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Abstract

Tau is a microtubule-associated protein implicated in neurodegenerative tauopathies. Alternative

splicing of the tau gene (MAPT) generates six tau isoforms, distinguishable by the exclusion or

inclusion of a repeat region of exon 10, that are referred to as 3-repeat (3R) and 4-repeat (4R) tau,

respectively. We developed transgenic mouse models that express the entire human MAPT gene in

the presence and absence of the mouse Mapt gene and compared the expression and regulation of

mouse and human tau isoforms during development and in the young adult. We found differences

between mouse and human tau in the regulation of exon 10 inclusion. Despite these differences,

the isoform splicing pattern seen in normal human brain is replicated in our mouse models. In

addition, we found that all tau, both in the neonate and young adult, is phosphorylated. We also

examined the normal anatomic distribution of mouse and human tau isoforms in mouse brain. We

observed developmental and species-specific variations in the expression of 3R and 4R-tau within

the frontal cortex and hippocampus. In addition, there were differences in the cellular distribution

of the isoforms. Mice transgenic for the human MAPT gene exhibited higher levels of neuronal

cell body expression of tau compared to wild-type mice. This neuronal cell body expression of tau

was limited to the 3R isoform, whereas expression of 4R tau was more “synaptic like”, with

granular staining of neuropil rather than in neuronal cell bodies. These developmental and species-

specific differences in the regulation and distribution of tau isoforms may be important to the

understanding of normal and pathologic tau isoform expression.
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Introduction

Tau is a normal, highly abundant protein in brain that is also part of the neuropathology of a

number of neurodegenerative diseases including Alzheimer’s disease (AD) and

frontotemporal dementia. In these diseases, tau aggregates form abnormal fibrillar tangles in

neurons, and in some cases in oligodendrocytes and astrocytes (Buee et al., 2000; Lee et al.,

2001; Mandelkow et al., 2007; Reed et al., 2001). The normal function of tau is to bind to

microtubules and regulate the stability of these cytoskeletal structures. In diseases where

fibrillar tau is found (tauopathies), tau, either in small aggregates, or as mature tangles is

thought to be toxic and to contribute to cellular dysfunction.

Human tau is encoded by a single gene (MAPT) that produces a variety of isoforms by

alternative splicing (Andreadis, 2005). In normal adult human brain, there are 6 isoforms

that differ by sequences from exons 2 and 3 that encode N-terminal sequences, and exon 10

that encodes a microtubule binding repeat sequence (Goode and Feinstein, 1994; Gustke et

al., 1994). When this latter exon is present, there are 4 microtubule repeats (4R tau) and

when absent there are 3 microtubule-binding repeats (3R tau). In human and rodent fetal

brain, there is predominantly a single tau isoform (0N3R) that lacks sequences from these 3

brain-relevant exons (Goedert et al., 1989a; Janke et al., 1999; Kosik et al., 1989; Takuma et

al., 2003). In addition to this developmental regulation of alternative splicing, in adult

human brain and rodent brain, there are region and cell-specific patterns of isoform

expression, particularly with respect to sequences encoded by exon 10 (Bullmann et al.,

2007; Goedert et al., 1989b). These spatial regulation patterns and the regulatory

mechanisms that control the isoform complement in specific cells are not well understood.

In tauopathies, the isoform content of aggregated tau varies, depending on the disorder. In

AD, all 6 brain isoforms are present in neurofibrillary tangles (Goedert et al., 1992), and the

ratio of 4R to 3R is approximately 1 (Hong et al., 1998). This is the same ratio as non-

pathogenic tau in bulk brain preparations, and thus in AD, the tangle isoform content

appears to reflect the average synthesis ratio of 4R/3R tau. Both 3R and 4R tau isoforms are

also observed in insoluble tau from Guam amyotrophic lateral sclerosis/parkinsonism

dementia complex (ALS/PDC)(Winton et al., 2006). In frontotemporal dementia with

parkinsonism - chromosome 17 type with MAPT mutations (FTDP-17T), the 3R/4R

synthesis ratio, the isoform content of aggregated tau, and the regional and cellular

localization of aggregated tau varies depending on the mutation (Clark et al., 1998; Hong et

al., 1998; Poorkaj et al., 1998; van Swieten et al., 2007). In other tauopathies without MAPT

mutations, 4R/3R ratios in pathologic structures can be skewed either towards increased 4R

[PSP(Arai et al., 2001; Zhukareva et al., 2006) and corticobasal degeneration (CBD)(Fujino

et al., 2005)] or increased 3R tau (Pick’s disease (Zhukareva et al., 2002)) with distinct

localization of aggregated tau structures for each disorder. While the cause of these disease-

specific differences is unknown, genetic variation in non-coding regions in and near MAPT

influence susceptibility to PSP (Conrad et al., 1997; Pastor et al., 2004; Pittman et al., 2004;

Rademakers et al., 2005), CBD (Di Maria et al., 2000; Houlden et al., 2001), FTD (Baker et

al., 1999; Higgins et al., 2000; Hughes et al., 2003), Guam ALS/PDC (Poorkaj et al., 2001a;

Sundar et al., 2007), PD (Goris et al., 2007; Zabetian et al., 2007), and possibly AD (Myers

et al., 2005). The presumed consequence of these high-risk genetic variants is to alter MAPT

gene regulation. These genetic findings along with the spectrum of neuropathology observed

in tauopathies with and without MAPT mutations suggest that there is a complex relationship

between the regulation of tau alternative splicing, tau expression levels, and the selective

vulnerability of different brain regions and cell types. Unfortunately the cellular and regional

pattern of tau alternative splicing and the factors regulating these patterns are not well

understood for normal or disease brains.
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Several approaches have been used to model tauopathies in mice. Initially, intronless cDNA

sequences encoding a single isoform with expression driven by heterologous promoters were

used as transgenes (Gotz et al., 1995; Ishihara et al., 1999). Promoters were selected to give

robust pan-neuronal expression (Lewis et al., 2000) or glial expression (Forman et al.,

2005), and FTDP-17T mutations were included to drive pathology [for reviews see (Gotz,

2001; Denk and Wade-Martins, 2007)]). These transgenic animals successfully model tau

aggregation and tangle formation and the resulting inflammatory response. Also behavior

deficits are seen and neuronal loss does occur. However, the caveats of these models are that

only one isoform is produced, tau is grossly over-expressed relative to normal tau levels, and

the expression pattern is determined by a heterologous promoter and is not the same as the

MAPT promoter. Thus the selective vulnerability that differentiates the clinical and

neuropathologic spectrum seen for different tauopathies is not modeled. Other approaches

include using the endogenous mouse MAPT promoter to drive expression of a single isoform

(Sennvik et al., 2007) and using a heterologous promoter to drive expression of a minigene

that contains some of the sequences around relevant alternatively spliced exons 2, 3, and 10

(Mirra et al., 1993). Another approach is to use a genomic clone that contains the entire

human MAPT gene as the transgene. In this model, expression of the normal tau protein is

driven by the MAPT promoter and regulatory sequences (Andorfer et al., 2003, Andorfer et

al., 2005). This approach has the potential to generate mice with expression patterns

mirroring the human brain and FTDP-17T can be modeled by introducing mutations into the

genomic clone.

Given the importance of tau isoforms in multiple neurodegenerative diseases, and the

paucity of studies examining tau isoform regulation and neuroanatomic distribution in model

systems, we conducted the current study to begin to address these issues. Specifically, we

examined the levels and anatomic distribution of tau isoforms in embryonic and post-natal

wildtype (WT) and transgenic mouse brain. We developed several transgenic mouse models

that express the entire human MAPT gene (both normal and mutated sequences) in the

presence and absence of the mouse Mapt gene. We found evidence for developmental and

species-specific distribution of tau isoforms that may be important to the understanding of

normal and pathologic tau isoform regulation. In addition, we demonstrate that FTDP-17T

mutations introduced into MAPT genomic clones can recapitulate the isoform splicing

pattern seen in normal human brain, providing possible mouse models for future studies of

tauopathies.

Materials and Methods

Antibody Characterization

The 3R and 4R-specific tau antibodies were developed by de Silva and colleagues (de Silva

et al., 2003). The 3R-specific mouse monoclonal antibody (RD3, clone 8E6/C11, catalog #

05-803, Upstate Cell Signaling) is raised against bovine thyroglobulin conjugated synthetic

peptide corresponding to amino acids 209-224 of human tau (numbering based on the 0N3R

isoform). The region brackets the exon 9/exon 10 junction at amino acids 216-217

(KHQPGGGKVQIVYKPV). This antibody detects 3 bands on western blots of rodent brain

tissue representing 0N3R, 1N3R and 2N3R (manufacturer’s technical information and figure

2). The 4R-specific mouse monoclonal antibody (RD4, clone 1E1/A6, catalog # 05-804,

Upstate Cell Signaling) is raised against bovine thyroglobulin conjugated synthetic peptide

corresponding to amino acids 275-291 of human tau (numbering based on 2N4R tau) which

are the first 17 amino acids in exon 10 (VQIINKKLDLSNVQSKC). The region is flanking

junction coded by adjacent exons 9 and 11 with the inclusion of exon 10. This antibody

detects 3 bands on western blots of rodent brain tissue representing 0N4R, 1N4R and 2N4R

(manufacturer’s technical information and figure 2). When RD3 and RD4 are used together

on the same western blot, all six brain tau isoforms are detected. The RD3 and RD4
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antibodies did not stain brain tissue from tau knockout mice (figure 6), further

demonstrating the specificity of these antibodies for tau. Rb17025, a rabbit polyclonal

antibody raised against 2N4R recombinant tau that recognizes mouse and human tau, is

from V.-M. Lee (Ishihara et al., 1999). T14 is a mouse monoclonal antibody that recognizes

human tau residues 83-120 (based on 2N4R tau numbering)(Kosik et al., 1988) but not

mouse tau and is from V.-M. Lee. Both T14 and Rb17025 specifically recognize all six tau

isoforms on western blots of mouse brain tissue (figure 2) and recognize both

phosphorylated and non-phosphorylated tau. Doublecortin (DCX) C-18 (catalog # sc-8066,

Santa Cruz Biotechnology) is an affinity purified goat polyclonal antibody raised against an

18 amino acid peptide representing amino acids 384-401 of human doublecortin. This

antibody detects a single 40-kDa band on western blot (Donovan et al., 2006). In addition,

the pattern of staining we observed using this antibody for immunohistochemistry is similar

to that previously reported (Donovan et al., 2006), with most immunoreactive cells in the

hippocampus restricted to the subgranular zone.

Transgenic mice

All experimental procedures were carried out under a protocol approved by Veterans Affairs

Puget Sound Health Care System’s Institutional Animal Care and Use Committee and were

in accordance with NIH guidelines for the care and use of laboratory animals. The following

transgenic mouse lines were developed: transgenic mice expressing the normal human tau

gene (MAPT) on a mouse tau gene (Mapt) background (hT-PAC-N, Mapt+/+), human MAPT

on a Mapt null background (hT-PAC-N, Mapt-/- (Dawson et al., 2001), or mutated human

MAPT on a Mapt background (see below). All transgenic mice have been backcrossed 10 or

more generations into C57Bl/6J. All transgenic mice have the complete sequence of human

MAPT as contained in the P1 artificial chromosome (PAC) 61D6 (Research Genetics). This

PAC is 201 kb and contains approximately 5 kb sequence upstream of the MAPT promoter

and an additional 62 kb downstream of the 3′ end of MAPT (Poorkaj et al., 2001b). This

downstream segment contains the 3′ end of KIAA1267, and MAPT is the only complete

gene on this PAC. For some lines (hT-YAC-301L), the 61D6 PAC was converted into a

yeast artificial chromosome (YAC) and homologous recombination was used to introduce

mutations as previously described (Poorkaj et al., 2000). For other transgenic lines (hT-

PAC-337M, hT-PAC-5L, hT-PAC-305S, hT-PAC-E10+14, hT-PAC-279K), mutations were

introduced into this PAC using a 2-step recombineering process. This method utilizes

inducible recombination (red) genes from the bacteriophage lambda to carry out

recombination between short terminal segments on linear DNA and corresponding target

regions of homology on large insert clones such as PACs and BACs (Muyrers et al., 1999;

Wang et al., 2006; Zhang et al., 1998; Zhang et al., 2003). We modified the procedures

developed for bacterial artificial chromosomes (BACs) for use with the PACs. In the first

step of the recombineering process, E.coli containing PAC 61D6 were transformed with

vector pSC101-BAD-gbaA (Gene Bridges, Germany) and the gam, redβ, redα, and recA

genes induced with arabinose. These induced cells were made electroporation-competent

cells and transformed with a linear DNA construct that targets MAPT E10. This construct

contained an rpsL-Zeo fusion DNA cassette flanked by 50 nt sequences that are homologous

to MAPT E10. The rpsL-zeo gene encodes a fusion protein that when retained, makes cells

resistant to Zeocin and sensitive to streptomycin. Typically we analyzed 100-200 colonies

that had been screened for both Zeocin resistance and streptomycin sensitivity, and by

colony PCR found ∼80% contained the rpsL-Zeo cassette integrated in the correct site. In

the second step, the rpsL-Zeo cassette was replaced by a linear oligonucleotide containing

one of the FTDP-17 point mutations. Streptomycin resistance was used to select

recombinants. Typically 20-40% of the streptomycin resistant colonies contained the correct

recombinant product as determined by DNA sequencing. Sequences of all the constructs and

primers, and detailed protocols are available on request.
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RNA analyses

Total RNA was isolated from mouse hemi-brains using the TRIzol (Invitrogen) procedure.

Briefly, hemi-brains were weighed and 1 ml TRIzol/0.1g brain tissue was dounce-

homogenized with a motorized hand-held pestle. Extracted RNA were treated with DNaseI

and subjected to RT-PCR to separately detect mouse- and human-specific transcripts using

mouse-specific primers ME9F2 (5′-CCCCCTAAGTCACCATCAGCTAGT-3′) and ME11R

(5′-CACTTTGCTCAGGTCCACCGGC-3′) as well as human-specific primers HE9F2 (5′-
ACCCAAGTCGCCGTCTTCCGCC-3′) and HE11R (5′-
CACCTTGCTCAGGTCAACTGGT -3′) primers in exons 9 and 11, respectively. PCR

reactions were performed for 18 - 22 cycles to obtain linear amplification and contained 1 ng

of 32P-labelled mouse or human forward primer to facilitate detection and quantitation on a

PhosphorImager (BioRad). RT-PCR product sizes for mouse were 172 bp (E10-) and 265 bp

(E10+) and for human were 172 bp (E10-) and 265 bp (E10+). Each bar represents the

average value from multiple brain samples as explained in the figure legends.

Immunoblot analysis

Protein for immunoblot experiments was prepared by homogenizing mouse brains that had

been frozen immediately at the time of dissection. The brains were homogenized in RAB

high-salt buffer (0.1 M MES, 1 mM EGTA, 0.5 mM MgSO4, 0.75 M NaCl, 0.02M NaF, 1

mM PMSF, and 0.1% protease inhibitor cocktail (complete Mini, Roche Applied Science).

The homogenate is centrifuged at 40,000 × G for 40 minutes at 4° C. The resulting

supernatant is boiled for 5 min., centrifuged at 13,000 × g at 4° C for 20 minutes, and the

supernatant used for denaturing gel electrophoresis and immunoblotting. Some samples

were dephosphorylated using λ-phosphatase (New England Biolabs) as described by others

(Hanger et al., 2002). Samples were subjected to sodium dodecyl sulfate gel electrophoresis

using Centurion 7.5% pre-cast gels (BioRad) and proteins transferred to membranes by

conventional electroblotting. Antibody signals were detected using ECL Plus from

Amersham. The tau standard is a mixture of recombinant tau for 6 isoforms from V. M.-Y.

Lee.

Immunohistochemistry

For all genotypes (wildtype, hT-PAC-N, Mapt-/-, tau knockout) at all ages, 3 mice were

examined by immunohistochemistry and the images presented are representative of each

age/genotype group. While there was some variability in the intensity of the staining within

a group of 3, the 3R and 4R distribution did not vary significantly. Postnatal day 3 (P3) day

6 (P6) and day 24 (P24) mice were anesthetized and fixed by transcardial perfusion with 4%

paraformaldehyde. Brains were removed, paraffin embedded, and coronal sections from the

frontal cortex and hippocampus were cut at 10 μm thickness and stored at 4°C until use.

Sections were immunostained with RD3 (1:800), RD4 (1:80), and DCX (1:1000). For

monoclonal antibodies, a Vector M.O.M. Immunodetection Kit (Vector, Burlingame, CA)

was used to eliminate possible background staining resulting from use of an anti-mouse

secondary antibody on mouse tissue. Sections were deparaffinized and rehydrated through

alcohols, and an antigen retrieval step consisting of heat pretreatment by microwave (RD3,

DCX) or pressure cooker (RD4) in DakoCytomation Target Retrieval Solution (Vector,

Burlingame, CA) was used. Sections were treated for endogenous peroxidases with 3%

hydrogen peroxide in PBS (pH 7.4) for 30 minutes and blocked in M.O.M. block (RD3 and

RD4) or 5% non-fat milk in PBS (DCX) for 1 hour. Sections were incubated with primary

antibody overnight at 4°C followed by biotinylated secondary antibody for 45 minutes at

room temperature. Finally, sections were incubated for 1 hour in an avidin-biotin complex

(Vector’s Vectastain Elite ABC kit, Burlingame, CA) and the reaction product was

visualized with 0.05% diaminobenzidine (DAB)/0.01% hydrogen peroxide in PBS. Negative

controls with secondary antibody alone did not immunostain tissue sections (data not
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shown). In addition, the RD3 and RD4 antibodies did not stain brain tissue from tau

knockout mice (figure 6), further demonstrating the specificity of these antibodies for use in

immunohistochemistry. Two methods were used to detect double labeling of RD3 and DCX

in the hippocampus. To demonstrate that 3R-tau and DCX were expressed in the same

population of subgranular zone cells in the dentate gyrus, we used a Vector M.O.M.

Immunodetection Kit with an enzyme-based visualization method. Sections were incubated

overnight at 4°C with both primary antibodies concurrently. Sections were then incubated

with the biotinylated M.O.M. secondary antibody, followed by an alkaline phosphatase

avidin-biotin complex (Vector, Burlingame, CA) and the RD3 reaction product was

visualized with Vector Red (Vector, Burlingame, CA). Sections were then incubated with a

biotinylated goat secondary antibody followed by an avidin-biotin complex and the DCX

reaction product was visualized with DAB. To demonstrate that 3R-tau and DCX were co-

expressed in the same cell, fluorescent immunohistochemistry was performed. Sections were

incubated overnight at 4°C with both primary antibodies concurrently. Sections were then

incubated with a Cy2-conjugated donkey anti-goat secondary antibody (Jackson

ImmunoResearch, Westgrove, PA) and a biotinylated M.O.M. mouse secondary antibody.

Sections were then incubated with the fluorescently tagged avidin system, Texas Red avidin

D (Vector, Burlingame, CA).

Photomicrography and figure preparation

Photomicrographs were taken with a digital camera and imported into Adobe Photoshop for

mounting. To optimize visualization of staining, photomicrographs were modified, when

necessary, by adjusting brightness and contrast.

Results

The following work was performed to determine whether 3R and 4R isoforms are

differentially regulated with respect to regional localization during development and in the

adult animal. We examined 3R and 4R expression in both neonatal mouse where 3R tau

isoforms are predominant and in young adult animals where 4R isoforms are predominant.

We also compared expression of the endogenous mouse tau gene (Mapt) to the human gene

(MAPT) expressed in mouse. Human gene expression was examined in mice transgenic for a

P1 artificial chromosome (PAC) clone 61d6 that is 201 kb. This clone contains the entire

MAPT gene, and includes 5kb upstream of the MAPT promoter, and 62 kb past the 3′ end of

MAPT (Poorkaj et al., 2000, Poorkaj et al., 2001b). Regional isoform expression patterns

were determined using antibodies specific for either 3R or 4R tau (de Silva et al., 2003).

Since these antibodies recognize both mouse and human tau, expression of the PAC-

encoded human gene was examined on a mouse Mapt null background (Mapt-/-)(Dawson et

al., 2001).

RNA analysis of isoform regulation during development

To determine when 3R and 4R expression changes from the fetal neonatal pattern to the

adult pattern, RNA expression was analyzed in WT mice and in transgenic mice expressing

normal human MAPT on a mouse Mapt background (hT-PAC-N, Mapt+/+). These

experiments were also performed to determine if expression of the human gene affected

expression of the mouse gene and visa versa. RNA was prepared from the brains of mice

ranging in ages from embryonic day 14 (E14) to postnatal day 36 (P36). RT-PCR primers

were designed that specifically detected exon 10 minus (Ex10-) 3R-tau and exon 10 plus

(Ex10+) 4R-tau and that were specific for mouse or human transcripts. As previously

reported (Janke et al., 1999; Kampers et al., 1999; Takuma et al., 2003), in fetal and new-

born WT mouse brain, the predominant transcript is Ex10- (figure 1 A and C). In adult mice,

the predominant transcript changes to Ex10+. When Mapt expression was examined in
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embryonic and neonatal mice, 90% of Mapt transcripts from E14 to P3 were Ex10- and

approximately 10% Ex10+ (figure 1 C). Ex10+ expression increased to 20% by P6, 80% by

P12, and 100% (no detectable Ex10-) by P24.

Developmental switching from Ex10- to Ex10+ expression also occurs in humans. Like

mouse, in the human fetus, Ex10- is the predominant transcript (figure 1 B), as previously

reported (Goedert et al., 1989a; Takuma et al., 2003). In adult human brain, 49% (SD = 3%,

n = 3) of MAPT transcripts are Ex10+ (figure 1 B and D). When expression of the human

MAPT gene in mice (hT-PAC-N lines, Mapt+/+) was examined and compared to regulation

of the endogenous mouse, the following differences were noted. First, in adult mice, the

transcripts from the human gene are 21% (SD = 1.2%, n = 13) E10+ compared to 100%

E10+ from the mouse gene (no detectable E10-RNA, figure 1 C). This was observed in 4

different transgenic lines and in work by others (Grover et al., 1999). Second, as observed in

whole brain preparations from newborn mice, the human gene produces almost no E10+

message whereas approximately 10% of transcripts from the mouse gene are E10+ (figure 1

C). Third, the change from the fetal/newborn pattern to the adult pattern occurs later for the

human gene at approximately day 12, compared to the mouse gene where the change begins

by P6. Expression of the human gene does not influence Ex10 expression pattern from the

mouse gene (figure 1 C). Similar results were obtained in an hT-PAC transgenic mouse

where the FTDP-17 mutation P301L had been introduced into the PAC by homologous

recombination (hT-PAC-301L, data not shown).

Protein analysis of isoform regulation during development

Isoform expression was also examined by immunoblots using antibodies specific for 3R, 4R,

or total tau (all isoforms). Since tau is phosphorylated, and this affects migration in

electrophoresis experiments, we analyzed tau digested with λ-phosphatase and compared it

to untreated tau (figure 2). The 3R and 4R antibodies were specific for the respective 3R and

4R isoforms, while the antibodies recognizing total tau (Rb17025 and T14) detected all six

isoforms. Also, when RD3 and RD4 were used on the same immunoblot, all 6 isoforms were

detected. In the WT mouse, at P6, most of the tau is 3R though some 4R is present (figure 2

A), a result consistent with the RNA analysis (figure 1). Note that phosphatase treatment

altered the mobility of tau indicating that all tau is phosphorylated in normal mouse both in

the new-born and in the young adult animals (figure 2 A). For example, without phosphatase

treatment, there is no tau that co-migrates with the predominant isoform (0N4R) in adult

mouse encoded by Mapt (figure 2 A, bottom panel). (Tau isoforms without exons 2 or 3 are

0N, isoforms with exon 2 but lacking exon 3 are 1N, and isoforms with both exons 2 and 3

are 2N.) Tau expressed from the human gene was examined on a Mapt null background (hT-

PAC-N, Mapt-/-) because the 3R and 4R antibodies react with both human and mouse tau

(figure 2 B). All human tau in the P6 animal was 3R with no 4R tau detectable until P24.

This result is consistent with the absence of 4R RNA in the youngest animals (figure 1 C).

By P24, all 6 human tau isoforms are present. Again, most if not all tau encoded by MAPT is

phosphorylated.

While the human gene does undergo developmentally regulated isoform switching, Ex10

inclusion is much lower from the human gene compared to the mouse gene. Previous work

demonstrated that Ex10 inclusion is regulated both by exon splicing enhancer and silencer

sequences and intronic sequences adjacent to both ends of Ex10 (D’Souza et al., 1999;

D’Souza and Schellenberg, 2000; D’Souza and Schellenberg, 2002). To determine if some

of these sequences also regulate MAPT Ex10 in the mouse, we generated hT-PAC mice with

point mutations that control Ex10 inclusion. We introduced FTDP-17 mutations that

increased Ex10 inclusion (N279K, S305S, E10+14) and mutations that have no effect on

Ex10 inclusion (V337M, R5L, P301L) (D’Souza et al., 1999; D’Souza and Schellenberg,

2002; Hong et al., 1998; Hutton et al., 1998; Poorkaj et al., 2002; Stanford et al., 2000).
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Previous work showed that the mutations that increase E10 inclusion act either by

weakening an intron splicing silencer (ISS, the E10+14 mutation), or by strengthening the

weak E10 5′ splice site (the S305S mutation), or by strengthening an exon splicing enhancer

(ESE) located in Ex10 (N279K mutation) (D’Souza et al., 1999; D’Souza and Schellenberg,

2000; D’Souza and Schellenberg, 2002). Transgenes were expressed on a mouse Mapt

background and tau isoforms expressed from the mutated human gene were compared to tau

isoforms expressed from the normal human gene using a human specific tau antibody (T14).

For the hT-PAC-N, Mapt+/+ (normal human sequence), all 6 isoforms are seen in over-

exposed immunoblots with 0N3R as the predominant isoform and 0N4R being the second

most abundant isoform (figure 2 C). Mice transgenic for mutations that do not change Ex10

inclusion in vivo and in ex vivo experiments (hT-PAC-R5L, hT-YAC-301L, and hT-

PAC-337M), exhibit the same isoform pattern as hT-PAC-N mice (figure 2 C). In contrast,

for mice transgenic for hT-PAC-305S ,and hT-PAC-E10+14, both FTDP-17 mutations that

increase Ex10 inclusion in humans, the predominant isoform is changed from 0N3R to

0N4R (figure 2 C). These results indicate that despite the differences in the regulation of the

mouse and human genes, the 5′-splice site and ISS targeted by these 2 mutations behave the

same in mouse and in humans.

For constructs used to generate hT-PAC-E10+14 and hT-PAC-305S, the normal Ex10 is

replaced by a single copy of E10 with the respective mutations. For the hT-PAC-279K

construct, two copies of E10 with the 279K change were inserted in tandem upstream of the

normal E10 (figure 3 A). Analysis of RNA from fetal hT-PAC-279K mice showed about

10% inclusion of E10-279K compared to no Ex10 inclusion in hT-PAC-N, Mapt+/+ mice

(figure 3 B, C). In adult animals, Ex10 inclusion increased to ∼ 50.44% (n = 2) for the

mutant mice compared to 20.1% (SD = 0.1, n = 3) for hT-PAC-N, Mapt+/+ mice. The

increase in E10 was entirely due to increased inclusion of the mutant exons (figure 3 C).

Immunoblot analysis of the hT-PAC-279K mice (figure 2 C, right panel), showed that the

mutation resulted in an increase in protein bands with multiple copies of E10. Note that the

279K mutation increases fetal E10 inclusion suggesting the ESE targeted by this mutation is

part of the regulation of fetal E10 inclusion.

Immunohistochemistry of WT mice

The results of the RNA experiments described in figure 1 indicate that P3-P6 animals

express predominantly 3R tau mRNA and P24 animals express predominately 4R tau

mRNA. Thus, for the immunohistochemistry work described below, P3 and P6 animals were

examined for the fetal-neonatal expression pattern, and P24 animals for the adult expression

pattern. We first examined the localization of 3R and 4R tau expression by

immunohistochemistry in the frontal cortex and hippocampus of WT mice (figure 4). Mouse

3R-tau is expressed throughout all the layers of the cortex with the most intense staining in

the outer layers of the cortex compared to the deeper layers in both developing and young

adult mice (figure 4 A-C). In addition, at P3, 3R tau was primarily localized to neuronal cell

bodies and fibers (figure 4 A and A’), while at P6 and P24, localization appeared more

“synaptic-like”, with granular staining of neuropil similar to what is observed using

antibodies against synaptic markers. Mouse 4R-tau expression was not detectable at P3

(figure 4 D), but by P6, 4R-tau was expressed in all cortical layers (figure 4 E). In the P24

animals (figure 4 F), 4R-tau immunostaining was most intense in the outer layers and

weaker in the deeper layers, similar to what was observed for 3R-tau expression. In addition,

4R tau expression was not localized to neuronal cell bodies at any age but rather appeared

primarily “synaptic-like”.

In the hippocampus, in contrast to the cortex, there was no detectable 3R-tau in P3 and P6

animals (figure 4 G, H). However, in P24 animals, 3R expression is substantial (figure 4 I).

4R-tau is also undetectable in the hippocampus at P3, but is detected by day 6, and is highly
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expressed in P24 mice (figure 4 J-L). At P24 both 3R and 4R-tau are highly expressed in the

CA3 mossy fiber projections but the staining pattern for the 2 isoforms in other hippocampal

regions is strikingly different (figure 4 I, L). 3R-tau is highly expressed in the stratum oriens

and stratum radiatum layers, whereas 4R-tau staining is much weaker in these regions.

Differences between 3R and 4R-tau within the dentate gyrus of the WT animals are

especially evident. Whereas 3R-tau is highly expressed in the subgranular zone of the

dentate gyrus (figure 5 A), 4R-tau is highly expressed in the inner dentate molecular layer

and hilus (figure 5 B). We also examined 3R-tau immunostaining in the hippocampus of

postnatal day 90 mice and found that expression was extensively downregulated compared

to P24, and restricted to cells in the subgranular zone (supplemental figure 1). As expected,

3R and 4R-tau are not expressed in the hippocampus of postnatal day 24 Mapt-/- control

mice (figure 6 A, B). Tau was also undetectable in the hippocampus of the younger tau-

knockout animals. Tau expression in the cortex was undetectable as well (data not shown).

The SGZ of the dentate gyrus is a site of adult neurogenesis (Gould and Gross, 2002). High

expression of 3R-tau in this region suggests that 3R-tau might be expressed in newly

developing neurons in the adult dentate gyrus. Thus, we determined whether 3R-tau was co-

expressed in these cells with doublecortin (DCX), a marker of adult neurogenesis (Rao and

Shetty, 2004). To demonstrate that 3R-tau and DCX were expressed in the same population

of subgranular zone cells in the dentate gyrus, double-labeling experiments were performed

in which 3R-tau was detected with Vector Red and visualized by immunofluoresence

microscopy (figure 5 D), while DCX was detected with DAB and visualized by light

microscopy (figure 5 C). Our results clearly demonstrate that WT mice express 3R-tau and

DCX within the same population of SGZ cells in the dentate gyrus. To demonstrate that 3R-

tau and DCX were co-expressed within the same cell, double-labeling fluorescent

immunohistochemistry was performed (figure 5 E-G). DCX was detected using a Cy2-

conjugated secondary antibody (E), while 3R-tau was detected using a biotinylated

secondary antibody and the fluorescently tagged avidin system, Texas Red avidin D (F). Our

results show that 3R-tau and DCX are co-expressed within SGZ cells in the dentate gyrus.

Immunohistochemistry of transgenic mice

Human tau expression was examined in the frontal cortex and hippocampus of mice

transgenic for the human MAPT gene and lacking mouse tau (hT-PAC-N Mapt-/-; figure 7).

3R-tau was detected in all cortical layers in P3, P6 and P24 animals, but the distribution and

intensity differed with age. Strong immunostaining for human 3R-tau was detected in the

younger animals (P3 and P6), with localization to neuronal cell bodies and fibers in all but

the outermost layer (figure 7 A and B). At P3, this neuronal cytoplasmic staining was

particularly robust (figure 7 A and A’) but decreased by P6 and was undetectable by P24.

While cortical 3R immunostaining was still apparent at P24, the localization appeared more

“synaptic-like”, similar to what we observed for mouse 3R-tau immunostaining in the WT

animals. In contrast to mouse 4R-tau immunostaining in the WT animals, we were unable to

detect human 4R-tau in any layers of the cortex in the hT-PAC-N Mapt-/- animals (figure 7

D-F). However, 4R tau was detected in the hippocampus (see below).

We also examined 3R and 4R expression in the hippocampus of hT-PAC-N Mapt-/- animals.

3R-tau is highly expressed throughout the hippocampus in both developing and adolescent

mice (figure 7 G-I), whereas 4R-tau is undetectable until P24 and at that age, detectable 4R

expression is limited to the CA3 mossy fiber projections and the hilus (figure 7 J-L).

Interestingly, expression of human 3R-tau in the hT-PAC-N Mapt-/- mice appeared to be

lower in the SGZ of the dentate gyrus compared to the high expression of mouse 3R-tau in

the SGZ of WT animals (figure 4 I and 7 I). In addition, the human 3R-tau in the hT-PAC-N

Mapt-/- mice was expressed in pyramidal neurons of the hippocampus. Neuronal expression

of 3R tau was especially robust in the younger animals (P3 and P6), but was still evident in
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the CA3 pyramidal neurons at P24 (figure 7 N). In contrast, no 3R-tau immunostaining was

detected in the CA3 pyramidal neurons of WT mice (figure 7 M). The neuronal expression

of 3R-tau in the hT-PAC-N Mapt-/- mice is similar to the expression of 3R-tau in CA3

pyramidal neurons in the hippocampus of a normal adult human (figure 7 O).

Discussion

Above we show that tau 3R and 4R are differentially regulated in the developing and in the

mature nervous system. At a given developmental stage, 3R and 4R can be expressed in

different regions and cells. The expression pattern changes as the brain matures, still with

different cells having different complements of 3R and 4R tau. Presumably, this pattern of

expression reflects different functions that tau normally performs in different cells. Tau

functions in the developing nervous system to establish neuronal cell polarity and to

promote axonal elongation, and growth cone translocation. Tau participates in these

functions by binding directly to microtubules (Feinstein and Wilson, 2005). Neuronal

development requires dynamic microtubules and tau regulates these processes by controlling

microtubule elongation and shortening (Drechsel et al., 1992; Goode et al., 1997; Panda et

al., 1999; Panda et al., 2003; Trinczek et al., 1995). In contrast to developing neurons, in the

mature brain in a fully differentiated neuron, microtubules must be relatively stable, though

not necessarily static. Even in the same cell, some microtubules may be relatively stable

while others are more dynamic (Feinstein and Wilson, 2005). To carry out these diverse

functions, tau levels are controlled by transcriptional regulation, the isoforms present are

controlled by alternative splicing (D’Souza et al., 1999; D’Souza and Schellenberg, 2000;

D’Souza and Schellenberg, 2002), function is influenced by phosphorylation (Buee et al.,

2000), and the location of translation by 3′ untranslated region sequences (Aronov et al.,

2001). The regulation of alternative splicing that controls the cellular isoform content is

particularly critical because mutations that cause changes in the 3R and 4R content of a cell

result in severe neurodegeneration leading to cell death. In the work described above, we

show that the neuronal tau expression levels and isoform content is highly cell and region

specific both during development and in the mature brain. Thus the regulation of both

expression and splicing is highly complex.

Previous studies have demonstrated that 3R-tau is the predominant isoform in fetal and new-

born WT mouse brain (Janke et al., 1999; Kampers et al., 1999; Takuma et al., 2003), while

in adult mice, the predominant isoform changes to 4R-tau. Our immunohistochemistry

experiments also demonstrate these developmental variations in the expression of 3R and

4R-tau and provide additional information regarding some anatomical differences in this

expression. In the youngest animals we examined (P3), 3R-tau immunostaining was

abundant in the cortex of WT mice, but was undetectable in the hippocampus. Hippocampal

expression of 3R-tau appeared sometime between P6 and P24. As expected, 4R-tau

immunostaining was undetectable in our youngest animals (P3), but was apparent in both

the cortex and hippocampus by P6. At P24, both 3R and 4R-tau were abundant in both the

cortex and hippocampus, thus the switch to the 4R isoform must occur at an older age. In

contrast to our results, Bullman et al report that 3R-tau immunostaining is detectable in the

rat hippocampus from the time of birth. These differences may reflect species variations in

the expression of tau isoforms or differences in experimental protocol. Given the strong

immunostaining of 3R-tau in the hippocampus at P24 (figure 4 I) despite the paucity of exon

10-RNA (figure 1 C) and the low level of 3R-tau protein as determined by western blot

analysis (figure 2 A) at this timepoint, we also immunostained the hippocampus of postnatal

day 90 mice. At P90, there is no 3R-tau detectable by western blot analysis using whole

brain extract (figure 2 A) and thus we would expect to see little or no 3R-tau

immunostaining at this age. Indeed, we found an extensive decrease in 3R-tau

immunostaining throughout the hippocampus at P90, with expression restricted to cells in
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the subgranular zone of the dentate gyrus (supplemental figure 1), a result similar to what

has been previously reported in the rat (Bullmann et al., 2007). These results indicate that

the robust immunostaining detected with the RD3 antibody in the hippocampus of P24

animals is specific for 3R-tau.

Developmental switching from the 3R to 4R-tau isoforms also occurs in humans. Like

mouse, in the human fetus, 3R-tau is the predominant isoform (Goedert et al., 1989a;

Takuma et al., 2003), while in adult human brain, 3R and 4R-tau isoforms are approximately

equal. While our immunohistochemical results indicate that human 3R-tau is abundant in the

cortex and hippocampus of transgenic mice at P3-P24, the appearance of the 4R-tau isoform

does not occur until P24, is restricted to the hippocampus and expression levels are quite

low. RNA analysis also indicated that human 4R-tau transcripts were undetectable until P12

and were sparse, even at P36. Low human 4R-tau expression in our mouse model may

reflect species-specific regulatory mechanisms. It is possible that the mouse splicing

machinery negatively affects human 4R-tau expression without impacting human 3R-tau

expression. Despite this drawback, we believe that our mouse models provide important

information regarding tau isoform regulation and expression, especially with respect to 3R-

tau.

The complex pattern of tau regulation is consistent with the fact that 3R tau and 4R tau are

not functionally equivalent with respect to interactions with microtubules. In vitro, 4R has

an approximately 3-fold higher binding affinity for microtubules compared to 3R tau

(Butner and Kirschner, 1991; Goode et al., 2000). Likewise, in cultured cells, 4R tau can

displace 3R tau from microtubules (Lu and Kosik, 2001). In addition, 4R tau is better at

initiating and promoting microtubule assembly than 3R tau (Goedert and Jakes, 1990;

Gustke et al., 1994; Lee et al., 1989; Panda et al., 2003). In terms of microtubule dynamics,

when the rate and extent of shortening and lengthening of microtubules is measured, both

isoforms suppress microtubule dynamics (Feinstein and Wilson, 2005). However,

quantitatively, 4R is an approximately 3-fold more potent inhibitor compared to 3R tau.

Qualitatively, both isoforms inhibit microtubule lengthening, while 4R inhibits shortening

but 3R does not (Feinstein and Wilson, 2005; Panda et al., 2003; Trinczek et al., 1995). The

same differences in 4R versus 3R were observed in cultured cells. Both isoforms suppressed

microtubule growth with 4R being more potent than 3R. As seen in vitro, 4R but not 3R

inhibited microtubule shortening (Bunker et al., 2004). The differential effect of tau on

microtubule dynamics implies that cells with predominantly 3R tau would have more

dynamic microtubules as would be required during development where axonal extension and

synaptogenesis occurs. In the mature nervous system, more stable microtubules may be

required corresponding to an increase in 4R tau expression. Thus the 3R:4R ratio may be

carefully regulated to match the required microtubule function for a given cell. In contrast to

effects on microtubule stability, transport rates of tau along microtubules is not isoform

dependent (Utton et al., 2002). In FTDP-17 cases where mutations alter the isoform ratio,

subjects remain clinically normal for the first 3-4 decades of life. Thus, it appears that

neurons can tolerate alterations of tau isoform ratios, at least for some period of time.

However, it is possible that a shift in tau isoform ratio may be damaging over extended time

and/or with aging.

In the work described above, the isoform expression pattern seen in the young adult

hippocampus offers some clues to tau function. Co-expression of 3R tau and DCX in the

hippocampal SGZ, a region of adult neurogenesis, in P24 WT and hT-PAC-N Mapt-/- mice

suggests that 3R tau is expressed in newly generated neurons in the adult. In contrast, 4R tau

is not expressed in this region. In addition, we determined that 3R-tau immunostaining in the

hippocampus of postnatal day 90 mice is restricted to cells in the SGZ. Others have also

reported the persistence of 3R tau expression in the SGZ in 3-month old rats despite the
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almost complete switch to 4R tau expression in other brain regions (Bullmann et al., 2007).

Given the differential effects of 3R and 4R tau on microtubule stability discussed above, it is

possible that continued expression of 3R tau in the adult must be maintained in discreet

regions such as the SGZ in order to promote increased plasticity of microtubules. It is

possible that alterations in the 3R:4R tau ratio could lead to abnormalities in adult

neurogenesis that may have implications in the development of neurodegeneration.

Increased neurogenesis has been reported in post-mortem AD brain (Jin et al., 2004)

suggesting an attempt to replace dying neurons. In addition, several mouse models of AD

exhibit decreased neurogenesis, which may contribute to the cognitive deficits reported in

these mice (Donovan et al., 2006; Feng et al., 2001). However, there is no information

regarding alterations in SGZ neurogenesis in other tauopathies such as PSP, FTD, CBD,

Guam ALS/PDC, and the alterations in AD have not been directly linked to tau or tau

isoforms. Further studies are needed to determine if such an association exists.

In the mature brain, the regulation of alternative splicing has profound effects on function.

This is best illustrated by the class of FTDP-17T mutations that results in elevated 4R

synthesis. In subjects with this type of mutation, the tangles formed are composed primarily

of 4R tau, reflecting the change in synthesis ratios. Unlike AD, tangles are observed in both

neurons and glia. Some mutations in this class are intronic (e.g. E10 +14) or silent

(e.g. L284L), and the excess 4R tau that is produced has a normal amino acid sequence

(D’Souza et al., 1999; Hutton et al., 1998). This altered synthesis ratio of non-mutant tau is

sufficient to cause severe neurodegeneration by the 4th-5th decade of life. Other mutations

such as R5L and V337M, do not alter the 3R/4R synthesis ratio, yet the former mutation

produces tangles that are predominantly 4R, and the regional localization of aggregated tau

is similar to progressive supra nuclear palsy (PSP) with tangles in both neurons and

astrocytes (Poorkaj et al., 1998; Poorkaj et al., 2002). In contrast, the V337M-induced

neuropathology is primarily cortical, tangles are only found in neurons, and the 4R/3R ratio

in tangles is approximately 1 (Hong et al., 1998; Sumi et al., 1992). Finally, the Δ280K

mutation reduces the 4R/3R ratio resulting in the formation of Pick bodies and neuronal

inclusions that were predominantly 3R-tau (van Swieten et al., 2007). Whether mutations

that alter alternative splicing and 3R versus 4R production act the same in all cells and all

regions is not presently known. Our results using transgenic mice with point mutations that

control exon splicing indicate that the splicing sequences that regulate the human MAPT

exon 10 retain a similar function when expressed in mouse. Thus, these mice are attractive

models for future studies of tauopathies. Current studies are underway to determine the

pattern of expression of 3R and 4R isoforms, as well as any pathological changes (i.e. tau

aggregation) that occur with aging in these mice.

The fact that in some diseases, pathologic tau is primarily 4R (PSP, CBD) and in others

either primarily 3R (PiD) or a mixture of 3R and 4R suggests several hypotheses. One

possibility is that the disease process causes specific isoforms (e.g. 4R in PSP) to selectively

aggregate even though the affected cells make 3R and 4R in equal amounts. A second

hypothesis is that not all cells make the same isoform complement and that for some

diseases, cells making predominantly 3R (PiD) or 4R (PSP, CBD) are affected by the

disease process resulting in selective aggregation of specific isoforms. A third hypothesis is

that the disease process affected regulation of isoform production and that for PSP, 4R

isoforms are up-regulated. The results of the current study support, in part, the second

hypothesis, in that we observed regional variation in 3R and 4R tau expression. Of interest,

we found 3R to be relatively over-expressed, in comparison to 4R, in the SGZ of the dentate

granule cell layer; it is the dentate granule cell layer that develops 3R predominant Pick

bodies in PiD. Also of interest is the higher level of neuronal cell body expression of tau in

the human brain and in mice transgenic for the human MAPT gene, versus the wildtype

mouse. This neuronal cell body expression of tau was limited to the 3R isoform, whereas
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localization of 4R tau appeared more “synaptic-like”. In addition, this neuronal cell body

pattern of 3R expression was more prominent in younger animals. Although the biological

significance of this localization is unknown, it may play a role in the different functions of

tau with respect to microtubule dynamics or in the transportation of proteins and vesicles to

and from the synapse. In addition, it is possible that abnormalities in this distribution could

be important in the development of tau-specific pathologies such as neurofibrillary tangles.

The complex nature of MAPT regulation in normal and in tauopathy brains makes modeling

these diseases in animals difficult. The approach we took, using a genomic clone as the

transgene, has the advantage that all isoforms are produced and thus the regulation of the

human gene in mouse should be closer to human MAPT expression patterns. Regulation of

the human MAPT gene in mouse is similar but not identical to how it is regulated in the

human brain. In mouse the human gene undergoes a developmental switch from producing

exclusively 3R-tau to a mixture of 3R and 4R although only about 20% of the total tau is 4R.

Another difference is that even though all 6 isoforms are produced from the human gene in

the mouse context, only small amounts of protein with exons 2 and exons 2+3 sequences are

produced while in humans the predominant isoform is 1N3R and 1N4R (Ex2+). The

sequences tested that regulate exon 10 inclusion appear to function in the mouse as in

humans as demonstrated by the mice generated using the PAC constructs with FTDP-17T

mutations (figure 2 C, and figure 3). Note that these mutations do not appear to influence

inclusion of exon 2 and exon 3 sequences (figure 2 C). Differences between the mouse and

human gene regulation in the mouse are also evident. The mouse gene produces

predominantly 4R tau in the adult (P90) while the human gene produces both 3R and 4R

(figure 2 A and B). This expression profile more closely resembles tau expression in an

adult human in which both 3R and 4R tau are expressed. Another difference is that the

mouse gene produces more 4R tau prior to the developmental switch (P6) compared to the

human gene. The expression levels of tau do not appear to be controlled by a feedback

mechanism since when the tau synthesis is increased by adding the hT-PAC-N to the normal

endogenous tau levels, transcription from the endogenous gene does not change (figure 1 C).

Another observation from the above work is that all tau, both in the neonate and young

adult, is phosphorylated. This is consistent with previous work (Matsuo et al., 1994)

showing that when either human or rodent brain is frozen rapidly after harvesting, tau from

normal brains is highly phosphorylated. When post-mortem intervals are extended,

dephosphorylation of soluble tau occurs while insoluble tau remains highly phosphorylated.

Thus the relationship between tau phosphorylation in tauopathies may be important for

insoluble but not soluble tau.

In conclusion, we have demonstrated distinct regional regulation of tau isoforms in wild-

type and transgenic mice. Further study of the regulation of tau isoform expression levels

and distribution in human tauopathies and animal models could provide important insights

into the pathophysiology of many neurodegenerative diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Human MAPT and mouse Mapt RNA levels in wildtype mice and in mice transgenic for

human MAPT (hT-PAC-N Mapt+/+). RNA from either mouse or human brain was isolated

as described in the Materials and Methods section and RT-PCR was performed using either

mouse or human-specific primers that amplified transcripts from mid-E9 to mid-E11. The

short fragment (165 bp) is E10- and the long fragment (265 bp) is E10+. A. Mouse-specific

RT-PCR primers amplify mouse Mapt RNA but not human MAPT RNA. Using mouse-

specific primers (ME9F2 and ME11R), no transcript was detected in human embryonic

(E14) or adult brain RNA. In fetal mice (E14) the predominant product is E10- although

some E10+ RNA is detected. In RNA from adult (90 days) hT-PAC-N, Mapt+/+ lines that

have an intact mouse Mapt gene, the predominant transcript from the mouse gene is E10+.

B. Human-specific RT-PCR primers amplify only transcripts from the human gene but not

the mouse gene. Samples are the same as in A and the primers used were HE9F2 and

HE11R. C. Quantitation of E10+ transcripts using mouse-specific and human-specific

primers to compare the appearance of E10+ mouse Mapt and human MAPT transcripts in

developing transgenic mouse brains. For WT mice (black bars), each bar represents values

from 2 to 5 mice. For hT-PAC-N, Mapt+/+, each bar for mouse (gray) and human (open) is

the average combined E10+ value from mouse lines 9, 12 and 13 and represents a minimum

of 6 to a maximum of 14 mice. Mouse Mapt transcripts are predominantly E10- until P6

when the amount of E10+ begins to increase (WT 79.7% vs. transgenic 75.8%) until by day

P24, all Mapt transcripts are E10+. The presence of the human MAPT gene in hT-PAC-N,

Mapt+/+ does not influence the endogenous pattern of E10 splicing of transcripts from the

mouse Mapt gene compared with non-transgenic mice. The human gene in the mouse

produces no detectable E10+ transcripts until P12 (14.01%), at which stage endogenous

mouse E10+ levels are significantly higher at 76% than human E10+ (p < 10-16). D. In adult

human brain, transcripts from MAPT are 49 % E10+ (SD 0.03). For the human gene in mice

(hT-PAC-N, mapt +/+), 21 % of transcripts were E10+ (SD 1.2, n = 13). This is the average

from 4 different hT-PAC-N Mapt+/+ lines in adult (P90) mice with an intact Mapt gene.

Error bars for individual lines represent values from at least 3 different brain samples with

standard deviations as follows: adult human brain (SD = 3.0, n = 3), transgenic mice Line 12

(SD = 1.0, n = 3), Line 9 (SD = 1.0, n = 3), Line 4 (SD = 0.6, n = 4) and Line 13 (SD = 0.1,

n = 13).
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Figure 2.

Immunoblot analysis of RAB soluble human MAPT and mouse Mapt isoforms in brains

from wildtype and transgenic mice. Whole brain homogenates were prepared as described in

the Materials and Methods and subjected to electrophoresis and immunoblot analysis using

the following antibodies: RD4 (1-1000 dilution, top panels, A and B); RD3 (1-3000 dilution,

middle panels, A and B); Rb17025 (diluted 1-6000, bottom panel, A and B) which

recognizes both mouse and human tau (all six isoforms); T14 (1-1000) (C, all panels), an

antibody specific for human tau (all six isoforms) that does not recognize mouse tau. Protein

loads/lane for A and B are: 1.2 ug, top panel; 0.1 ug, middle panel; 0.2 ug, bottom panel.

Lanes labeled with “-” are untreated soluble tau and lanes labeled “+” were treated with λ-
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phosphatase. A. Wildtype mice produce predominantly 3R tau at P6, both 3R and 4R tau at

P24 and predominantly 4R tau at P90. Note that for all isoforms, the mouse protein migrates

faster than the human equivalent protein. However, spacing is not altered. B. The human

gene in a Mapt-/- mouse produces predominantly 3R tau and no 4R tau at P6. By P24, other

tau isoforms were observed including some that are 4R, although the predominant isoform is

still 3R even in the adult mice (P90). C. The human gene in the adult mouse brain produces

all 6 tau isoforms and FTDP-17 mutations that alter isoform ratios in man also affect

splicing of E10 in mouse. RAB soluble whole brain homogenates were prepared from mice

transgenic for either the normal MAPT gene (hT-PAC-N) or MAPT with the FTDP-17

mutations V337M, R5L, S305S, E10+14, P301L, or N279K on a mouse Mapt+ background.

Samples in the top panel were untreated and samples in the bottom panel were treated with

λ-phosphatase. Since different transgenic lines produce different amounts of human tau,

loading was adjusted so that approximately the same amount of human tau was present in

each lane. The protein loaded for phosphatase treated samples was as follows: 0.25 ug, hT-

PAC-N; 0.17 ug, hT-PAC-337M; 0.43 ug, hT-PAC-5L; 0.9 ug, hT-PAC-305S; 0.18 ug, hT-

PAC-E10+14; 0.2 ug, hT-PAC-301L; and 0.2 ug, hT-PAC-279K. The protein loaded for

untreated samples was 0.5 ug, except for hT-PAC-337M, which was 0.1 ug. The standards

are recombinant human tau.
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Figure 3.

The hT-PAC-279K transgene has 3 copies of E10 and the 279K mutation increases inclusion

of E10. A. The structure of the E10 region of MAPT in mouse line hT-PAC-279K retaining

2 mutant E10 copies (shaded box) upstream of a normal E10 copy. B. RT-PCR products

from fetal (E14) and adult (P90) hT-PAC-N Mapt+/+ and hT-PAC-279K mice. The structure

for the RT-PCR products with multiple E10 copies was determined by DNA sequencing.

Note that the normal E10 copy is spliced only in adult mouse brain and, in hT-PAC-279K, is

detected as a minor species in the presence of both mutant E10 copies. C. Quantitation of

E10 inclusion. Each bar represents values from 3 different brain samples. The 279K

mutation in mice having multiple copies of E10, stimulates inclusion of one mutant E10

copy in fetal brain at 11.2 % (SD 4.8, n = 3) and predominantly enhances mutant E10+

transcripts in adult brain to 50.4 % (SD = 1.8, n = 2). The E10+ bar for hT-PAC-279K mice
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is the sum of all E10+ species as observed in B. A corrected significance criteria of p <

0.025 was used in E10 splicing comparisons between adult WT and mutant 279K mice as

well as between fetal and adult 279K mice, p < 1 × 10-4. Solid bars, hT-PAC-N mice;

hatched bars, hT-PAC-279K mice.
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Figure 4.

Expression of mouse 3R and 4R tau in the frontal cortex and hippocampus of wildtype mice

at P3 (A, D, G, J), P6 (B, E, H, K), and P24 (C, F, I, L). In the cortex, 3R tau is expressed in

all layers at all ages examined (A-C) while 4R tau is undetectable in P3 mice (D) but is

observed beginning at P6 (E). Higher magnification (A’) of boxed region in A showing

neuronal cell body staining of 3R tau at P3. In the hippocampus, little specific staining is

seen at P3 for either 3R or 4R tau (G and J, respectively). At P6, 4R staining is seen in the

hilus, stratum oriens and stratum radiatum (K), while 3R staining is still faint (H). By P24,

both 3R and 4R are abundant throughout the hippocampus (I and L). Panels A-C and G-I

were stained with the RD3 antibody and panels D-F and J-L were stained with the RD4
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antibody. Scale bars A-L, 100 μm; A’, 25 μm. Abbreviations: Or (stratum oriens layer); Rad

(stratum radiatum layer); MF (mossy fibers).
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Figure 5.

Expression of mouse tau isoforms and doublecortin (DCX) in the hippocampus of P24

wildtype mice. In the hippocampus of P24 wildtype mice, 3R tau (A, RD3 antibody) is

expressed in the subgranular zone (SGZ) and 4R tau (B, RD4 antibody) is extensively

expressed in the hilus and the inner dentate molecular layer (iDML). Mouse 3R tau and

DCX are co-expressed in the same population of SGZ cells in the dentate gyrus of P24

wildtype mice (C, D). DCX was detected using an avidin-biotin complex and visualized

with DAB under light microscopy (C). In the same tissue section, 3R tau was detected with

an alkaline phosphatase avidin-biotin complex and visualized with Vector Red under

immunofluoresence microscopy (D). Dcx and 3R tau are co-expressed in the same cells (E-

G). DCX was detected using a Cy2-conjugated donkey anti-goat secondary antibody (E).

3R-tau was detected using a biotinylated M.O.M. mouse secondary antibody and the

fluorescently tagged avidin system, Texas Red avidin D (F). Merge of the Cy-2 and Texas

Red avidin D fluorescent signals (G). Arrowheads show individual cells within the SGZ that

are co-labeled with both DCX and 3R-tau. Scale bars A-D, 100 μm; E-G, 25 μm. A

magenta-green copy is available online (supplemental figure 2). Abbreviations: granular cell

layer (GCL), dentate molecular layer (DML).
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Figure 6.

3R and 4R tau are undetectable in brain tissue of tau knockout mice. No immunostaining is

observed in the hippocampus of P24 Mapt-/- mice using antibodies specific for 3R tau (RD3,

A) and 4R tau (RD4, B). Scale bars A and B, 100 μm.
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Figure 7.

Expression of human 3R and 4R tau in the frontal cortex and hippocampus of hT-PAC-N,

Mapt-/- mice at P3 (A, D, G, J), P6 (B, E, H, K), and P24 (C, F, I, L). In the cortex, 3R tau is

observed in all cortical layers at all ages (A-C), while 4R tau is not observed at any age (D-

F). Higher magnification (A’) of boxed region in A showing neuronal cell body staining of

3R tau at P3. In the hippocampus, 3R tau was expressed at all ages (G-I) while 4R tau was

not detected until P24 (L). The transgenic animals expressed 3R tau in CA3 pyramidal

neurons of the hippocampus (N). This neuronal cell body staining is also evident in human

CA3 neurons (O) but is undetectable in the CA3 neurons of wildtype mice (M). Panels A-C,

G-I and M-O were stained with the RD3 antibody and panels D-F and J-L were stained with
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the RD4 antibody. Scale bars A-O, 100 μm; A’, 25 μm. Abbreviations: MF (mossy fibers),

CA3 (pyramidal neurons of the CA3).
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