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Abstract

There is developing interest in the potential association between anesthesia and the onset and
progression of Alzheimer's disease. Several anesthetics have thus been demonstrated to induce tau
hyperphosphorylation, an effect mostly mediated by anesthesia-induced hypothermia. Here, we
tested the hypothesis that acute normothermic administration of dexmedetomidine, an intravenous
sedative used in intensive care units, would result in tau hyperphosphorylation in vivo and in vitro.
When administered to non-transgenic mice, dexmedetomidine induced tau hyperphosphorylation
persisting up to 6h in the hippocampus for the AT8 epitope. Pretreatment with atipamezole, a
highly specific a,-adrenergic receptor (ap-AR) antagonist, blocked dexmedetomidine-induced tau
hyperphosphorylation. Furthermore, dexmedetomidine dose-dependently increased tau
phosphorylation at AT8 in SH-SY5Y cells, impaired mice spatial memory in the Barnes maze, and
promoted tau hyperphosphorylation and aggregation in transgenic hTau mice. These findings
suggest that dexmedetomidine: i) increases tau phosphorylation, in vivo and in vitro, in the
absence of anesthetic-induced hypothermia and through a-AR activation, ii) promotes tau
aggregation in a mouse model of tauopathy, and iii) impacts spatial reference memory.
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1. Introduction

Tau protein is a microtubule-associated protein abundantly found in neuronal axons, whose
main function, the binding and stabilization of microtubules, is partly regulated by
phosphorylation (Avila, et al., 2004). In Alzheimer's disease (AD) and other tauopathies, tau
can become abnormally hyperphosphorylated, leading to its aggregation and the subsequent
formation of intraneuronal neurofibrillary tangles (Grundke-lgbal, et al., 1986a, Grundke-
Igbal, et al., 1986b). Tau pathology is important as it correlates with dementia in AD as well
as with memory loss in normal aging and mild cognitive impairment (Arriagada, et al.,
1992, Bretteville and Planel, 2008, Guillozet, et al., 2003, Wilcock and Esiri, 1982).

There is developing interest in the potential association between anesthesia and the onset
and progression of AD (Baranov, et al., 2009, Bianchi, et al., 2007, Brunden, et al., 2011,
Papon, et al., 2011, Whittington, et al., 2013). In terms of tau protein specifically, we
previously demonstrated that both inhalational and intravenous anesthetics induce robust tau
hyperphosphorylation and increase tau pathology through anesthesia-induced hypothermia
(Planel, et al., 2009, Planel, et al., 2008, Planel, et al., 2007). However, we more recently
observed that propofol, a commonly used intravenous sedative-hypnotic agent, increased tau
phosphorylation under normothermic conditions (Whittington, et al., 2011). Nevertheless, it
remains unclear whether this hyperphosphorylation effect is a unique property of propofol or
whether it can be observed with other intravenous agents that are currently used in clinical
anesthesia practice.

Dexmedetomidine is a highly selective alpha-2 adrenergic receptor (ay-AR) agonist that
produces its sedative response by binding to the a,-ARs in the locus coeruleus (Correa-
Sales, et al., 1992). Clinically, the use of dexmedetomidine for sedative purposes in
intensive care units has steadily increased over the last several years (Wunsch, et al., 2010).
Interestingly, in contrast to benzodiazepines, the use of dexmedetomidine has been
associated with decreased delirium (Riker, et al., 2009). Despite this “safer” cognitive
profile, we posited the hypothesis that the capacity to induce tau hyperphosphorylation,
under normothermic conditions, is not unique to anesthetics that affect y-aminobutyric acid
(GABA) receptors such as propofol, but also a property exhibited by a,-AR agonists such as
dexmedetomidine. Thus, we investigated the impact of a hypnotic dose of dexmedetomidine
on tau phosphorylation in vivo and in vitro, under normothermic conditions. Furthermore, to
determine whether changes in tau phosphorylation levels, following acute dexmedetomidine
administration, correlate with changes in memory, short-term and long-term spatial
reference memory were assessed in C57BL/6 mice by means of Barnes Maze testing.

We observed that normothermic administration of dexmedetomidine induced robust tau
hyperphosphorylation lasting up to 6h for some specific epitopes and impacted spatial
memory. While we could not identify a specific kinase or phosphatase responsible for this
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phenomenon, we demonstrated that it was mediated by a,-AR activation, as treatment with
atipamezole blocked dexmedetomidine-induced tau hyperphosphorylation.

2. Methods

2.1 Mice Treatment and Anesthesia Administration

The Columbia University Animal Care and Use Committee approved the experimental
protocol, and appropriate measures were taken to minimize pain and discomfort in
accordance with the Public Health Service Policy on Humane Care and Use of Laboratory
Animals as well as the EU Directive 2010/63/EU for animal experiments. Eight to 10-week-
old C57BL/6 male mice, purchased from a commercial vendor (Taconic, Germantown, NY),
were used in this study. We also used 3-month old hTau mice, a well-characterized model of
tau pathology overexpressing human tau on a murine tau knockout background and
developing tau pathology (Andorfer, et al., 2005, Andorfer, et al., 2003). All mice were
housed at 22°C in a temperature-controlled room and kept on a 12h/12h light/dark cycle.
Food and water were made available ad libitum, and all mice underwent an acclimatization
period of at least 24h prior to their use in the experiments.

On the day of the study, a 30 pg/ml solution of dexmedetomidine hydrochloride (Tocris
Bioscience, Ellisville, MO) in 0.9% saline was prepared. In experiments examining the
acute effect of dexmedetomidine on tau phosphorylation in vivo, the mice were treated with
either dexmedetomidine 300 pg/kg or 0.9% saline as a control (100 uL per 10 g of mouse
body weight) via intraperitoneal (i.p.) injection. This dose of dexmedetomidine was based
on doses used in previous studies, which demonstrated transient loss of righting reflex
without any significant adverse effects (Hunter, et al., 1997, Vulliemoz, et al., 1998).

In the studies in which the effects of dexmedetomidine were pharmacologically antagonized
with atipamezole, a highly selective a,-AR antagonist, 100 (atipamezole low) and 200
(atipamezole high) pg/mL solutions of atipamezole hydrochloride (Tocris Bioscience,
Ellisville, MO) in 0.9% saline were prepared. The mice were then treated with atipamezole 1
mg/kg, 2 mg/kg, or an equal volume of saline (control for atipamezole) i.p. 15 min prior to
receiving dexmedetomidine 300 pg/kg or saline i.p. (control for dexmedetomidine). These
atipamezole doses were based on previously published studies in mice wherein several of
the physiological effects of dexmedetomidine, including its sedative effects, were reversed
without any adverse sequelae (Hocker, et al., 2008, Nelson, et al., 2003).

After receiving their treatment injections, all control (unanesthetized) mice were returned to
their respective home cage, which was maintained at room temperature. The mice that
received dexmedetomidine were initially anesthetized in their home cage at room
temperature, and, once sedated, transferred to a Thermocare ICS therapy warmer unit
(Thermocare, Incline Village, NV), which was set to maintain a mouse body temperature of
approximately 37°C throughout the study. All anesthetized mice were maintained in their
home cage while in the incubator, in order to avoid the stress of a foreign environment
following the initial emergence from anesthesia. For those mice sacrificed 2 or 6h following
dexmedetomidine treatment, upon emergence from anesthesia, the cage was removed from
the incubator and placed on a warming pad located adjacent to the control mice. Rectal
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temperatures were monitored using an electronic thermometer (Thermalert TH-5,
Physitemp, Clifton, NJ), and these temperatures, at the time of brain tissue collection, were
compared to ensure that normothermia was present in each group. The control mice were not
placed in the warmer unit, as this could have potentially introduced the stress of a foreign
environment, which could have resulted in an artifactual increase in tau phosphorylation
(Rissman, 2009).

2.2 Preparation of Mouse Brain Protein Samples

The mice were killed by cervical dislocation without anesthesia at 30 min, 2h, 6h, or, in the
case of the Barnes Maze studies, 1 week following dexmedetomidine or saline
administration. Each brain was immediately harvested and dissected in ice-cold Tris-EDTA
buffer (100 mM Tris HCI, 1 mM EDTA, pH 7.4), then the hippocampal and cortical tissues
were immediately frozen in liquid nitrogen and stored at -80°C as previously described
(Planel, et al., 2009, Planel, et al., 2007, Whittington, et al., 2011). Tissue homogenates were
also prepared using our previously described method (Planel, et al., 2008). Briefly,
hippocampal and cortical tissues were homogenized in 5x v/w RIPA buffer containing 50
mM Tris-HCI (Sigma-Aldrich, St. Louis, MO), pH 7.4, 1 mM ethylenediaminetetraacetic
acid (EDTA), 150 mM NacCl, 0.1% SDS (Sigma), 0.5% sodium deoxycholate, 1% Nonidet
P-40 (Sigma-Aldrich), phosphatase inhibitors (Cocktail 1 and 2, Sigma-Aldrich, 1:100
dilution), and protease inhibitors (Cocktail set 11, Calbiochem, EMD Biosciences Inc., La
Jolla, CA, 1:200 dilution). All homogenates were incubated on ice for 30 min, sonicated for
30s in pulse mode, and then centrifuged at 11,000 g for 10 min at 4°C. The total protein
content was determined in the supernatant using the bicinchoninate (BCA) method (Smith,
etal., 1985).

2.3 Preparation of insoluble and soluble tau fraction

The insoluble tau fraction was prepared according to our protocol previously used in mouse
models of tauopathies (Julien, et al., 2012). This procedure uses 1% sarkosyl and is similar
to ones previously used to isolate tau aggregates from the brains of Alzheimer's disease
patients (Greenberg and Davies, 1990). Briefly, the RIPA supernatant from hTau mice
brains was adjusted to 1% sarkosyl (N-lauroylsarcosine), incubated for 30 min at room
temperature with constant shaking, and centrifuged at 100,000 x g for 1 hour at 20°C. The
pellet containing sarkosyl-insoluble aggregated (insoluble fraction) was resuspended and
diluted in Sample buffer (NUPAGE LDS) containing 5% of 2--mercapto-ethanol, 1 mM
NazVOy, 1 mM NaF, 1 mM PMSF, 10 ul/ml of Proteases Inhibitors Cocktail (P8340,
Sigma-Aldrich), boiled for 5 min, and kept at -20°C. The soluble, aggregate-free fraction
was obtained by boiling an aliquot of RIPA supernatant for 5 min and removing protein
aggregates by centrifugation at 20,000 g for 20 min at 4°C and resuspension in Sample
Buffer (Planel, et al., 2009).

2.4 SH-SY5Y Cell Culture Studies and Cell Lysate Preparation

Dexmedetomidine-induced tau phosphorylation was also examined in vitro using SH-SY5Y
human neuroblastoma cells stably transfected to constitutively express human tau with 3
microtubule binding domains (Delobel, et al., 2002, Hamdane, et al., 2003, Mailliot, et al.,
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2000). These Tau-SH-SY5Y cells were a kind gift of Dr. Luc Buée (Unité 422, INSERM,
Lille, France), and our previous studies have demonstrated that they are suitable for
examining the impact of anesthetics on tau phosphorylation in an environment devoid of
anesthesia-induced systemic physiological changes (Whittington, et al., 2011). The Tau-SH-
SY5Y cells were grown initially in 25-cm? flasks containing Dulbecco's modified Eagle's
medium (DMEM) with 10% fetal calf serum, 2 mM L-glutamine, 1 mM nonessential amino
acids as well as 50 units/ml penicillin/streptomycin (DMEM and cell culture additives were
purchased from Invitrogen, Carlsbad, CA), and were maintained in a 5% C05-95% O,
humidified incubator at 37°C (Tatebayashi, et al., 2006). In preparation for
dexmedetomidine or vehicle exposure, the cells were transferred into 6-well plates and used
at approximately 70-80% confluency.

In the 4h dexmedetomidine treatment experiments, each well was incubated with either
dexmedetomidine (0.1 or 10 pM) in growth medium (DMEM with 2 mM L-glutamine, non-
essential amino acids, and 10% fetal bovine serum) or growth medium alone (control) at
37°C. In the 24h experiments, each well was incubated with either dexmedetomidine (1, 10,
or 100 uM) in growth medium (DMEM with 2 mM L-glutamine, non-essential amino acids,
and 10% fetal bovine serum) or growth medium alone (control) for 24h at 37°C. The
dexmedetomidine concentrations used in this study were based on those previously utilized
in neuronal cell culture studies (Sanders, et al., 2010) as well as concentrations previously
demonstrated to be neuroprotective in an organotypic hippocampal slice culture model of
traumatic brain injury (Schoeler, et al., 2012). At the end of the exposure period, the media
were removed by aspiration, and each well was rinsed twice with 1 ml of phosphate buffered
saline warmed to 37°C. The cells were harvested by scraping in 200 pl of ice-cold RIPA
buffer containing phosphatase (Cocktail 1 and 2, Sigma-Aldrich, 1:100 dilution) and
protease inhibitors (Cocktail set 111, EMD Biosciences Inc., La Jolla, CA, 1:200 dilution).
All samples were stored at -80°C until they were used in the immunoblotting analyses. The
preparation of the Tau-SH-SY5Y cell lysates for SDS-PAGE and Western blot analysis was
performed as we have previously described (Whittington, et al., 2011). Poly(ADP-ribose)
polymerase (PARP) cleavage was measured in the 24h cell culture experiments using a
polyclonal PARP antibody (Catalog #9542, New England Biolabs, Whithy, Ontario,
Canada), to examine whether apoptosis played a role in mediating any dexmedetomidine-
induced phosphorylation changes in vitro.

2.5 SDS-PAGE and Western Blot Analysis

The protein expressions of phosphorylated tau, total tau as well as the tau kinases and
phosphatases were determined using SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
coupled with Western blot analysis, as we have previously described (Whittington, et al.,
2011). In brief, brain homogenate or cell lysate aliquots containing 30 pg protein were
separated on a SDS-10% polyacrylamide gel then transferred onto nitrocellulose membranes
(GE Healthcare Life Sciences, Piscataway, NJ). Non-specific binding sites were blocked
with 5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween 20 for 1h at room
temperature then incubated overnight at 4°C with antibodies directed against total tau,
phosphorylated tau, a specific tau kinase, or phosphatase. Following washing, the
membranes were incubated for 1h at room temperature with a horseradish peroxidase-linked
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secondary anti-mouse antibody (Cell Signaling Tecphnology, Boston, MA, 1:2500 dilution),
and the immunoreactive band signal intensity was visualized by enhanced
chemiluminescence (ECL Plus, GE Healthcare Life Sciences, Piscataway, NJ). The
immunoreactive bands were scanned using an ImageQuant LAS 4000 imaging system (GE
Healthcare Life Sciences, Piscataway, NJ), and densitometric quantification was performed
on these scans with ImageQuant® TL 7.0 software (GE Healthcare Life Sciences,
Piscataway, NJ). All immunoblots were normalized for gel loading with p-actin using an
antibody purchased from Sigma-Aldrich (1:10,000 Catalog# A2228 Sigma-Aldrich, St.
Louis, MO).

2.6 Detection of Total and Phosphorylated Tau

Antibodies utilized in this study were directed at tau phosphorylated at the following
epitopes: AT8 (pSer292/pThr205, 1:250 dilution, Pierce Biotechnology) (Goedert, et al.,
1995), PHF-1 (pSer3%/Ser404, 1:1000) (Otvos, et al., 1994), CP13 (pSer2®2, 1:1000)
(Weaver, et al., 2000), pSer19? (1:2000, Invitrogen, Carlsbad, CA), pSer#22 (1:1000,
Invitrogen), Tau-1 (Szendrei, et al., 1993) (recognizes tau dephosphorylated
Ser195/198/199/202, 1:1000, Millipore, Billerica, MA), 12E8 (Ser262/Ser356, 1:1000) (Seubert,
et al., 1995). These phosphorylated tau antibodies were selected for examination, as their
epitopes have been associated with pre-tangle formation (p Ser19, CP13) and paired helical
filament and NFT formation (AT8, PHF-1) (Augustinack, et al., 2002, Bussiere, et al., 1999,
Goedert, et al., 1994, Goedert, et al., 1993, Maurage, et al., 2003), while 12E8 can regulate
tau binding to microtubules (Seubert, et al., 1995). Moreover, our previous study examining
propofol-induced tau phosphorylation demonstrated that, when compared to CP13 and
PHF-1, the AT8 phosphoepitope was particularly sensitive to direct phosphorylation by
propofol (Whittington, et al., 2011); therefore, we sought to determine whether the same
phosphorylation pattern would be observed with dexmedetomidine. Total tau was detected
using one of the following antibodies that detects all 6 six isoforms of tau: Tau46
(monoclonal, 1:2500, Cell Signaling Technology, Danvers, MA) or Tau A0024 (polyclonal,
1:10,000, Dako Cytomation, Carpinteria, CA). Phosphorylated tau levels were normalized to
total tau level.

2.7 Detection of Kinases and Phosphatases

The changes in the expression and activation of tau kinases were examined using the
following antibodies: GSK-3p (1:1000, BD Transduction Lab, Franklin Lakes, NJ) as well
as the following antibodies purchased from Cell Signaling Technology, Inc. (Danvers, MA):
phospho-GSK-3p (Ser9, 1:1000), p35/p25 (1:1000), phospho-Akt (Ser473, 1:1000), Akt
(1:1000), SAPK/INK (1:1000), phospho-SAPK-IJNK (Thr183/Tyr185 1:1000), p44/42
MAPK (Erk 1/2, 1:1000), phospho-p44/42 MAPK (Erk 1/2, Thr202/Tyr204 1:1000), p38
MAPK (P38, 1:1000). Cdk5 (C-8), phospho-Ca?*/calmodulin-dependent protein kinases I1
(CaMKII, Thr286, 1:1000) and total CaMKI1 (1:1000) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Phospho-p38 (clone 6E5.2, p-P38, Thr&0/Tyr82 1/1000)
was purchased from Millipore, and GSK-3 a/p PY279/PY216 (Tyr2’9/Tyr?16, 1:1000) from
Life Technologies (Grand Island, NY).
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The changes in the expression of the tau phosphatases were determined using antibodies
directed at PP2A-C (1:1000, Cell Signaling), PP5 (1:1000, Cell Signaling), PP2A-Ba
subunit (2G9), 1:1000, Cell Signaling), demethylated PP2A-C subunit (4B7, 1:1000, Santa
Cruz), PP2A-A subunit (1:1000, Cell Signaling), pan-calcineurin A (PP2B, 1:1000, Cell
Signaling), and the PP1 catalytic subunit (E-9, 1:1000, Santa Cruz).

2.8 Barnes Maze Testing

Barnes maze testing (Barnes, 1979) was selected for the assessment of spatial reference
memory in the C57BL/6 mice following dexmedetomidine administration as, unlike the
Morris Water Maze, the Barnes maze is neither associated with the stress of forced
swimming nor the potential for hypothermia secondary to water immersion, factors that
could artifactually increase phosphorylated tau levels. The Barnes maze apparatus was
purchased from a commercial vendor (Stoelting, Inc., Wood Dale, IL) and consisted of a
circular metal platform (91 cm in diameter and elevated to a height of 90 cm from the
ground) containing 20 holes, each measuring 5 cm in diameter. With the exception of one of
the 20 holes, referred to as the target hole, all of the holes were blocked with a piece of
metal, which prevented a means of escape for the mouse. Beneath the target hole there was a
small, dark recessed chamber through which the mouse could escape from the open
platform. Spatial cues were placed around the maze with bright light, provided by a 150-
watt incandescent light bulb (580 lux), as well as white noise (85dB) generated by the Any-
maze™ software (Stoelting, Inc., Wood Dale, IL), used as reinforcers. The movements of
the mouse in the maze were continuously tracked and recorded using the Any-maze™
computerized video tracking software.

Barnes maze testing consisted of several specific phases of varying duration: an adaptation
phase (Day 0), acquisition phase (Days 1-4), probe test | measuring short-term memory
(Day 5), and probe test I measuring long-term memory (Day 12). Our Barnes Maze testing
protocol was based on previous studies describing the use of this neurobehavioral test in
rodents (Barnes, 1979, Chen, et al., 2011, Patil, et al., 2009, Sunyer, et al., 2007). The same
investigator performed all phases of the Barnes Maze testing protocol while another
investigator, blinded to the treatments, performed the analysis of the computerized
behavioral data including the recorded video data. The Barnes Maze testing phases were
specifically performed as follows:

Adaptation Phase—Day 0 consisted of an adaptation phase, during which the mouse was
acclimated to the testing platform, the target area, and the escape box. Each mouse was
placed in the middle of the maze under a dark start box. After 10s, the box was lifted, the
white noise then commenced, and the mouse was gently guided towards the target hole.
Once in the target hole area, the mouse was passively allowed to enter the target hole under
its own volition; however, if the mouse did not enter the hole, they were placed inside the
target hole escape box. While in the escape box, the white noise was discontinued, the target
hole then covered, and the mouse was allowed to stay in the box for 2 min.

Spatial acquisition Phase (Days 1-4)—In this phase, the mouse was trained to enter
the target hole within 180s. During each trial, the mouse was placed under the start box in
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the center of the testing platform and, after 10s, the box was lifted, the white noise switched
on and the mouse was allowed to explore the maze with the goal of reaching the escape box
under the target hole. Each trial was terminated when the mouse successfully reached the
escape box or at the end of 180s. Once the mouse was in the escape box, the white noise was
switched off, the target hole again covered, and the mouse was allowed to stay there for 1
min. If the mouse did not enter the escape box within 180s, it was guided there and left
inside for 1 min, with the target hole covered. Three trials, at approximately 15 min
intervals, were performed for each mouse, for 4 consecutive days with the goal of reaching
asymptotic performance. Before each trial, the maze was cleaned with 40% ethanol to
remove olfactory cues. Variables measured during the acquisition phase included total
latency, total distance, and total errors.

Probe Test I (Short-term spatial reference memory retention): On Day 5, probe test I, a
test of short-term reference memory retention, was performed. On the morning of this test,
the mice were randomly assigned to receive either dexmedetomidine 300 pg/kg (n = 8) or an
equivalent volume of saline (n = 8) i.p. Six hours later, probe test | was initiated by placing
each mouse in the middle of the Barnes Maze. After 10s, the start box was lifted, the white
noise commenced and the mouse was allowed to explore the maze. During the probe test,
the target hole was still located in its same position as in the acquisition phase; however, the
hole was blocked, the same way as the other 19 holes, such that the mouse could not enter
the escape box. Probe test | was terminated after 90s, and the latency to reach the target
hole, total errors, primary distance travelled (distance travelled before reaching the target
hole) and mean speed (m/s) were measured. In addition, target hole preference was
determined by measuring the number of nose pokes for the adjacent and opposite holes and
comparing this value to the number of pokes in the target hole region, according to a
previously published protocol (Sunyer, et al., 2007).

Probe Test 11 (Long-term reference memory retention): On Day 12, probe test 1l was
performed, in the same manner as probe test I, exactly 1 week following the acute
administration of dexmedetomidine or saline. Again, the same parameters were measured
and compared as in Probe Test I. At the end of probe test I, the mice were sacrificed using
cervical dislocation and the cortex and hippocampal tissues dissected for analysis of
phosphorylated and total tau levels.

2.9 Statistical Analysis

Group comparisons of immunoblot relative band intensities were performed using a oneway
analysis of variance (ANOVA) with Newman-Keuls Multiple Comparison post hoc test
applied when appropriate or by means of an unpaired t-test. Group comparisons of rectal
temperatures were performed using one-way analysis of variance (ANOVA) or an unpaired
t-test. All statistical calculations were performed using Prism® 5 software (GraphPad
Software, Inc., San Diego, CA), and all data are reported as mean + SD with a value of P <
0.05 considered statistically significant.

Barnes Maze performance variables during the acquisition phase were analyzed using a two-
way repeated-measures ANOVA with Newman-Keuls Multiple Comparison post hoc test
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applied when appropriate. Between group analyses of probe test variables were performed
using an unpaired t-test. For each probe test, target hole preference (pokes) for each
treatment group was determined using ANOVA with Newman-Keuls post hoc test applied
when appropriate. All of the Barnes Maze statistical comparisons were performed Prism® 5
software, and these behavioral data are reported as mean + SEM with P < 0.05 deemed
statistically significant.

3.1 Dexmedetomidine Increases Tau Phosphorylation Under Normothermic Conditions in
the Mouse Hippocampus

We first determined whether the administration of dexmedetomidine, under normothermic
conditions, had an effect on levels of phosphorylated tau (p-tau) in the hippocampus of 8 to
10-week-old C57BL/6 male mice. Thirty min (0.5h, n = 6) following administration of 300
ng/kg dexmedetomidine i.p., there was a significant increase (expressed as % of control) in
hippocampal tau phosphorylation at the CP13 (170 + 68%), AT8 (182 + 36%), and PHF-1
(183 £ 27%) phosphoepitopes (Fig. 1C, D, F, 0.5h), when compared to the saline-treated
mice (Ctl, n = 6), while other epitopes did not increase. Interestingly, at 2h (n = 6),
dexmedetomidine treatment was still associated with significant increases in hippocampal p-
tau levels at the same three phosphoepitopes, despite the return of the righting reflex in all of
the mice at this time point (Fig. 1C, D, F, 2h). Dexmedetomidine (Dex) administration had
no effect on total tau levels at either time point (Fig. 1H), and rectal temperatures, at the end
of the experiment, were similar in all of the study groups: Ctl 37.1 + 0.6, Dex 0.5h 37.1 £
0.5, and Dex 2h 37.1 £ 0.7°C.

3.2 Tau Hyperphosphorylation in the Mouse Brain 6h after Dexmedetomidine
Administration Resolves with the Exception of Hippocampal AT8

As tau hyperphosphorylation was still present in the mouse brain 2h following
dexmedetomidine administration, we next examined tau phosphorylation levels in the mouse
hippocampus 30 min as well as 6h following dexmedetomidine treatment. The 6h time point
was chosen as all mice demonstrated no signs of sedation or hypnosis at 6h; whereas, just 2h
following dexmedetomidine anesthesia, some animals still exhibited gait disturbances
despite the return of the righting reflex in all of the mice within 1h of drug administration.
Furthermore, our previous study with propofol anesthesia in mice demonstrated that 6h
following acute propofol administration, hippocampal tau phosphorylation returned to
control levels (Whittington, et al., 2011). Therefore, we also focused on this time point to
determine whether a similar resolution of hyperphosphorylation would be observed 6h
following dexmedetomidine.

In these experiments, we determined the degree of tau phosphorylation at the epitopes
shown to be affected at 30 min (Fig. 1), in hippocampal and cortical tissue obtained from
male C57BL/6 mice 0.5h (n=6) and 6h (n=5) following normothermic dexmedetomidine
administration (300 pg/kg i.p.) as well as 0.5h following saline administration (Ctl, n = 6).
Again, 0.5h following dexmedetomidine administration, an increase in phosphorylated tau in
the hippocampus was observed at all 3 phosphoepitopes: AT8: 230 + 19%, CP13: 185 +
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18%, and PHF-1: 210 * 8% versus the control group (Fig. 2A1-3). Interestingly, tau
phosphorylation returned to control levels at PHF-1 and CP13 at 6h, whereas
phosphorylation at AT8 (139 + 14%) remained slightly, but significantly, elevated (P <
0.05) versus the control-treated mice (Fig 2A1, 6h). Levels of total tau at 0.5h remained
similar to control mice; however a small, but significant increase in total tau was observed at
6h (Fig 2A4). Of note, rectal temperatures at the end of the study were similar in all groups:
Ctl 37.4 £ 0.4, Dex 0.5h 37.2 + 0.4, and Dex 6h 37.2 £ 0.3°C.

In the cortical tissue, 0.5h following dexmedetomidine administration, significant increases
in phosphorylated tau (P < 0.05 and P < 0.001) were also observed at AT8, PHF-1 and CP13
phosphoepitopes (Fig. 2B1-3); moreover, these increases were of the same order of
magnitude as those observed in the hippocampus. However, they disappeared by 6h, which
was again similar to the pattern observed in the hippocampus, with the exception of the AT8
phosphoepitope. There were no significant changes in total tau at either time point (Fig.
2B4).

Overall, these data indicate that normothermic dexmedetomidine administration acutely
induces tau hyperphosphorylation in the mouse hippocampus and cortex. In the
hippocampus, this effect persists 2h following drug administration; however, with the
exception of a modest increase at the AT8 phosphoepitope, this effect disappears upon
complete recovery from the sedative effect of the drug. Similarly, the cortical increase in
phosphorylated tau, observed 0.5h following dexmedetomidine administration, resolves by
6h.

3.3 Impact of Dexmedetomidine on Tau Kinases and Phosphatases

We next wanted to determine the mechanism of tau hyperphosphorylation during
dexmedetomidine administration. The phosphorylation state of tau is dependent on a balance
between the activity of several major tau protein kinases (Planel, et al., 2002) such as
glycogen synthase kinase-3p (GSK-3p), c-Jun N-terminal kinase (JNK), extracellular signal-
regulated kinase or mitogen-activated protein kinase (ERK or MAPK), p38 MAPK, cyclin-
dependent kinase 5 (cdk5) and its activators p35/p25, and calmodulin-dependent kinase 11
(CaMKII), as well as the activity of several protein phosphatases, including protein
phosphatase 1 (PP1), protein phosphatase 2B (PP2B), protein phosphatase 2A (PP2A), and
PP5 (Tian and Wang, 2002). Furthermore, as we have previously demonstrated that
propofol-induced tau hyperphosphorylation, under normothermic conditions, involves a
decrease in PP2A activity and expression (Whittington, et al., 2011), we subsequently
determined whether a similar mechanism was involved in mediating dexmedetomidine-
induced tau phosphorylation.

Thirty minutes and 2h following dexmedetomidine treatment, there was no increase in
kinases activation correlating with tau hyperphosphorylation. On the contrary, ERK (Fig.
3C), JNK (Fig. 3E), CaMKII (Fig. 3G), and GSK-3p (Fig. 3N) were inhibited. There was an
accumulation of P38 at both time (Fig. 3J), but its activated form remained undetectable
(Fig. 3I). There was also accumulation of P35 at 2h (Fig. 3K), but it could not explain the
extent of tau phosphorylation at both time points. Collectively, all of these changes indicated
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an inhibition of some kinases, which was not consistent with the increased tau
phosphorylation observed 30 min or 2h following dexmedetomidine administration.

Therefore, we examined protein phosphatases expression at these same time points (Fig. 4),
especially as we have previously observed that intravenous anesthetics can decrease the
expression and activity of protein phosphatase (Whittington, et al., 2011). Except for a
decrease in demethylated PP2A (Fig. 4E, resulting in PP2A activation), there was no change
in any of the tau phosphatases examined. Methylation activates PP2A, while demethylation
inhibits it and has been associated with tau hyperphosphorylation (Zhou, et al., 2008).

In summary, most of the changes observed indicate the inhibition of several tau kinases
(GSK-3B, ERK, JNK, CaMKII) and activation of the phosphatases (PP2A), which fail to
mechanistically explain the observed dexmedetomidine-induced tau hyperphosphorylation.

3.4 Hippocampal Tau Hyperphosphorylation at AT8 following In Vivo Dexmedetomidine
Administration is Dependent on a;-AR Activation

As the sedative effects of dexmedetomidine are mediated by its agonist effects at a,-ARs in
the locus coeruleus (Correa-Sales, et al., 1992), we next examined whether the increases in
hippocampal tau phosphorylation observed following dexmedetomidine are dependent on
activation of ap-ARs. Establishing the specific role of a,-ARs in mediating
dexmedetomidine-induced tau hyperphosphorylation is mechanistically important given
that, although dexmedetomidine is a highly specific a,-AR agonist, it is also known to have
effects at other receptor types such as imidazoline receptors (Dahmani, et al., 2008). Thus,
we measured dexmedetomidine-induced tau phosphorylation, in 8 to 10-week-old C57BL/6
male mice, in the absence or presence of pretreatment with atipamezole, a highly specific
a-AR antagonist (Pertovaara, et al., 2005). We specifically measured phosphorylation at
ATS, as our acute dexmedetomidine administration studies demonstrated that this
phosphoepitope was associated with the highest and most persistent degree of tau
hyperphosphorylation following dexmedetomidine administration.

An initial experiment was performed to determine whether atipamezole had any effect on
tau phosphorylation at the maximum dose utilized to antagonize the phosphorylation effects
of dexmedetomidine. In this experiment, 8 to 10-week-old C57BL/6 male mice were treated
with either atipamezole 2 mg/kg (n = 6) or saline (Ctl; n = 6) i.p. and sacrificed 45 min
following each treatment. Normothermia was maintained throughout the study, and there
was no significant difference in rectal temperatures between the groups: 37.2 £ 0.4 and 37.0
+ 0.4°C, in the saline and atipamezole groups, respectively. No significant increases in
hippocampal tau phosphorylation at AT8 were observed in the atipamezole-treated mice
(Fig. 5A), but a minor increase in total tau was observed (Fig. 5B).

Next, the tau phosphorylation response to acute dexmedetomidine administration was
examined in the absence and presence of atipamezole (Fig. 5C) and normalized to total tau
(Fig. 5D). As expected with dexmedetomidine administration, 15 min after pre-treatment
with saline (control for atipamezole, n = 5), resulted in a significant increase (P < 0.001) in
hippocampal phosphorylated tau levels at AT8, 30 min following dexmedetomidine
administration (n = 5, Dex). However, pretreatment with either atipamezole 1 mg/kg (Dex +
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Atip Low [L], n =6) or 2 mg/kg (Dex + Atip High [H], n = 6) 15 min prior to
dexmedetomidine, abolished the significant increase in phosphorylated tau levels observed
at AT8 in Sal + Dex treated mice (Fig. 4C, Dex + AL/AH, respectively), such that levels of
phosphorylated tau in atipamezole-pretreated groups were not significantly different from
saline-treated controls (Ctl, n = 5). Moreover, mice pretreated with either dose of
atipamezole did not become sedated following the administration of dexmedetomidine, as
expected. Again, rectal temperatures at the end of the study were similar in all groups: Ctl
37.2+0.7, Dex 37.2 £ 0.7, Dex+ Atip Low 37.4 + 0.6, and Dex + Atip High 37.1 £ 0.5 °C.

3.5 Acute Dexmedetomidine Administration Impairs Spatial Memory

Barnes Maze testing was performed in a separate group of 8 to 10-week-old C57BL/6 male
mice in order to determine whether dexmedetomidine, at a dose demonstrated to produce a
transient increase in hippocampal and cortical tau phosphorylation, impacts short-term and
long-term spatial reference memory. Data from the acquisition phase of testing (Days 1-4)
demonstrate that the mice quickly learned how to reach the target hole, as asymptotic
performance in terms of latency, distance travelled, and number of errors was reached (Fig.
6A).

Probe Test | (Day 5), designed to measure short-term memory retention following the
administration of dexmedetomidine 300 pg/kg (n = 8) or saline (n = 8) i.p., revealed that
dexmedetomidine treatment had no impact on latency, primary distance travelled, and the
total number of errors committed in the Barnes Maze when compared to saline (control)
mice (Fig. 6B). It should be noted that although Probe Test | was performed 6h following
the administration of dexmedetomidine or saline, the dexmedetomidine mice actually moved
at a speed that was significantly higher than that of the saline mice, suggesting that at that
time point there was no evidence of dexmedetomidine-induced motor retardation (Fig. 6B,
mean speed). In both the dexmedetomidine and saline-treated groups, the number of visits
(“nose pokes”) to adjacent and target holes were measured and compared to the target hole.
These data reveal that on the day of Probe Test I, the dexmedetomidine-treated group had
impaired target hole preference compared to saline-treated animals; hence indicating
impaired short-term spatial reference memory (Fig. 6B).

Probe Test Il (Day 12) was performed 1 week following dexmedetomidine or saline
administration to determine the effect of anesthesia treatment on long-term memory. Again,
there were no significant differences observed in latency, primary distance, and total errors
committed between the dexmedetomidine and saline-treated groups (Fig. 6C). For saline-
treated mice, a preference for the target hole could still be observed (Target vs. Hole 1 but
not Hole -1), while there was no significant target hole preference in dexmedetomidine-
injected mice, suggesting that the treatment impaired long-term spatial reference memory
retention as well. Hippocampal tissue samples were obtained at the end of Probe Test Il and
revealed no significant increase in tau phosphorylation at this time point (1 week after
dexmedetomidine or saline administration, data not shown).

In summary, these data reveal that acute administration of dexmedetomidine can impair both
short-term and long-term spatial reference memory. At this juncture, it remains to be
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determined whether the transient increase in tau phosphorylation during treatment has any
causative role in this impairment.

3.6 Dexmedetomidine Induces Tau Hyperphosphorylation In Vitro

Although our mouse studies eliminated hypothermia as a possible cause of
dexmedetomidine-induced tau hyperphosphorylation, the possibility that changes in tau
phosphorylation following dexmedetomidine were secondary to another systemic
physiological change (e.g., changes in mean arterial pressure, cerebral blood flow, or the
cerebral metabolic rate of oxygen) could not be completely excluded using this in vivo
approach. Thus, we performed in vitro studies to determine whether dexmedetomidine-
induced tau hyperphosphorylation is the result of a direct pharmacologic effect and not the
secondary to an anesthetic-induced systemic physiological change.

To determine the effect of dexmedetomidine on tau phosphorylation in vitro, experiments
were performed in SH-SY5Y human neuroblastoma cells stably transfected to constitutively
express a human tau isoform with 3 microtubule-binding domains (Tau-SH-SY5Y cells).
We previously have demonstrated that this transfected cell culture model is well suited for
examining the tau phosphorylation effects of anesthetics (Whittington, et al., 2011),
particularly as the basal levels of tau in native SH-SY5Y cells is very low. In these cell
culture experiments, following a 4h incubation at 37°C with either dexmedetomidine 0.1 uM
(n=5) or 10 uM (n = 5) in growth medium or, as a control, in growth medium alone (n = 4),
a significant increase in phosphorylated tau levels at AT8 was observed solely following
treatment with dexmedetomidine 10 uM (Fig. 7A1). This increase in phosphorylated tau,
following treatment with dexmedetomidine 10 uM, was not associated with an increase in
total tau (Fig. 7A2).

Given this increase in tau phosphorylation following a brief exposure to dexmedetomidine
10 pM, additional experiments were performed in the Tau-SH-SY5Y cells in which the cells
were incubated for 24h with either dexmedetomidine (1, 10, or 100 uM) in growth medium
or growth medium alone (n = 3 for each condition) at 37°C to determine the impact of time
of exposure on dexmedetomidine-induced tau phosphorylation. Significant increases in tau
phosphorylation were observed at AT8 following incubation with Dex 10 uM and 100 uM
doses with no significant change in total tau levels (Fig. 7B1-3). Consistent with what was
seen in the hippocampal tissue, a significant decrease in p-ERK levels was observed with
Dex 100 uM with no change in total ERK (Fig. 7B4-6). A slight increase in full length
PARP levels (full) was also observed with Dex 100 uM (Fig 7B7-8); however, no changes
in cleaved PARP were seen suggesting that apoptosis did not significantly affect the
capacity of dexmedetomidine to increase tau phosphorylation in vitro. In summary,
dexmedetomidine increases tau phosphorylation in Tau-SH-SY5Y cells in a dose dependent
manner suggesting that this anesthetic can directly increase tau phosphorylation in the
absence of a change in a major systemic physiological variable.
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3.7 Dexmedetomidine Induces Tau Hyperphosphorylation and Accumulation of Insoluble
Tau in hTau Mice

We next wanted to assess whether dexmedetomidine could affect tau phosphorylation and
pathology in a mouse model of tauopathy. We chose to examine the effect of the drug in
hTau mice, which overexpress human tau on a tau knockout background. These mice
develop tau pathology as characterized by accumulation of insoluble tau and formation of
neurofibrillary tangles (Andorfer, et al., 2005, Andorfer, et al., 2003). This model is more
relevant to study AD-like tau pathogenesis, as it expresses non-mutated human tau (tau
mutations result in fronto-temporal dementia, not AD). Thirty minutes after injection of 300
pg/kg of dexmedetomidine i.p. to 3-month-old male hTau mice, there was significant tau
hyperphosphorylation at the AT8 and PHF-1 epitopes (Fig. 8 panels 1 & 3), and
accumulation of insoluble tau (Fig. 8 panel 5), but no change in total or soluble tau (Fig. 8,
Panels 4 and 6). These results demonstrate that dexmedetomidine can induce rapid
acceleration of tau pathology in a mouse model of tauopathy.

4. Discussion

The findings of the present study demonstrate that the sedative-analgesic agent,
dexmedetomidine, possesses the capacity to directly induce tau phosphorylation in vivo as
well as in vitro. Specifically, we observed that the acute administration of dexmedetomidine,
under normothermic conditions, resulted in tau hyperphosphorylation in the mouse
hippocampus and cortex. This hippocampal tau hyperphosphorylation persisted for 2h to 6h
following dexmedetomidine administration and was dependent on activation of ay-ARs.
Treatment with dexmedetomidine induced spatial memory impairment in nontransgenic
mice and increased tau pathology in hTau mice. Furthermore, in vitro studies revealed that
the hyperphosphorylation observed following dexmedetomidine exposure, is a direct, dose-
dependent phenomenon.

While it has been well established that both inhalational and intravenous anesthetics can
increase tau phosphorylation by inducing hypothermia (Planel, et al., 2007), this study
further supports the notion that certain anesthetics can, nevertheless, induce tau
hyperphosphorylation in the absence of hypothermia, as previously reported (Run, et al.,
2009, Whittington, et al., 2011). The use of dexmedetomidine as a sedative agent in the
intensive care unit setting has steadily increased in recent years (Wunsch, et al., 2010),
particularly as the drug has been associated with a lower incidence of delirium when
compared with the benzodiazepine midazolam (Riker, et al., 2009). The
hyperphosphorylation of tau at several phosphoepitopes and the increase tau pathology in
Vvivo, suggests that, despite the lower incidence of delirium (Riker, et al., 2009) and
improved cognitive performance (Mirski, et al., 2010) associated with clinical use of the
drug when compared to other sedative agents, dexmedetomidine still possesses the capacity
to initiate tau hyperphosphorylation and aggregation, which are changes linked to the
potential development of neurofibrillary pathology (Grundke-Igbal, et al., 1986a, Grundke-
Igbal, et al., 1986b, Igbal, et al., 2005).

Interestingly, the level of tau phosphorylation observed with dexmedetomidine, under
normothermic conditions, was of the same order of magnitude of tau phosphorylation
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previously reported with propofol (Whittington, et al., 2011). However, unlike propofol
where hippocampal tau hyperphosphorylation was solely present at AT8 at 2h, following
dexmedetomidine administration hippocampal tau hyperphosphorylation was still present at
AT8, PHF-1, and CP13 at this same time point. This seems to suggest that the
phosphorylation effects of dexmedetomidine persist longer than that of propofol for a given
similar sedation endpoint (i.e., loss of righting reflex lasting approximately 1h or less),
which may be partly the result of pharmacokinetic differences between the two drugs.
Specifically, in contrast to dexmedetomidine, following acute administration, propofol
displays a relatively faster distribution and metabolism primarily in two exponential
distribution phases (Kanto and Gepts, 1989). Indeed, the cognitive effects of acute
dexmedetomidine administration have been demonstrated to persist longer clinically when
compared to propofol (Bustillo, et al., 2002). Nevertheless, similar to what was observed
with propofol (Whittington, et al., 2011), within 6h of dexmedetomidine administration, the
hyperphosphorylation mostly resolved, suggesting that in nontransgenic mice, this response
is also short-lived.

While we could not identify the kinases and/or phosphatases mediating tau
hyperphosphorylation, our results revealed that alpha-2 adrenergic receptors (a»-ARS) play a
key role in the process following dexmedetomidine administration. Interestingly, although
our study is the first demonstration of the regulation of tau phosphorylation by a,-ARs, a
recent article has shown that f,-ARs can mediate tau hyperphosphorylation by activating
JNK and ERK (Wang, et al., 2013). At this juncture, we cannot exclude the mechanistic
possibility that our observation is being mediated through a response downstream to a,-ARs
activation, but we can rule out a mechanism similar to f,-ARs as both JNK and ERK where
inhibited in parallel with tau hyperphosphorylation following dexmedetomidine.
Nevertheless, our study lends further support to the hypothesis that drugs that modulate the
adrenergic system can potentially impact tau pathology.

The results of the Barnes Maze testing indicate that the transient phosphorylation response
following acute dexmedetomidine administration paralleled the impairment of short-term
spatial reference memory. As tau hyperphosphorylation has been suggested to detach tau
from MT, resulting in the destabilization of MT structure and the disruption of axonal
transport ultimately leading to synaptic changes and memory impairment (Avila, et al.,
2004, Trojanowski and Lee, 1994), we examined the effect of acute dexmedetomidine
administration on synaptic markers and the ability of tau to bind to preformed, taxol-
stabilized MT according to our published protocol (Planel, et al., 2009, Planel, et al., 2008).
There was no change in tau binding to MT (Figure S1) and on pre- (Septin 3, SNAP25,
synaptophysin) or post- (drebrin, PSD95) synaptic markers (Figure S2), indicating they were
not the source of the memory impairment. As recent studies (Le Freche, et al., 2012) have
shown that repeated exposure to inhalational anesthesia may result in a more persistent state
of tau phosphorylation correlating with memory impairment, determining whether tau
phosphorylation is just a co-occurrence or has a role in the drug-induced memory
impairment will be important for future studies. In this context, investigating the effects of
prolonged dexmedetomidine exposure will be particularly relevant as a recent study
demonstrated that 31.5% of patients in an ICU setting are receiving dexmedetomidine for
more than 1 day (Wunsch, et al., 2010).
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The exposure of Tau-SH-SY5Y cells to dexmedetomidine in vitro was also associated with
increased tau phosphorylation. Although a modest increase in phosphorylated tau was
observed following a 4h exposure to 10 uM dexmedetomidine, the most significant increases
in phosphorylation were observed following exposure to 10 and 100 uM dexmedetomidine
for 24h, suggesting that dexmedetomidine-induced tau phosphorylation is a dose- and,
perhaps even, an exposure time-dependent phenomenon. It is important to note that we
examined tau phosphorylation in these cells using concentrations of dexmedetomidine that
have been shown to prevent apoptosis in cortical neurons (Sanders, et al., 2010) and to
possess a neuroprotective effect in an organotypic hippocampal slice culture model of
traumatic brain injury (Schoeler, et al., 2012). However, we solely observed tau
hyperphosphorylation at concentrations of dexmedetomidine 10 and 100 uM, concentrations
that would be considered to be significantly higher than the maximal therapeutic plasma
concentration in previously reported in humans, 0.05 uM (Bloor, et al., 1992, Ebert, et al.,
2000, Narimatsu, et al., 2007, Talke, et al., 1999). Nevertheless, these in vitro studies still
demonstrate that the tau phosphorylation observed following dexmedetomidine
administration, at concentrations previously demonstrated to provide cortical
neuroprotection in vitro (Sanders, et al., 2010), is a direct effect of the drug on the cells and
occurs independently of changes in systemic physiological variables such as temperature,
arterial blood pressure, and cerebral blood flow. Moreover, these findings suggest that a
certain critical concentration needs to be achieved before changes in tau phosphorylation
become manifest.

Although tau hyperphosphorylation and aggregation were observed with dexmedetomidine,
it would be extremely premature and unwarranted to extrapolate these findings to the
clinical sphere at this juncture. First of all, in terms of negative cognitive effects such as
delirium, dexmedetomidine use has been associated with a lower incidence of delirium
(Riker, et al., 2009). Moreover, dexmedetomidine was not compared directly with
equipotent sedative doses of other commonly used sedatives such as midazolam, propofol,
or opioid agents; therefore, it currently is unknown whether dexmedetomidine has less or
more of an impact on tau phosphorylation and pathology than any of the aforementioned
agents. Indeed, these current studies demonstrate that, similar to what we observed with
propofol (Whittington, et al., 2011), the effects of acute dexmedetomidine administration on
tau phosphorylation are primarily transient.

5. Conclusions

In conclusion, the present study clearly demonstrates that dexmedetomidine increases tau
phosphorylation and aggregation in vivo under normothermic conditions with the potential
to impact spatial reference memory, and that, at least in vitro, the hyperphosphorylation of
tau is a dose-dependent phenomenon. While hyperphosphorylation is a critical step in the
development of neurofibrillary pathology (Alonso, et al., 2001), further studies are
warranted in transgenic mouse models of AD to determine whether the degree of
hyperphosphorylation observed following prolonged dexmedetomidine administration is
associated increased tau pathology and neurocognitive impairment. This is particularly
important, given that, in the absence of more effective treatments for these
neurodegenerative conditions, as life expectancy continues to increase the number of
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patients with an underlying tauopathy (Alzheimer's disease, Parkinson's disease, traumatic
brain injury etc.) will continue to rise, thus increasing the likelihood that these patients will
encounter the need for surgery and anesthesia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dexmedetomidine increases tau phosphorylation in the mouse hippocampus following

2h administration under normothermic conditions

Levels of tau phosphorylation at Ser'9, Tau-1 (tau dephosphorylated Serl95/198/199/202y
CP13 (Ser292), AT8 (Ser202/Thr205), 12E8 (Ser262/Ser356), PHF-1 (Ser39/Ser404), and
Ser422 phosphoepitopes in hippocampal proteins C57BL/6 mice treated with
dexmedetomidine 300 pg/kg i.p. and sacrificed 0.5h (n =6) or 2h (n = 6) following
treatment. Levels of phosphorylated tau were normalized to total tau (H). Dividing lines
represent areas where lanes from the same blot were removed and the remaining lanes were
spliced together. Relative immunoreactive band intensities are expressed as a percent of Citl,
and are displayed for each phosphoepitope and total tau. For each condition, 2 representative
bands are displayed. Data are expressed as mean + SD, and were analyzed using ANOVA
with Newman-Keuls post hoc test. * denotes P < 0.05, ** denotes P < 0.01, and *** denotes

P <0.001 vs. Ctl.
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Figure 2. Tau returns to basal levels 6h after dexmedetomidine administration under
normothermic conditions in the cortex but not in the hippocampus

Levels of tau phosphorylation at AT8 (Ser292/Thr20%), CP13 (Ser2%2), and PHF-1 (Ser39/
Ser404) phosphoepitopes in hippocampal (A) or cortical (B) proteins of C57BL/6 mice
treated with dexmedetomidine 300 pg/kg i.p. and sacrificed 0.5h (n =6) or 6h (n = 5)
following treatment. Levels of phosphorylated tau were normalized to total tau (A4 or B4).
After 6h, AT8 hyperphosphorylation persisted in the hippocampus while other epitopes
returned to basal levels in both hippocampus and cortex. Dividing lines represent areas
where lanes from the same blot were removed and the remaining lanes were spliced
together. Relative immunoreactive band intensities are expressed as a percent of Ctl, and are
displayed for each phosphoepitope and total tau. For each condition, 2 representative bands
are displayed. Data are expressed as mean = SD, and were analyzed using ANOVA with
Newman-Keuls post hoc test. * denotes P < 0.05 and *** denotes P < 0.001 vs. Ctl.

Neurobiol Aging. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Whittington et al.

Page 25
o B. Total AKT C. pERK D. Total ERK
o [ ] s Nea
63 kD d 5756 37 kD]
—~ 140 ~ -~ . 150 e
‘E:;E Z 100] m S 1d i gu.-u
2% 3 : L ®
= :T'E £ so0 S so g 50
% 20 v & H
& i < o 2 9 Hop
Ctl 0.5h 2h Ctl 0.5h 2h Cd 0.5h 2h Ctl 0.5h 2h
E. p-JNK F. Total JNK G. pCaMKIlI H. Total CaMKII
4Bk e | 4pkp_e—l— B 63 kD~ 63 kD—
35 k0 JERERES SRE - - kD_.= =l 48k 48 kD—]
= 150 = 150 = v v
5] Z w00 - . ks . G100] g
S 100 gl = I ; 100 5
£ £ 50 = o . *f: 50
b4 52 N %
2 g 7o 2 0 S o
Ctl 0.5h 2h Ctl 0.5h 2h Ctl 0.5h 2h Ctl 0.5h 2h
l. p-P38 K. P35 L. Cdk5
35 kD— 35 ku—--——h 35"”%
= 100 g fig T g 150
oAk
80 S 400 B 100 T
£ 50 £ 300 ..
= w200 - wn 0
&; o E 103 i % o
Ctd 0.5h 2h Ctl 0.5h 2h Ctl 0.5h Zh Ctt 0.5h 2h
M. GSK-3 Y216 N. GSK-3 pS9 0. Total GSK-3

[N
in
w o
o o
W&
) v @
W
a L=
S |
w &
™
= o=
o o
LI

200

GSK-3 pS9 (% of Ctl
g
_|
|
{
GSK-3 (% of Ctl) &
5 5 B

GSK-3 Y216 (% of Cul) ]

0
Ctl 0.5h 2h Ctl 0.5h 2h

Figure 3. Effects of dexmedetomidine on tau kinases in the mouse hippocampus under
normothermic conditions

Hippocampal proteins were separated by SDS-PAGE, and levels of tau kinases were
determined using antibodies directed at activated or total kinases: (A) phospho-Akt, (B) Akt,
(C) phospho-ERK, (D) ERK, (E) phospho-JNK, (F) JNK, (G) phospho-CaMKI|I, (H)
CaMKIl, (1) phospho-p38, (J) p38, (K) p35, (L) cdk5, (M) phospho-GSK3p pY216, (N)
phospho-GSK3p pS9, and (O) (M) GSK3p. Dividing lines represent areas where lanes from
the same blot were removed and the remaining lanes were spliced together. Relative
immunoreactive band intensities are expressed as a percent of saline control (Ctl) and are
displayed for each epitope. For each condition, 1 representative band is displayed with Ctl (n
=6), 0.5h (n = 6), and 2h (n=6). Data are expressed as mean + SD. *, ** and *** denote P <
0.05, P<0.01 and P < 0.001 vs. Ctl, respectively; ANOVA with Newman-Keuls post hoc
test.
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Figure 4. Effects of dexmedetomidine on tau phosphatases in mouse hippocampal tissue under
normothermic conditions

Hippocampal proteins were separated by SDS-PAGE and levels of phosphatases were
determined using antibodies directed at the following proteins: (A) PP1 catalytic subunit,
(B) PP2B catalytic subunit, (C) PP2A Ba regulatory subunit, (D) PP2A scaffolding subunit
(PP2A-A), (E) Demethylated PP2A catalytic subunit, (F) PP2A catalytic subunit, and G.
PP5. Dividing lines represent areas where lanes from the same blot were removed and the
remaining lanes were spliced together. Relative immunoreactive band intensities are
expressed as a percent of saline control (Ctl) and are displayed for each epitope. For each
condition, 1 representative band is displayed. All data are expressed as mean = SD. ** and
*** denote P < 0.01 and P<0.001 vs. Ctl, respectively; Ctl (n = 6), 0.5h (n = 6), and 2h (n =
6); ANOVA with Newman-Keuls post hoc test.
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Figure 5. Atipamezole abolishes dexmedetomidine-induced tau hyperphosphorylation in the
mouse hippocampus under normothermic conditions

Immunoblot analysis of protein expression levels of tau phosphorylated at the AT8
phosphoepitope (5A) as well as total tau (5B) in the hippocampus of C57BL/6 mice, 45 min
following the administration of atipamezole 2 mg/kg (Atip, n = 6) or 0.9% saline (Ctl, n = 6)
i.p. These data demonstrate that atipamezole itself had no effect on hippocampal
phosphorylated tau levels. In Fig. 5C and Fig. 5D the immunoblot analysis of levels of tau
phosphorylated (% Ctl) at the AT8 phosphoepitope (5C) as well as total tau (5D) in the
hippocampus of C57BL/6 mice pretreated with 0.9% saline (Dex, n = 5), atipamezole 1
mg/kg (Dex + Atip Low [L], n = 6), or atipamezole 2 mg/kg i.p. (Dex + Atip High [H], n =
6) followed 15 min later by dexmedetomidine 300 mg/kg i.p are shown. Control (Ctl, n = 5)
mice received an initial i.p. injection of 0.9% saline, followed 15 min later by a second i.p.
saline injection. Dividing lines represent areas where lanes from the same blot were
removed and the remaining lanes were spliced together. All mice were sacrificed 30 min
following the second injection. Both AT8 and total tau were controlled for gel loading using
B-actin; however, levels of phosphorylated tau were normalized to total tau. Data are
expressed as mean + SD. * P < 0.05 vs. Ctl and # P < 0.01 vs. Dex group using ANOVA
with Newman-Keuls post hoc test.
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Figure 6. Barnes Maze testing demonstrates that dexmedetomidine-increased tau
phosphorylation is associated with the impairment of spatial reference memory

Acquisition phase testing data (mean + SEM) in C57BL/6 mice demonstrate that asymptotic
performance is readily achieved in the Barnes Maze with 4 days of training (6A), prior to
treatment. By day 3, total latency (s), total distance (m) and total errors in the saline (n = 8)
and dexmedetomidine (Dex, n = 8) groups was significantly different vs. their respective day
1 performance for each variable, denoting good learning performance. *, **, *** denote P <
0.05, P<0.01, and P < 0.001 vs. Day 1 (Saline), respectively and ##, ### denote P < 0.01,
and P < 0.001 vs. Day 1 (Dex) using repeated measures ANOVA with Newman-Keuls post
hoc test. Probe Test | (6B) data (mean £ SEM) include latency (s), primary distance (m),
total errors, mean speed (m/s) in C57BL/6 mice, and were obtained 6h following treatment
with dexmedetomidine 300 pug/kg or saline i.p. In saline-treated mice, a clear preference for
the target hole (Target vs. Hole -1 and Hole 1) can be observed demonstrating good short-
term spatial memory retention. Dexmedetomidine-treated mice had decreased preference for
the target hole, suggesting impaired short-term spatial memaory retention. Probe Test Il (6C)
data (mean £ SEM) were obtained 1 week following dexmedetomidine or saline treatment
and demonstrate no changes in latency, primary distance, total errors and mean speed. For
saline-treated mice a preference for the target hole could still be observed (Target vs. Hole 1
but not Hole -1), while there was no significant target hole preference in dexmedetomidine-
injected mice, suggesting that the treatment impaired long-term spatial reference memory
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retention. For the pokes data, analysis was done using ANOVA with Newman-Keuls post
hoc test. *, **, and ***, denote P < 0.05, P < 0.01, and P < 0.001, vs. the target hole.
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Figure 7. Exposure to dexmedetomidine increases tau phosphorylation in Tau-SH-SY5Y cells in
a dose-dependent manner

In Fig. 7A, Cells were harvested following a 4h exposure to dexmedetomidine 0.1 pM (Dex
0.1, n =5), dexmedetomidine 10 uM (Dex 10, n = 5) growth medium or growth medium
alone (Ctl, n = 4) at 37°C. The level of tau phosphorylation was determined using antibodies
directed at AT8 (7A1) or total tau (7A2). In Fig. 7B, cells were harvested following a 24h
exposure to dexmedetomidine (Dex) 1 uM, 10 uM, or 100 uM in growth medium or growth
medium alone (Ctl) at 37°C, and n =3 for each condition. The level of tau phosphorylation
was determined using antibodies directed at AT8 and demonstrated a dose-dependent
increase when normalized to total tau (7B1-3). Following Dex treatment, a progressive
decrease in phospho-ERK was observed with no change in total ERK (7B4-B6), and this
mirrored what was observed in the mouse hippocampus. A slight increase in full-length
Poly(ADP-ribose) polymerase (PARP) was seen with Dex 100 uM (7B7-B8) when
normalized to B-actin (7B9); however, no increase in PARP cleavage was observed
suggestion that apoptosis did not impact the observed phosphorylation changes. All data are
expressed as mean = SD. * and ** denote P < 0.05 and P<0.01 vs. Ctl; ANOVA with
Newman-Keuls post hoc test.
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Figure 8. Immunoblot analysis of tau solubility after dexmedetomidine treatment in hTau mice
Proteins from cortices of control (Ctl; n=6), and dexmedetomidine-treated (Dex; n=6) hTau

mice were extracted and analyzed by Western blot (Total fraction) with AT8 (Panel 1),
CP13 (Panel 2), PHF-1 (Panel 3) and Total Tau (Panel 4) antibodies. Tau from sarkosyl-
insoluble (Panel 5) and heat-stable soluble fractions (Panel 6) was evaluated by immunoblot
analysis with a phospho-independent tau antibody. There was increased accumulation of
insoluble tau. Dividing lines represent areas where lanes from the same blot were removed
and the remaining lanes were spliced together. Relative immunoreactive band intensities are
expressed as a percent of saline control (Ctl) and are displayed for each epitope. For each
condition, 2 representative bands are displayed. All data are expressed as mean + SD. *

denote P < 0.05.
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