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Abstract

Abnormal hyperphosphorylation and aggregation of microtubule-associated protein tau play a crucial
role in neurodegeneration of Alzheimer’s disease (AD). Anesthesia has been associated with
cognitive impairment and the risk for AD. Here we investigated the effects of anesthesia on site-
specific tau phosphorylation and the possible mechanisms. We found that anesthesia for short periods
(30 sec to 5 min) induced tau phosphorylation at Thr181, Ser199, Thr205, Thr212, Ser262, and
Ser404 to small, but significant, extents, which appeared to result from anesthesia-induced activation
of stress-activated protein kinases. Anesthesia for a longer time (1 h) induced much more dramatic
phosphorylation of tau at the above sites, and the further phosphorylation may be associated with
hypothermia induced by anesthesia. Anesthesia-induced tau phosphorylation appears to be specific
because the increased phosphorylation was only seen at half of the tau phosphorylation sites studied
and was not observed in global brain proteins. These studies clarified the dynamic changes of tau
phosphorylation at various sites and, thus, served as a fundamental guide for future studies on tau
phosphorylation by using brains of anesthetized experimental animals. Our findings also provide a
possible mechanism by which anesthesia may cause postoperative cognitive impairment and increase
the risk for AD.
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INTRODUCTION

Alzheimer disease (AD) is a neurodegenerative disease and is the most common cause of
dementia in adults. Less than 5% of AD cases are caused by mutations of amyloid-# precursor
protein, presenilin-1, or presenilin-2. The majority of AD cases are sporadic in origin, and the
exact causes of sporadic AD are currently unknown. Several etiological factors, including
genetic susceptibility, metabolic alterations, and environmental factors, have been proposed
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to contribute to AD. One key neuronal protein involved in neurodegeneration in AD is the
microtubule-associated protein tau. Tau is abnormally hyperphosphorylated and aggregated
into neurofibrillary tangles in AD brain [1,2]. Many studies have demonstrated that abnormal
hyperphosphorylation and aggregation of tau are crucial to neurodegeneration in AD [3-5].

It has been reported that anesthesia may be associated with cognitive impairment [6-8] and
increased risk for AD [9-11]. However, the molecular mechanisms underlying these
associations are not understood. In this study, we investigated the effect of anesthesia on
phosphorylation of tau and its possible mechanisms in mouse brains. We found that anesthesia
of mice for short periods (30 sec to 5 min) induced tau phosphorylation at some selective
phosphorylation sites to small extents, which may be caused by activation of stress-activated
protein kinases, whereas anesthesia for a longer time (1 h) induced further phosphorylation at
the same sites, which also appeared to be associated with hypothermia induced by anesthesia.

MATERIALS AND METHODS

Animals and methods of anesthesia

Antibodies

Female C57BL/6J mice (14-15 weeks old) obtained from the Jackson Laboratory (Bar Harbor,
ME) were used for this study. Animal use was in full compliance with the NIH guidelines and
was approved by our institutional Animal Care and Use Committee. Anesthesia was induced
by inhalation of ether vapors or by intraperitoneal injection of sodium pentobarbital (50 mg/

kg body weight). Control mice were sacrificed by cervical dislocation without anesthesia. For
all animals, brains were removed immediately after sacrifice, frozen in dry ice, and stored at

—70°C till used.

Primary antibodies used in this study include polyclonal antibody 92e [12] to total tau;
polyclonal tau antibodies pT181, pS199, pS202, pT205, pT212, pS214, pT217, pS262, pS396,
and pS404 (Biosource, Carlshad, CA) to tau phosphorylated at the specific sites indicated by
the amino acid residues and numbers; polyclonal pS422 to tau phosphorylated at Ser422
(Quality Controlled Biochemicals, Hopkinton, IL); monoclonal antibody AT180 (Pierce
Biotechnology, Inc., Rockford, IL) to tau phosphorylated at Thr231; monoclonal antibody
12E8 (Athena Neuroscience, San Francisco, CA) to tau phosphorylated at Ser262 or Ser356;
polyclonal antibody to glycogen synthase kinase-38 (GSK-38) [13]; polyclonal anti-GSK-38
(pS9) (Cell Signaling Technology, Danvers, MA) that recognizes the inactive form of
GSK-3g (i.e., GSK-38 phosphorylated at Ser9); polyclonal anti-GSK-38(pY216) (Biosource)
that recognizes GSK-34 if Tyr216 is phosphorylated and GSK-3a if Tyr279 is phosphorylated:;
monoclonal anti-cdk5 and polyclonal anti-p25/p35 from Santa Cruz Biotechnology (Santa
Cruz, CA); polyclonal anti-AKT, polyclonal anti-active P-AKT (phosphorylated at Ser473),
polyclonal antibodies against p85 and the activated p85 (phosphorylated at Tyr450) of
phosphatidylinositol 3-kinase (P13K), polyclonal antibodies against c-Jun N-terminal kinase
(JNK) and the activated JNK (i.e. P-JNK that is phosphorylated at Thr183/Tyr185), and
polyclonal antibodies against mitogen-activated protein kinase (MAPK or Erk) and the active
P-MAPK (phosphorylated at Thr202/Tyr204 of Erk1 or Thr183/Tyr185 of Erk2) from Cell
Signaling Technology; and monoclonal anti-g-actin from Sigma (St. Louis, MO). Secondary
antibodies were purchased from Jackson Immuno Research Laboratories, Inc. (West Grove,
PA).

Western blots and immunodot-blots

Mouse forebrains were homogenized in buffer consisting of 50 mM Tris-HCI (pH 7.4), 2.0
mM ED-TA, 10 mM g-mercaptoethanol, 2.0 xg/ml aprotinin, 25 ug/ml leupeptin, 1.0 xg/ml
pepstatin, and 8.5% sucrose. Aliquots of the homogenates were immediately mixed with the
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same volume of 2-fold concentrated Laemmeli buffer (125 mM Tris-HCI, pH 6.8, 4% SDS,
20% glycerol, 2% p-mercaptoethanol, and 0.005% bromophenal blue), followed by heating in
boiling water for 5 min. Protein concentrations of the samples were determined by using
modified Lowry method [14].

The levels of specific brain proteins and their phosphorylation extents were determined by
Western blots using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Phosphorylation-dependent and site-specific tau antibodies were used to determine
the extent of tau phosphorylation at the corresponding individual phosphorylation sites.
Phosphorylation-dependent antibodies against pSer9 and pTyr216 of GSK-38, pSer473 of
AKT, pTyrd58 of PI3K, pThr183/Tyr185 of INK, and pThr202/Tyr204 of MAPK were used
to determine the inactivation (in case of pSer9 of GSK-3p) or activation (in all other cases) of
these kinases, because the phosphorylation at these sites switches the kinase activities. The
blots were developed by using enhanced chemiluminescence kit (Pierce Biotechnology,
Rockford, IL). The immunore-activities of the blots were quantified densitometrically. For
quantitation, the levels of specific proteins were normalized by the level of g-actin, and
phosphorylation levels of tau were normalized by the level of total tau. Quantification of global
changes in phosphorylation of proteins was carried out by immunodot-blots of brain crude
extracts, which were developed with anti-phosphothreonine antibody, as described previously
[15]. Comparisons between groups were analyzed statistically by using two-tail Student t-test.

Measurement of body temperature

RESULTS

Body temperature of mice was monitored by using a rectal probe connected to a homeothermic
blanket control unit (Harvard Apparatus, Holliston, MA) according to the manufacturer’s
instructions.

Anesthesia induces phosphorylation of tau

To study the effects of anesthesia on tau phosphorylation in rodent brains, we determined the
levels of tau phosphorylation at several phosphorylation sites in brain homogenates of mice
sacrificed after inhalation of ether vapor for 30 sec or sacrificed 5 min after intraperitoneal
injection of pentobarbital (50 mg/kg body weight), which are the most commonly used
anesthetic methods for euthanasia of laboratory rodents. The control mouse brains were
collected immediately after the mice were sacrificed by cervical dislocation without anesthesia.
We found that anesthesia induced tau phosphorylation at 6 o f the 12 phosphorylationsites
examined. These phosphorylation sites included Thr181, Ser199, Thr205, Thr212, Ser262, and
Ser404 (Fig. 1).

Anesthesia induces alterations in brain protein kinases

Several protein kinases have been implicated in the regulation of tau phosphorylation and in
the abnormal hyperphosphorylation of tau in AD. These kinases include GSK-38, cyclin-
dependent protein kinase 5 (cdk5), and stress-activated protein kinases (e.g., JNK and MAPK)
(reviewed by [4,16]). Therefore, we studied the effect of anesthesia on the levels and the
activation of GSK-34 and its upstream regulating kinases (AKT and PI3K), cdk5 and its
activators (p35 and p25), JNK, and MAPK. We found that anesthesia had no significant effect
on the levels of these kinases or of cdk5 activators (Fig. 2). However, the level o f Ser9
phosphorylation of GSK-38, which represents inactivation of the kinase, was significantly
increased in the anesthetized mouse brains, whereas the Tyr216 phosphorylation, which is
required for the kinase activity, remained unchanged. The increase in Ser9 phosphorylation of
GSK-3p was consistent with the activation of AKT that phosphorylates Ser9 of GSK-34, a s
indicated by the increased AKT phosphorylation. However, the phosphorylation/activation of
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PI13K that phosphorylates and then activates AKT was not changed during anesthesia. On the
other hand, the phosphorylation/activation of MAPK and JNK was increased in the ether-
anesthetized and pentobarbital-anesthetized mouse brains, respectively. Since these two
kinases are stimulated by stress, these results suggest that the anesthesia-induced elevation of
tau phosphorylation might be mediated by stress-activated protein kinases.

of tau phosphorylation during anesthesia

Planel and colleagues [17] recently reported that 1 h after intraperitoneal injection of
pentobarbital, anesthesia led to tau phosphorylation at several sites due to hypothermia. To
investigate whether the above observed increase in tau phosphorylation could also be attributed
to hypothermia, we measured the rectal temperatures of mice during anesthesia under the
conditions used. We found no significant change in body temperature when the mice were
anesthetized with ether for 30 sec (Fig. 3A) or with pentobarbital for 5 min (Fig. 3B). These
results indicate that the induction of tau phosphorylation does not result from hypothermia
under these conditions.

When we anesthetized mice for longer time, up to 2 h, we found that the body temperature of
the mice dropped significantly (Fig. 3C), which is consistent with previous observations [17].
We then compared the extent of site-specific tau phosphorylation in mouse brains between 5
min (when body temperature was not significantly decreased; see Fig. 3B) and 1 h (when body
temperature was decreased to 26—-30°C; see Fig. 3C) after pentobarbital injection. We found
that anesthesia for 1 h (when body temperature was decreased) induced tau phosphorylation
at Thrl81, Thr205, Thr212, and Ser262/Ser356(12E8 sites) to a much larger extent than did
anesthesia for 5 min (when body temperature was not significantly decreased) (Fig. 4).
Anesthesia for a longer time only slightly induced further tau phosphorylation at Ser404 and
did not induce further tau phosphorylation at Ser199 or Ser202. When the protein kinases were
compared between 5 min and 1 h anesthesia, we did not find any significant differences in the
levels or the activation of GSK-34, AKT, PI3K, CDKS5, JNK, or MAPK (data not shown).
These results indicate that anesthesia for short periods induces a small extent of tau
phosphorylation in a hypothermia-independent mechanism, whereas for longer periods
anesthesia induces further tau phosphorylation at certain sites that may be attributed partially
to hypothermia.

Phosphorylation of brain proteins during anesthesia

To investigate whether anesthesia also induces phosphorylation of other brain proteins, we
quantified the global phosphorylation of brain proteins by using immunodot-blots developed
with anti-phosphothreonine. We found that anesthesia by pentobarbital did not alter the overall
phosphorylation of brain proteins significantly either at 5 min or 1 h after pentobarbital
injection (Fig. 5).

DISCUSSION

In this study, we investigated the effects of anesthesia on site-specific phosphorylation of tau
and a possible underlying mechanism. We found that anesthesia for short periods (30 sec to 5
min) induced tau phosphorylation at some of the phosphorylation sites, which is probably due
to activation of stress-activated protein kinases and is unrelated to hypothermia. Anesthesia
for a longer time (1 h) induced much more dramatic phosphorylation of tau, which may be
attributed to hypothermia in addition to activation of the stress-activated protein kinases.
Because longer anesthesia induced up to ten-fold more phosphorylation at the affected
phosphorylation sites than did anesthesia for shorter times (up to 5 min; Fig. 4), the latter only
induced tau phosphorylation to very limited extents. When anesthesia is used for euthanasia
of rodents, animals are normally sacrificed after 30 sec of anesthesia with ether or within 5
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min of anesthesia with pentobarbital. Thus, our findings suggest that short-term anesthesia has
little impact on studies of tau phosphorylation if the time periods of anesthesia are identical
for experimental and control animals. Anesthesia for a longer time may jeopardize studies on
tau phosphorylation because dramatic tau phosphorylation is induced by anesthesia itself. If
subtle changes of tau phosphorylation are investigated, the present study suggests that cervical
dislocation is required for sacrifice of rodents.

To understand the possible mechanisms leading to tau phosphorylation during anesthesia, we
studied the major tau kinases. Among the kinases studied, only JNK and MAPK were found
to be activated during anesthesia, suggesting that anesthesia may induce tau phosphorylation
via activation of these stress-activated protein kinases. Anesthesia induced tau phosphorylation
at Thr181, Ser199, Thr205, Thr212, Ser262, and Ser404. These sites have been reported to be
phosphorylated by INK and MAPK in various systems [18-20], which is consistent with our
conclusions. Both JNK and MAPK have been implicated in hyperphosphorylation of tau and
the pathogenesis of AD [21-24]. Interestingly, GSK-38, which is a major tau kinase [25,26],
was found to be inactivated rather than activated during anesthesia, suggesting that the
anesthesia-induced tau phosphorylation is unrelated to GSK-34. Inactivation of GSK-34 was
also found previously during anesthesia and cold water stress [17,27,28]. Our further studies
on the upstream kinases of GSK-34 pathway indicate that the inactivation of GSK-34 may be
the result of AKT activation, the latter of which has been shown in the neurons affected by tau
pathology in AD brain [29]. However, activation of PI3K, which is the upstream kinase of
AKT, was not observed in the brains of anesthetized mice, suggesting that AKT is activated
by other mechanisms instead of PI3K activation during anesthesia. Because activation of INK
and MAPK can cause neuron-specific inhibition of PP2A [30], and PP2A is a negative regulator
of AKT [31,32], itis possible that AKT is activated by anesthesia-induced activation of stress-
activated protein kinases via PP2A inhibition. Inhibition of PP2A has been reported in the
brains of anesthetized mice [17]. Activation of AKT might also contribute to
hyperphosphorylation of tau during anesthesia and in AD brain [29].

We have demonstrated in this study that anesthesia led to two phases of tau phosphorylation.
In the early phase (up to 5 min), tau was phosphorylated at Thr181, Ser199, Thr205, Thr212,
Ser262, and Ser404. Because the body temperature was not decreased in the early phase, tau
phosphorylation must result from a hypothermia-independent mechanism. Since stress-
activated protein kinases such as JINK and MAPK were activated during this phase, the early-
phase phosphorylation of tau likely results from activation of these kinases. When mice were
anesthetized for a longer time (1 h), we found that tau was phosphorylated to a much larger
extent at Thrl81, Thr205, Thr212, and Ser262/Ser356 (12E8 sites) and that the body
temperature dropped significantly. Under similar conditions, Planel and colleagues [17] also
observed tau hyperphosphorylation at some phosphorylation sites and hypothermia. These
authors further suggested that tau hyperphosphorylation was not caused by anesthesia per se,
but by anesthesia-induced hypothermia that, in turn, leads to PP2A inhibition. Therefore, as
compared to tau phosphorylation during early-phase anesthesia, tau phosphorylation induced
by 1 h anesthesia appears to result from an additional mechanism that involves in hypothermia
and PP2A inhibition. Two distinct mechanisms leading to tau hyperphosphorylation were also
reported in the brain of insulin-deficient mice [33]. Consistent with our conclusions,
hyperphosphorylation of tau was also observed in brains of arctic ground squirrels during
hibernation [34].

Anesthesia has been associated with cognitive impairment [6-8]. Several studies have
demonstrated that anesthesia may increase the risk for AD [9-11]. Now, we have shown that
anesthesia induced tau phosphorylation at Thr181, Ser199, Thr205, Thr212, Ser262, and
Ser404. These phosphorylation sites are among the hyperphosphorylation sites of tau seen in
the early stage of tau pathology in AD brain. Because abnormal hyperphosphorylation of tau
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d its consequent aggregation play a critical role in neurodegeneration of AD [3-5], the

present study provides a possible explanation of the molecular mechanism by which anesthesia
associates with cognitive impairment in, and increases the risk for, AD. Our further observation
that anesthesia did not induce a global hyperphosphorylation of brain proteins, but instead a

sp

ecific hyperphosphorylation of tau protein at the AD-related abnormal hyperphosphorylation

sites suggests that tau hyperphosphorylation might be a mechanistic bridge linking anesthesia

an

d the risk of cognitive impairment as well as AD.
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Fig. 1.
Site-specific phosphorylation of tau induced by anesthesia. Mouse brains were removed
immediately after being sacrificed by cervical dislocation (control), after inhalation of ether
vapor for 30 sec, or 5 min after intraperitoneal injection of pentobarbital (50 mg/kg body
weight). Homogenates of the forebrains were analyzed by Western blots developed with
phosphorylation-dependent tau antibodies for measuring tau phosphorylation at specific sites
or with a phosphorylation-independent tau antibody 92e that measures total tau level (A). Each
lane represents an individual brain sample. The blots were also quantitated densitometrically
(B). The relative immunoreactivities with each phospho-tau antibody, after being normalized
with 92e immunoreactivity (total tau), are shown as mean + SD. *p < 0.05 vs. controls.
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Fig. 2.

Effects of anesthesia on the levels and phosphorylation/activation of various protein kinases.
(A) Brain homogenates of mice anesthetized by ether inhalation for 30 sec or 5 min after
intraperitoneal injection of pentobarbital were analyzed by Western blots developed with
antibodies against several protein kinases and their phosphorylated/activated counterparts.
Mice sacrificed without anesthesia (by cervical dislocation) were included as controls. Anti-
GSK-34 (pY216) also immunoreacted with phosphorylated GSK-3a (upper band). The anti-
JNK is known to detect both 46-kDa JNK1 and 54-kDa JNK2/3. Actin blot was included as a
loading control. (B) Densitometric quantitation of blots as shown in (A). Actin blot was used
for normalization for quantitation of the kinase levels. Each kinase blot was used for
normalization of quantitation of the phosphorylated/activated form of the corresponding
kinase. “p < 0.05 vs. controls.
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80 100

Body temperature of mice during anesthesia. Rectal temperature of mice during anesthesia
with ether inhalation (A) or intraperitoneal injection of pentobarbital (50 mg/kg body weight)

(B, C). Each line represents an individual mouse.

J Alzheimers Dis. Author manuscript; available in PMC 2010 February 26.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Run et al.

Page 12

25 ~

2 20 A O control

§ 05 min

) * * W1hr

S 15 1

>

IS

E 4o

(0]

=

=

&) 5_ . * * %

% * . *

0 Hull Has" 8 r[l Huw

pT181 pS199 pS202 pT205 pT212 12E8 pS396 pS404

Fig. 4.

Alterations of site-specific tau phosphorylation during anesthesia with pentobarbital. Brain
homogenates of mice either without anesthesia (sacrificed by cervical dislocation) or after
anesthesia with pentobarbital for 5 min or 1 h were analyzed by quantitative Western blots for
tau phosphorylation at several individual phosphorylation sites. Data were calculated after
normalization with the total tau level and are presented as mean + SD. *p < 0.05 vs. controls.
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Fig. 5.
Levels of phosphothreonine of brain proteins in mice after anesthesia with pentobarbital for 5
minor 1h.
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