
Quantification of Gene Expression in 

Post-mortem Human Brain

Paul Preece 

PhD Neuroscience 

University College London 

University of London 

Januaiy 2003



ProQuest Number: U641840

All rights reserved

INFORMATION TO ALL USERS  
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com plete manuscript 
and there are missing pages, th ese  will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U641840

Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Acknowledgements

Many thanks go first of all to my mother and father who waited and waited, to my long-suffering 

supervisors Dr Anne Mudge and Professor Steve Moss, who also waited and probably gave up 

waiting, para mi mujer Lorena en Espaha, to Brian Bond at Glaxo for an education in statistics, to 

Professor Elena Jazin for her cracking of whips, to Dr Nigel Cairns for help in all things possible 

from the Institute of Psychiatry, to Moheb Costandi and Robert Coombes for slaving over a 

summer, to David Virley for his surgical skills and collaboration on the MCAO work, to 

Professor Frank Walsh for his initial enthusiasm and finally to the TaqMan^’'* lab at SmithKline 

Pharmaceuticals for the spur to get it right... gracias a todos..,



Abstract

Quantitative human mRNA data are derived from post-mortem or biopsied tissue. 

Confounding factors, RNA degradation, poor replication and a large variance are often 

cited, however, as objections to the data’s reliability. At issue is whether post-mortem 

mRNA represents an ordered system and to what degree non-specific factors contribute to 

the measurements. I developed statistical methods and validated them by measuring 25 

mRNA transcripts in an animal model of ischaemia. In the process I discovered novel 

increases for 3 genes in rats with ischaemic damage: leukaemia inhibitory factor, nestin and 

galanin mRNA. Additionally, I discovered that reference genes known as “housekeepers” do 

not always act as steady-state controls and that the precise value of a test gene response 

varies according to the baseline choice of reference gene.

Once optimised, I applied the analytical methods to human post-mortem brains. I used 

TaqMan™ real-time RT-PCR to measure 13 mRNAs in 513 cortical samples taken from 90 

Alzheimer’s disease and 81 control brains. Despite a high variance and confounding factors 

such as brain pH, I found strong geometric relations between the mRNA transcripts up to 

and beyond 100 hours autopsy delay. Where a postmortem brain had a high/low level of one 

mRNA, the same brain invariably had a high/low level of other mRNAs; correlated order is 

present and provides a means of isolating any mRNA change due specifically to disease.

I measured mRNA levels of p-Secretase (RACE), GSK 3 and the isoforms of APP/APRP 

in the AD and control brains. After adjustment for age of death, brain pH, and gender, 

there was no change in the mRNA levels for either BACE or GSK 3a mRNA (p = 0354 and 

p = 0.054 respectively). There was a change, however, in the ratio of KPI+ to KPI- mRNA 

isoforms of APP/APRP. Three separate probes, designed only to recognise KPI+ mRNA,



each gave increases of between 28 and 50% in AD brains relative to controls (p = 0.002). 

There was no change in the mRNA levels of KPI- (APP 695) (p = 0.898). Therefore, whilst 

KPI- mRNA levels remained level between AD and control brains, the KPI+ species were 

seen to increase specifically in the AD brains.
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1.1 Aims of thesis

The primary aim of this thesis is to estimate whether the mRNA levels of (3-secretase (BACE), 

glycogen synthase kinase 3 (GSK-3) and amyloid precursor protein (APP) isoforms are 

differentially expressed in Alzheimer’s disease (AD) compared to control brain. What started as a 

simple question, however, involving one variable in two conditions evolved into a detailed 

examination of the complexities of post-mortem data collection. A detour via a rat model of 

ischaemia (chapter 3), confounding factors in human brain mRNA measurements (chapter 4) and 

the design of a statistical framework in which to analyse mRNA data yielded three results 

chapters (3,4 and 5) before the original questions could be reliably addressed in chapters 6 and 7.

The first and most difficult problem was how to handle the high variance of mRNA levels in 

human brain samples (> 1000-fold). Secondly, different values were obtained for test gene mRNA 

responses dependent upon the baseline choice of reference gene used for normalisation. Reference 

housekeeper genes such as actin or cyclophilin are commonly used as steady-state controls to 

adjust for non-specific variation, with the test gene mRNA level usually presented as a ratio of the 

reference mRNA (Spanakis, 1993; Spanakis and Brouty-Boye, 1994). It seemed possible that 

these assumptions needed testing.

Several decisions were taken early on about experimental design. The first, and most 

important, was to ask for the assistance of a statistician, Brian Bond. A working relationship was 

established whereby all aspects of the work from design of experiments to interpretation of results 

were discussed in detail. From pilot studies in human tissue we quickly realised that standard 

methods for analysing gene expression data were inadequate for our needs and that alternative 

methods were required. Chapter 3 details a rat model of cerebral ischaemia (stroke) that was used 

to develop new analytical approaches. In the process, we inadvertently discovered novel findings 

in stroke, the main one being a dramatic up regulation of leukaemia inhibitory factor (LIF)
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mRNA following ischaemia. Chapter 4 explored the relationships that may or may not be present 

between the pre- and post-mortem factors of the brain samples, whilst chapter 5 is an adaptation 

of the analytical methods of chapter 3 to the specific problems of observed data in human post

mortem brain. Chapters 6 and 7 finally apply the combined experience of chapters 3,4 and 5 to 

the original biological questions, an estimation of whether P-secretase, GSK-3 and APP mRNA 

isoforms are differentially expressed in AD brain compared to controls.

1.2 Alzheimer’s disease

At the beginning of the twentieth century the average life expectancy in America was about 50 

years of age. At the close of the twentieth century the average life expectancy for males is about 

73 years and for females 78 years (Kandel et al., 1991). Accompanying this increase in the 

numbers of people living into old age is a widespread prevalence of diseases where age itself is a 

risk factor. AD is one such example. AD is a condition of the human brain characterised by 

gradual and unremitting neuronal loss. Symptoms of mild memoiy loss in the early stages are 

followed by a general cognitive decline that results in personality change, loss of memory and 

eventual motor dysfunction (Reisberg et al., 1985). Chronic debilitation and loss of awareness are 

common outcomes of this insidious and, at present, untreatable disease. Despite almost 100 years 

of research since Dr Alois Alzheimer’s initial paper (Alzheimer, 1907), and a considerable 

volume of accumulated literature regarding the neuropathology, biochemistry, clinical course and 

genetics of AD, the pharmaceutical companies can offer little more than that available in Dr 

Alzheimer’s time. It is ironic, that in comparison with schizophrenia, where relatively effective 

drugs have been developed in the absence of obvious cellular pathology, AD remains a 

therapeutic enigma in spite of its well-defined neuropathology.
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1.3 The Baptists and the Taoists

It is sometimes remarked that the number of AD publications closely parallels the prevalence of 

AD worldwide and its exponential increase in recent decades. A vast literature has accumulated 

and the hope is that this knowledge will at some point translate into effective therapeutic 

intervention. Alongside this accumulation, however, the field has tended towards polarisation: the 

Baptists who proclaim the beta-amyloid hypothesis, and the Taoists who believe in tau and the 

neurofibrillary lesions. Given that both amyloid and tau lesions are present in AD brain, it might 

appear to a neutral observer that the two lesions and their relationship of one to another need 

explanation. Numerous papers, however, base their premise on the pathological involvement of 

one lesion over the other and often fail to mention, even in passing, the existence of the other.

The dominant hypothesis for many years has been the amyloid cascade hypothesis (Hardy and 

Higgins, 1992), The discovery of mutations in the gene coding for APP in familial autosomal 

dominant cases of AD (Goate et al., 1991) added considerable support to this hypothesis by 

showing that a DNA mutation of APP led inevitably to early-onset and severe AD. The arguments 

put forward were that neurofibrillary lesions are secondary events triggered by a variety of 

cerebral insults in the brain (Hardy and Allsop, 1991; Selkoe, 1996). In 1998 a mutation on 

chromosome 17 for the gene encoding tau was linked to 13 families with ffonto-temporal 

dementia and Parkinsonism (FTDP-17) (Hutton et al., 1998; Poorkaj et al., 1998; Spillantini et al., 

1998). Although different to AD the challenge to the amyloid camp is that if a human brain can 

develop tau pathology without amyloid deposits and exhibit the clinical symptoms of dementia is 

it possible that the amyloid deposits are largely irrelevant in AD? Is it possible that neuronal death 

in AD is primarily due to dysfhnction of tau regardless of amyloid pathology? Biology, of course, 

tends more to continuous variables. Such polarised arguments are the symptoms of a competitive 

research area with high prizes both for the pharmaceutical companies and the personalities
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involved. Any drug that slows or halts the progress of AD is predicted to be worth several billion 

dollars a year to the patent holders (Nash, 2000). Throughout much of the 20* centuiy similar 

controversies surrounded the issue of whether the cerebral cortex, and particularly the visual 

brain, operated by mass action or by functional specialization based on discrete visual areas 

separately processing colour, motion and form (Zeki, 1993), With hindsight the outcome, as with 

the mean of continuous variables, is somewhere in-between. The cerebral cortex does have a 

basic regionalization where separate functions such as colour vision are processed, but the cortex 

is also overwhelmingly integrative with all cortical areas having both projection and feedback 

connections to other cortical areas. Whether these polarised and acrimonious debates were healthy 

to the advancement of knowledge about the cerebral cortex is an open question. As Zeki has 

clearly shown, conceptual forces that are in vogue at the time can have a powerful blinding 

influence resulting in scientists attempting to fit new facts to the theory instead of altering the 

theory to fit the facts (Zeki, 1990; Zeki, 1993), The AD literature is vast, the complications and 

subtleties of the biology many and the number of opinions endless. Time and clinical trials of 

interventions targeted at the different lesions will probably be the final deciders in whether the 

Baptists, the Taoists, some combination of both or possibly even neither were closer to the root 

cause of why neurons die in AD,

The central issue in this thesis is the accurate measurement of mRNA in human brain. For this 

deceptively simple question no particular allegiance is pledged to one theory or another. It 

happens that most of the mRNA species that were measured in the course of this thesis are related 

to the amyloid hypothesis, and the arguments are set out for that. This was primarily for logistical 

reasons and as a place to start.
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1.4 Neuropathology of Alzheimer’s disease

A definitive diagnosis of AD, as opposed to dementia resulting from other causes such as stroke, 

is made only after post-mortem examination of the brain. A number of classification systems are 

in use for assessing post-mortem AD brains. Three of the most widely used protocols are those of 

Khatchaturian (Khatchaturian, 1985), CERAD (Mirra et al., 1991) and Tierney (Tierney et al., 

1988). Another more detailed method (Braak and Braak, 1991) is a staging classification rather 

than a diagnostic protocol. Whilst none of the classifications are completely satisfactory to cover 

all requirements, and updates are made if consensus can be reached, the CERAD criteria have 

probably gained the wider acceptance and it is this method by which the brain samples used in 

this thesis have been assessed.

The most striking aspect of an AD brain removed at autopsy is its size. When compared to an 

age-matched non-demented control brain, the AD specimen is invariably reduced in weight, 

sometimes by one third or more, and exhibits gross atrophy in its cortical gyri and ventricles 

(Figure 1) (Cruz-Sanchez et al., 1995).
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Figure 1. Gross anatomy of AD (top) and control brain

(Slide kindly donated by Dr Nigel Caims at the Institute o f Psychiatry, London).

After sectioning and histological staining with a variety of silver stains and/or 

immunohistochemistiy a number of features typical to AD can be seen. The classical lesions are 

extra-cellular deposits of an insoluble protein P-amyloid (AP) (Alzheimer, 1907; Glenner and 

Wong, 1984; Masters et al., 1985), and intra-neuronal fibrillary lesions composed of paired 

helical ft laments (Alzheimer, 1907; Kidd, 1963). Both of these lesions can be found in AD brains
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in varying densities from sparse to heavy depending upon the severity of the pathology and the 

anatomical location (Braak and Braak, 1991). Historically there has been much debate and 

unresolved controversy about the relative importance and precedence of these lesions. That is, 

whether the lesions are causative or symptomatic of the disease, which comes first, and whether 

one causes the other. Whilst it is not yet proven that the amyloid deposits and neurofibrillaiy 

inclusions are prerequisite for cell death, most researchers assume they have important roles in the 

disease process.

1.4.1 Ap deposits

“Über die game Rinde zerstreut, besonders zahlreich in den oberen Schichten, findet man miliare 

Herdchen, welche durch Einlagenmg eines eigenartigen Stoffes in die Hirnrinde bedingt sind. Er 

lafit sich schon ohne Farbung erkennen. ist aber Farbungen gegeniiber sehr refractor. ” 

(Alzheimer, 1907).

“Dispersed over the entire cortex, and in large numbers especially in the upper layers, miliary 

foci could be found which represented the sites o f deposition o f a peculiar substance in the 

cerebral cortex. It was even possible to recognize these without staining, but they were much 

more evident once stained. ” (Alzheimer, 1907).

The amyloid deposits observed at autopsy can take several different forms. Diffuse deposits 

and aggregations of amyloid known as plaques are often present in large numbers throughout the 

neo- and allo cortex (Braak and Braak, 1991) (Figures 2 to 6).
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Figure 2. Human cortex from a 94 year old subject without dementia or AD

After staining with thioflavin S, the Ap deposits have a characteristic luminescence when examined under a 

fluorescein filter. The luminescent bodies with a diffuse halo are AP deposits in the tissue. Although not 

much detail can be resolved and the sensitivity o f thioflavin S is poor compared to immunohistochemistry 

or silver staining methods, this stain is useful as a quick method to determine the presence or absence o f Ap 

deposits. This section is taken from a subject with no clinical history o f dementia and yet the tissue clearly 

has Ap deposits. This is because AP deposits are also a feature o f normal aged brain, although the numbers 

and density o f the deposits are increased in AD. (P.Preece, 1995).
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Figure 3. A classical neuritic Ap plaque in AD cortex (xlO)

A central core of Ap surrounded by dystrophic neurites and altered neuropil (Bielchowsky). (P.Preece, 

1995).

9

Figure 4. High magnification of Figure 3 (x40) (P.Preece, 1995)
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Figure 5. AD cortex im mu nostained with antiserum  to AP (xlO)

Amyloid loading in human AD cortex demonstrated with antibodies to Ap. The tissue is populated with Ap 

deposits, both of the amorphous diffuse type and of the classical dense-core morphology, (P.Preece, 1995).

Figure 6. High magnification of Figure 5 (x40) (P.Preece, 1995)
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1.4.2 Neurofibrillary lesions

“Im Innem einer im übrigen noch normal erscheinenden Zelle treten zunachst eine oder einige

Fibrillen durch ihre besondere Dicke imd besondere Imprag^ierbarkeit stark hervor. Da sich

diese Fibrillen mit anderen Farbstoffn farben lassen als normale Nettrofibrillen, mufi eine 

chemische Umwandmg der Fibrillensubstanz stattgefunden haben. ” (Alzheimer, 1907).

“However inside an apparently normal-looking cell, one or more single fibers could be observed

that became prominent through their striking thickness and specific impregnability. As these

fibrils can be stained with dyes different from the normal neurofibrils, a chemical transformation 

o f the fibril substance must have taken place. " (Alzheimer, 1907).

“They are coiled into skeins or ‘squash racket ’ shapes, and appear to fill most o f the perikaryal 

cytoplasm, sometimes giving the cell a swollen appearance ” (Kidd, 1963).

Neurofibrillary lesions are vulnerable neurons that have developed inclusion bodies made of 

cytoskeletal proteins that appear as paired helical filaments. Such lesions are found in autopsied 

brain as neurofibrillary tangles (NFTs) in cell bodies and apical dendrites, as neuropil threads in 

distal dendrites, and as dystrophic neurites present in some of the Ap deposits (Braak and Braak, 

1991) (Figures 7 to 9). Each neurofibrillary lesion contains hyper-phosphoiylated tau that is 

believed to have self-assembled into paired-helical filaments (Goedert, 1993; Goedert et al., 

1995). Due to their histochemical staining properties the neurofibrillary lesions are sometimes 

called amyloid and this has led to some confusion within the AD literature. However, although 

technically they are an amyloid, the neurofibrillaiy lesions are composed of a different protein to 

that found in the plaques and as such the term amyloid should be qualified by calling it P-
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amyloid. Another misnomer is that of calling the neurofibrillary lesions "tangles the tangles are 

but one presentation of the neurofibrillary lesions along with neuropil threads and dystrophic 

neurites. All three are composed of the same hyper-phosphorylated tau.
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î
Figure 7. N eurofibrillary lesions in pyram idal cells of AD cortex (xlO)

To the right o f centre is a pyramidal neuron with the twisted morphology o f a cell being transformed into a 

neurofibrillary lesion by the inclusion o f hyperphosphorylated tau paired helical filaments. The pyramidal 

cell to the left o f this lesion is in the early stage o f this transformation (Bielchowsky). (P.Preece, 1995).

é
r

Figure 8 . High magnification of Figure 7 (x40) (P.Preece, 1995)
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Figure 9. Neurofibrillary lesions in AD hippocampus

The Galiyas silver staining method results in a translucent background where the stark images of 

neurofibrillary lesions can be clearly observed. (P.Preece, 1995).
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Figure 10. Astrocytes immunostained with GFAP antiserum  in AD cortex (xlO) (P.Preece, 1995)

rf

r

Figure 11. Astrocytes immunostained with GFAP antiserum  in AD cortex (x40) (P.Preece, 1995)
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1.4.2.1 Tau

Tau is an abundant microtubule-associated protein (MAP) found in neurons both in the central 

and peripheral nervous systems. In human brain, tau is concentrated in nerve axons and plays a 

central role in stabilising microtubules. Three or four tandem repeats of 31-32 amino acids are 

located within the carobo)Q^-terminal half of tau that have been shown to have a high binding 

affinity for microtubules (Goedert, 1993). Tau is a phosphoprotein and it is a dysregulation of the 

phosphorylation process that causes tau to become hyper-phosphoiylated and to dissociate fi’om 

the microtubules. It is the balance between kinases and phosphatases that determines the 

phosphorylation state of a protein and, whilst the relevant physiological enzymes have not yet 

been identified, MAP kinase, glycogen synthase kinase 3 (GSK 3) and cyclin-dependant kinase 5 

(cdk 5) have all been shown to phosphorylate some of the abnormal tau sites in cultured cells 

(Goedert et al., 1995). In AD the PHF-tau elements are not confined exclusively to the axon but 

are widely distributed throughout the cell body, axon and dendrites (Goedert, 1993). Axonal 

transport is interfered with as the microtubules destabilise, followed by a slow accumulation of 

PHF-tau in the cell body and dendrites and eventual cell death. Due to their relative insolubility 

the PHF-tau fibrils can survive the death of the neuron as “ghost tangles ”.

1.5 Genetics of Alzheimer’s disease

The majority of people suffering from AD have what is termed a sporadic form that is invariably 

late-onset beginning after a person reaches 60 yeas of age. A small percentage of the population 

(less than 1%) have an inherited autosomal dominant form known as familial AD (FAD). Genetic 

studies have established that AD is aetiologically heterogeneous (St George-Hyslop et al., 1990), 

and that this may contribute to the variation found in clinicopathological findings.

31



1.5.1 Early-onset familial Alzheimer’s disease

Initial suspicions that chromosome 21 might be involved in AD were due to the similarities of 

pathology seen in Down’s syndrome brain where trisomy of chromosome 21 occurs (Giaccone et 

al., 1989; Mann, 1989; Mann et al., 1989). The first evidence to actually implicate chromosome 

21 came from the discovery of a mutation in APP for two patients with hereditary cerebral 

haemorrhage with amyloidosis of Dutch type (HCHWA-D) (Levy et al., 1990). A point mutation 

caused a single amino acid substitution (glutamine to glutamic acid) at position 2 2  of Ap that was 

likely to be the reason for the deposition of Ap in the cerebral wall vessels of these patients, 

followed by cerebral haemorrhage and premature death. Linkage of chromosome 21 with 

late-onset AD was not observed (Pericak-Vance et al., 1988; St George-Hyslop et al., 1990), but 

linkage with early-onset AD was seen in some families (Goate et al., 1989). Following the clues 

that exon 17 of APP played a part in HCHWA-D another group looked for and found a point 

mutation in this exon in AD (Goate et al., 1991). The mutation caused an amino acid substitution 

(valine to isoleucine) near to the carboxy terminus of Ap. More mutations either inside or 

flanking the Ap region of APP were subsequently found in other families with early-onset FAD 

(Chartier-Harlin et al., 1991; Murrell et al., 1991; Hendriks et al., 1992; Mullan et al., 1992). 

Cultured cells that express a double mutation in the APP gene found in a Swedish family (Mullan 

et al., 1992) also produced a 6 -8 -fold increase of Ap (Citron et al., 1992).

The APP mutations, however, counted for less than 3% of the total FAD cases (Sherrington et 

al,, 1995). Other genetic factors must be in play. Linkage studies identified a second locus in FAD 

to chromosome 14 that is associated with a particularly aggressive form of AD and an onset 

between 30 and 60 years (Schellenberg et al., 1992). Initially termed the S I82 gene, five missense 

mutations were found that co-segregated with FAD (Sherrington et al., 1995). The SI82 gene, 

later termed presenilin 1, coded for a transmembrane protein that, like APP, was ubiquitously
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expressed. A second gene, presenilin 2 on chromosome 1, was discovered shortly afterwards that 

had a conserved region of sequence homology to presenilin 1 (Levy-Lahad et al., 1995).

1.5.2 Late onset sporadic Alzheimer’s disease

Whilst important insights may be gained from the FAD genetic cases there is no guarantee that 

the molecular mechanisms are going to be same in both early-onset FAD and late-onset sporadic 

AD. Given that the prevalence of FAD is less than 1% of all AD there is obviously a pressing 

need to establish any genetic factors in the late-onset cases. In 1991 linkage was established, 

though not autosomal dominant, for a series of late-onset families to chromosome 19 (Pericak- 

Vance et al., 1991). This was followed by publication of the association of susceptibility 

polymorphisms of apolipoprotein E (Apo E) in late-onset sporadic AD (Saunders et al., 1993; 

Strittmatter et al., 1993). The Apo E protein has 3 different alleles (Apo E2, E3 and E4). A 

persons Apo E genotype confers different relative risks of susceptibility to AD and genotype- 

specific age of onset distributions. The 2% of the population carrying an Apo E4/E4 genotype are 

at highest risk with the earliest age of onset. Those carrying an Apo E4/E3 genotype (21%) are at 

a slightly lower risk for a given age and have a later mean age of onset. Those at the least risk 

(11%) carry Apo E3/E2, whilst the most common genotype is Apo E3/E3 (57%) (Roses, 1998).

1.6 The amyloid hypothesis

The amyloid cascade hypothesis states that the fundamental root cause of AD is excessive 

deposition of Ap in the human brain (Hardy and Higgins, 1992). This may be brought about 

either by increased production of Ap or by a disruption of the clearance or phagocytosis of 

deposited Ap by glial cells. Either way, the Ap is primary and all other events such as neuronal 

loss, clinical symptoms and tau pathology are secondary events triggered and dependent upon 

excessive Ap (Hardy and Allsop, 1991; Selkoe, 1996). As discussed in section 1.3 (The Baptists
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and the Taoists) the amyloid hypothesis has been, and still is, the dominant force in AD research. 

Given the genetic evidence and the vast accumulated literature on Ap demonstrating various 

aspects of its biochemistry both in vivo and in vitro the amyloid hypothesis is a logical and 

reasonable one.

It could be argued, however, that its all-pervading and dominating influence in the field is out 

of proportion to the evidence. The hypothesis has come under sustained and strong challenges 

both intellectually from researchers as well as empirical evidence (Braak and Braak, 1991; Roses, 

1994; Neve and Robakis, 1998). Dr Allen Roses has succinctly summed up the frustrations of 

researchers not aligned with “The Amyloid People ” as he calls them: “The clinical definition o f 

possible or probable AD was agreed to by a group o f experienced physician-scientists to provide 

a common working definition fo r research purposes (McKhann et a l, 1984). A second working 

group defined criteria for the neuropathological diagnosis o f definite AD (Khatchaturian, 1985). 

These criteria established that a certain number o f senile or neuritic plaques per high power 

field, relative to patient age, were necessary for the diagnosis o f definite AD. This automatically 

resulted in the ascendancy o f neuritic plaques as the ^old standard for diasnosis. even though 

there has been a better correlation ofNFTwith degree o f cognitive impairment (Arnold et al,

1991; McKee et a l, 1991)............. The possibility that A fi deposition may be a bystander, not an

agent provocateur, is not popular. In logic, a tautology is true by virtue o f the statement itself. 

Amyloid deposition has been tautologically defined as relevant to AD (Bush et a l, 1992; Joachim 

and Selkoe, 1992; Wisniewski et al, 1993). Because all definite AD patients have amyloid 

plaques bv definition, it is therefore concluded that the central pathological event in Alzheimer *s 

disease is the deposition o f A p as amyloidfibrils within the senile plaques and cerebral blood 

vessels”(Wisniewskie tal, 7995/(Roses, 1994).
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Other major objections to the amyloid hypothesis include the observation that neurofibrillary 

lesions precede amyloid deposition by several years in neuropathological examinations (Braak et 

al., 1994; Hardy, 1997), and transgenic animal models of AD develop Ap deposits but no 

neuronal loss (Games et al., 1995).

As also explained in Section 1.3 the primary focus of this thesis is the accurate measurement 

of mRNA in human brains regardless of the particular gene or even disease being tested. Hence 

whilst the basic arguments are outlined below as to why APP isoforms and P-secretase mRNA 

could be important targets for analysis this thesis owes no particular allegiance to the amyloid 

hypothesis over other reasonable theories.

1.6.1 Amyloid (AP)

Amyloid is a generic term given to proteins with a similar pattern of histochemical staining, 

specifically a red-green bireffingerence when stained with Congo Red dye and examined under 

polarised light. The main constituent of AD amyloid brain deposits, whether in the neuritic 

plaques, the diffuse deposits, or the cerebrovascular residues, is a 4 kiloDalton fibril known as 

p-amyloid (Ap). A polypeptide containing 24 amino acids was initially isolated from 

cerebrovascular deposits (Glenner and Wong, 1984), which was subsequently found to be almost 

identical to a larger protein of about 40 residues purified from amyloid plaque core (Masters et 

al., 1985).

1.6.2 Ap is derived from the amyloid precursor protein (APP)

Ap was later found to be a fragment proteolytically derived from the much larger amyloid 

precursor protein (APP) (Kang et al., 1987). Subsequent studies confirmed that APP was a Type I 

transmembrane glycoprotein with features characteristic of a cell-surface receptor. It is 

ubiquitously expressed in many cell types and mammalian tissues with highest levels in brain,
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heart, kidney, spleen and muscle (Mattson, 1997). Its normal physiological role, as for Ap, has yet 

to be determined. Figure 12 is a simplified schematic showing how various fiagments of APP are 

released by proteolytic cleavage with different enzymes. Cleavage of APP by P-secretase at the 

NH2  terminus of Ap results in the production of APPsp, a soluble fragment of APP, and a COOH- 

terminal fragment, 099, that remains membrane bound. In an alternative pathway, cleavage of 

APP by a-secretase causes the production of APPsa, a soluble fiagment, and 083, a membrane 

bound OOOH-terminal fragment. Both 099 and 083 can undergo further processing by one or 

more y-secretases to release Ap and the non-pathogenic p3 peptide respectively. Cleavage within 

the Ap sequence by a-secretase precludes the formation of Ap through this pathway.

One of the current theories of why Ap is harmful to human brains concerns the length of the 

fibrils. It was once thought that any Ap produced in the brain was due to abnormal catabolism of 

APP and therefore indicative of a disease process. With the detection of soluble Ap in the 

cerebrospinal fluid of people without AD it is clear that production of Ap is a normal 

physiological event (Weidemann et al., 1989). A central question is to determine why normally 

soluble Ap secretions become insoluble and aggregate (Selkoe, 1993). Attention has also focused 

on whether a greater overproduction of the longer form of Ap 42 relative to Ap 40 is important 

(Citron et al., 1998; Younkin, 1998).
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Figure 12. Proteolytic release of A|3 from APP

Cleavage o f APP by P-secretase at the NH2 terminus of Ap results in the production o f APPsP, a soluble 

fragment o f APP, and a COOH-terminal fragment, C99, that remains membrane bound (top diagram). In an 

alternative pathway, cleavage of APP by a-secretase causes the production o f APPsa, a soluble fragment, 

and C83, a membrane bound COOH-terminal fragment (lower diagram). Both C99 and C83 can undergo 

further processing by one or more y-secretases to release Ap and the non-pathogenic p3 peptide 

respectively. Cleavage within the Ap sequence by a-secretase precludes the formation of Ap through this 

pathway.
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1.6.3 Beta-secretase (BACE)

The Ap found aggregated in human brain deposits is proteolytically derived from the membrane 

bound APP. Proteolysis of Ap is dependant upon 2 enzymes, p-secretase and y-secretase. The 

identity of these proteases has for many years been a primary target of AD research. Several 

groups have recently identified p-secretase as a transmembrane aspartic protease (Hussain et al., 

1999; Sinha et al., 1999; Vassar et al., 1999; Yan et al., 1999; Lin et al., 2000) that in the brain is 

produced exclusively by neurons (Hussain et al., 1999; Vassar et al., 1999; Bigl et al., 2000; 

Marcinkiewicz and Seidah, 2000). The first group to publish results on the identification and 

characterisation of p-secretase called it BACE, standing for beta-site APP-cleaving enzyme 

(Vassar et al., 1999). In cell culture transient over-expression of P-secretase causes increases of 

Ap and P-sAPP products with no change in the overall APP expression, indicating that the 

increase is due specifically to enhanced activity in the P-secretase pathway (Hussain et al., 1999; 

Sinha and Lieberburg, 1999; Vassar et al., 1999; Yan et al., 1999). Antisense inhibition of 

p-secretase in HEK293 cells results in a decrease of Ap production (Yan et al., 1999). Several 

groups identified in the database a second P-secretase candidate, BACE 2, with homology to 

BACE (Saunders et al., 1999; Yan et al., 1999). Expression of BACE 2 in the brain appears to be 

at low levels suggesting that this is probably not the p-secretase candidate responsible for amyloid 

deposition in AD, but BACE 2 has become an active research area in order to understand its role 

(Bennett et al., 2000; Farzan et al., 2000). Following the recent discovery and characterisation of 

BACE a further question is whether its mRNA expression is up regulated in AD human brain.

1.6.4 Iscfonns of amyloid precursor protein (APP Kunitz KPI  ̂")

Since its discovery in 1987, APP has been found to have several isoforms alternatively spliced 

from a single gene on chromosome 21. The APP gene spans almost 300 000 bases of DNA from

38



which 18 exons can be alternatively spliced (Hattori et al., 1997). Table 1 is a summaiy of the 

known APP/APRP mRNA isoforms and the APP exons that they share. The table omits, however, 

the L APP isoforms that are found only in lymphocytes and microglia of the brain. These 

isoforms lack exon 15 and are assumed to be at such low levels in comparison to the isoforms 

expressed by the neurons and astrocytes of the brain that they can be virtually ignored.
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APP/APRP mRNA isoforms

partial

APP Exons 695 714 751 770

partial

7 Kunitz

10
11
12

13
14
15

16 Ap
17 AP

18

Table 1. APP exons in isoforms of APP/APRP mRNA

A blue box indicates possession of and a black box indicates a lack o f that exon in the mRNA isoform for 

that column. Exon 7 codes for a Kunitz-type serine protease inhibitor domain (KPI). Exon 8 is a 19 amino 

acid insert, whilst exons 16 and 17 contain the Ap sequence as well as part o f the transmembrane domain.

A functional classification can be m ade into those APP isoform s containing exon 7 that codes 

for a K unitz-type serine protease inhibitor dom ain ( K \  APP?;,, APP770, A PR P 365 and APRP563), 

and those w ithout (K", APP695 and APP?,4,). The figures refer to the num ber o f  am ino acids in 

each isoform , w hilst APRP stands for am yloid precursor related protein. APRPs are spliced from
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the same gene as APP but lack the p-amyloid sequence. The mRNA for APRPs also lack any 

transmembrane hydrophobic domains and they are most likely coding for secreted soluble 

proteins (de Sauvage and Octave, 1989; Jacobsen et al., 1991b). The relevant publications and the 

chronological order in which the APP/APRP isoforms were discovered is as follows: APP6 9 5  

(Kang et al., 1987), APP7 5 1 (Ponte et al., 1988; Tanzi et al., 1988), APP7 7 0  (Kitaguchi et al., 1988) 

APRP5 6 3  (de Sauvage and Octave, 1989), APP7 1 4  (Tanaka et al., 1988) (Golde et al., 1990) and 

APRP3 6 5  (Jacobsen et al., 1991b).

1.6.5 Kunitz protease inhibitor (KPI)

The 56 amino acid insert coded by exon 7 of the APP gene was found to be similar to a group of 

17 polypeptides that were all members of a family of Kunitz-type serine protease inhibitors 

(Kunitz, 1947; Kitaguchi et al., 1988; Ponte et al., 1988; Tanzi et al., 1988). COS-1 cells 

transfected with APP7 7 0  showed an increased inhibition of trypsin activity (Kitaguchi et al., 1988). 

Subsequent searches of the Protein Identification Resource (PIR) protein-sequence database 

revealed that the secreted forms of APP with the KPI domain are near identical to protease-nexin 

II (PN-II), a cell-secreted protease inhibitor. APP7 5 1 formed stable, non-covalent, inhibitory 

complexes with trypsin, whereas APPggg did not (Oltersdorf et al., 1989). The possibility existed 

that given the long-standing hypothesis that Ap was a result of aberrant catabolism of APP, 

differential expression of mRNA isoforms containing protease inhibitors might play an active role 

in the pathology of AD. Either too much or too little expression of APP with KPI domains could 

theoretically upset any equilibriums of Ap processing, and result in excessive deposition of Ap in 

AD brain. Other possibilities also exist. It has been shown that a protein purified from liver cells 

was an inhibitor of coagulation factor XIaand trypsin. The protein was shown to be a truncated 

version of APP with a KPI domain (Smith et al., 1990). Given that APP is present on the surface 

of a number of cells (Weidemaim et al., 1989), and that the release of a truncated form of APP
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was shown in stimulated platelets that are concentrated at sites of a developing thrombus it was 

suggested that APP may have a role in the regulation of coagulation (Smith et al., 1990).

1.6.6 Expression of APP/APRP KPI  ̂' mRNA isoforms in Alzheimer’s disease

Given the central importance of APP to AD, many studies over the last 13 years have tried to 

establish whether there is a differential expression of APP isoforms in the disease, and in 

particular whether there is a change in the KPP^ isoforms ratio. Table 2 is a summaiy of studies 

that have assessed APP/APRP mRNA or protein isoforms in various biological systems. The 

review is not concerned exclusively with AD, since related studies dealing with neurotoxic 

damage or ischaemic rats as well as cell culture are also included.
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Summary of studies assessing APP/APRP protein and/or mRNA isoforms in various systems

Study Sample Method Test X-hybridise Statistics Anatomy Author’s Inference
1. (Goedert, 
1987)

4 AD 
3 control

In situ
Northern blots

APP 695 unknown None used PC, TC, HP, CB, 
striatum, brain
stem. thalamus

Neuronal expression of APP. 
Similar profiles in AD and controls.

2. Bahmanyar 
1987 Science

Human AD 
and controls 
+ monkeys

35S In situ APP Unknown None used Hippocampus, 
various cortical 
areas

Neuronal expression of APP in cells 
not normally affected by AD.

3. (Tanzi et al., 
1988)

1 AD 
1 Downs 
1 control

Northern blots Total APP 
Exon 7

Total APP = all?
7 = 751,770, 563, 
365

None used 

Relative to tau

Frontal cortex FC 
Cerebellum CB

Ratio of total APP/exon 7 reduced 
in AD. Tau and neuronal markers 
also reduced.

4. (Ponte et al., 
1988)

1 AD
2 controls

Northern blots Exon 6/9, 7 6/9 = 695
7 = 751,770, 563,
365

None used 

Relative to actin

Frontal cortex No striking differences

5. (Kitaguchi et 
al., 1990)

Fetal brain 
Adult brain 
HTB14 cells

Northern blots Exon 6/7, 6/9, 
7/9, 8/9

6/7=751,770,563,36 
5. 6/9=695.7/9=751, 
365. 8/9 = 770,714

None used Hippocampus and 
whole brain

APP 695 predominant in adult 
hippocampus

6. (Palmert et 
al., 1988)

11 AD 
7 controls

In situ Total APP 
Exon 7 KPI 
indirect assay

Total APP = all?
7 = 751,770, 563, 
365

Mean grains per 
neuronal soma 
area, (p values)

NB, EC, HP, OC, 
BP

In AD, a 2-fold increase in total 
APP in NB and EC but not HP, BP 
or OC. Due to increase in KPI-

7. (Johnson et 
al., 1988)

5 AD pool 
5 control 
pool

Northern blots 
with poly A

Exon 6/9, 7 6/9 = 695
7 = 751,770, 563,
365

Mean
(no p values)

AD = FC, PC, TC 
pool. Con = FC, 
PC, TC, OC pool

APP 695 down 65%, APP 751 
down 30% in AD. 2-fold 
increase in 751/695 ratio in AD.

8. (Neve et al., 
1988)

3 AD 
3 controls

Northern blots 
with RNA 
In situ

Exon 6/9, 7 6/9 = 695
7 = 751,770, 563,
365

None used 
(no p values) 
Relative to tau

Cerebellum CB 
Frontal cortex FC

No diff. in CB AD/con. FC ratio of 
APP 695 control/AD = 3.5. FC ratio 
of APP 751 control/AD = 1.5

9. (Tanaka et 
al., 1988)

3 AD
4 controls

Northern blots 
with poly A

Exon 6/9, 7/9, 
8/9, 6/8

6/9 = 695. 7/9 = 
751,563.8/9 = 
770,714. 6/8 = 714

Mean (p values) 

Relative to actin

Frontal cortex No change in APP 695 or 751. 
Ratio of APP 770 AD/control = 
2.04. (APP 714 too low to detect)

10. (Johnson et 
al., 1988)

5 AD 
5 controls

Northern blots 
with poly A

Exon 6/9, 7 6/9 = 695
7 = 751,770, 563,
365

Mean 
(ANOVA) 
(p values)

Hippocampus
Cerebellum

2-fold increase in neuronal 751/695 
ratio in AD HP relative to control. 
No change in cerebellum.

11. (Clark et 
al., 1989)

6 AD 
6 controls

Northern blots A(3 sequence 
and surround

695,714, 751,770 Mann Whitney 
U test

Parietal cortex All neuronal mRNAs reduced in 
AD. APP mRNA reduced less than 
others. GFAP same in AD & control

12. (Siman et 
al., 1989)

Rats with
neuronal
damage

Western blots 
& immuno- 
histochemistry

APP No x-hybridisation None used Hippocampus Expression of APP in reactive 
astrocytes
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13. (Johnson et 
al., 1990)

7AD 
4 controls

In situ Exon 6/9, 7 6/9 = 695
7 = 751,770, 563,
365

Mean ± SEM 
(t-test)
(p values)

HP-CA1,CA2,
subiculum

2-fold increase in neuronal 751/695 
ratio in AD HP relative to control.

14. (Golde et 
al., 1990)

5 AD 
5 controls

PCR/PRT APP 695, 751, 
770, 714

n/a Mean 
(ANOVA) 
(p values)

Multiple areas of 
brain

APP isoforms expressed in non
neuronal cells as well as neurons.

15. (Neve et al., 
1990)

5 AD 
5 controls

RNA slot blot, 
in situ 
PCR

Exon 6/9, 7/9, 
8, APRP 563

6/9 = 695. 7/9 = 
751,563.8 = 770, 
714. 563 = 563

Mean (p values) 
Relative to 
GAPDH

NB, striatum, 
hippocampus, 
cortex

Selective increase of APRP 563 in 
AD

16. (Koo et al., 
1990)

7 AD 
7 Controls 
9 monkeys

Si nuclease 
protection 
assay, in situ

695, 751/770 No x-hybridisation Mean ratios ± 
SD

Frontal, temporal, 
occipital cortex

No selective alteration of APP 
isoforms in AD

17. (Kitaguchi 
et al., 1990)

9AD
11 controls

Trypsin-plate
ELISA

695, 751,770 unknown Student’s t-test Cerebrospinal
fluid

Increase of KPI APP isoforms in 
CSF of AD

18. (Palmert et 
al., 1990)

24 AD 
12 controls

Protein assays 25kDa, 
105kDa(695), 
125kDa (751)

No x-hybridisation Student’s t-test Cerebrospinal
fluid

Relative increase of 25kDa APP, 
decreases of 105 and 125kDa APP 
in AD CSF

19. (Jacobsen et 
al., 1991a)

16 AD 
9 controls 
(pooled)

Si nuclease
protection
assay

APP 695, 751, 
770
APRP 365

No x-hybridisation Mean (p values) 
Relative MAP 2 
& cyclophilin

Frontal, temporal, 
parietal, occipital 
cortex

MAP 2 and cyclophilin altered in 
AD. Increases of APP 695 & 770. 
770 greater increase than 695

20. (Oyama et 
al., 1991)

37 aged 
brains

Si nuclease
protection
assay

APP 695,751, 
770

No x-hybridisation Mean, range 
(no p values)

Frontal, temporal, 
occipital cortex 
Hippocampus

No correlation of specific APP 
isoforms either with tangles or Ap 
deposits

21. (Koniget 
al., 1991)

5 AD 
8 controls

Si nuclease
protection
assay

APP 695, 751, 
770

No x-hybridisation Range
(no p values)

Temporal cortex No selective alteration of APP 
isoforms in AD

22. (Abe et al., 
1991)

Control/cont 
rol rats

Northern blots Total APP,
751/770
(indirect)

Total APP = ? 
751/770 = 751,770, 
563, 365

None used Cerebral cortex No change in total APP or tubulin. 
Increase in KPI+ mRNA in 
ischaemic rats

23. (Ohyagi et 
al., 1992)

5 AD
1 angiopathy 
9 controls

Si nuclease
protection
assay

695, 751,770 No x-hybridisation Mean ± SD Frontal, occipital 
cortex

No selective alteration of APP 
isoforms in AD. No correlation of 
APP to neuronal loss/gliosis

24.
(Willoughby et 
al.. 1992)

Rats/kainic 
acid lesions

In situ 
RNase 
protection

Total APP, 
KPI

unknown ANOVA (p 
values)

Hippocampus KPI mRNA increase in rats given 
kainic acid-induced seizures

25. (Tanaka et 
al., 1992)

8AD
21 non-AD

RNase
protection
assay

APP 695, 751, 
770

No x-hybridisation Mean, t-test, 
linear regression

Frontal cortex 1.5 fold increased ratio of KPI+/- in 
AD

26. (Kalaria et 
al., 1993)

Ischaemic
rats

Immunohisto-
chemistry

APP No x-hybridisation None used Whole brains APP reactivity in astrocytes of 
ischaemic rats
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27. (Sola et al., 
1993b)

4 rats, 4 
mice, 7 
human

In situ
Northern blots

APP 695, 751, 
770, 714

unknown None used Multiple areas Comparison of interspecies 
differences and regional anatomy

28. (Sola et al., 
1993a)

Rats/kainic 
acid lesions

In situ
Immunohistoc
hemistry

APP 695, 751, 
770, 714

unknown None used Multiple areas Increase in KPI+ isoforms 
following neurotoxic injury to the 
brain

29. (Harrison et 
al., 1994)

11 AD 
7 non-AD 
4 controls

In situ Exon 6/9, 7 6/9 = 695
7 = 751,770, 563,
365

Mann Whitney 
(p values)

Frontal cortex Reduction in both APP 695 & 751 
in AD relative to poly A

30. (Okada et 
al., 1994)

12 AD
7 MID
8 controls

PCR Exon 6 and 
exon 9

695, 751, 770, 563 Wilcoxon rank 
sum test

Cultured skin 
fibroblasts

751/695 and 770/695 APP ratios 
increased in AD of skin fibroblast 
biopsies

31.
(Rockenstein et 
al., 1995)

13 AD 
5 controls

RNase
protection
assay

695, 751, 770 No x-hybridisation Ratios relative 
to actin.
ANOVA t-tests

Frontal cortex 5% increase in 751 APP in AD 
otherwise similar levels to controls

32. (Ho et al., 
1996)

Cell culture 
of 695 or 
751 isoform

Sandwich
ELISAs

695, 751 Not applicable Mann Whitney Cell culture 751 cells expressed higher levels of 
A(3 and sAPPP than 695 cells. KPI 
reduces a-secretase cleavage.

33. (Harrison et 
al., 1996)

lOAD
6 non-AD
7 controls

In situ Exon 6/9, 7 6/9 = 695
7 = 751,770, 563,
365

Mean SEM 
(p values)

Hippocampus No significant differences between 
groups

34. (Moir et al., 
1998)

10 AD 
7 normal 
5 control

Protein
assays.
Western

KPI± n/a T-tests 
(p values)

Cerebral cortex 2 fold increase in KPI+ protein in 
soluble extracts from AD relative to 
control

Table 2. Review of studies

Anatomy key: nucleus basalis =

assessing APP/APRP in various systems

= NB, locus coeruleus = LC, hippocampus = HP, basalis pontis = BP, temporal, parietal, frontal, occipital cortex = TC, PC, FC, OC.
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1.6.7 Lack of consensus for expression of APP/APRP mRNA isoforms in AD

Surprisingly, given the number of studies in Table 2, there is still no consensus on expression 

levels of APP/APRP in AD, and in particular whether there is a difference in the KPP^ isoforms 

ratio. The reasons for this lack of consensus are many and the history of measuring APP isoforms 

in human brain is a good example of the difficulties attached to answering a deceptively simple 

question. To quote a previous study, “Reported attempts to correlate altered APP RNA 

expression in AD with amyloid deposition are confusing and often inconsistent. Different 

methodologies o f RNA measurement, comparison o f tissues representing different brain regions, 

characterization o f tissues by different neuropathological criteria and heterogeneity o f disease in 

the patient population are contributing factors to these problems. ” (Jacobsen et al., 1991a). To 

these general issues some more fundamental problems can also be added.

1.6.7.1 Cross-hybridisation of primer sets to APP/APRP mRNA isoforms

Table 3 shows the known isoforms of APP/APRP and the cross reactivity of primer sets. Using 

hybridisation techniques such as in situ. Northern blots or PCR these are the various sets that have 

been used in previous studies to try to differentiate APP/APRP isoforms (see Table 1 for a 

complete description of the exons found in the various isoforms). Only APP6 9 5 , APP7 1 4 , APRP5 6 3  

and APRP3 6 5  can be recognised by primer sets without cross-hybridisation to other isoforms. Both 

the 751 and 770 APP isoforms cannot be recognised using hybridisation-based techniques without 

cross-hybridisation to other isoforms. The last of the APP variants to be discovered was APRP3 6 5  

in 1991 (Jacobsen et al., 1991b). Hence studies between 1988 and 1991 were unaware of the 

existence of the various APP isoforms and their conclusions were based on information known at 

the time. How much difference is this likely to make? APP7 1 4  has been shown either at extremely 

low, barely detectable levels or not at all in the human brain (Tanaka et al., 1988; Golde et al..
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1990; Tanaka et al., 1992; Sola et al., 1993b). Cross-hybridisation to this isoform, usually to 

primers recognising APP7 7 0 , could therefore be regarded as having very little effect. It is therefore 

possible to discretely quantity the 695, 770, 563 and 365 isoforms if the 714 species is 

discounted.

APP/APRP mRNA isoforms

APP
Primers

Exon 6/9

Exon 7

Exon 6/7

Exon 6/8

Exon 7/8

Exon 8

Exon 7/9

Exon 8/9

APRP 563

APRP 365

Table 3. APP/APRP mRNA isoforms and the cross-reactivity of prim er sets 

A blue box indicates recognition and a black box indicates a lack of recognition for that isoform.

The problems arise when attempting to quantify the 751 isoform because cross-hybridisation to 

365 or 563 is almost inevitable. Data on the relative levels of APRP 563 and 365 in human brain 

is scarce. APRP 365 was estimated as contributing about 10% of all APP mRNA in the human 

cortex, with a relative abundance of APP 695>751>365>770 (Jacobsen et al., 1991a; Jacobsen et 

al., 1991b). Approximate mean percentage abundance in these studies was 695 (60%), 751 (28%),
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365 (10%) and 770 (2%). This is in good agreement with another study where the relative 

percentage abundances in frontal grey matter were 695 (73%), 751 (27%) and 770 (0%) (Golde et 

al., 1990) (Table 4).

Relative percentage of APP mRNA isoforms in human brain

Study 695 714 751 770 563 365

1. (Jacobsen et al., 1991a; 

Jacobsen et al., 1991b)

60% Not stated 28% 2% Not stated 10%

2. (Golde et al., 1990) 73% Very low 27% 0% Not stated Not stated

Table 4. Relative percentages of APP mRNA isoforms according to the publications cited

Data on APRP 563 is even scarcer than for APRP 365. One study claimed a 100% increase of 

APRP563 in AD brain relative to control, but the levels of this isoform relative to the others are 

not given (Neve et al., 1990). The tables from Neve et al. show APP 695 at the same level as APP 

770 so the assumption is that relative levels have not been determined. Approximately 40% of 

total APP in human cortex therefore contains a KPI domain and of this 40% about 10% is APRP. 

When studies report a level of APP?;, in human brain they are also almost certainly reporting on a 

cross-hybridisation to APRP5 6 3 , for which the relative levels in the human brain are unknown. 

When studies report on APP7 7 0 , unless they use an exon 8/9 primer set, they are also reporting on 

a possible 25% or more cross-hybridisation to APRP3 6 5 .

1.6.7.2 Cell populations are different in Alzheimer brain relative to controls

Many of the post-mortem brains in the AD population samples will have end-stage pathology. By 

definition the AD samples will have extensive neuronal loss and gliosis. In comparison to an age- 

matched control brain the AD sample will have a higher glial/neuronal cell ratio. Of the APP 

isoforms the 695 species is expressed primarily but not exclusively in neurons, whilst the other
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APP/APRP isoforms have a wide distribution in neurons, astrocytes and endothelial cells in the 

cerebral cortex, meninges and white matter of the brain (Golde et al., 1990; Sola et al., 1993b; 

Harrison et al., 1996). Some of the earlier studies in particular assumed an exclusively neuronal 

expression of APP. This is further confounded by the lack of knowledge of the complete range of 

APP isoforms at the time. Consequently, studies that report changes in the 695/751 ratios are 

attempting to report on brain samples where the 695 isoform has been preferentially reduced in 

AD due to neuronal loss whilst the 751 isoform may have increased or remained the same due to 

astrocyte proliferation. Interpretation of the data is dependant upon the parameters set as a 

definition of mRNA change (covered in the next section 1.6.7.3.), and it is clear that differences 

in white matter/grey matter/meninges content of the samples may influence the outcome of the 

measurements.

1.6.7.3 Heterogeneity in definitions of a change in mRNA level

To quote Jacobsen et al. from 1991, “. .published reports measuring APP RNA expression in

various brain regions comparing AD with normal patients are summarized by the following 

generalized observations which occur in AD: (a) a specific decrease in KPI-lacking APP-695

mRNA (Johnson et a l, 1988; Johnson et al, 1989; Johnson et a l, 1990)......... ” (Jacobsen et al.,

1991a). However, the three papers referenced here all stress that the important observation is not 

that APP6 9 5  was selectively reduced in AD but that APP7 5 1 was also reduced, although not as 

much as APP6 9 5 , and that the end result was a two-fold increase in the APP7 5 1 /APP6 9 5  ratio. 

Definitions of changes in mRNA depend upon the terms of reference used, and where one 

researcher sees a decrease in a specific mRNA another sees a relative increase. It may also be that 

the above interpretation of the data is confounded by the problems discussed in Section 1.6.7.2. 

The reduction in APP6 9 5  isoform is due to neuronal loss and the lesser reduction in the APP7 5 1 is 

due to gliosis and that what is reported is essentially due to a change in composition of brain cell
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populations. Alternatively, such changes may be an integral part of the disease process with an 

increased APP751 production in astrocytes contributing to a cycle of neurodegeneration. What is 

lacking is clarity on the actual measurements themselves because so many definitions of loss or 

gain are used, and relative to different things such as neuronal soma or tau or cyclophilin that it 

becomes impossible to compare study to study. It may be that the lack of consensus regarding the 

APP/APRP isoforms is related to these factors and that when re-interpreted or measured in a 

consistent fashion the apparent inconsistencies in the data resolve themselves.

1.7 Glycogen synthase kinase 3

Glycogen synthase kinase 3 (GSK-3) is a protein kinase. It occurs in two forms, a  and (3, that are 

produced from separate genes and expressed at higher levels in brain relative to other organs 

(Woodgett, 1990). Apart from a known role in specifying cell fate and a suggested involvement in 

tumorigenesis (Ferkey and Kimelman, 2000; Kim and Kimmel, 2000), GSK-3 has also been 

implicated in the pathogenesis of Alzheimer’s disease (AD) (Imahori and Uchida, 1997; Munoz- 

Montano et al., 1997).

In 1988 two protein kinases isolated from bovine brain were found to generate PHF-like 

phosphorylation of tau in vitro (Ishiguro et al., 1988), tau protein kinase I and II (TPKl & H) 

(Ishiguro et al., 1992a; Ishiguro et al., 1992b). TPK 1 was later shown to be identical to 

GSK-3 (3 (Ishiguro et al., 1993). Other studies have described the neuronal localisation of GSK-3 

(Hanger et al., 1992), the evidence that GSK-3 a  also phosphorylates tau in vitro (Hanger et al., 

1992; Lovestone et al., 1994; Anderton et al., 1995), and a preferential expression of GSK-3P but 

not GSK-3 a  immunolabelling in neurons affected by neurofibrillary lesions (Yamaguchi et al., 

1996). Characterisation of the effect that GSK-3 has on the ability of tau to bind to microtubules 

in vitro has also been described (Lovestone et al., 1996; Wagner et al., 1996; Utton et al., 1997).
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Two studies from 1997 reported that lithium, a specific inhibitor of GSK-3 activity, was effective 

in rat brain and cultured neurons at causing dephosphorylation of tau at proline-directed sites that 

are hyperphosphorylated in AD (Hong et al., 1997; Munoz-Montano et al., 1997). Whilst not 

proof that GSK-3 is the relevant physiological enzyme that phosphorylates tau in AD, the 

demonstration that it could be involved has generated much interest, and hence the reasons for its 

inclusion in this study.

1.8 Quantifying mRNA

1.8.1 DNA makes RNA makes protein

Although not exclusively a one-way system as retroviruses have demonstrated, this generalisation 

has become the central dogma of molecular biology. By a process of transcription, specific genes 

in an organisms DNA are selectively expressed and other genes selectively suppressed. For those 

genes that are expressed a single-stranded mRNA transcript is produced from the DNA coding 

strand. The only alteration is a replacement of a thymine base, found in DNA, with uracil in the 

mRNA strand. Following excision of non-coding nucleotides or introns, and after the addition of 

a poly A tail, the mRNA migrates to the cytoplasm where it joins organelles called ribosomes. A 

second process termed translation occurs at the ribosomes whereby transfer RNA molecules 

interact with the mRNA to construct a chain of amino acids, the basic unit of proteins, in the 

sequence specified by the mRNA coding region (Stiyer, 1988).

1.8.2 Differential gene expression results in a variety of cells, tissues and organs

All of the different cells in a human brain (neuron, astrocyte, microglia, oligodendrocyte) have a 

common factor in that the nucleus of each cell contains exactly the same sequence of DNA, 

specific to that individual, regardless of cell type or location in the brain. I^am idal neurons.
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however, are morphologically, biochemically and functionally different to non-pyramidal 

neurons, the cerebral cortex is different to white matter, and the brain is different to the liver. 

Differential activation of genes and production of proteins at a molecular level results in a 

divergent development at a gross level. Although each cell in the brain is theoretically capable of 

developing into a neuron or glial cell, a process of cell differentiation results in mature cells being 

committed to one fate or another.

1.8.3 Tissue mRNA levels as a correlate of gene expression

Gene expression in vivo is a dynamic process that is both highly regulated and relatively labile. 

Cellular concentrations of protein and mRNA are liable to rapid change according to need and 

local conditions. For example, histone mRNA is induced in the S phase of cell division when 

DNA is being replicated in the nucleus. The nucleus takes up the newly produced cytoplasmic 

histone protein until 02 phase of cell division, during which time excess histone protein 

accumulates in the cytoplasm. The auto regulatory model suggests that histone protein then binds 

to its own mRNA and causes structural alterations to make the mRNA more susceptible to 

degradation by one or more ribonucleases. The result is a drop in concentrations of both protein 

and mRNA for histone in the G2 stage, followed by a return to steady state levels during the M 

and G1 phases (Ross, 1989).

The concentration of protein at steady state equals the product of the rate constants for mRNA 

and protein synthesis (Asi and divided by the product of the rate constants for mRNA and 

protein degradation {k \̂ and k ^ .  Half-lives for mammalian mRNA and protein range from 18 

minutes for unstable species such as c-fos, to 8 hours for GAPDH mRNA and 75-130 hours for 

GAPDH protein (Hargrove and Schmidt, 1989). Several possible hypotheses can be formulated 

for rates of gene expression; (i) the rate is constant for any given gene; (ii) a gene can have two 

possible states, expression or non-expression; (iii) a gene can have three possible states,
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inhibition, normal expression or stimulation; and (iv) a gene can have a continuously variable rate 

of expression from zero to maximum. Whilst the last possibility is the most probable it is also true 

that for any given gene in a particular biological system all four states have equal chances of 

being rejected as a null hypothesis, and what may be so for one gene is not necessarily the same 

for another (Spanakis and Brouty-Boye, 1994). Given that for every protein each of the four rate 

constants could also be different, and that estimates of the number of genes in the human genome 

are about 30,000 the number of possibilities of rates of gene expression in the genome are 

immense. This is further complicated by the fact that not all mRNA transcripts are translated into 

proteins.

However, given the above complications, the important point for this study is that comparison 

of gene expression profiles between treatment groups is not directed at establishing rates of 

expression, or even changes of mRNA over time. The direct concern is whether a particular genes 

mRNA level is significantly different, on average, between two populations, disease and control 

human brains. The fact that the human samples do not have the same age at death or post-mortem 

delay is a difficulty that is impossible to circumvent and such confounding factors are discussed 

both in Section 1.8.6. and Chapters 4 and 5. If a gene is upregulated in response to or in causing a 

disease, the probability is that a protein is also being manufactured corresponding to that mRNA. 

It has already been established that the synthesis rate of any protein is generally in proportion to 

the quantity of its corresponding mRNA (Ross, 1989). The importance of assessing differential 

gene expression in neuropathology is that it gives researchers an insight, although sometimes a 

murky one, into which genes are pathologically expressed or upregulated in preference to other 

genes and in which cell types and tissues they are being produced. Important clues as to which 

proteins are involved in a disease can therefore be gained by assessing gene expression at the 

mRNA level.
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1.8.4 Techniques for quantifying mRNA levels

Several techniques are available for quantifying the absolute or relative amounts of mRNA in 

biological systems. Until recently, however, all of these techniques have been semi-quantitative 

and of low resolution. In situ hybridisation is used mostly for visual observation of where in a 

tissue a particular mRNA is expressed. When used to quantify mRNA the technique becomes 

semi-quantitative due to the hybridisation kinetics of the probe annealing to the target mRNA in 

the tissue. Results can be highly variable both from experiment to experiment using exactly the 

same conditions, as well as between- and within-individuals. The method is also labour-intensive 

and not suited to high-throughput processing. Northern blotting is a procedure where mRNA is 

quantified after assessing the relative density of a discrete band produced during gel 

electrophoresis of extracted RNA. The resolution of the technique is limited due to the difficulties 

of comparing differences in the size of bands across treatment groups. Whilst large relative 

changes of mRNA expression may be clearly measured smaller changes will be lost in 

experimental noise. Reverse-transcription polymerase chain reaction (RT-PCR) is another method 

that has become widely used. It is capable of measuring very small amounts of starting material 

and is commonly used to detect viral infection in pathologic states (Ehrlich and Greenberg, 1994). 

Like the other techniques, however, standard RT-PCR has given highly variable results and the 

common objection to the method is that there are too many difficulties in accurately quantifying 

mRNA after n exponential amplifications and post-assay manipulation of the PGR product. Small 

loading errors or contamination at the beginning of the method are amplified exponentially into a 

large variance at the end of the experiment, causing problems when comparing treatment groups 

under different experimental conditions.

Innovations in the last decade have created a tool that, for the first time, can accurately and 

reproducibly quantify the mRNA levels of a biological system (Holland et al., 1991; Higuchi et
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al., 1992; Gelfand et al., 1993; Higuchi et al., 1993; Lee et al., 1993; Livak et al., 1995; Gibson et 

al., 1996; Heid et al., 1996). Whilst standard RT-PCR quantifies a cDNA product at end-point 

after n exponential amplifications (Ehrlich and Greenberg, 1994), TaqMan™ RT-PCR 

continuously monitors a fluorescent accumulation of product in real-time (Gibson et al., 1996; 

Heid et al., 1996; Lie and Petropoulos, 1998). Measurements are made during the exponential 

phase of the PCR reaction and avoid the effect of limiting reagents, amplicon re-annealing, post- 

PCR processing and cycling variability of standard endpoint analysis. Reproducibility of 

TaqMan™ assays using replica 96-well plates is in the order of 97% or higher (Castensson et al., 

2000). Where previous tools were semi-quantitative and of low resolution TaqMan™ attaches 

decimal numbers to mRNA levels. (Further details of the technology are given in Chapter 2).

1.8.5 Stability and recovery of post-mortem mRNA

Two separate studies in 1981 demonstrated the recovery of undegraded mRNA from post-mortem 

human brains with up to 16 hours autopsy delay (Gilbert et al., 1981; Morrison and Griffin,

1981). Both studies found that the percentage yield of mRNA per gramme of tissue was lower 

from human brains than from rat brains, but both studies also found that two-dimensional gel 

electrophoresis of their translated in vitro proteins indicated qualitatively similar products 

between rat and human. No selective breakdown was observed across the spectrum of isolated 

mRNAs. However, several other studies since 1981 have reported selective degradation or change 

of specific mRNA amounts in various conditions unrelated to the disease process. Reduction of 

muscarinic receptor Mi mRNA was shown to be related to increasing duration of pre-mortem 

coma with no concomitant decrease in amount of total poly A (Harrison et al., 1991c). These 

findings were shown to be independent of diagnosis since the reduction was present in both AD 

and control brains. A review of over 20 studies of the effects of post-mortem interval (PMI) on 

specific mRNA levels showed a minimal effect of PMI with only one or two exceptions (Barton
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et al., 1993), but this study also stresses the need to be aware of other factors such as agonal state 

and in particular hypoxia and pyrexia. Many examples are given in the Barton et al. review of 

selective mRNA increases or decreases due to factors other than the disease under investigation, 

and caution in interpretation of results data is the suggested conclusion.

The issue of whether there is or there is not degradation of selective mRNAs following post

mortem is an important one for quantification studies. Given that gene expression is a dynamic 

and highly regulated process, ordered mathematical relationships must exist between the levels of 

mRNA in vivo. The question is whether, following death, entropy affects the mRNA levels in a 

global manner or whether the mRNAs are differentially degraded as a function of time. This is in 

addition to any mRNA changes due to the confounding variables of pre-mortem coma or other 

unknown causes discussed both earlier and in Section 1.8.6. If there is widespread differential 

degradation of mRNA following death, then the pool of post-mortem mRNA represents a 

disordered system with little relevance to the in vivo situation and probably with little relevance to 

the disease process. If the system is disordered to the point of chaos then how can mRNA 

information regarding the mathematical relationships that must exist in vivo be extrapolated? The 

fundamental question of this thesis is whether there is enough quantitative order still present in 

the mRNA levels of a post-mortem human brain to extract any kind of useful information.

The strategy taken relies on four factors:

1. Large numbers of human brain are used (90 AD and 81 controls).

2. A range of mRNAs are measured (24 in MCAO rat study, 14 in human).

3. Robust and reliable technology is used (TaqMan™ real-time RT-PCR).

4. Mathematical and statistical models for mRNA analysis were developed.
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The adoption and prioritisation of these factors in this study is also an indirect criticism of 

previous studies concerned with the measurement of human mRNA. The inverse of the four 

factors listed above is common practice for many studies. This, in turn, reflects a basic 

misunderstanding of the rigour with which the scientific method should be applied to the difficult 

task of quantifying human mRNA amongst the debris of a post-mortem brain. Too many 

unfounded assumptions have been made and, in many cases, too many tenuous biological 

conclusions have been suggested from scant data.

Listed below are some of the more general criticisms relating to these four factors:

1. Most post-mortem studies reporting on human mRNA levels use small sample sizes that 

are unlikely to be representative of the wider population. Given the known high levels of 

mRNA variance between individuals, many studies have proceeded without first making 

power calculations as to the number of brains required to see a statistically significant 

difference for whatever is being quantified. Inference is then made to the general 

population based on these unrepresentative samples. A further criticism of the small 

sample size issue is the scarcity of human donor tissue made available to researchers and 

the lack of co-operation between brain collecting centres. Probably the single most 

important factor for the lack of studies using large sample sizes is the hoarding of brain 

tissue in regional and "private ” collections. The establishment of a national brain bank 

collecting samples from all diseases and control specimens with a policy of open access 

to both academic groups and the pharmaceutical sector would make a radical difference 

to the quality of post-mortem research and hasten our understanding of the major brain 

diseases.
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2. The majority of previous studies reporting mRNA levels in human post-mortem tissue 

have concentrated on the levels of one or two genes exclusively (Taylor et al., 1986). 

Sometimes a specific mRNA level is normalised to a reference gene such as actin or 

cyclophilin (Eastwood et al., 1997), whilst another method is to normalise to total levels 

of poly A (Harrison et al., 1991a; Harrison et al., 1991b). Whether adjusting the target 

mRNA to a reference gene or total poly A the assumption is that the independent variable 

(the reference) acts as a steady-state control that remains the same for all treatment groups 

(Spanakis, 1993; Spanakis and Brouty-Boye, 1994). Sometimes these assumptions are 

checked and found to be valid (Harrison et al., 1997), but more often they are not and 

assumptions are made. One of the criteria of this study is to assess a particular mRNA 

level within the context of other mRNA species, including positive controls for known 

effects and a range of reference genes. Baseline assumptions were also checked in order 

to measure as accurately as possible any mRNA changes due to pathology.

3. As detailed in Section 1.8.4. the techniques used to quantify mRNA levels in the past 

have been at best semi-quantitative and both labour and time intensive. This has delayed 

high-throughput possibilities and, combined with other factors such as the scarcity of 

human donor tissue, has mitigated against large samples. With the emergence of real-time 

RT-PCR and robotics the horizons for quantitative neuropathology have been greatly 

expanded.

4. A detailed critique of statistical methods used in previous studies for quantifying mRNA 

in human tissue is given in the following section 1 .8 .6 .

1.8.6 Confounding factors and the statistical methods used to control for them

The deceptively simple task of measuring a single mRNA level in a human brain is complicated 

by the presence of pre- and post-mortem confounding factors (Barton et al., 1993). Where in an
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animal model system all animals can be bred from the same stock, neuropathology has to 

extrapolate meaning from observed data of heterogeneous genetic background with little or no a 

priori control over experimental parameters. Post-mortem delay, brain pH, gender, freeze-thaw 

cycles, age at death, medication, agonal state and death-refrigeration interval are all observed data 

over which the researcher has little or no control. All of these elements have been suggested as 

confounders (Barton et al., 1993; Harrison et al., 1995; Kingsbury et al., 1995). A study in 1991 

found a decrease of muscarinic receptor Mi mRNA correlated to pre-mortem duration of coma, 

and was also independent of AD diagnosis (Harrison et al., 1991c). The danger with confounding 

variables is that if a comparison between disease and control brains is then attempted, and one of 

the sample populations contains a disproportionately high number of brains with long pre-mortem 

courses, then any changes in the variable being compared can be wrongfully assigned to 

pathology rather than its real cause, the duration of coma. Where there are also changes of the 

variable due to pathology alongside the confounder, such changes can be difficult to detect 

amongst the experimental noise. For example, in the above situation of loss of Mi mRNA, the 

authors then propose a selective 2.7 fold increase in Mi mRNA in AD temporal cortex over and 

above the loss due to pre-mortem coma. The increase is relative to poly A that remained 

unchanged between disease and control brains (Harrison et al., 1991b).

Clearly any discussion of statistical methods is also closely linked to a discussion of 

confounding factors since any methodology adopted by researchers is essentially attempting to 

control for these factors. The important point, however, is to use inferential statistics and base 

conclusions on probability. Too often in the literature examples can be found of quantitative 

mRNA studies where no awareness of the importance of probability theory is appreciated (Neve 

et al., 1988). The size of any mRNA change across treatment groups is meaningless without 

probability. It is theoretically possible to have a large mRNA increase and be statistically non
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significant, and to have firaction-fold changes of mRNA that are highly significant. Probability is 

all.

1.8 .6 .1 Matched samples

The most common method for analysing the observed data generated by neuropathology is to pair 

disease and control samples for suspected confounders. Samples are then analysed either in 

matched-pairs (Mimics et al., 2000), or balanced treatment groups are assembled with similar 

means and standard deviations (Clark et al., 1990; Ross et al., 1992). Outliers, however, can flaw 

the latter approach. In the study of Clark et al. (Clark et al., 1990), 5 of the 7 diseased patients had 

autopsy delays of 7 hours or less with another case at 20 hours and one outlier of 120 hours (Clark 

et al., 1990). The group mean is biased at 23 hours due to this one outlier. Apart from this kind of 

bias, there are two other objections to pair-matching methods; first, issues of pre-selection are 

introduced into what is meant to be a random sample, and second, as one set of factors is matched 

it becomes progressively harder to match for the others. It was once common, for example, to 

match tissues for age of death and post-mortem delay (Clark et al., 1990; Ross et al., 1992). As 

more information became available it seemed that short post-mortem delays were not necessary 

for mRNA preservation (Barton et al., 1993), but that tissue pH may critically affect mRNA 

stability and recoveiy (Kingsbuiy et al., 1995). Brain tissue from subjects dying after long 

terminal phases have on average a lower pH than those dying quickly (Hardy et al., 1985;

Harrison et al., 1991c; Harrison et al., 1995). More recent studies have therefore prioritised 

pH-matching with less emphasis on autopsy delay (Mimics et al., 2000). By changing the priority 

of factors to be matched, however, different samples are selected from the available pool 

suggesting that results are dependant to some degree on whatever factors are currently, and 

sometimes arbitrarily, thought to be important. Conversely, whatever factors are down prioritised 

or omitted may also be significant. There is no easy solution to this situation. Given that it is
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impossible to match control and disease samples for all parameters, a compromise is often the 

only pragmatic solution. The questions remain, however, as to what factors should be matched 

and what is the definition of a balanced sample? Balanced for what and why? Secondly, how 

many samples are required to detect x % difference at y % confidence for any given mRNA? Are 

five samples in each treatment group sufficient or are 50 or possibly 100s required? Such 

questions and the lack of consensus have contributed to the many inconsistencies and failure to 

replicate data in post-mortem studies.

1.8.6.2 Partial least squares -  multivariate analysis

Partial least squares is a technique that combines principle components with multiple regression 

(see Section 2.6.2. for details). Its goal is to seek out latent relationships, or principle components, 

between a set of dependent and a set of independent variables (Wold, 1982; Wold et al., 1983). As 

such, PLS has been recommended for quantifying mRNA (Spanakis, 1993) (Hole et al., 2000), 

although it appears not to have been applied to human post-mortem data.

1.8.7 Problems specific to quantifying mRNA in Alzheimer’s disease brain

The difficulties present in quantifying mRNA in human brain and discussed in Section 1.8.6. are 

the same difficulties present in AD brains. However, these difficulties are further compounded by 

problems specific to quantifying any measure in a brain where cell death, pathological lesions and 

an immune response add to the complications. The problem is how to compare an AD brain to a 

neurologically normal or control specimen. The AD brain, by definition, has a lower neuronal 

count than an age-matched control brain. Inherent biological variation in neuronal count due to 

age and gender is therefore a further consideration (Braak et al., 1995). The AD brain also has a 

marked glial response where astrocytes and microglia in particular are activated and proliferate 

(Griffin and Stanley, 1993). When compared to an age-matched control brain, therefore, the AD
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sample has different percentages of cell type making up the total numbers, with a marked 

reduction in neurons and an increase in glial cells. Given that another unknown percentage of the 

still present AD neurons are also unwell and on the route to degeneration, the essence of the 

problem is that it is not possible to compare like with like when making comparisons to control 

specimens. The premise of this thesis, however, is an investigation into a range of mRNA species 

and whether there are changes in specific levels relative to other genes. The final conclusions may 

take into account the gross changes seen in an Alzheimer brain, but the initial priority is to 

accurately detect whether there are relative changes of mRNA level due to pathology. If mRNA 

changes are due to changes in cell population and are not necessarily part of the disease process 

then that is outside the scope of this thesis and requires further experimentation. Of course, it is 

not impossible that any changes in cell population in AD are also an integral part of the disease 

process. It may be that the two characteristics of neuronal death and glial proliferation are 

inextricably linked.
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2. Material and methods
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2.1 Neuropathology of Alzheimer’s disease

2.1.1 Human brain samples to demonstrate the neuropathology of Alzheimer’s disease

Formalin-fixed human brain tissue was obtained from two Institutes. Temporal lobe and 

hippocampus from 2 AD and 2 control subjects was donated by the Alzheimer’s Disease 

Research Centre, University of Southern California, Los Angeles. Frontal lobe from 2 AD and 2 

control subjects was donated by the MRC Brain Bank for Neurodegenerative Diseases, 

Department of Neuropathology, Institute of Psychiatry, London. The tissue was left in 30% 

sucrose overnight to cryo-protect and was then embedded in a 1:1 mixture of Tissue-Tek and 20% 

sucrose Tissue-Tek embedding medium (Elkhart, USA). Sections were cut on a cryostat (Bright, 

Huntingdon, UK) at a thickness between 9-15 pm and melted onto gelatine coated glass slides. 

After air drying overnight sections were stored at -70° C.

2.1.2 Histology

2.1.2.1 Thiofiavin S staining

Slides were left in 1% thiofiavin S solution for 7 minutes at room temperature. They were then 

hydrated in successively weaker solutions of alcohol (95%, 70%) followed by 3 changes of water. 

They were mounted in aqueous medium and stored at 4° C.

2.1.2.2 Silver staining

Slides were placed in AgNOs (20% w/v) solution at 37° C. After 20 minutes, slides were 

transferred to water at 37° C. The AgNO^ solution was titrated with NH4 OH and a basic 

precipitate resulted. More NH4OH was added until the precipitate just cleared. The resulting 

solution was then filtered (0.2pm). Slides were put back into the AgNOa/NHjOH solution and
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placed in an incubator (37° C) for 20 minutes. Following this they were transferred to water at 37° 

C whilst the developer solution was made up. Developer solution was freshly made and consisted 

of 20 ml formalin, 100 ml water, 1 drop concentrated HNO3 and 0.5g citric acid. 1ml of developer 

solution was added to 50 ml of AgNOg solution. Slides were put into the AgNOg/developer 

solution and left for 1 to 3 minutes. Adding an excess of water stopped development. After 

washing in water the slides were fixed in sodium thiosulphate for 5 minutes. They were then 

dehydrated in 70%, 95% and 100% alcohol, cleared in Histoclear (Fisons, UK) and mounted in 

DPX mounting medium (Fluka, Germany).

2.1.3 Immimohistcchemistry

Formalin-fixed sections of Alzheimer and control brain were first pre-treated for 12 minutes in 

8 8 % formic acid. A hydrophobic pen (PAP Pen, Daido Sangyo Co., Japan) was used to ring the 

tissue sections to prevent wastage of antibody solutions. After washing in Tris-buffered saline 

(TBS) endogenous peroxidase activity was blocked by immersing the sections in a solution of 3% 

H2 O2  and 10% methanol in TBS. Sections were washed 3 times for 5 minutes each in TBS, and 

then left for 1 hour in a solution of 10% foetal calf serum and 0.3% triton in TBS to block non

specific protein binding. Primary anti-Ap antibodies affinity purified rabbit IgG (Boehringer 

Mannheim, Indiannapolis, USA) were applied to the sections at a concentration of lOpg/ml (1:10) 

and left to incubate overnight at 4° C. After washing with TBS 3 times, secondary biotinylated 

anti-rabbit IgG antibodies (Boehringer Mannheim) were added (1:200) to the sections and 

incubated for 1 hour at room temperature. The secondary antibodies were pre-adsorbed with 

human serum 1:1 for 30 minutes prior to adding them to the sections. After washing 3 times with 

TBS the sections were treated with streptavidin using the ABC method (Vectorstain Kit, 

Peterborough, UK) for 1 hour, followed by a further 3 washes in TBS. Sections were then
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developed in 3,3-diaminobenzidine tetrahydrochloride/H2 0 2  using Sigma Fast Dab Tablets 

(Sigma, St.Louis, USA) to visualise a brown reaction product.

2.2 Human brain samples for RNA extraction

Brain tissue was obtained from the MRC Brain Bank for Neurodegenerative Diseases,

Department of Neuropathology, Institute of Psychiatry, London. The AD cases met the clinical 

criteria for a diagnosis of probable AD (McKhann et al., 1984). After post-mortem the brain was 

divided in the sagittal plane. One hemisphere was cut into coronal slices, snap frozen and stored 

at -70 °C. Brains were examined by a neuropathologist and all of the AD cases were diagnosed 

using the CERAD diagnostic criteria (Hulette et al., 1995). Frozen blocks were dissected from the 

frontal lobe to include the superior frontal gyrus from 90 cases of AD and 90 controls. Each 

frozen block was then sampled 3 times (between 0.5 and 1.5 grammes of wet tissue) giving a total 

of 540 tissue samples. No attempt was made to separate white matter from grey matter. The 

assumption is that whatever error is introduced into the calculations due to this mix of white and 

grey matter affects the AD and control populations equally. The 3 samples from each frontal 

gyrus were processed in parallel through all subsequent stages resulting in 3 cDNA preparations 

for every subject. This gave 3 independent estimates of mRNA levels for each subject and 

allowed measurement of the within-individual and between-individual mRNA variance as well as 

disease/control ratios. A nested design was used for the regional anatomy data; 12 cortical 

samples were taken from the occipital lobe and 3 samples were taken from each of the frontal, 

temporal and parietal lobes of 4 control subjects. This allowed measurement of both intra-lobule 

and inter-lobule variance of mRNA levels.

2.3 Rat brain samples and animal procedures

These experiments were carried out in collaboration with David Virley who performed the

66



surgery. All animal procedures were carried out in accordance with the U.K. Animals (Scientific 

Procedures) Act (1986). Efforts were made to minimize animal suffering and to use only the 

number of animals necessary to produce reliable data. 18 adult male Sprague-Dawley rats 

(Charles River, U.K., 320 - 350g) were randomly assigned to receive either tMCAO (90 minutes, 

n = 6 ) via the intraluminal thread technique (Koizumi et al., 1986), sham surgery (n = 6 ), or naive 

treatment (n=6 ). Following exposure of the right common carotid artery under halothane 

anaesthesia (2%), a 3/0 nylon monofilament was advanced along the internal carotid artery until 

its leading edge was positioned 1mm beyond the origin of the right middle cerebral artery. The 

right middle cerebral artery was occluded for 90 minutes, followed by withdrawal of the thread to 

the common carotid arteiy to permit retrograde blood flow to the right middle cerebral artery. 

Introducing the thread into the internal carotid artery, followed by immediate withdrawal to the 

common carotid artery, performed sham surgery. Hence the thread was not advanced far enough 

to occlude the origin of the middle cerebral artery. No surgery was performed for naive treatment. 

All ischaemic animals had focal neurological deficits when assessed 60 minutes after MCAO with 

failure to fully extend the left forepaw, contra lateral circling and no resistance to lateral push 

(Bederson neurological score, grade 3). These results indicate a consistent neurological deficit 

and a successful MCAO. No deficits were observed in either sham-operated (Bederson 

neurological score, grade 0) or naïve animals. 24 hours post-treatment animals were anaesthetised 

with sodium pentobarbital (45mg/kg, i.p.) and decapitated for harvesting of brains. Brains were 

removed and separated into ipsi lateral (stroke) and contra lateral (undamaged) hemispheres. No 

local dissection was performed in order to minimise any variance due to anatomy or sampling. 

One of the candidate mRNAs, LIF, was also reported to be up regulated in response to cortical 

injury some distance from the lesion site (Banner et al., 1997), hence our reluctance to micro- 

dissect. This gave 6  groups: tMCAO ipsi lateral (Mips,), tMCAO contra lateral (Mcontra), sham
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surgeiy ipsi lateral (Sipsi), sham surgery contra lateral (Scontra), naïve ipsi lateral (NjpsO and naïve 

contra lateral (Nconim)- Brains were weighed and then stored at -80°C.

2.4 Preparation of mRNA

2.4.1 Preparation of rat RNA and mRNA

Brain hemispheres were removed from -70 °C storage and placed on dry ice. They were 

homogenised in TrizoF*^ reagent (Life Technologies, NY, USA), without prior thawing, at a ratio 

of 10ml Trizol/0.5g tissue using an Ultra-Turrax T25 homogeniser (Ika Labortechnik, Germany). 

1ml aliquots wcto stored at -80°C. RNA was prepared from Trizol™ homogenate according to the 

manufacturer’s instructions (Life Technologies, NY, USA). 3 RNA extractions were carried out 

from each brain hemisphere’s Trizol™ homogenate. We measured 3 replicates of 6  treatment 

groups with 6  brain hemispheres in each group. No RNA pooling of either hemispheres or 

replicates was performed. RNA integrity was assessed by electrophoresis using a 1% agarose gel. 

Optical density readings were taken for RNA samples on a Genequant spectrophotometer 

(Pharmacia Biotech, UK). lOpg of RNA from each sample was used to purify Poly(A) mRNA. 

Poly(A) was extracted using the PolyATract® mRNA Isolation System (Promega, UK); the only 

modification being a 10-fold reduction in all reagents. Poly(A) samples were stored at -80°C.

2.4.2 Preparation of human RNA and mRNA

Processing of human brain samples was similar to the protocols used for rats (3.3.1) but with one 

major difference; rats were sampled from hemispheres of brain that had been homogenised whole, 

whilst humans were sampled 3 times from the superior frontal gyrus of cerebral cortex and white 

matter (see 3.1 Human brain samples).
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2.4.3 Preparation of rat cDNA

Reverse transcription of poly(A) was carried out in a MJ Research PTC-200 PCR machine 

(Genetic Research Instrumentation, UK). All reagents were supplied by Life Technologies, NY, 

USA. For each brain sample 2.0pl of poly(A) was added to a 96-well plate, followed by 2.0pl of 

oligo(dT), and 6.0pl of RNase-free water. 3 wells were assigned as No Amplification Controls 

(NAC) and had the same mix as the sample wells, whilst another 3 wells were named No 

Template Controls (NTC); these wells contained 2.0pl of oligo(dT), S.Opl of RNase-free water 

but no poly(A). To allow the oligo(dT) probe to anneal to the poly(A), the plate was incubated at 

90°C for 2 minutes followed by cooling on ice. A master reverse transcription mix was made, 

consisting of (for each well):- 4.0pl first strand buffer, 2.0pl dithiothreitol (DTT), O.Spl of dATP 

(lOmM), O.Spl ofdCTP (lOmM), O.Spl of dOTP (lOmM), 0.5pl ofdTTP (lOmM), l.Opl of 

RNaseOUT, and 1 .Opl of Superscript II enzyme. lO.Opl aliquots of master mix were added to all 

wells except the NACs, which had a similar mix except that the Superscript II enzyme was 

replaced with water. The 96-well plate was incubated for one hour at 42°C, 2 minutes at 95 °C, 

followed by cooling to room temperature. 60.0jLil of RNase-free water was added to each well 

giving a 1:4 dilution. To make replica copies of the reverse transcription plate, 4.0pl aliquots of 

cDNA from each well were dispensed into 96-well TaqMan™ plates using a Hydra™ 96 robot 

(Robbins Scientific, UK). Plates were stored at -80°C.

2.4.4 Preparation of human cDNA

Human cDNA was made exactly as for rats (3.3.2) but with one difference; S.Opl of human poly 

(A) was added to the 96-well plate instead of 2.0pl of rat poly (A), No RNAse free water was 

added to the human 96-well plate.
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2.5 TaqMan probe and primer design

TaqMan™ probes and forward and reverse primers were designed with Primer Express™ 

software (PE Applied Biosystems, UK). Four basic rules were used as guidelines when designing 

and choosing the optimal sequences to use:-

1. Primers should be > 18 base pairs long.

2. There should be no more than 3 G or C base pairs within the terminal 5 base pairs of the 

3’ ends of each primer.

3. Tm of the probe must be > 7 ° C than the highest primer T^.

4. Ideally, there should be more C than G residues in both primers and probe.

The specificity of the primers was checked by using them as probes in Southern blots. In all cases 

they detected a major band of the predicted size. Where probe and primer sets were designed to 

run across different exons (the APP human isoforms), primers were used as probes in Southern 

blots. In all cases they failed to detect any bands in genomic human DNA but they detected major 

bands of the predicted size in cDNA. BLAST searches (Altschul et al., 1990) of the probe and 

primer sequences revealed no significant identity to sequences other than the specific gene under 

test. Where a single probe sequence did reveal identity, for example, it was found that there was 

no situation where more than one of the three sequences (probe, forward and reverse primers) had 

identity to the same external source. TaqMan™ RT-PCR will not give any measurable signal 

without all 3 of the probe/primers working for any one target.

2.5.1 Rat sequences

P-actin Ace no: V01217
Forward primer:- TCT GTG TGG ATT GGT GGC TCT A (3018-3039)
Reverse primer:- GTG CTT GCT GAT CCA CAT CTG (3086-3066)
Probe:- CCT GGC CTC ACT GTC CAC CTT CC (3041-3063)
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Apo E
Forward primer; 
Reverse primer:- 
Probe:-

Caspase 3 
Forward primer: 
Reverse primer:- 
Probe:-

CNTF
Forward primer: 
Reverse primer:- 
Probe:-

Acc no: J00705
CCA GGC TGG CTA AAG AGG TG (325-344)
GTT GCG TAG ATC CTC CAT GTC A (392-371)
CGA CAC AGG CCC GTC TGG GAG (349-369)

Ace no: NM_012922
AAT TCA AGG GAC GGG TCA TG (648-667)
GCT TGT GCG CGT ACA GTT TC (714-695)
TTC ATC CAG TCA CTT TGC GCC ATG (669-692)

Ace no: X I7457
AGA TCC CTG AAA ATG AGG CTG AT (475-497) 
GAA GGA CCT TCA AGC CCC ATA G (564-543)
CCT GCC ACA GTT GGA GAT GGT GGT CT (504-529)

CN TFRa
Forward primer:- 
Reverse primer:- 
Probe:-

Cyclophilin
Forward primer:- 
Reverse primer:- 
Probe:-

Galanin
Forward primer:- 
Reverse primer:- 
Probe:-

GAPDH
Forward primer:- 
Reverse primer:- 
Probe:-

GFAP (human)
Forward primer:- 
Reverse primer:- 
Probe:-

Interleukin ip
Forward primer:- 
Reverse primer:- 
Probe:-

Acc no: S54212
GAC AAT GAG ATT GGG ACA TGG A (930-951)
AGA TGC CGT GGT TCC TCA GT (1006-987))
ACT GGA GTG TGG CTG CTG CTC ACG CC (955-971)

Ace no: M l9533
TGT GCC AGG GTG GTG ACT T (224-242)
TCA AAT TTC TCT CCG TAG ATG GAC TT (293-268)
ACA CGC CAT AAT GGC ACT GGT GG (244-266)

Ace no: M18102
TTG GCC ACC TCC TCA GAA GA (464-483)
AAT GAC TTT AAA TTA TAG CAG AGG ACA CA (548-520) 
TAG AGC AGT CCT GAG ACC ACA CCC ACT G (486-513)

Ace no: NM 017008
GAA CAT CAT CCC TGC ATC CA (636-655)
CCA GTG AGC TTC CCG TTC A (695-713)
CTT GCC CAC AGC CTT GGC AGC (681-661)

Ace no: XM 008388
GGA GCT CAA TGA CCG CTT TG (236-255)
AGC GCC TTG TTT TGC TGT TC (285-304)
CAG CTA CAT CGA GAA GGT TCG CTT CCT (257-283)

Ace no: M98820
GAT GGC TGC ACT ATT CCT AAT GC (885-907)
AGA CTG CCC ATT CTC GAC AAG (935-955)
CCC CAG GAC ATG CTA GGG AGC CC (911-933)

Interleukin IR  antagonist Ace no: M63101 
Forward primer:- CCG AGA CAG GCC CTA CCA (386-403)
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Reverse primer:- 
Probe:-

Interleukin 6

Forward primer:- 
Reverse primer:- 
Probe:-

Interleukin 10
Forward primer:- 
Reverse primer:- 
Probe:-

TCT AGT GTT GTG CAG AGG AAC CAT (432-455)
CAG CTT CGA ATC ACT TGC CTG TCC AG (405-430)

Acc no: M26744
CCC AAC TTC CAA TGC TCT CCT A (565-586)
GCT TTC AAG ATG AGT TGG ATG GT (629-651)
TGG TCC TTA GCC ACT CCT TCT GTG ACT CTA ACT T (626-593)

Acc no: X60675
AAG GCC ATG AAT GAG TTT GAC AT (510-532)
CGG GTG GTT CAA TTT TTC ATT T (568-589)
TCA TCA ACT GCA TAG AAG CCT ACG TGA CAC TC (535-566)

Leukaemia Inhibitory Factor Acc no: ABO10275 
Forward primer:- AAA GAA GCC TTC CAA AGG AAG AA (523-545) 

CCG CAC TAA TGA CTT GCT TGT ATG (592-569) 
CCC AGG AGC TGG CAG CCC A (548-566)

Reverse primer:- 
Probe:-

MAP2
Forward primer:- 
Reverse primer:- 
Probe:-

Nestin
Forward primer:- 
Reverse primer:- 
Probe:-

iNOS
Forward primer:- 
Reverse primer:- 
Probe:-

uNOS
Forward primer:- 
Reverse primer:- 
Probe:-

NMDA 2B
Forward primer:- 
Reverse primer:- 
Probe:-

Notch 3
Forward primer:- 
Reverse primer:- 
Probe:-

Acc no: NM 013066
AAG AGA GCA CAG AGA CTC CGG ATA (3716-3739) 
TTC GGA CAC AAC TGC TTC AGG (3775-3795)
CTG CCA TAC CTT CTG ATG TCA CCC AGC (3743-3769)

Acc no: M34384
TTG GTA GCA TCT CCT GTG CAT C (5450-5471 )
CCA TCT ACC CCA CTC AGA GTG AA (5495-5517)
AGG CCC AAG CCA GCC CCT GA (5473-5492)

Acc no: NM 012611
GGA TGT GGC TAC CAC TTT GAA GAA (3279-3302)
CCT CAA CCT GCT CCT CAC TCA (3326-3346)
CTG GTG GCC GCC AAG CTG AAC (3304-3324)

Acc no: X59949
GAC ATC TTT GGA GTC ACC CTC AGA (4525-4548)
CTC TTC GAT GAA GGC GAT GG (4583-4602)
TGA AGT GAC CAA CCG CCT TAG ATC TGA G (4554-4581)

Acc no: NM_012574
CCC CTG TGT GCC TAA CAA CAA (4703-4723)
AAA GTT TCT CAT AAA CAT GTC CAT TGC (4776-4750) 
ACC CCA GGG CTT TCA ATG GCT CC (4726-4748)

Acc no: NM 020087
GCT GCA GCC GTG AAC AAC AA (5935-5951 )
CTT GCT GTC CTG CAT GTC CTT (6012-5992)
AGG CTA CCT TGG CTC TGC TGA AAA ATG G (5957-5984)
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Substance P
Forward primer: 
Reverse primer:- 
Probe:-

Acc no: NM 012666
AAA GCA CAG TGT TGA TGG AGT TGT (715-738) 
GCC TCA CAG CAG CCT TTC TG (790-771)
TTT GCC AGC GAT GCA AGT CTC CAA (744-767)

TNFa
Forward primer: 
Reverse primer:- 
Probe:-

Transferrin
Forward primer: 
Reverse primer:- 
Probe:-

vn»
Forward primer: 
Reverse primer:- 
Probe:-

Acc no: NM_012675)
CTC CTC TCC GCC ATC AAG AG (511-530)
TGG GCT CAT ACC AGG GCT T (586-568)
CCC TAA GGA CAC CCC TGA GGG AGC T (537-561)

Acc no: NM_017055
GCT CCA AAC CAT GTT GTG GTC T (1809-1830)
TTC TGG GCA GTC AGC ACA GT (1860-1879)
CGA AAA GAG AAG GCA GCC CGG GTT (1833-1856)

Acc no: X02341
TGA TGG GCT TAT TTA TAG CAT GCA (828-851 )
AAC ACG GCG GCC TAT CTG (909-926)
AGA ACA GAT AAT CAG TGT GAC CAA GTC TGA ATG CTA A 
(871-907)

2.5.2 Human sequences

BACE
Forward primer: 
Reverse primer:- 
Probe:-

Actin
Forward primer: 
Reverse primer:- 
Probe:-

GAPDH
Forward primer: 
Reverse primer:- 
Probe;-

Cyclophilin
Forward primer: 
Reverse primer:- 
Probe:-

GFAP
Forward primer: 
Reverse primer:-

Acc no: AF190725
AGG TGA CAA AAG GGC CTT CC (1765-1746)
CTG TCA GCG CTT GCC ATG T (1700-1718)
ACG ATG AGT TCA GGA CGG CAG CG (1721-1743)

Acc no: X00351
GAG CTA CGA GCT GCC TGA CG (755-774)
GTA GTT TCG TGG ATG CCA CAG (874-854)
CAT CAC CAT TGG CAA TGA GCG GTT CC (782-807)

Acc no: AF261085
GGA AGC TCA CTG GCA TGG C (780-798)
TAG ACG GCA GGT CAG GTC CA (850-831)
CCC CAC TGC CAA CGT GTC AGT G (808-829)

Acc no: NM 005038
TGA GAC AGC AGA TAG AGC CAA GC (879-901)
TCC CTG CCA ATT TGA CAT CTT C (972-951)
GC ACC AAT ATT CAG TAC ACA GCT TAA AGC TAT AGG TT 
(941-905)

Acc no: NM 002055
TGG AGC TCA ATG ACC GCT TT
GCG CCT TGT TTT GCT GTT C

(235-254)
(303-285)
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Probe:- CCA GCT ACA TCG AGA AGG TTC GCT TCC (256-282)

MAP 2 Acc no: NM_002374
Forward primer:- ACC CCG ACG ACT CAG CAA T (5615-5633)
Reverse primer:- GGC AAG CTG AGG AGA TTC GA (5681-5662)
Probe:- TCT CCT CGT CTG GAA GCA TCA ACC TG (5635-5660)

NSE Acc no: X14327
Forward primer:- GAG CGG GCA GTG GAA GAA A (982-1000)
Reverse primer:- GTG ACC GAG CCG ATC TGG T (1049-1031)
Probe:- CCT GCA ACT GTC TGC TGC TCA AGG TC (1004-1029)

Glycogen Synthase Kinase 3a Acc no: L40027
Forward primer:- CGT GTG TCA CCG CGA CAT (831-848)
Reverse primer:- GCA CTG CCA AAA TCG CAG A (914-896)
Probe:- CCT GCT GGT GGA CCC TGA CAC TGC (861 -884)

Glycogen Synthase Kinase 3(3 Acc no: L33801
Forward primer:- CGT CTG CTG GAG TAT ACA CCA ACT (994-1017)
Reverse primer:- TTG GGT CCC GTA ATT CAT CAA (1078-1058)
Probe:- CTA ACA CCA CTG GAA GCT TGT GCA CAT TCA T (1024-1054)

APP/APRP primers/nrobe

A APP exon 6/9 v2 Acc no: D87675 (695/—/—/—/—/— isoforms)
Forward primer:- CCA CAG AGT CTG TGG AAG AGG TG (154399-154421) exon 6

Reverse primer:- TCG AGA TAC TTG TCA ACG GCA T (193821-193842) exon 9
Probe:- TTC GAG TTC CTA CAA CAG CAG CCA GTA CC (193792-193816 exon

9) & (154423-154427 exon 6 )

B APP exon 5 Acc no: D87675 (695/714/751/770/563/365 isoforms)
Forward primer:- TTG CAT GAC TAC GGC ATG TTG (125099-125119)
Reverse primer:- CAC CAG ACA TCC GAG TCA TCC T (125214-125235)
Probe:- TGA CAA TGT GGA TTC TGC TGA TGC GG (125185-125210)

C APP exon 17 Acc no: D87675 (695/714/751/770/—/— isoforms)
Forward primer:- GGG TTC AAA CAA AGG TGC AAT C (284424-284445)
Reverse primer:- GAT GAC GAT CAC TGT CGC TAT GA (284493-284471)
Probe:- TGG ACT CAT GGT GGG CGG TGT T (284448-284469)

D APP exon 7 Acc no: D87675 (—/—/751/770/563/365 isoforms)
Forward primer:- ATG ATC TCC CGC TGG TAC TTT G (176128-176149)
Reverse primer:- GCC ACA TCC GCC GTA AAA (176196-176179)
Probe:- TGT GAC TGA AGG GAA GTG TGC CCC A (176151-176175)

E APP exon 7/8 Acc no: D87675 (—/—/—/770/—/365 isoforms)
Forward primer:- ACT GCA TGG CCG TGT GTG (176228-176245) exon 7
Reverse primer:- GGC AAG AGG TTC CTG GGT AGT (178893-178873) exon 8
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Probe CAG CGC CAT GTC CCA AAG TXT ACT CAA (176247-176254 exon 7) & 
(178853-178871 exon 8 )

F AFP exon 7/9 Ace no: D87675 (—/—7751/—7563/— i so forms)
Forward primer:- ACC GGA AC A ACT TTG AC A CAG AA ( 176201 -176223 exon 7) 
Reverse primer:- TGG CTG CTG TTG TAG GAA TGG (193811-193794 exon 9) & 

(176254-176252 exon 7)
Probe:- TAC TGC ATG GCC GTG TGT GGC AG ( 176227-176249 exon 7)

G APRP 563 Ace no: D87675 (—7—7—7—75637— isoform)
Forward primer:- AAT CAA TTG TCC ATA GAT AAT ATG GGT TTA (230614-230643) 
Reverse primer:- CTA CAA TAA TCA AAA CAG TGT GGT ACT ACA G (230690-230720) 
Probe:- AGT TCT TFT CTT TGA TCT GTG TGC CTG TGC TT (230657-230688)

APP/APRP mRNA isoforms

partial

APP Exoüs
1

695 714 751 770

partial

7 Kunitz

10
11
12
13
14
15

16 AP
17 AP

18

Table 5. APP exons in isoforms of APP7APRP mRNA (copy of Table 1)

A blue box indicates possession and a black box indicates a lack o f that exon in the mRNA isoform for that 

column. Exon 7 codes for the Kunitz protease inhibitor domain (KPI). Exon 8 is a 19 amino acid insert, 

whilst exons 16 and 17 contain the Ap sequence as well as part o f the transmembrane domain.
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APP/APRP mRNA isoforms

APP
Probes

A
Exon 6/9

Exon 5
C

Exon 17
D

Exon 7
E

Exon 7/8
F

Exon 7/9
G

APRP 563
H

Exon 6 / 8

Exon 8/9

APRP 365

Table 6. APP/APRP mRNA isoforms and the TaqMan probe/primer sets that recognise them

A blue box indicates recognition and a black box indicates a lack o f recognition for that isoform by 

TaqMan^" real-time RT-PCR analysis. Where probe/primer sets were designed to run across exons they 

were tested separately on human pooled cDNA and genomic pooled DNA. In each case such sets gave a 

quantitative TaqMan™ signal when tested with cDNA but failed with genomic DNA. This indicates the 

likelihood that intervening exon/intron sequences in the genomic DNA prevented these probe/primer sets 

from working, and increases the probability that these sets are specific to the exon splice junctions. 

Secondly, the primers were used as probes in Southern blots. For single exons a major band o f the predicted 

size was detected using genomic DNA. For sets designed to run across exons they failed to detect any bands 

in genomic human DNA but they detected major bands of the predicted size in cDNA.
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2.5.3 TaqMan real-time RT-PCR assay

The TaqMan™ assay requires both forward and reverse primers as well as a fluorogenic probe 

that anneals between the forward and reverse primer sites. The probe has a fluorescent reporter 

dye at the 5’ end and a quencher dye at the 3’ end. During PCR cycling the probe is cleaved by 

5’-3’ nuclease activity of Taq polymerase, and the reporter and quencher dyes become separated 

resulting in an increase of fluorescence. The ABI Prism 7700 measures the accumulation of PCR 

product by continuously monitoring the increase in fluorescence during cycling. Cycle threshold 

(C t) is assigned by the experimenter to a level somewhere above baseline fluorescence (usually 

10 times or more the standard deviation of baseline fluorescence). Once chosen the Ct value sets 

the point at which the sample PCR amplification plot crosses threshold (Figure 13). The C% value 

in turn is predictive of the quantity of input cDNA. The more of the target gene present in a 

sample the earlier it will be detected in the PCR cycles and the lower the Cy Cycle threshold 

detection is converted into number of gene copies in the starting material and a standard curve is 

constructed using known amounts of rat genomic DNA (Figure 14). Test gene mRNA values are 

extrapolated from the standard curve and expressed in arbitraiy units. Full details of TaqMan™ 

have been described elsewhere (Gibson et al., 1996; Heid et al., 1996; Lie and Petropoulos, 1998).

One TaqMan™ cDNA plate was used per test gene. A master TaqMan™ mix was made, 

consisting of (for each well):- 8.625pi RNase-ffee water, 2.5pi lOX TaqMan™ buffer, 6.0pl 

MgCb, 0.5pl dATP (2.5mM), 0.5pl dCTP (2.5mM), 0.5pl dOTP (2.5mM), 0.5pl dUTP (2.5mM), 

0.25pl uracil-N-glycosylase (UNO), 0.125pl Taq Gold enzyme, 0.5pl TaqMan™ fluorogenic 

probe (5pM), 0,5pl TaqMan™ forward primer (5pM), and 0.5pl TaqMan™ reverse primer 

(5pM) (TaqMan™ PCR core reagent kit™, PE Applied Biosystems, UK). 21.0pl of master mix 

was added to all wells of the cDNA plate. 12 wells were left free of poly(A) in order to generate a
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standard curve; serial 1:10 dilutions of known amounts of either rat or human genomic DNA 

(4.0^1 per well) were added in duplicates to these wells (Promega, UK). When a human set of 

probe and primers were designed to run across adjoining exons, serial 1:10 dilutions of human 

cDNA were used as standards instead of genomic DNA. All human probe and primer sets that 

were designed to run across adjoining exons failed to give any signal at all when genomic DNA 

was used. Plates were analysed on a TaqMan™ ABI Prism 7700 Sequence Detector™ (PE 

Applied Biosystems, UK). Cycling parameters: 50°C for 2 minutes, 95°C for 10 minutes, 40 

cycles of 95°C for 15 seconds, 60°C for 1 min. Data acquisition was processed with Sequence 

Detector 1.6.3 software (PE Applied Biosystems, UK).

2.6 Statistical Analysis

Initial analysis was carried out in collaboration with Brian Bond (all of Chapter 3), whilst later 

analysis (all other chapters) was carried out by myself.

2.6.1 Univariate analysis

Univariate analysis was performed by a split-plot analysis of variance using reference genes as 

covariates (Cochran and Cox, 1957). Analysis was carried out on Genstat V5.4.1 (Lawes 

Agricultural Trust, Harpenden, UK) as well as SPSS Statistica VlO.l (Chicago, USA).

2.6.2 Multivariate analysis

Multivariate analysis (Figs.2a & 2b) was performed by partial least squares (PLS) (Wold, 1982; 

Wold et al., 1983) using SIMCA V7 (Umetri AB, Box 7960, S-90719 Umea, Sweden). PLS 

combines principal component analysis with regression. Underlying latent variables (principal 

components) are calculated fi*om each of the Y- and X-sets of variables. Components are made up
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of a linear combination of the variables, whether as genes in the Y-set, or as treatments in the 

X-set.

PQ = W iig i + Wi2g2 + .......+ Wijgj

where: PCi = i* principal component; 

gj = response of j* gene/treatment;

Wij = weight of j*  gene/treatment in the i* principal component.

For each component of the Y-set a multiple regression model using the components of the 

X-set is formed. This forms a basis for an iterative process maximising the covariance model of 

the two datasets. The weights of the genes/treatments in the components are called loadings and 

the larger the loading, the greater the contribution of the gene/treatment to that particular 

component. The meaning of each component can therefore be interpreted by assessing the 

loadings. A biologically relevant label can then be assigned to the component. Loadings can be 

either positive or negative and this indicates whether the gene/treatment is positively or negatively 

correlated with a component. If the loading is zero then the gene/treatment makes no contribution 

to the component. The components are ordered according to their importance with the first 

component explaining the most variability in the dataset, the second explaining the next largest 

amount of variability and so on, but with the constraint that each component is orthogonal to the 

previous one.

79



3. Quantifying mRNA in ischaemic rats
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3.1 Summary

Expression levels of mRNA are commonly measured as a ratio of test to reference gene. The 

assumption is that reference genes such as P-actin or cyclophilin are unaffected by 

treatment and act as steady-state controls. TaqMan^ real-time RT-PCR was used to test 

these assumptions in a rat model of cerebral ischaemia (tMCAO). Following measurement 

of 24 genes it is shown that reference genes in this animal model fail the criteria for steady- 

state controls. Neuronal loss, glial proliferation and an influx of leukocytes into the lesioned 

brain result in major disturbance to cell populations. The mRNA for reference genes, as for 

test genes, reflects these changes. Specific mRNA levels vary according to the baseline choice 

of reference gene to which they are normalised. In the process of resolving baseline issues, 

significant mRNA increases were discovered for leukaemia inhibitory factor, nestin and 

galanin in rat brain hemispheres affected by ischaemia. Results are reported for a further 

21 genes and mathematical and statistical methods are described that allow fraction-fold 

changes of mRNA to be detected.

3.2 Introduction

Quantification is a potent concept; by adding numbers to the things that science is trying to 

understand, relationships can be precisely identified and patterns uncovered that were previously 

hidden. The ordering of elements according to their relative atomic weight and the predictive 

power of the periodic table is one example. Until recently, the gene expression sciences have been 

semi-quantitative; the various options for quantifying mRNA have given low-resolution data that 

is often highly variable and difficult to replicate. Post-assay analysis has compounded the 

difficulties by an over-reliance on intuition in preference to probability and inferential statistics. 

Spanakis recognised the symptoms in 1994 whilst evaluating mRNA data from breast tissue;
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autoradiographs from slot blots created the visual illusion that abundant transcripts such as P-actin 

varied less than scarce ones. Closer examination revealed that this was an artefact and that 

different conclusions could be drawn from visual inspection and from statistical analysis of the 

same autoradiographs. To resolve this Spanakis advocated “the needfor a statistical theory o f 

gene expression” (Spanakis, 1993; Spanakis and Brouty-Boye, 1994).

Over the past decade an innovative tool has emerged that is transforming this semi-quantitative 

situation (Holland et al., 1991; Higuchi et al., 1992; Gelfand et al., 1993; Higuchi et al., 1993; Lee 

et al., 1993; Livak et al., 1995; Gibson et al., 1996; Heid et al., 1996). Where standard RT-PCR 

quantifies a product at end-point after exponential amplification (Ehrlich and Greenberg, 1994), 

TaqMan™ RT-PCR (TaqMan™) continuously monitors an accumulation of product in real-time 

(Gibson et al., 1996; Heid et al., 1996; Lie and Petropoulos, 1998). Measurements are made in the 

exponential phase of the PCR reaction and avoid the effect of limiting reagents, amplicon 

re-annealing, post-PCR processing and cycling variability of endpoint analysis. Reproducibility of 

TaqMan™ assays using replica 96-well plates is 97% or higher, a large improvement on standard 

RT-PCR (Castensson et al., 2000).

TaqMan™ attaches decimal numbers to mRNA and does so with negligible experimental error. 

To take full potential of the hardware, however, there is an even greater need than in 1994 for a 

“statistical theory o f gene expression Whether cells, animals or human body parts are under 

investigation the aim is the same; can the change of mRNA due to treatment be isolated from non

specific sources, and can reliable inference be made from sample to population?

The usual starting point is whether mRNA should be measured in absolute or relative terms. 

For most applications relative quantification is sufficient, the essential question usually being 

whether treatment groups differ. The second question is magnitude; if an mRNA level changes, 

how large is it and is it significant? This latter question is widely misunderstood by biologists;
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significance in the formal sense means the probability of the result occurring by chance. This is 

often confused with whether the biology also altered significantly. In this study, significance is 

used as an index of probability i.e. a p-value of <0.05 is evidence against the null hypothesis and 

hence statistically significant. Whether the biological effect is also significant is a different 

question and not the focus of this study. The other common misunderstanding is to relate 

magnitude with significance; a large quantitative change of mRNA is not necessarily more 

significant than a small change. A 10-fold treatment change of one gene with high levels of 

variation could be non significant (p>0.05), whilst a 2-fold treatment change in another gene with 

smaller inherent variation could be highly significant (p<0.01) (Cochran and Cox, 1957). The 

distribution of data is the deciding factor.

If mRNA levels are measured in relative terms, the obvious question is relative to what? After 

giving hydrogen a nominal value of one the elements in the periodic table were each assigned an 

atomic weight relative to one. Substituting atomic weight with change in amount of mRNA, is 

there a genetic counterpart of hydrogen to which test genes can be referenced? One group of 

genes, known colloquially as housekeepers, are thought to play such a role; three of the most 

frequently used are p-actin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 

cyclophilin. It is common practise to measure a change in test gene mRNA relative to one of these 

reference genes. The reasons for doing this are several: (i) Reference genes are assumed to act as 

steady-state controls across treatment groups; the assumption is that housekeeper genes are found 

in all cells and tissues and are therefore ubiquitous. Like hydrogen in the periodic table the 

reference takes on the value 1 and any treatment change in the test gene can be measured relative 

to it. An obvious and essential requirement of steady-state controls, however, is that they remain 

unchanged in the presence of treatment (Spanakis, 1993; Spanakis and Brouty-Boye, 1994). (ii) 

When using statistical techniques such as analysis of variance (ANOVA), and its extension
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analysis of covariance (ANOCOVA), reference genes indicate the range of inherent mRNA 

variance. By comparing test to reference the total mRNA variance can be partitioned and the 

component common to both can be explained and removed from the analysis. This component is 

most likely due to inherent biological variation and is usually the largest single contributor to the 

total mRNA variance; removal is pre-requisite to efficient analysis, (iii) Reference genes 

normalize for experimental error such as the slight variations in mass of loaded input sample and 

for reaction amplification efficiency during PCR.

To validate analytical methods for quantifying gene expression a rat model of focal cerebral 

ischaemia was used, the transient middle cerebral arteiy occlusion (tMCAO). Twenty-four genes 

were assayed with TaqMan™ and test genes were assessed relative to 4 reference genes.

3.3 Results

3.3.1 Log transformation o f real-time RT-PCR data

The ABI Prism 7700 measures a fluorescent accumulation of PCR product by continuous 

monitoring. Cycle threshold (Cj) is an arbitrary value assigned by the experimenter to a level 

somewhere above baseline fluorescence (usually 1 0  times or more the standard deviation of 

baseline). Once chosen the Ct value sets the point at which the sample PCR amplification plot 

crosses threshold (Figure 13). The C% value in turn is predictive of the quantity of input cDNA. 

The more of the target gene present in a sample the earlier it will be detected in the PCR cycles 

and the lower the Cj. By including known amounts of genomic or cDNA standards a curve can be 

plotted relating Cj to input quantity of standard (Figure 14). Test gene values can then be 

extrapolated from the standard curve and expressed in arbitrary units. Details of TaqMan™
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RT-PCR have been described elsewhere (Gibson et al., 1996; Heid et al., 1996; Lie and 

Petropoulos, 1998).

Figure 15 is a scatter plot of substance P mRNA against (3-actin mRNA. Both substance P and 

p-actin mRNAs have skewed population distributions biased towards many clustered low values 

with small variability, and a small number of high values with large variability. This figure shows 

how raw TaqMan™ data taken directly from the ABI Prism 7700 can be non-linear when 

comparing 2 or more mRNA species. Figure 15 (right-hand side) is the log transformed scatter 

plot of the left-hand side, and shows how the 2 mRNA transcripts are linearly related, have 

normal distributions and a homogeneous variability across the range of expression, all of which 

are required for valid parametric statistical analysis. Strong correlations were seen between the 

log transformed mRNA transcripts regardless of which genes were assessed relative to one 

another.
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3.3.2 Ratios o f test to reference mRNA cause bias in TaqMan™ assays

Expressing data as a ratio to adjust for an uncontrollable variable is a simple and widely used 

method in many areas of science (Kaiser, 1989). It is commonly used to express TaqMan™ 

data. However, taking a ratio of test to reference mRNA can lead to bias.

The ratio method is based on the additive linear regression model on the log scale and 

depends on the relationship between numerator and denominator: 

log(T) = Aq+A^ log( JT) + £ (equation 1)

where: Y = test gene (numerator)

X = reference gene (denominator)

Aq -  intercept on log scale

= slope on log scale 

£ = error 

Equation 1 can be re-written as:

Y ~ .£ (equation 2)

This is the multiplicative version of the model on the original scale 

and if, Aj = 1, equation (2) simplifies to :

Y ! X  —10^.g (i.e. a constant) (equation 3)

The assumptions underlying the taking of ratios include:

1. The measurement system (error) is multiplicative on the original scale, additive on a log 

scale. Implicit in this assumption is that treatment effects are also multiplicative;

2. The relationship between variables (test and reference mRNAs) is linear on a log scale;

3. The slope of the relationship between variables (test and reference mRNAs) is equal to or 

close to 1 ;

4. The slope of the relationship does not change in the presence of treatment;

5. The response of the independent variable (reference mRNA) does not change in the 

presence of treatment;
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6 . The ratio is normally distributed;

7. The ratio has a constant variability.

A scatter plot of log test mRNA vs. log reference mRNA allows assumptions 1 to 5 to be 

verified. Four test gene mRNA levels have been plotted against actin mRNA in Figure 16. 

Assumptions 1,2 and 4 are consistently met. Assumption 3, that the slope of the relationship 

between test and reference mRNA is equal to or close to 1, is often broken. Figure 16 gives 

examples of this (iNOS = 0.57, nNOS = 0.86, GF AP =1.15 and Notch 3 = 1.66). The fifth 

assumption that the response of the reference mRNA does not change in the presence of 

treatment, is also repeatedly broken and details of this are given in the results and discussion 

sections Unstable Reference Gene mRNAs. Assumptions 6  and 7 are also violated. It is well 

documented in the statistical literature that the ratio of two normally distributed variables is 

not normally distributed itself and does not have constant variability (Colquhoun, 1971).
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3.3.3 Analysis o f covariance: an alternative to ratios

The issue of the slope being close to or equal to 1 (assumption 3 in the previous section) can 

be addressed by modelling the relationship between log mRNA levels for any 2 transcripts. In 

doing so the slope can be estimated precisely. This method is called analysis of covariance 

(ANOCOVA) and it is widely used to measure covariance of biological variables (Cochran 

and Cox, 1957; Egger et al,, 1985). Of the other assumptions ANOCOVA does not require 

numbers 6  and 7.

ANOCOVA has several advantages over the use of ratios in TaqMan™ assays:

1. Ratios are not independent of the reference mRNA if the slope of the relationship between 

test and reference mRNA is not equal to one. Some of the dependency is removed but not 

all. The further the slope is from 1 the less effective is the ratio at removing that 

dependency.

For example, if the true slope is 2 then:

And if the effect of the housekeeper is removed by calculating the ratio of the test (Y) to 

the reference (X) gene then:

Y  X ^ I O ^  
X ~  X

i.e. —  = X 1 0 ^
X  

Y
and — is still a function of X.

Z

To demonstrate this the two versions of the model (equations 1 and 2) are plotted in Figure 

17 for different values of Aq and A j. The slope parameter on the log scale Aj, dictates the

shape of the curve on the original scale, whilst Aq> the intercept on the log scale, is a

scaling parameter on the original scale.
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2. Treatment comparisons are more sensitive when using ANOCOVA as more of the 

variation due to sample quality is removed from the residual variance than when the slope 

is constrained to 1. Rather than adjusting for the difference in sample quality by taking 

ratios for each individual sample, adjustments are made to treatment group averages. This 

estimates what the test gene mRNA response would be if all groups were of equal sample 

quality.

3. Treatment means can be viewed in the original units rather than percent of reference 

mRNA.

4. Orders of magnitude between groups can still be estimated and with realistic asymmetrical 

confidence intervals
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3.3.4 Test gene mRNA levels are variable according to choice of reference

Values in Table 7 represent the mean percentage change of mRNA in tMCAO ipsi lateral 

(Mipsi) relative to Sham ipsi lateral brains (Sipsi). Test gene mRNA responses were assessed 

with ANOCOVA using one of 4 reference mRNAs as a covariate; actin, cyclophilin, GAPDH 

and MAP 2. Table 7 demonstrates how specific mRNA levels and their probability are 

variable according to the choice of reference mRNA used for normalisation. This indicates a 

violation of criteria for steady-state controls.

To investigate this variability each mRNA, including reference mRNAs, was assessed 

without normalisation. Figure 18 is a matrix of graphs based upon each gene’s mean mRNA 

value according to brain hemisphere (ipsi lateral or contra lateral), and treatment (tMCAO, 

sham, or naive). No normalisation was made to reference mRNAs. Values in Table 8  were 

calculated from the data in Figure 18 and they give the percentage difference of mRNA levels 

in Mjpsi relative to Sipsi. As in Figure 18, no adjustment has been made for reference mRNAs. 

Three groups of genes can be defined that fall broadly into the categories of a mRNA 

decrease in Mipsi (Group A), minimal or no apparent change (Group B), and an increase in 

mRNA (Group C). It should be stressed however that there is a continuum of effect and group 

boundaries are arbitraiy. These groupings were also confirmed by a multivariate analysis (see 

Section 3.3.7). These groups are discussed later and it is proposed that some mRNA 

transcripts in Group B may have increased after stroke even though they appear to be stable 

when assessed individually.

3.3.5 Unstable reference gene mRNAs

All 3 housekeeper reference mRNAs were affected by Mjpsi treatment compared to Sjpgj: 

cyclophilin 40% Mjpsi decrease (p = 0.02), GAPDH 30% Mjpsi decrease (p = 0.08), actin (1) 

26% Mjpsi increase (p = 0.28) and actin (2) 5% Mjpsi increase (p = 0.84) (Table 8 ). The 

neuronal reference MAP 2 mRNA was also reduced by 44% in Mjpsi (p = 0.19).
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Reference Gene

Test Gene P-Actin p-value GAPDH p-value Cyclophilin p-value MAP 2 p-value

VIP -59 <0.001 -27 0.112 -29 0.075 -39 0.017

CNTF receptor a -53 0.001 -20 0.314 -11 0.612 -33 0.074

Apo E -51 0.012 -34 0.127 -36 0.110 -37 0.071

MAP 2 -44 0.027 19 0.513 19 0.595 n/a

Cyclophilin -50 <0.001 -13 0.132 n/a -27 0.045

Substance P -36 0.042 -7 0.703 7 0.714 -25 0.203

GAPDH -41 0.001 n/a 8 0.325 -16 0.152

Notch 3 -41 0.241 88 0.099 82 0.181 57 0.092

NMDA -22 0.375 37 0.248 44 0.248 11 0.549

CNTF -18 0.336 30 0.193 33 0.196 15 0.506

P-Actin 2 n/a 52 0.005 61 0.005 30 0.042

Transferrin 19 0.298 72 0.001 99 <0.001 47 0.028

P-Actin 1 n/a 83 <0.001 86 <0.001 57 0.005

nNOS 23 0.334 137 <0.001 140 <0.001 87 <0.001

Galanin 54 0.115 121 0.010 133 0.007 96 0.015

Caspase 3 49 0.160 270 <0.001 246 0.001 204 <0.001

TNFa 251 <0.001 603 <0.001 650 <0.001 477 <0.001

GFAP 290 0.008 857 <0.001 905 <0.001 718 <0.001

Nestin 404 <0.001 625 <0.001 683 <0.001 517 <0.001

IL-10 391 <0.001 655 <0.001 657 <0.001 552 <0.001

iNOS 464 <0.001 755 <0.001 652 <0.001 633 <0.001

IL-1 receptor ant 610 <0.001 1061 <0.001 1064 <0.001 857 <0.001

IL-ip 680 <0.001 1438 <0.001 1485 <0.001 1127 <0.001

IL-6 1452 <0.001 2777 <0.001 2797 <0.001 2159 <0.001

UF 4377 <0.001 11043 <0.001 11120 <0.001 8431 <0.001

Table 7. Percentage change and p-vaiues of mRNA in Mjpsi relative to Sjpsi (normalised)

Mean values are given after analysis o f covariance adjustment to reference genes.



Gene Mipsi/Sipsi
U nadjusted

p-value

VIP -53 0.004

CNTF receptor a -51 0.032

Apo E -50 0.016

MAP 2 -44 0.187

Cyclophilin -40 0.020

Substance P -36 0.124

GAPDH -30 0.082

Notch 3 -20 0.676

NMDA -19 0.579

CNTF -15 0.557

P-Actin 2 5 0.837

Transferrin 22 0.427

P-Actin 1 26 0.280

nNOS 47 0.151

Galanin 60 0.116

Caspase 3 102 0.068

TNFa 314 <0.001

GFAP 393 0.003

Nestin 405 <0.001

IL-10 409 <0.001

iNOS 519 <0.001

IL-1 R ant 629 <0.001

IL-Ip 967 <0.001

IL-6 1626 <0.001

LIF 5300 <0.001

Group

A

B

Table 8. Percentage change and p-values o f mRNA in Mjp,i relative to Sipgi (non-normalised)

Values are given without adjustment to reference genes.
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Figure 18. Graphs of mRNA level for 24 genes without normalisation to a reference

Each line represents a treatment group and joins the respective ipsi- and contra lateral means. Levels of 

mRNA are in arbitrary units plotted on a logio scale. The same range o f values has been kept on the y-axis 

throughout the series in order to demonstrate the relative changes across all genes. Whilst absolute 

quantities change according to in vivo expression levels for a specific mRNA, this figure illustrates the 

trends seen in relative changes of mRNA due to treatment and side of brain. Genes grouped as in Table 8.
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3.3.6 Adjusting for baseline change

Where a reference mRNA has been affected by treatment, careful interpretation of results from 

both ratio and ANOCOVA methods has to be made as the adjustments will not only remove any 

differences in mRNA quality, but also any treatment effect on the reference mRNA. If these two 

methods are used without knowing how treatment has affected the reference mRNA then 

mistakes can easily be made. False negatives occur when both test and reference are affected in 

the same way as one cancels out the effect of the other e.g.CNTF receptor a  adjusted to 

cyclophilin. False positives occur when the reference but not the test gene mRNA is affected by 

treatment; for example, the reference decreases, the test remains stable and the differential is 

claimed to be an increase in test gene mRNA e.g. transferrin adjusted for cyclophilin. It is 

recommended that individual reference mRNA levels should be analysed first with analysis of 

variance (ANOVA) prior to their use as covariates. Once examined, test gene mRNA differences 

in treatment groups can be interpreted as the effect over and above the effect seen in the 

reference. If there are no differences in the test gene mRNA then this should be interpreted as an 

effect similar to that seen in the reference mRNA e.g. CNTF receptor a  adjusted for cyclophilin.

3.3.7 Multivariate analysis of real-time RT-PCR data

Univariate ANOCOVA analysis allowed probability values to be given to the changes in mRNA 

level of one transcript referenced to another. Partial least squares (PLS) is a statistical method that 

gave an overview of the complete dataset. PLS acted as a useful aid to ANOCOVA by assessing 

all the mRNA species and treatment groups in a single analysis. Its goal is to seek out latent 

relationships, or principle components, between a set of dependent and a set of independent 

variables (Wold, 1982; Wold et al., 1983). As such, PLS has been recommended for quantifying 

mRNA (Hole et al., 2000). In this study, the interest was whether specific mRNA levels 

(dependent variables) are quantitatively altered following tMCAO (independent variable). A PLS
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loadings plot allowed an assessment of which mRNA transcripts cluster together reflecting 

similar behaviour under different experimental treatments.

Figure 19 is a PLS loading plot for the 25 mRNAs and 6  treatment groups from the tMCAO 

animal model. Principal component 1 (PCI) has a large positive loading for Mjpsi (0.86), a small 

positive loading for Sjpsi (-0.09), and medium negative loadings for the remaining 4 groups (0.13 

to 0.35). In biological terms PCI represents the difference between Mjpsi and the other 5 groups; 

that is, the effect of tMCAO on mRNA levels in the ipsi lateral hemisphere of the brain.

■Ds
Ü
CL

1.0
8  ipsi

0  Gene 
■ Treatment0.8

0.6

Â )gl(philin \  
C N rF R 9lph< ^V iP  SuBstanceP

V 0 0 olVV  n

0.4
B-Actin 2 '  

Trarfiferrin 

B-Acti? 1
0.2

Nipsi faspase 3
IL1-R antag0.0

TNF alpha

G FA PQ  

IL-10 0 ‘-jf
8  contra,

_  M contra M ipsi
- 0.2 N contra

-0.4
-0.6 -0.4 -0.2 0.0 0.2 0.4

PCI Loadings (Stroke Effect)

0.6 0.8 1.0

Figure 19. Partial least squares loadings plot of principal component 1 (tMCAO effect)

An illustration o f the effect on mRNA levels of: (i) tMCAO on the ipsi lateral hemisphere (x-axis). On the 

x-axis LIF mRNA, for example, has a large increase in Mjpsi and little change in other treatment groups and 

this is reflected in its position closer to the Mjpsi treatment loading. Other mRNAs can be interpreted in the 

same manner. The groupings A, B and C from Table 8 and Figure 18 have been circled onto this figure. 

Mjpsi = tMCAO ipsi lateral hemisphere, Mcqntm = tMCAO contra lateral, Sjpsj = sham ipsi lateral, Sçontra = 

sham contra lateral, Njpsj = Naive ipsi lateral, Ncontra = Naive contra lateral.
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3.4 Discussion

Methods are described for the analysis of TaqMan™ real-time RT-PCR data that can detect 

fraction-fold changes of mRNA in an animal model of cerebral ischaemic. Using these methods 

mRNA increases were confirmed for 9 genes 24 hours after tMCAO. In Mip̂  animals significant 

mRNA increases were measured for caspase 3, glial fibrillary acidic protein (GFAP), Interleukin 

6  (IL-6 ), IL-10, IL-lp, IL-1 receptor antagonist (IL-IR ant), tumour necrosis factor-alpha 

(TNFa), neuronal nitric oxide synthase (nNOS) and inducible NOS (iNOS). These results are 

consistent with previous studies; caspase 3 (Harrison et al., 2000), GFAP (Liu et al., 1999), IL- 6  

(Wang et al., 1995), IL-10 (Zhai et al., 1997), IL-ip (Liu et al., 1993), IL-IR ant (Relton and 

Rothwell, 1992), TNFa (Buttini et al., 1996), nNOS (Zhang et al., 1994) and iNOS (ladecola et 

al., 1996).

In addition LIF, galanin and nestin mRNA increased in Mjpsi animals. The LIF mRNA increase 

is of a similar magnitude to that found in cortical injury by Baimer et al (Banner et al., 1997). It is 

noted that LIF immunohistochemical detection following focal cerebral ischaemic has also been 

independently reported (Suzuki et al., 2000). The increase in nestin mRNA supports two earlier 

MCAO studies where nestin mRNA was upregulated in astrocytes in areas bordering the cerebral 

infarction and in ependymal cells of the ventricular and sub-ventricular zones (Duggal et al.,

1997; Li and Chopp, 1999).

3.4.1 Unstable reference gene mRNAs

This study also demonstrates that reference mRNAs in tMCAO are affected by treatment, and that 

a specific mRNA level and its probability is variable according to the reference mRNA chosen for 

normalisation.

The argument for using housekeeper reference mRNAs is that they act as a baseline or 

normaliser with which to assess changes in test mRNA. However, one of the essential criteria of
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steady-state controls is that they remain unchanged in the presence of treatment (Spanakis, 1993; 

Spanakis and Brouty-Boye, 1994). It has been argued that because housekeeper reference mRNAs 

are expressed in all cells and in all tissues the baseline changes observed in our model are 

unimportant. However, 24 mRNA levels were analysed and 2 out of 3 baselines (cyclophilin and 

GAPDH) were reduced by 30-40% in one of the 6  treatment groups (Mjpsi). Two of the 3 

reference mRNAs (cyclophilin and GAPDH) are therefore 35-55% different to the third reference 

mRNA (actin). If baseline changes were unimportant then adjustments for all 3 reference mRNAs 

should give similar test gene mRNA results. Table 7 is confirmation that this is not the case: LIF 

mRNA, for example, has a 4380% increase in Mjpsi when actin is a reference (p < 0.001), but over 

11,000% increases when assessed with either GAPDH (p < 0.001) or cyclophilin (p < 0.001) 

(Table 7). Several other studies have also demonstrated quantitative changes of housekeeper 

mRNA reference genes; in cell lines derived from breast tissue (Spanakis, 1993), in hypoxic cell 

lines (Weisinger et al., 1999), in rat models of surgical ovariectomy and in rats given cholinergic 

agonist treatment (Zhong and Simons, 1999).

Whilst the consequences of these shifting baselines are minimal for LIF, which increases by 

over 4000% regardless of reference choice, the implications are important for borderline genes 

such as galanin. When assessed using actin as a reference, galanin mRNA shows a 54% increase 

in Mjpsj but the result could have been due to chance (p = 0.12). If cyclophilin is used as a 

reference, galanin mRNA increases by 130% and the result becomes statistically significant (p 

<0.01). To determine which is the more robust observation comparison with other genes is 

required.

MAP 2, a neuronal marker, decreases by 44% in Mjp̂  when actin is a reference (p = 0.03), but 

increases by 19% when either GAPDH (p = 0.51) or cyclophilin (p = 0.60) are chosen (Table 7). 

A decrease in MAP 2 might be predicted given that its protein and mRNA are reduced due to 

neuronal death following stroke (Dawson and Hallenbeck, 1996; Schmidt-Kastner et al., 1998). It
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appears that actin is relatively stable across treatment groups and could be used as a reference 

mRNA. It is likely however that actin’s stability is deceptive. Following injury to the brain, 

astrocyte proliferation, invasion of leukocytes, synaptic re-modelling and neuronal loss due to the 

lesion contribute to dynamic change in the activity, composition and numbers of brain cell 

populations. The relative levels of mRNA will also be affected by these changes. If a gene is 

primarily neuronal then a decrease of its average mRNA level would be predicted in a brain with 

neuronal loss. Many of the genes in Group A (Table 8  & Figures 18 and 19) are consistent with 

this description. Since actin mRNA is expressed in many cell types including neurons a decrease 

would also be expected in Mjpsj. The conjecture with regard to actins apparent stability in Mipa is 

that there has been a reduction of actin mRNA due to neuronal death, but that other events such as 

neurite outgrowth and glial proliferation increase the actin mRNA level back to approximate pre

lesion levels.

3.4.2 tMCAO vs. pMCAO

Recent reports (Harrison et al., 2000; Medhurst et al., 2000) using a rat permanent MCAO 

(pMCAO) found little significant change in GAPDH or cyclophilin mRNA in Mjpsi but actin 

mRNA doubled in expression levels. This is further evidence that housekeeper reference mRNAs 

do not always act as steady-state controls since one out of the three reference mRNAs is affected 

by treatment. Given that there is neuronal loss in both models, however, it is surprising that levels 

of GAPDH and cyclophilin do not decrease significantly in pMCAO. The apparent differences 

between the tMCAO and pMCAO results are probably due to sampling rather than any major 

differences in the model. The tMCAO measured an average response by sampling whole brain 

hemispheres, the pMCAO method measured a local response in specific areas analysed by micro

dissection. It is likely that the slightly decreased levels of cyclophilin and GAPDH mRNA seen in 

the pMCAO study did not reach statistical significance due to sampling, but the trend to decrease 

appears to be present. Essentially similar changes in brain cell populations are underway in both

103



models and the mRNA levels will reflect those changes. It is important, therefore, to 

accommodate these changes in any statistical analysis.

3.4.3 Borderline mRNA levels

Galanin is a neuropeptide and a decrease in Mjps, galanin mRNA might be predicted following 

neuronal loss and the logic of the previous arguments. Whether galanin mRNA is measured 

adjusted or unadjusted to a reference gene there was a small increase in M,psj (Tables 7 & 8 ).

Other evidence to support a galanin mRNA increase in Mjpsi comes from the PLS analysis.

Galanin clusters in the lower end of Group C in the PLS loading plots (Figure 19) with genes such 

as 11-ip  and 11-6 that are known to increase following MCAO (Hopkins and Rothwell, 1995; 

Rothwell and Hopkins, 1995). If galanin had decreased in Mjpsi it would be in Group A with genes 

such as VIP or MAP 2. Several studies have reported PNS increases of galanin after peripheral 

nerve axotomy (Moore, 1989; Villar et al., 1989; Schreiber et al., 1994) whilst Kerekes et al. 

(Kerekes et al., 1999) have shown that LIF regulates galanin expression in mouse dorsal root 

ganglia. VIP mRNA, regardless of how it is analysed, is reduced in Mjpsi animals. This is probably 

correlated with neuronal loss although small local increases in VIP mRNA may have occurred 

that are diluted by the overall effect of neuronal death in the assay.

3.4.4 Which reference gene?

In the tMCAO model all 3 housekeeper genes were seen to change across treatment groups, as 

well as an expected reduction in the neuronal reference MAP 2. What are the implications? It 

would appear that there is no gold standard to which test genes can be normalised. One argument 

would be to take the least variant of the housekeepers and use that as the reference. This is 

possible but has no strong theoretical validity other than a pragmatic compromise. Another 

argument would be to use reference genes appropriate for the test gene; for example, if measuring 

an exclusively neuronal mRNA is it reasonable to use MAP 2 as a reference? Other possibilities
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are to use a combination of reference genes or none at all. What is clear is that those 

commentators who assert that there is a correct and definitive way to quantify mRNA fail to 

understand the complexities. If a neuronal gene such as MAP 2 can appear to increase when 

assessed relative to steady-state controls such as cyclophilin or GAPDH (Table 7) then something 

is clearly amiss. Figure 20 is a summaiy and to some extent a temporary solution to the problem. 

It shows the range of results when test genes are normalized to different reference genes. It also 

marks the points where the unadjusted test gene value lies, without normalization. Somewhere in 

this range of values is the best estimate of differential gene expression. Given that p-actin, 

cyclophilin and GAPDH are all providing independent estimates of the same thing this is the best 

that can be interpreted from this method of taking test to reference measurements.
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Figure 20. Fold-changes (Mjpsi / Sjpgj) and their respective 95% Confidence Intervals for 24 genes
Confidence intervals not spanning a 1 fold-change indicate statistically significant changes. Genes adjusted for GAPDH consistently produce higher estimates 

of fold-changes than the other two methods. Genes adjusted for p-actin give similar estimate to the un-adjusted method but are more precise (ie. they have 

smaller confidence intervals).



3.5 Conclusions

With the emergence of TaqMan™ real-time RT-PCR in the last decade the hardware is now 

available for high-resolution quantification of differential gene expression. Methods have 

been presented for the analysis of TaqMan™ data in an animal model of cerebral ischaemia. 

The essence of this approach is the analysis of a specific mRNA level within the context of 

other mRNAs. In the tMCAO animal model this helps to control for confounding variables 

caused by changes in cell population and mRNA expression that are intrinsic to the injury 

response of the brain. No mRNA, including reference genes, remained absolutely stable or 

unchanged across all treatment groups. It is important to realise that mRNA levels, and in 

particular normalised levels, are not absolute measurements but are relative according to their 

reference point. Change in the amount of one gene can be defined with respect to another 

gene but appropriate statistical protocols rather than intuition are recommended to control for 

this source of variation.
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4. Quantifying mRNA in postmortem human brain: 

confounding factors
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4.1 Summary

The quantification of mRNA in post-mortem human brain is often made complicated by 

confounding factors. To assess the importance of potential confounders TaqMan™ real

time RT-PCR was used to measure seven mRNAs (p-actin, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), cyclophilin, microtubule-associated protein (MAP) 2, neuron- 

specific enolase (NSE), glial fibrillary acidic protein (GFAP), amyloid precursor protein 

(APP) isofbm 770) in cortical samples taken from 90 Alzheimer’s disease (AD) and 81 

control brains. Demographic data for the brain samples were assessed for interaction 

between factors and amounts of mRNA. Gender was found to play a role in that females 

had lower levels of mRNA relative to males; this was consistent in both the AD and 

control brains. Age at death had inconsistent but significant correlations to amounts of 

mRNA; male and female controls both had negative correlations, female AD a positive 

correlation and male AD no correlation. Positive correlations were found between brain 

pH and amount of mRNA in all genes except glial fibrillary acidic protein (GFAP); 

correlations were consistent across all groupings of pathology and gender. Mean brain 

pH was signficantly lower in AD (6.4) than in control subjects (6.5, ANOVA, p<0.01), 

though there was no difference between male and females of either group. No 

correlation was found between brain pH and age at death. Postmortem interval was 

correlated with brain pH in Alzheimer’s disease brains but not controls. Agonal state 

was generally a poor predictor of mRNA levels whilst inter-lobe variance of mRNA was 

found to be non-signficiant in control brains. Given that gender, age at death and brain 

pH all have significant efTects upon mRNA levels it is recommended that these factors be 

taken into account when quantifying gene expression in postmortem human brain.

4.2 Introduction

The measurement of gene expression is important because it may indicate the dysregulation 

of genes implicated in pathogenesis. Quantifying a single mRNA in a postmortem human
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brain, however, is often made complicated by confounding factors. A confounder causes bias 

due to the variable of interest, in this case an mRNA level, also being related in some way to 

the confounding variable. For example, one study found a decrease of muscarinic receptor Mi 

mRNA correlated to increasing antemortem duration of coma that was independent of 

diagnosis (Harrison et al., 1991c). That is, both the controls and the Alzheimer’s disease (AD) 

brains had the correlation. If an AD sample is then found to have more brains with long 

antemortem comas then it is possible to assign change in the test variable to pathology rather 

than its correlate, the duration of coma.

Confounding is a frequent problem with biochemical measurements of postmortem human 

brain tissue. Amongst the many factors suggested as contributing to bias are: gender, age of 

death, postmortem interval, brain pH, antemortem medication, terminal coma, hypoxia, 

pyrexia, death-to-refrigeration interval, freezer storage time and handling of the body (Perry 

and Peny, 1983; Hardy et al., 1985; Harrison et al., 1991c; Ross et al., 1992; Barton et al., 

1993; Harrison et al., 1994; Harrison et al., 1995; Kingsbury et al., 1995). As a result, it is 

common practice to use a matched design either by balancing groups for equal numbers of 

case and controls with potential confounding factors (stratum matching), or by deliberately 

match-pairing case and controls with the same values for confounders. Confounding can also 

be corrected for in the statistical analysis. The important point is to know what the 

confounders are and which ones are more influential than others.

In previous studies, brain tissue has been matched for age at death and post-mortem delay 

(Clark et al., 1990; Ross et al., 1992). Further studies indicated that short postmortem interval 

is not the best or only correlate of mRNA preservation (Barton et al., 1993), and tissue pH 

may critically affect mRNA stability and recoveiy (Kingsbury et al., 1995; Johnston et al., 

1997). Brain tissue from subjects dying after a terminal hypoxic episode has typically a lower 

pH than that where death is more acute (Hardy et al., 1985; Harrison et al., 1991c; Harrison et 

al., 1995; Johnston et al., 1997). Recent studies have therefore prioritised pH-matching 

placing less emphasis on autopsy delay (Mimics et al., 2000). A review of over 20 studies of 

the effects of post-mortem delay on specific mRNA levels showed a minimal effect with only
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one or two exceptions (Barton et al., 1993), but Barton et al. also stressed the need to be 

aware of agonal state and in particular hypoxia and pyrexia. The Barton et al. review 

identified a number of confounders of selective mRNA increases or decreases due to factors 

other than the disease under investigation, and caution in interpretation of postmortem data 

was indicated.

4.3 Results and Discussion

4.3.1 Demographics of AD and control brain samples

AD Sample 

n = 90

Control Sample 

n = 81

Gender Males = 33 

Females = 57

Males = 48 

Females = 33

Range in age Males = 50 to 90 

Females = 49 to 97

Males = 41 to 91 

Females = 53 to 102

Mean age ± SD Males = 74 ± 11 

Females = 81 ± 9
Males = 61 ± 13 

Females = 11 ± 12

Agonal State 

(premortem condition)

1 = Other

2 = Cardiovascular disease

3 = Bronchopneumonia

1 2 3 n/a 1 2 3 n/a

Males 2 8 20 3 Males 7 35 4 2

Females 9 11 32 5 Females 9 22 2 —

Total 11 19 52 8 Total 16 57 6 2

Range in postmortem delay 4 to 117 hours 8 to 96 hours

Mean PM delay ± SD 34 ± 24 hours 44 ± 22 hours

Range in brain pH 5.8 to 7.2 5.9 to 7.0

Mean pH ± SD Males = 6.45 ± 0.3 

Females = 6.36 ± 0.3

Males = 6.57 ± 0.3 

Females = 6.55 ± 0.2

Mean o f total RNA yield 

(ug/g of tissue) ± SD 41.6 ug±  21.7 37.7 ug±  16.1

Table 9. Demographics of AD and control brains

Brains were sampled three times from frontal cortex giving 270 AD assays and 243 control assays for 

each gene. Brain pH and age of death were included as covariates in later analyses, whilst pathology 

and gender were included as fixed factors.
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4.3.2 Yield of total RNA

Measurements were taken of the yield of total RNA from the brain tissue and no significant 

differences were found in mean total RNA yield between AD and control brains (ANOVA, p 

= 0.15) or between male and females (ANOVA, p = 0.23). The lack of gender difference in 

mean total RNA yield was consistent for both the AD and the control brains (ANOVA, p = 

0.24).

Attempts were also made to measure the mRNA optical density but concentrations were 

too weak to gain reliable measurements. It is possible that some of the variance in the data 

may be due to polyadenylation of mRNA. However, I was unable to investigate this factor 

because of the low concentrations of mRNA which were estimated to be approximately only 

2-5% of total RNA. It might be that the results are biased by differences in polyadenylation 

caused by the various factors of disease, age at death, gender etcetera. In other words another 

confounding factor on top of the usual suspects. In mitigation what I can supply is 

information on how I arrived at the mRNA product. As explained above, the yield of total 

RNA was found to have no significant differences due to disease, gender or any other factor. 

Total RNA concentrations were then calculated on the basis of OD readings and lOpg from 

each sample was used to extract poly(A) mRNA using the PolyATract® mRNA Isolation 

System (see methods). All 513 individual brain samples were treated the same way as the 

mRNA was prepared for TaqMan analysis. Polyadenylation is unlikely because the 

purification process was consistent across all mRNA samples and the human mRNA data was 

normally distributed across the mRNA species. When data from a single mRNA in a series of 

brains was plotted against data values from a different mRNA a strong, almost perfect 

correlation was seen (r = 0.928, p<0.001). If polyadenylation was a major contributor to 

confounding it is likely that these correlations would be much reduced due to the more 

random nature of the data. The polyadenylation influence is something that possibly requires 

further study and is a factor that should be added to the list of future potential confounders.
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Interestingly, the intra-subject mRNA variance was always much lower than the inter-subject 

mRNA variance.

4.3.3 Brain sample variables

4.3.3.1 Gender

The total sample of human brains was not balanced for gender (Figure 21 and Table 9). The 

AD sample had a higher ratio of females to males than the control sample. The sample was 

subsequently matched gender-wise with equal numbers of male and female brains in both 

samples. This was undertaken for a matched-pairs analysis (data not shown) but it was found 

that pair-matching case-control samples for gender made little difference in comparison with 

the ANOCOVA that I used; hence no attempt was made to balance the samples for this 

variable.
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Figure 21. Age at death of AD cases and controls grouped by gender

The difference in age at death between AD males and females was significant (p<0.05, ANOVA). The 

control brain samples were obtained from an inner-city hospital brain bank where control brains are 

typically younger than those specifically recruited from patients with neurodegenerative disease who 

are, on average, older. To reduce this selection bias, all control brains under 40 years o f age were 

excluded from the analysis.

4.3.3.2 Effect of gender on measurement of mRNA levels

Figure 22 shows the unusual finding that regardless of which gene is measured, females, on 

average, have lower amounts of mRNA. Even after pathology, age at death, post-mortem 

delay and brain pH have been taken into account the difference in the mean of p-actin mRNA 

between male and female brains was significant (ANOCOVA, p = 0.031). This gender 

difference was consistent in both the AD and the control brains (ANOCOVA, p = 0.322).

One hypothesis is that because both the AD and control female brains have higher average 

ages at death (Table 9 and Figure 21) this affects the mRNA values and creates differentials. 

However, given the inconsistencies of correlation between age at death and P-actin mRNA 

(see following section) this hypothesis is not convincing; female AD brains had a positive 

correlation between amount of P-actin mRNA and age at death, whilst the female controls had
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a negative correlation (Figure 23). The other possibility is that brain pH affects female mRNA 

values but since there were no significant differences in average brain pH between male and 

females in either of the sample populations this is also unconvincing (ANOVA, p = 0.233) 

(Table 9). These differences may be influenced by polyadenylation but the investigation of 

this variable is beyond the scope of this study. Although there were basic quantitative 

differences in mRNA values between male and female brains and the brain samples were not 

balanced for sex, gender was included as a fixed factor in later statistical analyses of mRNA. 

This allowed assessment of whether any mRNA levels due to treatment were consistent in 

both sexes across the various groupings. For case-control studies where patients are pair- or 

stratum-matched for potential confounders this result is strong support for continuing to 

prioritise gender.
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■  Male controls

□  Female controls

□  Male AD 

B  Female AD

GAPDH MAP 2 GFAPActin APP 770

Figure 22. Amount of mRNA for 7 genes in groups defined by gender and pathology (log mRNA 

units are arbitrary)

Females have, on average, lower amounts of mRNA compared to males. This is consistent in both the 

AD and the control brains. This figure represents the raw data before any group mean adjustment with 

ANOCOVA or normalisation with housekeeper genes.

4.3.3.3 Age at death

Significant differences were found in the average age at death between AD and controls 

(ANOVA, p = 0.001), as well as between male and female (ANOVA, p<0.001). The gender 

differences are consistent in both the AD and the control groups (ANOVA, p = 0.318) (Figure 

21 and Table 9). Both the males and females from the AD sample have a higher mean age at 

death than the controls. The control brain samples were representative of an inner-city 

hospital brain bank where control brains are typically obtained from younger subjects than 

those of patients with neurodegenerative disorders where age is a risk factor for the disease. 

All control brains under 40 years of age were screened out and age at death was included in 

later analyses as a factor to be adjusted for.
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Figure 23. Linear regression of p-actin mRNA on age at death of brain donors

Age at death had a positive correlation with levels o f actin mRNA in AD females (p<0.05), no 

correlation in AD males (p=0.89), and negative correlations with both male (p<0.05) and female 

(p<0.05) control subjects. All other genes tested gave similar patterns.

4.3.3.4 Age at death and mRNA levels

Initial analysis revealed a negative correlation between p-actin mRNA and age at death 

(Pearson correlation r = -0.215, p<0.001). Similar correlations have been seen previously 

(Harrison et al., 1995). When samples were isolated according to pathology and gender, 

however, the initial negative correlation was inconsistent. Whilst both male and female
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control brains retain negative correlations, the AD females have a positive correlation and the 

AD males had no correlation (Figure 23 and Table 10). The same patterns were seen with all 

genes tested (see Figure 22 for list of genes).

Whilst explanations for the inconsistent correlations are lacking, it is clear that correlations 

between age at death and amount of mRNA are present but with variable effects with 

different groupings. In later analyses we used ANOCOVA to assess mRNA levels and age at 

death was included as a covariate. This allowed standardization across the groupings and 

enabled estimates of mRNA at the group mean age at death. Adjustments were made to the 

mRNA values to normalise readings as if all brain samples had the same age of death.

p-actin mRNA and age at death

Pearson Correlation (r) p-value N

AD Females *0.173 0.029 57

AD Males 0.014 0.895 33

Control Females *-0.255 0.013 33

Control Males *-0.167 0.048 48

Table 10. p-actin mRNA and age at death

p< 0.05 level (2-tailed test)

4.3.3.5 Postmortem interval

Significant differences in average postmortem interval were found between the AD and 

control groups (ANOVA, p<0.001), though not between the sexes (ANOVA, p = 0.949). The 

lack of a difference in mean post-mortem delay between the sexes was consistent in both the 

AD and control brains (ANOVA, p = 0.493). On average the AD patients had shorter 

postmortem times than the controls.
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4.3.3. 6  Postmortem interval and mRNA levels

A weak positive correlation between post-mortem interval and amount of p-actin mRNA was 

found though this was not statistically significant (r = 0.085, p = 0.063). When the sample 

was broken down into groups defined by gender and pathology the initial weak correlation 

was seen to be a composite of conflicting variables (Figure 24 and Table 11). Similar patterns 

were seen for all the other genes tested. AD females had a significant negative correlation (p 

= 0.045), AD males had a significant positive correlation (p = 0.029), whilst female and male 

controls had non-significant negative correlations (p = 0.363 and p = 0.263 respectively) 

(Table 11). These data indicate no direct correlation between post-mortem delay and amount 

of P-actin mRNA, a result in broad agreement with previous studies (for review see (Barton et 

al., 1993)).

p-actin mRNA and postmortem interval

Pearson Correlation (r) p-value N

AD Females *-0.159 0.045 57

AD Males *0.230 0.029 33

Control Females -0.095 0.363 33

Control Males -0.097 0.263 48

Table 11. p-actin mRNA and postmortem interval

p< 0.05 level (2-tailed test)
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Figure 24. Linear regression of p-actin mRNA on postmortem interval

Postmortem interval had a negative correlation with levels o f actin mRNA in AD females (p<0.05), a 

positive correlation in AD males (p<0.05), and no correlation with either male (p=0.26) or female 

(p=0.36) control subjects. All other genes tested gave similar patterns.

4.3.3.7 Brain pH: pathology and gender

Both brain sample populations had normal frequency distributions of brain pH (Figure 25). 

When assessed with analysis of variance (ANOVA) significant differences were found in 

mean brain pH between AD and control brains (p = 0.001), though not between males and 

females (p = 0.233). The lack of a gender difference was consistent in both the AD and the 

control brains (p = 0.493) (Figure 26). Before assessing whether brain pH biased the
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measurement of mRNA levels between the two populations, attempts were made to find out 

what factors brain pH was related to and whether one or more of these factors might be a 

good predictor of pH.
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Figure 25. Frequency distribution and fitted normal curve of brain pH

Both the AD and control brain samples have normal distributions o f brain pH values.
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Figure 26. Brain pH by disease and gender

The mean brain pH o f the AD cases was significantly iowe than that o f the control subjects_(p<0.01), 

though not between males and females (p=0.233) (ANOVA). The lack of a gender difference was 

consistent in both the AD and the control brains (p=0.493) (ANOVA). Note that boxes summarise the 

median, quartiles and extreme values for each variable.

4.3.3. 8  Brain pH and age at death

There was no significant correlation between brain pH and age at death (Figure 27). This lack 

of a correlation was consistent in all groupings of pathology and gender. This is not in 

agreement with a previous report where brain pH was seen to be inversely related to age at 

death (Harrison et al., 1995). A possible, though speculative, explanation is that the Harrison 

study used brains from a wider age range than those used in our study. We excluded, in order 

to better match AD and controls for age, all controls under 40 years of age.
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Figure 27. Brain pH and age at death

There was no correlation between brain pH and age at death.

(N = 171, Pearson correlation r = -0 .11, p=0.17).

4.3.3.9 Brain pH and agonal state

After determining that pathology was more important to brain pH than gender or age at 

deatht, the next factor examined was agonal state, the medical state of the patient prior to 

death. The brain samples were categorized: A = other causes of death, B = cardiovascular 

disease and C = bronchopneumonia. It has been supposed that the hypoxia associated with 

bronchopneumonia may result in lower brain pH while subjects typically die more rapidly 

from cardiovascular disease possibly resulting in a somewhat higher brain pH. Previous 

studies have shown that agonal state can influence brain pH , and either with or independent 

of brain pH affect the amount of intact mRNA (Hardy et al., 1985; Harrison et al., 1991c; 

Barton et al., 1993; Harrison et al., 1994; Harrison et al., 1995; Kingsbury et al., 1995).
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Agonal State

AD Control

A = Other 

B = Cardiovascular 

C = Bronchopneumonia

A B C n/a A B C n/a

Male 2 8 20 3 Male 7 35 4 2

Female 9 11 32 5 Female 9 22 2 —

Total 11 19 52 8 Total 16 57 6 2

Table 12. Agonal state of Alzheimer’s disease and control brains

After ANOVA analysis significant differences in mean brain pH were found between 

agonal states A and B (p <0.001), and between states B and C (p <0.001) (Figure 28). There 

were no significant difference between states A and C (p = 0.612) or between male and 

female (p = 0.651), a lack of difference that was consistent across all agonal groupings (p = 

0.654). This is in agreement with previous findings where long antemortem agonal states such 

as bronchopneumonia have been associated with more acidic brains (Hardy et al., 1985; 

Harrison et al., 1991c; Harrison et al., 1995).

Further analysis, however, showed that the largest difference in mean brain pH came 

between agonal states A and B of the control brains. As group A, other causes of death, was a 

poor predictor, it was excluded from subsequent analysis and the data re-analysed. However, 

once agonal group A was excluded from the analysis the difference in mean brain pH between 

groups B and C was no longer significant (p = 0.155). The absence of any significant effect of 

agonal status on brain pH was consistent in both the AD and the control brains (p = 0.984), as 

well as between the sexes (p = 0.876).

As a further check, analyses were run to see if the amount of mean p-actin mRNA might 

be different between agonal groups B and C. With brain pH and age of death included as 

covariates no difference was found in the mean amount of p-actin mRNA between agonal 

groups B and C (ANOCOVA, p = 0.171). This lack of difference was consistent across all

124



groups defined by pathology and gender (ANOCOVA, p = 0.707). Cyclophilin and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gave similar results.

After these results agonal state was no longer included as a factor in any analysis since it 

was a poor predictor of either brain pH or amount of mRNA.

Missing

Agonal Condition 

Figure 28. Brain pH and agonal state

The brain pH difference between groups B (cardiovascular) and C (bronchopneumonia) in the diagram 

above is statistically non-significant (p==0.155, ANOCOVA). (Missing = cases where the agonal state 

was not known, A = Other causes of death too few to form a single group, B = Cardiovascular, C = 

Bronchopneumonia).

4.3.3.10 Brain pH and postmortem interval

Initial analysis revealed that a positive correlation existed between brain pH and 

post-mortem interval (Pearson correlation r = 0.312, p<0.001). However, when the sample 

was split into AD and control patients the correlation coefficient was only significant with AD 

(r = 0.332, p = 0.002), but not the control cases (r = 0.059, p = 0.616) (Figure 29). These 

patterns were consistent across all groupings of pathology and gender (Table 13).
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Figure 29. Brain pH and post-mortem interval (logio)

Linear regression analysis. There was a modest but significant correlation between brain pH and post

mortem interval in AD (p<0.05) but not in the control subjects.

Why the AD brains had a positive correlation with postmortem interval and the controls 

did not is unknown. One hypothesis is that the AD brains, on average, have shorter post

mortem delay times than the controls (Table 9). To test this hypothesis AD brains were 

selected with post-mortem delays over logio 1 4 (>25 hours) and the correlations re-analysed. 

However, even with the short post-mortem delay brains excluded from the analysis positive 

correlations were still found between brain pH and post-mortem delay in AD brains.
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Brain pH and Postmortem Interval (log hours)

Correlation (r) P N

AD Females 0.32 *0 . 0 2 51

AD Males 0.35 *0.05 32

Control Females -0.05 0.80 31

Control Males 0.13 0.40 43

Table 13. Brain pH and postmortem Interval

* Denotes correlation is significant at the 0.05 level (2-tailed), 

r = Pearson’s correlation co-efficient

4.3.3.11 Brain pH and mRNA levels

There was a positive correlation between brain pH and p-actin mRNA. These effects were 

consistent in both the AD (p<0.001) and the control brains (p<0.001). Sub-division of the 

brain samples also revealed that the postive correlation was consistent in all groupings of 

pathology and gender (p<0.05) (Figure 30 and Table 14).
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Figure 30. p-actin mRNA (logio) and brain pH

Linear regression analysis. Brain pH was correlated significantly with levels o f actin mRNA in female 

(p<0.01), male (p<0.01) cases and in male (p<0.01) and female (p<0.05) control subjects.

Cyclophilin, GAPDH, amyloid precursor protein 770 isoform (APP 770), P-secretase 

(BACE), microtubule associated protein 2 (MAP 2), neuronal specific enolase (NSE) and 

glycogen synthase kinase 3a (GSK 3a) all showed a positive correlation between amount of 

mRNA and brain pH. Only one gene, glial fibrillary acidic protein (GFAP), gave a different 

result: a positive correlation with the AD and no correlation with controls.
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The relationship between brain pH and mRNA quantity in postmortem brain remains to 

be further elucidated. Of the correlations of brain pH with other variables investigated in this 

study none was consistent across all groupings of pathology and gender. This study has found 

strong positive correlations between brain pH and amount of mRNA as has been reported in 

other studies. Therefore, I recommend that brain pH is considered as an important confounder 

in the design of experiments and/or in the subsequent statistical analysis. In later analyses we 

used ANOCOVA to assess mRNA levels and brain pH was included in the model as a 

covariate. This allowed standardization across the groupings and enabled estimates of mRNA 

at the group mean brain pH; in essence slight adjustments were made to the mRNA values so 

as to normalise readings as if all brain samples had the same brain pH.

Brain pH and P-actin mRNA

Correlation (r) P N

AD Females 0.21 *0.01 57

AD Males 0.33 **<0.01 33

Control Females 0.24 *0.02 33

Control Males 0.33 **<0.01 48

Table 14. Brain pH and p-actin mRNA

r = Pearson’s correlation co-efficient; *p< 0.05 level, p<**P<0.01 (2-taiIed test).

4.3.3.12 Brain pH and yield of total RNA

There was no correlation between total RNA yield and brain pH (r = 0.007, p = 0.87) 

indicating that brain pH has little or no effect upon the total RNA levels but has significant 

effects upon the mRNA levels.
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4.3.4 Inter-lobe variance of mRNA in aged normal control brains

Regional variation of mRNA across the major lobes of the human brain was nonsignificant in 

controls. ANOCOVA assessed equality of means in GAPDH mRNA across the frontal, 

occipital, parietal and temporal lobes of four control brains (Figure 31). No significant 

differences were seen between the means of GAPDH mRNA for the different lobes (p =

0.136). All other genes tested gave similar results to GAPDH mRNA.

Linear Regression
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Figure 31. Scatter plot of GAPDH and p-actin mRNA in 4 lobes of four normal control brains

No significant differences were found between the means of GAPDH mRNA o f the different lobes (p 

0.136, ANOCOVA).
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4.4 Conclusions

Table 15 summarises the data relating to: gender, age at death, postmortem interval, agonal 

state and inter-lobe variance of mRNA.

Variable Significant contribution Little or no contribution

Gender All mRNA values lower for females

Age at Death Statistically significant but 

inconsistent correlations to amount of 

mRNA in 3 groups

AD males: no correlation to mRNA 

amount

Postmortem Interval Male & female AD inconsistently 

correlated to mRNA amount

Male and Female controls no correlation 

to mRNA amount

Agonal Condition Poor predictor of mRNA amount

Inter-lobe No mRNA difference between lobes

Table 15. Summary of mRNA data

Summarizes data relating postmortem variables and brain pH.

Significant contribution No or little contribution

Pathology Brain pH lower in AD brains than 

controls

No

Gender No No pH difference

Age at Death No No correlation to brain pH

Agonal State No Poor predictor of brain pH

Postmortem Interval AD correlation with pH Controls not correlated to brain pH

mRNA Brain pH correlation with mRNA 

amount

Not applicable

Total RNA yield No No difference in pathology or gender

RNA yield and pH No No correlation of total RNA to pH

Table 16. Factors contributing to variation in human brain tissue pH
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In summary, this chapter has shown that gender and age at death influence measurement of 

mRNA levels in human postmortem brain tssue. This is in general agreement with standard 

measures taken in studies using human postmortem brain tissue to age- and gender-match 

patients in case-control studies.

Brain pH was also an important confounder. This is also in agreement with previous 

studies (Harrison et al., 1995; Kingsbury et al., 1995; Johnston et al., 1997), though we found 

no correlation with agonal state (Hardy et al., 1985; Harrison et al., 1991c; Harrison et al., 

1995; Johnston et al., 1997). Positive correlations between brain pH and amount of mRNA for 

8  genes were seen in both the diseased and control brains.

Postmortem interval was found at most to have inconsistent effects upon mRNA levels. 

Differences between males and females in the AD cases were observed but no such 

differences were seen in the normal aged control brains. Overall, postmortem interval was 

seen to have minimal influence on mRNA levels and can probably be ranked more lowly in 

the list of factors to match cases without causing unnecessaiy confounding.

Polyadenylation of mRNA is an unknown quantity and may or may not have a role to play 

as a confounding factor.

Agonal state was in this study a poor predictor of either brain pH or amount of mRNA. We 

subsequently removed this variable from our analyses.

Inter-lobe variance of mRNA for the 9 genes tested in this study was also found to be non

significant in control brains. This would suggest that for many genes, at least, and in 

particular the common housekeeper or reference genes, the exact area of cerebral cortex from 

which mRNA is extracted is not critical.

The general conclusions that can be drawn from this investigation are that gender, age at 

death and brain pH are all potential confounders in studies using human postmortem brain 

tissue. Steps to control for these factors can be taken by selecting equal numbers of case and 

controls with potential confounders (stratum matching), or by a matched-pairs design. In the 

latter design, each case is gender-matched with one or more controls deliberately chosen to
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have similar values for age at death and brain pH. Alternatively, and unlike all other types of 

statistical bias, confounding can also be corrected for in the analysis by including age at 

death, gender and brain pH as covariates in ANOCOVA analysis or by using logistic 

regression. Another possible strategy is that of normalising test genes to the so-called 

housekeeper genes. Unfortunately, this latter strategy is not a sensible alternative because 

housekeeper genes are affected by confounding factors in exactly the same way as the test 

genes: neutralising one confounded gene by another confounded gene will not resolve this 

dilemma.

While confounding factors disrupt the ordering of human postmortem mRNA data, by 

using a statistical approach, gene expression is readily measureable in human brain tissue. 

The almost perfect correlations seen between 2 human brain mRNAs will facilitate 

quantitative gene expression studies using autopsy derived brain tissue. With these 

correlations and knowledge of which confounders take precedence over others the route is 

clear to accurate mRNA quantification in human brain.
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5. Quantifying mRNA in human brain

134



5.1 Summary

Quantitative human mRNA data are derived from post-mortem or biopsied tissue. RNA 

degradation, poor replication, a large mRNA variance and confounding factors such as 

brain pH and age of death are often cited, however, as objections to the data’s 

reliability. A central question is whether post-mortem human mRNA can be treated as a 

statistically ordered system. TaqMan™ real-time RT-PCR was used to measure 7 

mRNAs in 513 cortical samples taken from 90 Alzheimer’s disease and 81 control 

brains. Despite a high mRNA variance strong correlations were found between the 

mRNA transcripts in a single brain. Where a brain has a high/low level of one mRNA, 

the same brain invariably has a high/low level of other mRNAs; correlated order is 

present and allows removal of that source of variation common to all genes. Although 

levels of mRNA are highly variable between subjects (>1000-fold), quantitative order is 

present in post-mortem human mRNA, allowing effects due to pathology or gender to be 

isolated and tested for significance.

5.2 Introduction

Messenger RNAs (mRNAs) are the intermediaiy template for protein synthesis. Analysis 

of mRNA expression and its differential activation due to pathology is a powerful tool with 

which to investigate the underlying mechanisms of disease. Whilst relevant to any biological 

system, mRNA analysis is of particular interest to neuropathology and those brain diseases 

that are uniquely human and difficult to replicate using animal models. The recent microarray 

analysis of schizophrenia is one example (Mimics et al., 2000). Whilst cell culture and animal 

models can be used to usefully experiment upon existing theories, the diseased human brain at 

post-mortem contains the in vivo clues. RNA degradation, poor replication, a large mRNA 

variance and confounding factors such as brain pH and age of death are often cited, however, 

as objections to the reliability of data obtained from these sources (Hardy et al., 1985; Ross et
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al., 1992; Barton et al., 1993; Harrison et al., 1995; Kingsbury et al., 1995). Is quantitative 

order present in post-mortem human brain mRNA, or is the variance so high that any 

difference in mRNA levels due to pathology cannot be distinguished from non-specific 

variation?

The problem with autopsied tissue is that of no a priori influence over experimental 

parameters. Post-mortem delay, brain pH, gender, freeze-thaw cycles, age at death, 

medication, agonal state and death-refrigeration interval are all observed data over which the 

researcher has little or no control. All of these elements have been suggested as potential 

confounders (Hardy et al., 1985; Ross et al., 1992; Barton et al., 1993; Harrison et al., 1995; 

Kingsbury et al., 1995). Another problem is the scarcity of donor tissue and the restrictions on 

sample size that this imposes. This has two consequences; first, limits are placed on the power 

and resolution of any statistical analysis, and second, when making inference from sample to 

population, small samples of human brain may not be representative. What appears a simple 

estimate of one variable under two conditions, disease and non-disease, is often in practice 

complex and prone to error.

Until recently the options for quantifying mRNA have been semi-quantitative and of low 

resolution. With the arrival of TaqMan™ real-time RT-PCR (TaqMan™) the situation has 

changed radically (Holland et al., 1991; Higuchi et al., 1992; Gelfand et al., 1993; Higuchi et 

al., 1993; Lee et al., 1993; Livak et al., 1995; Gibson et al., 1996; Heid et al., 1996). Where 

standard RT-PCR quantifies a product at end-point after n exponential amplifications (Ehrlich 

and Greenberg, 1994), TaqMan™ continuously monitors a fluorescent accumulation of 

product in real-time (Gibson et al., 1996; Heid et al., 1996; Lie and Petropoulos, 1998). 

Measurements are made during the exponential phase of the PCR reaction and avoid the 

effect of limiting reagents, amplicon re-annealing, post-PCR processing and cycling 

variability of endpoint analysis. Reproducibility of TaqMan™ assays using replica 96-well 

plates is 97% or higher, whilst the ease of high-throughput screening makes it feasible to
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assay large samples, increasing both the power and resolution of the analysis (Castensson et 

al., 2 0 0 0 ).

With increased sensitivity, however, come other problems. Hybridisation kinetics in 

microarrays sets a threshold for significance of about a 1.3 to 2.0-fold mRNA change across 

treatment groups (Mimics et al., 2000). Real-time RT-PCR operates on different principles to 

microarrays and has no need to set a threshold fold-change for significance. Fraction-fold 

changes of mRNA are therefore detectable (Preece et al., 2001; Bond et al., 2002). The 

difficulty lies with biological interpretation and deciding whether small but statistically 

significant changes of mRNA are real or an artefact. Is a 0.1-fold mRNA change in post

mortem human brain either believable or biologically significant?

5.3 Results and discussion

5.3.1 Variation of mRNA levels

Using TaqMan^*  ̂RT-PCR approximately 3 logarithms of range were found in all of the 

mRNAs tested (Figure 32). This corresponds to an approximate 1000-fold range of mRNA 

values in AD and control populations. This is considerably higher than the 8 -fold range 

measured in a previous study (Cummings et al., 2001), and is probably due to the large size of 

the sample and the inclusion of brains with extended postmortem delay (up to 1 2 0  hours 

compared to 14 hours in the other study). With such large variation it might be considered 

impossible to detect small changes of mRNA between treatment groups. However, the fact 

that all the mRNAs have approximately the same variance can be used to remove this source 

of variation and isolate any specific change due to treatment or pathology.
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Figure 32. Distribution of log P-actin mRNA in Alzheimer's disease and control brains

Graphs are shown with fitted normal distribution curves. Y axis “count” = number o f brains.

5.3.2 Non-normalised levels of mRNA.

Figure 33 is a chart of mRNA values (non-normalised) defined by pathology and gender. 

All mRNA values were found, on average, to be lower in AD brains relative to controls, as 

well as in females relative to males. The lower levels in AD brains has also been seen in 

previous studies (Johnson et al., 1988; Clark et al., 1989; Johnson et al., 1989; Johnson et al., 

1990). It is true even of glial fibrillary acidic protein (GFAP) which is known to be 

upregulated in AD due to extensive astrocytosis (Griffin and Stanley, 1993). Hence, the non- 

normalised picture of mRNA quantitation in AD is a misleading one.

During the mRNA preparations total RNA was isolated from cortical brain tissue. The 

total RNA was then measured for optical density and its concentration was calculated. From 

its concentration the amount of total RNA to be used to isolate the mRNA was standardized at 

lOpg; every mRNA sample was purified from the same amount of total RNA. This would 

lead to the conclusion that there is a marginally smaller proportion of mRNA in the total RNA 

from AD brains relative to controls. Either that or something affects the mRNA extraction 

process only in the AD brain samples which is unlikely.
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Figure 33. Levels of mRNA (non-normalised) in Alzheimer’s disease and control brains

AD brains, on average, have lower levels o f mRNA than controls, and females lower levels than males.

5.3.3 Relative levels of mRNA.

Although levels of mRNA are highly variable between subjects (> 1000-fold), strong 

correlations are present between the genes’ expressions within a single brain. Where an 

individual brain has a high expression of p-actin mRNA, for example, it will invariably have 

high mRNA expression for the other genes. And vice-versa. In other words, the mRNA 

within-subject variability is smaller than the between-subject variability. This is true of both 

brain populations, the AD and the controls, as well as the male and females. When data from 

a single mRNA in a series of brains is plotted against data values from a different mRNA a 

strong, almost perfect correlation is seen (r = 0.928, p<0.001) (Figure 34). When the other 

genes are laid out in similar fashion strong correlations can be seen between all of the 

different mRNAs (Figure 35). The linear relationships between the genes are a graphical 

demonstration that quantitative order is present in postmortem human mRNA. Similar 

correlations have also been seen in 24 genes from an animal model of cerebral ischaemia 

(Preece et al., 2001; Bond et al., 2002).
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Figure 34. Linear regression and correlation of GAPDH against p-actin mRNA in human brain

When mRNA data values for GAPDH are plotted against the mRNA values for p-actin an almost 

perfect correlation results, (r = 0.928, P = <0.001, n = 482, AD and control samples together). Similar 

plots were seen for the other genes tested.
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Figure 35. Matrix plot demonstrating linear relationships between the genes

The mRNA data points for seven genes are plotted against one another for the entire collection of brain 

samples ( n = 482, AD and control samples). The resulting matrix demonstrates the strong linear 

correlations between all o f the genes and is the basis o f the quantitative mRNA order that is seen in 

human post-mortem brain.

5.3.4 Removal of common source of variation

This correlation between the genes is also very useful. What the correlation says is that the 

same source of variation is present between all genes (or those that have been tested), and that 

by using one or more genes as a covariate(s) to the test gene, the common source can be 

accounted for and removed from the analysis. In doing so, the total variability is partitioned 

into its comp>onent parts, one of which is pathology.

Table 17 gives the detailed ANOCOVA analysis for APP 770 mRNA with p-actin 

specified as a covariate to the test gene. The column to the right of the second table “Tests o f  

Between-Subject Effects ” contains interesting information. The partial eta-squared value
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describes the proportion of total variability attributable to a factor. In the row for P-actin the 

eta-squared statistic is 0.713. This means that over 71% of the total variability in the model 

can be explained by p-actin mRNA. Both APP 770 and p-actin mRNA share this common 

source of variation, independent of pathology or gender, and it can therefore be removed from 

the analysis. What this source of variation is caused by is unknown but a speculative guess is 

that it represents, at least in part, the inherent inter-individual variation that any biological 

system contains. Whether other unknown factors also contribute to this source of variation 

such as brain tissue quality or degradation of mRNA is unknown. What is clear, however, is 

that at 71% of the total variance this source of variation is the major contributor to the 

model’s variability. By removing it from the random variation and partitioning the other 

sources of variation we gain access to the required information on pathology and improve the 

sensitivity of statistical comparisons.
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ANOCOVA of APP 770 mRNA in Alzheimer’s disease and control brains

Between-Subjects Factors

N
PATHOLOGY AD 246

CON 227
SEX F 247

M 226

Tests of Between-Subjects Effects

Dependent Variable: APP 770
Type III Sum 

Source of Squares df Mean Square F Sig.
Partial Eta 
Squared

Corrected Model 216,194= 6 36,032 225,879 <001 ,744
Intercept .176 1 ,176 1,100 ,295 ,002
AGE 6,945E-02 1 6,945E-02 ,435 ,510 ,001
PH_1 ,201 1 ,201 1,261 ,262 ,003
ACTIN 184,666 184,666 1157,630 <,001 ,713
PATHOLOG 3,211 1 3,211 20,131 <,001 ,041
SEX 7,466E-03 1 7,466E-03 ,047 ,829 <,001
PATHOLOG * SEX 4,816E-02 1 4.816E-02 .302 ,583 ,001
Error
Total
Corrected Total

74,337
8014,115
290,531

466
473
472

,160

a R Squared = ,744 (Adjusted R Squared = ,741)

Estimated Marginal M eans 

Pathology

Estimates

Dependent Variable; APP 770

PATHOLOGY
AD
CON

Mean Std. Error 
4,128= ,028
3,942= ,029

95% Confidence Interval 
Lower Bound Upper Bound 

4,074 4,182
3,886 3,998

a Evaluated at covariates appeared in the model: AGE = 75,05, 
SMEAN(PH) = 6,4836, ACTIN = 3,4263.

143



Dependent Variable: APP 770

Pairwise Comparisons

Mean 95% Confidence Interval for
Difference Difference

(l-J) Std. Error Sig.® Lower Bound Upper Bound 
.186* .041 <.001 .104 .267

-.186* .041 <.001 -.267 -.104
Based on estimated marginal means

*■ The mean difference is significant at the .05 level.
a Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments).

(I) PATHOLOGY (J) PATHOLOGY 
AD CON
CON AD

S ex

Estimates 

Dependent Variable: APP 770

SEX Mean Std. Error 
F 4.031® .027
M 4,039® .028

95% Confidence Interval 
Lower Bound Upper Bound 

3,977 4,084
3,984 4,095

a Evaluated at covariates appeared in the model: AGE = 
75.05. SMEAN(PH) = 6,4836, ACTIN = 3,4263.

Pairwise Comparisons

Dependent Variable: APP 770

(I) SEX (J) SEX 
F M
M F

Mean 
Difference 

(l-J) 
-8,891 E-03 
8,891 E-03

95% Confidence Interval for 
Difference®

Lower Bound Upper Bound 
-8.965E-02 7.187E-02
-7.187E-02 8.965E-02

Std. Error Sig.
,041 .829
,041 .829

Based on estimated marginal means
a Adjustment for multiple comparisons; Least Significant Difference (equivalent to no 

adjustments).

3. PATHOLOGY * SEX

Dependent Variable: APP 770
95% Confidence Interval

PATHOLOGY SEX Mean Std. Error Lower Bound Upper Bound
AD F 4.134® ,035 4.064 4.203

M 4,122® ,042 4.039 4,204
CON F 3,927® .042 3,844 4,010

M 3.957® ,038 3,882 4,032
a Evaluated at covariates appeared in the model: AGE = 75.05, SMEAN(PH)

= 6.4836. ACTIN = 3,4263.
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Table 17. ANOCOVA of APP 770 mRNA in AD and control brains

ANOCOVA analysis to test equality of means in APP 770 mRNA across groups defined by gender and 

pathology. Antilog of 0,186 = 1.53 and corresponds to a mean 53% increase of APP 770 mRNA in AD 

relative to control brains (p< 0.001) after adjustment for sex, age and pH of brain. Antilog of 

-0.008891= 0.98 and corresponds to a mean 2% decrease of APP 770 in female brains compared to 

male (p = 0.829) after adjustment for pathology, age and pH of brain. The gender differences were 

consistent in both the AD and the control brains (p = 0.583). Mean values for APP 770 mRNA are 

given after ANOCOVA adjustment to p-actin. Other factors taken into account include age of death 

and pH of brain (covariates).

5.3.5 Factors and covariates

As can be seen in Table 17 other factors have been added to the model; pathology and gender 

were both used as fixed factors whilst brain pH and age of death were specified as covariates.

Pathology is the key to the analysis and the best estimate of its effect is after all other 

factors have been accounted and adjusted for if necessaiy.

Gender is included as a factor in order to see if mRNA levels are consistent across the 

sexes. Interactions between pathology and gender can be assessed by examining the p-value 

for their interaction. A value of less than 0.05 warns of an interaction and that the effect is not 

consistent in both sexes. Another reason for including gender as a factor is the difference in 

mRNA values seen for females compared to males (Figure 33).

Both brain pH and age of death are included as covariates in order to control for any 

variation in mRNA levels due to these factors. Brain pH in particular has been implicated 

several times in effecting biochemical measurements in human brain tissue (Hardy et al.,

1985; Ross et al., 1992; Barton et al., 1993; Harrison et al., 1995; Kingsbury et al., 1995).

5.3.6 Positive control genes

APP 770 was used as a positive control since there is evidence that APP 770 is 

upregulated in AD (Johnson et al., 1988; Rockenstein et al., 1995; Moir et al., 1998). An 

average 48% increase of APP 770 mRNA was seen in AD brains relative to controls after
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adjustment for sex, age and brain pH (p<0.001) (Table 18). There was no significant change 

in the amount of APP 770 between male and females (p = 0.829), a lack of difference that was 

consistent in both the AD and the control brains (0.583) (Table 17).

Glial fibrillary acidic protein (GFAP) is a classic marker for lesions in a brain. After 

damage to the brain astrocytes are activated and upregulate the production of GFAP as part of 

the brains immune response (Griffin and Stanley, 1993). On average, an 82% increase of 

GFAP in AD brains was observed relative to controls after adjustment for age, sex and brain 

pH (p<0.001) (Table 18). There were no significant changes in GFAP mRNA between male 

and females (ANOCOVA, p = 0.118), a lack of difference that was consistent in both the AD 

and the control brains (ANACOVA, p = 0.528).

NSE is essentially a neuronal gene and as such, along with MAP 2, it was used as a 

positive control or, in literal terms, a negative control. That is, because of the extensive 

neuronal loss that occurs in AD, a loss of NSE and MAP 2 in AD brains relative to controls 

would be expected. After ANOCOVA analysis an average loss of 25% of NSE mRNA was 

seen in AD brains relative to controls (p<0.001). When MAP 2 was analysed an average loss 

of 26% of its mRNA was observed in AD brains relative to controls (p<0.001). Both neuronal 

markers came out with approximately similar estimates of mRNA loss for their respective 

genes. If there had been large discrepancies between the two markers this would have been 

valid criticism of the model. As it is, the estimates differed by only 1% when assessed with 

three reference genes simultaneously (Table 19).

5.3.7 Choice of reference gene

The test gene value is to some extent dependant upon the choice of reference gene to 

which it is normalised. This is due to slight fluctuations in the levels of mRNA for the 

reference genes themselves, a situation that is not uncommon (Spanakis, 1993; Spanakis and 

Brouty-Boye, 1994; Weisinger et al., 1999; Zhong and Simons, 1999; Preece et al., 2001; 

Bond et al., 2002). Table 20 is a summary of the percentage change for a particular gene 

referenced to one of 4 different genes; actin, GAPDH, cyclophilin and NSE. The ordering of
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the results is almost exactly the same regardless of which reference gene is used, but the 

magnitude of change and the probability of that result not occurring by chance are slightly 

different. This is inevitable given the resolution of the technology and presents a new problem 

for interpretation since which one of the results is the right one, or even the best estimate? It 

may be that a band of uncertainty lies from reference gene one, say GAPDH in Table 20, to 

reference gene 3, or cyclophilin, in the same table. As it happens there are no test genes in this 

table that fall within this band but if there were then it might be best to call this the unknown 

zone because unless there are good arguments as to why P-actin is better than GAPDH, for 

example, then there are no a priori reasons to adopt one and not the other (Spanakis, 1993; 

Spanakis and Brouty-Boye, 1994; Preece et al., 2001; Bond et al., 2002).

As a way round this problem all 3 common reference genes (not NSE, which is primarily 

neuronal) were used simultaneously as covariates in the model. Table 21 and Figure 36 are 

summaries of the results when using this method. In practice we found little difference in the 

broad inference from results when using either one or three reference genes.

Reference Gene

P-Actin p-value GAPDH p-value Cyclophilin p-value NSE p-value

NSE -29 <0 . 0 0 1 -17 0 . 0 2 0 -45 <0 . 0 0 1 n/a n/a

MAP2 -25 <0 . 0 0 1 -16 0.039 -40 <0 . 0 0 1 -9 0.223

GAPDH -23 <0 . 0 0 1 n/a n/a -41 <0 . 0 0 1 -7 0.332

P-Actin n/a n/a 5 0.423 -25 <0 . 0 0 1 1 0 0.074

Cyclophilin 1 1 0.194 27 0.005 n/a n/a 37 <0 . 0 0 1

APP 770 53 <0 . 0 0 1 60 <0 . 0 0 1 1 0 0.320 74 <0 . 0 0 1

GFAP 80 <0 . 0 0 1 105 <0 . 0 0 1 34 0.036 1 0 0 <0 . 0 0 1

Table 18. Relative levels of mRNA in AD and control brains (separate reference genes)

Percent changes are calculated using mean values after ANOCOVA adjustment to 4 different reference 
genes. Other factors taken into account include age of death and pH of brain (covariates) as well as 
gender (fixed factor).
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Test Gene

MAP 2 

NSE 

APP 770 

GFAP

Reference Gene 

3 Ref Genes p-value

% Change 

-26 

-25 

48 

82

< 0.001

<0.001

<0.001

<0.001

Table 19. Relative levels of mRNA in AD and control brains (4 genes)

Percent changes are calculated using mean values after ANOCOVA adjustment to 3 reference genes (P- 

actin, GAPDH and cyclophilin). Other factors taken into account include age of death and pH of brain 

(covariates) as well as gender (fixed factor).

■ Male controls

□ Female controls

□ Male AD 

B Female AD

M AP 2 NSE A PP 770 GFAP

Genes

Figure 36. Relative levels of mRNA in AD and control brains

Marginal means were estimated with the same criteria as in Table 20. Mean values are given after 

ANOCOVA adjustment to 3 reference genes (p-actin, GAPDH and cyclophilin). Factors taken into 

account include age o f death and pH of brain (covariates).
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5.4 Conclusions

The issue of whether there is or there is not random degradation of mRNA following 

post-mortem is an important one for quantification studies. Given that gene expression is a 

dynamic and highly regulated process, ordered mathematical relationships must exist between 

the levels of mRNA in vivo. The question is whether, following death, the mRNAs are 

randomly degraded as a function of time. This is in addition to any mRNA change taking 

place due to confounding variables such as brain pH or age of death. If there is widespread 

and random degradation of mRNA following death, then the pool of post-mortem mRNA 

represents a disordered system with little relevance to the in vivo situation and probably with 

little relevance to the disease process. Any inference drawn from such a pool would be fatally 

wrong.

I show here that the pool of post-mortem human mRNA is essentially an ordered system 

despite any influence from mRNA degradation or confounding factors. Although absolute 

levels of mRNA are highly variable between subjects (>1000-fold), the strong linear 

correlations between the genes’ expressions demonstrates that quantitative order is present in 

post-mortem human mRNA. By utilising these strong correlations between the mRNA 

transcripts, the largest part of variation, due to inter-individual differences, can be explained 

and removed; in effect, removal of that source of variation common to all genes. Once 

removed, the route is clear to the required data; pathology.
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6. p-Secretase (BACE) and GSK-3 mRNA levels in 

Alzheimer’s disease
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6.1 Introduction

The two pathological hallmarks of AD brain are extra-cellular (3-amyloid (Ap) deposits 

and intra-cellular neurofibrillary tangles (NFTs).

Ap aggregates are proteolytically derived from the membrane bound amyloid precursor 

protein (APP). Proteolysis of Ap is dependant upon 2 enzymes, P-secretase and y-secretase. 

Several groups identified (3-secretase (BACE) as a transmembrane aspartic protease (Hussain 

et al., 1999; Sinha et al., 1999; Vassar et al., 1999; Yan et al., 1999; Lin et al., 2000) that in 

the brain is produced primarily by neurons (Hussain et al., 1999; Vassar et al., 1999; Bigl et 

al., 2000; Marcinkiewicz and Seidah, 2000). In cell culture transient over expression of 

p-secretase causes increase of Ap and P-sAPP products with no change in the overall APP 

expression, indicating that the increase is due specifically to enhanced activity in the 

p-secretase pathway (Hussain et al., 1999; Sinha and Lieberburg, 1999; Vassar et al., 1999; 

Yan et al., 1999). Antisense inhibition of p-secretase in HEK293 cells results in a decrease of 

Ap production (Yan et al., 1999).

NFTs contain tan, a microtubule associated protein that is hyper-phosphorylated and self

assembled into paired-helical filaments (PHFs) (Goedert, 1993; Goedert et al., 1995). In a 

normal brain, tau is concentrated in nerve axons and plays a role in stabilising microtubules.

In AD, axonal transport is disrupted and the PHF-tau fibrils accumulate in the cell body and 

dendrites, followed by eventual neuronal death (Goedert, 1993). In 1988 two protein kinases 

isolated from bovine brain were found to generate PHF-like phosphorylation of tau in vitro 

(Ishiguro et al., 1988), tau protein kinase I and II (TPKl & II) (Ishiguro et al., 1992a; Ishiguro 

et al., 1992b). TPK 1 was later shown to be identical to GSK-3P (Ishiguro et al., 1993). Other 

studies have described the neuronal localisation of GSK-3 (Hanger et al., 1992), the evidence 

that GSK-3 a  also phosphoiylates tau in vitro (Hanger et al., 1992; Lovestone et al., 1994; 

Anderton et al., 1995), and a preferential expression of GSK-3 p but not GSK-3 a  

immunolabelling in NFTs (Yamaguchi et al., 1996). Characterisation of the effect that GSK-3

151



has on the ability of tau to bind to microtubules in vitro has also been described (Lovestone et 

al., 1996; Wagner et al., 1996; Utton et al., 1997). Two studies also reported that lithium, a 

specific inhibitor of GSK-3 activity, was effective in rat brain and cultured neurons at 

dephosphoiylating tau (Hong et al., 1997; Munoz-Montano et al., 1997).

6.2 Results and Discussion

Table 20 and Figure 37 are summaries of the results for all test and positive control genes. 

The two markers for neuronal loss, neuronal specific enolase (NSE) and microtubule 

associated protein 2 (MAP 2), were both expressed at lower levels in AD relative to control 

brains (p<0.001). Glial fibrillary acidic protein (GFAP) a marker of astrocytosis (Griffin and 

Stanley, 1993) was expressed at 82% higher levels than control brains (p<0.001). A probe to 

the 770 isoform of amyloid precursor protein (APP) was also used as a positive control since 

there is evidence of an increase of this isoform in AD (Johnson et al., 1988; Johnson et al., 

1989; Johnson et al., 1990; Kitaguchi et al., 1990; Tanaka et al., 1992; Okada et al., 1994; 

Rockenstein et al., 1995; Moir et al., 1998). An average 48% increase of APP 770 mRNA in 

AD relative to control brains was measured (p<0.001).

When referenced to 3 genes simultaneously (P-actin, GAPDH and cyclophilin), BACE 

mRNA was reduced by 6 % in AD relative to normal aged brains (p = 0.358) after adjustment 

for sex, age of death and pH of brain (Table 20). A 7% decrease of BACE mRNA was also 

seen in females relative to males (p = 0.290) after adjustment for pathology, age of death and 

pH of brain. The gender differences were consistent in both the AD and the control brains (p 

= 0.997). The probabilities, however, were not significant for either pathology or gender 

meaning that either result could have been obtained by chance.

When referenced to NSE, BACE mRNA was seen to increase by 7% in AD brains relative 

to controls (p = 0.378) (Table 20). The probability is not significant, however, and the 

likelihood is that this result was also obtained by chance.

Given these non-significant results, (BACE mRNA referenced to 3 genes and to NSE on 

its own), the likelihood is that nothing changed in the level of BACE mRNA in the AD brains
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relative to controls. This is in agreement with two previous reports (Yasojima et al., 2001; 

Gatta et al., 2002) that found no difference in BACE mRNA levels between AD and control 

brains, although one report has measured a 2.7 fold increase in the protein expression of 

BACE in AD brains (Holsinger et al., 2002).

GSK 3 is a protein kinase that is expressed in two forms, a  and p. Measurements were 

made for both of these forms but GSK 3p was expressed at levels below the limits of reliable 

detection. Hence only results for the a form can be given.

When referenced to 3 genes simultaneously (p-actin, GAPDH and cyclophilin), GSK 3a 

had a mean 8 % decrease in AD relative to control brains (p = 0.054) after adjustment for sex, 

age of death and brain pH (Table 22). A mean decrease of 13% GSK 3a mRNA was also seen 

in female brains relative to males (p = 0,003) after adjustment for pathology, age of death and 

brain pH. The gender differences were consistent in both the AD and the control brains (p =

0.244).

When referenced to NSE, a primarily neuronal gene, GSK 3 a mRNA was seen to increase 

by about 10% in AD brains relative to controls (p = 0.071) (Table 20) after adjustment for 

sex, age at death and brain pH.

Given both of these results (GSK 3a referenced to 3 genes and to NSE on its own) the 

likelihood is that nothing changed in the level of GSK 3a mRNA in the AD brains relative to 

aged normal brains. The first result is a small decrease and the second a small increase, both 

of them approaching significance. Whilst small changes of GSK 3a cannot be ruled out in AD 

the probability in this report is one of no change. These data indicate that dysregulation of 

gene expression of BACE and GSK 3a is not a significant factor in the pathogenesis of AD.
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Percentage change of test gene relative to reference

Test Gene 3 Ref Genes p-value NSE p-value

MAP 2 -26 <0.001 -9 0.223

NSE -25 <0.001 n/a n/a

GSK 3a -8 0.054 10 0.071

BACE -6 0.358 7 0.378

APP 770 48 <0.001 74 <0.001

GFAP 82 <0.001 100 <0.001

Table 20. Relative levels of mRNA in AD and control brains (Control genes)
Mean values are given after ANOCOVA adjustment to 3 reference genes (P-actin, GAPDH and 

cyclophilin) and NSE on its own. Factors taken into account include age at death and pH o f brain tissue 

(covariates) as well as gender (fixed factor).

■ Male controls

□  Female controls

□  Male AD 

B Female AD

MAP 2 NSE GSK 3a BACE

G e n e s

A PP 770 GFAP

Figure 37. Relative levels of mRNA in AD and normal aged brains

Relative levels o f mRNA were estimated with the same criteria as in Table 1. Mean values are given 

after ANOCOVA adjustment to 3 reference genes (p-actin, GAPDH and cyclophilin). Factors taken 

into account include age at death and pH o f brain (covariates).
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7. Amyloid precursor protein mRNA levels in AD brain
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7.1 Introduction

Insoluble p-amyloid deposits in Alzheimer’s disease (AD) brain are proteolytically 

derived from the membrane bound amyloid precursor protein (APP). The APP gene spans 

almost 300,000 bases of DNA from which 18 exons can be alternatively spliced (Hattori et 

al., 1997). A functional classification can be made into those APP isoforms containing exon 7 

that codes for a Kunitz-type serine protease inhibitor domain (K^, APP7 5 1 , APP7 7 0 , APRP3 6 5  

and APRP5 6 3 ), and those without (K~, APP6 9 5  and APP7 1 4 ,). The figures refer to the number of 

amino acids in each isoform, whilst APRP stands for amyloid precursor related protein. 

APRPs are spliced from the same gene as APP but lack the Ap sequence. The mRNAs for 

APRPs also lack any transmembrane domains and are most likely coding for secreted soluble 

proteins (de Sauvage and Octave, 1989; Jacobsen et al., 1991b). These isoforms have been 

described previously: APP6 9 5  (Kang et al., 1987), APP7 5 1 (Ponte et al., 1988; Tanzi et al., 

1988), APP7 7 0  (Kitaguchi et al., 1988) APRP5 6 3  (de Sauvage and Octave, 1989), APP7 1 4  

(Tanaka et al., 1988) (Golde et al., 1990) and APRP3 6 5  (Jacobsen et al., 1991b).

The 56 amino acid insert coded by exon 7 of the APP gene was found to be similar to a 

group of 17 polypeptides that were all members of a family of Kunitz-type serine protease 

inhibitors (Kunitz, 1947; Kitaguchi et al., 1988; Ponte et al., 1988; Tanzi et al., 1988). COS-1 

cells transfected with APP7 7 0  showed an increased inhibition of trypsin activity (Kitaguchi et 

al., 1988). Subsequent searches of the Protein Identification Resource database revealed that 

the secreted forms of APP K^ are nearly identical to protease-nexin II (PN-II), a cell-secreted 

protease inhibitor. APP7 5 1 formed stable, non-covalent, inhibitory complexes with trypsin, 

whereas APP6 9 5  did not (Oltersdorf et al., 1989). Given the hypothesis that Ap results from 

aberrant catabolism of APP, differential expression of mRNA isoforms containing protease 

inhibitors may play an active role in the pathology of AD. Either too much or too little 

expression of APP/APRP mRNA with KPI domains may upset AP processing and result in 

excessive deposition of Ap.
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Since 1987 over 30 studies have tried to establish a differential expression of APP 

isoforms in the disease, and in particular a change in the KPr^ isoforms ratio (Johnson et al., 

1988; Kitaguchi et al., 1988; Neve et al., 1988; Palmert et al., 1988; Ponte et al., 1988;

Tanaka et al., 1988; Tanzi et al., 1988; Clark et al., 1989; Clark and Parhad, 1989; Johnson et 

al., 1989; Siman et al., 1989; Golde et al., 1990; Johnson et al., 1990; Kitaguchi et al., 1990; 

Koo et al., 1990; Neve et al., 1990; Palmert et al., 1990; Abe et al., 1991; Jacobsen et al., 

1991a; Konig et al., 1991; Oyama et al., 1991; Ohyagi et al., 1992; Tanaka et al., 1992; 

Willoughby et al., 1992; Kalaria et al., 1993; Sola et al., 1993a; Sola et al., 1993b; Harrison et 

al., 1994; Okada et al., 1994; Rockenstein et al., 1995; Harrison et al., 1996; Moir et al.,

1998). A combination of factors, however, have made it difficult to assess APP mRNA levels 

and as such there is no consensus on whether K^/K' mRNA ratios are altered (Jacobsen et al., 

1991a; Harrison et al., 1996). Reported attempts are difficult to compare and often 

inconsistent because of heterogeneity in methods used and terms of reference, brain areas 

assessed, differences in neuropathological criteria and most important of all, though rarely 

discussed, cross hybridisation of probes to more than one APP/APRP isoform. The latter is 

significant since studies between 1988 and 1991 were unaware of the existence of the various 

APP isoforms and their conclusions were based only on information known at the time. 

Without discrete measurements of the different isoforms interpretation is difficult and 

misleading.

7.2 Results and Discussion

7.2.1 Levels o f mRNA

All of the genes tested, including reference genes, had lower levels of mRNA in AD 

relative to control brains, as well as in females relative to males (Figure 38). Therefore, there 

was a need for a reference gene against which the test gene could be measured in relative 

terms. After extensive analysis of reference gene issues (Bond et al., 2002) I decided to use
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Analysis of Covariance (ANOCOVA) with 3 reference genes (p-actin, GAPDH and 

cyclophilin) as simultaneous covariates. Table 21 and Figure 39 are summaries of the results.

To clarify the figures for Table 21 and Figure 39 the complete ANACOVA analysis for 

APP A (695) mRNA is given in Table 22. The other genes were tested in the same way.
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Male controls

□  Female controls

□  Male AD  

Female AD

m 3.5

A PPC APP F A P P EActin

Figure 38. Levels of mRNA in AD and control brains (non-normalised to reference genes)
AD brains, on average, have lower levels of mRNA than controls, and females lower levels than males.
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7.2.2 Positive control genes

As can be seen in Table 21 and Figure 39, the two markers for neuronal loss, neuronal 

specific enolase (NSE) and microtubule associated protein 2 (MAP 2), were both expressed at 

lower levels in AD relative to control brains (p<0.001). Glial fibrillary acidic protein (GFAP) 

a marker of astrocytosis (Griffin and Stanley, 1993) and expected to be increased in AD 

brains was expressed, on average, at 82% higher levels than control brains (p<0.001).

Reference Gene

Test Gene 3 Ref Genes p-value NSE p-value

MAP2 -26 <0.001 -9 0.223

NSE -25 <0.001 n/a n/a

APP A (695) -1 0.898 40 <0.001

APP C (695/714/751/770) 0 0.877 24 0.001

APP B (PAN) 18 0.061 62 <0.001

APP F (751/563) 28 0.002 67 <0.001

APP D (751/770/563/365) 37 <0.001 73 <0.001

APPE (770/365) 48 <0.001 74 <0.001

GFAP 82 <0.001 100 <0.001

Table 21. Relative levels of mRNA in AD and control brains (APP isoforms)

Mean values are given after ANOCOVA adjustment to 3 reference genes (P-actin, GAPDH and

cyclophilin) and NSE on its own. Factors taken into account include age at death and pH of brain 

(covariates) as well as gender (fixed factor).
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■ Male controls

□  Female controls

□  Male AD 
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Figure 39. Relative levels of mRNA in AD and control brains

Relative levels of mRNA were estimated with the same criteria as in Table 23. Mean values are given 

after ANOCOVA adjustment to 3 reference genes (actin, GAPDH and cyclophilin). Factors taken into 

account include age o f death and pH o f brain (covariates).
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ANOCOVA of APP A (695) mRNA in Alzheimer’s disease and control brains

Between-Subjects Factors

N

PATHOLOGY AD 243

CON 225

SEX F 243

M 225

Tests of Between-Subjects Effects. Dependent Variable: APP A (695) mRNA

Source Type in  SS df MS F Sig.

Corrected Model 354.402 8 44.300 280.070 <0.001

Intercept 1.281 1 1.281 8.097 0.005

Brain pH 1.036 1 1.036 6.548 0.011

Age at death 0.004 1 0.004 0.025 0.874

Actin 6.664 1 6.664 42.130 <0.001

GAPDH 0.502 1 0.502 3.173 0.076

Cyclophilin 14.792 1 14.792 93.516 <0.001

Pathology 0.003 1 0.003 0.016 0.898

Sex 0.306 1 0.306 1.938 0.165

Pathology * Sex <0.001 1 <0.001 0.005 0.941

Error 72.603 459 0.158

Total 6255.872 468

Corrected Total 427.005 467
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Estimated Marginal Means

1. Pathology. Dependent Variable: APP (A) 695 mRNA

Mean Std. Error

Pathology

AD 3.527 “ 0.028

CON 3.533 “ 0.029

a Evaluated at covariates appeared in the model:

Brain pH = 6,48, Actin = 3.42, GAPDH = 3.74, Cyclophilin = 2.28, Age = 75.01. 

Pairwise Comparisons. Dependent Variable: APP A (695) mRNA

95% Confidence Interval 

Lower Bound Upper Bound 

3.473 3.582

3.476 3.590

(I) Pathology (J) Pathology Mean Difference (I -J) Std. Error Sig.

AD CON -0.0054 0.042 0.898

CON AD 0.0054 0.042 0.898

Antilog of -0,054 = 0.99 and corresponds to a mean 1% decrease of APP A (695) mRNA in AD brains 

relative to control brains (p = 0.898) after adjustment for sex, age and pH of brain.

2. Sex. Dependent Variable: APP A (695) mRNA

Mean Std. Error 95% Confidence Interval

SEX Lower Bound Upper Bound

F 3.501 “ 0.027 3.447 3.555

M 3.559" 0.029 3.503 3.615

a Evaluated at covariates appeared in the model:

Brain pH = 6.48, Actin = 3.42, GAPDH = 3.74, Cyclophilin = 2.28, Age = 75.01.
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Pairwise Comparisons. Dependent Variable: APP A (695) mRNA

(I) SEX (J) SEX Mean Difference (I-J) Std. Error Sig,

F M -0.057 0.041 0,165

M F 0.057 0,041 0,165

Antilog of -0.057 = 0.88 and corresponds to a mean 12% decrease of APP A (695) in female brains 

compared to male (p = 0.165), after adjustment for pathology, age and pH of brain.

Table 22. ANOCOVA of APP A (695) mRNA in Alzheimer’s disease and control brains

ANOCOVA analysis to test equality of means in APP A (695) mRNA across groups defined by gender 

and pathology. The difference in mean APP A (695) mRNA seen both in the AD brains relative to 

controls, and in the females relative to males failed to reach significance (p = 0,898 and p = 0,165 

respectively). The gender differences were consistent in both the AD and the control brains (p = 0,941), 

The inference is that, on average, there was no significant difference in APP A (695) mRNA levels 

either in the AD brains or in the females. Mean values for APP A (695) mRNA are given after 

ANOCOVA adjustment to 3 reference genes (P-actin, GAPDH and cyclophilin). Factors taken into 

account include age at death and pH of brain (covariates).

7.2.3 Amyloid precursor protein isoforms

The APP gene spans almost 300,000 bases of DNA from which 18 exons can be alternatively 

spliced (Hattori et al., 1997). Attempts were made to measure the mRNA for the different 

isoforms but the same problems that have hampered previous studies also became apparent in 

this study too. The main problem was that of probe cross-hybridisation to more than one 

mRNA isoform. Many, if not most, of the previous studies have not placed any or enough 

emphasis on this point. Without being able to get a discrete measurement for each isoform the 

interpretation of the results is difficult. Table 23 contains the information regarding which 

exons are found in the different APP/APRP mRNA isoforms; for example, APP 770 mRNA 

isoform contains all 18 exons of the APP gene. Table 24 is a listing of the TaqMan
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probe/primer sets that recognise the APP/APRP mRNA isoforms; for example, probe B 

recognises all the various APP/APRP mRNA isoforms.

APP/APRP mRNA isoforms

APP Exons
1

695 714 751 770

partial

10

11

12
13
14
15

16 AP
17 Ap

18

7 Kunitz

Table 23. AFP exons in isoforms of APP/APRP mRNA

A grey box indicates possession and a black box indicates a lack of that exon m the mRNA isoform for 

that column. Exon 7 codes for the Kunitz protease inhibitor domain (KPI). Exon 8 is a 19 amino acid 

insert, whilst exons 16 and 17 contain the Ap sequence as well as part of the transmembrane domain.
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APP/APRP mRNA isoforms

APP
Probes

A
Exon 6/9

B
Exon 5

C
Exon 17

D
Exon 7

E
Exon 7/8

F
Exon 7/9

G
APRP 563

H
Exon 6/8

Exon 8/9

APRP 365

Table 24. APP/APRP mRNA isoforms and the TaqMan probe/primer sets that recognise them

A grey box indicates recognition and a black box indicates a lack of recognition for that isoform by 

TaqMan™ real-time RT-PCR analysis. Where probe/primer sets were designed to run across exons they 

were tested separately on human pooled cDNA and genomic-pooled DNA. In each case such sets gave 

a quantitative TaqMan™ signal when tested with cDNA but failed with genomic DNA. This indicates 

the likelihood that intervening exon/intron sequences in the genomic DNA prevented these 

probe/primer sets from working, and increases the probability that these sets were specific to the exon 

splice junctions. Secondly, the primers were used as probes in Southern blots. For single exons a major 

band of the predicted size was detected using genomic DNA. For sets designed to run across exons they 

failed to detect any bands in genomic human DNA but they detected major bands of the predicted size 

in cDNA.
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7.2.4 APP probe H (714 mRNA isoform)

A probe was made to recognise exons 6 and 8 of the APP gene and if this probe had 

worked then a discrete measurement could have been made for APP 714. However, on the 

basis of previous studies (Tanaka et al., 1988; Golde et al., 1990), the expression of APP 714 

is generally believed to be very low and can be discounted as having any significant effect 

with cross-hybridisation to other probes.

7.2.5 APRP probe G (563 mRNA isoform)

A probe was successfully made for APRP 563 and levels were found to be veiy low in 

both the AD and the control brains. The levels were barely detectable and failed in several 

brain samples. Of all the isoforms tested APRP 563 was the lowest and like APP 714 it can 

safely be discounted from analysis of the other isoforms due to its non-interference in cross

hybridisation effects. Both APP 714 and APRP 563 are excluded from the following 

discussion in order to reduce the complexity.

7.2.6 APP probe A (695 mRNA isoform)

Discrete measurements were successfully made for the most abundant of the APP mRNA 

isoforms, APP 695. A mean change of -1% was observed in AD relative to control brains (p = 

0.898) (Table 21 and Figure 39). Given the increased precision of TaqMan™ RT-PCR over 

previous methods a -1% change can be interpreted as, on average, no change.

7.2.7 APP 0(695/751/770 mRNA isoforms)

Both this and the following probe, APP (B), are closely linked. Both probes recognise the 

most abundant APP isoform 695. The only difference between the two probes is that APP B 

also recognises the APRP species 365. When tested in the AD and control brains no change 

was observed for APP C between the two samples (p = 0.877) (Table 21 and Figure 39). 

Given that APP F recognises APP 751 and is seen to increase it may be surprising that APP C 

does not increase at least by a small amount. The most likely reason for this is that the 695

167



isoform is so abundant (Table 25) that it may obscure small changes seen in the other 

isoforms, although it was possible to detect a small increase in APP B.

Relative percentage of APP/APRP mRNA isoforms in human brain

Study Reference 695 714 751 770 563 365

1. (Jacobsen et al., 1991a; 

Jacobsen et al., 1991b)

60% Not stated 28% 2% Not stated 10%

2. (Golde et al., 1990) 73% Very low 27% 0% Not stated Not stated

Table 25. Relative percentage of APP mRNA Isoforms in human brain

7.2.8 APP B (695/751/770/365 mRNA isoforms)

APP B is closely linked with the previous probe APP (C). A mean 18% increase of APP B 

mRNA was observed in AD brains relative to controls (p = 0.065) (Table 21 and Figure 39). 

This result may be due to chance since the probability did not reach significance. If the result 

is not due to chance, then the only difference between the two probes (C and B) is that B also 

recognises APRP 365. It may be that the slight increase seen with this probe is due to 

recognition of this isoform and consequently a rise in the amount of APRP 365 in AD brains. 

However, the increase was small and did not reach significance (p = 0.065). Other unknown 

factors may also influence the levels of expression. For example, the APP B probe is designed 

to recognise exon 5 of the APP gene. The APP C probe recognises exon 17 of APP. In other 

words, the probes are designed to recognise opposite ends of the very large APP gene and 

there may be unknown bias introduced such as selective mRNA degradation.

7.2.9 APP F (751 mRNA isoform)

APP F and APP 695 generated the strongest signals. APP F recognises only the isoform 

751 and the species APRP 563. Since the 563 species was discounted from the analysis due to 

extremely low levels of mRNA, it can be deduced that data generated by this probe are
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primarily from APP 751. A small rise of 28% was seen for APP 751 mRNA in AD brains 

relative to controls (p = 0.002) (Table 21 and Figure 39). Whilst the rise may be small the 

probability is highly significant. Almost one in a thousand. Given the large numbers of brains 

used in this study (171) and the fact that each of those brains was sampled three times, there 

were 513 independent data points with which to calculate probabilities. Although a small 

mRNA increase the result is most likely a robust one.

7.2.10 APP D (751/770/365 mRNA isoforms)

This probe and the following probe (E) are more difficult to interpret. This is because no 

independent measurements were possible for either APP 770 or APRP 365. Therefore, it is 

difficult to state which of the species was responsible for the increases seen in AD brains. The 

APP D probe gave a 37% increase in AD brains relative to controls (p<0.001) (Table 21 and 

Figure 39). Some of this increase almost certainly came from the recognition of APP 751, but 

whether the extra increase is due to APP 770 or APRP 365 is difficult to say. The probability 

is that the increase is due mainly to APRP 365 since APP 770 normally only accounts for 

about 2% of the total APP present in the human brain compared to the 10% of APRP 365 

(Table 25).

7.2.11 APP E (770/365 mRNA isoforms)

The interpretation of APP E data was difficult to interpret for the same reasons as APP D 

(see above). Of all the probes APP E increased the most. A 48% increase was seen in AD 

brains relative to controls (p<0.001) (Table 21 and Figure 39). Given that there are no discrete 

measurements of either isoform then it is impossible to say which isoform is primarily 

responsible for this significant rise in AD. It is possible that the rise is due mainly to APRP 

365 for the same reasons given for APP D.

169



7.3 Summary of APP/APRP mRNA isoforms

Although the individual probes vary in how much information they can offer about the 

isoforms of APP/APRP and how their mRNA levels differed between AD and control brains, 

the underlying issue of whether there is a change in the ratios of KPI+/KPI- can be clearly 

stated. In absolute terms both the KPI- (primarily APP 695) and the KPI+ isoforms were 

reduced in AD brains relative to controls. This is in keeping with the finding that all genes 

tested in this study, including reference genes, were found to be reduced in AD brains (Figure 

1). However, when mRNA levels are standardised and relative means compared an overall 

increase in the ratio of KPI+ isoforms to KPI- mRNA is seen. This is evident from Table 21 

and Figure 39 where the three results that had significant probabilities (APP F, D and E) were 

all probes that recognised KPI+ species. Given the highly significant probabilities of 1 in a 

thousand or less and the fact that 3 separate probes all show the same magnitude of increase, 

it is fairly certain that in this sample of AD and control brains there was an increase of KPI+ 

mRNA isoforms in the AD samples. This would also be in keeping with what is probably the 

majority view, if not the consensus, that there is an increase of KPI+ mRNA isoforms in AD 

(Johnson et al., 1988; Johnson et al., 1989; Johnson et al., 1990; Kitaguchi et al., 1990;

Tanaka et al., 1992; Okada et al., 1994; Rockenstein et al., 1995; Moir et al., 1998).

It may be that the increase of KPI+ mRNA isoforms in AD brains is simply a reflection of 

the changing cell populations. Neuronal loss accompanied by astrocytosis may be mirrored by 

a change in the ratio of + to -  isoforms. The KPI- isoforms are primarily neuronal and occupy 

a large percentage of the total APP. A reduction of neurons in a brain that has AD will be 

accompanied by a loss of KPI-, and it may be that the change in ratio is simply a reflection of 

the proliferation of astrocytes. Alternatively, as has been suggested elsewhere, this 

proliferation of astrocytes and microglial activation may generate factors which contribute to 

further neurodegeneration (Griffin and Stanley, 1993).

Whatever the importance or non-importance of this change in the APP KPI ratios, this 

study has demonstrated that there is a w a change in the relative levels and and that this
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change is characterised by a small but significant increase of APP/APRP KPI+ mRNA 

isoforms in AD relative to control brains.
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Abstract

The quantification o f  mRNA in postm ortem  hum an brain is often made com plicated by confounding factors. To assess the importance o f 
potential confounders TaqMan™ real-tim e RT-PCR was used to m easure seven m RNAs (p-actin , glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), cyclophilin, m icrotubule-associated protein (M AP) 2, neuron-specific enolase (NSE), glial fibrillary acidic 
protein (GFAP), amyloid precursor protein (APP) isoform 770) in cortical sam ples taken from 90 A lzheim er’s disease (AD) and 81 control 
brains. Demographic data for the brain sam ples were assessed for interaction betw een factors and amounts o f  mRNA. G ender was found to 
play a role in that females had lower levels o f  mRNA relative to males; this was consistent in both the AD and control brains. Age at death 
had inconsistent but significant correlations to amounts o f  mRNA; m ale and female controls both had negative correlations, female AD a 
positive correlation and male AD no correlation. Positive correlations were found betw een brain pH and am ount o f  m RNA in all genes except 
glial fibrillary acidic protein (GFAP); correlations were consistent across all groupings o f  pathology and gender. M ean brain pH was 
significantly lower in AD (6.4) than in control subjects (6.5, A N O V A ,p < 0 .0 1 ), though there was no difference between male and females o f  
either group. No correlation was found between brain pH and age at death. Postm ortem  interval was correlated with brain pH in A lzheim er’s 
disease brains but not controls. Agonal state was generally a poor predictor o f  m RNA levels whilst inter-lobe variance o f  m RNA was found to 
be non-significant in control brains. G iven that gender, age at death and brain pH all have significant effects upon m RNA levels it is 
recom mended that these factors be taken into account when quantifying gene expression in postm ortem  human brain.
© 2003 Elsevier B.V. All rights reserved.

Theme: Disorders of the nervous system
Topic: Degenerative disease: Alzheimer’s—miscellaneous

Keywords: Alzheimer’s disease; Human brain; mRNA; Quantification; Confounding factors; TaqMan

1. Introduction

The measurement of gene expression is important be
cause it may indicate the dysregulation of genes implicated 
in pathogenesis. Quantifying a single mRNA in a postmor
tem human brain, however, is often made complicated by 
confounding factors. A confounder causes bias due to the 
variable of interest, in this case an mRNA level, also being

* Corresponding author. Tel.; +34-981-628-300; fax: +34-981-628-
300.

E-m ail address: pablo(§quantuum.com (P. Preece).

related in some way to the confounding variable. For 
example, one study found a decrease of muscarinic receptor 
Ml mRNA correlated to increasing antemortem duration of 
coma that was independent of diagnosis [9]. That is, both 
the controls and the Alzheimer’s disease (AD) brains had 
the correlation. If an AD sample is then found to have more 
brains with long antemortem comas, then it is possible to 
assign change in the test variable to pathology rather than its 
correlate, the duration of coma.

Confounding is a frequent problem with biochemical 
measurements of postmortem human brain tissue. Among 
the many factors suggested as contributing to bias are: gender,

0169-328X/$ - see front matter © 2003 Elsevier B.V. All rights reserved. 
doi:10.1016/S0169-328X(03)00337-l
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age of death, postmortem interval, brain pH, antemortem 
' medication, terminal coma, hypoxia, pyrexia, death-to-refrig- 

eration interval, freezer storage time and handling of the body 
[2,8-11,15,19,20]. As a result, it is common practice to use a 
matched design either by balancing groups for equal numbers 
of case and controls with potential confounding factors 
(stratum matching), or by deliberately match-pairing case 
and controls with the same values for confounders. Con
founding can also be corrected for in the statistical analysis. 
The important point is to know what the confounders are and 
which ones are more influential than others.

In previous studies, brain tissue has been matched for age 
at death and postmortem delay [5,20]. Further studies 
indicated that short postmortem interval is not the best or 
only correlate of mRNA preservation [2], and tissue pH may 
critically affect mRNA stability and recovery [14,15]. Brain 
tissue from subjects dying after a terminal hypoxic episode 
has typically a lower pH than that where death is more acute 
[8,9,11,14]. Recent studies have therefore prioritised pH- 
matching placing less emphasis on autopsy delay [18]. A 
review of over 20 studies of the effects of postmortem delay 
on specific mRNA levels showed a minimal effect with only 
one or two exceptions [2], but Barton et al. also stressed the 
need to be aware of agonal state and in particular hypoxia 
and pyrexia. The Barton et al. review identified a number of 
confounders of selective mRNA increases or decreases due 

j to factors other than the disease under investigation, and 
caution in interpretation of postmortem data was indicated.

Factors to be considered in quantifying mRNA and in 
particular the normalisation of mRNA to housekeeper genes 
have been reported previously [3,4]. In this study, we 
examined the role of gender, age at death, postmortem 
interval, brain pH and inter-lobe variance of mRNA and 
inter-variable relationships.

2. Materials and methods

2.1. Tissue collection

Brain tissue was obtained from the Brain Bank, Depart
ment of Neuropathology, Institute of Psychiatry, King's 
College London, United Kingdom. Brain tissue was 
obtained with the consent of the next of kin and according 
to the guidelines of the Local Ethics Committee, King’s 
College London. The AD cases met the clinical criteria for a 
diagnosis of probable AD [17]. At autopsy, the brain was 
examined macroscopically, weighed and divided in the 
midline. One hemisphere was cut coronally and slices snap 
frozen and stored at -  70 °C. The diagnosis of AD was 
made according to CERAD diagnostic criteria [13]. Normal- 

i aged brains had no history of neurological or psychiatric 
V disease. Frozen blocks of predominantly grey matter (0.5- 

1.5 g) were dissected from the frontal lobe to include the 
superior frontal gyrus from 90 cases of AD and 81 controls. 
Each block was then sampled three times and processed in

parallel giving three independent cDNA preparations for 
every subject, and a total of 513 samples. This allowed us to 
measure both the within-individual and between-individual 
mRNA variance as well as disease/control ratios. A nested 
design was used for the regional anatomy data: 12 cortical 
samples were taken from the occipital lobe and 3 samples 
were taken from each of the frontal, temporal and parietal 
lobes of 4 control subjects. This allowed measurement of 
both intra-lobule and inter-lobule variance of mRNA levels. 
Brain pH was measured after homogenizing tissue samples 
in distilled water and taking triplicate measurements of the 
supernatant.

2.2. Preparation o f total RNA and poly (A)

Frozen brain tissue was removed from the - 7 0  °C 
storage and placed on dry ice. The tissue samples were 
homogenised in Trizol™, without prior thawing, at a ratio 
of 10 ml TrizoFO.5 g tissue and total RNA was prepared 
according to the manufacturer’s instmctions (Life Technol
ogies, USA). RNA integrity was assessed by electrophore
sis with a 1% agarose gel. RNA concentrations were 
calculated on the basis of OD readings and 10 pg from 
each sample was used to extract poly(A) mRNA using the 
PolyATract® mRNA Isolation System (Promega, UK); the 
only modification was a 10-fold reduction in all reagents 
specified.

2.3. Preparation o f cDNA

Eight microliters of poly(A) from each sample was added 
to a 96-well plate, followed by 2.0 pi of oligo(dT). Three 
wells were named “no template control” (NTC); these wells 
had 2.0 pi of oligo(dT), 8.0 pi of RNase-free water but no 
poly(A). The plate was incubated at 90 °C for 2 min followed 
by cooling on ice. A master reverse transcriptase (RT) mix 
was made, consisting of (for each well): 4.0 pi first strand 
buffer, 2.0 pi dithiothreitol (DTT), 0.5 pi of dATP (10 mM), 
0.5 pi of dCTP (10 mM), 0.5 pi ofdGTP (10 mM), 0.5 pi of 
dTTP (10 mM), 1.0 pi of RNaseOUT and 1.0 pi of Super
script n  enzyme. Ten microliters of master mix were added to 
all wells except 3, the “no amplification controls” (NAC), 
which had a similar mix less the Superscript II enzyme. The 
plate was incubated for 1 h at 42 °C, 2 min at 95 °C, followed 
by cooling to room temperature. Sixty microliters of RNase- 
free water was added to all wells. Replica copies of the 
master RT plate were made by transferring 4.0 pi of cDNA 
from each well into 96-well TaqMan™ plates using a 
Hydra™ 96 robot (Robbins Scientific, UK).

2.4. Primer/probe design

Taqman™ probes and forward and reverse primers were 
designed with Primer Express™ software (PE Applied 
Biosystems, UK). Sequences are available from pablo@ 
quantuum.com. Four basic rules were used as guidelines
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when designing and choosing the optimal sequences: (1) 
primers should be >  18 nucleotides long; (2) there should 
be no more than three G or C base pairs within the terminal 
five base pairs of the 3' ends of each primer; (3) of the 
probe must be > 7  °C than the highest primer 7^; (4) 
ideally, there should be more C than G residues in both 
primers and probe. The specificity of the primers was 
checked by using them as probes in Southern blots. In all 
cases, they detected a major band of the predicted size (data 
not shown). Where probe and primer sets were designed to 
run across different exons (e.g., amyloid precursor protein 
770 isoform [APP 770]), the primers were used as probes in 
Southern blots. No bands were detected in genomic human 
DNA but major bands of the predicted size were detected in 
cDNA. BLAST searches [1] o f the probe and primer 
sequences revealed no significant identity to other sequen
ces other than the specific gene. Where a single probe 
sequence did reveal homology, it was found that there was 
no situation where more than one of the three sequences 
(probe, forward and reverse primers) had homology to the 
same external source. TaqMan™ RT-PCR did not give any 
measurable signal without all three of the probe/primers 
working for any one target.

2.5. Real-time RT-PCR assay

A master TaqMan™ mix was made consisting of, for 
each well: 8.625 pi RNase-free water, 2.5 pi 10 x TaqMan™ 
buffer, 6.0 pi MgClz, 0.5 pi dATP (2.5 mM), 0.5 pi dCTP 
(2.5 mM), 0.5 pi dGTP (2.5 mM), 0.5 pi dUTP (2.5 mM), 
0.25 pi uracil-A-glycosylase (UNG), 0.125 pi Taq Gold 
enzyme, 0.5 pi fluoregenic probe (5pM), 0.5 pi forward 
primer (5pM) and 0.5 pi reverse primer (5pM) (TaqMan™ 
PCR core reagent kit™, Perkin-Elmer, UK). A total of 21.0 
pi of master mix was added to all 96 wells of a cDNA plate. 
Twelve wells were left free of poly(A) in order to generate a 
standard curve and serial 1:10 dilutions of known amounts 
of human cDNA (4.0 pi per well) were added in duplicates 
to these wells. Plates were analysed on a TaqMan™ ABI 
Prism 7700 Sequence Detector™ (Perkin-Elmer). Cycling 
parameters were: 50 °C for 2 min, 95 °C for 10 min, 40 
cycles of 95 °C for 15 s and 60 °C for 1 min. The more 
target gene present in a sample the earlier it was detected in 
the PCR cycles. Cycle threshold detection was converted 
into number of gene copies in the starting material and a 
standard curve was constructed using the known amounts of 
human cDNA. Test gene mRNA values were extrapolated 
from the standard curve and expressed in arbitrary units. 
Details of TaqMan™ methodology are described elsewhere 
[7,12,16].

2.6. Statistical analysis

Univariate analysis was performed by a split-plot analy
sis of covariance [6] using Statistica SPSS VI 0.1 (SPSS 
Chicago, USA). In depth coverage and validation of the

statistical methods used in this paper have been described 
previously [3,4].

3. Results and discussion

3.1. Demographic data o f brain samples

Table 1 lists details of the brain samples used in this 
study.

3.2. Yield o f  total RNA

Measurements were taken of the yield of total RNA from 
the brain tissue and no significant differences were found in 
mean total RNA yield between AD and control brains 
(ANOVA, /? = 0.15) or between male and females (ANOVA, 
p  = 0.23). The lack of gender difference in mean total RNA 
yield was consistent for both the AD and the control brains 
(ANOVA,;? = 0.24).

Attempts were also made to measure the mRNA optical 
density but concentrations were too weak to gain reliable 
measurements. It is possible that some of the variance in the 
data may be due to polyadenylation of mRNA. However, we 
were unable to investigate this factor because of the low 
concentrations of mRNA, which we estimated to be ap
proximately only 2 -5%  of total RNA. It might be that the 
results are biased by differences in polyadenylation caused 
by the various factors of disease, age at death, gender, etc. In 
other words, another confounding factor on top of the usual 
suspects. In mitigation, what we can supply is information 
on how we arrived at the mRNA product. As explained 
above, the yield of total RNA was found to have no 
significant differences due to disease, gender or any other 
factor. Total RNA concentrations were then calculated on 
the basis of OD readings and 10 pg from each sample was

Table 1
Demographic data

AD Control

Number 90 81
Gender

Male 33 48
Female 57 33

Mean age (years) ±  S.D.
Male 74 ±11 67 ±13
Female 8 1 ± 9 77 ±12

Age (years) range
Male 50-90 41-91
Female 49-97 53-102

Mean PM delay ±  S.D. 34 +  24 h 4 4 ± 2 2 h
Range PM delay 4 -1 1 7 h 8-96  h
pH mean ±  (S.D.)

Male 6.45 (0.3) 6.57 (0.3)
Female 6.36 (0.3) 6.55 (0.2)

Brain pH (range) 5.S-7.2 5.9-7.0
Mean RNA yield 41.6 pg +  21.7 37.7 pg± 16.1

(pg/g of tissue) ±  S.D.



p. Preêce, NJ. Cairns /  Molecular Brain Research 118 (2003) 60-71 63

110

100

90

80

70

& 60 
<

50

40

-

30
N = 57 33

Alzheimer
33 48

Control
SEX

H I  Female I  ̂1 Male

Fig. 1. Age at death of AD cases and controls grouped by gender. The 
difference in age at death between AD males and females was significant 
(p<0.05, ANOVA). The control brain samples were obtained from an 
inner-city hospital brain bank where control brains are typically younger 
than those specifically recruited from patients with neurodegenerative 
disease who are, on average, older. To reduce this selection bias, all control 
brains under 40 years of age were excluded from the analysis.

used to extract poly(A) mRNA using the PolyATract® 
mRNA Isolation System (see Section 2). All 513 individual 
brain samples were treated the same way as the mRNA was

prepared for TaqMan analysis. Polyadenylation is unlikely 
because the purification process was consistent across all 
mRNA samples and the human mRNA data was normally 
distributed across the mRNA species. When data from a 
single mRNA in a series of brains was plotted against data 
values from a different mRNA a strong, almost perfect 
correlation was seen ( r = 0.928, /?< 0.001) [4]. If polyade
nylation was a major contributor to confounding, it is likely 
that these correlations would be much reduced due to the 
more random nature of the data. The polyadenylation 
influence is something that possibly requires further study 
and is a factor that should be added to the list of future 
potential confounders.

Interestingly, the intra-subject mRNA variance was al
ways much lower than the inter-subject mRNA variance. 
These observations, as well as the strong correlations seen 
between all of the mRNAs tested, have been previously 
reported [3,4].

3.2.1. Gender
The total sample of human brains was not balanced 

for gender (Fig. 1 and Table 1). The AD sample had a 
higher ratio of females to males than the control sample. 
The sample was subsequently matched gender-wise with 
equal numbers of male and female brains in both 
samples. This was undertaken for a matched-pairs anal
ysis (data not shown), but it was found that pair-matching 
case-control samples for gender made little difference in 
comparison with the ANOCOVA that we used; hence, no 
attempt was made to balance the samples for this 
variable.

■  Male controls

□  Female controls

□  Male AD 

B Female AD

4.5 n
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0
3.5-
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Genes
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Fig. 2. Relative amounts of mRNA for seven genes in groups defined by gender and pathology (log mRNA units are arbitrary). Females have, on average, lower 
amounts of mRNA compared to males. This is consistent in both the AD and the control brains. This figure represents the raw data before any group mean 
adjustment with ANOCOVA or normalisation with housekeeper genes. GAPDH, glyceraldehyde-3-phophate dehydrogenase; Cyclo, cyclophilin; MAP 2, 
microtubule-associated protein 2; NSE, neuron-specific enolsase; GFAP, glial fibrillary acidic protein; APP 770, the longest isoform of amyloid precursor protein.
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3.2.2. Effect o f gender on measurement o f mRNA levels
Fig. 2 shows the unusual finding that regardless of which 

gene is measured, females, on average, have lower amounts 
of mRNA. Even after pathology, age at death, postmortem 
delay and brain pH have been taken into account the 
difference in the mean of f-actin mRNA between male 
and female brains was significant (ANOCOVA, p  = 0.031 ). 
This gender difference was consistent in both the AD and 
the control brains (ANOCOVA, /?=0.322).

One hypothesis is that, because both the AD and control 
female brains have higher average ages at death (Table 1 
and Fig. 1), this affects the mRNA values and creates 
differentials. However, given the inconsistencies of correla
tion between age at death and (3-actin mRNA (see Section 
3.2.3), this hypothesis is not convincing; female AD brains 
had a positive correlation between amount of (3-actin 
mRNA and age at death, while the female controls had a 
negative correlation (Fig. 3). The other possibility is that 
brain pH affects female mRNA values, but, since there were 
no significant differences in average brain pH between male 
and females in either of the sample populations, this is also

unconvincing (ANOVA, /? = 0.233) (Table 1). These differ
ences may be influenced by polyadenylation, but the inves
tigation of this variable is beyond the scope of this study. 
Although there were basic quantitative differences in 
mRNA values between male and female brains and the 
brain samples were not balanced for sex, gender was 
included as a fixed factor in later statistical analyses of 
mRNA. This allowed assessment of whether any mRNA 
levels due to treatment were consistent in both sexes across 
the various groupings. For case-control studies where 
patients are pair- or stratum-matched for potential confound
ers, this result is strong support for continuing to prioritise 
gender.

3.2.3. Age at death
Significant differences were found in the average age at 

death between AD and controls (ANOVA, /? = 0.001), as 
well as between male and female (ANOVA, p <  0.001). The 
gender differences are consistent in both the AD and the 
control groups (ANOVA, p = 0.318) (Fig. 1 and Table 1). 
Both the males and females from the AD sample have a
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Fig. 3. Linear regression of p-actin mRNA on age at death of brain donors. Age at death had a positive correlation with levels of actin mRNA in AD females 
(p < 0 .0 5 ) ,  no correlation in AD males (p=0.89), and negative correlations with both male (/><0.05) and female (p<0.05) control subjects. All other genes 
tested gave similar patterns.
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I  Table 2
I  P-Actin mRNA and age at death

Pearson correlation (r) p-value

AD females 
AD males 
Control females 
Control males

0,173*
0.014

-0.255*
-0.167*

0.029
0.895
0.013
0.048

57
33
33
48

*p<0.05 level (two-tailed test).

higher mean age at death than the controls. The control 
brain samples were representative of an inner-city hospital 
brain bank where control brains are typically obtained from 
younger subjects than those of patients with neurodegener
ative disorders where age is a risk factor for the disease. All 
control brains under 40 years of age were screened out and 
age at death was included in later analyses as a factor to be 
adjusted for.

previously [11]. When samples were isolated according to 
pathology and gender, however, the initial negative corre
lation was inconsistent. While both male and female control 
brains retain negative correlations, the AD females have a 
positive correlation and the AD males had no correlation 
(Fig. 3 and Table 2). The same patterns were seen with all 
genes tested (see Fig. 2 for list of genes).

While explanations for the inconsistent correlations are 
lacking, it is clear that correlations between age at death and 
amount of mRNA are present but with variable effects with 
different groupings. In later analyses, we used ANOCOVA 
to assess mRNA levels and age at death was included as a 
covariate. This allowed standardization across the groupings 
and enabled estimates of mRNA at the group mean age at 
death. Adjustments were made to the mRNA values to 
normalise readings as if all brain samples had the same 
age of death.

3.2.4. Age at death and mRNA levels 
Initial analysis revealed a negative correlation between 

13-actin mRNA and age at death (Pearson correlation 
r= -  0.215,/?< 0.001). Similar correlations have been seen

3.2.5. Postmortem interval
Significant differences in average postmortem interval 

were found between the AD and control groups (ANOVA, 
/7< 0.001), though not between the sexes (ANOVA,
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Fig. 4. Linear regression of p-actin mRNA on postmortem interval. Postmortem interval had a negative correlation with levels of actin mRNA in AD females 
{p < 0 .0 5 ), a positive correlation in AD males (p<0.05), and no correlation with either male (p=0.26) or female (p=0.36) control subjects. All other genes 
tested gave similar patterns. PMl: postmortem interval (log hours).
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Table 3
(3-Actin mRNA and postmortem interval

Pearson correlation (r) p-value N

AD females -0 .159* 0.045 57
AD males 0.230* 0.029 33
Control females -0 .095 0.363 33
Control males -0 .0 9 7 0.263 48

*p<0.05 level (two-tailed test).

/7 = 0.949). The lack of a difference in mean postmortem 
delay between the sexes was consistent in both the AD and 
control brains (ANOVA, /? = 0.493). On average, the AD 
patients had shorter postmortem times than the controls.

3.2.6. Postmortem interval and mRNA levels
A weak positive correlation between postmortem inter

val and amount of (3-actin mRNA was found though this 
was not statistically significant ( r = 0.085,/? = 0.063). When 
the sample was broken down into groups defined by gender 
and pathology, the initial weak correlation was seen to be a 
composite of conflicting variables (Fig. 4 and Table 3). 
Similar patterns were seen for all the other genes tested. 
AD females had a significant negative correlation {p =
0.045), AD males had a significant positive correlation 
(/7 = 0.029), while female and male controls had non
significant negative correlations (/? = 0.363 and p = 0.263, 
respectively) (Table 3). These data indicate no direct 
correlation between postmortem delay and amount of (V 
actin mRNA, a result in broad agreement with previous 
studies (for review, see Ref. [2]).

3.2.7. Brain pH: pathology and gender
Both brain sample populations had normal frequency 

distributions of brain pH (Fig. 5). When assessed with 
analysis of variance (ANOVA) significant differences were 
found in mean brain pH between AD and control brains

7.2

7.0

6.6

6.2

6.0

5.6
N =  51 32 31 45

AD CONTROL
SEX 

□  f [Z 3 m

Fig. 6. Brain pH by disease and gender. The mean brain pH of the AD cases 
was significantly lower than that of the control subjects (/?<0.01), though 
not between males and females (/? = 0.233) (ANOVA). The lack of a gender 
difference was consistent in both the AD and the control brains (/?=0.493) 
(ANOVA). Note that boxes summarise the median, quartiles and extreme 
values for each variable.

(/? = 0.001), though not between males and females 
{p = 0.233). The lack of a gender difference was consistent 
in both the AD and the control brains (p = 0.493) (Fig. 6). 
Before assessing whether brain pH biased the measurement 
of mRNA levels between the two populations, attempts 
were made to find out what factors brain pH was related to 
and whether one or more of these factors might be a good 
predictor of pH.

3.2.8. Brain pH  and age at death
There was no significant correlation between brain pH 

and age at death (Fig. 7). This lack of a correlation was

Control

6.00 6.25 6.50 6.75 7.00
Brain pH

6.00 6.25 6.50 6.75 7.00
Brain pH

Fig. 5. Frequency distribution and fitted normal curve of brain pH. Both the AD and control brain samples have nonnal distributions of brain pH values.



p. Preece, NJ. Cairns /  Molecular Brain Research 118 (2003) 60-71 67

1 1 0 -

to o

5^0(U%
80

70
<a(U 
5? 60

50

40

p° f

,°cf 0°

5.6 5.8 6.0 6.2 6.4 6,6 6.8 7.0 7.2 7.4

Brain pH

Fig. 7. Brain pH and age at death. There was no correlation between brain 
pH and age at death. {N =  159, Pearson correlation r = -0 .1 1 , p=0.17.)

consistent in all groupings of pathology and gender. This is 
not in agreement with a previous report where brain pH was 
seen to be inversely related to age at death [11]. A possible, 
though speculative, explanation is that the Harrison study 
used brains from a wider age range than those used in our 
study. We excluded, in order to better match AD and 
controls for age, all controls under 40 years of age.

S. 2.9. Brain pH and agonal state
After determining that pathology was more important to 

brain pH than gender or age at death, the next factor 
examined was agonal state, the medical state of the patient 
prior to death. The brain samples were categorized: A = oth
er causes of death, B = cardiovascular disease and C = bron
chopneumonia. It has been supposed that the hypoxia 
associated with bronchopneumonia may result in lower 
brain pH, while subjects typically die more rapidly from 
cardiovascular disease possibly resulting in a somewhat 
higher brain pH. Previous studies have shown that agonal 
state can influence brain pH, and either with or independent 
of brain pH affect the amount of intact mRNA [2,8-11,15] 
(Table 4).

After ANOVA analysis, significant differences in mean 
brain pH were found between agonal states A and B 
(/7< 0.001), and between states B and C (/?< 0.001) (Fig. 
8). There were no significant difference between states A

2  6,4

Missing

Agonal Condition

Fig. 8. Brain pH and agonal state. The brain pH difference between groups 
B (cardiovascular) and C (bronchopneumonia) in the diagram above is 
statistically non-significant (p=0.155, ANOCOVA). (Missing= cases where 
the agonal state was not known, A= Other causes of death too few to form a 
single group, B=Cardiovascular, C=Bronchopneumonia).

and C (/? = 0.612) or between male and female (;? = 0.651), a 
lack of difference that was consistent across all agonal 
groupings (;? = 0.654). This is in agreement with previous 
findings where long antemortem agonal states such as 
bronchopneumonia have been associated with more acidic 
brains [8,9,11].

Further analysis, however, showed that the largest dif
ference in mean brain pH came between agonal states A and 
B of the control brains. As group A, other causes of death, 
was a poor predictor, it was excluded from subsequent 
analysis and the data re-analysed. However, once agonal 
group A was excluded from the analysis the difference in 
mean brain pH between groups B and C was no longer 
significant (/? = 0.155). The absence of any significant effect 
of agonal status on brain pH was consistent in both the AD 
and the control brains (p = 0.984), as well as between the 
sexes (/7 = 0.876).

As a further check, analyses were run to see if the amount 
of mean [5-actin mRNA might be different between agonal 
groups B and C. With brain pH and age of death included as 
covariates, no difference was found in the mean amount of p- 
actin mRNA between agonal groups B and C (ANOCOVA, 
p  = 0 .\l \) .  This lack of difference was consistent across all 
groups defined by pathology and gender (ANOCOVA,

Table 4
Agonal state of Alzheimer’s disease and control brains

Agonal State AD Control

A -  Other 

B = Cardiovascular 

C = Bronchopneumonia

A B C n/a A B C n/a

Male 2 8 20 3 Male 7 35 4 2

Female 9 11 32 5 Female 9 22 2 -

Total 11 19 52 8 Total 16 57 6 2



68 P. Preece, N J. Cairns /  Molecular Brain Research 118 (2003) 60-71

AD Controls

ph_ = 6.03 + 0.26 * pmdelay_
7.00-

.S 6.50-

°o

6 .00 -

1.000 2.0001.500

ph = 6.47 + 0.06 * pmdelay

PM Interval (log hours)
1.000 1.500

PM Interval (log hours)
2.000

Fig. 9. Brain pH and postmortem interval (logio). Linear regression analysis. There was a modest but significant correlation between brain pH and postmortem 
interval in AD (p<0.05) but not in the control subjects. PMl: postmortem interval (log hours); NS: not significant at /;<0.05.

/7 = 0.707). Cyclophilin and glyceraldehyde-3-phosphate de
hydrogenase (GAPDH) gave similar results.

After these results, agonal state was no longer ineluded 
as a factor in any analysis since it was a poor predictor of 
either brain pH or amount of mRNA.

3.2.10. Brain pH and postmortem interval
Initial analysis revealed that a positive correlation existed 

between brain pH and postmortem interval (Pearson corre
lation r=0.312,p<  0.001). However, when the sample was 
split into AD and control patients, the correlation coefficient 
was only significant with AD ( r= 0.332, /? = 0.002), but not 
the control cases (r=  0.059, p = 0.616) (Fig. 9). These 
patterns were consistent across all groupings of pathology 
and gender (Table 5).

Why the AD brains had a positive correlation with 
postmortem interval and the controls did not is unknown. 
One hypothesis is that the AD brains, on average, have 
shorter postmortem delay times than the controls (Table 1). 
To test this hypothesis, AD brains were selected with 
postmortem delays over logio 1.4 (>25 h) and the correla
tions re-analysed. However, even with the short postmortem 
delay brains excluded tfom the analysis, positive correla
tions were still found between brain pH and postmortem 
delay in AD brains.

Table 5
Brain pH and postmortem interval (log hours)

Correlation (r) P N

AD females 0.32 0.02* 51
AD males 0.35 0.05* 32
Control females -0 .0 5 0.80 31
Control males 0.13 0.40 43

/-=Pearson’s correlation coefficient.
* Denotes correlation is significant at the 0.05 level (two-tailed).

3.2.11. Brain pH and mRNA levels
There was a positive correlation between brain pH and ()- 

aetin mRNA. These effects were consistent in both the AD 
(/?< 0.001) and the control brains (/?< 0.001). Subdivision 
of the brain samples also revealed that the positive correla
tion was consistent in all groupings of pathology and gender 
(p<0.05) (Fig. 10 and Table 6).

Cyclophilin, GAPDH, APP 770, (Vseeretase (BACE), 
microtubule-associated protein 2 (MAP 2), NSE and glyco
gen synthase kinase 3a (GSK 3a) all showed a positive 
correlation between amount of mRNA and brain pH. Only 
one gene, glial fibrillary acidic protein (GFAP), gave a 
different result: a positive correlation with the AD and no 
correlation with controls.

The relationship between brain pH and mRNA quantity 
in postmortem brain remains to be further elucidated. Of the 
correlations of brain pH with other variables investigated in 
this study, none was consistent across all groupings of 
pathology and gender. This study has found strong positive 
correlations between brain pH and amount of mRNA as has 
been reported in other studies. Therefore, we recommend 
that brain pH is considered as an important confounder in 
the design of experiments and/or in the subsequent statisti
cal analysis. In later analyses, we used ANOCOVA to assess 
mRNA levels and brain pH was included in the model as a 
covariate. This allowed standardization across the groupings 
and enabled estimates of mRNA at the group mean brain 
pH; in essence, slight adjustments were made to the mRNA 
values so as to nonualise readings as if all brain samples had 
the same brain pH.

3.2.12. Brain pH and yield o f total RNA
There was no correlation between total RNA yield and 

brain pH ( r - 0.007, p-O.Sl )  indicating that brain pH has 
little or no effect upon the total RNA levels (see Section 
3.2), but has significant effects upon the mRNA levels.
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Fig. 10. p-Actin mRNA (logio) and brain pH, Linear regression analysis. Brain pH was correlated significantly with levels of actin mRNA in female (p<0.01) 
and male (/?<0.01) AD cases, and in male (p<0.01) and female (/?<0.05) control subjects. AD: Alzheimer’s disease; CON: normal-aged controls; M: males; 
F: females.

3.3. Inter-lobe variance o f mRNA in normal-aged control 
brains

Regional variation of mRNA across the major lobes of 
the human brain was non-significant in controls. ANO
COVA assessed equality of means in GAPDH mRNA 
across the frontal, occipital, parietal and temporal lobes of 
four control brains (Fig. 11). No significant differences were 
seen between the means of GAPDH mRNA for the different 
lobes (p = 0.136). All other genes tested gave similar results 
to GAPDH mRNA.

Table 6
Brain pH and p-actin mRNA

Correlation (r) P N

AD females 0.21 0.01* 57
AD males 0.33 <0.01** 33
Control females 0.24 0.02* 33
Control males 0.33 <0.01** 48

r= Pearson’s correlation coefficient. 
*p<0.05 level.
**p<0.01 (two-tailed test).

3.4. Conclusions

Table 7 summarises the data relating to: gender, age at 
death, postmortem interval, agonal state and inter-lobe 
variance of mRNA.

Table 8 summarizes data relating postmortem variables 
and brain pH.

In summary, this study has shown that gender and age at 
death influence measurement of mRNA levels in human 
postmortem brain tissue. This is in general agreement with 
standard measures taken in studies using human postmortem 
brain tissue to age- and gender-matched patients in case- 
control studies.

Brain pH was also an important confounder. This is 
also in agreement with previous studies [11,14,15], though 
we found no correlation with agonal state [8,9,11,14]. 
Positive correlations between brain pH and amount of 
mRNA for eight genes were seen in both the diseased and 
control brains.

Postmortem interval was found at most to have incon
sistent effects upon mRNA levels. Differences between 
males and females in the AD cases were observed but no
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Factors contributing to variation in human brain tissue pH

Actin mRNA 

Brain lobe
■ Frontal A  Occipital
Parietal H Temporal

Fig. 11. Scatterplot of GAPDH and IVactin mRNA in four lobes of four 
normal-aged control brains. No significant differences were found between 
the means of GAPDH mRNA of the different lobes (p  = 0.136, 
ANOCOVA).

such differences were seen in the normal-aged control 
brains. Overall, postmortem interval was seen to have 
minimal influence on mRNA levels and can probably be 
ranked more lowly in the list of factors to match cases 
without causing unnecessary confounding.

Polyadenylation of mRNA is an unknown quantity and 
may or may not have a role to play as a confounding factor.

Agonal state was in this study a poor predictor of either 
brain pH or amount of mRNA. We subsequently removed 
this variable from our analyses.

Inter-lobe variance of mRNA for the nine genes tested in 
this study was also found to be non-significant in control

Table 7
Summary of mRNA data

Variable Significant Little or no
contribution contribution

Gender All mRNA values 
lower for females

Age at Statistically significant but AD males: no
death inconsistent correlations to correlation to

amount of mRNA in three mRNA amount
groups

Postmortem Male and female AD Male and female
interval inconsistently correlated controls no correlation

to mRNA amount to mRNA amount
Agonal Poor predictor of

condition mRNA amount
Inter-lobe No mRNA difference 

between lobes

Significant
contribution

No or little 
contribution

Pathology Brain pH lower in 
AD brains than 
controls

No

Gender No No pH difference
Age at death No No correlation to 

brain pH
Agonal state No Poor predictor of 

brain pH
Postmortem AD correlation Controls not correlated

interval with pH to brain pH
mRNA Brain pH correlation 

with mRNA amount
Not applicable

Total RNA No No difference in
yield pathology or gender

RNA yield No No correlation of total
and pH RNA to pH

brains. This would suggest that for many genes, at least, and 
in particular the common housekeeper or reference genes, 
the exact area of cerebral cortex from which mRNA is 
extracted is not critical.

The general conclusions that can be drawn from this 
investigation are that gender, age at death and brain pH 
are all potential confounders in studies using human 
postmortem brain tissue. Steps to control for these factors 
can be taken by selecting equal numbers of case and 
controls with potential confounders (stratum matching), or 
by a matched-pairs design. In the latter design, each case 
is gender-matched with one or more controls deliberately 
chosen to have similar values for age at death and brain 
pH. Alternatively, and unlike all other types of statistical 
bias, confounding can also be corrected for in the analysis 
by including age at death, gender and brain pH as 
covariates in ANOCOVA analysis or by using logistic 
regression. Another possible strategy is that of normalising 
test genes to the so-called housekeeper genes. Unfortu
nately, this latter strategy is not a sensible alternative 
because housekeeper genes are affected by confounding 
factors in exactly the same way as the test genes: 
neutralising one confounded gene by another confounded 
gene will not resolve this dilemma. Problems of dealing 
with different housekeeper genes has been reviewed
[3,4,21,22].

While confounding factors disrupt the ordering of 
human postmortem mRNA data, by using a statistical 
approach, gene expression is readily measurable in human 
brain tissue. The almost perfect correlations seen between 
two human brain mRNAs and discussed in [4] will 
facilitate quantitative gene expression studies using autop
sy derived brain tissue. With these correlations and 
knowledge of which confounders take precedence over 
others, the route is clear to accurate mRNA quantification 
in human brain.
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Abstract

Quantitative human mRNA data are derived from post-m ortem  or biopsied tissue. RNA degradation, poor replication, a large mRNA 
variance and confounding factors such as brain pH and age o f death are often cited, however, as objections to the data’s reliability. A 
central question is whether post-m ortem  hum an mRNA can be treated as a statistically ordered system. TaqMan™ real-tim e RT-PCR was 
used to measure seven mRNAs in 513 cortical samples taken from 90 A lzheim er’s disease and 81 control brains. Despite a high mRNA 
variance strong correlations were found between the mRNA transcripts in a single brain. W here a brain has a h igh /low  level of one 
mRNA, the same brain invariably has a h igh /low  level o f other mRNAs; correlated order is present and allows removal o f that source of 
variation common to all genes. A lthough levels o f mRNA are highly variable between subjects ( >  1000-fold), quantitative order is present 
in post-mortem human mRNA, allowing effects due to pathology or gender to be isolated and tested for significance.
© 2003 Elsevier B.V. All rights reserved.
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i. Introduction

Messenger RNAs (mRNAs) are the intermediary tem
plate for protein synthesis. Analysis of mRNA expression 
and its differential activation due to pathology is a 
powerful tool with which to investigate the underlying 
mechanisms of disease. Whilst relevant to any biological 
system, mRNA analysis is of particular interest to neuro
pathology and those brain diseases that are uniquely 
human and difficult to replicate using animal models. The 

^  recent microarray analysis of schizophrenia is one example

^Corresponding author. Tel.: +34-981-628-300; fax: +34-981-628- 
300.

E-mail address: pablo@quantuum.com (P. Preece).

[27]. Whilst cell culture and animal models can be used to 
usefully experiment upon existing theories, the diseased 
human brain at post-mortem contains the in vivo clues. 
RNA degradation, poor replication, a large mRNA vari
ance and confounding factors such as brain pH and age of 
death are often cited, however, as objections to the 
reliability of data obtained from these sources 
[2,12,13,22,31]. Is quantitative order present in post-mor
tem human brain mRNA, or is the variance so high that 
any difference in mRNA levels due to pathology cannot be 
distinguished from non-specific variation?

The problem with autopsied tissue is that of no a priori 
influence over experimental parameters. Post-mortem 
delay, brain pH, gender, freeze-thaw cycles, age at death, 
medication, agonal state and death-refrigeration interval

_j0169-328X/03/S -  see front matter © 2003 Elsevier B.V. All rights reserved.
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are all observed data over which the researcher has little or 
no control. All of these elements have been suggested as 
potential confounders [2,12,13,22,31]. Another problem is 
the scarcity of donor tissue and the restrictions on sample 
size that this imposes. This has two consequences; first, 
limits are placed on the power and resolution of any 
statistical analysis, and second, when making inference 
from sample to population, small samples of human brain 
may not be representative. What appears a simple estimate 
of one variable under two conditions, disease and non
disease, is often in practice complex and prone to error.

Until recently the options for quantifying mRNA have 
been semi-quantitative and of low resolution. With the 
arrival of TaqMan™ real-time RT-PCR (TaqMan™) the 
situation has changed radically [9,10,14-17,23,25]. Where 
standard RT-PCR quantifies a product at end-point after n 
exponential amplifications [8], TaqMan™ continuously 
monitors a fluorescent accumulation of product in real-time 
[10,14,24]. Measurements are made during the exponential 
phase of the PCR reaction and avoid the effect of limiting 
reagents, amplicon re-annealing, post-PCR processing and 
cycling variability of endpoint analysis. Reproducibility of 
TaqMan™ assays using replica 96-well plates is 97% or 
higher, whilst the ease of high-throughput screening makes 
it feasible to assay large samples, increasing both the 
power and resolution of the analysis [4].

With increased sensitivity, however, come other prob
lems. Hybridisation kinetics in microarrays sets a threshold 
for significance of about a 1.3-2.0-fold mRNA change 
across treatment groups [27]. Real-time RT-PCR operates 
on different principles to microarrays and has no need to 
set a threshold fold-change for significance. Fraction-fold 
changes of mRNA are therefore detectable [3,29]. The 
difficulty lies with biological interpretation and deciding 
whether small but statistically significant changes of 
mRNA are real or an artefact. Is a 0.1-fold mRNA change 
in post-mortem human brain either believable or bio
logically significant?
: To investigate these issues we measured seven mRNA 
transcripts in 513 cortical samples taken from 90 AD and 
81 control brains. Results were assessed with statistical 
methods developed previously in an animal model of 
cerebral ischaemia [3].

2. Materials and methods

2.1. Tissue collection

Brain tissue was obtained from the Brain Bank, Depart
ment of Neuropathology, Institute of Psychiatry, King’s 
College London. The AD cases met the clinical criteria for 
a diagnosis of probable AD [26]. After post-mortem the 
brain was weighed and divided in the midline. One 
hemisphere was cut coronally and slices snap frozen and 
stored at - 7 0  °C. Brains were examined by a neuro

pathologist and the diagnosis of AD made according to 
CERAD diagnostic criteria [18]. Normal aged brains had 
no history of neurological or psychiatric disease. Frozen 
blocks of predominantly grey matter (0.5-1.5 g) were 
dissected from the frontal lobe to include the superior 
frontal gyrus from 90 cases of AD and 81 controls. Each 
block was then sampled three times and processed in 
parallel giving three independent cDNA preparations for 
every subject, and a total of 513 samples. This allowed us 
to measure both the within-individual and between-in- 
dividual mRNA variance as well as disease/control ratios.

2.2. Preparation o f total RNA and poly (A)

Frozen brain tissue was removed from the -7 0  °C 
storage and placed on dry ice. The tissue samples were 
homogenised in Tiizol™, without prior thawing, at a ratio 
of 10 ml Trizol/0.5 g tissue and total RNA was prepared 
according to the manufacturers instructions (Life Tech
nologies, USA). RNA integrity was assessed by electro
phoresis with a 1% agarose gel. RNA concentrations were 
calculated on the basis of OD readings and 10 |xg from 
each sample was used to extract poly(A) mRNA using the 
PolyATract® mRNA isolation system (Promega, UK); the 
only modification was a 10-fold reduction in all reagents 
specified.

2.3. Preparation o f cDNA

A 8.0-p-l aliquot of poly (A) from each sample was added 
to a 96-well plate, followed by 2.0 p,l of oligo(dT). Three 
wells were named No Template Control (NTC); these 
wells had 2.0 |xl of oligo(dT), 8.0 | j l 1  of RNase-free water 
but no poly (A). The plate was incubated at 90 °C for 2 min 
followed by cooling on ice. A master RT mix was made, 
consisting of (for each well): 4.0 p.1 first strand buffer, 2.0 
p.1 dithiothreitol (DTT), 0.5 p,l of dATP (10 mM), 0.5 jxl 
of dCTP (10 mM), 0.5 j j l I  of dGTP (10 mM), 0.5 |xl of 
dTTP (10 mM), 1.0 [xl of RNaseOUT, and 1.0 j j l I  of 
Superscript II enzyme. A 10.0-|il aliquot of master mix 
were added to all wells except three, the No Amplification 
Controls (NAC), which had a similar mix minus the 
Superscript II enzyme. The plate was incubated for 1 h at 
42 °C, 2 min at 95 °C, followed by cooling to room 
temperature. Then, 60.0 | j l 1  of RNase-free water was added 
to all wells. Replica copies of the master RT plate were 
made by transferring 4.0 | j l 1  of cDNA from each well into 
96-well TaqMan™ plates using a Hydra™ 96 robot (Rob
bins Scientific, UK).

2.4. PrimerIprobe design

Taqman™ probes and forward and reverse primers were 
designed with Primer Express™ software (PE Applied 
Biosystems, UK). Sequences available from 
pablo@quantuum.com. Four basic rules were used as

mailto:pablo@quantuum.com
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guidelines when designing and choosing the optimal 
sequences to use; (1) primers should be >18 nucleotides 
long; (2) there should be no more than three G or C base 
pairs within the terminal five base pairs of the 3' ends of 
each primer; (3) of the probe must be ^ 7  °C than the
highest primer (4) ideally, there should be more C
than G residues in both primers and probe. The specificity 
of the primers was checked by using them as probes in 
Southern blots. In all cases they detected a major band of 
the predicted size. Where probe and primer sets were 
designed to run across different exons (APP human 
isoforms) the primers were used as probes in Southern 
blots. In all cases they failed to detect any bands, in 
genomic human DNA but they detected major bands of the 
predicted size in cDNA. BLAST searches [1] of the probe 
and primer sequences revealed no significant identity to 
other sequences other than the specific gene under test. 
Where a single probe sequence did reveal homology it was 
found that there was no situation where more than one of 
the three sequences (probe, forward and reverse primers) 
had homology to the same external source. TaqMan™ 
RT-PCR will not give any measurable signal without all 
three of the probe/primers working for any one target.

2.5. Real-time RT-PCR assay

the statistical techniques used in this paper can be found in 
a previous publication [3].

3. Results and discussion

Table 1 is a summary of the various details relating to 
the brain samples.

3.1. Variation o f mRNA levels

Using TaqMan^" RT-PCR approximately three 
logarithms of range were found in all of the mRNAs tested 
(Fig. 1). This corresponds to an approximate 1000-fold 
range of mRNA values in AD and control populations. 
This is considerably higher than the 8-fold range measured 
in a previous study [7], and is probably due to the large 
size of our sample and the inclusion of brains with 
extended postmortem delay (up to 120 h compared to 14 h 
in the other study). With such large variation it might be 
considered impossible to detect small changes of mRNA 
between treatment groups. However, the fact that all the 
mRNAs have approximately the same variance can be used 
to remove this source of variation and isolate any specific 
change due to treatment or pathology (see Section 3.3.).

i

A master TaqMan™ mix was made consisting of (for 
each well): 8.625 p.1 Rnase-free water, 2.5 p.1 lOX 
TaqMan™ buffer, 6.0 p,l MgClj, 0.5 p.1 dATP (2.5 mM), 
0.5 \il dCTP (2.5 mM), 0.5 îl dGTP (2.5 mM), 0.5 p.1 
dUTP (2.5 mM), 0.25 |xl uracil-N-glycosylase (UNG), 
0.125 |il Taq Gold enzyme, 0.5 p.1 fluorogenic probe (5 
|xM), 0.5 jjul forward primer (5 p.M), and 0.5 jjlI reverse 
primer (5 p,M) (TaqMan™ PCR core reagent kit™, Perkin- 
Elmer, UK). Then, 21.0 p.1 of master mix was added to all 
96 wells of a cDNA plate. A total of 12 wells were left 
free of poly(A) in order to generate a standard curve; serial 
1:10 dilutions of known amounts of human cDNA (4.0 p,l 
per well) were added in duplicates to these wells. Plates 
were analysed on a TaqMan™ ABI Prism 7700 Sequence 
Detector™ (Perkin-Elmer, UK). Cycling parameters: 50 °C 
for 2 rmn, 95 °C for 10 min, 40 cycles of 95 °C for 15 s, 
and 60 °C for 1 min. The more target gene present in a 
sample the earlier it will be detected in the PCR cycles. 
Cycle threshold detection is converted into number of gene 
copies in the starting material and a standard curve is 
constructed using the known amounts of human cDNA. 
Test gene mRNA values are extrapolated from the standard 
curve and expressed in arbitrary units. For full details of 
TaqMan™, see Refs. [10,14,24].

2.6. Statistical analysis

Univariate analysis was performed by a split-plot analy
sis of covariance [6] using Statistica SPSS VlO.l (SPSS 
Inc, New York, USA). In-depth coverage and validation of

3.2. Non-normalised levels o f mRNA

Fig. 2 is a chart of mRNA values (non-normalised) 
defined by pathology and gender. All mRNA values were 
found, on average, to be lower in AD brains relative to 
controls, as well as in females relative to males. The lower 
levels in AD brains has also been seen in previous studies 
[5,19-21]. It is true even of glial fibrillary acidic protein 
(GFAP) which is known to be upregulated in AD due to 
extensive astrocytosis [11]. Hence, the non-normalised 
picture of mRNA quantitation in AD is a misleading one.

Table 1
Demographics of Alzheimer’s disease and control brains

AD Control

Number 90 81
Gender

Male 33 48
Female 57 33

Mean age±S.D.
Male 74±11 67±13
Female 81±9 77±12

Range in age
Male 50-90 41-91
Female 49-97 53-102

Mean PM delay±S.D. (h) 34±24 44±22
Range PM delay (h) 4-117 8-96
Mean pH±(S.D.)

Male 6.45 (0.3) 6.57 (0.3)
Female 6.36 (0.3) 6.55 (0.2)

Range in brain pH 5.S-7.2 5.9-7.0
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Fig. 1. Distribution of log P-actin mRNA in Alzheimer’s disease and control brains with fitted normal distribution curves, ( v-axis ‘count’= number of 
brains).

During the mRNA preparations total RNA was isolated 
from cortical brain tissue. The total RNA was then 
measured for optical density and its concentration was 
calculated. From its concentration the amount of total 
RNA to be used to isolate the mRNA was standardized at 
10 fig; every mRNA sample was purified from the same 
amount of total RNA. This would lead to the conclusion 
that there is a marginally smaller proportion of mRNA in 
the total RNA from AD brains relative to controls. Either

that or something affects the mRNA extraction process 
only in the AD brain samples which is unlikely.

3.3. Relative levels o f mRNA

Although levels of mRNA are highly variable between 
subjects (>  1000-fold), strong correlations are present 
between the genes’ expressions within a single brain. 
Where an individual brain has a high expression of (3-actin

4.5

1 4
o
g 3.5

3m
R 2.5 ,
N
A 2 !

1.5

■  Male controls

□  Female controls

□  Male AD 

B  Female AD

MAP 2 APP 770CiAPDH ŒAP

Fig. 2. Levels of mRNA (non-nomialised) in Alzheimer’s disease and control brains. Alzheimer's disease brains, on average, have lower levels of mRNA 
than controls, and females lower levels than males (Total RNA was isolated from cortical brain tissue. The total RNA was measured for optical density and 
its concentration calculated. From its concentration the amount of total RNA to be used to isolate the mRNA was standardized at 10 |ig; every mRNA 
sample was purified from the same amount of total RNA).
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mRNA, for example, it will invariably have high mRNA
I expression for the other genes. And vice versa. In other 

words, the mRNA within-subject variability is smaller than 
the between-subject variability. This is true of both brain 
populations, the AD and the controls, as well as the male 
and females. When data from a single mRNA in a series of 
brains is plotted against data values from a different 
mRNA a strong, almost perfect correlation is seen (r= 
0.928, f  <0.001) (Fig. 3). When the other genes are laid 
out in similar fashion strong correlations can be seen 
between all of the different mRNAs (Fig. 4). The linear 
relationships between the genes are a graphical demonstra
tion that quantitative order is present in postmortem human 
mRNA. Similar correlations have also been seen in 24 
genes from an animal model of cerebral ischaemia [3,29].

3.4. Removal o f common source o f variation

This correlation between the genes is also very useful. 
What the correlation says is that the same source of 
variation is present between all genes (or those that have 
been tested), and that by using one or more genes as a 
covariate(s) to the test gene, the common source can be 
accounted for and removed from the analysis. In doing so, 
the total variability is partitioned into its component parts, 
one of which is pathology.

( Table 2 gives the detailed ANOCOVA analysis for APP 
770 mRNA with (3-actin specified as a covariate to the test

Linear Regression 

gapdh = -0.35 +1.20 * actin

o o

Actin mRNA
Fig. 3. Linear regression and correlation of GAPDH against (3-actin 
mRNA in human brain When mRNA data values for GAPDH are plotted 
against the mRNA values for (3-actin an almost perfect correlation results 
(r=0.928, P =  <0.001) («=482, AD and control samples together). 
Similar plots were seen for the other genes.

gene. The column to the right of the second table ‘Tests of 
Between-Subject Effects’ contains interesting information. 
The partial rf' value describes the proportion of total 
variability attributable to a factor. In the row for (3-actin 
the 7]̂  statistic is 0.713. This means that over 71% of the 
total variability in the model can be explained by 3-actin 
mRNA. Both APP 770 and 3-actin mRNA share this 
common source of variation, independent of pathology or 
gender, and it can therefore be removed from the analysis. 
What this source of variation is caused by is unknown but 
a speculative guess is that it represents, at least in part, the 
inherent inter-individual variation that any biological sys
tem contains. Whether other unknown factors also contrib
ute to this source of variation such as brain tissue quality 
or degradation of mRNA is unknown. What is clear, 
however, is that at 71% of the total variance this source of 
variation is the major contributor to the model’s vari
ability. By removing it from the random variation and 
partitioning the other sources of variation we gain access 
to the required information on pathology and improve the 
sensitivity of statistical comparisons.

3.5. Factors and covariates

As can be seen in Table 2 other factors have been added 
to the model; pathology and gender were both used as 
fixed factors whilst brain pH and age of death were 
specified as covariates.

Pathology is the key to the analysis and the best estimate 
of its effect is after all other factors have been accounted 
and adjusted for if necessary.

Gender is included as a factor in order to see if mRNA 
levels are consistent across the sexes. Interactions between 
pathology and gender can be assessed by examining the 
P-value for their interaction. A value of less than 0.05 
warns of an interaction and that the effect is not consistent 
in both sexes. Another reason for including gender as a 
factor is the difference in mRNA values seen for females 
compared to males (Fig. 2).

Both brain pH and age of death are included as 
covariates in order to control for any variation in mRNA 
levels due to these factors. Brain pH in particular has been 
implicated several times in effecting biochemical measure
ments in human brain tissue [2,12,13,22,31].

3.6. Positive control genes

APP 770 was used as a positive control since there is 
evidence that APP 770 is upregulated in AD [20,28,30]. 
An average 53% increase of APP 770 mRNA was seen in 
AD brains reiative to controls after adjustment for sex, age 
and brain pH (P < 0.001) (Table 2). There was no signifi
cant change in the amount of APP 770 between male and 
females ( f  = 0.829), a lack of difference that was con
sistent in both the AD and the control brains (0.583) 
(Table 2).
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Fig. 4. Matrix plot demonstrating linear relationships between the genes. The mRNA data points for seven genes are plotted against one another for the 
entire collection of brain samples (n =482, AD and controls). The resulting matrix demonstrates the strong linear correlations between all of the genes and 
is the basis of the quantitative mRNA order that is seen in human post-mortem brain.

Glial fibrillary acidic protein (GFAP) is a classic marker 
for lesions in a brain. After damage to the brain astrocytes 
are activated and upregulate the production of GFAP as 
part of the brains immune response [11]. On average, an 
80% increase of GFAP in AD brains was observed relative 
to controls after adjustment for age, sex and brain pH 
(P < 0.001 ) (Table 4). There were no significant changes in 
GFAP mRNA between male and females (ANOCOVA, 
P = 0.118), a lack of difference that was consistent in both 
the AD and the control brains (ANOCOVA, 0.528).

NSE is essentially a neuronal gene and as such, along 
with MAP 2, it was used as a positive control or, in literal 
terms, a negative control. That is, because of the extensive 
neuronal loss that occurs in AD, a loss of NSE and MAP 2 
in AD brains relative to controls would be expected. After 
ANOCOVA analysis an average loss of 25% of NSE 
mRNA was seen in AD brains relative to controls (P<  
0.001). When MAP 2 was analysed an average loss of 26% 
of its mRNA was observed in AD brains relative to 
controls (P<0.001). Both neuronal markers came out with 
approximately similar estimates of mRNA loss for their 
respective genes. If there had been large discrepancies 
between the two markers this would have been valid 
criticism of the model. As it is, the estimates differed by

only 1% when assessed with three reference genes simul
taneously (Table 4).

3 .7. Choice o f reference gene

The test gene value is to some extent dependent upon 
the choice of reference gene to which it is normalised. This 
is due to slight fluctuations in the levels of mRNA for the 
reference genes themselves, a situation that is not un
common [3,29,32-35]. Table 3 is a summary of the 
percentage change for a particular gene referenced to one 
of four different genes; actin, GAPDH, cyclophilin and 
NSE. The ordering of the results is almost exactly the same 
regardless of which reference gene is used, but the 
magnitude of change and the probability of that result not 
occurring by chance are slightly different. This is inevit
able given the resolution of the technology and presents a 
new problem for interpretation since which one of the 
results is the right one, or even the best estimate? It may be 
that a band of uncertainty lies from reference gene one, say 
GAPDH in Table 3, to reference gene 3, or cyclophilin, in 
the same table. As it happens there are no test genes in this 
table that fall within this band but if there were then it 
might be best to call this the unknown zone because unless
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Table 2
1 ANOCOVA of APP 770 mRNA in Alzheimer’s disease and control brains

Between-subjects factors
N

PATHOLOGY AD 246
CON 227

SEX F 247
M 226

Tests of between-subjects effects
Dependent variable: APP 770

Type HI Sum Partial eta
Source of squares df Mean square F Sig. squared
Corrected model 216.194“ 6 36.032 225.879 <0.001 0.744
Intercept 0.176 1 0.176 1.100 0.295 0.002
AGE 6.945E-02 1 6.945E-02 0.435 0.510 0.001
PHI 0.201 1 0.201 1.261 0.262 0.003
ACTIN 184.666 1 184.666 1157.630 <0.001 0.713
PATHOLOG 3.211 1 3.211 20.131 <0.001 0.041
SEX 7.466E-03 1 7.466E-03 0.047 0.829 <0.001
PATHOLOG*SEX 4.816E-02 1 4.816E-02 0.302 0.583 0.001
Error 74.337 466 0.160
Total 8014.115 473
Corrected total 290.531 472

R Squared=0.744 (Adjusted R Squared=0.741)

Estimated marginal means 
Pathology

Dependent variable; APP 770

PATHOLOGY
AD
CON

Mean
4.128“
3.942“

Estimates

Std. error 
0.028 
0.029

95% Confidence interval 
Lower bound Upper bound
4.074 4.182
3.886 3.998

'Evaluated at covariates appeared in the model: AGE=75.05, SMEAN(PH)=6.4836, ACTIN=3.4263

Pairwise comparisons
Dependent variable: APP 770

(I) PATHOLOGY
AD
CON

(J) PATHOLOGY
CON
AD

Mean difference 
(I-J)
0.186*
-0.186*

Std. error
0.041
0.041

Sig.“
< 0.001
< 0.001

95% Confidence interval for difference“ 
Lower bound Upper bound
0.104
-0 .267

0.267
-0 .104

Based on estimated marginal means.
*The mean difference is significant at the 0.05 level.
’Adjustment for multiple comparisons: Least significant difference (equivalent to no adjustments).

SEX

Dependent variable: APP 770

SEX
F
M

Mean
4.031“
4.039“

Estimates

Std. error
0.027
0.028

95% Confidence interval 
Lower bound Upper bound
3.977 4.084
3.984 4.095

“Evaluated at convariates appeared in the model: AGE=75.05, SMEAN(PH)=6.4836, ACTIN=3.4263.

Pairwise comparisons
Dependent variable: APP 770

(I) SEX
F

(J) SEX
M
F

Mean difference 
(I-J)
-8.891E-03
8.891E-03

Std. error
0.041
0.041

Sig“
0.829
0.829

95% Confidence interval for difference“ 
Lower bound Upper bound
-8.965E-02 7.187E-02
-7.187E-02 8.965E-02

Based on estimated marginal means
'Adjustment for multiple comparisons: Least significant difference (equivalent to no adjustments).
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Table 2. Continued

3. PATHOLOGY*SEX

SEX Mean Std. error
95% Confidence interval 
Lower bound Upper bound

F 4.134“ 0.035 4.064 4.203
M 4.122“ 0.042 4.039 4.204
F 3.927“ 0.042 3.844 4.010
M 3.957“ 0.038 3.882 4.032

Dependent variable: APP 770

PATHOLOGY
AD

“Evaluated at convariates appeared in the model: AGE=75.05, SMEAN(PH) = 6.4836, ACTIN=3.4263.

ANOCOVA analysis to test equality of means in APP 770 mRNA across groups defined by gender and pathology. Antilog of 0.186=1.53 and corresponds 
to a mean 53% increase of APP 770 mRNA in AD relative to control brains (P < 0.001) after adjustment for sex, age and pH of brain. Antilog of 
-0.008891 =0.98 and corresponds to a mean 2% decrease of APP 770 in female brains compared to male (P = 0.829) after adjustment for pathology, age 
and pH of brain. The gender differences were consistent in both the AD and the control brains (P = 0.583). Mean values for APP 770 mRNA are given 
after ANOCOVA adjustment to (3-actin. Other factors taken into account include age of death and pH of brain (covariates).

Table 3
Relative levels of mRNA in Alzheimer’s disease and control brains (separate reference genes) 

Reference gene

P-Actin P-value GAPDH P-value Cyclophilin P-value NSE P-value

NSE - 2 9 <0.001 -1 7 0.020 - 4 5 <0.001 n/a n/a
MAP 2 -2 5 <0.001 - 1 6 0.039 - 4 0 <0.001 - 9 0.223
GAPDH -2 3 <0.001 n /a n /a -4 1 <0.001 - 7 0.332
p-Actin n /a n /a 5 0.423 - 2 5 <0.001 10 0.074
Cyclophilin 11 0.194 27 0.005 n /a n /a 37 <0.001
APP 770 53 <0.001 60 <0.001 10 0.320 74 <0.001
GFAP 80 <0.001 105 <0.001 34 0.036 100 <0.001

Percent changes are calculated using mean values after ANOCOVA adjustment to four different reference genes. Other factors taken into account include 
age of death and pH of brain (covariates) as well as gender (fixed factor).

there are good arguments as to why p-actin is better than 
GAPDH, for example, then there are no a priori reasons to 
adopt one and not the other [3,29,32,33].

As a way round this problem all three common refer
ence genes (not NSE, which is primarily neuronal) were 
used simultaneously as covariates in the model. Table 4 
and Fig. 5 are summaries of the results when using this 
method. In practice we found little difference in the broad 
inference from results when using either one or three 
reference genes.

Table 4
Relative levels of mRNA in Alzheimer’s disease and control brains

Test gene Three reference genes

% Change P-value

MAP 2 - 2 6 <0.001
NSE - 2 5 <0.001
APP 770 48 <0.001
GFAP 82 <0.001

Percent changes are calculated using mean values after ANOCOVA 
adjustment to three reference genes (P-actin, GAPDH and cyclophilin). 
Other factors taken into account include age of death and pH of brain 
(covariates) as well as gender (fixed factor).

4. Conclusions

The issue of whether there is or there is not random 
degradation of mRNA following post-mortem is an im
portant one for quantification studies. Given that gene 
expression is a dynamic and highly regulated process, 
ordered mathematical relationships must exist between the 
levels of mRNA in vivo. The question is whether, follow
ing death, the mRNAs are randomly degraded as a function 
of time. This is in addition to any mRNA change taking 
place due to confounding variables such as brain pH or age 
of death. If there is widespread and random degradation of 
mRNA following death, then the pool of post-mortem 
mRNA represents a disordered system with little relevance 
to the in vivo situation and probably with little relevance to 
the disease process. Any inference drawn from such a pool 
would be fatally wrong.

We show here that the pool of post-mortem human 
mRNA is essentially an ordered system despite any 
influence from mRNA degradation or confounding factors. 
Although absolute levels of mRNA are highly variable 
between subjects (>  1000-fold), the strong linear correla
tions between the genes’ expressions demonstrates that 
quantitative order is present in post-mortem human
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Fig. 5. Relative levels of mRNA in Alzheimer’s disease and control brains. Marginal means were estimated with the same criteria as in Table 4. Mean 
values are given after ANOCOVA adjustment to three reference genes (P-actin, GAPDH and cyclophilin). Factors taken into account include age of death 
and pH of brain (covariates).

I

mRNA. By utilising these strong correlations between the 
mRNA transcripts, the largest part of variation, due to 
inter-individual differences, can be explained and re
moved; in effect, removal of that source of variation 
common to all genes. Once removed, the route is clear to 
the required data; pathology.
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Abstract

P-Secretase (BACE) and glycogen synthase kinase (GSK 3) are two enzymes thought to play a role in Alzheimer’s disease. We 
extracted mRNA from 90 Alzheimer and 81 control brains. Levels of mRNA were quantified for BACE and GSK 3 with TaqMan™ 

J real-time RT-PCR. We found no change in the Alzheimer’s disease brains relative to controls for either the BACE or the GSK 3 a  mRNA 
) levels.

© 2003 Elsevier B.V. All rights reserved.
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The two pathological hallmarks of AD brain are extra
cellular p-amyloid (Ap) deposits and intra-cellular neuro
fibrillary tangles (NFTs).

Ap aggregates are proteolytically derived from the 
membrane bound amyloid precursor protein (APP). 
Proteolysis of Ap is dependant upon two enzymes, p- 
secretase and y-secretase. Several groups identified P- 
secretase (BACE) as a transmembrane aspartic protease 
[11,20,29,33,36] that in the brain is produced primarily by 
neurons [2,11,23,33]. In cell culture transient over expres
sion of p-secretase causes increase of Ap and p-sAPP 
products with no change in the overall APP expression, 
indicating that the increase is due specifically to enhanced 
activity in the P-secretase pathway [11,30,33,36]. Anti
sense inhibition of P-secretase in HEK293 cells results in a 
decrease of Ap production [36].

*Correspondlng author. Tel.: +34-981-628-300; fax: +34-981-628- 
300.

E -m a il'a d d ress :  pablo@quantuum.com (P. Preece).

NFTs contain tau, a microtubule associated protein that 
is hyper-phosphorylated and self-assembled into paired- 
helical filaments (PHFs) [5,6]. In a normal brain, tau is 
concentrated in nerve axons and plays a role in stabilising 
microtubules. In AD, axonal transport is disrupted and the 
PHF-tau fibrils accumulate in the cell body and dendrites, 
followed by eventual neuronal death [5]. In 1988 two 
protein kinases isolated from bovine brain were found to 
generate PHF-like phosphorylation of tau in vitro [12], tau 
protein kinase 1 and 11 (TPKl and 11) [13,15]. TPK 1 was 
later shown to be identical to GSK-3p [14]. Other studies 
have described the neuronal localisation of GSK-3 [8], the 
evidence that GSK-3ct also phosphorylates tau in vitro
[1,8,22], and a preferential expression of GSK-3p but not 
GSK-3a immunolabelling in NFTs [35]. Characterisation 
of the effect that GSK-3 has on the ability of tau to bind to 
microtubules in vitro has also been described [21,32,34]. 
Two studies also reported that lithium, a specific inhibitor 
of GSK-3 activity, was effective in rat brain and cultured 
neurons at dephosphorylating tau [10,25].

_  ni69-328X/03/$ -  see front matter © 2003 Elsevier B.V. All rights reserved.
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Table 1
Relative levels of mRNA in Alzheimer’s disease and control brains

Test gene Percentage change of test gene relative to reference

3 Ref genes /’-value NSE P-value

MAP 2 
NSE 
GSK 3a 
BACE 
APP 770 
GFAP

-26
-25
- 8
- 6
48
82

< 0.001
< 0.001

0.054
0.358

< 0.001
< 0.001

- 9
n/a

10
7

74
100

0.223
n/a

0.071
0.378

< 0.001
< 0.001

Mean values are given after ANOCOVA adjustment to three reference 
genes 0-actin , GAPDH and cyclophilin) and NSE on its own. Factors 
taken into account include age at death and pH of brain tissue (covariates) 
as well as gender (fixed factor).

To assess whether mRNA levels for BACE or GSK-3 
might be altered in AD we extracted poly A mRNA from 
513 cortical samples taken from 90 AD and 81 control 
brains. TaqMan™ real-time RT-PCR was used to quantify 
the mRNA and the data was analysed with methods 
developed previously [3,27]. (Reference quantify paper 
presently in Molecular Brain Research production BRES- 
D-03-01947R1).

Table 1 and Fig, 1 are summaries of the results for all 
test and positive control genes. The two markers for 
neuronal loss, neuronal specific enolase (NSE) and micro
tubule associated protein 2 (MAP 2), were both expressed 
at lower levels in AD relative to control brains (F<0.001). 
Glial fibrillary acidic protein (GFAP) a marker of as
trocytosis [7] was expressed at 82% higher levels than 
control brains (P<0.001). A probe to the 770 isoform of 
amyloid precursor protein (APP) was also used as a

positive control since there is evidence of an increase of 
this isoform in AD [16-19,24,26,28,31]. An average 48% 
increase of APP 770 mRNA in AD relative to control 
brains was measured (P < 0 .0 0 1 ).

When referenced to three genes simultaneously (P-actin, 
GAPDH and cyclophilin), BACE mRNA was reduced by 
6 % in AD relative to normal aged brains (P=0.358) after 
adjustment for sex, age of death and pH of brain (Table 1). 
A 7% decrease of BACE mRNA was also seen in females 
relative to males (P=0.290) after adjustment for pathol
ogy, age of death and pH of brain. The gender differences 
were consistent in both the AD and the control brains 
(P = 0.997). The probabilities, however, were not signifi
cant for either pathology or gender meaning that either 
result could have been obtained by chance.

When referenced to NSE, BACE mRNA was seen to 
increase by 7% in AD brains relative to controls (P= 
0.378) (Table 1). The probability is not significant, how
ever, and the likelihood is that this result was also obtained 
by chance.

Given these non-significant results, (BACE mRNA 
referenced to three genes and to NSE on its own), the 
likelihood is that nothing changed in the level of BACE 
mRNA in the AD brains relative to controls. This is in 
agreement with two previous reports [4,37] that found no 
difference in BACE mRNA levels between AD and control 
brains, although one report has measured a 2.7-fold 
increase in the protein expression of BACE in AD brains
[9].

GSK 3 is a protein kinase that is expressed in two forms, 
a  and p. Measurements were made for both of these forms 
but GSK 3p was expressed at levels below the limits of

■  Male controls

□  Female controls

□  Male AD

■  Female AD

MAP 2 N æ  GSK 3a BACE

Genes

APP 770 GFAP

Fig. 1. Relative levels of mRNA in Alzheimer’s disease and normal aged brains. Relative levels of mRNA were estimated with the same criteria as in 
Table 1. Mean values are given after ANOCOVA adjustment to three reference genes (P-actin, GAPDH and cyclophilin). Factors taken into account 
include age at death and pH of brain (covariates).
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reliable detection. Hence only results for the a  form can be 
given.

When referenced to three genes simultaneously ((3-actin, 
GAPDH and cyclophilin), GSK 3a had a mean 8% 
decrease in AD relative to control brains ( f =0.054) after 
adjustment for sex, age of death and brain pH (Table 1). A 
mean decrease of 13% GSK 3a mRNA was also seen in 
female brains relative to males (P=0.003) after adjustment 
for pathology, age of death and brain pH. The gerider 
differences were consistent in both the AD and the control 
brains (P = 0.244).

When referenced to NSE, a primarily neuronal gene, 
GSK 3a mRNA was seen to increase by about 10% in AD 
brains relative to controls (P = 0.071) (Table 1) after 
adjustment for sex, age at death and brain pH.

Given both of these results (GSK 3a referenced to three 
genes and to NSE on its own) the likelihood is that nothing 
changed in the level of GSK 3a mRNA in the AD brains 
relative to aged normal brains. The first result is a small 
decrease and the second a small increase, both of them 
approaching significance. Whilst small changes of GSK 3a 
cannot be ruled out in AD the probabifity in this report is 
one of no change. These data indicate that dysregulation of 
gene expression of BACE and GSK 3a is not a significant 
factor in the pathogenesis of AD.

Acknowledgements

Post-mortem brain tissue was kindly provided by the 
Brain Bank, Department of Neuropathology, Institute of 
Psychiatry, King’s College London. Many thanks are also 
due to Brian Bond of Glaxo SmithKline Pharmaceuticals 
for his extensive advice on statistical issues.

References

[1] B.H. Anderton, J.P. Brion, A.M. Couck, D R. Davis, J.M. Gallo, D P. 
Hanger, K. Ladhani, D.A. Latimer, C. Lewis, S. Lovestone et al.. 
Modulation of PHF-like tau phosphorylation in cultured neurones 
and transfected cells (discussion 398-402), Neurobiol. Aging 16 
(1995) 389-397.

[2] M. Bigl, J. Apelt, E.A. Luschekina, C. Lange-Dohna, S. Rossner, R. 
Schliebs, Expression of beta-secretase mRNA in transgenic Tg2576 
mouse brain with alzheimer plaque pathology, Neurosci. Lett. 292 
(2000) 107-110.

[3] B.C. Bond, D.J. Virley, N.J. Caims, G. Moore, S.J. Moss, A.W. 
Mudge, F.W. Walsh, E. Jazin, P. Preece, The quantification of gene 
expression in an animal model of brain ischaemia using TaqMan 
real-time RT-PCR, Mol. Brain Res. 106 (2002) 101-116.

[4] L.B. Gatta, A. Albertini, R. Ravid, D. Finazzi, Levels of beta- 
secretase BACE and alpha-secretase ADAMIO mRNAs in Al
zheimer hippocampus. Neuroreport 13 (2002) 2031-2033.

1  [5] M. Goedert, Tau protein and the neurofibrillary pathology of 
Alzheimer’s disease. Trends Neurosci. 16 (1993) 460-465.

[6] M. Goedert, M.G. Spillantini, R. Jakes, R.A. Crowther, E. Yanmech- 
elen, A. Probst, J. Gotz, K. Burki, P. Cohen, Molecular dissection of 
the paired helical filament, Neurobiol. Aging 16 (1995) 325-334.

[7] W.S.T. Griffin, L.C. Stanley, Glial activation as a common de
nominator in neurodegenerative disease: a hypothesis in neuro
pathophysiology. Biology and Pathology of Astrocyte-Neuron Inter
actions, Plenum Press, New York, 1993.

[8 ] D.P. Hanger, K. Hughes, J.R. Woodgett, J.P. Brion, B.H. Anderton, 
Glycogen synthase kinase-3 induces Alzheimer’s disease-like phos
phorylation of tau: generation of paired helical filament epitopes and 
neuronal localisation of the kinase, Neurosci. Lett. 147 (1992) 
58-62.

[9] R.M. Holsinger, C.A. McLean, K. Beyreuther, C.L. Masters, G. 
Elvin, Increased expression of the amyloid precursor beta-secretase 
in Alzheimer’s disease, Ann. Neurol. 51 (2002) 783-786.

[10] M. Hong, D.C.R. Chen, P.S. Klein, Y.M.Y. Lee, Lithium reduces tau 
phosphorylation by inhibition of glycogen syntase kinase-3, J. Biol. 
Chem. 40 (1997) 25326-25332.

[11] I. Hussain, D. Powell, D.R. Howlett, D.G. Tew, T.D. Meek, C. 
Chapman, I.S. Gloger, K.E. Murphy, CD. South an, D.M. Ryan, T.S. 
Smith, D.L. Simmons, F.S. Walsh, C. Dingwall, G. Christie, 
Identification of a Novel Aspartic Protease (Asp 2) as beta-Secret- 
ase, Molec. Cell Neurosci. 14 (1999) 419-427.

[12] K. Ishiguro, Y. Diara, T. Uchida, K. Imahori, A novel tubulin- 
dependent protein kinase forming a paired helical filament epitope 
on tau, J. Biochem. (Tokyo) 104 (1988) 319-321.

[13] K. Ishiguro, A. Omori, M. Takamatsu, K. Sato, M. Arioka, T. 
Uchida, K. Imahori, Phosphorylation sites on tau by tau protein 
kinase I, a bovine derived kinase generating an epitope of paired 
helical filaments, Neurosci. Lett. 148 (1992) 202-206.

[14] K. Ishiguro, A. Shiratsuchi, S. Sato, A. Omori, M. Arioka, S. 
Kobayashi, T. Uchida, K. Imahori, Glycogen synthase kinase 3 beta 
is identical to tau protein kinase I generating several epitopes of 
paired helical filaments, FEES Lett. 325 (1993) 167-172.

[15] K. Ishiguro, M. Takamatsu, K. Tomizawa, A. Omori, M. Takahashi, 
M. Arioka, T. Uchida, K. Imahori, Tau protein kinase I converts 
normal tau protein into A6 8 -like component of paired helical 
filaments, J. Biol. Chem. 267 (1992) 10897-10901.

[16] S.A. Johnson, T. McNeill, B. Cordell, C.E. Finch, Relation of 
neuronal APP-751/APP-695 mRNA ratio and neuritic plaque den
sity in Alzheimer’s disease. Science 248 (1990) 854-857.

[17] S.A. Johnson, G.M. Pasinetti, PC. May, P.A. Ponte, B. Cordell, C.E. 
Finch, Selective reduction of mRNA for the beta-amyloid precursor 
protein that lacks a Kunitz-type protease inhibitor motif in cortex 
from Alzheimer brains. Exp. Neurol. 102 (1988) 264-268.

[18] S.A. Johnson, J. Rogers, C.E. Finch, APP-695 transcript prevalence 
is selectively reduced during Alzheimer’s disease in cortex and 
hippocampus but not in cerebellum, Neurobiol. Aging 10 (1989) 
755-760.

[19] N. Kitaguchi, Y. Tokushima, K. Oishi, Y. Takahashi, S. Shiojiri, S. 
Nakamura, S. Tanaka, R. Kodaira, H. Ito, Determination of amyloid 
beta protein precursors harboring active form of proteinase inhibitor 
domains in cerebrospinal fluid of Alzheimer’s disease patients by 
trypsin-antibody sandwich ELISA, Biochem. Biophys. Res. Com
mun. 166 (1990) 1453-1459.

[20] X. Lin, G. Koelsch, S. Wu, D. Downs, A. Dashti, J. Tang, Human 
aspartic protease memapsin 2  cleaves the beta-secretase site of 
beta-amyloid precursor protein, Proc. Natl. Acad. Sci. USA 97 
(2000) 1456-1460.

[21] S. Lovestone, C.L. Hartley, J. Pearce, B.H. Anderton, Phosphoryla
tion of tau by glycogen synthase kinase-3 beta in intact mammalian 
cells: the effects on the organization and stability of microtubules. 
Neuroscience 73 (1996) 1145-1157.

[22] S. Lovestone, C.H. Reynolds, D. Latimer et al., Alzheimer’s disease- 
like phosphorylation of the microtubule-associated protein tau by 
glycogen synthase kinase-3 in transfected mammalian cells, Curr. 
Biol. 4 (1994) 1077-1086.

[23] M. Marcinkiewicz, N.G. Seidah, Coordinated expression of beta- 
amyloid precursor protein and the putative beta-secretase BACE and 
alpha-secretase ADAMIO in mouse and human brain, J. Neurochem. 
75 (2000) 2133-2143.



158 P. Preece et al. / Molecular Brain Research 116 (2003) 155-158

[24] R.D. Moir, T. Lynch, A.I. Bush, S. Whyte, A. Henry, S. Portbury, G. 
Multhaup, D.H. Small, R.E. Tanzi, K. Beyreuther, C.L. Masters, 
Relative increase in Alzheimer’s disease of soluble forms of cerebral 
Abeta amyloid protein precursor containing the Kunitz protease 
inhibitory domain, J. Biol. Chem. 273 (1998) 5013-5019.

[25] J.R. Munoz-Montano, F.J. Moreno, J. Avila, J. Diaz-Nido, Lithium 
inhibits Alzheimer’s disease-like tau protein phosphorylation in 
neurons, FEBS Lett. 411 (1997) 183-188.

[26] A. Okada, K. Urakami, K. Takahashi, K. Ohno, K. Sato, H. Endo, 
Expression of amyloid beta-protein precursor mRNAs in cultured 
skin fibroblasts taken from patients with dementia of the Alzheimer 
type [letter]. Dementia 5 (1994) 55-56.

[27] P. Preece, D.J. Virley, B.C. Bond, N.J. Caims, Quantifying fraction
fold changes of mRNA in transient middle cerebral artery occlusion 
(tMCAO) in rat brain, Neuropathol. Appl. Neurobiol. 27 (2001) 
165-166.

[28] E.M. Rockenstein, L. McConlogue, H. Tan, M. Power, E. Masliah, 
L. Mucke, Levels and alternative sphcing of amyloid beta protein 
precursor (APP) transcripts in brains of APP transgenic mice and 
humans with Alzheimer’s disease, J. Biol. Chem. 270 (1995) 
28257-28267.

[29] S. Sinha, J.P. Anderson, R. Barbour et al.. Purification and cloning 
of amyloid precursor protein beta-secretase from human brain [see 
comments]. Nature 402 (1999) 537-540.

[30] S. Sinha, I. Lieberburg, Cellular mechanisms of beta-amyloid 
production and secretion, Proc. Natl. Acad. Sci. USA 96 (1999) 
11049-11053.

[31] S. Tanaka, L. Liu, J. Kimura, S. Shiojiri, Y. Takahashi, N. Kitaguchi, 
S. Nakamura, K. Ueda, Age-related changes in the proportion of 
amyloid precursor protein mRNAs in Alzheimer’s disease and other 
neurological disorders. Mol. Brairr Res. 15 (1992) 303-310.

[32] M.A. Utton, A. Yandecandelaere, U. Wagner, C.H. Reynolds, G.M. 
Gibb, C.C. Miller, P.M. Bayley, B.H. Anderton, Phosphorylation of 
tau by glycogen synthase kinase 3beta affects the ability of tau to 
promote microtubule self-assembly, Biochem. J. 323 (1997) 741- 
747.

[33] R. Vassar, B.D. Bennett, S. Babu-Khan, S. Kahn, E.A. Mendiaz, P. 
Denis, D.B. Teplow, S. Ross, P. Amarante, R. Loeloff, Y. Luo, S. 
Fisher, J. Fuller, S. Edenson, J. Lile, M.A. Jarosinski, A.L. Biere, E. 
Curran, T. Burgess, J.C. Louis, F. Collins, J. Treanor, G. Rogers, M. 
Citron, Beta-secretase cleavage of Alzheimer’s amyloid precursor 
protein by the transmembrane aspartic protease BACE [see com
ments], Science 286 (1999) 735-741.

[34] U. Wagner, M. Utton, J.M. Gallo, C.C. Miller, Cellular phosphoryla
tion of tau by GSK-3 beta influences tau binding to microtubules 
and microtubule organisation, J. Cell Sci. 109 (1996) 1537-1543.

[35] H. Yamaguchi, K. Ishiguro, T. Uchida, A. Takashima, C.A. Lemere, 
K. Imahori, Preferential labeling of Alzheimer neurofibrillary tan
gles with antisera for tau protein kinase (TPK) I/glycogen synthase 
kinase-3 beta and cyclin-dependent kinase 5, a component of TPK 
II, Acta Neuropathol. (Berl.) 92 (1996) 232-241.

[36] R. Yan, M.J. Bienkowski, M.E. Shuck, H. Miao, M.C. Tory, A.M. 
Pauley, J.R. Brashier, N.C. Stratman, W.R. Mathews, A.E. Buhl, 
D.B. Carter, A.G. Tomasselli, L.A. Parodi, R.L. Heinrikson, M.E. 
Gurney, Membrane-anchored aspartyl protease with Alzheimer’s 
disease beta-secretase activity [see comments]. Nature 402 (1999) 
533-537.

[37] K. Yasojima, E.G. McGeer, P.L. McGeer, Relationship between beta 
amyloid peptide generating molecules and neprilysin Alzhiemer 
disease and normal brain. Brain Res. 919 (2001) 115-121.



Available online at www.sciencedirect.com

SCIENCE DIRECT*iNCE^I

ELSEVIER Molecular Brain Research 122 (2004) 1 -9

MOLECULAR
BRAIN
RESEARCH

www.elsevier.com/locate/molbrainres

Research report

Amyloid precursor protein mRNA levels in Alzheimer’s disease brain

Paul Preece^’*, David J. Virley^, Moheb Costandi^, Robert Coombes^, Stephen J. Moss‘d, 
Anne W. Mudge^, Elena Jazin®, Nigel J. Cairns^

^Seixo  Branco, D epartam ento  de Neurologia, Rua das B ranas 7-bajo-D, M era, 15177 Oleiros, La Coruna, Galicia, Spain  

^D epartm ent o f  N euroscience, G laxo Sm ithK line Pharm aceuticals, Harlow, Essex, C M  19 5AW, UK  

^M R C  Centre fo r  D evelopm enta l Neurohiology, G uys Campus, K ings C ollege London, S E l  lU L , U K  

^M R C  L aboratory fo r  M olecular an d  Cell Biology, U niversity College London. London, W C IE  6BT, U K  

^D epartm ent o f  E volu tionary Biology, N orbyvdgen 18D, SE -752 36  U ppsala University, Uppsala, Sweden  

^Center fo r  N eurodegenerative D isease Research, U niversity o f  P ennsylvania Schoo l o f  M edicine, 3600  Spruce Street, Philadelphia, PA 19104-4283, USA

Accepted 28 August 2003

Abstract

Insoluble (3-amyloid deposits in Alzheimer’s disease (AD) brain are proteolytically derived from the membrane bound amyloid precursor 
protein (APP). The APP gene is differentially spliced to produce isoforms that can be classified into those containing a Kunitz-type serine 
protease inhibitor domain (K*, APP751, APP770, APRP365 and APRP563), and those without (K“ , APP695 and APP714,). Given the hypothesis 
that A (3 is a result of aberrant catabolism o f APP, differential expression o f mRNA isoforms containing protease inhibitors might play an active 
role in the pathology of AD. We took 513 cerebral cortex samples from 90 AD and 81 control brains and quantified the mRNA isoforms of 
APP with TaqMan™ real-time RT-PCR. After adjustment for age at death, brain pH and gender we found a change in the ratio of KP1+ to 
KPl -  mRNA isoforms of APP. Three separate probes, designed to recognise only KP1+ mRNA species, gave increases of between 28% and 
50% in AD brains relative to controls (;? = 0.002). There was no change in the mRNA levels of KP1-(APP 695) (p  = 0.898). Therefore, whilst 
KPl-mRNA levels remained stable the KPl + species increased specifically in the AD brains.
© 2004 Elsevier B.V. All rights reserved.

Theme: Disorders of the nervous system
Topic: Degenerative disease: Alzheimer’s-miscellaneous

Keywords: Alzheimer’s disease; Human brain; Amyloid precursor protein; mRNA; Quantification; taqMan

1. Introduction

Insoluble (3-amyloid deposits in Alzheimer’s disease (AD) 
brain are proteolytically derived from the membrane bound 
amyloid precursor protein (APP). The APP gene spans almost
300,000 bases of DNA from which 18 exons can be alterna
tively spliced [14]. A functional classification can be made 
into those APP isoforms containing exon 7 that codes for a 
Kunitz-type serine protease inhibitor domain (K", APP751, 
APP770, APRP365 and APRP563), and those without (K“, 
APP695 and APP714,). The figures refer to the number of 
amino acids in each isoform, whilst APRP stands for amyloid 
precursor related protein. APRPs are spliced from the same 
gene as APP but lack the A (3 sequence. The mRNAs for

♦ Corresponding author. Tel.: +34-981-628-300; fax: +34-981-628-300. 
E -m ail address: pablo(gquantuum.com (P. Preece).

APRPs also lack any transmembrane domains and are most 
likely coding for secreted soluble proteins [8,18]. These 
isoforms have been described previously: APP^gs [23], 
APP751 [40,49], APP770 [24] APRP563 [8], APP714 [10,47] 
and APRP365 [18].

The 56 amino acid insert coded by exon 7 of the APP 
gene was found to be similar to a group of 17 polypeptides 
that were all members of a family of Kunitz-type serine 
protease inhibitors [24,28,40,49]. COS-1 cells transfected 
with APP770 showed an increased inhibition of trypsin 
activity [24]. Subsequent searches of the Protein Identifica
tion Resource database revealed that the secreted forms of 
APP K  ̂ are nearly identical to protease-nexin 11 (PN-11), a 
cell-secreted protease inhibitor. APP751 formed stable, non- 
covalent, inhibitory complexes with trypsin, whereas APPggs 
did not [36]. Given the hypothesis that A(3 results from 
aberrant catabolism of APP, differential expression of 
mRNA isoforms containing protease inhibitors may play

0169-328X/S - see front matter © 2004 Elsevier B.V. All rights reserved, 
doi: 10.1016/j .molbrainres.2003.08.022
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an active role in the pathology of AD. Either too much or too 
little expression of APP/APRP mRNA with KPl domains 
may upset Ap processing and result in excessive deposition 
of Ap.

Since 1987 over 30 studies have tried to establish a 
differential expression of APP isoforms in the disease, and 
in particular a change in the KPI"̂  ̂" isoforms ratio 
[1,5,6,10,12,13,17,19-22,24-27,31-35,37-40,43-50]. A 
combination of factors, however, have made it difficult to 
assess APP mRNA levels and as such there is no consensus 
on whether KVK“ mRNA ratios are altered [13,17]. 
Reported attempts are difficult to compare and often incon
sistent because of heterogeneity in methods used and terms of 
reference, brain areas assessed, differences in neuropatho- 
logical criteria and most important of all, though rarely 
discussed, cross-hybridisation of probes to more than one 
APP/APRP isoform. The latter is significant since studies 
between 1988 and 1991 were unaware of the existence of the 
various APP isoforms and their conclusions were based only 
on information known at the time. Without discrete measure
ments of the different isoforms interpretation is difficult and 
misleading.

To re-assess the K' /̂K” mRNA ratio in AD we extracted 
poly A from 513 cortical samples taken from 90 AD and 81 
control brains. Results were analysed with methods devel
oped previously [3,4,41,42].

2. Materials and methods

2.1. Tissue collection

Brain tissue was obtained from the MRC Brain Bank for 
Neurodegenerative Diseases, Department of Neuropatholo
gy, Institute of Psychiatry, King’s College London. The AD 
cases met the clinical criteria for a diagnosis of probable AD 
[30]. None of the control cases had any history of neuro
logical or psychiatric illness and all were examined neuro- 
pathologically as were the AD cases. Tissue was obtained 
with informed consent of the next-of-kin and according to 
Local Ethics Committee guidelines. At post-mortem the 
brain was divided in the sagittal plane. One hemisphere 
was cut coronally and slices snap-frozen and stored at -  70 
°C. Brains were examined by a neuropathologist and AD 
cases were diagnosed using the CERAD diagnostic criteria 
[16]. Frozen blocks were dissected fi*om the frontal lobe 
(between 0.5 and 1.5 g of wet tissue) to include the superior 
frontal gyrus from 90 cases of AD and 81 controls. Each 
block was then sampled 3 times and processed in parallel 
giving three independent cDNA preparations for every 
subject, and a total of 513 samples. This allowed us to 
measure both the within-individual and between-individual 
mRNA variance as well as disease/control ratios. No attempt 
was made to separate residual underlying white matter from 
grey matter. It was assumed that whatever error was 
introduced into the calculations due to this mix of white

and grey matter affected the AD and control populations 
equally.

2.2. Preparation o f total RNA and poly (A)

Frozen brain tissue was removed from the -7 0  °C 
storage and placed on dry ice. The tissue samples were 
homogenised in Trizol™, without prior thawing, at a ratio 
of 10 ml Trizol/0.5 g tissue and total RNA was prepared 
according to the manufacturer’s instructions (Life Technol
ogies, USA). RNA integrity was assessed by electrophore
sis with a 1% agarose gel. RNA concentrations were 
calculated on the basis of OD readings and 10 ng from 
each sample was used to extract poly(A) mRNA using the 
PolyATract® mRNA Isolation System (Promega, UK); the 
only modification was a 10-fold reduction in all reagents 
specified.

2.3. Preparation o f cDNA

About 8.0 |il of poly(A) from each sample was added to a 
96-well plate, followed by 2.0 pi of oligo(dT). Three wells 
were named No Template Control (NTC); these wells had 2.0 
pi of oligo(dT), 8.0 pi of RNase-free water but no poly(A), 
The plate was incubated at 90 °C for 2 min followed by 
cooling on ice. A master RT mix was made, consisting of (for 
each well): -  4.0 pi first strand buffer, 2.0 pi dithiothreitol 
(DTT), 0.5 pi of dATP (10 mM), 0.5 pi ofdCTP (10 mM), 0.5 
pi of dGTP (10 mM), 0.5 pi of dTTP (10 mM), 1.0 pi of 
RNaseOUT, and 1.0 pi of Superscript II enzyme. 10.0 pi of 
master mix were added to all wells except 3, the No 
Amplification Controls (NAC), which had a similar mix 
minus the Superscript II enzyme. The plate was incubated 
for one hour at 42 ®C, 2 min at 95 “C, followed by cooling to 
room temperature. About 60.0 pi of RNase-free water was 
added to all wells. Replica copies of the master RT plate were 
made by transferring 4.0 pi of cDNA from each well into 96- 
well TaqMan™ plates using a Hydra™ 96 robot (Robbins 
Scientific, UK).

2.4. Primer/probe design

Taqman™ probes and forward and reverse primers were 
designed with Primer Express™ software (PE Applied Bio
systems, UK). Sequences available from pablo@quantuum. 
com. Four basic rules were used as guidelines when design
ing and choosing the optimal sequences to use; (1) primers 
should be ^  18 nucleotides long; (2) there should be no 
more than 3 G or C base pairs within the terminal 5 base pairs 
of the y  ends of each primer; (3) of the probe must be ^  7 
°C than the highest primer 1^. (4) ideally, there should be 
more C than G residues in both primers and probe. The 
specificity of the primers was checked by using them as 
probes in Southern blots. In all cases they detected a major 
band of the predicted size. Where probe and primer sets were 
designed to run across different exons (APP human iso-



p. Preece et al. /  Molecular Brain Research 122 (2004) 1 -9

4.5.

4-

3,5

3

■ Male controls
□ Female controls

□ Male AD

B Female AD

m 
R 
N 
A

2 - 

1,5-
Actin GAPDH Cyclo MAP 2 NSE APP A APP C APP B APP F APP D APP E GFAP

G enes

Fig. 1. Levels of mRNA in Alzheimer’s disease and control brains (non-normalised to reference genes). Alzheimer’s disease brains, on average, have lower 
levels of mRNA than controls, and females lower levels than males.

forms) the primers were used as probes in Southern blots. In 
all cases they failed to detect any bands in genomic human 
DNA but they detected major bands of the predicted size in 
cDNA. BLAST searches [2] of the probe and primer 
sequences revealed no significant identity to other sequences 
other than the specific gene under test. Where a single probe 
sequence did reveal homology it was found that there was no 
situation where more than one of the three sequences (probe, 
forward and reverse primers) had homology to the same 
external source. TaqMan™ RT-PCR will not give any 
measurable signal without all three of the probe/primers 
working for any one target.

2.5. Real-time RT-PCR assay

A master TaqMan™ mix was made consisting of (for 
each well): -8.625 pi Rnase-free water, 2.5 pi 10 x 
TaqMan™ buffer, 6.0 pi MgClz, 0.5 pi dATP (2.5 mM),
0.5 pi dCTP (2.5 mM), 0.5 pi dGTP (2.5 mM), 0.5 pi dUTP 
(2.5 mM), 0.25 pi uracil-A-glycosylase (UNG), 0.125 pi Taq 
Gold enzyme, 0.5 pi fluoregenic probe (5 pM), 0.5 pi forward 
primer (5 pM), and 0.5 pi reverse primer (5 pM) (TaqMan™ 
PCR core reagent kit™, Perkin-Elmer, UK). About 21.0 pi of 
master mix was added to all 96 wells of a cDNA plate. 
Twelve wells were left free of poly(A) in order to generate a 
standard curve; serial 1:10 dilutions of known amounts of 
human cDNA (4.0 pi per well) were added in duplicates to 
these wells. Plates were analysed on a TaqMan™ ABI 
Prism 7700 Sequence Detector™ (Perkin-Elmer, UK). Cy
cling parameters: 50 °C for 2 min, 95 °C for 10 min, 40 
cycles of 95 °C for 15 s, and 60 °C for 1 min. The more

target gene present in a sample the earlier it will be detected 
in the PCR cycles. Cycle threshold detection was converted 
into number of gene copies in the starting material and a 
standard curve was constructed using the known amounts of 
human cDNA. Test gene mRNA values were extrapolated 
from the standard curve and expressed in arbitrary units. 
For full details of TaqMan™ have been previously de
scribed [9,15,29].

2.6. Statistical analysis

Univariate analysis was performed by a split-plot analysis 
of covariance [7] using Statistica SPSS VlO.l (SPSS, 
Chicago, USA). In-depth discussion and validation of the

Table 1
Demographics of Alzheimer’s disease and control brains

AD Samples 
(n = 90)

Control Samples 
(« = 81)

Gender Male = 33 Male = 48
Female = 57 Female = 33

Range in age M = 50-90 M = 41-91
F = 49-97 F = 53-102

Mean age ± SD M = 74± 11 M =67± 13
F = 81±9 F = 77±12

Range PM delay 4-117 h 8-96 h
Mean PM delay ± SD 34 ± 24 h 44 ± 22 h
Range in brain pH 5.8-7.2 5.9-7.0
Mean pH ± (SD) M = 6.45 (0.3) M = 6.57 (0.3)

F = 6.36 (0.3) F = 6.55 (0.2)

Table 1 gives details of the brain samples used in this study.
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Table 2
Relative levels of mRNA in Alzheimer’s disease and control brains

Test Gene Reference Gene

3 Ref Genes p-Value NSE p-Value

MAP 2 - 2 6  <0.001 - 9  0.223
NSE -2 5  <0.001 n/a n/a
APP A (695) -  1 0.898 40 <0.001
APP C (695/714/751/770) 0 0.877 24 0.001
APP B (PAN) 18 0.061 62 <0.001
APP F (751/563) 28 0.002 67 <0.001
APP D (751/770/563/365) 37 <0.001 73 <0.001
APP E (770/365) 48 <0.001 74 <0.001
GFAP 82 <0.001 100 <0.001

Mean values are given after ANOCOVA adjustment to three reference genes 
((3-actin, GAPDH and cyclophilin) and NSE on its own. Factors taken into 
account include age at death and pH of brain (covariates) as well as gender 
(fixed factor).

statistical methods used in this study have been reported 
previously [3,41,42].

extensive analysis of reference gene issues [3] we decided to 
use Analysis of Covariance (ANOCOVA) with three refer
ence genes (p-actin, GAPDH and cyclophilin) as simulta
neous covariates. Table 2 and Fig. 2 are summaries of the 
results.

To clarify the figures for Table 2 and Fig. 2 the complete 
ANACOVA analysis for APP A (695) mRNA is given in 
Table 3. The other genes were tested in the same way. The 
analysis depends upon the strong correlations seen between 
mRNA species in human post-mortem brain. Fig. 3 is a linear 
regression of APP A (695) on p-actin mRNA. When the 
mRNA levels of APP A (695) are plotted against p-actin 
mRNA a strong correlation was seen (r= 0.88,/? <0.001), an 
association discussed previously [3]. In brief, what the 
correlation allows is removal of that component of variation 
common to both genes; in effect, removal of the largest part of 
variation due to inter-individual differences. Once removed, 
any effects due to pathology and gender can be better isolated 
and tested for significance.

3. Results and discussion

3.1. Levels o f mRNA

All of the genes tested, including reference genes, had 
lower levels of mRNA in AD relative to control brains, as 
well as in females relative to males (Fig. 1 and Table 1). 
Therefore, there was a need for a reference gene against 
which the test gene could be measured in relative terms. After

3.2. Positive control genes

As can be seen in Table 2 and Fig. 2, the two markers for 
neuronal loss, neuronal specific enolase (NSE) and micro
tubule associated protein 2 (MAP 2), were both expressed at 
lower levels in AD relative to control brains (/?< 0.001). 
Glial fibrillary acidic protein (GFAP) a marker of astrocy
tosis [11] and expected to be increased in AD brains was 
expressed, on average, at 82% higher levels than control 
brains (/?< 0 .001).

4,5i
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Fig. 2. Relative levels of mRNA in Alzheimer’s disease and control brains. Relative levels of mRNA were estimated with the same criteria as in Table 2. Mean 
values are given after ANOCOVA adjustment to three reference genes ((3-actin, GAPDH and cyclophilin). Factors taken into account include age of death and pH 
of brain (covariates).
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Table 3
ANOCOVA of APP A (695) mRNA in Alzheimer’s disease and control 
brains

Between-subjects factors

N

Pathology

Sex

AD
CON
F
M

243
225
243
225

Tests of between-subjects effects. Dependent variable: APP A (695) mRNA

Source Type HI 
SS

d f MS F Sig.

Corrected model 354.402 8 44.300 280.070 < 0.001

Intercept 1.281 1 1.281 8.097 0.005
Brain pH 1.036 1 1.036 6.548 0.011

Age at death 0.004 1 0.004 0.025 0.874
Actin 6.664 1 6.664 42.130 < 0.001
GAPDH 0.502 1 0.502 3.173 0.076
Cyclophilin 14.792 1 14.792 93.516 < 0.001

Pathology 0.003 1 0.003 0.016 -  0.898
Sex 0.306 1 0.306 1.938 0.165
Pathology*Sex < 0.001 1 < 0.001 0.005 0.941
Error 72.603 459 0.158
Total 6255.872 468
Corrected total 427.005 467

Estimated marginal means

1. Pathology. Dependent variable: APP (A) 695 mRNA

Pathology Mean Std. 95% Confidence interval

Lower bound Upper bound

AD
CON

3.527“
3.533“

0.028 3.473 
0.029 3.476

3.582
3.590

Pairwise comparisons. Dependent variable: APP A (695) mRNA

(I)
Pathology

(J)
Pathology

Mean
difference
( I - J )

Std. error Sig.

AD
CON

CON
AD

-  0.0054 
0.0054

0.042
0.042

0.898
0.898

Antilog of -  0.054 = 0.99 and corresponds to a mean 1% decrease of APP 
A (695) mRNA in AD brains relative to control brains (p = 0.898) after 
adjustment for sex, age and pH of brain.

2. Sex. dependent variable: APP A (695) mRNA

Sex Mean Std. 95% confidence interval

Lower bound Upper bound

F 3.501“ 0.027 3.447 3.555
M 3.559“ 0.029 %  - 3.503 3.615 -

Pairwise comparisons. Dependent variable: APP A (695) mRNA

(I) (J) Mean Std. Sig.
Sex Sex difference error

(I-J)
F M -0.057 0.041 0.165
M F 0.057 0.041 0.165

Antilog of -  0.057 = 0.88 and corresponds to a mean 12% decrease of APP 
A (695) in female brains compared to male (p = 0.165), after adjustment for 
pathology, age and pH of brain.

3.3. Amyloid precursor protein isoforms

The APP gene spans almost 300,000 bases of DNA from 
which 18 exons can be alternatively spliced [14]. Attempts 
were made to measure the mRNA for the different isoforms 
but the same problems that have hampered previous studies 
also became apparent in this study too. The main problem was 
that of probe cross-hybridisation to more than one mRNA 
isoform. Many, if not most, of the previous studies have not 
placed any or enough emphasis on this point. Without being 
able to get a discrete measurement for each isoform the 
interpretation of the results is difficult. Table 4 contains the 
information regarding which exons are found in the different 
APP/APRP mRNA isoforms; for example, APP 770 mRNA 
isoform contains all 18 exons of the APP gene. Table 5 is a 
listing of the TaqMan probe/primer sets that recognise the 
APP/APRP mRNA isoforms; for example, probe B recog
nises all the various APP/APRP mRNA isoforms.

3.3.1. APP probe H (714 mRNA isoform)
A probe was made to recognise exons 6 and 8 of the APP 

gene and if this probe had worked then a discrete measure
ment could have been made for APP 714. However, on the 
basis of previous studies [10,47], the expression of APP 714 
is generally believed to be very low and can be discounted as 
having any significant effect with cross-hybridisation to other 
probes.

3.3.2. APRP probe G (563 mRNA isoform)
A probe was successfully made for APRP 563 and levels 

were found to be very low in both the AD and the control 
brains. The levels were barely detectable and failed in several 
brain samples. Of all the isoforms tested APRP 563 was the 
lowest and like APP 714 it can safely be discounted from 
analysis of the other isoforms due to its non-interference in 
cross-hybridisation effects. Both APP 714 and APRP 563 are 
excluded from the following discussion in order to reduce the 
complexity.

3.3.3. APP probe A (695 mRNA isoform)
Discrete measurements were successfully made for the 

most abundant of the APP mRNA isoforms, APP 695. A

Notes to Table 3:
ANOCOVA analysis to test equality of means in APP A (695) mRNA across 
groups defined by gender and pathology. The difference in mean APP A (695) 
mRNA seen both in the AD brains relative to controls, and in the females 
relative to males failed to reach significance (j3=0.898 and p=0.165, 
respectively). The gender differences were consistent in both the AD and the 
control brains (j3 = 0.941). The inference is that, on average, there was no 
significant difference in APP A (695) mRNA levels either in the AD brains or 
in the females. Mean values for APP A (695) mRNA are given after 
ANOCOVA adjustment to three reference genes (|3-actin, GAPDH and 
cyclophilin). Factors taken into account include age at death and pH of brain 
(covariates).

“Evaluated at covariates appeared in the model: Brain pH=6.48, 
Actin=3.42, GAPDH=3.74, Cyclophilm=2.28, Age = 75.01.
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Fig. 3. Linear regression of APR A (695) against fi-actin mRNA. A strong 
correlation is seen between AFP A (695) and (i-actin mRNA (r=0.88, 
/?< 0.001). Levels of mRNA were plotted from the entire set of brain samples 
(244 AD and 225 controls). The strong correlation between the genes is 
useful because it allows removal of the common component of variation and 
isolation of any effects due to pathology or gender.

mean change of -  1% was observed in AD relative to control 
brains (p = 0.898) (Table 2 and Fig. 2). Given the increased 
precision of TaqMan™ RTPCR over previous methods a 
-  1% change can be interpreted as, on average, no change 
(Table 6).

3.3.4. APP C (695/751/770 mRNA isoforms)
Both this and the following probe, APP (B), are closely 

linked. Both probes recognise the most abundant APP 
isoform 695. The only difference between the two probes 
is that APP B also recognises the APRP species 365. When 
tested in the AD and control brains no change was observed 
for APP C between the two samples (ju = 0.877) (Table 2 
and Fig. 2). Given that APP F recognises APP 751 and is 
seen to increase it may be surprising that APP C does not 
increase at least by a small amount. The most likely reason 
for this is that the 695 isoform is so abundant (Table 6) that ! 
it may obscure small changes seen in the other isoforms, 
although it was possible to detect a small increase in APP B.

3.3.5. APP B (695/751/770/365 mRNA isoforms)
APP B is closely linked with the previous probe APP (C). 

A mean 18% increase of APP B mRNA was observed in AD ' 
brains relative to controls (p = 0.065) (Table 2 and Fig. 2). 
This result may be due to chance since the probability did not 
reach significance. If the result is not due to chance, then the 
only difference between the two probes (C and B) is that B 
also recognises APRP 365. It may be that the slight increase 
seen with this probe is due to recognition of this isoform and 
consequently a rise in the amount of APRP 365 in AD brains. 
However, the increase was small and did not reach signifi
cance (p = 0.065). Other unknown factors may also influ
ence the levels of expression. For example, the APP B probe 
is designed to recognise exon 5 of the APP gene. The APP C 
probe recognises exon 17 of APP. In other words, the probes 
are designed to recognise opposite ends of the very large 
APP gene and there may be unknown bias introduced such as 
selective mRNA degradation.

Table 4
APP exons in isoforms of APP/APRP mRNA

APP Exons APP/APRP mRNA isoforms

695 714 751 770

1
2

3
4
5
6

7 Kunitz
8

9
10 
11  
12
13
14
15
16 AP
17 AP
18

partial

A grey box indicates possession and a black box indicates a lack of that exon in the mRNA isoform for that column. Exon 7 codes for the Kunitz protease 
inhibitor domain (KPl). Exon 8 is a 19 amino acid insert, whilst exons 16 and 17 contain the Ap sequence as well as part of the transmembrane domain.
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Table 5
APP/APRP mRNA isoforms and the TaqMan probe/primer sets that recognise them

APP
Probes

A
Exon 6/9 
B
Exon 5 
Ç
Exon 17 
D
Exon 7 
E
Exon 7/8 
F
Exon 7/9 
G
APRP 563 
H
Exon 6/8 

I
Exon 8/9 
J
APRP 365

APP/APRP mRNA isoforms

695

A grey box indicates recognition and a black box indicates a lack of recognition for that isoform by TaqMan real-time RT-PCR analysis. Where probe/primer
sets were designed to run across exons they were tested separately on human pooled cDNA and genomic-pooled DNA. In each case such sets gave a 
quantitative TaqMan™ signal when tested with cDNA but failed with genomic DNA. This indicates the likelihood that intervening exon/intron sequences in 
the genomic DNA prevented these probe/primer sets from working, and increases the probability that these sets were specific to the exon splice junctions. 
Secondly, the primers were used as probes in Southern blots. For single exons a major band of the predicted size was detected using genomic DNA. For sets 
designed to run across exons they failed to detect any bands in genomic human DNA but they detected major bands of the predicted size in cDNA.

3.3.6. APP F (751 mRNA isoform)
APP F and APP 695 generated the strongest signals. APP 

F recognises only the isoform 751 and the species APRP 
563. Since the 563 species was discounted from the analysis 
due to extremely low levels of mRNA, it can be deduced that 
data generated by this probe are primarily from APP 751. A 
small rise of 28% was seen for APP 751 mRNA in AD brains 
relative to controls (p = 0.002) (Table 2 and Fig. 2). Whilst 
the rise may be small the probability is highly significant. 
Almost one in a thousand. Given the large numbers of brains 
used in this study (171) and the fact that each of those brains 
was sampled three times, there were 513 independent data 
points with which to calculate probabilities. Although a 
small mRNA increase the result is most likely a robust one.

3.3.7. APP D (751/770/365 mRNA isoforms)
This probe and the following probe (£) are more difficult 

to interpret. This is because no independent measurements

Table 6

Relative percentage of APP mRNA isoforms in human brain

Relative percentage of APP/APRP mRNA isoforms in human brain

Study . 
reference

695 714 751 770 563 365

[17,18] 60% not 28% 2% not 10%
stated stated

[10] 73% very 27% 0% not not
low stated stated

were possible for either APP 770 or APRP 365. Therefore, it 
is difficult to state which of the species was responsible for 
the increases seen in AD brains. The APP D probe gave a 
37% increase in AD brains relative to controls (/?< 0.001) 
(Table 2 and Fig. 2). Some of this increase almost certainly 
came from the recognition of APP 751, but whether the extra 
increase is due to APP 770 or APRP 365 is difficult to say. 
The probability is that the increase is due mainly to APRP 365 
since APP 770 normally only accounts for about 2% of the 
total APP present in the human brain compared to the 10% of 
APRP 365 (Table 6).

3.3.8. APP E (770/365 mRNA isoforms)
The interpretation of APP E data was difficult to interpret 

for the same reasons as APP D (see above). Of all the probes 
APP E increased the most. A 48% increase was seen in AD 
brains relative to controls (/?< 0.001) (Table 2 and Fig. 2). 
Given that there are no discrete measurements of either 
isoform then it is impossible to say which isoform is primarily 
responsible for this significant rise in AD. It is possible that 
the rise is due mainly to APRP 365 for the same reasons given 
for APP D.

3.4. Summary o f APP/APRP mRNA isoforms

Although the individual probes vary in how much infor
mation they can offer about the isoforms of APP/APRP and 
how their mRNA levels differed between AD and control
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brains, the underlying issue of whether there is a change in the 
ratios of KPI+/KPI-can be clearly stated. In absolute terms 
both the KPI-(primarily APP 695) and the KPI+isoforms 
were reduced in AD brains relative to controls. This is in 
keeping with the finding that all genes tested in this study, 
including reference genes, were found to be reduced in AD 
brains (Fig. 1). However, when mRNA levels are stand
ardised and relative means compared an overall increase in 
the ratio of KPI + isoforms to KPI-mRNA is seen. This is 
evident from Table 2 and Fig. 2 where the three results that 
had significant probabilities (APP F, D and E) were all probes 
that recognised KPI+ species. Given the highly significant 
probabilities of 1 in a thousand or less and the fact that three 
separate probes all show the same magnitude of increase, it is 
fairly certain that in this sample of AD and control brains 
there was an increase of KPI+ mRNA isoforms in the AD 
samples. This would also be in keeping with what is probably 
the majority view, if not the consensus, that there is an 
increase o f KPI+ mRNA isoform s in AD [1 9 - 
21,25,31,35,43,48].

It may be that the increase of KPI+ mRNA isoforms in 
AD brains is simply a reflection of the changing cell 
populations. Neuronal loss accompanied by astrocytosis 
may be mirrored by a change in the ratio of + to -  isoforms. 
The KPI -  isoforms are primarily neuronal and occupy a 
large percentage of the total APP. A reduction of neurons in a 
brain that has AD will be accompanied by a loss of KPI - ,  
and it may be that the change in ratio is simply a reflection of 
the proliferation of astrocytes. Alternatively, as has been 
suggested elsewhere, this, proliferation of astrocytes and 
microglial activation may generate factors which contribute 
to further neurodegeneration [11].

Whatever the importance or non-importance of this 
change in the APP KPI ratios, this study has demonstrated 
that there is a is a change in the relative levels and and that this 
change is characterised by a small but significant increase of 
APP/APRP KPI+ mRNA isoforms in AD relative to control 
brains.
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Abstract

Expression levels of mRNA are commonly measured as a ratio of test to reference gene. The assumption is that reference genes such as 
P-actin or cyclophilin are unaffected by treatment and act as steady-state controls. TaqMan™ real-time RT-PCR was used to test these 
assumptions in a rat model of cerebral ischaemia (tMCAO). Following measurement of 24 genes, we show that reference genes in this 
animal model fail the criteria for steady-state controls. Neuronal loss, glial proliferation and an influx of leukocytes into the lesioned brain 
result in major disturbance to cell populations. The mRNA for reference genes, as for test genes, reflects these changes. Specific mRNA 
levels vary according to the choice of reference gene to which they are normalised. In the process of resolving reference gene issues, 
mRNA increases were discovered for leukaemia inhibitory factor, nestin and galanin in rat brain hemispheres affected by ischaemia. 
Results are reported for a further 21 genes and mathematical and statistical methods are described that allow in this study fraction-fold 
changes in mRNA to be detected.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction compounded difficulties by an over-reliance on intuition in
preference to probability and inferential statistics. Spanakis 

Until recently, the gene expression sciences have been and Brouty-Boye recognised the symptoms in 1994 whilst
semi-quantitative; the various options for quantifying evaluating mRNA data from breast tissue; autoradiographs
mRNA have given low-resolution data that is often from slot blots created the visual illusion that abundant
variable and difficult to replicate. Post-assay analysis has transcripts such as (3-actin varied less than scarce ones.

Closer examination revealed that this was an artefact and 
that different conclusions could be drawn from visual 
inspection and from statistical analysis of the same au-

•Corresponding audior. Tel.: +44-1279-622215: fa,: +44-1279- toradiographs. To resolve, this they advocated "the need 
622267. for a statistical theory of gene expression” [35,36],
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that is transforming this semi-quantitative situation 
[10,11,13-15,17,23,28]. Where standard RT-PCR quan
tifies a product at end-point after exponential amplification
[8], TaqMan™ RT-PCR (TaqMan™) continuously 
monitors an accumulation of product in real-time 
[11,13,25]. Measurements are made in the exponential 
phase of the PCR reaction and avoid the effect of limiting 
reagents, amplicon re-annealing, post-PCR processing and 
cycling variability of end-point analysis. Reproducibility of 
TaqMan™ assays using replica 96-well plates is 97% or 
higher, a definite improvement on standard RT-PCR [3].

The usual starting point for quantification experiments is 
whether mRNA should be measured in absolute or relative 
terms. For most applications, relative quantification is 
sufficient, the essential question usually being whether 
treatment groups differ. The second question is magnitude; 
if an mRNA level changes, how large is it and is it 
significant? The latter question is widely misunderstood; 
significance in the formal sense means the probability of 
the result occurring by chance. This is often confused with 
whether the biology also altered significantly. Another 
misunderstanding is to relate magnitude with significance; 
a large quantitative change in mRNA is not necessarily 
more significant than a small change. A 10-fold treatment 
change in one gene with high levels of variation could be 
non-significant ( f >0.05), whilst a twofold treatment 
change in another gene with smaller inherent variation 
could be highly significant (P<0.01) [4]. The distribution 
of data is the deciding factor.

If mRNA levels are measured in relative terms the 
obvious question is relative to what? One answer that has 
been standard practice for many years is relative to a group 
of reference genes known as housekeepers: (3-actin, 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 
cyclophilin being three of the most widely used. The 
reasons for using reference genes are several: (i) Reference 
genes are assumed to act as steady-state controls across 
treatment groups; the assumption is that housekeeper genes 
are found in all cells and tissues and that they are 
unchanged in the presence of treatment [35,36]. We wish to 
remove any systematic variation between samples by using 
a gene we believe is unaffected by treatment and whose 
variation in mRNA level reflects the technical and quality 
variation between the samples only, (ii) By comparing test 
mRNA to internal reference mRNA the total mRNA 
variance cap be partitioned and the component of variation 
conunon to both can be removed from the analysis.

In a human study we found that the value of a specific 
mRNA change varied according to the choice of reference 
gene (data not shown). To resolve this issue and to validate 
analytical methods for quantifying mRNA a rat model of 
focal cerebral ischaemia, the transient middle cerebral 
artery occlusion (tMCAO) was used. Twenty-four genes 
were assayed using TaqMan™ assays and test genes were 
assessed relative to four internal reference genes.

2. Materials and methods

2.1. Animal model o f cerebral ischaemia

All animal procedures were carried out in accordance 
with the UK Animals (Scientific Procedures) Act (1986). 
Efforts were made to minimize animal suffering and to use 
only the number of animals necessary to produce reliable 
data. Eighteen adult male Sprague-Dawlèy rats (Charles 
River, UK, 320-350 g) were randomly assigned to receive 
either tMCAO (90 min, n = 6 ) via the intraluminal thread 
technique [22 ], sham surgery {n—6), or naive treatment 
(n= 6 ). Following exposure of the right common carotid 
artery under halothane anaesthesia (2%), a 3/0 nylon 
monofilament was advanced along the internal carotid 
artery until its leading edge was positioned 1 mm beyond 
the origin of the right middle cerebral artery. The right 
middle cerebral artery was occluded for 90 min, followed 
by withdrawal of the thread to the common carotid artery 
to permit retrograde blood flow to the right middle cerebral 
artery. Sham surgery was carried out by introducing the 
thread into the internal carotid artery, followed by immedi
ate withdrawal to the common carotid artery. Hence the 
thread was not advanced far enough to occlude the origin 
of the middle cerebral artery. No surgery was performed 
for naive treatment. All ischaemic animals had focal 
neurological deficits when assessed 60 min after MCAO 
with failure to fully extend the left forepaw, contra lateral 
circling and no resistance to lateral push (Bederson 
neurological score, grade 3). These results indicate a 
consistent neurological deficit and a successful MCAO. No 
deficits were observed in either sham-operated (Bederson 
neurological score, grade 0) or naïve animals. Twenty-four 
hours post-treatment, animals were anaesthetised with 
sodium pentobarbital (45 mg/kg, i.p.) and decapitated for 
harvesting of brains. Brains were removed and separated 
into ipsilateral (stroke) and contra lateral (undamaged) 
hemispheres. No local dissection was performed in order 
to minimise any variance due to anatomy or sampling. One 
of the candidate mRNAs, LIF, was also reported to be 
up-regulated in response to cortical injury some distance 
from the lesion site [1], hence our reluctance to micro- 
dissect. This gave six groups: tMCAO ipsilateral (Mjpsj), 
tMCAO contra-lateral (M .̂^^^ )̂, sham surgery ipsi-lateral 
(Sip.i), sham surgery contra-lateral naïve ipsi
lateral (Njpgj) and naïve contra-lateral (Ncomra)- Brains 
were weighed and then stored at — 80°C.

2.2. Preparation o f total and poly(A) RNAs

Brain hemispheres were homogenised in Trizol™ re
agent (Life Technologies, NY, USA) at a ratio of 10 ml 
Trizol/0.5 g tissue using an Ultra-Turrax T25 homogeniser 
(Ika Labortechnik, Germany); 1-ml aliquots were stored at 
-8 0  °C. RNA was prepared from Trizol™ homogenate
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according to the manufacturers instructions (Life Tech
nologies, NY, USA), Three RNA extractions were carried 
out from each brain hemisphere’s Trizol™ homogenate. 
We measured therefore three replicates of six treatment 
groups with six brain hemispheres in each group. No RNA 
pooling of either hemispheres or replicates was performed. 
RNA integrity was assessed by electrophoresis using a 1% 
agarose gel. Optical density readings were taken for RNA 
samples on a GeneQuant spectrophotometer (Pharmacia 
Biotech, UK); 10 [xg of RNA from each sample was used 
to purify poly(A) mRNA, which was extracted using the 
PolyATract® mRNA Isolation System (Promega, UK), the 
only modification being a 10-fold reduction in all reagents. 
Poly(A) mRNA samples were stored at -80  °C.

2.3. Preparation of cDNA

Reverse transcription of poly(A) mRNA was carried out 
in a MJ Research PTC-200 PCR machine (Genetic Re
search Instrumentation, UK). All reagents were supplied 
by Life Technologies (NY, USA). For each brain sample,
2.0 p,l of poly(A) mRNA was added to a 96-well plate, 
followed by 2.0 |xl of oligo(dT), and 6.0 |xl of RNase-free 
water. Three wells were assigned as No Amplification 
Controls (NAC) and had the same mix as the sample 
wells, whilst another three wells were named No Template 
Controls (NTC); these wells contained 2.0 [xl of oligo(dT),

 ̂ 8.0 |xl of RNase-free water but no poly(A) mRNA. To
' allow the oligo(dT) probe to anneal to the poly(A), the

plate was incubated at 90 °C for 2 min followed by cooling 
on ice. A master reverse transcription mix was made, 
consisting of (for each well): 4.0 p.1 first strand buffer, 2.0 
|xl dithiothreitol (DTT), 0.5 pi of dATP (10 mM), 0.5 pi 
of dCTP (10 mM), 0.5 pi of dGTP (10 mM), 0.5 pi of 
dTTP (10 mM), 1.0 pi of RNaseOUT, and 1.0 pi of 
Superscript II enzyme; 10.0-pl aliquots of master mix 
were added to all wells except the NACs, which had a 
similar mix except that the Superscript II enzyme was 
replaced with water. The 96-well plate was incubated for 1 
h at 42 °C, 2 min at 95 °C, followed by cooling to room 
temperature; 60.0 pi of RNase-free water was added to 
each well giving a 1:4 dilution. To make replica copies of 
the reverse transcription plate, 4.0-pl aliquots of cDNA 
from each well were dispensed into 96-well TaqMan™ 
plates using a Hydra™ 96 robot (Robbins Scientific, UK). 
Plates were stored at -80°C. Actin was assayed on 
replica plates (3 -actinl, P-actin2 ) to assess consistency 
from plate to plate.

2.4. TaqMan ™ real-time RT-PCR assay

TaqMan™ probes and forward and reverse primers to 24 
genes were designed with Primer Express™ software (PE 
Applied Biosystems, UK). Sequences are available by 
e-mailing paul.preece@quantuum.com. Specificity of the

primers was checked using them as probes in Southern 
blots. In all cases, they detected a major band of the 
predicted size. In brief, the TaqMan™ assay requires both 
forward and reverse primers, as well as a fluorogenic probe 
that anneals between the forward and reverse primer sites. 
The TaqMan™ probe has a fluorescent reporter dye at the 
5' end and a quencher dye at the 3' end. During PCR 
cycling, the TaqMan™ probe is cleaved by 5 '-3 ' nuclease 
activity of Taq polymerase, and the reporter and quencher 
dyes become separated resulting in an increase in fluores
cence. The ABI Prism 7700 measures the accumulation of 
PCR product by continuously monitoring the increase in 
fluorescence during cycling. The more of the target gene 
that is present in a sample, the earlier it will be detected in 
the PCR cycles. Cycle threshold detection is converted into 
number of gene copies in the starting material and a 
standard curve is constmcted using known amounts of rat 
genomic DNA. Test gene mRNA values are extrapolated 
from the standard curve and expressed in arbitrary units. 
Details of the TaqMan™ assay have been described 
previously [11,13,25].

One TaqMan™ cDNA plate was used per test gene. A 
master TaqMan™ mix was made, consisting of (for each 
well): 8.625 |xl RNase-free water, 2.5 p.1 lOX TaqMan™ 
buffer, 6.0 jil MgClj, 0.5 jxl dATP (2.5 mM), 0.5 jxl dCTP 
(2.5 mM), 0.5 l̂l dGTP (2.5 mM), 0.5 |il dUTP (2.5 mM),
0.25 |xl uracil-N-glycosylase (UNG), 0.125 fxl Taq Gold 
enzyme, 0.5 |xl TaqMan™ fluorogenic probe (5 |xM), 0.5 
p.1 TaqMan™ forward primer (5 p.M), and 0.5 |xl 
TaqMan™ reverse primer (5 |xM) (TaqMan™ PCR core 
reagent kit™, PE Applied Biosystems, UK); 21.0 [xl of 
master mix was added to all wells of the cDNA plate; 12 
wells were left free of poly(A) mRNA in order to generate 
a standard curve; serial 1:10 dilutions of known amounts 
of rat genomic DNA (4.0 |xl per well) were added in 
duplicates to these wells (Promega, UK). Plates were 
analysed on a TaqMan™ ABI Prism 7700 Sequence 
Detector™ (PE Applied Biosystems, UK). Cycling param
eters were: 50 °C for 2 min, 95 °C for 10 min, 40 cycles of 
95 °C for 15 s, 60 °C for 1 min. Data were acquired and 
processed with Sequence Detector 1.6.3 software (PE 
Applied Biosystems, UK).

2.5. Statistical analysis

A nested experimental design was used with three 
random effect strata, these being: between rats, between 
samples within rats and between replicates within samples 
which naturally leads to a split-plot analysis of variance
[9]. Treatment effects were assessed using the between rat 
variability whilst the interaction between treatment and 
hemisphere was assessed using the variability of samples 
within rats. Additionally, each of four reference genes was 
used as a covariate [4]. Analysis was carried out using 
Genstat software V5.4.1 (Lawes Agricultural Trust, Har-

mailto:paul.preece@quantuum.com
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penden, UK), Multivariate analysis was carried out by 
partial least squares (PLS) [41,42] using SIMCA software 
V7 (Umetri AB, Box 7960, S-90719 Umea, Sweden).

PLS combines principal component analysis with regres
sion. Underlying latent variables (principal components) 
are calculated from each of the Y- and A-sets of variables. 
Components are made up of a linear combination of the 
variables, whether as genes in the F-set, or as treatments in 
the X-set (PQ = + W/2&2 + • • • + where:
PC,. = ith principal component; g^.=response of yth gene/ 
treatment; = weight of yth gene/treatment in the ith 
principal component. For each component of the F-set, a 
multiple regression model using the components of the 
X-set is formed. This forms a basis for an iterative process 
maximising the covariance model of the two datasets. The 
weights of the genes/treatments in the components are 
called loadings and the larger the loading, the greater the 
contribution of the gene/treatment to that particular com? 
ponent. The meaning of each component can therefore be 
interpreted by assessing the loadings. A biologically 
relevant label can then be assigned to the component. 
Loadings can be either positive or negative and this 
indicates whether the gene/treatment is positively or 
negatively correlated with a component. If the loading is 
zero then the gene/treatment makes no contribution to the 
component. The components are ordered according to their 
importance with the first component explaining the most 
variability in the dataset, the second explaining the next 
largest amount of variability and so on, but with the 
constraint that each component is orthogonal to the 
previous one.

3. Results

3.1. Non-linearity of raw TaqMan 
transformation

data— log

The ABI Prism 7700 measures a fluorescent accumula
tion of PCR product by continuous monitoring. Cycle 
threshold (C^) is an arbitrary value assigned by the 
experimenter to a level somewhere above baseline. Once 
chosen, the Cj value sets the point at which the sample 
PCR amplification plot crosses the threshold (Fig. la). The 
Cj value in turn is predictive of the quantity of input 
cDNA. The nàbre of the target gene present in a sample, 
the earlier it will be detected in the PCR and the lower the 
C.J.. By including known amounts of genomic or cDNA 
standards, a curve can be plotted relating Cj to input 
quantity of standard (Fig. lb). Test gene values can then be 
interpolated from the standard curve and expressed in 
arbitrary units. Details of TaqMan™ RT-PCR have been 
described elsewhere [11,13,25].

Fig. 2a is a scatter plot of substance P mRNA against 
(3-actin mRNA. Both substance P and 3-actin mRNAs 
have skewed population distributions biased towards many

clustered low values with small variability, and a small 
number of high values with large variability. This figure 
shows how raw TaqMan™ data taken directly from the 
ABI Prism 7700 can be non-linear when comparing two or 
more mRNA species. Fig. 2b is the log-transformed scatter 
plot of Fig. 2a, and shows how the two mRNA transcripts 
once transformed are linearly related, have normal dis
tributions and a homogeneous variability across the range 
of expression, all of which are required for vaUd paramet
ric statistical analysis. This should not be surprising as the 
raw interpolated data are calculated on a log scale (Fig. 
lb). Strong correlations were seen between the log-trans
formed mRNA transcripts regardless of which genes were 
assessed relative to one another.

3.2. Ratios o f test to reference mRNA cause bias in 
TaqMan ™ assays

Expressing data as a ratio to adjust for an uncontrollable 
variable is a simple and widely used method in many areas 
of science [20]. It is commonly used to express TaqMan™ 
data. However, taking a ratio of test to reference mRNA 
can lead to bias.

The ratio method is based on the additive linear regres
sion model on the log scale and depends on the relation
ship between numerator and denominator:

log(F) = Aq + A , log(X) + s (1 )
where: F = test gene (numerator), X=reference gene (de
nominator); Ao = intercept on log scale; A, = slope on log 
scale and £ = error.

Eq. (1) can be re-written as:

(2 )
This is the multiplicative version of the model on the 
original scale and if A, = 1, Eq. (2) simplifies to:

F/X = 10 °.s (i.e. a constant) (3)

The assumptions underlying the direct analysis of ratios 
include:

1. The measurement system (error) is multiplicative on 
the original scale and additive on a log scale. Implicit 
in this assumption is that treatment effects are also 
multiplicative;

2. The relationship between variables (test and reference 
mRNAs) is linear on a log scale;

3. The slope of the relationship between variables (test 
and reference mRNAs) is equal to or close to 1;

4. The slope of the relationship does not change in the 
presence of treatment;

5. The response of the independent variable (reference 
mRNA) does not change in the presence of treatment;

6 . The ratio is normally distributed;
7. The ratio has a constant variability.
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A scatter plot of log test mRNA versus log reference 
mRNA allows assumptions 1 to 5 to be verified. Four test 
gene mRNA levels have been plotted against 3-actin 
mRNA in Fig. 3. Assumptions 1, 2 and 4 are consistently 
met. Assumption 3, that the slope of the relationship 
between test and reference mRNA is equal to or close to 1, 
is often broken making analysis of ratios invalid. Fig. 3 
gives examples of this (iNOS=0.57, nNOS=0.86, 
GFAP=1.15 and Notch 3=1.66). The fifth assumption, 
that the response of the reference mRNA does not change 
in the presence of treatment, is also repeatedly broken and 
details of this are given in the Unstable Reference Gene 
mRNAs section. Assumptions 6 and 7 are also violated. It 
is well documented that the ratio of two normally distribut
ed variables is not in itself normally distributed and that it 
does not have constant variability [5]. Ratios are con
strained between zero and infinity, decreases lie between

zero and one while increases lie between one and infinity, 
so the distribution of ratios is naturally skewed.

3.3. Analysis of covariance (ANOCOVA): an alternative 
to taking ratios in TaqMan ™ data analysis

The issue of the slope being close to or equal to 1 
(assumption 3 in the previous section) can be addressed by 
modelling the relationship between log mRNA levels for 
any two transcripts. In doing so, the slope can be estimated 
precisely. This method is called analysis of covariance 
(ANOCOVA) and it is widely used to adjust for the effect 
of independent biological variables [4,9].

The assumptions underlying the use of ANOCOVA are:

1. The measurement system (error) is multiplicative on
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the original scale and additive on a log scale. Implicit 
in this assumption is that treatment effects are also 
multiplicative;

2. The relationship between variables (test and reference 
mRNAs) is linear on a log scale;

3. The slope of the relationship does not change in the 
presence of treatment;

4. The response of the independent variable (reference 
mRNA) does not change in the presence of treatment.

ANOCOVA has several advantages over the use of 
ratios in the analysis of TaqMan assay data:

1. Ratios are not independent of the reference mRNA if 
the slope of the relationship between test and reference 
is not equal to one. Some of the dependency is 
removed but not all. The further the slope is from 1, 
the less effective is the ratio at removing that depen
dency. For example, if the true slope is 2 then:

and if the effect of the housekeeper is removed by 
calculating the ratio of the test gene (F) to the 
reference gene {X) then:

1= ™ '

and ^  is still a function of X.
The two versions of the model (Eqs. (1) and (2)) 

are plotted in Fig. 4. for different values of A g and A,. 
The slope parameter on the log scale, A,, dictates the 
shape of the curve on the original scale, whilst Ag, the 
intercept on the log scale, is a scaling parameter on the 
original scale.

2. Treatment comparisons are better because more of the 
variation due to sample quality is removed from the 
residual variance than when the slope is constrained to 
1. Rather than adjusting for differences in sample 
quality by taking ratios for each individual sample, 
adjustments are made to treatment group averages. 
This estimates what the test gene mRNA response 
would be if all groups were of equal sample quality 
(Fig. 5).

3. Treatment means can be viewed in the original units 
rather than percent of reference mRNA.

4. Orders of magnitude between groups can still be 
estimated and with realistic asymmetrical confidence 
intervals.

3.4. Messenger RNA levels vary according to the choice 
o f reference gene

Table 1 demonstrates that the precise level of a specific 
mRNA change and the probability of obtaining that result 
varies according to the choice of reference mRNA to 
which it is normalised. This indicates a violation of the 
criteria for steady-state controls but also that some refer
ence genes explain more of the non-specific variability 
than others leading to a greater improvement in the 
statistical sensitivity.

Each mRNA, including reference mRNAs, was assessed 
individually without normalisation to a reference gene. Fig. 
6 shows the mean mRNA value for each gene according to 
brain hemisphere (ipsi-lateral or contra-lateral), and treat
ment (tMCAO, sham, or naive). No normalisation was 
made to reference mRNAs. Values in Table 2 were 
calculated from the data in Fig. 6 and they give the 
percentage difference in mRNA levels in M,p̂ j relative to 
Sipjj. As in Fig. 6 , no adjustment has been made for 
reference mRNAs. Three groups can be defined that fall 
broadly into the categories of a mRNA decrease in Mjp̂ j 
(Group A), minimal or no apparent change (Group B), and 
an increase in mRNA in Mjp,j (Group C). It is stressed, 
however, that there is a continuum of effect and group 
boundaries are arbitrary. These groupings were also con
firmed by a multivariate analysis (see Multivariate Analy
sis of TaqMan™ Data—Principal Components section). We 
discuss these groups later and propose that some mRNA 
transcripts in Group B may have increased after stroke 
even though they appear to be stable when assessed 
individually.

3.5. Unstable reference gene mRNAs

All three housekeeper reference mRNAs were affected 
by Mjpgj treatment compared to S|p,j: Table 2, cyclophilin 
40% Mjp3i decrease (P=0.02), GAPDH 30% M̂ p,; de
crease (P=0.08), p-actin(l) 26% Mjp̂ j increase ( f =0.28) 
and P-actin(2) 5% Mjp̂ j increase (P = 0.84). The neuronal 
reference MAP 2 mRNA was also reduced by 44% in Mip,, 
(P = 0.19). The difference between effects in the two |3- 
actin measurements from plate to plate was within the 
observed range of random variability.

3.6. Adjusting fo r  a change in the reference mRNA in 
TaqMan ™ assays

Where a reference mRNA has been affected by treat
ment, cautious interpretation of results is advisable as the 
adjustments will not only remove any differences in 
mRNA quality, but may also remove or introduce a 
treatment effect on the test mRNA. If these methods are 
used without knowing how treatment has affected the
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reference mRNA then mistakes can easily be made. False 
negatives occur when both test and reference are affected 
in the same way, as one cancels out the effect of the other

e.g. CNTF receptor a  adjusted to cyclophilin (Table 1). 
False positives occur when the reference but not the test 
gene mRNA is affected by treatment; for example, the

Table 1
Percentage change and P-values of mRNA in relative to

Test gene Reference gene

P-Actin P-value GAPDH P-value Cyclophilin P-value MAP 2 P-value

VIP - 5 9 <0.001 -2 7 0.112 - 2 9 0.075 - 3 9 0.017
CNTF receptor a -5 3 0.001 - 2 0 0.314 -1 1 0.612 - 3 3 0.074
Apo E -5 1 0.012 - 3 4 0.127 — 36 O.IIO - 3 7 0.071
MAP 2 - 4 4 0.027 19 0.513 19 0.595 n /a
Cyclophilin - 5 0 <0.001 - 1 3 0.132 n /a - 2 7 0.045
Substance P - 3 6 0.042 - 7 0.703 7 0.714 - 2 5 0.203
GAPDH -4 1 0.001 n /a 8 0.325 —16 0.152
Notch 3 -4 1 0.241 88 0.099 82 0.181 57 0.092
NMDA - 2 2 0.375 37 0.248 44 0.248 11 0.549
CNTF - 1 8 0.336 30 0.193 33 0.196 15 0.506
p-Actin 2 n /a 52 0.005 61 0.005 30 0.042
Transferrin 19 0.298 72 0.001 99 <0.001 47 0.028
p-Actin 1 n /a 83 <0.001 86 <0.001 57 0.005
nNOS 23 0.334 137 <0.001 140 <0.001 87 <0.001
Galanin 54 0.115 121 0.010 133 0.007 96 0.015
Caspase 3 49 0.160 270 <0.001 246 0.001 204 <0.001
TNFa 251 <0.001 603 <0.001 650 <0.001 477 <0.001
GFAP 290 0.008 857 <0.001 905 <0.001 718 <0.001
Nestin 404 <0.001 625 <0.001 683 <0.001 517 <0.001
IL-10 391 <0.001 655 <0.001 657 <0.001 552 <0.001
iNOS 464 <0.001 755 <0.001 652 <0.001 633 <0.001
IL-1 receptor 
antagonist

610 <0.001 1061 <0.001 1064 <0.001 857 <0.001

IL-ip 680 <0.001 1438 <0.001 1485 <0.001 1127 <0.001
IL-6 1452 <0.001 2777 <0.001 2797 <0.001 2159 <0.001
LIF 4377 <0.001 11 043 <0.001 11 120 <0.001 8431 <0.001

Mean values are given after analysis of covariance adjustment to reference genes.
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reference decreases, the test remains stable and the dif
ferential is claimed to be an increase in test gene mRNA, 
e.g. transferrin adjusted for cyclophilin (Table 1). We 
recommend analysing individual reference mRNA levels 
with analysis of variance (ANOVA) prior to their use as 
covariates. Once examined, test gene mRNA differences in

treatment groups can be interpreted as the effect over and 
above the effect seen in the reference. If there are no 
differences in the test gene mRNA then this should be 
interpreted as an effect similar to that seen in the reference 
mRNA, e.g. CNTF receptor a  adjusted for cyclophilin 
(Table 1).
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Table 2
Percentage change and P-values of mRNA in Mj , relative to Sj

Gene
unadjusted

F-value

Group A
VIP -5 3 0.004
CNTF receptor a -5 1 0.032
Apo E -5 0 0.016
MAP 2 -4 4 0.187
Cyclophilin - 4 0 0 .0 2 0
Substance P - 3 6 0.124
GAPDH - 3 0 0.082

Group B
Notch 3 - 2 0 0.676
NMDA -1 9 0.579
CNTF -1 5 0.557
P-Actin 2 5 0.837
Transferrin 2 2 0.427
P-Actin 1 26 0.280
nNOS 47 0.151

Group C
Galanin 60 0.116
Caspase 3 102 0.068
TNFa 314 < 0.001

GFAP 393 0.003
Nestin 405 < 0 .001

IL-10 409 < 0.001

iNOS 519 < 0.001

IL-IR ant 629 < 0.001
IL-lp 967 < 0.001

lL-6 1626 < 0.001

LIF 5300 < 0.001

Values are given without adjustment to reference genes.

3.7. Multivariate analysis o f TaqMan ™ assay data— 
Principal components

Univariate ANOCOVA analysis allowed probability 
values to be given to the mRNA changes in one transcript 
referenced to another. Partial least squares (PLS) is a 
statistical method that gives an overview of the complete 
dataset. PLS acts as a useful aid to ANOCOVA by 
assessing all of the mRNA transcripts and treatment groups 
in a single analysis. Its goal is to seek out latent relation
ships, or principal components, between a set of dependent 
and a set of independent variables [41,42]. As such, PLS 
has been recommended for quantifying mRNA as a way of 
separating the non-specific variation from that due to 
treatment [16,35,36]. In this study we were interested in 
whether mRNA levels (dependent variables) are quantita
tively altered following tMCAO (independent variable). A 
PLS loadings plot allowed an assessment of which mRNA 
transcripts cluster together reflecting similar behaviour 
under different experimental treatments. The first two 
components explain 27 and 1% of the total variability of 
the 25 mRNAs, respectively. The first component is 
therefore much more important than the second.

Fig. 7 is a PLS loading plot for the 25 mRNAs and six

treatment groups from the tMCAO animal model. Principal 
component 1 (PCI) has a large positive loading for Mjp̂ j 
(0.86), a small positive loading for Sjp̂ j (0.09), and 
medium negative loadings for the remaining four groups 
(-0.13 to -0.35). In biological terms, PCI represents the 
difference between M̂ p,; and the other five groups; that is, 
the effect of tMCAO on mRNA levels in the ipsi-lateral 
hemisphere of the brain. Genes with larger PCI loadings 
have increases in Mjp̂ j over other groups.

Principal component 2 (PC2) has a large positive 
loading for Sip̂ j (0 .88) and very small or negative loadings 
for the remaining five groups. In biological terms, PC2 
represents the difference between Ŝ p̂ , and the other five 
groups.

4. Discussion

We have described methods of analysing TaqMan™ 
real-time RT-PCR data that can detect fraction-fold 
changes in mRNA. Using these methods, mRNA increases 
were confirmed for nine genes 24 h after tMCAO. In Mjp̂ j 
animals significant mRNA increases were measured for 
caspase 3, glial fibrillary acidic protein (GFAP), inter
leukin 6 (IL-6 ), IL-10, IL-ip, IL-1 receptor antagonist 
(IL-lR ant), tumour necrosis factor-alpha (TNFa), neuro
nal nitric oxide synthase (nNOS) and inducible NOS 
(iNOS). These results are consistent with previous studies: 
caspase 3 [12], GFAP [26], IL-6 [39], IL-10 [43], IL-1(3 
[27], EL-IR ant [31], TNFa [2], nNOS [44] and iNOS [19]. 
In addition LIF, galanin and nestin mRNA increased in 
Mipsi animals relative to Sjp,; animals. The LIF mRNA 
increase is of a similar magnitude to that found in cortical 
injury by Banner et al. [1]. We also note that LIF 
immunohistochemical detection following focal cerebral 
ischaemia has been independently reported [37]. The 
increase in nestin mRNA supports two earlier MCAO 
studies where nestin mRNA was up-regulated in astrocytes 
bordering the cerebral infarction and in ependymal cells of 
the ventricular and sub-ventricular zones [7,24].

4.1. Unstable reference genes

Our study also demonstrates that reference mRNAs in 
tMCAO are affected by treatment, and that the estimate of 
a specific mRNA level varies according to the choice of 
reference gene to which it is normalised.

The argument for using reference mRNAs is that they 
act as a baseline with which to assess changes in test 
mRNA. One of the essential criteria of steady-state con
trols, however, is that they remain unchanged in the 
presence of treatment [35,36]. It has been argued that 
because most reference mRNAs are expressed in all cells 
and in all tissues, the observed changes in reference 
mRNAs in our model are unimportant. We analysed three 
reference mRNA levels of which two (cyclophilin and
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Fig. 7. Partial least squares loadings plot of principal component 1 (tMCAO effect) versus principal component 2. An illustration of the effect on mRNA 
levels of: (i) tMCAO on the ipsilateral hemisphere (j:-axis). On the Jt-axis LIF mRNA, for example, has a large increase in M̂ ,̂, and little change in other 
treatment groups and this is reflected in its position closer to the M̂ p,, treatment loading. Other mRNAs can be interpreted in the same manner. The 
groupings A, B and C from Table 2 and Fig. 1 have been circled onto this figure. M,p,j = tMCAO ipsilateral hemisphere; = tMCAO contra-lateral;
Sj j = sham ipsi-lateral; S^„„,„ = sham contra-lateral; N̂  j=naive ipsi-lateral; N^„„,„ = naive contra-lateral.

GAPDH) were reduced by 30-40% in one of the six 
treatment groups (Mip ĵ). If changes in reference mRNAs 
were unimportant then adjustments for all three reference 
mRNAs should give similar test gene mRNA results. Table 
1 is confirmation that this is not the case: LIF mRNA, for 
example, has a 4380% increase in when (3-actin is a 
reference (P < 0 .001), but over 11 000% increases when 
assessed with either GAPDH (P<0.001) or cyclophilin 
(P<0.001) (Table 1). Several other studies have also 
shown changes in mRNA reference genes: in cell lines 
derived from breast tissue [35], in hypoxic cell lines [40], 
in rat models of surgical ovariectomy and in rats given 
cholinergic agonist treatment [45].

Whilst the consequences of these shifting reference 
mRNAs are minimal for LIF, which increases by over 
40(X)% regardless of reference choice, the implications are 
important for borderline significant changes such as in 
galanin mRNA. When assessed using ^-actin as a refer
ence, galanin mRNA shows a 54% increase in Mjpgj but 
the result could have been due to chance (P = 0.12). If 
cyclophilin is the reference, galanin mRNA increases by 
130% and the result becomes statistically significant (P< 
0.01). To determine which is the best estimate, a com
parison with other genes is required.

MAP 2, a neuronal marker, decreases by 44% in Mjp̂ j 
when (3-actin is a reference (P=0.03), but increases by 
19% when either GAPDH (P = 0.51) or cyclophilin (P =

0.60) are chosen (Table 1). A decrease in MAP 2 might be 
predicted given that its protein and mRNA are reduced due 
to neuronal death following stroke [6,33]. It appears that 
P-actin is relatively stable across treatment groups and 
could be used as a reference mRNA. It is also likely 
however that P-actin’s stability is deceptive. Following 
injury to the brain there is extensive astrocyte proliferation, 
invasion of leukocytes, synaptic re-modelling and neuronal 
loss. The relative levels of brain mRNA will reflect these 
changes. An increase in GFAP mRNA due to astrocytosis 
is one example. If a gene’s expression is primarily 
neuronal then its mRNA level would also be predicted to 
decrease in a brain with neuronal loss. Many of the genes 
in Group A (Table 2; Figs. 6 and 7) are consistent with 
this description. Since p-actin mRNA is expressed in many 
cell types including neurons a decrease would also be 
expected in M̂ p,,. The conjecture with regard to p-actin’s 
apparent stability in Mjp̂ j is that there has been a reduction 
of P-actin mRNA due to neuronal death, but that other 
events such as neurite outgrowth and glial proliferation 
increase the P-actin mRNA level back to approximate 
pre-lesion levels.

4.2. tMCAO versus pMCAO

Recent reports [12,29] using a rat permanent MCAO 
(pMCAO) found little significant change in GAPDH or
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cyclophilin mRNA in Mjp̂ j but P-actin mRNA doubled in 
expression levels. This is further evidence that reference 
mRNAs do not always act as steady-state controls since 
one out of the three reference mRNAs is affected by 
treatment. Given that there is neuronal loss in both models, 
however, it is surprising that levels of GAPDH and 
cyclophilin do not decrease significantly in pMCAO. The 
apparent differences between the tMCAO and pMCAO 
results are probably due to sampling rather than any major 
differences in the model. The tMCAO measured an 
average response by sampling whole brain hemispheres, 
the pMCAO method measured a local response in specific 
areas analysed by micro-dissection. It is likely that the 
slightly decreased levels of cyclophilin and GAPDH 
mRNA seen in the pMCAO study did not reach statistical 
significance due to sampling, but the trend to decrease 
appears to be present. Essentially similar changes in brain 
cell populations were under way in both models and the 
mRNA levels reflected those changes.

4.3. Borderline mRNA levels

Galanin is a neuropeptide and a decrease in Mjp̂ j 
galanin mRNA might be predicted following neuronal loss 
and the logic of the previous arguments. Whether galanin 
mRNA is measured adjusted or unadjusted to a reference 
gene, there was a small increase in Mjp̂ j (Tables 1 and 2). 
Other evidence to support a galanin mRNA increase in 
Mjpgj comes from the PLS analysis, Galanin clusters in the 
lower end of Group C in the PLS loading plots (Fig. 4) 
with genes such as II-ip and 11-6 that are known to 
increase following MCAO [18,32]. If galanin had de
creased in Mjpji it would be in Group A with genes such as 
VIP or MAP 2. Several studies have reported PNS 
increases of galanin after peripheral nerve axotomy 
[30,34,38] whilst Kerekes et al. [21] have shown that LIF 
regulates galanin expression in mouse dorsal root ganglia. 
VIP mRNA, regardless of how it is analysed, is reduced in 
Mjpsi animals. This is probably correlated with neuronal 
loss although small local increases in VIP mRNA may 
have occurred that are diluted by the overall effect of 
neuronal death in the assay.

4.4. Which reference gene?

In our tMCAO model all three housekeeper genes were 
seen to change, across treatment groups, as well as an 
expected reduction in the neuronal reference MAP 2. What 
are the implications? It would appear that there is no gold 
standard to which test genes can be normalised. One 
argument would be to take the least variant in respect to 
treatment of the housekeepers and use that as the reference. 
However, as discussed in Section 3.4 some reference genes 
explain more of the non-specific variability than others and 
by choosing the least variant you may also be choosing the 
least effective at improving the sensitivity.

Another argument would be to use reference genes 
appropriate for the test gene; for example, if measuring an 
exclusively neuronal mRNA, is it reasonable to use MAP 2 
as a reference? Other possibilities are to use a combination 
of reference genes or none at all. What is clear is that those 
commentators who assert that there is a correct and 
definitive way to quantify mRNA fail to understand the 
complexities. If a neuronal gene such as MAP 2 can appear 
to increase when assessed relative to steady-state controls 
such as cyclophilin or GAPDH (Table 1) then something is 
clearly amiss. Fig. 8 is a summary and to some extent a 
temporary solution to the problem. It shows the range of 
results when test genes are normalized to different refer
ence genes. It also marks the points where the unadjusted 
test gene value lies, without normalization. Somewhere in 
this range of values is the best estimate of differential gene 
expression. Given that P-actin, cyclophilin and GAPDH 
are all providing independent estimates of the same thing 
this is the best that can be interpreted from this method of 
taking test to reference measurements. It may be that the 
unadjusted values are the better estimate of the real change 
but given the information we have to go on, this clearly 
needs further investigation.

4.5. Conclusions

With the emergence of TaqMan™ real-time RT-PCR in 
the last decade, the hardware is now available for high- 
resolution quantification of differential gene expression. 
We have presented methods for the analysis of TaqMan™ 
assay data in an animal model of cerebral ischaemia. The 
general principles may also be applied to other biological 
systems such as human pathology or cell culture. The 
essence of our approach is the analysis of a specific mRNA 
level within the context of other mRNAs. We highly 
recommend a multivariate analysis by PLS or PCA to 
obtain an overview of the complete dataset and to under
stand the similarities and differences in the behaviour of 
mRNAs. We have demonstrated that test mRNA data 
should not be analysed by taking the ratio relative to a 
reference mRNA but should be logged and analysed using 
analysis of covariance. ANOCOVA enables the variation 
common to both test and reference gene to be explained 
and removed from the analysis; in effect, removal of the 
greater part of variation due to inter-individual differences, 
enabling an improvement in the sensitivity of analysis. It is 
also recommended that reference mRNA data be analysed 
to assess treatment effects prior to its use as a covariate. In 
the tMCAO animal model, these methods help to control 
for confounding variables caused by changes in cell 
population and mRNA expression that are intrinsic to the 
injury response of the brain. No mRNA, including refer
ence genes, remained absolutely stable or unchanged 
across all treatment groups. It is important to realise that 
mRNA levels, and in particular normalised levels, are not 
absolute measurements but are relative according to their
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more precise (i.e. they have smaller confidence intervals).

reference point. Change in the amount of one gene can be 
defined with respect to another gene but appropriate 
statistical protocols rather than intuition are recommended 
to control for this source of variation.
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