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Abstract
Background: At least half of all cases of early onset (!60)
familial Alzheimer’s disease (FAD) are caused by any of
over 150 mutations in three genes: the amyloid precur-
sor protein (APP), presenilin 1 (PS1), and presenilin 2
(PS2). Mutant forms of PS1 have been shown to sensitize
cells to apoptotic cell death. Objective: We investigated
the effects of hypocapnia, a risk factor for both cognitive
and neurodevelopment deficits, on caspase-3 activation,
apoptosis, and amyloid ß-protein (Aß) production, and
assessed the influence of the PS1¢9 FAD mutation on
these effects. Method: For this purpose, we exposed sta-
bly transfected H4 human neuroglioma cells to condi-
tions consistent with hypocapnia (PCO2 !40 mm Hg) and
hypocapnia plus hypoxia (PO2 !21%). Results: Hypocap-
nia (20 mm Hg CO2 for 6 h) induced caspase-3 activation
and apoptosis; the PS1¢9 FAD mutation significantly
potentiated these effects. Moreover, the combination of
hypocapnia (20 mm Hg CO2) and hypoxia (5%O2) in-
duced caspase-3 activation and apoptosis in a synergis-
tic manner. Hypocapnia (5 and 20 mm Hg CO2 for 6 h)

also led to an increased Aß production. Conclusion: The
findings suggest that hypocapnia (e.g. during general
anesthesia) could exacerbate AD neuropathogenesis.

Copyright © 2004 S. Karger AG, Basel

Introduction

Alzheimer’s disease (AD) is the most common form of
age-related dementia and a rapidly growing health prob-
lem. Mutations in three genes, presenilin-1 (PS1) on chro-
mosome 14, presenilin-2 (PS2) on chromosome 1, and the
amyloid ß-protein precursor (APP) on chromosome 21
have been shown to be responsible for roughly half of all
cases of early-onset (!60 years old) familial AD (FAD)
[1]. Amyloid ß-protein (Aß) production is a major patho-
logical hallmark of AD and is potentiated by caspase acti-
vation [2–4]. Increasing evidence suggests a role for cas-
pase activation and apoptotic cell death in AD as well as
in a large number of neurodegenerative disorders such as
Huntington’s disease, amyotrophic lateral sclerosis, and
spinocerebellar ataxia [5–7]. Interestingly, all three early-
onset FAD gene products, PS1, PS2, and APP, undergo
caspase cleavage during apoptosis [8–10].

Hypocapnia (extracellular PCO2 level !40 mm Hg), a
physiological stressor, has been shown to cause cognitive
deficits [11], neurodevelopment deficits [12], and postop-
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erative psychomotor dysfunction [13, 14]. Hypocapnia
can also worsen cerebral hypoxia through the induction of
cerebral vasoconstriction and exacerbate hypoxic-isch-
emic brain damage [15]. Importantly, a recent study by
Ohyu et al. [16] showed that hypocapnia (20 mm Hg CO2)
together with hypotension (50 mm Hg mean arterial pres-
sure) for 0.5 h induced apoptotic neuronal cell death in
the hippocampus of newborn rabbits. Thus, we set out to
examine whether hypocapnia can contribute to AD neu-
ropathogenesis via induction of caspase activation, apop-
tosis, and increased Aß production. Mutations in PS1
increase cell susceptibility to apoptosis induced by stau-
rosporine [17] and neuronal death by hypoxia [18]. Thus,
we also examined whether the PS1¢9 FAD mutation can
render increased hypersensitivity to caspase-3 activation
and apoptosis induced by hypocapnia.

For this purpose, we employed human H4 neuroglio-
ma cell lines stably transfected with wild-type (wt) and
FAD mutant (¢9) PS1 constructs to test for effects of
hypocapnia on cellular apoptosis and caspase-3 activation
as well as the influence of the PS1¢9 FAD mutation on
these effects [19]. As in Kovacs et al. [17], we used stably
transfected H4 human neuroglioma cells expressing a rel-
atively low level of PS1 to minimize overexpression arti-
facts (e.g. spontaneous apoptosis). H4 cells were also
transfected with APP containing the Sweden mutation
[20] to test the effects of hypocapnia on Aß production.

Material and Methods

Cell Lines
We used H4 human neuroglioma cells stably transfected to

express low levels of either an FAD mutant PS1¢9 (PS1 mutant cells)
or wild-type (PS1 wt cells) in the caspase-3 activation and apoptosis
experiments. These cells were previously shown to express sufficient-
ly low levels of PS1 so as to avoid spontaneous apoptosis that can
result from robust overexpression of PS1 [17]. H4 cells stably trans-
fected with APP (H4 Swedish mutation cells) [20] were used in the
experiments in which Aß levels were assayed. All cell lines were cul-
tured in DMEM (high glucose) containing 9% heat-inactivated fetal
calf serum, 100 units/ml penicillin, 100 Ìg/ml streptomycin, 2 mM
L-glutamine and 200 Ìg/ml G418.

Conditions of Hypocapnia and Hypocapnia plus Hypoxia
Varying concentrations of O2 and CO2 were delivered to a sealed

plastic box in a 37°C incubator containing 6-well plates seeded with
cell cultures. Datex infrared gas analyzer (Puritan-Bennett, Tewks-
bury, Mass., USA) was used to continuously monitor the delivered
CO2 and O2 concentrations. Control conditions included 40 mm Hg
CO2 plus 21% O2, which mimics the gas phase of ‘normal’ air in the
standard cell incubator. A pH blood gas machine was used to mea-
sure pH and PCO2 of the cell culture media following exposure to
conditions of hypocapnia.

Cell Lysis and Protein Amount Quantification
Detergent lysates were prepared by sonication of cells in ice-cold

5 mM Tris (pH 8) containing protease inhibitors (1 Ìg/ml aprotinin,
1 Ìg/ml leupeptin, 1 Ìg/ml pepstatin A). The lysates were collected,
centrifuged at 1,000 g for 10 min, and quantified for total proteins by
the BCA protein assay kit (Pierce, Iselin, N.J., USA).

Cell Apoptosis Assay
Cell apoptosis was assessed by a cell death detection ELISA kit

(Roche, Palo Alto, Calif., USA), which assays cytoplasmic histone-
associated DNA fragmentation associated with cellular apoptosis.

Western Blot Analysis of Caspase-3 Cleavage
Western blot analysis was performed as described by Kovacs et

al. [17]. Briefly, 40 Ìg of total protein of each sample was subjected to
SDS-polyacrylamide gel electrophoresis using 4–20% gradient Tris/
glycine gels under reducing conditions (Invitrogen, Carlsbad, Calif.,
USA). Next, proteins were transferred to a polyvinylidene difluoride
membrane (Bio-Rad, Hercules, Calif., USA) using a semi-dry electro-
transfer system (Amersham Biosciences, San Francisco, Calif., USA).
Nonspecific proteins were blocked using 5% nonfat dry milk in
TBST for 1.5 h. Blots were then incubated with a primary antibody,
followed by a secondary antibody (horseradish peroxidase-conju-
gated antirabbit antibody 1:10,000; Pierce, New York, N.Y., USA).
Blots were washed with 1 ! TBST for 30 min between steps. A cas-
pase-3 antibody (1:1,000 dilution; Cell Signaling, Beverly, Mass.,
USA) was used to recognize the large fragment of cleaved caspase-3
(17–20 kD) resulting from cleavage at aspartate position 175.

Colorimetric Caspase-3 Activity Assay
Caspase-3 activity was quantified by a caspase-3 activity kit

(R&D, Minneapolis, Minn., USA), which can determine chromo-
phore p-NA released in association with cleavage of peptide by cas-
pase-3.

pH and PCO2 Measurements
Following exposure to hypocapnia, cell culture medium was

drawn into a blood gas syringe, and the syringe was immediately
closed with a plug. Extracellular pH and CO2 was then measured in a
pH blood gas machine.

Quantitation of Aß Using Sandwich ELISA Assay
Following exposure to hypocapnia, conditioned media were col-

lected, and secreted Aß was measured by a Sandwich ELISA assay.
Briefly, 96-well plates were coated with mouse monoclonal anti-
bodies specific to Aß40 (Ab266) or Aß42 (21F12). Following blocking
with BSA, wells were incubated overnight at 4°C with test samples of
conditioned cell culture media, and then an anti-Aß (·-Aß-HR1) con-
jugated to horseradish peroxidase was added. Plates were developed
with TMB reagent and well absorbance measured at 450 nm. Aß lev-
els in test samples were determined by comparison with signal from
unconditioned media spiked with known quantities of Aß40 or Aß42.

Statistics
Given the presence of background caspase-3 activity and apopto-

sis in the transfected cells, we did not use absolute values to describe
changes in caspase-3 activity and apoptosis. Instead, cell apoptosis
and caspase-3 activity were presented as a percentage of those of the
control group. 100% caspase-3 activity or apoptosis refers to control
levels for purposes of comparison to experimental conditions. Aß
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Fig. 1. Caspase-3 activation and apoptosis following hypocapnia in
H4 wt PS1-expressing and PS1¢9 mutant cells. In the PS1¢9 FAD
mutant cells, caspase-3 activation and apoptosis were more robustly
induced by hypocapnia as compared to the wt PS1-expressing cells.
a Caspase-3 staining revealed minimal levels of cleaved caspase-3 in
untreated cells, whereas exposure to hypocapnia for 6 h resulted in an
increased level of cleaved caspase-3 in both PS1¢9 mutant and wt
PS1-expressing cells, but with a greater increase in the mutant cells.
b Colorimetric caspase-3 activity assay showed an increased cas-
pase-3 activity in both PS1¢9 mutant and wt PS1-expressing cells
(* p ! 0.05), but with a greater increase in the mutant cells (** p !
0.05). c ELISA cell death assay showed an increase in apoptosis in
both PS1¢9 mutant and wt PS1-expressing cells (* p ! 0.05), but with
a greater increase in the mutant cells (** p ! 0.05).
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production is presented as ng/ml. ANOVA with repeated measure-
ments was used to compare the difference from the control group.
p values less than 0.05 were considered statistically significant.

Results

Induction of Caspase-3 Activation and Apoptosis by
Hypocapnia and Potentiation by the PS1¢9 FAD
Mutation
We first investigated the effects of hypocapnia (20 mm

Hg CO2 for 6 h) on caspase-3 activation and apoptosis
and then examined the influence of a FAD PS1 mutation
on these effects. Normal CO2 (40 mm Hg CO2) was used
as a control condition. Based on levels of cleaved (acti-
vated) caspase-3 (17–20 kD), hypocapnia induced cas-
pase-3 cleavage in both PS1 wt and PS1 mutant cells, but
this was greatly exacerbated in the PS1 mutant cells
(fig. 1a).

As shown in figure 1b, hypocapnia also led to a 1.3-fold
increase in caspase-3 activity in PS1 wt (p ! 0.05), but
with a significantly greater (1.7-fold) increase in the mu-
tant PS1 cells (p ! 0.05). Finally, hypocapnia led to a 1.4-
fold increase in apoptosis in PS1 wt (p ! 0.05), but to a
significantly greater (2.2-fold) extent (p ! 0.05) in the PS1
mutant cells (fig. 1c).

Synergistic Induction of Caspase-3 Activation and
Apoptosis by Hypocapnia and Hypoxia and
Potentiation by the PS1¢9 FAD Mutation
Hypoxia and hypocapnia often occur simultaneously

(e.g. during hyperventilation). Thus, we investigated the
effects of hypoxia plus hypocapnia on caspase-3 activa-
tion and apoptosis, and the influence of a PS1 FAD muta-
tion on these effects. For hypoxia studies, cells were
exposed to 5% O2 for 3 h. Caspase-3 cleavage and caspase-
3 activity were determined by caspase-3 antibody and
by colorimetric caspase-3 activity assay kit, respective-
ly. Hypoxia alone neither induced caspase-3 cleavage
(fig. 2a) nor increased caspase-3 activity (fig. 2b).

To assess the effects of hypocapnia, cells were exposed
to 20 mm Hg CO2 for 3 h and cleaved caspase-3 and cas-
pase-3 activity were determined using the same methods.
Hypocapnia neither induced caspase-3 cleavage (fig. 3a),
nor increased caspase-3 activity (fig. 3b). In the positive
control, 1 ÌM STS caused caspase-3 cleavage, while nor-
mal CO2 (40 mm Hg PCO2), the negative control, did not
(fig. 3a).

Finally, to assess the combined effects of hypoxia and
hypocapnia, cells were exposed to hypoxia (5% O2) plus
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Fig. 2. Caspase-3 activation following hypoxia in PS1¢9 mutant and
wt PS1-expressing cells. Hypoxia (5% O2 for 3 h) did not increase
caspase-3 activation. a Cleaved caspase-3 as detected by immuno-
blotting. Caspase-3 staining showed cleaved caspase-3 induced by
STS in both PS1¢9 mutant and wt PS1-expressing cells, but was
greatly exacerbated in the mutant cells. No cleaved caspase-3 was
detected following exposure to hypoxia (5% O2 for 3 h). b Caspase-3
activity as assessed by colorimetric caspase-3 activity assay. No sig-
nificant increase of caspase-3 activity was detected following expo-
sure to hypoxia.
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Fig. 3. Caspase-3 activation following hypocapnia in PS1¢9 mutant
and wt PS1-expressing cells. Hypocapnia (20 mm Hg PCO2 for 3 h)
did not increase caspase-3 activation. a Cleaved caspase-3 as de-
tected by immunoblotting. Caspase-3 staining showed cleaved cas-
pase-3 induced by STS in both PS1¢9 mutant and wt PS1-expressing
cells, but was greatly exacerbated in the mutant cells. No cleaved cas-
pase-3 was detected following exposure to hypocapnia (20 mm Hg
PCO2 for 3 h). b Caspase-3 activity as assessed by colorimetric cas-
pase-3 activity assay. No significant increase of caspase-3 activity
was detected following exposure to hypocapnia (20 mm Hg PCO2 for
3 h).
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hypocapnia (20 mm Hg CO2) for 3 h. Caspase-3 cleavage,
caspase-3 activity, and extent of cellular apoptosis were
then measured. While neither hypoxia nor hypocapnia
alone induced caspase-3 cleavage, the combination of
hypoxia and hypocapnia induced caspase-3 cleavage in
both PS1 wt and PS1 mutant cells, and this was exacer-
bated in the PS1 mutant cells (fig. 4a). We next measured
caspase-3 activity following 3 h exposure to the combina-
tion of hypoxia (5% O2) plus hypocapnia (20 mm Hg
CO2). Although hypoxia or hypocapnia alone did not
induce caspase activity after 3 h (fig. 2b, 3b), the combi-
nation of hypoxia plus hypocapnia induced a 1.3- and 1.7-
fold increase of caspase-3 activity in wt PS1 and mutant

PS1 cells, respectively (p ! 0.05) (fig. 4b). Again, caspase-
3 activity was significantly greater in the mutant PS1 cells
as compared to the wt cells (p ! 0.05). The combination of
hypoxia (5% O2) plus hypocapnia (20 mm Hg CO2) did
not result in a significant increase in apoptosis in PS1 wt
cells, but the combination caused significantly (1.4-fold)
greater apoptosis in the PS1 mutant cells as compared to
the control condition (p ! 0.05) (fig. 4c).

To confirm that apoptosis and caspase-3 activation
were indeed induced by either hypocapnia conditions
alone for 6 h, or by the combination of hypoxia plus hypo-
capnia for 3 h, cells were exposed to ‘normal’ air condi-
tions (40 mm Hg CO2 plus 21% O2) for 6 h, and caspase-3
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Fig. 4. Caspase-3 activation and apoptosis following exposure of wt
PS1 and PS1¢9 mutant H4 cells to conditions of hypocapnia plus
hypoxia. In the PS1¢9 FAD mutant cells, caspase-3 activation and
apoptosis were more robustly induced by hypocapnia plus hypoxia as
compared to the wt PS1-expressing cells. a Cleaved caspase-3 as
detected by immunoblotting. Caspase-3 staining showed minimal
levels of cleaved caspase-3 in untreated cells, whereas exposure to
hypocapnia plus hypoxia for only 3 h resulted in an increased level of
cleaved caspase-3 in both PS1¢9 mutant and wt PS1-expressing cells,

but with a greater increase in the mutant cells. b Caspase-3 activity as
assessed by colorimetric caspase-3 activity assay. Colorimetric cas-
pase-3 activity assay showed an increased caspase-3 activity in both
PS1¢9 mutant and wt PS1-expressing cells (* p ! 0.05), but with a
greater increase in the mutant cells (** p ! 0.05). c Apoptosis as
detected by an ELISA cell death assay. ELISA cell death assay
showed an increase in apoptosis in both PS1¢9 mutant and wt PS1-
expressing cells, but with a significantly greater increase in the
mutant cells (** p ! 0.05).

cleavage, caspase-3 activation, and cellular apoptosis
were assessed. Cells undergoing no treatment served as
negative controls, while cells treated with 1 ÌM STS to
induce caspase activation served as positive controls. In
‘normal’ air, neither caspase-3 cleavage nor caspase-3
activity was increased, and apoptosis was not observed
(fig. 5). Collectively, these data indicate that hypocapnia
alone for 6 h, or the combination of hypocapnia and hyp-
oxia for 3 h, specifically induce caspase-3 cleavage, cas-
pase-3 activation, and apoptosis. Moreover, all of these
events were significantly potentiated by the presence of
the PS1¢9 FAD mutation.

Increased Aß Production in Response to Hypocapnia
H4 neuroglioma cells transfected with APP containing

the Swedish FAD mutation [20] (H4 APPSwe cells) were
exposed to either normal CO2 (40 mm Hg CO2) or hypo-
capnia (20 and 5 mm Hg CO2) conditions for 6 h. Expo-
sure to hypocapnia conditions led to increased Aß pro-
duction in a dose-dependent manner (fig. 6) (p ! 0.05).
After 6 h of treatment with 40, 20 and 5 mm Hg CO2,
Aß40 concentrations in the conditioned media were 10.2,
18.4 and 22.5 ng/ml, respectively, while Aß42 concentra-
tions were 1.5, 2.1 and 3.8 ng/ml, respectively. No signifi-
cant changes in the ratio of Aß42:Aß40 were observed.

Elevation of pH following Exposure to Hypocapnia
We next measured extracellular pH and PCO2 values

following exposure to normal PCO2 (40 mm Hg PCO2)
and hypocapnia (20 mm Hg PCO2) conditions for 6 h.
Hypocapnia led to a significant decrease of extracellular
PCO2 levels and a significant elevation of extracellular
pH. Notably, in response to hypocapnia, we observed no
difference in either the resulting elevation of pH or reduc-
tion of PCO2 for PS1 wt versus the PS1¢9 FAD mutant
cells (table 1).
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Fig. 5. Caspase-3 activation and apoptosis following exposure of
PS1¢9 mutant and wt PS1-expressing cells to control air conditions
(40 mm Hg PCO2 plus 21% O2). These conditions neither increased
caspase-3 activation nor increased apoptosis. a Cleaved caspase-3 as
detected by immunoblotting. Caspase-3 staining showed cleaved cas-
pase-3 induced by STS in both PS1¢9 mutant and wt PS1-expressing
cells, but was greatly exacerbated in the mutant cells. No cleaved cas-
pase-3 was detected following exposure to control air. b Caspase-3
activity as assessed by colorimetric caspase-3 activity assay. STS
treatment induced caspase-3 activity in both PS1¢9 mutant and wt
PS1-expressing cells, but more so in the mutant cells. No increase
in caspase-3 activity was detected following exposure to control air.
*, ** p ! 0.05. c Apoptosis as assessed by ELISA cell death assay. STS
treatment induced apoptosis in both PS1¢9 mutant and wt PS1-
expressing cells, but was greatly increased in the mutant cells. No
increase in apoptosis was detected following exposure to control air.
*, ** p ! 0.05.
Fig. 6. Aß production in H4 APPSwe cells in response to hypocapnia.
Six hours of exposure to conditions of hypocapnia (5 and 20 mm Hg
CO2) increased production of Aß42 and Aß40 in a dose-dependent
manner as compared to normal CO2 pressure (40 mm Hg CO2; * p !
0.05). No significant changes in the ratio of Aß42:Aß40 were ob-
served.
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Discussion

Hypocapnia, a physiological stressor, remains a preva-
lent concern in clinical practice [14] as it can result from a
large number of disorders including hypoxemia, pneumo-
nia, congestive heart failure, anxiety, central nervous sys-
tem infection, and from drugs such as salicylates. Hypo-
capnia has been shown to cause cognitive deficits [11],

neurodevelopment deficits [12], and postoperative psy-
chomotor dysfunction [13, 14].

The data presented here constitute the first demonstra-
tion that hypocapnia can increase caspase-3 activation
and apoptosis, as well as Aß production in H4 human
neuroglioma cells. Additionally, we have demonstrated
that hypocapnia in combination with hypoxia synergisti-
cally activates caspase-3 and induces apoptosis. With
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Table 1. PCO2 and pH values in response
to hypocapnia 40 mm Hg CO2

PCO2 pH

20 mm Hg CO2

PCO2 pH

PS1 wt cells 33.2B3.6 7.44B0.05 19.2B2.1* 7.80B0.04+

PS1 mutant cells 32.6B1.2 7.41B0.05 19.2B0.9* 7.80B0.02+

H4PS1¢9 mutant and wt PS1-expressing cells were exposed to either a normal CO2 pres-
sure (40 mm Hg) or a condition of hypocapnia (20 mm Hg CO2) for 6 h. Extracellular pH and
PCO2 values were determined immediately following exposure. Both PCO2 and pH values
were within normal physiological ranges following exposure to a normal CO2 pressure
(40 mm Hg). The PCO2 level was significantly decreased (* p ! 0.05) and the pH value was
significantly elevated (+ p ! 0.05) following exposure to a condition of hypocapnia (20 mm Hg
CO2) in both PS1 wt and PS1¢9 mutant cells. There was no significant difference in either
elevation of pH value or reduction of PCO2 level between H4 PS1¢9 mutant and wt PS1-
expressing cells.

regard to AD, we have found that in comparison to wt
PS1, the PS1¢9 FAD mutation significantly potentiates
caspase-3 activation and apoptosis induced by conditions
of hypocapnia or the combination of hypocapnia plus
hypoxia. Finally, we have shown that hypocapnia in-
creases pH elevation and reduces PCO2 in the media sug-
gesting that the observed increases in caspase-3 activa-
tion, apoptosis, and Aß production in response to hypo-
capnia could be due, at least in part, to extracellular alka-
losis.

Neuropathological hallmarks of AD include the in-
creased accumulation of Aß (e.g. in senile plaques), abnor-
mally hyperphosphorylated tau protein in neurofibrillary
tangles, synaptic degradation, and neuronal cell loss [1,
21]. Increasing evidence suggests a role for caspase activa-
tion and apoptotic cell death in a large number of neuro-
degenerative disorders including AD [5–10], Parkinson’s
disease [22, 23], Huntington’s disease [24, 25], amyotro-
phic lateral sclerosis [26] and stroke [27, 28]. Our current
findings showing that hypocapnia can induce caspase-3
activation and apoptosis, and also increase Aß production
suggest that hypocapnia (e.g. as a result of general anesthe-
sia) could conceivably contribute to neuropathogenesis in
AD (and perhaps, other neurodegenerative disorders in
which apoptosis has been implicated). However, the phys-
iological relevance of these in vitro findings regarding
induction of apoptosis by hypocapnia and alkalosis would
obviously depend heavily on the buffering capacity of the
individual organism.

Our data showing that the PS1¢9 FAD mutation
potentiates caspase activation and apoptosis induced by
hypocapnia, or by hypocapnia plus hypoxia are consistent

with the previously reported activity of this and other PS1
FAD mutations in promoting enhanced susceptibility to
apoptosis and neuronal death [17, 18]. While the molecu-
lar mechanisms by which PS1 mutations enhance cell
apoptosis have not been determined, several have been
reported to interfere with cellular calcium homeostasis
and calcium release from the ER [18, 29, 30] thereby pro-
moting cell death. PS1 mutations have also been shown to
abrogate the interaction of PS1 with ß-catenin rendering
increased susceptibility to apoptosis [17, 31]. Finally,
accumulations of PS1 have been suggested to cause cas-
pase activation and apoptosis [17, 32–34]. The expression
level of PS1 in the transfected mutant and wt PS1 cells
used in these experiments is obviously higher than that in
FAD patients. Thus, it is not clear whether physiological
accumulations of PS1 full-length or the mutant PS1 pro-
tein could likewise potentiate apoptosis induced by stress-
ors such as STS, hypocapnia or the combination of hypo-
capnia plus hypoxia. Future studies will be required to
determine potential associations between changes in PS1
full-length and alterations in caspase cleavage and apopto-
sis.

The increases in Aß observed in this study could be due
to either increased Aß production or release following
hypocapnia and alkalosis. Future studies comparing the
CTF-Á/AICD level to the Aß level will be required to
determine whether this increase in Aß is due solely to
altered production or also to changes in secretion.

Finally, the finding that elevated exposure to hypocap-
nia elevates pH is not unexpected, but suggests that extra-
cellular alkalosis, at least in part, contributes to increased
caspase-3 activation, apoptosis, and Aß production fol-
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lowing hypocapnia. Interestingly, increased extracellular
pH has previously been shown to enhance neuronal cell
excitability through the activation of excitatory amino
acid receptors [35], while decreased extracellular pH in-
hibits these same receptors as well as voltage-dependent
calcium channels presumably to prevent neuronal injury
[36, 37]. Other studies suggest that alkalosis enhances pro-
duction of reactive oxygen species and the release of cyto-
chrome c as a result of mitochondrial transmembrane
voltage disruption [38], which is essential for the induc-
tion of apoptosis [39, 40]. Our current findings suggest
that alkalosis may potentiate neuronal cell apoptosis in
response to hypocapnia and the combination of hypocap-
nia and hypoxia (e.g., experienced during general anesthe-
sia).

Hypocapnia can cause brain damage by worsening
cerebral hypoxia through induction of cerebral vasocon-
striction to exacerbate hypoxic-ischemic brain damage
[15]. However, our current findings suggest that hypocap-
nia, itself, is sufficient to induce apoptosis, at least in part
by promoting extracellular alkalosis. Further, our cell-
based studies reveal a synergistic effect of hypoxia and
hypocapnia on caspase-3 activation and cell apoptosis.

Collectively, these data raise the possibility of an alterna-
tive mechanism to in vivo hypocapnia-induced vasocon-
striction as an explanation for how hypocapnia may exac-
erbate the adverse effects of hypoxia on neurons: hypo-
capnia induces alkalosis, which then potentiates neuronal
injuries induced by hypoxia.

In conclusion, our findings that hypocapnia and hyp-
oxia can induce caspase-3 activation, apoptosis, and in-
creased Aß production, and that an FAD mutation,
PS1¢9, potentiates these events, suggest that these two
physiological stressors that occur during general anesthe-
sia and various clinical conditions could contribute to AD
neuropathogenesis.

Acknowledgements

This research was supported by the US Public Health Service,
AG/NS, MH 60009-02; T32 NIH training grant from Harvard Medi-
cal School Anesthesia Program (GMO7592); Massachusetts Alz-
heimer’s Disease Research Center pilot grant (P50 AG05134), and
K12 NIH Mentored Clinical Scientist Development Program in
Aging at Harvard Medical School (AG00294-17).

References

1 Tanzi RE, Bertram L: New frontiers in Alz-
heimer’s disease genetics. Neuron 2001;32:
181–184.

2 LeBlanc A: Increased production of 4 kDa
amyloid beta peptide in serum deprived hu-
man primary neuron cultures: Possible in-
volvement of apoptosis. J Neurosci 1995;15:
7837–7846.

3 Gervais FG, Xu D, Robertson GS, et al: In-
volvement of caspases in proteolytic cleavage
of Alzheimer’s amyloid-beta precursor protein
and amyloidogenic A beta peptide formation.
Cell 1999;97:395–406.

4 LeBlanc A, Liu H, Goodyer C, Bergeron C,
Hammond J: Caspase-6 role in apoptosis of
human neurons, amyloidogenesis, and Alz-
heimer’s disease. J Biol Chem 1999;274:
23426–23436.

5 Holtzman DM, Deshmukh M: Caspases: A
treatment target for neurodegenerative dis-
ease? Nat Med 1997;3:954–955.

6 Lunkes A, Trottier Y, Mandel JL: Pathological
mechanisms in Huntington’s disease and other
polyglutamine expansion diseases. Essays Bio-
chem 1998;33:149–163.

7 Namura S, Zhu J, Fink K, et al: Activation and
cleavage of caspase-3 in apoptosis induced by
experimental cerebral ischemia. J Neurosci
1998;18:3659–3668.

8 Kim TW, Pettingell WH, Jung YK, Kovacs
DM, Tanzi RE: Alternative cleavage of Alz-
heimer-associated presenilins during apoptosis
by a caspase-3 family protease. Science 1997;
277:373–376.

9 Loetscher H, Deuschle U, Brockhaus M, et al:
Presenilins are processed by caspase-type pro-
teases. J Biol Chem 1997;272:20655–20659.

10 Barnes NY, Li L, Yoshikawa K, Schwartz LM,
Oppenheim RW, Milligan CE: Increased pro-
duction of amyloid precursor protein provides
a substrate for caspase-3 in dying motoneurons.
J Neurosci 1998;18:5869–5880.

11 Dodds C, Allison J: Postoperative cognitive
deficit in the elderly surgical patient. Br J
Anaesth 1998;81:449–462.

12 Greisen G, Trojaborg W: Cerebral blood flow,
PaCO2 changes, and visual evoked potentials
in mechanically ventilated, preterm infants.
Acta Paediatr Scand 1987;76:394–400.

13 Wollman SB, Orkin LR: Postoperative human
reaction time and hypocarbia during anaesthe-
sia. Br J Anaesth 1968;40:920–926.

14 Laffey JG, Kavanagh BP: Hypocapnia. N Engl
J Med 2002;347:43–53.

15 Vannucci RC, Brucklacher RM, Vannucci SJ:
Effect of carbon dioxide on cerebral metabo-
lism during hypoxia-ischemia in the immature
rat. Pediatr Res 1997;42:24–29.

16 Ohyu J, Endo A, Itoh M, Takashima S: Hypo-
capnia under hypotension induces apoptotic
neuronal cell death in the hippocampus of new-
born rabbits. Pediatr Res 2000;48:24–29.

17 Kovacs DM, Mancini R, Henderson J, et al:
Staurosporine-induced activation of caspase-3
is potentiated by presenilin 1 familial Alzhei-
mer’s disease mutations in human neuroglioma
cells. J Neurochem 1999;73:2278–2285.

18 Mattson MP, Zhu H, Yu J, Kindy MS: Prese-
nilin-1 mutation increases neuronal vulnerabil-
ity to focal ischemia in vivo and to hypoxia and
glucose deprivation in cell culture: Involve-
ment of perturbed calcium homeostasis. J Neu-
rosci 2000;20:1358–1364.

19 Perez-Tur J, Froelich S, Prihar G, et al: A
mutation in Alzheimer’s disease destroying a
splice acceptor site in the presenilin-1 gene.
Neuroreport 1995;7:297–301.

20 Mullan M, Crawford F, Axelman K, et al: A
pathogenic mutation for probable Alzheimer’s
disease in the APP gene at the N-terminus of
beta-amyloid. Nat Genet 1992;1:345–347.

21 Selkoe DJ: Alzheimer’s disease: Genes, pro-
teins, and therapy. Physiol Rev 2001;81:741–
766.

22 Jenner P, Olanow CW: Understanding cell
death in Parkinson’s disease. Ann Neurol 1998;
44:S72–84.

D
ow

nl
oa

de
d 

by
: 

17
4.

24
.3

7.
18

4 
- 

11
/1

5/
20

13
 8

:2
6:

09
 A

M

Respiras
Highlight

Respiras
Highlight

Respiras
Highlight

Respiras
Highlight

Respiras
Highlight

Respiras
Sticky Note
Add decreased glucose permeability, increase lactate, and Bohr effect on oxygen release by the hemoglobin- anaerobic brain metabolism.

Respiras
Highlight



Hypocapnia, Caspase-3 Activation and Aß
Production

Neurodegenerative Dis 2004;1:29–37 37

23 Polymeropoulos MH: Autosomal dominant
Parkinson’s disease. J Neurol 1998;245:P1–3.

24 Sawa A, Wiegand GW, Cooper J, et al: In-
creased apoptosis of Huntington disease lym-
phoblasts associated with repeat length-depen-
dent mitochondrial depolarization. Nat Med
1999;5:1194–1198.

25 Ona VO, Li M, Vonsattel JP, et al: Inhibition of
caspase-1 slows disease progression in a mouse
model of Huntington’s disease. Nature 1999;
399:263–267.

26 Kostic V, Jackson-Lewis V, de Bilbao F, Du-
bois-Dauphin M, Przedborski S: Bcl-2:
Prolonging life in a transgenic mouse model of
familial amyotrophic lateral sclerosis. Science
1997;277:559–562.

27 Hara H, Fink K, Endres M, et al: Attenuation
of transient focal cerebral ischemic injury in
transgenic mice expressing a mutant ICE inhib-
itory protein. J Cereb Blood Flow Metab 1997;
17:370–375.

28 Murakami K, Kondo T, Kawase M, et al: Mito-
chondrial susceptibility to oxidative stress ex-
acerbates cerebral infarction that follows per-
manent focal cerebral ischemia in mutant mice
with manganese superoxide dismutase defi-
ciency. J Neurosci 1998;18:205–213.

29 Keller JN, Kindy MS, Holtsberg FW, et al:
Mitochondrial manganese superoxide dismu-
tase prevents neural apoptosis and reduces
ischemic brain injury: Suppression of peroxy-
nitrite production, lipid peroxidation, and mi-
tochondrial dysfunction. J Neurosci 1998;18:
687–697.

30 Guo Q, Sebastian L, Sopher BL, et al: Increased
vulnerability of hippocampal neurons from
presenilin-1 mutant knock-in mice to amyloid
beta-peptide toxicity: Central roles of superox-
ide production and caspase activation. J Neu-
rochem 1999;72:1019–1029.

31 Tesco G, Kim TW, Diehlmann A, Beyreuther
K, Tanzi RE: Abrogation of the presenilin 1/
beta-catenin interaction and preservation of
the heterodimeric presenilin 1 complex follow-
ing caspase activation. J Biol Chem 1998;273:
33909–33914.

32 Guo Q, Furukawa K, Sopher BL, et al: Alz-
heimer’s PS-1 mutation perturbs calcium ho-
meostasis and sensitizes PC12 cells to death
induced by amyloid beta-peptide. Neuroreport
1996;8:379–383.

33 Chan SL, Culmsee C, Haughey N, Klapper W,
Mattson MP: Presenilin-1 mutations sensitize
neurons to DNA damage-induced death by a
mechanism involving perturbed calcium ho-
meostasis and activation of calpains and cas-
pase-12. Neurobiol Dis 2002;11:2–19.

34 Wolozin B, Alexander P, Palacino J: Regula-
tion of apoptosis by presenilin 1. Neurobiol
Aging 1998;19:S23–27.

35 Giffard R, Weiss J, Choi D: Extracellular alka-
linity exacerbates injury of cultured neurons.
Stroke 1992;23:1817–1821.

36 Giffard R, Monyer H, Christine C, Choi D:
Acidosis reduces NMDA receptor activation,
glutamate neurotoxicity, and oxygen-glucose
deprivation neuronal injury in cortical cul-
tures. Brain Res 1990;506:339–342.

37 Ou-Yang Y, Kristian T, Mellergard P, Siesjo B:
The influence of pH on glutamate- and depo-
larization-induced increases of intracellular
calcium concentration in cortical neurons in
primary culture. Brain Res 1994;646:65–72.

38 Majima HJ, Oberley TD, Furukawa K, et al:
Prevention of mitochondrial injury by manga-
nese superoxide dismutase reveals a primary
mechanism for alkaline-induced cell death. J
Biol Chem 1998;273:8217–8224.

39 Li P, Nijhawan D, Budihardjo I, et al: Cyto-
chrome c and dATP-dependent formation of
Apaf-1/caspase-9 complex initiates an apoptot-
ic protease cascade. Cell 1997;91:479–489.

40 Zou H, Li Y, Liu X, Wang X: An APAF-1.cyto-
chrome c multimeric complex is a functional
apoptosome that activates procaspase-9. J Biol
Chem 1999;274:11549–11556.

D
ow

nl
oa

de
d 

by
: 

17
4.

24
.3

7.
18

4 
- 

11
/1

5/
20

13
 8

:2
6:

09
 A

M




