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Accumulation of the microtubule-binding protein tau is a key event in several neurodegenerative disorders re-
ferred to as tauopathies, which include Alzheimer’s disease, frontotemporal lobar degeneration, Pick’s disease,
progressive supranuclear palsy and corticobasal degeneration. Thus, understanding the molecular pathways
leading to tau accumulation will have a major impact across multiple neurodegenerative disorders. To elucidate
the pathways involved in tau pathology, we removed the gene encoding the beta-2 adrenergic receptors (b2ARs)
from a mouse model overexpressing mutant human tau. Notably, the number ofb2ARs is increased in brains of
AD patients and epidemiological studies show that the use of beta-blockers decreases the incidence of AD. The
mechanisms underlying these observations, however, are not clear. We show that the tau transgenic mice lack-
ing the b2AR gene had a reduced mortality rate compared with the parental tau transgenic mice. Removing the
gene encoding the b2ARs from the tau transgenic mice also significantly improved motor deficits.
Neuropathologically, the improvement in lifespan and motor function was associated with a reduction in
brain tau immunoreactivity and phosphorylation. Mechanistically, we provide compelling evidence that the
b2AR-mediated changes in tau were linked to a reduction in the activity of GSK3b and CDK5, two of the major
tau kinases. These studies provide a mechanistic link between b2ARs and tau and suggest the molecular
basis linking the use of beta-blockers to a reduced incidence of AD. Furthermore, these data suggest that a
detailed pharmacological modulation of b2ARs could be exploited to develop better therapeutic strategies for
AD and other tauopathies.

INTRODUCTION

Tauopathies comprise a class of neurodegenerative disorders
characterized histopathologically by the presence of filamentous
inclusions composed mainly of hyperphosphorylated forms of
tau, a microtubule binding protein (1). In addition to Alzheimer’s
disease (AD)—the most common neurodegenerative disorder,
tauopathies, include conditions such as frontotemporal dementia,
Pick’s disease, progressive supranuclear palsy and corticobasal
degeneration (1). Clinically, these disorders are characterized
by profound behavioral, motor and cognitive alterations that
eventually lead to patients being bedridden. While pathological

accumulation of hyperphosphorylated tau and the consequent for-
mation of neurofibrillary tangles (NFTs) is a critical event in all of
these conditions, more needs to be done to elucidate the molecular
mechanisms leading to tau hyperphosphorylation and aggregation
and the concomitant behavioral deficits.

Aging is the single major risk factor for tauopathies, including
AD and frontotemporal dementia. Thus, it is likely that mole-
cular changes contributing to the aging process may facilitate
tau accumulation and represent common mechanisms across
different tauopathies. Evidence from epidemiological studies
demonstrates that the use of non-selective b-adrenergic recep-
tor antagonists correlates with a lower incidence of AD (2).
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Furthermore, genetic studies indicate that polymorphisms in
the gene encoding the beta-2 adrenergic receptor (b2AR) are
linked to a higher risk of late onset AD (2,3). Consistent with
these data, chronic treatment with b2AR agonists increases
amyloid-b (Ab) load in transgenic mice (4), while the use of
non-selective b-blockers conversely decreases acute stress-
induced Ab production (3). Despite this wealth of data from
human and rodent studies, the link between b2ARs and tau
remains evasive.

The b2ARs belong to the G-protein coupled receptor super-
family and are comprised of seven transmembrane a-helices
and are classically thought to signal via a Gs pathway (5). In re-
sponse to its endogenous ligand norepinephrine, the receptor ac-
tivation stimulates adenylyl cyclase to produce increased levels
of cAMP further driving the activity of protein kinase A (PKA)
and consequent phosphorylation of downstream intracellular
targets (6). They play pleiotropic physiological roles and are
expressed throughout the brain, abundantly in hippocampus
and cortex (7)—the two brain regions responsible for higher cog-
nitive functions. Indeed, the ability of the noradrenergic system
to modulate cognition and behavioral function has long been
recognized (8). Despite being involved in these fundamental
processes, b2AR knockout mice are viable and fertile, suggest-
ing that compensatory changes my overcome the lack of these
receptors (9). Interestingly, in AD brains, b2AR concentrations
are significantly reduced in the thalamus, nucleus basalis of
Meynert and are conversely increased in the frontal cortex,
hippocampus and putamen (10). Since hippocampus and
cortex are two brain areas highly susceptible to the neurodegen-
erative insult in AD and FTLD, these observations led to b2AR
becoming an important subject of investigation in the field of
neurodegeneration (11–13).

Genetically modified mice are a great tool to study human dis-
orders. Several animal models of tauopathies have been gener-
ated by overexpressing mutant human tau (14). In general,
these mice show tau hyperphosphorylation and accumulation
of NFTs; these neuropathological changes are often associated
with severe motor impairments (14). These mice represent an
important tool, not only to test preclinical therapies, but also to
study in vivo mechanistic changes responsible for the underlying
phenotype. Along these lines, here we sought to determine
whether there is a direct link between b2ARs and tau pathology.
Specifically, we used a genetic approach to remove the gene en-
coding the b2ARs from a transgenic mouse overexpressing
mutant human tau. Understanding the role of b2ARs in the
pathogenesis of tauopathies might lead to the identification of
new molecular targets to therapeutically tackle these insidious
neurodegenerative disorders.

RESULTS

To study the role ofb2-adrenergic receptors (b2ARs) in tauopa-
thies in vivo, we used a mouse model overexpressing human
tau harboring the P301S mutation. These mice develop age-
dependent accumulation of tau, which leads to profound motor
deficits and reduced lifespan (15). By breeding tau P301S mice
with b2AR knockout mice, which are viable, grossly normal
and fertile (9), we were able to remove the gene encoding
the b2ARs from the tau P301S mice. Specifically, we bred

hemizygous P301S mice (P301S+/0) with homozygous b2ARs
knockout mice (b2KO/KO). We then bred F1s littermates b2KO/wt;
P301S+/0 to b2KO/wt; P301S0/0 mice. Fifty percent of the off-
spring were heterozygous for theb2ARs and thus were sacrificed
immediately after genotyping (Fig. 1A). The remaining 50% of
the mice had one of the following genotypes and were used for
the experiments described in this study: (i) b2wt/wt; P301S+/0;
(ii) b2KO/KO; P301S+/0; (iii) b2wt/wt; P301S0/0; (iv) b2KO/KO;
P301S0/0. Herein, the b2wt/wt; P301S+/0 mice are referred to as
P301S mice; the b2KO/KO; P301S+/0 as b2KO/P301S mice;
the b2wt/wt; P301S0/0 as control (CTL) mice, and the b2KO/KO;
P301S0/0 as b2KO mice (Fig. 1A).

The P301S mice die prematurely due to weakness and paraly-
sis of the rear limbs, and consequent inability to feed (15). Con-
sistently, we found that at 8 months of age, only 66.7% of the
P301S mice were still alive (Fig. 1B; Table 1). Notably, remov-
ing the b2ARs from the P301S mice improved the observed
hazard rate by a ratio of 2.6 (P ¼ 0.27, with the Cox PH
model, adjusting for sex; Tables 2 and 3); indeed, 88.2% of the
b2KO/P301S mice were still alive at 8 months of age (Fig. 1B;
Table 1). When we examined the body weight of the mice that
remained alive at 8 months of age, we found that there was a
significant difference among the four groups of mice as indicated
by one-way ANOVA (P ¼ 0.001). To determine which group

Figure 1. Removing the gene encoding the b2ARs increases the survival rate in
P301S transgenic mice. (A) Breeding diagram illustrating the step-by-step gen-
eration of experimental mouse colony beginning with hemizygous P301S mice
and homozygousb2KO mouse. (B) Percent survival of each group of experimen-
tal mice by age monthly. At the beginning of the experiment, we had n ¼ 20/
b2KO; n ¼ 18/b2KO/P301S; n ¼ 12/P301S; n ¼ 17/CTL. While only 66.7%
of the P301S mice were still alive at 8 months of age, 88.2% of the b2KO/
P301S mice were alive at the same age. (C) Body weight of experimental mice
at 8 months of age. Data are presented as means+SEM and analyzed by
ANOVA.
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was responsible for the difference, we performed a Bonferroni’s
post hoc analysis and found that the body weight of the b2KO
mice was significantly higher than that of P301S mice (P ,
0.001; Fig. 1C). Taken together, these data demonstrate that
removing the b2ARs from transgenic mice overexpressing
human mutant tau has a positive effect on the general health
and longevity of the tau mice, as shown by the reduction in
mortality hazard rate.

To assess the effects of removing b2ARs on tau-induced
motor deficits, we tested 8-month-old mice in a battery of behav-
ioral tests focused on motor function. Mice were initially tested
in the open field to assess general motor performance. We found
that the spontaneous activity and gross motor function were
similar among the four different groups, as assessed by the dis-
tance covered in the activity chamber and the average speed
during the test (Fig. 2A and B, respectively). To further elucidate
motor function, we tested the mice using the rotarod, which is
widely employed for assessing motor coordination. Mice were
given six trials per day for three consecutive days, during
which the speed of the rotor was accelerated from 0 to 15 revolu-
tions per minute (rpm) in 15 s and then maintained constant at
15 rpm for 75 additional seconds, for a total of 90 s per trial.
Six, 90 s probe trials were conducted on day 4 on a constantly
accelerating rod (1 rpm/s). Although statistically all four groups
of mice performed similarly, we observed a strong trend showing
diminished performance of P301S mice compared with the other
three groups (Fig. 2C). Subsequently, we tested the mice in the
hanging wire test, a test routinely used to measure motor strength

in rodents (16). We found that the latency to fall for CTL mice
was 43.61+ 5.13 s; in contrast, the P301S mice were able to
remain on the rod only 16.04+ 7.76 s (Fig. 2D). Notably, re-
moving the b2ARs from the P301S mice improved their per-
formance in this task; indeed, the b2KO/P301S mice
performed 2-fold better than the P301S mice and their average
latency to fall was 32.38+ 4.20 s. One-way ANOVA indicated
that the difference among the groups was significant (P , 0.05)
and a Bonferroni’s post hoc analysis showed that the P301S mice
performed significantly worse than the CTL mice, while the
b2KO/P301S mice performed as well as the CTL mice
(Fig. 2D). Given that the P301S were significantly impaired
compared with CTL mice and that the b2KO/P301S mice per-
formed as well as the CTL mice, we conclude that removing
the b2ARs from tau transgenic mice significantly improved
motor performance in the hanging wire test, indicative of
motor strength specifically.

At the end of the behavioral tests, mice were 8-month-old; at
this age, the P301S mice show robust tau accumulation and phos-
phorylation (15). To assess the effects of deleting b2ARs on
brain tau pathology, sections from P301S and b2KO/P301S
mice (n ¼ 6/group) were immunostained with HT7, an anti-tau
antibody that recognizes total tau, and AT8, an anti-tau antibody
that recognizes tau phosphorylated at Ser202/Thr205. We
focused our analysis on the basal ganglia, hippocampus and
cortex, three brain regions highly susceptible to tau pathology
in mouse and human brains (1). We found that HT7 (Fig. 3A,
B, G) and AT8 (Fig. 3J, K, P) immunoreactivity was markedly
reduced in the basal ganglia of b2KO/P301S mice compared
with P301S mice. High magnification views of the basal
ganglia highlight how in the P301S mice the vast majority of
neurons show a robust HT7 and AT8 immunoreactivity. In con-
trast, in theb2KO/P301S mice very few neurons are positive for
HT7 and AT8 (Fig. 3A, B, J, K). We observed a similar effect in
the CA1 region of the hippocampus, where the HT7 (Fig. 3C, D, H)
and AT8 (Fig. 3L, M, Q) immunoreactivity was greatly reduced in
theb2KO/P301S mice compared with P301S mice. In contrast, we
found no changes in HT7 (Fig. 3E-F, I) and AT8 (Fig. 3N-O, R)
immunoreactivity in the neocortex. Although removing the
b2ARs from the P301S mice leads to a robust reduction in tau
immunoreactivity in the basal ganglia and hippocampus, further

Table 1. Survival times of mice

Genotype Died Sacd Sum

CTL 1 16 17
b2KO 1 20 21
b2KO/P301S 2 16 18
P301S 4 8 12
Sum 8 60 68

The survival times of mice from all genotypes were modeled using Cox
proportional hazards regression with genotype as a factor and sex as an
explanatory variable.

Table 3. Cox proportional hazard regression (changes relative to P301S mice)

Variable Coef SE_coef Hazard_ratio Lower_95 Upper_95 P-value

Genotype: b2KO 20.2121 1.4146 0.8089 0.0506 12.9428 0.8808
Genotype: b2KO/P301S 0.801 1.2347 2.2277 0.1981 25.0506 0.5165
Genotype: P301S 1.7609 1.1182 5.8175 0.65 52.067 0.1153
Sex M 0.2984 0.7182 1.3477 0.3298 5.5069 0.6777

Table 2. Cox proportional hazard regression (changes relative to CTL mice)

Variable Coef SE_coef Hazard_ratio Lower_95 Upper_95 P-value

Genotype: b2KO 21.9729 1.1183 0.139 0.0155 1.2446 0.0777
Genotype: b2KO/P301S 20.9599 0.878 0.3829 0.0685 2.1404 0.2743
Genotype: CTL 21.7609 1.1182 0.1719 0.0192 1.5385 0.1153
Sex M 0.2984 0.7182 1.3477 0.3298 5.5069 0.6777
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studies are needed to identifywhychanges in tau immunoreactivity
appear to be region specific.

To better quantify the changes in tau phosphorylation between
P301S and b2KO/P301S mice, we measured tau steady-state
levels in sarkosyl soluble and insoluble fractions by western
blot. Notably, hyperphosphorylated tau is less soluble and
more prone to aggregation; indeed, changes in tau phosphoryl-
ation and solubility have often been considered a marker of path-
ology severity and progression (17). In the soluble fraction, we
found that endogenous tau levels were significantly reduced in
the b2KO/P301S mice compared with the P301S mice, as
detected by the Tau 5 antibody (P , 0.0001; Fig. 4A and B),
which is highly selective for mouse tau over human tau (Supple-
mentary Material, Fig. S1). Similarly, removing the gene encod-
ing the b2ARs from the P301S mice significantly reduced the
steady-state levels of human tau, as detected by the HT7 anti-
body (P ¼ 0.04; Fig. 4A and C). In contrast, we found that the
soluble steady-state levels of tau phosphorylated at Ser202/
Thr205 (detected by the AT8 antibody) and at Thr181 (detected
by the AT270 antibody) were similar between the two groups of
mice (Fig. 4A D and E). In the sarkosyl insoluble fraction, we
found a marked and significant decrease in the levels of total
mouse and human tau in the b2KO/P301S mice compared
with P301S mice (P , 0.01; Fig. 4F–H). In contrast to the
soluble fraction, even the steady-state levels of insoluble
phospho-tau were significantly reduced by removing the gene

encoding the b2ARs from the P301S mice. Specifically, we
found a dramatic reduction in the levels of tau phosphorylated
at Ser202/Thr205 and Thr181 in the brains of the b2KO/
P301S mice (P , 0.05; Fig. 4F, I and J). Taken together, these
results clearly and unambiguously show that removing the
gene encoding the b2ARs from transgenic mice overexpressing
mutant human tau greatly reduces tau levels, phosphorylation
and deposition.

To start understanding the mechanisms underlying the
b2ARs-mediated reduction in tau phosphorylation, we focused
on the two major tau kinases, CDK5 and GSK3b. Using
western blot analysis, we found a small but significant reduction
in the steady-state levels of total CDK5 in theb2KO/P301S mice
compared with P301S mice (P ¼ 0.01; Fig. 5A and B). CDK5
activity is facilitated by phosphorylation at tyrosine 15 (18).
Consistent with a decrease in CDK5 activity in the b2KO/
P301S compared with P301S mice, we found that the
steady-state levels of CDK5 phosphorylated at tyrosine 15
were significantly reduced by removing the b2ARs from the
P301S mice (P ¼ 0.02; Fig. 5A and C). Unexpectedly, the
levels of p35, an activator of CKD5, were not statistically differ-
ent between the two groups (Fig. 5A and D). Along with CDK5,
GSK3b is considered another major tau kinase. While changes in
total levels of GSK3b do not correlate with the overall activity of
the protein, the levels of GSK3b phosphorylated at serine 9 are
inversely correlated with GS3Kb activity (19). We therefore
measured the steady-state levels of GSK3b phosphorylated at
serine 9 and found that they were �50% higher in the brains
of the b2KO/P301S mice than the P301S mice (P ¼ 0.02;
Fig. 5A and E). Collectively, these data show that the activities
of the two major tau kinases were reduced by removing the
b2ARs from the brains of the P301S mice, which is consistent
with the previously described reduction in tau pathology
(Figs. 3 and 4).

To further understand the mechanism linking the lack of
b2ARs to the decrease in tau levels and phosphorylation, we
used a candidate approach and assessed intracellular signaling
pathways that have been linked to both b2ARs signaling and
tau biology. We initially focused on AKT, as this kinase has
been shown to be directly regulated by b2ARs signaling and
can directly or indirectly (by activating other kinases) phosphor-
ylate tau (20,21). We found that the steady-state levels of AKT
were significantly different among the groups (P ¼ 0.03 as cal-
culated by one-way ANOVA; Fig. 6A and B). To find out which
group was responsible for this difference, we performed a
Tukey’s multiple comparison test and found that the levels of
AKT were significantly lower in the P301S mice than in WT
mice (P , 0.05; Fig. 6A and B). However, AKT levels were
not statistically different between b2KO/P301S mice and WT
mice, suggesting that removing b2ARs from the P301S mice
restored AKT levels to WT levels. AKT activity is regulated
upon phosphorylation at several amino acids (22). Using a
phospho-specific antibody, we found that the levels of AKT
phosphorylated at Ser473 were similar among the three groups
(P ¼ 0.6; Fig. 6A and C). Other studies are needed to determine
whether other epitopes in AKT are differentially phosphorylated
among the three groups.

JNK and PKA are two other signaling kinases, whose activity
can be regulated via b2ARs and have also been linked to tau
metabolism (6,23–25). We found that the two major isoforms

Figure 2. Genetic suppression of b2AR rescues motor strength. Behavioral
testing was performed on 8-month-old mice (n ¼ 20/b2KO; n ¼ 15/b2KO/
P301S; n ¼ 8/P301S; n ¼ 16/CTL). (A and B) The open-field activity test was
conducted to measure spontaneous activity and general motor function. No stat-
istically significant differences were found among the four groups in the distance
covered during the exploration time or the speed of movement. (C) To measure
motor coordination, we used the accelerating rotarod and found no statistically
significant changes among the four groups analyzed. (D) To measure motor
strength, we used the hanging wire test and found that the P301S mice were sig-
nificantly impaired compared with the CTL mice. In contrast, removing the
b2ARs from these mice partially rescued this phenotype. Data are presented as
means+SEM and analyzed by ANOVA.
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of JNK were differentially affected by the lack of b2ARs in the
P301S mice. Specifically, using an antibody that recognizes JNK
phosphorylated at Thr183 and Thr185, we found that the levels
of phosphorylated p54 JNK isoform were similar among the
three different groups (Fig. 6A and D). In contrast, we found
that the levels of phosphorylated p46 JNK isoform were different
among the three groups (P ¼ 0.01; Fig. 6A and E). Post hoc ana-
lysis indicated that the WT mice had lower levels of phosphory-
lated p46 JNK than the P301S and b2KO/P301S mice (P ,
0.05). However, the levels of phosphorylated p46 JNK were
not statistically different between P301S and b2KO/P301S

mice. These results suggest that changes in JNK phosphorylation
are dependent on the presence of the tau transgene and most
likely do not account for the decrease in tau pathology in the
b2KO/P301S mice.

PKA is activated when cyclic AMP binds to its regulatory sub-
units, which then dissociate from the PKA catalytic subunit (26).
To test for changes in PKA function, we measured the steady-
state levels of PKA regulatory subunits, using an antibody spe-
cific against the PKA regulatory subunit IIa (PKA-rIIa). We
found that the levels of a slow-running isoform of PKA-rIIa
were similar among the three groups (P ¼ 0.15; Fig. 6A and

Figure 3. Genetic suppression ofb2ARs ameliorates neuropathology in hippocampus and basal ganglia of P301S mice. Photomicrographs of three commonly affected
brain regions from P301S andb2KO/P301S mice. Sections were stained with the HT7 antibody, which recognizes total human tau, and AT8 antibody, which recognizes
tau phosphorylated at Ser202/Thr205. (A and B) Representativebasal ganglia sections demonstrate markedly reduced HT7 immunoreactivity inb2KO/P301S mice com-
pared with P301S mice. (C and D) Representative sections of the hippocampal CA1 region. Effect similar to that in basal ganglia is observed with decreased HT7 immu-
noreactivity in b2KO/P301S mice. (E and F) Representative sections of neocortex demonstrates no difference in HT7 immunoreactivity between experimental and
controlmice. (G–I) The HT7immunoreactivity was quantifiedusing ImageJ (n ¼ 6). The values in the y-axes are shownrelative toP301S mice. (J andK) Representative
basal ganglia sections demonstrate markedly reduced AT8 immunoreactivity inb2KO/P301S mice compared with P301S mice. (L and M) Representative sections of the
hippocampal CA1 region. Effect similar to that in basal ganglia is observed with decreased AT8 immunoreactivity inb2KO/P301S mice. (N and O) Representative sec-
tions of neocortex demonstrate no difference in HT7 immunoreactivity between experimental and control mice. (P–R) The HT7 immunoreactivity was quantified using
Image J (n ¼ 6). The values in the y-axes are shown relative to P301S mice. Data are presented as means+SEM and analyzed by Student’s t-test.
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F). In contrast, we found that the levels of a smaller isoform of
PKA-rIIa were significantly different among the three groups
(P , 0.005; Fig. 6A, G). Tukey’s multiple comparison test
showed that the levels of PKA-rIIa were significantly higher
in the P301S mice than the other two groups (P , 0.05).
Notably, we found no statistically significant difference between
WT and b2KO/P301S mice. These data clearly indicate that
the elevated levels of PKA in the P301S mice were rescued by
removing the gene encoding the b2ARs.

DISCUSSION

Tau is a soluble microtubule-binding protein, whose function is to
promote microtubule assembly and stabilization (1). Pathological

tau protein, by contrast, exhibits altered solubility properties,
forms filamentous structures and is abnormally phosphorylated
at selective residues (1). While more needs to be done to dissect
the mechanisms linking tau accumulation to neurodegeneration,
a primary role of tau in several neurodegenerative disorders,
known as tauopathies, is unquestioned. AD, frontotemporal
dementia with Parkinsonism linked to chromosome 17, Pick’s
disease, progressive supranuclear palsy and corticobasal degen-
eration are the major tauopathies (1).

A role for theb2ARs in neurodegeneration has been shown by
several groups using complementary approaches. For example,
early studies have reported that b2ARs are increased in several
brain regions of AD patients, including prefrontal cortex and
hippocampus (10,27). Consistently, epidemiological studies
show that the use of beta-blockers decreases the incidence of

Figure 4. Genetic suppression ofb2AR ameliorates tau levels, phosphorylation and aggregation. (A) Representative western blots of protein extracted from sarkosyl
soluble fractions. (B–E) Quantitative analyses of the blots in panel A show that deletion ofb2ARs decreases the steady-state levels of total endogenous (B) and human
tau (C). However, levels of soluble tau phosphorylated at Ser202/Thr205 (D) and at Thr181 (E) are not affected by this genetic manipulation. (F) Representative
western blots of protein extracted from sarkosyl insoluble fractions. (G–J) Quantitative analyses of the blots in (F) show that deletion of b2AR similarly decreases
the steady-state levels of total endogenous (G) and human tau (H). Similarly, the AT8 (I) and AT270 (J) levels of tau were significantly reduced inb2KO/P301S mice
compared with P301S mice. Quantifications of the western blots were performed by normalizing the protein of interest tob-actin, which was used as a loading control.
n ¼ 6/genotype. Data are presented as means+SEM and analyzed by Student’s t-test. ∗∗∗ indicates P , 0.001; ∗∗ indicates P , 0.01; ∗ indicates P , 0.05.
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developing AD (28). Moreover, polymorphisms in the human
b2AR gene known to alter cellular trafficking and receptor
desensitization (29,30) increase the risk of late onset AD

(2,13,28,31). However, the relation between b2ARs and AD is
not linear as others have reported decreased levels of b2ARs
in various brain regions (32,33). The apparent discrepancy

Figure 5. CDK5 and GSK3b activities are reduced in b2KO/P301S mice. (A) Western blots of proteins extracted from the brains of P301S and b2KO/P301S mice.
(B–E) Quantitative analyses of blots demonstrate that the levels of total CDK5 (B) and CDK5 phosphorylated at Tyr15 (C) are significantly higher in P301S mice
compared with b2KO/P301S mice. However, the levels of p35 (D) remain unchanged. We also found that the levels of GSK3b phosphorylated at Ser9 (E) were sig-
nificantly lower in the P301S mice compared with b2KO/P301S mice. Quantifications of the western blots were performed by normalizing the protein of interest to
b-actin, which was used as a loading control. n ¼ 6/genotype. Data are presented as means+SEM and analyzed by Student’s t-test. ∗ indicates P , 0.05.

Figure 6. Removing the b2ARs restores PKA levels in the P301S mice. (A) Representative western blots of proteins extracted from the brains of CTL, P301S and
b2KO/P301S mice and probed with the indicated antibodies. (B and C) Quantitative analyses of the total and phospho-AKT blots show that total AKT levels were
significantly reduced in the P301S mice compared with WT andb2KO/P301S mice. In contrast, the levels of AKT phosphorylated at Ser473 were similar among the
three groups. (D and E) Quantitative analyses of the p54 and p46 JNK isoforms show that the levels of the p54 isoform were similar among the three groups, while p46
levels were significantly lower in CTL mice compared with the other two groups. (F and G) Quantitative analyses of the levels of the PKA regulatory subunit IIa
indicate that the levels of the low molecular weight band of PKA were significantly different in the brains of P301S mice compared with the other two groups. Quanti-
fications of the western blots were performed by normalizing the protein of interest tob-actin, which was used as a loading control. n ¼ 6/genotype. Data are presented
as means+SEM and analyzed by one-way ANOVA. ∗ indicates P , 0.05.
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between these reports is unclear and further studies are needed to
better integrate these observations.

Work in animal models has suggested possible mechanisms
by which b2ARs can affect the risk of developing AD. For
example, it has been shown that Ab binds to b2ARs (34),
which in turn increases g-secretase activity and Ab production
(4), thereby creating a vicious cycle. We have previously
shown that b2ARs mediate the Ab-induced tau pathology. Spe-
cifically, we showed that deletion of theb2AR gene in an animal
model of AD characterized by Ab accumulation decreases tau
phosphorylation (35). Remarkably, we and others have shown
that in transgenic mice tau pathology is often highly dependent
on Ab levels (36–39). Thus, it remained to be established
whether the b2ARs-mediated changes in tau were due to
changes in Ab metabolism or to a direct link between b2ARs
and tau. Here, we report the first in vivo evidence of a direct
link between b2ARs and tau. We show that removing the gene
encoding the b2ARs from the brains of the P301S transgenic
mice ameliorates motor deficits. Specifically, even though
some of the P301S mice died prematurely, before 8 months of
age, the results of the hanging wire test clearly showed a signifi-
cant improvement in performance for the b2KO/P301S mice
compared with the P301S mice. Notably, we also found a
strong trend for motor improvement in the rotarod; however,
the data did not reach statistical significance. Given that the
P301S mice with the more robust motor deficits are the ones
that died prematurely, it is tempting to speculate that if those
mice had been included in the rotarod, the difference between
the groups might have been larger.

The data presented here indicate that the most profound
changes in tau immunoreactivity in the b2KO/P301S mice are
in hippocampus and basal ganglia, brain regions that show
robust tau pathology in the P301S mice (15); these changes
also correlate with the distribution of b2ARs in the brain (7).
However, the biochemical evidence showing the decrease in
tau levels and phosphorylation was obtained from whole brain
lysates. Thus it is tempting to speculate that the changes seen
at a biochemical level could have been even more accentuated
if one would use tissue from specific brain regions. Tau is a sub-
strate for several kinases, including CDK5 and GSK3b, which
are often considered the two major tau kinases (1). We presented
biochemical evidence indicating that the b2AR-mediated
changes in tau phosphorylation were linked to a decrease in
the activity of CKD5 and GSK3b. Indeed, we showed that the
levels of CDK5 phosphorylated at Tyr15, which correlate with
its activity, were significantly decreased in the b2KO/P301S
mice compared with P301S mice. Similarly, the levels of
GSK3b phosphorylated at Ser9, which inversely correlate with
its activity, were significantly increased after deleting the
b2AR gene in the P301S mice. Additionally, our data suggest
that the decrease in total tau in theb2KO/P301S mice compared
with P301S mice may contribute to the overall decrease in tau
phosphorylation. Further studies are needed to dissect the
exact contribution of CDK5 and GSK3bover a general reduction
in the total steady-state levels of tau.
b2ARs are activated by several environmental factors, includ-

ing stress (40,41). This is highly germane to AD and other
tauopathies as stress increases the risk of developing neurode-
generative disease in people and exacerbates neuropathology
in animal models (42,43). Once activated, the b2ARs mainly

signal via the cyclic AMP/PKA pathway (6). Activated PKA
directly or indirectly modulates other intracellular pathways
including MAP kinase signaling and AKT (6,21). Some of
these pathways have been directly linked to tau phosphorylation.
For example, PKA can directly phosphorylate tau (24,25).
Indeed, several studies have shown that PKA-mediated phos-
phorylation of tau may be an early event leading to tau aggrega-
tion (44–48). Consistent with this observation, here we show
that the levels of PKA strongly correlate with the b2ARs-
mediated changes in tau phosphorylation in the brains of the
P301S and b2KO/P301S mice. Thus, we suggest that removing
theb2ARs from the brains of the P301S mice decreases PKA sig-
naling, ultimately leading to reduced tau phosphorylation.

Whileb2ARs signaling is important for learning and memory
(49–51), chronic activation is detrimental (52); more studies are
needed to determine whether the temporal profile or the degree of
b2ARs activation have differential effects on AD. Nevertheless,
to our knowledge, this is the first investigation aimed at establish-
ing whether removing the gene encoding the b2ARs has a direct
effect on tau pathology in the absence of Ab. Identifying whether
there is a direct interaction betweenb2ARs and tau will not only
lead to a better understanding of the role of b2ARs in AD, but it
will also be crucial in determining the role of b2ARs in other
tauopathies. In summary, our findings show that reducing
b2ARs signaling greatly reduces tau pathology in a mouse
model of tauopathies. These effects are most likely mediated
by changes in key kinases known to phosphorylate tau. Our
data suggest that a detailed pharmacological modulation of
b2ARs could be exploited in order to develop better therapeutic
strategies for AD and other tauopathies.

MATERIALS AND METHODS

Mice

The b2AR knockout and the P301S transgenic mice have been
described previously (9,15). Mice were kept on 12 h light/dark
cycle and body weight was determined at the end of the treat-
ment. All animal procedures were approved by The Institutional
Animal Care and Use Committee of The University of Texas
Health Science Center at San Antonio.

Four limb hanging wire test

The hanging wire test was performed using a mesh feeder grid
with its edges taped off to keep a mouse in a limited area and
prevent it from climbing over. Each animal was placed on the
wire mesh and lightly shaken three times to allow to grip onto
the mesh. The grid was then flipped upside down, thereby invert-
ing an animal over the open cage so that it had to hold on to the
wire to avoid falling. Importantly, the distance between the
hanging grid and the floor of the cage was maintained at
�30 cm—short enough to prevent any animal injury during
fall, and large enough to keep an animal from casually
jumping off the grid without fearing to fall. Each mouse under-
went three trials, 30 min apart. The first two trials served to famil-
iarize the mouse with the testing conditions and train to grip. The
subsequent probe trial was used to collect final latency to fall
measurements. The latency time measurements began from the
point when the grid was flipped over and ended with the
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animal falling into the cage under the grid. No attempt was made
to force compliance during any of the various trials. In cases
where an animal was unable to hang from the wire for at least
1 s, a fall time of zero was noted for that trial. The duration of
training and probe trials was capped at 60 s, meaning no
mouse was left to hang but was removed from the grid after
this time passed.

Rotarod

This test was performed as previously described (53). Briefly,
each mouse was trained for three consecutive days (six consecu-
tive trials/day, at least 30 min apart) where the speed of the rotor
was accelerated from 0 to 15 rpm in 15 s and then maintained
constant at 15 rpm for 75 additional seconds, for a total of
90 s. Twenty-four hours after the last training session, the mice
were tested in a probe trial consisting of six consecutive trials
on a constantly accelerating rod (1 rpm/s). The latency to fall
was then recorded, which is indicative of motor abilities and
coordination.

Sarkosyl extraction and western blots

Mice were sacrificed by CO2 asphyxiation and their brains
removed and sagittally bisected. Half of the brain was frozen
in dry ice and used for biochemical evaluation, while the other
half was dropped-fixed in 4% paraformaldehyde and used for
histological and immunohistochemical evaluation. Frozen
brains were homogenized in 1.4 ml of cold buffer H (10 mM

Tris–HCl, 1 mM EGTA, 0.8 M NaCl, 10% sucrose, pH 7.4)
using dounce homogenizer, after which they were centrifuged at
27 200 g for 20 min at 48C. Supernatant was saved and pellet
re-homogenized using 22 and 27 gauge needles in 1.4 ml cold
buffer H and centrifuged at 150 000 g for 15 min at 48C. Super-
natant was saved and combined with the one from first spin. The
total volume was adjusted to 1% (w/v) N-lauroylsarcosine and
samples were incubated at 378C with shaking for 90 min, after
which they were centrifuged at 150 000 g for 35 min at 208C.
The resulting supernatant was collected and used for western blot-
ting as sarkosyl soluble fraction. The pellet was re-suspended in
70 ml of 50 mM Tris–HCl, pH 7.4 and used as sarkosyl insoluble
fraction. Proteins were resolved using precast SDS/PAGE gels as
described previously (54). Blot quantification was conducted by
the Image J software.

Immunohistochemistry

Fifty micrometer thick free-floating sections were obtained from
fixed brains using a vibratome. Sections were stored in 0.02%
sodium azide in PBS. For the experiment, sections were
washed twice with TBS (100 mM Tris pH 7.5; 150 mM NaCl),
5 min each, followed by a 30 min incubation in 3% H2O2, to
quench endogenous peroxidase activity. Next, sections were
transferred into TBS-A (100 mM Tris pH 7.5; 150 mM NaCl;
0.1% Triton X-100) and TBS-B (100 mM Tris pH 7.5; 150 mM

NaCl; 0.1% Triton X-100; 2% BSA) for 15 and 30 min, respect-
ively, to block non-specific binding. Finally, the AT8 antibody
(1 : 1000) was applied overnight at 48C; antibody dilution was
made in TBS-B. Sections were washed three times in TBS and

incubated with a mouse secondary antibody for 1 h at room
temperature and developed as described previously (55).

Statistical analyses

All data were analyzed using GraphPad Prism, GraphPad Soft-
ware, San Diego, CA, USA, www.graphpad.com. Data were
analyzed by one- or two-way ANOVA followed by Tukey or
Bonferroni post hoc analysis. When applicable, data were ana-
lyzed by Student’s t-test, as specified in the results section.
The survival data were analyzed by using a Cox regression
analysis.
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