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Introduction
Alzheimer’s disease (AD) is a neurodegenerative dis-
ease, responsible for 60-80% of all cases of dementia, 
and is the fifth leading cause of death among Americans 
aged 65 and above (Membane-Sims, 2009) and has two 
pathological hallmarks: extracellular Amyloid b (Ab) 
plaques and intracellular neurofibrillary tangles (NFT). 
Of these, NFT density correlates with disease progres-
sion and cognitive decline best (Braak & Braak, 1991; 
Braak & Braak 1995). This NFT pathology is shared 
between AD and a number of other so called tauopa-
thies, among which a few are Frontotemporal dementia 
and Parkinsonism linked to chromosome 17 (FTDP-
17), Corticobasal degeneration and Down’s syndrome 
(Froelich-Fabre & Bhat, 2004), meaning that a medical 
breakthrough in this area might be able help an even 
larger population than that of Alzheimer’s patients.

NFT:s contain the Microtubule-associated Protein 
Tau (MAPT) in a hyperphosphorylated (p-Tau) state 
(Grundke-Iqbal et al., 1986, Bancher et al., 1989), and 
there is an association between p-Tau levels in CSF and 
incipient AD in patients with mild cognitive impairment 
(MCI) (a patient group at high risk of developing AD) 
(Hansson et al., 2006, Bucchave et al., 2012). These 
two facts suggest hyperactivity of one or more kinases 
and/or hypoactivity of one or more phosphatases. Al-
though no genetic links between Tau and AD have been 
found, some Tau mutations have been shown to cause 
FTDP-17 (Forman et al., 2004), and a mutation in a 
Tau kinase, Tau-Tubulin Kinase 2 (TTBK2), has been 
linked to Spinocerebellar ataxia type 11 (Houlden et al., 
2007), further implicating Tau and p-Tau as mediators 
of neurodegeneration. Also, reduction of endogenous 
total Tau levels in a murine AD model ameliorates Ab-
induced neuronal dysfunction, specifically linking Tau 
to AD (Roberson et al., 2007).

Neither the exact role of Tau nor the exact disease 
mechanism is known, but Tau appears to bind to and 
stabilize microtubuli (MT) (Weingarten et al., 1975). 
Many Tau phosphorylations (but not all (Schneider et 
al., 1999)) decrease the binding of Tau to MT and/or 
increase the rate of neurofibrillary formation, resulting 
in decreased MT stability and NFT formation (Alonso 
et al., 1996). Efforts have been made to find which ki-
nases that can be linked to these seemingly harmful 
phosphorylations, and among the many implicated Tau 
kinases, the ones studied here are Tau-Tubulin Kinase 
1 (TTBK1), MAP/Microtubule Affinity-Regulating Ki-
nase 1-4 (MARK1-4) 

MARK has been shown to phosphorylate the serine at 
position 262 of tau (pS262), as numbered by the lon-
gest of the six isoforms of human Tau (Drewes et al., 
1997), while TTBK1 has been shown to phosphorylate 
pS422  (Sato et al., 2006). Both these phosphorylations 
are implicated in AD progression (Deters et al, 2008; 
Augustinack et al., 2002). TTBK1 is of particular phar-
macological interest, as it is specifically expressed in 
brain (Sato et al. 2006).

To the best of our knowledge, most experiments re-
garding the Tau phosphorylation nature of these ki-
nases have been made through overexpression studies, 
and our goal has been to confirm or deny these claims 
based on experiments in murine primary cortical neu-
ronal (PCN) cultures with gene suppression through 
RNA interference (RNAi) measured by quantitative 
PCR (qPCR).

Protein measurements were made with in cyto immu-
nostaining, measuring the positive control Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH), and the 
putative Tau kinase TTBK1, as well as functional read-
out pS422 and acetylated a-tubulin (a-tub), the latter 
of which is a marker for microtubule stability (Lim et 
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al., 1989), and levels of which have been shown to be 
decreased in NFT-bearing neurons (Hempen & Brion, 
1996).

Materials and Methods 

Cell preparation and plating
Primary cortical neurons (PCN) from C57 mouse (in-
house) fetuses E16/17 were suspended in serum supple-
mented Dulbecco’s Modified Eagle Medium (DMEM) 
(see appendix 1), and 200 µl medium (1:3 mixture of 
serum supplemented DMEM and Primary Neuron Bas-
al Medium (PNBM) (Lonza CC-3256) with primary 
neuron supplement (Lonza CC-4462)) with 100,000 
cells/ml deposited in 37°C warm poly-D-lysine coated 
96-well black/clear plates (Becton Dickinson 354640), 
unless stated otherwise.  A perimeter of wells around 
the cultured cells was filled with Phosphate Buffered 
Saline (PBS) to reduce risk of uneven evaporation. 
Plates were incubated at 37°C, 5% CO2 and 95% rh.
Treatment
48 h after plating, 20 µl supplemented PNBM Basal 
medium with 10 µM 5-fluorodeoxyuridine (FDUR, a 
mitotic inhibitor) was added (giving final FDUR conc. 
1 µM). After seven days in vitro (DIV7) 100 µl medium 
was removed and replaced with 100 µl supplemented 
PNBM. Unless stated otherwise, 72 h before harvest all 
medium except 50 µl was removed, and replaced with 
50 µl supplemented PNBM with 2 µM siRNA (Dhar-
macon, see Table 1), from a 100 mM stock of siRNA 
diluted with nuclease free H2O (Ambion AM9938), 
giving final siRNA conc. 1 µM. An siRNA molecule 
specifically designed to target no genes was used as 
negative control. Cells were harvested DIV15 unless 
otherwise specified. For TaqMan qPCR, medium was 
entirely removed and replaced with 200 µl 1X lysis buf-
fer (ABI 4305895 diluted 1:1 with nuclease free H2O) 
and stored at -20°C. For QuantiGene and antibody (Ab) 
staining, medium was removed and cells fixed with 4% 
Paraformaldehyde (PFA) in phosphate buffer (Histolab 
products AB, HL96753.1000) for 30 min, then washed 
with PBS (Sigma D8537) and stored at 4°C.

TaqMan qPCR preparation
Lysate was loaded onto ABI PRISM RNA purification 
trays (ABI 4305673) and total RNA purification was 
done according to manufacturer’s instructions (RNA 
Wash Solution 1: ABI 4305891, RNA Wash Solution 2: 
ABI 4305890) including a DNAse step (AbsoluteRNA 
Wash Solution: ABI 4305545), and 70 µl Elution So-
lution (ABI 4305893). cDNA synthesis was made us-
ing High Capacity RNA-to-cDNA Kit (ABI 4387406) 
using 10 µl RT Buffer and 1 µl Enzyme Mix to 9 µl 
of total RNA eluate. cDNA synthesis condition were 
37°C for 1 h, 95°C for 5 min, and 4°C indefinitely, until 
stored at -20°C.

Staining
QuantiGene ViewRNA Probes (see Table 2), and 
QuantiGene ViewRNA ISH Cell Assay kits (Panom-
ics QVC0001) were bought from Panomics, and stain-
ing was done according to manufacturer’s instructions 
(QuantiGene ViewRNA ISH Cell Assay User Manual 
P/N 18801 Rev.A 110525 with the modification in 
TechNote QGV ISH Cell 96-well Format 110630).

Ab staining was done by blocking, permeabilizing and 
staining with 50 µl 5% BSA TBS/Triton X-100 0,3% 
(BSA: Sigma A3294-100G, TBS: in-house, Triton: Sig-
ma X100) with 12 µM Hoechst 33342 (Sigma B2261) 
for 1 h in RT. Blocking was removed and replaced by 
40 µl 5% BSA TBS with 1° Ab with concentration as 
indicated in Table 4 and incubated at 4°C overnight. 
Cells were then washed with TBS/Triton X-100 0,1% 
and further incubated with 40 µl 5% BSA TBS con-
taining 2° Ab for 2 h in RT, and yet again washed with 
TBS/Triton X-100 0,1%, before being stored in 100 µl 
HBSS at 4°C. In case a non-conjugated mouse primary 

Gene of 
interest

Thermo Scientific 
catalog number

Comment

GAPDH D-001930-20 Proprietary 
sequence

TTBK1 E-056383-00 Accell SMARTpool
MARK1 E-053815-00 Accell SMARTpool
MARK2 E-040137-00 Accell SMARTpool
MARK3 E-040138-00 Accell SMARTpool
MARK4 E-054377-00 Accell SMARTpool
MAPT E-061561-00 Accell SMARTpool
DYRK1A E-040110-00 Accell SMARTpool
Non-targeting D-001910-10 Proprietary 

sequence

Table 1. List of siRNA:s used for suppression.

Target 
RNA

Panomics 
cat. no.

QuantiGene 
Type/Wavelength

Sequence

18S VA1-
10188-01

Type 1, 550 nm Proprietary

GAPDH VB1-
10150-01

Type 1, 550 nm Proprietary

Table 2. List of QuantiGene probes used for RNA 
visualization.

Gene of 
interest

TaqMan oligonucleotide set Life 
Technologies catalog number

ACTB 4352933
GAPDH 4352932
TTBK1 Mm00614785_s1
TTBK1 Mm01269698_m1
MARK1 Mm00521111_m1
MARK2 Mm00433039_m1
MARK3 Mm00522364_m1
MARK4 Mm00549375_m1
MAPT Mm00521988_m1
DYRK1A Mm00432934_m1

Table 3. List of TaqMan oligonucleotide sets used for qPCR 
quantification of mRNA.

Two nucleotide sets were used to measure TTBK1, giving similar 
results. The “_m1” means that the qPCR amplicon stretches over 
an exon-exon boundary, thus being unable to detect genomic DNA, 
while “_s1” means that the amplicon resides within one exon. The 
usage of a DNAse step reduces the chance of detecting genomic 
DNA.
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Ab and b3-tubulin Ab both were to be used, another 
step similar to that of secondary Ab was added with 
solely the b3-tubulin Ab.

Analysis
A master mix for TaqMan qPCR was mixed according 
to manufacturer’s instruction (TaqMan Assay Reagents 
Control Kit: ABI 4319902 + TaqMan oligonucleotide, 
see Table 3), of which 11 ml was mixed with 9 ml of nu-
clease free H2O diluted cDNA in 384-well clear optical 
reaction plates (ABI 4309849), and semi-quantitated 
against a standard curve, all samples in duplicate. Sam-
ple mean was calculated and data for genes of interest 
were normalized well by well against data for a house-
keeper gene (b-Actin, ACTB) and then logarithmized 
before a one-way ANOVA analysis with Bonferroni 
post test was performed (for statistical significance: * 
means p < 0.05, ** means p < 0.01 and *** means p 
< 0.001).

Both Ab and RNA stained plates were photographed in 
an ImageXpress Micro microscope (Molecular Devic-
es), and images captured (Ab stained plates with a 10X 
objective, and RNA stained plates with 10X and 20X 
objectives) and subsequently analyzed with the Meta-
Xpress software (v. 3.1.0.79). All images presented here 
were pseudo-colored and merged using the very same 
software. Cellular protein data was produced using the, 
in MetaXpress included, Multi-Wavelength Cell Scor-
ing algorithms, and further treated in Tibco Spotfire (v. 
3.1.0), and/or Excel (Microsoft Office 2007 SP2). RNA 
image data was calculated by, for each image, calculat-
ing total integrated intensity, subtracting background 
signal, and dividing by number of nuclei as calculated 
by the Count Nuclei algorithm in MetaXpress. Statisti-
cal analysis was finally made in GraphPad Prism.

Results

High density cultures mRNA suppres-
sion
Suppression experiments were performed in high den-

sity cultures. Cell density was 100,000 cells in 100 ml 
medium/well, 1 mM siRNA delivery made in 100 ml 
Accell siRNA Delivery Medium (Thermo Scientific 
B-005000) after complete removal of previous medium 
and harvest was made DIV9. In these high density cul-
tures, mRNA concentrations were measured by qPCR, 
and both GAPDH and TTBK1 mRNA was suppressed 
by 87% as compared to negative control. A similar 
experiment but with twice the cell density was made, 
wherein suppression levels for GAPDH and MARK2 
was 88 and 81% respectively.

Low density toxicity
For reasons of model in vivo similarity (neuron mor-
phological maturation to be reached) experiments were 
hereon perfomed with low density cultures (20,000 
cells in 200 ml medium/well) and longer culturing (har-
vest DIV12+). Delivery of 1 mM siRNA was made in 
100 ml Accell siRNA Delivery Medium after complete 
removal of previous medium. Specifically decreased 
levels of mRNA could be measured, but the variance 
of the data was very high. Comparing mRNA of treated 
cells with those of untreated cells showed a decrease of 
all measured mRNA species, including control genes, 
of more than 95% (figure 1A). Ocular inspection of 
cells confirmed massive cell death.

A similar experiment was performed with 2 mM siRNA 
delivery in 50 ml Accell medium, but where an equal 
amount of PNBM was left in each well. ACTB mRNA 
levels turned out to be decreased by about 75% with 
this treatment, and Accell medium was deemed toxic 
with low density cultures and late harvest, as opposed 
to with high density cultures and early harvest.

mRNA suppression efficacy
Further experiments were performed mainly as de-
scribed in material and methods (low density cultures, 
late harvest, siRNA delivery in PNBM), where the few 
changing variables were harvest date and siRNA treat-
ment duration. Treatment for 72 h or 144 h gave similar 
mRNA suppression results, meaning close to maximum 
RNA suppression efficiency is achieved at or before 72 
h treatment. No toxicity could be detected as measured 

Primary Ab Comment Supplier Host Type 1° Ab 
dilution

2° Ab 
dilution

Anti total-tau DakoCytomation (A 0024) Rabbit Polyclonal 1:300 1:200
Acetylated
a-tubulin

Invitrogen (32-2700) Mouse Monoclonal 1:200 1:200

pS422 Invitrogen (44-764G) Rabbit Polyclonal 1:500 1:400
GAPDH Ambion (AM4300) Mouse Monoclonal 1:300 1:300
TTBK1 Sigma (SAB3500002) Rabbit Polyclonal 1:200 1:200
b3-tubulin Alexa Fluor 488 

conjugated
BD Pharmingen (560338) Mouse Monoclonal 1:200 -

Secondary Ab
Rabbit Alexa Fluor conjugated Invitrogen Goat
Mouse Alexa Fluor conjugated Invitrogen Goat

Table 4 List of Ab:s used for immunofluorescence.
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by mRNA levels, and cell morphology seemed intact. 
Suppression specificity can be seen in figure 2 (as mea-
sured by those mRNAs visualized), and suppression 
efficacy was roughly for GAPDH 70%, TTBK1 70%, 
MAPT 80%, MARK1-4 50-70% and one experiment 
with Dual Specificity Tyrosine(Y)-Phosphorlyation-
Regulated Kinase 1A (DYRK1A) showed 49% sup-
pression.

A dose response experiment for GAPDH siRNA was 
made for siRNA concentrations between 31 nM and 1 
mM (figure 1B). Each increase in siRNA concentration 
increased mRNA suppression, and the effect showed 
little sign of petering out at the highest concentration, 
indicating that greater suppression effects might be 
achieved using higher concentrations of siRNA.

Protein visualization and suppres-
sion
Visualization of the different proteins shows different 
cellular distributions. TTBK1 shows a mainly somatic 
distribution (figure 3), while Tau (as well as pS422) is 
ubiquitous, as is GAPDH. As measured by fluorescence 
intensities, relative amounts of protein are GAPDH: 
high, Tau: medium, TTBK1: low, pS422: very low 
(data not shown).

Expecting a delay in protein signal as compared to 
mRNA signal, protein signals for GAPDH and TTBK1 
were first analyzed where RNA had been suppressed 
for 144 h. A decrease in GAPDH protein signal could 
be seen by eye on a computer screen, although by how 
much was never quantified. TTBK1 protein signal 
seemed unchanged by siRNA treatment. Another ex-
periment with 240 h siRNA treatment was performed 
(visualization: figure 6), and a similar result was 

achieved, 43% of GAPDH protein was suppressed as 
compared to negative control (figure 4A). No change in 
TTBK1 signal could be detected (figure 4B), nor could 
any change in amounts of either pS422 or acetylated 
a-tub. A bioinformatic search showed that the TTBK1 
protein detected should be derived from the mRNA 
where suppression was noticed (figure 7).

RNA visualization
The RNA hybridization kit includes a protease step to 
enable proper hybridization for the RNA probes, and 
optimization between fixation time and protease dilu-
tion is encouraged by the manufacturer. However, using 
the protease dilutions 1:4000, 1:8000 and no protease at 
all, cells were sometimes washed off with either pro-
tease dilution seemingly at random, and good RNA 
visualization was achieved without protease treatment. 
Therefore suppression data is calculated for hybridiza-
tion without protease treatment. This lack of protease 
treatment could lead to underestimation of the amount 
of RNA present. In the best of worlds, the same propor-
tion of RNA in suppressed and control cells is “hidden” 
from hybridization and further visualization, but how 
this actually affects RNA suppression data is unclear. 
Visualization of 18S RNA and GAPDH mRNA gave 
two distinctly different staining patterns (figure 5).

GAPDH suppression results were calculated once for 
images captured with the 10X objective (four images 
per well), and twice for images captured with the 20X 
objective (once with four images per well, and once 
with six images per well). Calculated suppression for 
10X images was 60%, and for 20X images 63% (4 
images/well) and 69% (6 images/well). However, the 
signal of untreated cells was 13% (10X), 36% (20X, 
4 images/well) and 27% (20X, 6 images/well) lower 
compared to non-target control treated cells.

A B
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Figure 1. qPCR measurements. (A) Toxicity of Accell medium specifically in low density cultures as measured by three different 
mRNA species. (B) GAPDH mRNA is suppressed in a dose-dependent manner. Plots with SEM. * means p < 0.05, *** means p < 
0.001.



Figure 2. Typical qPCR results for putative Tau kinases (TTBK1 and MARK1-4) and positive control (GAPDH) after 72 h siRNA 
treatment. TTBK1 results from cells harvested DIV9, other results from cells harvested DIV15. All results normalized to ACTB and 
negative control. Plots with SEM. * means p < 0.05, *** means p < 0.001.
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Simultaneous RNA and protein 
visualization
An experiment was performed in which GAPDH RNA 
hybridization and GAPDH protein staining was per-
formed sequentially in the just mentioned order. The 
RNA staining protocol protease step was skipped, 
and the Ab staining blocking step was done with no 
Hoechst and no Triton X-100. Both types of staining 
were GAPDH-like, meaning the possibility of making 
a high content screen in which mRNA and protein lev-
els in individual cells can be quantified and correlated 
exists.

Discussion
Results show that suppressing mRNA levels in murine 
PCN cultures with good specificity is possible over a 
range of cell densities as well as culturing and siRNA 
treatment durations, although to thoroughly analyze 
the siRNA specificity and off-target effects, a full tran-
scriptome analysis is needed. The expression data is 
obtained with qPCR, a technique with many advantag-
es, including high sensitivity and linearity over a wide 
range of mRNA concentrations, but relying on the as-
sumption of linearity in mainly the reverse transcriptase 
step (Ståhlberg et al., 2004).

Accell siRNA:s are lipidated oligonucleotides, and as 
such depend on passive transport into cells. A higher 
siRNA concentration in the medium leads to a larger 
concentration gradient across the cell membrane, and 
therefore a larger driving force for the siRNA mol-
ecules to be transported into cells. The, by the manu-
facturer, recommended dose siRNA (1 mM) is meant 
to be used with the, again by the manufacturer, recom-
mended transfection medium (which most notably is 
serum free). This concentration might be suboptimal 
for any particular experiment at any rate, but used with 
supplemented PNBM as here, suppression efficacy 

should be expected to be slightly lower than with op-
timized medium, as PNBM likely contains serum-like 
proteinaceous factors able to bind the lipidated siRNA 
molecules, effectively lowering the concentration of 
free siRNA in the medium. The difference in suppres-
sion efficacy noticed between the studies with high 
density cell cultures, Accell transfection medium and 
early harvest (non-differentiated cells) and the studies 
with low density cell cultures, supplemented PNBM 
transfection medium and late harvest (differentiated 
cells) could be a result of this difference of transfection 
media, although the possibility of the difference of effi-
cacy being dependent on cell morphology cannot at this 
time be excluded. This loss of efficacy could possibly 
be compensated for by usage of higher concentrations 
of siRNA.

The method described lends itself to studies of protein 
suppression, as shown with GAPDH protein, and also 
high content analysis. Noteworthy is the cellular omni-
presence of the Tau protein, a finding which contradicts 
earlier findings, which report an axonal gradient of Tau 
protein from high concentrations close to the synaps-
es to low concentration close to the soma (Lee et al., 
2001; Zempel et al., 2010). Zempel et al. (2010) also 
report redistribution of Tau into the somatodendritic 
compartment in rat primary hippocampal neurons after 
exposure to toxic levels of Ab using the same tau 1° Ab 
used here, meaning either of four things: 1. Rat hip-
pocampal and mouse cortical neurons are significantly 
different and/or their Tau localization is different, 2. 
These mouse PCN:s behave as though had they been 
exposed to toxic levels of Ab, 3. Previously reported 
Tau redistribution is a false positive conclusion. 4. Our 
concentration of 1° Ab is too high (possibly due to spe-
cies difference in detection), rendering our assay non-
specific due to overstaining. Zempel el al. (2010) used 
a 1:500 dilution as compared to the 1:300 dilution used 
here. Which of these four options that is correct is im-
possible to say at the moment.

Figure 3. Visualization of protein, pS422 (left), total Tau (middle) and TTBK1 (right), showing cellular distributions.
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The reason no TTBK1 protein suppression could be 
detected could be explained by four things: 1. The Ab 
used doesn’t specifically stain murine TTBK1 either 
specifically in this in cyto setup or at all, 2. Endogenous 
TTBK1 protein quantities are low enough to render 
this experiment insensitive (see figure 6)/the concen-
tration of 1° Ab is too high (overstaining), 3. There is 
no reduction of TTBK1 protein concentration although 
mRNA has been suppressed. 4. The mRNA suppressed 
doesn’t correlate to the protein measured, at least not in 
a linear fashion.

The TTBK1 Ab used has previously been validated 
for human TTBK1 in Western Blot (in-house, data not 
shown) and in cyto histochemical setups (Lund, 2011) 
in human AD CNS tissue and in cells with overex-
pressed human recombinant TTBK1. It is raised against 
a peptide of 16 amino acids in the C-terminal end of hu-

man TTBK1 but claimed to be cross-reactive and able 
to stain murine TTBK1, however in-house validation of 
murine TTBK1 specificity (through inducible overex-
pression) is currently ongoing. Data suggests that turn-
over times for human TTBK1 and GAPDH are similar 
(Boisvert et al., 2011; www.peptracker.com/turnover) 
so it doesn’t seem entirely unreasonable to expect that 
equal mRNA suppression should lead to similar protein 
results even in mouse, although no guarantees can be 
made.

A bioinformatic study shows that there are three iso-
forms of murine TTBK1 mRNA, of which two give 
rise to a protein, and only one is producing a protein or-
tholog to human TTBK1 (figure 7). Disregarding pos-
sible extreme non-linear correlation between amount 
of mRNA and amount of protein, successful TTBK1 
mRNA suppression should lead to a decrease in protein 

Figure 4. (A) GAPDH protein cell average intensity and (B) TTBK1 protein cell average intensity. Columns are BGR = negative 
staining control, GAPD = GAPDH siRNA treated cells, non-target = non-target control siRNA treated cells, TTBK1 = TTBK1 siRNA 
treated cells, untreated cells = not treated with siRNA respectively. The red line indicates background signal/noise level.

A

B
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signal, assuming the Ab is specific. Two different Taq-
Man qPCR probe sets were used giving similar mRNA 
suppression results, and two different dilutions of 1° 
Ab were tried (1:200 and 1:400) giving similar results, 
reducing the risk of overstaining being the cause of the 
problem.

Lack of change in pS422 signal could, apart from rea-
sons 1, 2 and 3 above, possibly be attributed to a re-
dundancy in kinase activity on the specific phospho-
rylation site. Few, if any, Tau phosphorylation sites are 
regulated by a unique kinase (Sergeant et al., 2008), 
and a specific reduction in activity of one Tau kinase, 
i.e. through gene suppression, might be compensated 
for by other Tau kinases. But the idea of finding kinase 
specific Tau phosphorylation is doable, as earlier ex-
periments in H4 cells have shown that specific MARK2 
suppression correlates well with lower signals of pS262 
(Azorsa et al., 2010), and that MKK4 regulates phos-
porylation of the serine at position 422 (Grueninger et 
al., 2011). A lack of change in a-tub signal could, in 
addition to previously mentioned reasons, be explained 
by either a-tub not being a good marker for MT sta-
bility or that a reduction of pS422 doesn’t affect MT 
stability. Again, at this time it’s impossible to say which 
explanation reflects reality.

Fluorescent in situ hybridization (FISH) offers the pos-
sibility of visualization of individual mRNA molecules, 
in addition to the potential for high throughput and high 
content analysis of data, meaning that suppression re-
sults can be obtained for specific  cell types (provided 
cell type specific biomarkers exist), as well as on a cel-
lular level. Additionally, the physics of hybridization 
is well known (with regards to optimum hybridization 
temperatures, times and salt concentrations). Limita-
tions of this method include lack of knowledge of the 
physical availability of fixed mRNA molecules for hy-
bridization and limited multiplex abilities (maximum 
4-plex analysis/well). RNA FISH suppression results 
were calculated with a naïve method, giving results 

very similar to those of qPCR (treated vs. negative con-
trol), indicating some validity of this method of RNA 
quantification.

Worth noting about these measurements are three 
things, the first being that FISH data is calculated from 
one experiment, meaning results should be interpreted 
qualitatively rather than quantitatively, and the sec-
ond thing being that there’s a substantial difference 
in GAPDH mRNA fluorescence between non-target 
control treated wells and untreated wells in two out of 
three cases, a phenomenon not noticed with qPCR mea-
surements. Further optimization and validation of this 
method is needed, and usage of a high content analysis 
of the data instead of the simple analysis method used 
here might give more reliable data. In both the simple 
analysis and the high content analysis cases, one should 
consider the area covered by the images captured – 
doubling the magnification means the area covered by 
each image is cut in four. What total area needed to be 
covered per well to give good statistical sampling is 
something that ought to be investigated before drawing 
any definitive conclusions from experiments. Addition-
ally, images ought not to be taken from the edges of 
the wells, as edge effects might give non-representative 
data. In the case of GAPDH mRNA signal, total inten-
sity has been used as a measurement, but with a less 
common mRNA species, the possibility exists to count 
individual mRNA molecules instead, possibly provid-
ing more higher results.

The third thing to note is that the FISH data presented 
here is from experiments without a protease step, mean-
ing the sensitivity of the assay could be expected to be 
suboptimal. Optimizing the fixing and protease steps is 
preferable, but if RNA and protein both are to be visu-
alized in the same wells, the protease step needs to be 
omitted. One way to evaluate sensitivity is to use two 
different probes designed to target the same mRNA, and 
compare instances of overlapping and non-overlapping 
signals. This experiment is probably easier to perform 

Figure 5. Visualization of RNA, GAPDH (left) and 18S (right).
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Figure 6. Visualization of protein suppression (GAPDH, left), and apparent lack thereof (TTBK1, right). The treatment of the four 
columns of wells from the left are untreated, non-target control siRNA treated, GAPDH siRNA treated and TTBK1 siRNA treated, 
respectively.
with less common RNA:s than GAPDH or 18S, as 
signals from different molecules of these RNA spe-
cies overlap. The specificity of the QuantiGene FISH 
staining is seemingly good. Staining was performed 
with probes for 18S RNA as well as GAPDH mRNA, 
giving two distinctly different staining patterns. When 
GAPDH mRNA was specifically suppressed, this re-
sulted in a signal lowered by an expected amount, and 
as a negative control, all signal amplification steps were 
performed in wells where no probe had been added, re-
sulting in no signal. Ideally, though, a negative control 
consisting of a probe designed specifically to target no 
RNA ought to be used to evaluate specificity.

These FISH experiments have been performed without 
toxicity markers, but a fluorescent cell viability marker 
could easily be used together with either (or the com-
bination) of the staining protocols. Small scale analysis 
and optimization opens this method up for large scale 
(high throughput) experiments, as both image captur-
ing and data analysis can be scripted and automated.

All in all, this study demonstrates a specific and effi-
cient transfection platform without obvious toxicity 
(mRNA concentrations unaffected and no morphologi-
cal changes noticed, although not measured). It also 
shows the necessity of well validated Ab:s and thorough 
optimization of different staining protocols. This study 
in concert with similar studies (e.g. Roberts, 2010) 

show the potential of fluorescently labeled cell cultures 
to be used as an in vitro model for a plethora of biologi-
cal questions, including target validation, toxicology 
screening and hit identification, as well as elucidation 
of biochemical pathways. The usage of high content 
analysis adds additional functionality as cells can be 
individually characterized and subsequently analyzed, 
as well as better correlation between different measure-
ments in individual cells are achievable (the correlation 
between mRNA and protein amounts as well as with 
some functional readout is possible to achieve). All this 
in a platform compatible with high-throughput work.

One of the advantages of working with primary cells, as 
opposed to cell lines, is that primary cells better reflect 
the full complexity of the CNS, although a mitotic in-
hibitor has been used to prevent glial cells proliferating. 
Another advantage is that primary cells are generally 
healthy cells, while cell lines are cancerous cells, mean-
ing gene expression in primary cells can be assumed to 
better reflect actual in vivo expression. An additional 
advantage with primary cells is the translatability into 
the animal in vivo models used for assessing drug can-
didate compounds. The future, however, might well be 
usage of differentiated stem cells, induced pluripotent 
or embryonic such, providing a similar biological rel-
evance advantage as primary cells, but reflecting hu-
man tissue better, in addition to reducing the need for 
laboratory animals. 

Figure 7. Mouse TTBK1 gene. The top horizontal line (light and dark grey) indicates the DNA sequence, and the bottom three lines 
indicate (green and/or grey) indicate mRNA products of this gene, where green in turn indicates protein coding RNA. Thick lines 
indicate exons and thin lines introns.
Red marks indicate siRNA sequence matches, and blue marks indicate the TaqMan qPCR amplicon location (i.e. what mRNA that 
will be detected). Light blue mark is the location of probe set Mm00614785_s1, and dark blue mark the location of probe set 
Mm01269698_m1 (see also Table 3). The purple circle indicates the recognition site of the Ab.
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Abbreviations used
a-tub - a-tubulin
Ab - Antibody
Ab – Amyloid b
ACTB – b-Actin
AD – Alzheimer’s Disease
ANOVA – Analysis of Variance
BSA – Bovine Serum Albumin
cDNA – Complementary DNA
CNS – Central Nervous System
CO2 – Carbon dioxide
CSF – Cerebrospinal Fluid
DIV – Days in vitro
DMEM – Dulbecco’s Modified Eagle Medium
DNA – Deoxyribonucleic Acid
DYRK1A – Dual Specificity Tyrosine(Y)-Phosphor-
lyation-Regulated Kinase 1A
E16 – Embryonic Day 16
FDUR – 5-fluorodeoxyuridine
FISH – Fluorescent ISH
FTDP-17 - Frontotemporal dementia and Parkinsonism 
linked to chromosome 17
GAPDH – Glyceraldehyde 3-phosphate Dehydroge-
nase
H2O –Water
HBSS – Hank’s Balanced Salt Solution
ISH – In Situ Hybridization
MAPT – Microtubule-Associated Protein Tau
MARK1-4 – MAP/Microtubule Affinity-Regulating 
Kinase 1-4
MCI – Mild Cognitive Impairment
mRNA - Messenger RNA
MT – Microtubuli
NFT – Neurofibrillary tangles
PBS – Phosphate buffered saline
PCN – Primary Cortical Neurons
PCR – Polymerase Chain Reaction
PFA – Paraformaldehyde
PNBM – Primary Neuron Basal Medium
pS262 – Phosphoserine 262 (a phosphorylated amino 
acid residue in the tau protein)
pS422 – Phosphoserine 422 (a phosphorylated amino 
acid residue in the tau protein)
p-Tau – Phosphorylated Tau Protein
qPCR – Quantitative PCR
rh – Relative humidity
RNA – Ribonucleic Acid
RNAi –RNA Interference
RT – Room temperature
SEM – Standard Error of the Mean
siRNA – Short Interfering RNA
TBS – Tris Buffered Saline
TTBK1-2 – Tau Tubulin Kinase 1-2
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Appendix 1

Serum supplemented DMEM
Hams F12 25 ml  (Sigma N4888)
FCS 25 ml
Hepes 2.5 ml (Gibco 15630)
Glutamine 2.5 ml
Pen/Strep 1.25 ml
DMEM 193.75 ml (Gibco 41966)

Mix, sterile filter and place in incubator overnight. 
Store at 4°C.

Björn Genfors: siRNA knockdown of Tau kinases in primary neurons 14



Abstract
I Alzheimers sjukdom finns det två framträdande histopatologiska kännetecken: extracellulära senila plack, och in-
tracellulära neurofibrillära nystan, det senare åtminstone delvis bestående av hyperfosforylerat Tau-protein. Detta 
implikerar i sin tur att åtminstone ett kinas och/eller fosfatas är dysfunktionellt, och många exempel av dessa finns 
nämnda i literaturen, bland dessa TTBK1. Än så länge har de flesta experiment som har försökt påvisa sjukdomsal-
strande kinaser utförts medelst överuttrycksstudier, och detta har varit ett försök att bekräfta dessa resultat genom 
knockdown-experiment i primärkortikalneuron från mus.

qPCR-resultat visar att mRNA av olika slag kan bli specifikt undertryckta med mellan hälften och två-tredjedelar utan 
uppenbar toxicitet, och att följdaktigt sänkta proteinsignaler av GAPDH kan mätas med in cyto-fluorescens. Däremot 
kunde ingen sänkt proteinsignal upptäckas för det enda kinas som undersökts: TTBK1. Om detta beror på att antikrop-
pen saknar specificitet eller sensitivitet, eller för att proteinnivåerna helt enkelt inte har sänkts är än så länge omöjligt 
att säga, och vidare studier behövs för att kunna besvara denna fråga.

Ett proof-of-concept-experiment utfördes, där mRNA-undertryckning kunde mätas med hjälp av FISH. Mer arbete 
behövs dock innan denna metod kan användas med samma precision som den nuvarande industristandarden qPCR. 
Denna studie beskriver en specifik och effektiv transfektionsplattform utan uppenbar toxicitet, potentiellt användbar 
för neurologisk målvalidering likväl som screening.
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Appendix 2

siRNA-knockdown av Tau-kinaser i primärneuron


