In order
to address those questions and extend the study to include the alpha 4 and gamma
NKA isoforms, we needed to be able to examine gene expression at the level of
microdissected nephron segments in a qualitative and quantitative fashion.
These requirements necessitated formulation of frirther experimental objectives
and questions. Firstly, we wished to ascertain if we could develop an assay using
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competitive RT-PCR combined with a novel reversed phase ion-pairing HPLC
analysis of reaction products to measure NKA alpha and gamma isoform mRNA
levels. This is addressed in chapter III, where we demonstrate the development of the
assay, and make the observation that the ability of the HPLC column to detect and
resolve heteroduplexes is vital in achieving the theoretical requirements for
quantification by competitive RT-PCR. The next question was whetiier it was
possible to make absolute, accurate and precise measurements of NKA gene
expression using the assay. In chapter IV we demonstrate that absolute quantification
is possible if differences in reverse-transcription efficiency between native and
competitor RNA are experimentally determined or abolished. In addition the assay is
refined to a single-tube format, without the sacrifice of precision and accuracy.
In chapter V the assay is extended to the detection and quantification of
altematively spliced transcripts. Relative expression of altemative transcripts for a
uteroglobin promoter binding protein (RUSH 1) is exammed in tissues from
hormonally manipulated animals, and the ability to detect and quantitate a shift in
ratio of transcripts with hormonal treatment observed. The observations made in
chapter IV led us to examine whether the differences observed in reverse transcription
efficiency could be influenced by an alteration in experimental conditions, or predicted
from models of secondary stmcture. The results reported in chapter VI indicate that
the existence of stem-loop secondary stmctures at the site of mutation may influence
reverse transcription efficiency and that elevated temperature may reduce the effect.
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Our next goal was to ascertain whether the assay was applicable to measurement of
NKA expression in RNA from microdissected nephron segments. Chapter VII
demonstrates successftil application of the assay, and extends the methodology to
include quantification of a housekeeping gene as a potential control for differences in
RNA extraction efficiency between nephron preparations.
In chapter VIII we retum to the question of which alpha isoforms are
expressed in nephron segments from normal rats and estimate abundance of NKA
transcripts. We report the expression of alpha 1 and gamma isoform RNA in all
segments examined, but do not detect expression of the other alpha isoforms. In
addition, we show that expression of alpha 1 and gamma isoforms are similar in PCT,
CCT and MCT and that their expression in PCT is five times higher that of CCT and
MCT.
Finally in chapter IX we ask whether the difference in expression of SHR
kidney alpha 1 observed in chapter II manifests at the level of the nephron, and
whether an abnormality of alpha 1 or gamma expression can be detected in nephron
segments from prehypertensive and adult SHR. We demonstrate that alpha 1
expression m SHR PCT is decreased when compared to WKY controls.
These results pose interesting new questions about NKA expression and
regulation in the SHR. The fact that NKA mRNA expression appears to be decreased
in proximal tubules in a model exhibiting enhanced proximal tubule sodium
reabsorption is an apparent paradox. However, studies examining regulation of renal
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NKA by second messenger pathways in response to alterations in renal sodium
delivery suggest a possible explanation for these results. One way that tiie sodium
pump is regulated in the membrane is by phosphorylation and dephosphorylation.
An increase in sodium delivery to the proximal tubule results in local synthesis of
dopamine (8). Dopamine binds to G-protein coupled receptors and activates
adenylate cyclase, leading to elevated levels of cyclic AMP. This activates protein
kinase A (PKA) which phosphorylates NKA, thereby inactivating it and inducing
natriuresis (4). In addition, in a subset of tubule cells PKA phosphorylates and
activates a protein called DARPP-32, a potent inhibitor of protem phosphatase 1
(PPl), thus preventing the dephosphorylation and consequent reactivation of NKA
(1). Other natriuretic hormones such as atrial natriuretic peptide (ANP) are thought to
act on NKA by a similar mechanism (2). Conversely, antinatriuretic hormones appear
to act by facilitating increased intracellular calcium levels (3). This leads to activation
of the calcium-dependent phosphatase, calcineurin, which dephosphorylates and
activates NKA, resulting in enhanced sodium reabsorption. Calcineurin also
dephosphorylates DARPP-32, leading to activation of PPl and further
dephosphorylation of NKA (2).
Studies in SHR have unplied a defective mechanism whereby sodium
reabsorption is not diminished in response to natriuretic hormones in the appropriate
manner (5, 6, 7). This may result from eitiier a defect in the ability of protein kinase
molecules to phosphorylate and inhibit NKA or overactivity of phosphatase
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pathways, resulting in inappropriately high tubular NKA activity for the filtered
sodium load. If NKA cannot be regulated at the level of the functional pump, an
appropriate cellular response would be to decrease the number of pumps in the
membrane. Our observations of decreased NKA expression in PCT in SHR may
therefore reflect a feedback inhibition mechanism, facilitating a reduction in overall
NKA abundance in order to reduce sodium reabsorption. Further studies examining
components of natriuretic hormone receptor signal transduction response may
elucidate our findings of abnormal NKA expression in SHR kidneys.
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