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Abstract

There is a need to seek new treatment(s) for Alzheimer's disease (AD). A recent study showed that

AD patients may have decreased levels of functional GABA receptors. Propofol, a commonly

used anesthetic, is a GABA receptor agonist. We therefore set out to perform a proof of concept

study to determine whether chronic treatment with propofol (50 mg/kg/week) can improve

cognitive function in both aged wild-type (WT) and AD transgenic (Tg) mice. Propofol was

administrated to the WT and AD Tg mice once a week for 8 or 12 weeks, respectively. Morris

water maze was used to assess the cognitive function of the mice following the propofol treatment.

Activation of caspase-3, caspase-9, and caspase-8 was investigated using western blot analysis at

the end of the propofol treatment. In the mechanistic studies, effects of propofol, amyloid-β

protein (Aβ), and GABA receptor antagonist flumazenil on caspase-3 activation and opening of

the mitochondrial permeability transition pore were assessed in H4 human neuroglioma and

mouse neuroblastoma cells by western blot analysis and flow cytometry. Here we showed that the

propofol treatment improved cognitive function and attenuated brain caspase-3 and caspase-9

activation in both aged WT and AD Tg mice. Propofol attenuated Aβ-induced caspase-3 activation

and opening of the mitochondrial permeability transition pore in the cells, and flumazenil inhibited

the propofol's effects. These results suggested that propofol might improve cognitive function via

attenuating the Aβ-induced mitochondria dysfunction and caspase activation, which explored the

potential that anesthetic propofol could improve cognitive function in elderly and AD patients.
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INTRODUCTION

Alzheimer's disease (AD), an aging associated disorder, is the most common form of

dementia, and is characterized by global cognitive decline and the robust accumulation of

amyloid deposits and neurofibrillary tangles in the brain (reviewed in [1]). The current

treatments for AD are acetylcholinesterase inhibitor donepezil (Aricept), rivastigmine

tartrate (Exelon), galantamine hydrobromide (Razadyne), and noncompetitive antagonist of

the N-methyl-D-aspartate (NMDA) receptor memantine hydrochloride (Namenda), which

were approved by the Food and Drug Administration in 1996, 1998, 2001, and 2003,

respectively (reviewed in [2]). Numerous additional medications and substances have also

been investigated, aiming to treat or prevent AD. Recently, bapineuzumab, a humanized

anti-amyloid-β (Aβ) monoclonal antibody [3], and solanezumab, another humanized

monoclonal antibody [4] failed to improve cognitive function in AD patients. Therefore,

seeking innovative AD therapeutics is important.

Accumulation and deposition of Aβ and caspase activation have been reported as parts of

AD neuropathogenesis (reviewed in [1]). Specifically, increasing evidence suggests a role

for caspase activation and apoptosis in AD neuropathogenesis ([5–14], reviewed in [15,

16]), even though the contribution of apoptosis to neuronal loss in AD remains debatable

(reviewed in [17, 18]). This is most likely due to the long duration of AD and very rapid

clearance of apoptotic cells from organs. A recent study suggests that caspase activation

even without apoptosis can contribute to AD neuropathogenesis [19]. Mitochondrial

dysfunction may also contribute to AD neuropatho-genesis ([20], reviewed in [1, 21]).

Specifically, it has been reported that mitochondrial dysfunction causes caspase activation

[22–24], which then leads to AD neuropathogenesis [19, 25–27]. Furthermore, a recent

study has shown that AD patients may have an age-dependent decrease of gamma-

aminobutyric acid (GABA) currents in the AD brain, and this reduction was associated with

decreased mRNA and protein levels of GABA receptor subunits [28]. These findings

suggest that enhancing GABA neurotransmission could be a strategic potential of AD

treatment.

Propofol (2, 6-disopropylphenol), an intravenous anesthetic, is a GABA receptor agonist

[29]. Propofol can attenuate the caspase-3 activation and Aβ oligomerization induced by the

anesthetic isoflurane [30]. Moreover, preliminary data have shown that propofol may

improve cognitive function in humans [31]. However, the effects of propofol on learning

and memory function in animals still remain controversial [32–36]. Moreover, these studies

assessed the acute effects of propofol on the learning and memory in rodents. The effects of

chronic treatment with propofol on the learning and memory function in rodents have not

been assessed.
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We therefore set out to test a hypothesis that weekly treatment with propofol can attenuate

the aging and AD gene mutation-associated caspase-3 activation and enhance cognitive

function in aged wild-type (WT) mice and AD transgenic (Tg) mice. The rationale to

establish a weekly treatment of propofol in mice is to promote further studies, which may

ultimately lead to utilization of a chronic treatment of propofol to improve cognitive

function in humans. The AD Tg mice [B6.Cg-Tg (APPswe, PSEN1dE9) 85Dbo/J] have the

same genetic background as the WT mice (C57BL/6J) but with two mutant genes linked to

familial AD: APP and PSEN1 [37, 38]. The senile plaques and increases in levels of soluble

and insoluble Aβ40 and Aβ42 were detected in these AD Tg mice as early as 4 months of age

[37]. The radial arm water maze test showed that the AD Tg mice developed cognitive

impairments starting at 6 months of age as compared to the WT controls, and the cognitive

impairments were exacerbated at 12 months [38].

Finally, in H4 human neuroglioma cells and mouse neuroblastoma cells, we investigated the

potential mitochondria and GABA receptor-associated underlying mechanisms by which

propofol might attenuate the caspase-3 activation.

MATERIALS AND METHODS

Mice and cells

The animal protocol was approved by the Standing Committee on Animals at Massachusetts

General Hospital, Boston, Massachusetts. WT mice (C57BL/6J), The Jackson Lab, Bar

Harbor, ME) and AD Tg mice [B6.Cg-Tg (APPswe, PSEN1dE9) 85Dbo/J (The Jackson

Laboratory) were used in the study. There were 10 WT or 10 AD Tg mice in the propofol

treatment group or control group, respectively. We employed H4 human neuroglioma cells

(H4 naïve cells) and mouse neuroblastoma cells (N2A cells) for the mechanistic studies.

Treatment for mice

As demonstrated in the diagram (Fig. 1), the WT mice, at the age of 18 months, were

randomized by weight and gender into experimental groups, which received propofol (APP

Pharmaceuticals, Inc., Schaumburg, IL) treatment [50 mg/kg, intraperitoneal (IP) injection],

and control groups, which received the same volume of saline, once a week every Saturday

(day 1, 7, 14 and 21 in the diagram) for four weeks. The treatment with 50 mg/kg propofol

induced sedation in the mice, as evidenced by decreased function of the righting reflex.

After the fourth (the last) dosing (day 21 in the diagram), the mice were tested in the Morris

water maze (MWM) from Sunday to Thursday. The mice received another round of

propofol or saline treatment on Saturday (day 28 in the diagram) for another four weeks (day

28, 35, 42, and 49), followed by MWM test from Sunday to Thursday (day 50 to 54 in the

diagram). The AD Tg mice, at 19 months, were randomized by weight and gender into

experimental groups, which received 50 mg/kg propofol (IP) weekly for four weeks, and

control groups, which received saline weekly for four weeks, and assessed the cognitive

function in the mice. We continued the treatment with 50 mg/kg propofol and the

assessment of learning and memory function for an additional 8 weeks (total of 16 weeks).
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Treatment for H4 naïve cells and N2A cells

In the in vitro caspase activation studies, H4 naïve cells were treated with DMSO or 5 μM

Aβ42 for 1 h, followed by 100 μM propofol or saline for 6 h as described in our previous

studies with modification [30]. N2A cells were treated with DMSO or 5 μM Aβ42 (Yale

University, New Haven, CT) for 1 h, followed by the treatment with 100 μM propofol or

saline for 3 h in the mPTP studies as described in our previous studies [39]. In the

flumazenil (Sigma, St. Louis, MO) experiments, 20 μM flumazenil [40] was added

immediately after Aβ administration in the H4 naïve cells and in the N2A cells.

Tissue preparation

One day after the last propofol or saline treatment (e.g., day 56 in the diagram), mice were

decapitated, and the brain cortex and hippocampus were harvested. The harvested cortex or

hippocampus was homogenized on ice with an immunoprecipitation buffer (10 mM Tris-

HCl, pH 7.4, 150 mM NaCl, 2 mM ethylenediaminetetraacetic acid, 0.5% Nonidet P-40)

plus protease inhibitors (1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin A). The

lysates were centrifuged at 14,000 rpm for 15 min, and quantified for total protein

concentration by a bicinchoninic acid protein assay kit (Pierce, Iselin, NJ). The harvested H4

naïve cells and brain tissues were subjected to western blot analyses as described in our

previous studies [30, 39].

Western blot analysis

A caspase-3 antibody (1:1000 dilution; Cell Signaling Technology, Danvers, MA) was used

to recognize full-length caspase-3 (35–40 kDa) and caspase-3 fragment (17–20 kDa)

resulting from cleavage at aspartate position 175. Caspase-8 antibody (Cell Signaling) and

caspase-9 antibody (Cell Signaling) were used to detect caspase-8 (18 kDa) and caspase-9

(17 kDa), respectively. Antibody anti-β-Actin (1:10,000, Sigma) was used to detect β-Actin

(42 kDa). Each band in the western blot represented an independent experiment. The results

were averaged from 6 to 12 independent experiments. We quantified the western blots in

two steps. First, we used β-Actin levels to normalize protein levels (e.g., determining the

ratio of caspase-3 fragment to β-Actin amount) and to control for loading differences in the

total protein amount. Second, we presented protein level changes in brain tissues of mice or

cells treated with propofol as a percentage of those in the control group. 100% of protein

level changes refer to control levels for the purpose of comparison to experimental

conditions.

Flow cytometric analysis of mitochondrial permeability transition pore (mPTP) opening

Opening of mPTP (MitoProbe Transition Pore Assay Kit, Invitrogen, Carlsbad, CA) was

detected by flow cytometry as described in our previous studies [41]. Briefly, in normal

conditions, the non-fluorescent acetoxymethyl ester (AM) of calcein dye (calcein AM) and

cobalt can enter the cells. The acetoxymethyl ester groups are cleaved from calcein via non-

specific esterase, and calcein can then show fluorescence signal in both the cytosol and

mitochondria. Cobalt can quench the cytosolic calcein signal. However, cobalt cannot enter

healthy mitochondria freely, and therefore cannot quench the mitochondrial calcein signal.

When the opening of mPTP occurs, cobalt enters through the pore and subsequently
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quenches the mitochondrial calcein signal. Flow cytometry was used to detect the amount of

cells that exhibit quenched calcein signal inside the mitochondria. The location of the curves

indicates the amount of such cells, which suggests the opening of mPTP. Inomycin was used

as a positive control for the opening of mPTP in the experiments. Dead cells and debris were

excluded from analysis by gates set on a forward and side angle light scatter.

Morris water maze (MWM)

MWM was carried out to assess spatial learning and memory function as previously

described with modification [42–44]. Briefly, all mice were trained to swim to a hidden

platform in four trials per day for 5 days (day 1–5) starting one day after the fourth treatment

with propofol. The mice were given 90 s to find the platform and allowed to stay for 10–15 s

before being removed from the pool. If a mouse could not find the platform within 90 s, it

was gently guided to the platform and allowed to remain there for 10–15 s. The platform

was placed in the target quadrant for all trials within one MWM test, but the starting points

were random for each mouse. The WT mice had two MWM tests and the AD Tg mice had

four MWM tests. The platform was randomly placed in different target quadrants in each of

these MWM tests. We trained the mice by using a cue on the wall (cued training). We

measured the time it took for each mouse to reach the platform (escape latency) and used

this as the learning score. On the fifth day, we also tested the memory of each mouse by

removing the platform and measuring the number of times the mouse crossed the platform

area with the same cue to obtain the memory score. We compared the learning and memory

score and swimming speed between the mice in the propofol groups and saline groups.

Statistics

Given presence of background caspase activation in cells or brain tissues of mice, we did not

use absolute values to describe these changes. Instead, the caspase activation was presented

as a percentage of that of the control group. Data were expressed as mean ± standard

deviation (SD). The number of samples in vitro varied from 6 to 10, and the samples were

normally distributed (tested by normality test). For MWM test, escape latency (expressed as

mean ± SD) were recorded to assess ability of learning. Escape latency was analyzed by

two-way ANOVA for interaction between treatment and time. Post-hoc test (Bonferroni)

was used to compare the difference in escape latency between the control and anesthesia

group in each day of the MWM. Platform crossing times, which assessed the ability of

memory, was analyzed by Mann-Whitney test. Student-t test was used to analyze the

difference between Aβ, propofol, and/or flumazenil on caspase-3 activation. p-values less

than 0.05 and 0.01 were considered statistically significant. SAS software (Cary, NC) and

Prism 6 software (La Jolla, CA) were used to analyze the data.

RESULTS

Propofol improved cognitive function in aged WT mice

The effects of propofol on learning and memory have been investigated but remain

controversial [32–36]. We therefore set out to determine whether weekly treatment with

propofol can enhance cognitive function and attenuate the aging and AD gene mutation-

associated caspase-3 activation in the brain tissues of aged WT mice and AD Tg mice. In the
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MWM test (Fig. 2), the propofol treatment decreased the escape latency of MWM as

compared to saline treatment in the aged WT mice at four weeks (Fig. 2A) and 8 weeks (Fig.

2B) after the treatment. Two-way ANOVA with repeated measurement illustrated a

significant interaction of time and group in the escape latency during the reference training

between the propofol and saline treatment (Fig. 2A, F = 2.918, p = 0.027; Fig. 2B, F =

2.510, p = 0.049). The post hoc test showed that the mice that received the propofol

treatment had shorter escape latency than the mice that had saline treatment at day 23, day

24, day 25 (Fig. 2A), and day 51 and day 52 (Fig. 2B). The propofol treatment did not

significantly alter the platform crossing times in the MWM test (data not shown). There was

no significant difference in swimming speed between the mice receiving propofol treatment

and the control mice (data not shown). These results suggested that the weekly treatment

with propofol might specifically improve the spatial learning function in the aged mice.

Propofol attenuated caspase-3 activation through the mitochondrial pathway in aged WT
mice

Caspase activation in the brain, even without apoptosis, has been reported to be part of AD

neuropathogenesis and to contribute to cognitive dysfunction [19]. It is also known that

aging is a risk factor of AD [1]. Given that the chronic treatment of propofol could improve

the learning function in the aged mice, next, we determined the potential underlying

mechanisms by assessing the effects of the chronic treatment of propofol on caspase-3

activation in brain tissues. First, we assessed and compared the caspase-3 activation in the

cortex of 8 month-old WT mice and 20 month-old mice. Immunoblotting of caspase-3

showed that there was a visible increase in the levels of caspase-3 fragment in the cortex of

20 month-old mice as compared to that of 8 month-old mice (Fig. 3A). The quantification of

the western blot, based on the ratio of caspase-3 fragment to full-length caspase-3, illustrated

that there was a greater baseline caspase-3 activation in the cortex of 20 month-old mice

than that in the cortex of 8 month-old mice (Fig. 3B): 152% versus 100%, p = 0.020. These

data suggested that greater caspase-3 activation in brain tissues could be associated with

aging. Then, we assessed the effects of the chronic treatment with propofol on the aging-

associated caspase-3 activation. The brain tissues were harvested one day after the final

propofol treatment. Immunoblotting of caspase-3 found that the mice following the chronic

propofoltreatmenthadlowervisiblelevelsofcaspase-3 fragment in the cortex as compared to

the mice following saline treatment (Fig. 3C). The quantification of the caspase-3 activation,

based on the ratio of caspase-3 fragment to the full-length-caspase-3, showed that propofol

attenuated the caspase-3 activation (Fig. 3D): 48% versus 100%, p = 0.016. Moreover,

propofol also attenuated the caspase-3 activation in the hippocampus

ofthemiceascomparedtothesalinetreatment(Fig.3E, F): 61% versus 100%, p = 0.0084. Taken

together, these findingssuggestedthatanestheticpropofolmightattenuate the aging-associated

caspase-3 activation in both the cortex and hippocampus of mice.

Next, we asked whether propofol could specifically attenuate the mitochondria- or death

receptor-associated caspase-3 activation. We therefore assessed the effects of propofol on

caspase-9 (the marker of mitochondria-associated caspase activation) [45] and caspase-8

(the marker of death receptor-associated caspaseactivation)

[45]inthebraintissuesofthemice.The immunoblotting of caspase-9 showed that there was a
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visible reduction in the caspase-9 fragment level in the cortex of mice following propofol

treatment as compared to saline treatment (Fig. 4A). The quantification of the western blot

demonstrated that there was a reduction of caspase-9 fragment level in the cortex of mice

following propofol treatment as compared to the saline treatment (Fig. 4B): 72% versus

100%, p = 0.007. We also found that there was a reduction of caspase-9 fragment level in

the hippocampus of the mice following the propofol treatment as compared to the saline

treatment (Fig. 4C, D): 45% versus 100%, p = 0.023. There was no significant difference in

the caspase-8 fragment level in the cortex and hippocampus of the mice following either the

propofol treatment or the saline treatment (data not shown). Collectively, these findings

suggested that propofol might specifically affect the mitochondria-associated caspase

activation, leading to attenuation of the caspase-3 activation in brain tissues (cortex and

hippocampus) of the aged mice.

Propofol improved cognitive function in AD Tg mice

Given the fact that the chronic propofol treatment could improve cognitive function and

attenuate the brain caspase-3 activation in WT aged mice, we assessed the effects of chronic

treatment with propofol on cognitive function in the AD Tg mice. We treated the mice with

50 mg/kg propofol weekly. After four weeks (the 1st four week) of treatment, the propofol

treatment did not significantly alter the escape latency of MWM (Fig. 5A, F = 0.850, p =

0.600, two-way ANOVA with repeated measurement). The propofol treatment did not

significantly alter the escape latency of MWM after another four weeks (the 2nd four week)

of treatment (Fig. 5B, F = 1.261, p = 0.300, twoway ANOVA with repeated measurement).

However, after another four weeks (the 3rd four week) of treatment with propofol, the

propofol treatment started to decrease the escape latency of MWM (Fig. 5C, F = 2.737, p =

0.040, two-way ANOVA with repeated measurement). Specifically, the propofol treatment

decreased the escape latency at day 82 after the propofol treatment (post hoc test). Finally,

two-way ANOVA with repeated measurement illustrated a significant interaction of time

and group between the propofol treatment and control at 16 weeks (the 4th four week) of

treatment, and the propofol treatment reduced the escape latency in the MWM test (Fig. 5D,

F = 4.068, p = 0.0068). The propofol treatment decreased the escape latency at day 109 after

the propofol treatment (post hoc test). There was no significant difference in swimming

speed between the mice that received propofol treatment and the control mice (data not

shown). Collectively, these results suggested that treatment with propofol at the dose of 50

mg/kg/week might improve the cognitive function in the AD Tg mice.

Propofol attenuated caspase-3 activation through the mitochondrial pathway in AD Tg
mice

Next, we assessed the effects of the chronic propofol treatment on caspase-3 activation in

the brain tissues of AD Tg mice. The brain tissues were harvested one day after the last

propofol treatment. Immunoblotting of caspase-3 showed that there was a visible increase in

the caspase-3 fragment levels in the cortex of 22 month-old AD Tg mice as compared to that

of 20 month-old WT mice (Fig. 6A). The quantification of the western blot illustrated that

there was a greater baseline caspase-3 activation in the cortex of 22 month-old AD Tg mice

than that of 20 month-old WT mice (Fig. 6B): 144% versus 100%, p = 0.036. These data
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suggested that greater caspase-3 activation in brain tissues could be associated with AD gene

mutation (e.g., APP and PSEN1).

Then, we assessed the effects of the chronic propofol treatment on the AD gene mutation-

associated caspase-3 activation in the 22 month-old AD Tg mice. Immunoblotting of

caspase-3 found that the mice following the propofol treatment had a lower visible level of

caspase-3 fragment in the cortex as compared to the mice following saline treatment (Fig.

6C). The quantification of the caspase-3 activation showed that the propofol treatment

attenuated the caspase-3 activation in the cortex of the AD Tg mice (Fig. 6D): 70% versus

100%, p = 0.018. Moreover, propofol also attenuated the caspase-3 activation in the

hippocampus of the AD Tg mice as compared to the saline treatment (Fig. 6E, F): 63%

versus 100%, p = 0.039. Taken together, these findings suggested that the chronic treatment

with propofol might attenuate the AD gene mutation-associated caspase-3 activation in both

the cortex and hippocampus.

Next, we found that the chronic propofol treatment specifically attenuated the caspase-9 (the

marker of mitochondria-associated caspase activation) in the cortex (Fig. 7A, B): 82%

versus 100%, p = 0.046, and hippocampus (Fig. 7C, D) of the AD Tg mice: 59% versus

100%, p = 0.001. The propofol treatment did not attenuate the caspase-8 activation (the

maker of death receptor-associated caspase activation) in the cortex and hippocampus of the

AD Tg mice (data not shown). Taken together, these findings suggested that the chronic

propofol treatment might specifically affect the mitochondria-associated caspase activation,

leading to attenuation of the caspase-3 activation in the brain tissues (cortex and

hippocampus) of AD Tg mice.

Propofol attenuated Aβ-induced caspase-3 activation and mPTP opening through GABA
receptors

Aβ accumulation is observed in brain tissues of aged mice [46] and AD Tg mice [37, 38],

and Aβ has been shown to induce caspase-3 activation in H4 human neuroglioma cells (H4

naïve cells) [47]. We therefore set out an in vitro study to assess the effects of propofol on

the Aβ-induced caspase-3 activation in the H4 naïve cells. We found that the treatment with

5 μM Aβ for six hours induced caspase-3 activation in the H4 naïve cells (lane 5 and 6 in

Fig. 8A, and grey bar in Fig. 8B, p = 0.020). The treatment with 100 μM of propofol (lanes 7

and 8 in Fig. 8A, and net bar in Fig. 8B, p = 0.008) attenuated the Aβ-induced caspase-3

activation in the cells. Propofol is a GABA receptor agonist [29] and flumazenil is the

GABA receptor antagonist [48]. Treatment with flumazenil alone did not significantly alter

the caspase-3 activation (lanes 3 and 4 in Fig. 8A, the black bar in Fig. 8B), however, the

treatment of flumazenil mitigated the effects of propofol on attenuating the Aβ-induced

caspase-3 activation (lanes 9 and 10 in Fig. 8A, and dot bar in Fig. 8B, p = 0.030). These

data suggested that propofol might attenuate the Aβ-induced caspase-3 activation, possibly

via its action on GABA receptors.

Mitochondrial dysfunction is associated with caspase activation and apoptosis [49].

Specifically, the opening of mitochondrial permeability transition pore (mPTP) has been

shown to be the upstream mechanism of anesthetic-induced caspase activation and

neurotoxicity in the mouse neuroblastoma cells [41]. We therefore assessed the effects of
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propofol and Aβ on the opening of mPTP in the mouse neuroblastoma cells. Flow

cytometric analysis of immunocytochemistry staining of calcein AM and cobalt showed that

the treatment with 100 μM of propofol attenuated the opening of the mPTP induced by the

treatment with 5 μM of Aβ, as evidenced by an increase in the intensity of fluorescence in

the cells treated by propofol (Fig. 9A, peak 4) as compared to that detected in Aβ-treated

cells (Fig. 9A, peak 3). Moreover, we found that flumazenil reversed the protective effect of

propofol on the Aβ-induced mPTP opening (Fig. 9B, peak 4 versus peak 3) in the mouse

neuroblastoma cells. Taken together, these findings suggested that aging or AD gene

mutation-associated Aβ accumulation may induce the opening of the mPTP, which caused

mitochondrial dysfunction, leading to caspase-3 activation and cognitive impairment.

Anesthetic propofol might attenuate caspase activation and improve cognitive function by

blocking the Aβ-induced mPTP opening and mitochondrial dysfunction (Fig. 10).

DISCUSSION

In the current study, we assessed whether weekly treatment of anesthetic propofol could

improve cognitive function and attenuate brain caspapse-3 activation in both aged WT mice

and AD Tg mice. We found that the weekly treatment of propofol in both aged WT mice

and AD Tg mice was able to improve the cognitive function (Figs. 2 and 5) and attenuate

brain caspase-3 activation (Figs. 1 and 4) as compared to the weekly treatment of saline

control. Note that the current studies only served as pilot investigation and established a

system to further assess the effects of chronic treatment with propofol on neurochemistry

and neurobehavioral changes. The long-term goal is to use the established pre-clinical

system to further assess the effects of propofol on brain function and the underlying

mechanisms.

In the mechanistic investigations, we first found that there was a greater brain caspase-3

activation in aged WT mice as compared to young WT mice and in aged AD Tg mice as

compared to aged WT mice (Figs. 3 and 6). Then, we found that a treatment with 50 mg/kg/

weekly for 8 and 16 weeks decreased the caspase-3 activation in both cortex and

hippocampus of the WT and AD Tg mice, respectively (Figs. 3 and 6), potentially through

the mitochondrial pathway of caspase activation (Figs. 4 and 7).

Aging [46] and the mutations of the AD gene [37] are associated with accumulation of Aβ.

The in vitro studies showed that propofol was able to attenuate the Aβ-induced caspase-3

activation and opening of the mPTP, and these effects were inhibited by GABA receptor

antagonist flumazenil (Figs. 8 and 9). Taken together, we hypothesized that propofol might

decrease the Aβ-induced caspase-3 activation in aged and AD Tg mice brain through its

action on GABA receptors, leading to the improvement of cognitive function in the aged and

AD Tg mice (Fig. 10). Future studies to test this hypothesis are warranted, which could lead

to novel treatment(s) for AD and cognitive impairment.

Previous studies reported that there were reduced mRNA levels of GABA receptor in both

the prefrontal cortex [50] and hippocampus [51, 52] of AD brains. A recent study found that

there was a reduction of GABA current in AD patients’ brains, which was associated with

reduction of both mRNA and protein levels of principal GABA receptor subunits in the
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brains [28]. All of these studies suggested that manipulating GABAergic signaling could be

a potential treatment of AD. Consistently, we found that propofol, an anesthetic which is a

GABA agonist, improved cognitive function in the aged and AD Tg mice. The future studies

may include the experiments to assess whether other GABA agonists have similar effects.

Opening of the mPTP in mitochondria has been reported to lead to caspase activation [22–

24, 53], which may contribute to cognitive dysfunction [19, 25–27]. In the current studies,

anesthetic propofol mitigated the Aβ-induced mPTP opening and flumazenil inhibited the

effects of propofol. Taken together, these findings suggested that regulation of GABA

neuro-transmission and mPTP opening by anesthetics may lead to improvement of cognitive

function. Future studies to test this hypothesis may provide targeted interventions to improve

the cognitive dysfunction. The outcomes from these pre-clinical studies might promote

further studies, which could lead to the development of employing a weekly treatment of

propofol to improve cognitive function in AD and senior patients. Moreover, the findings

that propofol could improve cognitive function suggest that propofol would be a better

choice of anesthetic when providing anesthesia care for AD and senior patients.

The studies have several limitations. First, we did not determine the dose-dependent effects

of propofol on caspase-3 activation and cognitive function in the aged and AD Tg mice,

because these AD Tg and aged mice are expensive and not easy to obtain. Different doses of

propofol may cause neurotoxic [54–56] and neuroprotective [57–59] effects. It is possible

that different doses of propofol may neither attenuate the caspase-3 activation nor improve

the cognitive function in the aged and AD Tg mice. Nevertheless, the outcomes from the

current studies demonstrated a potential new concept, which may lead to a better

understanding of the neuropathogenesis of aging and AD-associated cognitive dysfunction

and novel treatment of the cognitive dysfunction. These findings will hopefully promote

more studies to further determine whether: 1) chronic treatment of propofol can be used to

treat cognitive dysfunction in humans; and 2) propofol is a better anesthetic for the

anesthesia care of senior and AD patients, who are vulnerable to develop cognitive

dysfunction. Second, we did not assess whether there is a cause-effect relationship of

propofol on GABA action, caspase-3 activation, and cognitive function in the mice by

determining whether flumazenil can rescue the in vivo effects of propofol. This is mainly

because the C57BL/6 background mice exhibit a high incidence of seizures [60]. Flumazenil

itself may have side effect of seizures in rodents [61] and we cannot find a better GABA

antagonist to perform the in vivo studies at the current time. Third, the difference in

cognitive function determined in MWM between propofol and saline treatment was not

dramatic. The future studies should include other methods, e.g., Fear Conditioning Test and

Radial Arm Water Maze, to further assess whether chronic treatment with propofol can

improve cognitive function in aged and AD Tg mice. Finally, we only observed the

behavioral changes up to 20 months in WT mice and 22 months in AD Tg mice, because

four WT mice died after 20 months and three AD Tg mice died after 22 months, and

consequently we did not have enough mice to generate meaningful data in their older age.

In conclusion, we found that the chronic treatment with the anesthetic propofol was able to

attenuate the caspase-3 activation in both the cortex and hippocampus of aged WT mice and

AD Tg mice and to improve the cognitive function in these mice. Propofol might act on
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GABA receptors to attenuate the Aβ-induced mPTP opening, leading to the reduction in the

caspase-3 activation. The studies, serving to generate concept and hypothesis, will promote

more research to determine the effect of chronic treatment of propofol on brain function,

which may ultimately lead to new therapeutic strategies for aging- and AD-associated

cognitive dysfunction and better anesthesia care for senior and AD patients.
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Fig. 1.
The diagram of the studies. The treatment of propofol occurred on Saturdays (day 1, 7, 14,

21, 28, 35, 42, and 49). The MWM was performed from Sunday to Thursday.
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Fig. 2.
Propofol improves learning and memory function in aged WT mice. A) Propofol (black

circle) decreases escape latency as compared to saline (white circle) after four week

treatment in 18 month-old WT mice. B) Propofol (black circle) decreases escape latency as

compared to saline (white circle) after another four week treatment in 19 month-old WT

mice. WT, wild-type. n = 10.
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Fig. 3.
Propofol attenuates the aging-associated caspase-3 activation in cortex and hippocampus of

WT mice. A) There is a greater caspase-3 activation in the cortex of 20 month-old WT mice

(lanes 4-7) as compared to 8 month-old WT mice (lanes 1-3). There is no significant

difference in amounts of β-Actin between the two groups. B) Quantification of the western

blot shows that there is a greater caspase-3 activation in the cortex of 20 month-old WT

mice (black bar) as compared to that of 8 month-old mice (white bar). C) Propofol (lanes

5-8) decreases caspase-3 activation as compared to saline (lanes 1-4) in the cortex of 20

month-old WT mice. There is no significant difference in amounts of β-Actin in saline- or

propofol-treated mice. D) Quantification of the western blot shows that propofol (black bar)

decreases the caspase-3 activation as compared to saline (white bar) in the cortex of the 20

month-old WT mice. E) Propofol (lanes 5-8) decreases caspase-3 activation as compared to

saline (lanes 1-4) in the hippocampus of 20 month-old WT mice. There is no significant

difference in amounts of β-Actin in saline- or propofol-treated mice. F. Quantification of the

western blot shows that propofol (black bar) decreases the caspase-3 activation as compared
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to saline (white bar) in the hippocampus of 20 month-old WT mice. FL, full length; WT,

wild-type. n = 6.
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Fig. 4.
Propofol attenuates the aging-associated caspase-9 activation in the cortex and hippocampus

of WT mice. A) Propofol (lanes 5-8) decreases caspase-9 activation as compared to saline

(lanes 1-4) in the cortex of 20 month-old WT mice. There is no significant difference in

amounts of β-Actin in saline- or propofol-treated mice. B) Quantification of the western blot

shows that propofol (black bar) attenuates the caspase-9 activation in the cortex of 20

month-old mice. C) Propofol (lanes 5-8) decreases caspase-9 activation as compared to

saline (lanes 1-4) in the hippocampus of 20 month-old WT mice. There is no significant

difference in amounts of β-Actin in saline- or propofol-treated mice. D) Quantification of the

western blot shows that propofol (black bar) decreases the caspase-9 activation as compared

to saline (white bar) in the hippocampus of 20 month-old WT mice. WT, wild-type. n = 6.
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Fig. 5.
Propofol improves learning and memory function in aged AD Tg mice. A) Propofol (black

circle) does not decrease escape latency as compared to saline (white circle) after the four

week treatment (1st four week, 50 mg/kg propofol) in 18 month-old AD Tg mice. B)

Propofol (black circle) does not decrease escape latency as compared to saline (white circle)

after another four week treatment (2nd four week, 50 mg/kg) in 19 month-old AD Tg mice.

C) Propofol (black circle) decreases escape latency as compared to saline (white circle) after

another four week treatment (3rd four week, 50 mg/kg propofol) in 20 month-old AD Tg

mice. D) Propofol (black circle) decreases escape latency as compared to saline (white

circle) after another four week treatment (final four week, 50 mg/kg) in 21 month-old AD

Tg mice. AD, Alzheimer's disease, Tg, transgenic. n = 10.
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Fig. 6.
Propofol attenuates caspase-3 activation in the cortex and hippocampus of aged AD Tg

mice. A) There is a greater caspase-3 activation in the cortex of aged AD Tg mice (lanes

5-8) as compared to that in the cortex of aged WT mice (lanes 1-4). There is no significant

difference in amounts of β-Actin between the two groups. B) Quantification of the western

blot shows that there is a greater caspase-3 activation in the cortex of the aged AD Tg mice

(black bar) as compared to that in the cortex of aged WT mice (white bar). C) Propofol

(lanes 5-8) decreases caspase-3 activation as compared to saline (lanes 1-4) in the cortex of

aged AD Tg mice. There is no significant difference in amounts of β-Actin in saline-or

propofol-treated AD Tg mice. D) Quantification of the western blot shows that propofol

(black bar) decreases the caspase-3 activation as compared to saline (white bar) in the cortex

of aged AD Tg mice. E) Propofol (lanes 5-8) decreases caspase-3 activation as compared to

saline (lanes 1-4) in the hippocampus of aged AD Tg mice. There is no significant

difference in the amounts of β-Actin in saline- or propofol-treated AD Tg mice. F)

Quantification of the western blot shows that propofol (black bar) decreases caspase-3

activation as compared to saline (white bar) in the hippocampus of aged AD Tg mice. FL,

full length; AD, Alzheimer's disease, WT, wild-type; Tg, transgenic. n = 6.
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Fig. 7.
Propofol attenuates the caspase-9 activation in the cortex and hippocampus of aged AD Tg

mice. A) Propofol (lanes 5-8) decreases caspase-9 activation as compared to saline (lanes

1-4) in cortex of aged AD Tg mice. There is no significant difference in amounts of β-Actin

in saline- or propofol-treated mice. B) Quantification of the western blot shows that propofol

(black bar) attenuates the caspase-9 activation (white bar) in the cortex of aged AD Tg mice.

C) Propofol (lanes 5-8) decreases caspase-9 activation as compared to saline (lanes 1-4) in

hippocampus of aged AD Tg mice. There is no significant difference in amounts of β-Actin

in saline- or propofol-treated mice. D) Quantification of the western blot shows that

propofol (black bar) decreases caspase-9 activation as compared to saline (white bar) in the

hippocampus of aged AD Tg mice. AD, Alzheimer's disease, Tg, transgenic. n = 6.

Shao et al. Page 22

J Alzheimers Dis. Author manuscript; available in PMC 2014 June 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 8.
Propofol attenuates Aβ-induced caspease-3 activation through GABA receptors in H4 naïve

cells. A) Five μM Aβ (lanes 5-6) induces caspase-3 activation as compared to saline (lanes

1-2). 100 μM propofol (lanes 7-8) attenuates the caspase-3 activation induced by 5 μM Aβ

(lanes 5-6) in H4 naïve cells. 20 μM flumazenil (lanes 9-10) inhibits the attenuation effect of

100 μM propofol (lanes 7-8) on the Aβ-induced caspase-3 activation (lanes 5-6). 20 μM

flumazenil alone (lanes 3-4) has no significant effects on caspase-3 activation as compared

to saline (lanes 1-2) in H4 naïve cells. There is no significant difference in amounts of β-

Actin among all the groups. B) Quantification of the western blot shows that 5 μM Aβ (grey

bar) induces caspase-3 activation as compared to saline (white bar), 100 μM propofol (net

bar) attenuates the Aβ-induced caspase-3 activation (grey bar) in H4 naïve cells. Twenty μM

flumazenil (dot bar) inhibits the attenuation effect of 100 μM propofol (net bar) on the Aβ-

induced caspase-3 activation (grey bar). There is no difference on caspase-3 activation

between the treatment of saline (white bar) and 20 μM flumazenil alone (black bar) in H4

naïve cells. FL, full length, Aβ, amyloid-β protein. n = 6.
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Fig. 9.
Propofol attenuates Aβ-induced mPTP opening through GABA receptor in N2A cells. A)

Flow cytometric analysis shows changes in calcein levels in mitochondria of N2A cells

stained with calcein AM or calcein AM plus cobalt, which indicate the opening of the

mPTP. Peak 1: positive control cells (treatment of calcein AM plus cobalt and ionomycin);

peak 2: negative control (treatment of calcein AM plus cobalt); peak 3: cells treated with

calcein AM plus cobalt and 5 μM Aβ; peak 4: cells treated with calcein AM plus cobalt and

5 μM Aβ and 100 μM propofol. The changes in intensity of fluorescence between Aβ treated

(peak 3), Aβ plus propofol (peak 4), positive control (peak 1), and negative control (peak 2)

suggest that Aβ induces the opening of the mPTP, propofol attenuates the Aβ-induced

opening of the mPTP, as demonstrated by that the position of peak of Aβ treatment is shifted

to right following the propofol treatment. B) Peak 1: positive control (treatment of calcein

AM plus cobalt and ionomycin); peak 2: negative control (treatment of calcein AM plus

cobalt); peak 3: cells treated with calcein AM plus cobalt and 5 μM Aβ and 100 μM

propofol; peak 4: cells treated with calcein AM plus cobalt and 5 μM Aβ plus 100 μM

propofol and 20 μM flumazenil. The changes in intensity of fluorescence between Aβ plus

propofol (peak 3), Aβ plus propofol and flumazenil (peak 4), positive control (peak 1), and

negative control (peak 2) suggest that flumazenil inhibits the attenuation effect of propofol

on the Aβ-induced opening of the mPTP in N2A cells. mPTP, mitochondrial permeability

transition pore, Aβ, amyloid-β protein. n = 6.
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Fig. 10.
Hypothesized pathway of the effects of propofol in improving learning and memory. Aging-

or AD gene mutation-associated Aβ accumulation may open the mPTP, which causes

mitochondrial dysfunction and caspase-3 activation, leading to learning and memory

impairment. Propofol attenuates the Aβ-induced mPTP opening and thus mitigates the

apoptosis, which eventually improves learning and memory function in the mice. mPTP,

mitochondrial permeability transition pore, Aβ, amyloid-β protein.
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