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(Background: Tau phosphorylation regulates its functions and is increased in Alzheimer disease.
Results: Novel live cell assay of Tau protein-protein interaction with Pinl showed that GABA , receptor activity regulates Tau

Conclusion: GABA , receptor activity is associated with regulation of Tau phosphorylation.
Significance: Learning about Tau regulation and functions is crucial for understanding basic neurobiology, as well as mecha-
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Abnormal phosphorylation and aggregation of the microtu-
bule-associated protein Tau are hallmarks of various neurode-
generative diseases, such as Alzheimer disease. Molecular
mechanisms that regulate Tau phosphorylation are complex
and currently incompletely understood. We have developed a
novel live cell reporter system based on protein-fragment com-
plementation assay to study dynamic changes in Tau phosphor-
ylation status. In this assay, fusion proteins of Tau and Pinl
(peptidyl-prolyl cis-trans-isomerase 1) carrying complementary
fragments of a luciferase protein serve as a sensor of altered
protein-protein interaction between Tau and Pinl, a critical
regulator of Tau dephosphorylation at several disease-associ-
ated proline-directed phosphorylation sites. Using this system,
we identified several structurally distinct GABA , receptor mod-
ulators as novel regulators of Tau phosphorylation in a chemical
library screen. GABA, receptor activation promoted specific
phosphorylation of Tau at the AT8 epitope (Ser-199/Ser-202/
Thr-205) in cultures of mature cortical neurons. Increased Tau
phosphorylation by GABA, receptor activity was associated
with reduced Tau binding to protein phosphatase 2A and was
dependent on Cdk5 but not GSK3f kinase activity.

Many neurodegenerative diseases are characterized by cere-
bral accumulation of proteinaceous aggregates. Neurodegen-
erative tauopathies are a group of disorders that includes
Alzheimer disease (AD)? and frontotemporal dementias (1, 2).
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Tauopathies share a common neuropathological hallmark, the
neurofibrillary tangles that are composed of aberrantly phos-
phorylated forms of the microtubule (MT)-associated protein
Tau. Mutations in the MAPT gene encoding the Tau protein
have been associated with neurodegenerative diseases, such as
familial frontotemporal dementia with parkinsonism linked to
chromosome 17q21 (FTDP-17) (3). Despite their diverse dis-
ease phenotypes, degeneration of neurons and the resulting
brain dysfunction in tauopathies is linked to deregulation of
Tau phosphorylation and progressive intraneuronal accumula-
tion of filamentous Tau inclusions.

In addition to its well established microtubule binding role,
various cell signaling functions of Tau have been reported
(reviewed in Ref. 4). Tau can modulate various neuronal func-
tions, such as cytoskeletal reorganization, axonal transport,
NGF signaling, stress response, and neurogenesis. In healthy
neurons a spatial gradient of Tau, whose concentration is
greater in axons than in somatodendritic compartments, is
maintained. In neurodegenerative diseases, such as AD, the
gradient becomes inverted, potentially disrupting normal
microtubule-associated functions such as axonal transport (5,
6). Recent reports suggest that hyperphoshorylation-induced
dendritic (mis)localization of Tau may directly cause synaptic
abnormalities in the dendritic spines (7) and also promote syn-
aptotoxicity of B-amyloid (8), a central pathogenic peptide
accumulating in the brains of AD patients. Interestingly,
changes in Tau phosphorylation status leading to Tau pathol-
ogy have a temporally specific sequence (9, 10).

There are 84 potential serine and threonine phosphate
acceptor residues in the longest human Tau isoform, of which
~30 have been reported to be phosphorylated in vivo (1). The
phosphorylation sites are located in regions close to the MT
binding repeats, and it has been well established that increased
Tau phosphorylation negatively regulates MT binding. Because
of the central involvement of aberrant Tau phosphorylation in
many neurodegenerative diseases, significant research efforts have

tion assay; PPI, protein-protein interaction; PP2A, protein phosphatase 2A;
SP, serine-proline; TP, threonine-proline; DIV, day(s) in vitro; BGal,
B-galactosidase.
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focused on the protein kinases and protein phosphatases that reg-
ulate Tau phosphorylation. Currently, it is unclear whether all of
them participate in Tau phosphorylation under physiological or
pathological conditions iz vivo (2). From the drug target perspec-
tive, particular attention has been paid to two proline-directed
kinases, glycogen synthase kinase 33 (GSK38) and cyclin-depen-
dent kinase 5 (Cdk5), as Tau kinases. Proline-directed kinases
phosphorylate Tau at 14 serine-proline (SP) or threonine-proline
(TP) motifs located in the proline-rich regions flanking the micro-
tubule binding domains of Tau (11, 12). Because phosphorylation
at SP/TP sites of Tau is a striking feature in patients with AD and
other tauopathies, these sites are commonly referred to as “dis-
ease-associated” sites.

A number of phosphatases, including protein phosphatase
(PP)1, PP2A, PP2B, and PP5, that mediate Tau dephosphorylation
have been identified, but the exact role(s) of these phosphatases
under physiological and pathological conditions remain to be
addressed. Importantly, proline can adopt two completely differ-
ent conformational states, providing a phosphorylation-depen-
dent structural switch (13). Peptidyl-prolyl cis/trans-isomerase
(PPIase) Pinl (protein interacting with NIMA (never in mitosis
A)-1) is a phosphorylation-specific PPlase that controls the access
of phosphatases to proline-directed phosphoepitopes (14, 15).
Pinl promotes dephosphorylation of Tau at the SP/TP sites via
trans-specific PP2A, and in Pinl knock-out mice Tau is hyper-
phosphorylated in several SP/TP sites (16). Cis-pTau is resistant to
SP/TP-dephosphorylation, and compromised Pinl activity in
neurons leads to a loss of MT binding, hyperphosphorylation of
Tau, and formation of neurofibrillary tangles. Therefore, Pin1 is a
critical regulator of Tau dephosphorylation and restores Tau func-
tion by catalyzing cis- to trans-isomerization (17).

Various approaches have been used to identify compounds
with the potential to modulate Tau phosphorylation as a dis-
ease-modifying strategy in neurodegenerative diseases (2).
Here, we have developed a dynamic assay system capable of mea-
suring protein-protein interactions (PPIs) of Tau in live cells. A
luminescence-based protein-fragment complementation assay
(PCA) (or bimolecular luminescence complementation) using
split humanized Gaussia princeps luciferase (hGLuc) (18) was
developed for dynamic detection of Tau PPIs in cells. We used Tau
and Pin1 as a reporter pair to screen a focused library of pharma-
ceutical compounds to test functionality of the Tau-based PCA.
Several GABA , receptor modulators were found to increase Tau-
Pinl interaction. Importantly, these compounds significantly
increased Tau phosphorylation at the AT8 epitope (Ser-199/Ser-
202/Thr-205) in mature rat cortical neurons in a Cdk5-dependent
manner. Tau phosphorylation at Ser-199/Ser-202/Thr-205
remained elevated at least for 24 h after washout of the drugs.
These data suggest that hGLuc PCA is a dynamic and sensitive live
cell assay to measure Tau PPIs and identify novel modulators of
Tau phosphorylation. Our data suggest that GABA , activity and
regulation of Tau phosphorylation are connected via a mechanism
that involves both Cdk5 and PP2A.

EXPERIMENTAL PROCEDURES

Chemicals—The Pinl inhibitor used in this study was 5-hy-
droxy-1,4-naphtoquinone (juglone) from Sigma. Cdk5 (rosco-
vitine) and PP2A inhibitors (calyculin A) were from Calbi-
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ochem. GSK3p inhibitor (SB216763) and GABA receptor
modulators (muscimol, picrotoxin, and bicuculline) were pur-
chased from Tocris.

DNA Constructs—The hGLuc expression plasmids were
constructed in the pcDNA3.1/zeo (Invitrogen) backbone. The
original humanized G. princeps PCA plasmids (18) were
donated by Prof. Stephen Michnick (Université de Montréal,
Montreal, Canada). The human cDNAs for Tau (GenBank™
accession number BC114948; 0N4R), Pinl (GenBank™ acces-
sion number NM_006221), GSK3 (GenBank™ accession
number BC000251), regulatory Ba subunit of PP2A (Gen-
Bank™ accession number BC041071), and p35 (GenBank™
accession number BC020580) were purchased from Open Bio-
systems/Thermo Scientific. In all the hGLuc PCA constructs
used in this study, the hGLuc fragment was placed in the C
terminus separated by a (GGGGS),SG linker. The fusion pro-
tein design is graphically summarized in Fig. 1A. The cDNA for
human GSK3 was PCR-cloned to pcDNA3 vector (Invitrogen)
using EcoRI-Xhol restriction sites. The identity of all con-
structs was confirmed by DNA sequencing. pEGFP-tubulin
plasmid encoding human a-tubulin fused with EGFP was from
Clontech.

Cell Culture and Transfection—Mouse Neuro-2A (N2a) neu-
roblastoma cells (ATCC) were grown in DMEM supplemented
with 10% (v/v) FBS (Invitrogen), 1% (v/v) L-glutamine-penicil-
lin-streptomycin solution (Lonza) at 37 °C in a water-saturated
air, 5% CO, atmosphere. N2a cells were transfected with JetPEI
(Polyplus) according to the manufacturer’s instructions. For
the primary neuronal cultures, the cortex was dissected from
E18 rat embryos, and the tissue dissociated in papain solution
(50 pg/mlin 10 mg of DL-cysteine-HCI, 10 mg of BSA, 250 mg of
glucose, and 50 ml of PBS for 10 min at 37 °C). Next, the cells
were triturated and suspended in a medium containing 9.8 ml
of Ca®*"/Mg>" free Hanks’ balanced salt solution, 1 mm sodium
pyruvate, 10 mm HEPES, and 10 ul of DNase I. The cells were
plated onto poly-L-lysine coated 12-well culture plates at a cell
density of 400 000 m1~". The cells were maintained in neurobasal
medium containing 2% B27 supplement, 1% penicillin/streptomy-
cin, and 1% glutamine (5% CO,, +37 °C). Primary neurons at DIV
21-22 were treated with selected compounds for 6 —48 h before
assessment of Tau phosphorylation on Western blots.

Protein-Fragment Complementation Assay—N2a cells were
plated on poly-L-lysine-coated white-wall 96-well plates
(PerkinElmer Life Sciences). 100 ng of plasmid DNA was used
for transient transfection per well, divided as follows: 47.5 ng of
GLucl reporter plasmid, 47.5 ng of GLuc2 reporter plasmid,
and 5 ng of pRC/CMV-B-galactosidase (BGal) as an internal
vector control. Experiments were carried out 48 h post-trans-
fection in serum-free conditions. Briefly, the cells were washed
with PBS and changed to phenol red-free DMEM (Invitrogen)
without serum. Test compounds were added to this medium,
and the cells were incubated for 2—4 h. Me,SO was used as
vehicle control. To detect the hGLuc PCA signal, the cells were
injected well-by-well with 25 ul (final concentration, 20 um) of
native coelenterazine (Nanolight Technology), and emitted
luminescence was detected immediately by flash luminometry
using a Victor® plate reader (PerkinElmer Life Sciences). Four
replicate wells were used per experiment. Individual experi-
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ments were repeated three or four times. After measuring the
PCA signal, BGal assay was performed after lysis of the cells
with 20 ul of lysis buffer/well (120 mm Tris-HC], pH 7.5, 120
mM NaCl, 6 mm MgSO,, 6% Triton X-100) and incubation for
15 min at room temperature with mild shaking. Then 45 ul of
BGal substrate o-nitrophenyl-B-p-galactopyranoside (Sigma, 4
mg/ml stock in sterile water) solution was combined with 55 ul
of cleavage buffer (120 mm sodium phosphate, pH 7.0, 24 mm
KCl, 2.4 mm MgSO,, and 2.4 mm DTT), and 100 ul of this
solution was added per well. The plates were incubated at
+37 °C for a further 30 min. Finally, absorbance was read at 405
nm. PCA signals were normalized to BGal signals/well.

Screening of Pharmaceutical Compound Library—The
focused chemical library used in this study contained 240 clin-
ically approved drugs in different therapy areas, as well as some
drug metabolites and other pharmaceutical reagents. These
compounds were obtained mostly from commercial sources
and stored as 10 muM stock solutions in Me,SO in a 96-well plate
format. PCA screening was carried out with Pin1-GLucl and
Tau-GLuc2 as reporters (50 ng + 50 ng of plasmids/well) in
96-well formats. The procedure followed the general PCA pro-
tocol described above with the following exceptions: no BGal
internal vector control-based PCA signal normalization was
performed, and plates were injected with coelenterazine and
read with Varioskan Flash multimode plate reader (Thermo
Fisher Scientific). Library compounds were diluted into assay
media and added to the cells in final concentration of 50 um by
using a Biomek FX liquid handling work station (Beckman
Coulter). The cells were incubated for 2 h at 37 °C before PCA
analysis. Me,SO was used as vehicle control and 5 um juglone as
a negative control. Four replicate wells/compound were used.
After primary screening, secondary testing and dose-response
experiments (2-fold dilution series with five concentrations
starting from 50 uMm) were carried out with a selected set of
compounds using freshly prepared stock solutions.

Western Blotting—The cells were washed twice with ice-cold
PBS followed by scraping and extraction on ice for 30 min in a
buffer containing 10 mm Tris-HCI, pH 6.8, 1 mm EDTA, 150
mM NaCl, 0.25% Nonidet P-40, 1% Triton X-100, 1 um NaF,
PhosStop phosphatase inhibitor, and protease inhibitor mix-
ture tablets (both from Roche Applied Science). Cell debris was
removed by a centrifugation at 16,000 X g. The protein concen-
trations were determined using the BCA protein assay kit
(Pierce/Thermo). For Western blot analysis, equal amounts of
total protein (25— 40 ug) per lane was resolved in a 4-12% gra-
dient Bis-Tris gels (Novex, Invitrogen) under reducing condi-
tions and transferred to PVDF membranes (Amersham Biosci-
ences/GE Healthcare). The filters were probed with the
following antibodies: Tau-5 (Invitrogen), phospho-Ser9 GSK33
(Cell Signaling Technology), Tau/AT8 (Invitrogen), Tau/TG3
(Dr. Jin-Jing Pei, Karolinska Institutet, Sweden), Tau/PHF13
(Cell Signaling Technology), Pinl (Santa Cruz Biotechnology),
and GAPDH (Millipore). After incubation with horseradish-
conjugated secondary antibodies, the signal was developed
using ECL Western blotting detection reagent (Pierce/
Thermo). Western blot images were quantitated using Quan-
tity One software package (Bio-Rad).

FEBRUARY 24, 2012 +VOLUME 287+NUMBER 9

Immunofluorescence Microscopy—N2a cells were plated on
poly-L-lysine-coated (Sigma) glass coverslips and transiently
transfected with pEGFP-tubulin and phGLuc(2)-Tau plasmids
in 1:1 ratio. The cells were fixed with 3% paraformaldehyde/
PBS, permeabilized with 0.1% Triton X-100/PBS for 10 min and
blocked first with 10 mm NH,CI/PBS and then with 2% BSA/
PBS. Overexpressed Tau-GLuc2 was detected with Tau-5 anti-
body (Invitrogen) and Alexa Fluor-conjugated secondary
antibody (Molecular Probes/Invitrogen). The nuclei were
counterstained with Hoechst 33342 (Molecular Probes/Invit-
rogen). Microscope images were acquired using a Zeiss Axio
Imager M1 epifluorescence microscope equipped with an
AxioCam HRm CCD camera.

Protein Phosphatase 2A Assay—To evaluate protein phos-
phatase 2A (PP2A) enzyme activity, we performed a PP2A assay
using the serine/threonine phosphatase assay system from Pro-
mega (Madison, WI) (catalogue number V2460). Rat cortical
neuron cell lysates (21 DIV) were processed as suggested by the
manufacturer to remove particulate matter and endogenous
free phosphate. For PP2A activity, 2.0 ul of the sample solution
was prepared in duplicate, and the release of phosphate from a
chemically synthesized phosphopeptide was assessed over a
period of 30 min in PP2A buffer (250 mm imidazole, 1 mm
EGTA, 0.1% B-mercaptoethanol, 0.5 mg/ml BSA). The amount
of phosphate released was measured by the absorbance of the
molybdate-malachite green-phosphate complex at 620 nm.

Statistical Analyses—Statistical analyses were performed
using analysis of variance (three or more groups; followed by
Bonferroni’s post-tests) or Student’s ¢ test (two groups) in
GraphPad Prism software. Significance was placed at p < 0.05.

RESULTS

Live Cell Detection of Pinl-Tau Protein-Protein Interaction
with hGLuc PCA—Because Pinl is a critical regulator of PP2A-
mediated dephosphorylation of Tau, we hypothesized that
detection of Pinl-Tau interaction by a luminescence-based
PCA may serve as a good starting point for developing live cell
Tau PPI assays. We chose a recently developed variant of the
PCA that is based on humanized form of G. princeps luciferase
(hGLuc) (18) to develop a live cell assay that would be suitable
for high throughput purposes. Various fusion constructs using
the complementary GLuc fragments were generated (Fig. 14)
and tested in N2a mouse neuroblastoma cells. Identity and
expression of the PCA constructs were verified by DNA
sequencing and Western blotting (Fig. 1C). To assess the nor-
mal functionality of the Tau-GLuc2 fusion protein, we analyzed
its subcellular localization by immunofluorescence micros-
copy. Localization to neurites and cytoskeletal structures
together with GFP-tubulin suggests that the hGLuc fusion tag
does not interfere with normal cellular localization and func-
tions of Tau (Fig. 1B).

To test whether the Pinl-Tau PCA signal, indicative of
protein-protein interaction between the two proteins, is
responsive to Pinl inhibition, we treated the cells with juglone
for 2 h and then measured Pinl-Tau PCA signal. Juglone is a
natural compound and a selective, cell-permeable, and irrevers-
ible inhibitor of parvulin-like PPIases, such as Escherichia coli
parvulin and human Pinl (IC;, of ~1.5 um) (19). As shown in
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FIGURE 1. hGLuc-based PCA strategy for studying protein-protein inter-
actions of Tau. A, schematic presentation of hGLuc fragment-tagged
reporter constructs used in this study for live cell analysis of protein-protein
interactions of Tau. ON4R isoform of human Tau was used throughout the
study. B, immunofluorescence micrograph of N2a cell coexpressing Tau-
GLuc2 and EGFP-tubulin. The nuclei were counter-stained with Hoechst
33342. C, Western blot analysis of expression of GLuc fragment-tagged
reporter constructs in N2a cells. The blots were stained with antibodies to Tau
(Tau-5), Pin1, and GAPDH as a loading control.

Fig. 24, juglone dose-dependently decreased Pin1-Tau interac-
tion in N2a cells as measured with hGLuc PCA. Maximal inhi-
bition (86%) was achieved at 5 uM juglone concentration.

Glycogen synthase kinase-33 (GSK3p) is one of the central Tau
kinases (2, 20), and its overexpression in mammalian cells results
in increased Tau phosphorylation in several sites including the
ATS epitope (21). We measured Pinl-Tau interaction by PCA in
cells cotransfected with empty mock plasmid or plasmid encoding
GSK3p. Asshown in Fig. 2B, overexpression of GSK3 3 nearly dou-
bled Pinl-Tau interaction as measured by the PCA. This effect was
abolished if the GSK3B-expressing cells were treated with a spe-
cific GSK3B inhibitor SB216763. Western blots of N2a cells trans-
fected with Tau-GLuc2 alone or together with GSK38 showed
that GSK3 overexpression promotes phosphorylation of the
Tau-GLuc2 fusion protein in at least AT8 and PHF13 epitopes
(Fig. 2C). These functional validation data suggest that the Pinl-
Tau PCA reporter system responds bidirectionally to stimuli that
alter either Pinl or Tau status in the cells.

Screening of Small Molecule Modulators of Tau-Pinl Inter-
action with hGLuc PCA—Next, we screened a focused library of
240 pharmaceutical compounds to identify modulators of Tau-
Pinl interaction. Before the screen, the Tau-Pinl PCA assay
was optimized for parameters, such as vehicle (Me,SO) toler-
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FIGURE 2. Validation of GLuc-based PCA for detection of Tau-Pin1 inter-
action. A, N2a cells were transiently transfected with Pin1-GLuc1 and Tau-
GLuc2 constructs. 48 h post-transfection, the cells were treated for 2 h with 1
or 5 umjuglone. Luminescence signal was measured by flash luminometry in
live cells. The luminescence values were normalized by corresponding data
from B-galactosidase assay (internal vector control, per well). B, N2a cells were
transfected as in A with either empty mock plasmid or pcDNA3-GSK3. Some
of the cells expressing GSK33 were treated with GSK38 inhibitor SB216763 for
2 h, whereas other cells were treated with vehicle. PCA signal was measured as in
A.The average values are displayed as percentages of change as compared with
vehicle-treated control cells (means = S.E.; four replicate wells/experiment, four
independent experiments). C, N2a cells were transiently transfected with mock
plasmid or plasmids encoding Tau-GLuc2 or GSK33 as indicated. The cells were
treated with vehicle, 100 nm SB216763 (SB) or 10 nm calyculin A for 2 h before
harvest. Cell extracts were analyzed on Western blots with AT8 and PHF 13 phos-
pho-specific Tau antibodies and Tau-5 for total Tau levels. GSK33 and phospho-
GSK3 (Ser9) antibodies were used to verify GSK3 3 overexpression. GAPDH anti-
body was used as a loading control. * and ** indicate significant differences with
p < 0.05and p < 0.01, respectively.

ance and intra- and interplate variance of signal (data not
shown). Four replicate wells were used. The primary screen
yielded 25 initial hits of which 21 increased (PCA signal more
than 200% of control) and four decreased (PCA signal less than
75% of control) the Pinl-Tau interaction compared with vehi-
cle-treated control (Table 1 and supplemental Table S1). The
relatively high hit rate (10.4%) may be partially explained by the
focused nature of the library. Also, cell-based screens tend to
have higher hit rates than biochemical screens. Two com-
pounds were determined to be incompatible with flash lumi-
nometry-based live cell PCA because they produced almost a
complete loss of signal in the Tau-based screen, as well as in a
screening assay on metabolism of 8-amyloid precursor protein,
which we performed simultaneously.? A set of 14 compounds
was selected for secondary screening and dose-response exper-

3 p. Sakha, P. Tammela, and H. J. Huttunen, unpublished data.
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iments based on primary screening data and compound char-
acteristics (e.g. known therapeutic function; supplemental
Table S2). In the secondary screening, the responses of selected
compounds were consistently somewhat lower than in the pri-
mary screen. This may be explained by small differences in the
assay setup between the primary and secondary screens, such as
the use of B-galactosidase normalization and the lower sensi-
tivity of plate reader used.

Two compound classes were strongly presented among the
hits. Sedative-hypnotics and sulfonamide antibacterials pre-
sented 43% of all hit compounds increasing the Pin1-Tau signal.
The activity of benzodiazepines and barbiturates was con-
firmed in secondary testing and dose-response experiments,
whereas a consistent effect of sulfonamides could not be
verified in the follow-up studies (supplemental Table S2).
Depending on the sedative, the average increase in Pinl-Tau
interaction varied between 1.4- and 2.0-fold as compared with
vehicle-treated cells. Desalkylflurazepam, an active metabolite
of the benzodiazepine flurazepam, and butethal, a barbiturate,
were chosen as representative sedative hit compounds for fur-
ther studies. As shown in Fig. 34, both compounds elicited a
dose-dependent increase in Pin1-Tau interaction.

Benzodiazepines (BZ) and barbiturates are widely used sed-
atives and hypnotics that promote the binding of the major
inhibitory neurotransmitter GABA to the GABA, receptors
enhancing the GABA-induced ionic currents through these
ligand-gated chloride channels (22, 23). Because N2a cells are
known to express functional GABA , receptors (24) and both
barbiturates and BZ were found among the hit compounds, it is
likely that the increased Pinl-Tau interaction results from
increased GABA signaling. To confirm this, we used muscimol,
a psychoactive alkaloid and a selective agonist of the GABA
receptor, in Pin1-Tau PCA in N2a cells. We also tested whether

TABLE 1
Summary of results from Pin1-Tau PCA screen

Compounds screened 240
Total number of hits 27
Total number of excluded hits based on assay incompatibility 2
Hit rate (%) 10.4
Total number of compounds increasing the interaction 21
Total number of compounds decreasing the interaction 4
Most commonly repeated drug classes

Sedatives (barbiturates or benzodiazepines) 5

Sulfonamide antibacterials 4
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Butethal Desalkylflurazepam

picrotoxin, a noncompetitive antagonist and channel blocker of
GABA , receptors, could block the effect of muscimol. After a
2-h treatment, 100 nM muscimol increased Pinl-Tau PCA sig-
nal by nearly 2-fold (Fig. 3B), confirming that increased GABA ,
receptor activity enhances Pinl-Tau interaction in N2a cells.
Moreover, this effect of muscimol was completely blocked by 1
UM picrotoxin, suggesting that the effect of muscimol was spe-
cific and dependent on GABA 4R activity.

Only four of the 25 hit compounds decreased Pin1-Tau inter-
action (supplemental Tables S1 and S2). We tested one of these
compounds, folic acid, in secondary assays. As shown in Fig. 3C,
folic acid caused a dose-dependent decrease in Pin1-Tau inter-
action, with a maximal —40% effect, as measured by the Pinl-
Tau PCA. Interestingly, folate deficiency has been shown to
promote Tau phosphorylation in both neuroblastoma cells and
in mouse brain (25).

Pharmacological Modulation of GABA , Receptor Promotes
Tau Phosphorylation at Ser-199/Ser-202/Thr-205 in Neurons—
Next, we tested whether the GABA , modulators identified in
the screen affect Tau phosphorylation in mature cortical neu-
rons. Phosphorylation of Tau in Pin1 ~/~ mouse brain is signif-
icantly increased in several proline-directed sites relevant to
AD pathology, including the AT8, AT180, TG3, MC1, and
Alz50 epitopes (16). Because the hit compounds identified in
the Pin1-Tau PCA screen may be specific for certain phosphoe-
pitopes recognized by Pinl, we used antibodies AT8 and TG3
that detect Tau phosphorylated at Ser-199/Ser-202/Thr-205
and Thr-231/Ser-235, respectively. As a third antibody we used
PHF13 (Ser 396). AT8 and TG3 epitopes but not the PHF13
were reported to be hyperphosphorylated in the Pinl ™/~
mouse brain (16). The effects of desalkylflurazepam and
butethal were tested in cultures of mature (DIV 21) rat cortical
neurons that are known to display synaptic activity and
GABAergic responses (26, 27). Neurons were treated with
increasing concentrations of desalkylflurazepam or butethal for
6 h in normal culture medium and then analyzed for Tau phos-
phorylation on Western blots. As shown in Fig. 4 (A and B),
both compounds increased Tau phosphorylation specifically at
the AT8 epitope with no effect on the TG3 and PHF13 epitopes.
Desalkylflurazepam appeared to be more potent in these exper-
imental conditions as compared with butethal with a maximum
increase of 72% at 1 um.
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FIGURE 3. Validation of hit compounds with GLuc-based PCA for detection of Tau-Pin1 interaction. N2a cells were transiently transfected with Pin1-GLuc1
and Tau-GLuc2 constructs. 48 h post-transfection, the cells were treated for 2 h with increasing concentrations of desalkylflurazepam or butethal (A) or folic acid
(O).In B, cells were treated for 2 h with either 100 nm muscimol or with 100 nm muscimol together with 1 um picrotoxin. Luminescence signal was measured by
flash luminometry in live cells. The luminescence values were normalized by corresponding data from B-galactosidase assay (internal vector control, per well).
The average values are displayed as percentages of change as compared with vehicle-treated control cells (means = S.E,; n = 3). ¥, **, and *** indicate

significant differences with p < 0.05, p < 0.01, and p < 0.001, respectively.
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FIGURE 4. GABA, receptor activation promotes Tau phosphorylation at
the AT8 epitope in mature cortical neurons. A, primary rat cortical neurons
(21 DIV) were treated with indicated concentrations of butethal and desalkyl-
flurazepam for 6 h. As a control, the neurons were treated with vehicle only.
Cell extracts were analyzed on Western blots with AT8, TG3, and PHF 13 phos-
pho-specific Tau antibodies. GAPDH antibody was used as a loading control.
B, optical density quantification of Tau phosphorylation at the AT8 epitope
from the Western blot (Fig. 4A). C, primary rat cortical neurons (21 DIV) were
treated with 50 um butethal (BUT) and desalkylflurazepam (DAF) for 48 h or
treated for 24 followed by a 24-h washout period. As a control, the neurons
were treated with vehicle only. The samples were analyzed as in Fig. 4A. Veh,
vehicle.

To understand the stability of the effect of GABA , modula-
tors on Tau phosphorylation, we next performed a washout
experiment. 21 DIV cortical neurons were treated with 50 pum
desalkylflurazepam or butethal for 48 h or treated for 24 h fol-
lowed by a 24-h washout period before the analysis of Tau phos-
phorylation. The phosphorylation at the AT8 epitope remained
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at an elevated level even after the 24-h washout (Fig. 4C). These
results suggest that GABA, activity can cause a specific
increase of Tau phosphorylation at the AT8 epitope, and this
effect remains even after a 24-h washout period.

GABA 4 Receptor Modulators Do Not Affect PP2A Activity in
Cell-free System but Reduce PP2A-Tau Interaction in Live N2a
Cells—A recent study found that anesthesia promotes hyper-
phosphorylation of Tau in several epitopes, including AT8 (28).
The authors suggested that the anesthesia effect on Tau phos-
phorylation was due to PP2A inhibition, likely because of anes-
thesia-induced hypothermia. On the other hand, barbiturates
have been shown to directly inhibit phosphatases, such as cal-
cineurin/PP2B, another phosphatase associated with Tau
dephosphorylation (29). We used an in vitro PP2A assay to test
direct effects of desalkylflurazepam and butethal on PP2A
activity. As shown in Fig. 54, no effects on PP2A activity were
detected using desalkylflurazepam or butethal, whereas calycu-
lin A (PP2A inhibitor) significantly reduced PP2A activity in
this cell-free enzyme activity assay.

Next, we generated a PP2A PCA reporter with GLucl fusion
attached to the regulatory Ba subunit of PP2A. The PP2A-Tau
PCA assay was first pharmacologically validated with juglone.
As expected based on previous reports (30—32), inhibition of
Pinl activity in cells by juglone reduced PP2A interaction with
Tau (Fig. 5B). When N2a cells expressing PP2A-Tau PCA
reporters were treated with desalkylflurazepam and butethal,
nearly ~50% reduction in PP2A-Tau interaction was found
(Fig. 5C). These data suggest that although GABA R modula-
tors do not directly affect PP2A enzyme activity, the interaction
of PP2A with Tau in intact cells is reduced when GABA R is
activated.

Cdk5 but Not GSK3B Mediates GABA, Receptor Activity-
induced Phosphorylation of Tau—Phosphorylation of Tau is
catalyzed by a large number of kinases (2). The AT8 epitope
(Ser-199/Ser-202/Thr-205) can be phosphorylated by at least
GSK3pB, Cdk5, PKA, and ERK1/2 (4). GSK3B and Cdk5 are
often considered as prime candidates mediating aberrant Tau
phosphorylation at disease-associated sites. Moreover, GSK3p,
Cdk5, and PP2A have been reported to associate in a functional
complex (33) and cross-regulate each other’s activities (34). We
tested whether GSK3 or Cdk5 inhibition could affect the abil-
ity of GABA,R activation to enhance Tau phosphorylation.
SB216763, a GSK3p inhibitor, and roscovitine, a Cdk5 inhibi-
tor, were used together with desalkylflurazepam in 21 DIV cor-
tical neuron cultures. Muscimol and bicuculline, a competitive
GABA 4R antagonist, were used as positive and negative con-
trols. Although SB216763 had no effect, roscovitine effectively
inhibited desalkylflurazepam-induced Tau phosphorylation at
the ATS8 epitope (Fig. 6A). This indicates that Cdk5 but not
GSK3p activity mediates the effects of GABA,R activity on
Tau. In accordance with these data, no change in GSK33 serine
9 phosphorylation status was found in desalkylflurazepam-
treated neurons (Fig. 6A).

Finally, we modulated Cdk5 activity in N2a cells to measure
its effects on Pinl-Tau interaction. For this purpose, we over-
expressed p35, the activating regulatory subunit of Cdk5 (35,
36), in parallel Pinl-Tau PCA reporter constructs. In agree-
ment with previously published data, overexpression of p35 in
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FIGURE 5. GABA , modulators do not directly affect PP2A activity in vitro
but reduce interaction of PP2A with Tau in N2a cells. A, the direct effect of
a benzodiazepine and a barbiturate on PP2A enzyme activity was evaluated
in a cell-free system using a PP2A-specific phosphopeptide substrate. The
samples were preincubated with the indicated concentrations of butethal,
desalkylflurazepam, or calyculin A as a control. Average values are displayed
as percentages of change as compared with vehicle-treated control cells
(means = S.E; n = 3). B, N2a cells were transiently transfected with PP2A-
GLuc1 and Tau-GLuc2 plasmids. 48 h post-transfection, the cells were treated
with Pin1 inhibitor juglone. Luminescence signal was measured by flash lumi-
nometry in live cells. The luminescence values were normalized by corre-
sponding data from B-galactosidase assay (internal vector control, per well).
C, N2a cells were transfected and analyzed as in Fig. 5B. The cells were treated
with the indicated concentrations of desalkylflurazepam (left panel) or
buthethal (right panel) for 2 h. The average values are displayed as percent-
ages of change as compared with vehicle-treated control cells (means = S.E.;
n = 3).* and ** indicate significant differences with p < 0.05 and p < 0.01,

(37), we first focused on Pin1-Tau interaction as a dynamic live
cell PPI reporter. Based on the data reported here, we conclude
that hGLuc-based PCA suits well for studying PPIs of Tau in a
live cell assay. Functional validation data showed that Pin1-Tau
PCA is responsive to physiological stimulation (increased
GSK3p level/activity) and inhibition of Pinl (juglone). More-
over, the proof-of-concept screen of the focused pharmaceuti-
cal library showed that the PCA method is capable of identify-
ing compounds increasing and decreasing the Pinl-Tau
interaction. Folic acid, one of the few compounds that
decreased the Pin1-Tau interaction, has previously been shown
to affect Tau phosphorylation by promoting methylation and
maturation of the PP2A complex (25, 38). This is consistent

respectively.
with our data showing that the Pin1-Tau PCA signal levels cor-

relates with Tau phosphorylation and that folic acid reduced
Pinl-Tausignal in cells. Interestingly, higher folate intake in the
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FIGURE 6. GABA , receptor-induced Tau phosphorylation requires Cdk5 but not GSK3 activity. A, primary rat cortical neurons (21 DIV) were treated with
desalkylflurazepam for 6 h together with GSK3 inhibitor SB216763 (100 nm) or Cdk5 inhibitor roscovitine (Rosco, 10 um). The cells were pretreated with the
inhibitors for 30 min before the addition of desalkylflurazepam. As controls, neurons were treated with vehicle only or with desalkylflurazepam and 5 um
bicuculline (Bicu) or 2 um muscimol (Musci). The cell extracts were analyzed on Western blots with AT8 antibody as in Fig. 4. B, Pin1-Tau PCA was performed
otherwise as in Fig. 2 with the exception that pCMV/SPORT6-p35 or an empty mock plasmid was included in the transfection. The cells were treated vehicle or
with increasing concentrations of roscovitine for 4 h before PCA analysis. C, Pin1-Tau PCA was performed as in B. N2a cells were transfected with equal amounts
of Pin1-Tau PCA reporter constructs in combination with either mock or pCMV/SPORT6-p35 plasmids. The cells were treated with vehicle or 10 um desalkyl-
flurazepam for 2 h before PCA analysis. The average values are displayed as percentages of change as compared with vehicle-treated control cells (means =
S.E; n = 3).* **, and *** indicate significant differences with p < 0.05, p < 0.01, and p < 0.001, respectively.
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elderly (>65 years) has been associated with lower incidence of
AD (39).

Unexpectedly, the proof-of-concept screen identified several
GABA , receptor modulators belonging to the barbiturate and
benzodiazepine classes as hit compounds increasing Pin1-Tau
interaction. Previously, Tau has been functionally linked to
NMDA receptor trafficking (reviewed in Refs. 4 and 40). Other
neurotransmitter receptor systems have so far not been impli-
cated in the regulation of Tau phosphorylation with the excep-
tion of dopamine. In SK-N-MC cells and striatal neurons, Tau
was phosphorylated at Ser-199/Ser-202 in response to dop-
amine D1 receptor activation in a Ca>*- and PKA-dependent
manner (41, 42). Interestingly, we found that GABA , receptor
activators, as well as a dopamine D1/D2 receptor antagonist,
increased Pinl-Tau interaction and Tau phosphorylation at
Ser-199/Ser-202/Thr-205 (in case of GABA, activation; the
dopamine D1/D2 antagonist was not analyzed further in this
study). In addition, Tau phosphorylation was previously shown
to be modulated by 3,4-methylenedioxymethamphetamine
(“ecstasy”) in the hippocampus (43) and by various anesthetics
in the cortex and hippocampus (28). Interestingly, reversible
PHEF-like Tau hyperphosphorylation has been shown to occur
in hibernating mammals (44, 45). This suggests that Tau phos-
phorylation is not only responsive to modulation of several neu-
rotransmitter systems and CNS-active drugs but may be more
generally associated with the level of neuronal activity.

The GABA , receptors compose a family of ligand-gated Cl™
channels, formed by the pentameric assembly of multiple sub-
units. Large number of GABA ,Rs with different subunit com-
position and distinct physiological and pharmacological prop-
erties are differentially expressed throughout the brain (23).
Moreover, different GABA ,Rs can be targeted to different sub-
cellular regions. For example, GABA ,Rs composed of a1, a2,
a3, or a5 subunits associated with 8 and -y subunits are benzo-
diazepine-sensitive, are largely synaptically located, and medi-
ate most phasic inhibition in the brain. By contrast, those
GABA ,Rs composed of a4 or a6 subunits together with 8 and
6 subunits form a distinct population of mostly extrasynaptic
receptors that mediate tonic inhibition and are insensitive to
benzodiazepine modulation (46). Our data showing that ben-
zodiazepines can induce Tau phosphorylation in mature syn-
aptically connected neurons suggest that these effects are medi-
ated mostly by synaptic GABA , receptors.

Synaptic GABA,R complexes associate with the major
inhibitory synapse scaffolding protein gephyrin that is directly
linked to MTs (47, 48). As a MT-binding protein, Tau could
participate in dynamic regulation of clustering or trafficking of
GABA ,Rsat the inhibitory synapses (49) and consequently also
be a subject of modulation by GABAergic synaptic signaling.
GSK3p, a major Tau kinase, was recently found to regulate
GABAergic synapse formation via phosphorylation of gephyrin
(50). Our data suggest that Cdk5 but not GSK3p is involved in
GABA ,R-induced phosphorylation of Tau. This is reminiscent
of the recent data from hibernating mammals, where Cdk5
instead of GSK3p was shown to play a more important role in
increased Tau phosphorylation (45).

Proline-directed phosphorylation of 14 serine-proline and
threonine-proline motifs located in the proline-rich regions of
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Tau appears to be a central mechanism of regulation of its cel-
lular functions. Pin1 facilitates Tau dephosphorylation by PP2A
(16). Interestingly, gephyrin also undergoes proline-directed
phosphorylation followed by Pinl-mediated prolyl isomeriza-
tion that appears to be important for its ability to associate with
glycine receptors (51). It has been proposed that prolyl cis-
trans-isomerization can act as a molecular timer to help control
the amplitude and duration of diverse cellular processes (52).
Pinl-mediated regulation of both gephyrin scaffold and Tau
could be used to regulate the timing or duration of GABA 4R
trafficking signals in the inhibitory synapses. Phosphorylation
of GABA R subunit 33 appears to be an important regulator of
GABA R function. PP2A associates with and dephosphorylates
GABA sR-B3 (53). Interestingly, PP1 rather than PP2A seems to
play a major role in gephyrin dephosphorylation (54). Our data
suggest that GABA ,R activation results in increased phosphor-
ylation of Tau and increased Pinl but reduced PP2A associa-
tion with Tau. Based on our data, GABA, modulators do not
directly inhibit the enzyme activity of PP2A in vitro. However,
our PCA data suggest that less PP2A associates with Tau in cells
exposed to GABA ,R-active sedatives. In polarized cells like
neurons, there may be significant compartment-specific differ-
ences in PP2A levels and activity. For example, phosphorylation
of neurofilament proteins is differentially regulated in cell bod-
ies and axons by a Pinl-PP2A-dependent mechanism (55).
Moreover, increased GABA 4R activity could recruit PP2A for
3 subunit dephosphorylation and receptor desensitization. It
is possible that a strong and persistent GABA,R activating
stimuli could result in recruitment of PP2A to the cell surface,
reducing the availability of PP2A for Tau dephosphorylation.
BZs are widely used sedatives, hypnotics, anxiolytics, and
anticonvulsants, and their potent sedative properties are rou-
tinely utilized in presurgical anesthesia. Because of their
adverse effects, such as development of tolerance and addic-
tion, BZ have not been approved for long term use. Moreover,
BZ can produce anterograde amnesia, a mechanistically poorly
understood adverse affect of BZ recognized more than four
decades ago (reviewed in Ref. 56). The degree and duration of
anterograde amnesia depends on several factors, such as the
particular BZ taken, dosage, and route of administration. Inter-
estingly, postoperative cognitive dysfunction may be partially
explained by anesthesia-induced Tau hyperphosphorylation
(28). Ethanol shares several pharmacological actions with bar-
biturates and BZs and can, among other effects, cause antero-
grade amnesia (57). Exposure of developing neurons to ethanol
promotes Tau phosphorylation at Ser-199/Ser-202/Thr-205
(58). All of the above-mentioned agents act mostly or partially
through GABA , receptor. The identification of Tau phosphor-
ylation at the AT8 epitope, reportedly one of the priming sites
(10), as a downstream target of GABA, activation raises
intriguing questions about the mechanistic connections be-
tween chronic sedative or ethanol use, anterograde amnesia,
and possibly risk of dementia. Our data suggest that, in cultured
neurons, Tau phosphorylation at the AT8 epitope remains atan
elevated level for at least 24 h after the washout of GABA ,
activating drugs. BZs are commonly used in clinical practice to
reduce behavioral and psychological symptoms associated with
dementia, such as agitation and aggression, as well as sleep dis-
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turbances. Therefore, more detailed studies are needed to
address whether chronic sedative use (particularly BZs with
long elimination half-lives) could accelerate the progression of
dementia.
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