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Abstract. Alzheimer’s disease is characterized by two main pathological hallmarks in the human brain: the extracellular
deposition of amyloid-f3 as plaques and the intracellular accumulation of the hyperphosphorylated protein tau as neurofibrillary
tangles (NFTs). Phosphorylated tau (p-tau) specific-antibodies and silver staining have been used to reveal three morphological
stages of NFT formation: pre-NFTs, intraneuronal NFTs (iNFTs), and extraneuronal NFTs (eNFTs). Here we characterize a
novel monoclonal antibody, RN235, which is specific for tau phosphorylated at serine 235, and detects iNFTs and eNFTs in
brain tissue, suggesting that phosphorylation at this site is indicative of late stage changes in tau.
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INTRODUCTION

Alzheimer’s disease (AD) is characterized patho-
logically by the extracellular accumulation of
amyloid plaques, the intracellular accumulation
of neurofibrillary tangles (NFTs), and extensive
neuronal cell death. NFTs are also the primary
pathology observed in related tauopathies, including
frontotemporal lobar degeneration-tau (FTLD-tau),
corticobasal degeneration, and progressive supranu-
clear palsy. The major constituent of NFTs is the
microtubule-associated protein tau which has under-
gone hyperphosphorylation and self-aggregation to
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form insoluble fibers known as straight and paired
helical filaments.

Using phosphorylated tau (p-tau)-specific anti-
bodies and silver staining, three morphological
stages of NFT formation have been distinguished:
1) pre-NFTs, 2) intraneuronal NFTs (iNFTs), and
3) extraneuronal NFTs (eNFTs) [1]. Pre-NFTs are
defined by diffuse, sometimes punctate, tau staining
within the cytoplasm of otherwise normal-looking
neurons, with well-preserved dendrites and a cen-
tral nucleus; they are reactive with anti-tau antibodies
but not silver stain [2]. iNFTs contain aggregated
filamentous structures and are found within the
cytoplasm of neurons which have a definable but fre-
quently displaced nucleus. Typically, the dendrites
of iNFT-affected neurons appear to have deterio-
rated but retain their position. Finally, eNFTs result
from the death of the tangle-bearing neurons, and
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are identifiable by the absence of neuronal nuclei
and stainable cytoplasm [2]. Previous studies have
shown that antibodies specific for tau phosphory-
lated at Thr153, Ser262, and Thr231 and certain
conformational epitopes recognized by the antibod-
ies MC1 and ALZ50 label pre-NFTs, whereas ATS8
(Ser202/Thr205) and PHF1 (Ser396/Ser404) anti-
bodies preferentially identify iNFTs and eNFTs [1].

A previously uncharacterized tau epitope, phos-
phorylated Ser235 (p-Ser235), which is located in
the proline-rich region of tau, has also been shown to
be elevated in AD [3]. Furthermore, in vitro studies
have demonstrated that phosphorylation of Ser235
abolishes the ability of tau to polymerize tubulin into
microtubules [4], which could be due to disturbances
in the local secondary structure of tau upon phospho-
rylation at this site [5, 6]. An antibody specific for
p-Ser235 may therefore be useful for the character-
ization of tau pathology. Here, we demonstrate that
a novel anti-pSer235 antibody, RN235, specifically
detects tau aggregates consistent with the transition
from iNFTs to eNFTs, suggesting that phosphoryla-
tion of this site is associated with late p-tau changes.

MATERIALS AND METHODS
Antibody generation

RN235 is a monoclonal antibody raised against
the p-tau peptide VAVVRT(p)PPKS(p)PS (phospho-
rylated residues Thr231 and Ser235 of the longest
human tau isoform, tau441) (Beijing Protein Innova-
tion). The hybridoma was cultured at 37°C with 5%
CO; in CD Hybridoma medium (Life Technologies)
supplemented with 8 mM Glutamax (Life Technolo-
gies). IgG was purified by affinity chromatography
using a protein A column, then buffer exchanged
into 1 x phosphate-buffered saline (PBS) (Protein
Expression Facility, The University of Queensland).
The isotype of RN235 was characterized using the
IsoStrip Mouse Monoclonal Antibody Isotyping kit
(Sigma-Aldrich) and determined to be IgGl with
a kappa light chain. Biotinylation of RN235 was
conducted using the EZ-link™ Micro NHS-PEG4-
Biotinylation kit (Thermo Fisher Scientific).

Recombinant human tau

cDNA encoding full-length human tau was cloned
into the pET-DEST42 vector (Thermo Fisher Sci-
entific) in frame with the C-terminal His6 and V5
tags. Plasmids were transformed into One Shot BL21

bacterial cells (Thermo Fisher Scientific) and recom-
binant protein expression was induced with 1 mM
IPTG. Protein purification was conducted following
the protocol outlined in [7].

In vitro GSK-3 phosphorylation

In vitro phosphorylation of recombinant human tau
was conducted as previously described [8]. Briefly,
10 M tau was incubated with 9 units of GSK-
3B and 80 uM ATP in kinase buffer (New England
Biosciences) at 30°C for 8 h.

Dot blot

Phosphorylated and non-phosphorylated human
tau were dot-blotted onto a nitrocellulose membrane
and detected with RN235 or Tau5 (Merck).

ELISA

The binding specificity and EC50 of RN235 was
determined using an enzyme-linked immunosorbent
assay (ELISA) as previously described [8]. For bind-
ing specificity, Immuno 96 MicroWell plates (Nunc)
were coated with 10 pg/ml recombinant full-length
human tau (+/— phosphorylation), followed by incu-
bation with RN235 or control IgG at 10 pg/ml. For
EC50 calculation, plates were coated with 10 pg/ml
bovine serum albumin (BSA)-conjugated phospho-
peptides in PBS, followed by incubation with serial
dilutions of RN235 in PBS. For all assays, plates
were blocked in 3% BSA and bound antibodies were
detected with anti-mouse horseradish peroxidase
(HRP) conjugate (1:5,000), followed by incuba-
tion with the substrate 3,3°,5,5’-tetramethylbenzidine
(Sigma-Aldrich). The absorbance was measured at
450 nm (BMG) and measurements were the result of
three readings after subtraction of the absorbance of
PBS alone.

Mice

All animal experiments were conducted under the
guidelines of the Australian Code of Practice for
the Care and Use of Animals for Scientific Pur-
poses and approved by the University of Queensland
Animal Ethics Committee (QBI/412/14/NHMRC;
QBI/027/12/NHMRC). K3 mice express human
IN4R tau with the K396I mutation under the control
of the murine Thy 1.2 promoter [9]. r'Tg4510 mice
express human ON4R tau with the P301L mutation,
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ALZ17 mice express wild-type human 2N4R tau and
pRS mice express human 2N4R tau with the P301L
mutation. At the specified ages, the mice were anaes-
thetized and transcardially perfused with PBS. Their
brains were then harvested and immersion-fixed in
4% paraformaldehyde (PFA) (Sigma-Aldrich) for
immunohistochemical analysis.

Human brain tissue

Sections of postmortem human brain tissue from
donors diagnosed with AD or FTLD-tau and con-
trols were obtained from the Brain Bank for Aging
Research (Tokyo Metropolitan Geriatric Hospital &
Institute of Gerontology). For all brain tissue, clini-
cal and pathological information was obtained under
prior written consent from the brain donors and their
next of kin. All work was approved by the University
of Queensland Institutional Human Research Ethics
Committee (approval number 2012000951).

Histology

PFA-fixed brains were embedded in paraffin using
a benchtop tissue processor (Leica). Immunohisto-
chemistry was performed as previously described
[10]. Antigen retrieval was conducted in a domestic
microwave (850W) in citrate buffer pH 5.8 for 15 min,
followed by cooling at room temperature for 40 min.
The primary antibodies used were RN235 (1 : 5,000),
AT180 (1:1,000), and ATS8 (1:1,000) (Thermo
Fisher Scientific). For DAB staining, a biotin-coupled
anti-mouse secondary antibody was used, followed
by detection with the ABC-HRP detection kit
(Vector) and metal-enhanced DAB (Dako). Counter-
staining was achieved with haematoxylin (Dako). For
fluorescence labeling, AlexaFluor-conjugated anti-
mouse secondary antibodies were used together with
the nuclear stain, DAPI (Sigma). For detection of
biotinylated RN235, AlexaFluor-conjugated strepta-
vidin was used. Bielschowsky-silver impregnation of
paraffin sections was done as previously described
[9]. Imaging was performed using a Metafer Vslide
Scanner (MetaSystems) and an Axio Imager Z2
(Zeiss).

Statistical analysis

Statistical analysis was performed with GraphPad
Prism 7.0a software using a two-way ANOVA or
student’s 7-test. All values are given as mean & SEM.

RESULTS

RN235 is specific for tau phosphorylated at
serine 235

It has been reported that phosphorylation of tau
at Thr231 and Ser235 is increased in patients with
AD [3]. We generated a murine monoclonal anti-
body against a peptide with the dual phosphorylation.
Dot blot analysis revealed that the antibody was spe-
cific to p-tau, with no detectable reactivity to the
non-phosphorylated protein (Fig. 1A). This was fur-
ther confirmed by ELISA (Fig. 1B). The calculated
EC50 of RN235 to the dual phosphorylated peptide
was 0.41nM (Fig. 1C). This was consistent with
the EC50 calculated against the peptide phospho-
rylated at Ser235 alone (0.63nM), suggesting that
RN235 only requires Ser235 phosphorylation and
that binding is not disrupted when Thr231 is phos-
phorylated (Fig. 1C). The EC50 against the p-Thr231
peptide was considerably lower (407 nM), confirm-
ing that RN235 is essentially p-Ser235 specific,
displaying only a weak interaction with p-Thr231
(Fig. 10).

RN235 detects compact neuronal aggregates

To determine if RN235 is capable of detecting
p-tau in brain tissue, postmortem cortical sam-
ples from human AD and FTLD-tau patients were
analyzed (Fig. 2A). RN235 bound to dense tau aggre-
gates without a definable nucleus in the AD and
FTLD-tau tissue, with no binding observed in the
control tissue (Fig. 2A). These aggregates exhibited
collapsed or displaced dendrites consistent with those
of iNFTs and eNFTs (Fig. 2A). Similar aggregates
were also observed in the brain tissue from human
tau transgenic mice (K3, rTg4510, ALZ17 and pRYS),
but were absent in tau knockout and wild-type tis-
sue (Fig. 2B). Although present, RN235 labeling
in the pR5 mice was very sparse, possibly due to
the low expression of human tau and comparatively
subtle tau pathology in these mice (Fig. 2B). To bet-
ter characterize the NFT stage that RN235 detects,
co-labeling was conducted in K3 brain tissue with
a p-Thr231 antibody, AT180, which preferentially
detects pre-NFTs, and with a p-Ser202/205 antibody,
ATS, which preferentially detects iNFTs and eNFTs
(Fig. 2C). RN235 labeling differed from the het-
erogeneous labeling observed with AT180, which
frequently produced a more diffuse cytoplasmic
tau staining within neurons with detectable nuclei,
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Fig. 1. RN235 monoclonal antibody specifically recognizes tau phosphorylated at Ser235. Dot blot analysis (A) and ELISA (B) reveal that
RN235 is specific for phosphorylated tau and has no cross-reactivity with non-phosphorylated tau when compared to a pan-tau antibody,
tau5, or a non-specific control antibody. C) The binding activity of RN235 was determined by ELISA using plates coated with dual phospho-
peptide (pThr231/Ser235) or individual phospho-peptides (pThr231 or pSer235). The EC50 of the RN235 to pThr231 was calculated to be
407 nM, whereas the EC50s of RN235 to the dual phospho-peptide and pSer235 were much higher (0.41 nM and 0.63 nM, respectively).

consistent with the presence of pre-NFTs, and less
frequently co-localized with RN235 (Fig. 2C). On the
other hand, AT8 labeling was consistent with that of
RN235 and co-localization was frequently observed
(Fig. 20).

RN235 detects a progressive tau pathology

As phosphorylation of tau at Ser235 is elevated
in disease [3], we next wanted to confirm that the tau
aggregates detected by RN235 represented a progres-
sive pathology. K3 mice typically exhibit progressive
NFT formation from 2 months of age [9]. This
was confirmed with Bielschowsky’s silver staining
which demonstrated an approximate 2-fold increase
in NFTs in the cortex of K3 mice between 2 and
14 months (Fig. 3A). In a similar pattern, RN235
labeling revealed that this epitope was approximate 2-
fold more abundant in the older mice (Fig. 3B), with
the RN235 labeling co-localizing with that of ATS8
(Fig. 3B). This demonstrates that RN235, similar to
ATS8, detects a pathological epitope which increases
with disease progression.

DISCUSSION

The progression of hyperphosphorylated tau
aggregation from pre-fibrillar aggregates to NFTs can
be characterized histologically using p-tau antibod-
ies and silver staining. Here we have demonstrated in
both human post-mortem tissue and transgenic mice,
that a novel monoclonal antibody, RN235, which is
specific for tau phosphorylated at Ser235, detects
compact tau aggregates without a definable nucleus
and with displaced to collapsed dendrites, consistent
with intraneuronal and extraneuronal NFTs. Labeling
was dominant in more advanced stages of disease and
was rarely observed in mice at young ages or those
with only a subtle tau pathology.

Ser235 is commonly phosphorylated in con-
junction with Thr231 [11] and both undergo
phosphorylation by the kinases GSK-3B, cyclin-
dependent kinase 5, and cyclic-AMP-dependent
protein kinase. As the activity of GSK-33 is enhanced
by tau priming, whereby an amino acid in the n + 4
site has already been phosphorylated, it has previ-
ously been suggested that phosphorylation of Ser235
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Fig. 2. RN235 detects tau NFTs in human and mouse tissue. A) RN235 detects NFTs which lack a definable nucleus in human cortical
tissue from patients with Alzheimer’s disease (AD; n=2; mean age =84.5 years) and frontotemporal lobar degeneration-tau (FTLD-tau;
n=2; mean age = 88.5 years) but not in control tissue (control; n=2; mean age =73 years). B) Similar aggregates are also detected in the
cortical tissue of rTg4510 (4 months), ALZ17 (12 months), and pR5 (6 months) tau transgenic mice but not in tau knockout mice (tau KO;
6 months) or wild-type (WT) animals (n=3). C) Comparison of RN235 (green) labeling to that of the p-Thr231 antibody, AT180, and the
p-Ser202/205 antibody, ATS8 (both red), in cortical tissue of a 3-month-old K3 mouse, revealing that RN235 labeling is consistent with that
of AT8 and detects NFTs without a definable nucleus, whereas AT180 labeling is frequently more diffuse (arrowhead) and the nucleus is
clearly observed, consistent with pre-NFTs. Nuclear staining is shown with DAPI (blue). Scale bars =25 p.m.
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Fig. 3. RN235 detects a progressive tau pathology. A) Between 2 and 14 months, K3 mice exhibit a 2-fold increase in Bielschowsky’s
silver-stained NFTs in the cortex (n=3; mean + SEM; **p <0.01, Student’s unpaired #-test). B) The number of RN235-positive NFTs also
significantly increased from 2 to 14 months of age and is consistent with AT8 labeling (n=3; mean + SEM; *p <0.05 Two-way ANOVA

with Tukey’s multiple comparisons test). Scale bars =25 um.

primes the phosphorylation of Thr231 [11, 12]. If this
were the case, it would be expected that RN235 label-
ing would be similar to that of AT180, an antibody
which detects p-Thr231. Instead, we have shown that
RN235 labeling co-localizes with that of AT8 but
rarely with AT180, suggesting that phosphorylation
of Thr231 occurs early in disease, whereas p-Ser235
is associated with late stage p-tau changes consistent
with the phosphorylation of Ser202/205. This is in
agreement with a more recent study which demon-
strated that GSK-38 acts on Thr231 in the absence
of priming of Ser235 but is instead dependent on
the phosphorylation at Thr175 [13]. Interestingly, an
antibody specific to p-Thr175 has previously been
shown to detect pre-NFTs, similar to AT180 [1].
Although immunotherapy targeting p-tau epitopes
has proven to be successful in multiple pre-clinical
studies, one would not expect the therapeutic poten-
tial of RN235 to be great, as the disease would be

too far advanced for it to have an effect. Here we
have shown, however, that the RN235 monoclonal
antibody is ideal as a research tool for characterizing
NFT formation in both human and mouse tissue.
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