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APP23 transgenic mice overexpressing amyloid precursor pro-
tein (APP751) reproduce neuropathological changes associated
with Alzheimer’s disease such as high levels of amyloid plaques,
cerebral amyloid angiopathy, and associated vascular patholo-
gies. Functional magnetic resonance imaging (fMRI) was applied
to characterize brain functionality in these mice through global
pharmacological stimulation. The cerebral hemodynamic re-
sponse to infusion of the GABAA antagonist bicuculline was sig-
nificantly reduced in aged APP23 mice compared with age-

matched wild-type littermates. This is in part attributable to a
compromised cerebrovascular reactivity, as revealed by the re-
duced responsiveness to vasodilatory stimulation by acetazol-
amide. The study shows that fMRI is a sensitive tool to phenotype
genetically engineered animals modeling neuropathologies.
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Transgenic mice overexpressing human amyloid precursor pro-
tein (APP23) contain an APP751 cDNA with the Swedish double
mutation at position 670/671 under the control of the neuron-
specific Thy-1 promoter. They express human APP751 in seven-
fold excess compared with endogenous murine APP. The APP23
mouse model reproduces neuropathological changes associated
with Alzheimer’s disease (AD) such as high levels of amyloid
plaques with a core of �-amyloid (A�). These deposits start to
appear with 6 months of age predominantly in the neocortex and
hippocampus and increase in number and size until 24 months of
age, at which time they occupy substantial portions of the cortex,
hippocampus, and thalamus (Sturchler-Pierrat et al., 1997). In
addition to amyloid plaques, the mouse model develops cerebro-
vascular accumulation of A�, although the APP transgene is only
expressed in neurons (Calhoun et al., 1999). The cerebral amy-
loid angiopathy (CAA) and associated pathologies such as micro-
hemorrhages in APP23 mice (Winkler et al., 2001) exhibit simi-
larities to those observed in aged individuals and AD patients
(Probst et al., 1991; Staufenbiel et al., 1997).

Multiple magnetic resonance imaging (MRI) approaches to
assess AD-related changes in pathomorphology and pathophysi-
ology in patients with prodromal AD and established AD have
been reported previously (Tanabe et al., 1997; Bobinski et al.,
1999; Fox et al., 1999; Brunetti et al., 2000; De Toledo-Morrell et
al., 2000; Hirono et al., 2000; Laakso et al., 2000; Rombouts et al.,
2000). Studies of cerebral blood volume (CBV) and perfusion
suggest increasing prevalence of compromised brain perfusion in
the temporoparietal cortex as the disease progresses (Sandson et
al., 1996; Maas et al., 1997; Harris et al., 1998; Alsop et al., 2000).
More recently, functional MRI (fMRI) using cognitive tasks
revealed significant differences between the activation patterns in
patients with probable AD and healthy volunteers (Johnson et al.,

2000; Thulborn et al., 2000). Such tests are potentially predictive
for a subsequent memory decline (Bookheimer et al., 2000).
Progressive impairment of cognitive functions has also been
reported for APP23 transgenic mice (Sommer et al., 2000), sug-
gesting a link to the pathomorphological and pathophysiological
changes already described.

Winkler et al. (2001) reported that CAA in these mice leads to
a loss of vascular smooth muscle cells, to aneurysm-like vasodi-
latation, and, in rare cases, to vessel obliteration and vasculities
consistently throughout the neocortex, hippocampus, and thala-
mus, the severity of which increases with age. It is conceivable
that the severe vasculopathies observed in APP23 mice compro-
mise the ability of the cerebral vessels to regulate cerebral blood
flow (CBF). The ability of cerebral vessels to react to the demand
of a global and/or local adequate perfusion increase, respectively
(i.e., cerebral vasoreactivity) (Grossmann and Koeberle, 2000)
can be assessed by inhalation of CO2 or intravenous injection of
acetazolamide (Gambhir et al., 1997).

The purpose of this study was to examine whether compro-
mised cerebral function and/or cerebral perfusion capacity can
be assessed in APP23 mice using a noninvasive fMRI method.
Recently, dynamic mapping of changes in CBV (CBVrel) associ-
ated with neuronal activation during pharmacological stimulation
has been reported for mice (Mueggler et al., 2001). Infusion of
the GABAA antagonist bicuculline led to dose-dependent CBVrel

increases in various brain structures (e.g., cortex and caudate
putamen). In the current study, we have compared the CBVrel

response to bicuculline stimulation in APP23 mice aged 7.5, 15,
and 24 months and age-matched littermates. The cerebral perfu-
sion capacity was measured using an acetazolamide challenge in
6- and 25-month-old APP23 mice.

MATERIALS AND METHODS
Animals. The generation of APP23 mice containing the murine Thy-1
promoter driving neuron-specific expression of human mutated APP751
has been described in detail previously (Sturchler-Pierrat et al., 1997).
fMRI studies with bicuculline stimulation were performed in age-
matched APP23 and control littermates at 23.8 � 1 of age (23.9 � 1 for
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controls), 14.8 � 0.5 of age (15 � 0.5), and 7.7 � 0.1 months of age (7.6 �
0.1). The APP23 mice used in the acetazolamide experiments were
24.8 � 1 months of age (24.9 � 1 for control mice) and 5.7 � 0.8 months
of age (5.8 � 0.7).

Animal preparation. All animal experiments were performed in strict
adherence to the Swiss Law for Animal Protection. Animals were anes-
thetized using an initial dose of 3% isoflurane (Abbott, Cham, Switzer-
land) in air/O2 (2:1), intubated with a tube made from polyethylene (PE;
inner diameter, 0.4 mm; outer diameter, 0.8 mm), and artificially venti-
lated using a ventilator for small animals (KTR 3; Alfos Electronics,
Biel-Benken, Switzerland) with electronically controlled valves. Apply-
ing a pressure output of 2–2.5 kPa and a respiration rate at 100–120
breaths/min, an inspiration/expiration ratio of 0.20 was required to
maintain blood CO2 values within the physiological range. For fMRI
measurements, the animals were positioned in a cradle made from
Plexiglas and kept anesthetized with 1.4% isoflurane in air/O2 (2:1). For
intravenous infusion of the contrast agent, bicuculline and acetazol-
amide, the tail vein was cannulated with a 30 gauge needle (Microlance
3, 0.3 � 13; Becton Dickinson, Bioscience, Allschwil, Switzerland) that
was connected with PE tubing to an infusion pump. The animals were
then paralyzed with 10 mg/kg intravenous gallamine triethiode (Aldrich,
Milwaukee, WI) in saline (3 mg/ml). Body temperature was maintained
at 36.5 � 1°C using warm air, regulated by a rectal temperature probe
(DM 852; Ellab, Copenhagen, Denmark). Blood CO2 levels were mon-
itored transcutaneously (PtcCO2

) during the experiment using a pediatric
monitoring device (TCM3; Radiometer, Copenhagen, Denmark). An
electrode was fixed on the shaved and cleaned skin with a self-adhesive
fixation ring. The inner part of the fixation ring was filled with contact
liquid (Radiometer Copenhagen). The electrode was heated up to a
working temperature of 44°C and calibrated before each study using a
standard calibration gas containing 5% CO2 and 20.9% O2 with the
balance as nitrogen. PtcCO2

was automatically corrected to correspond to
a body temperature of 37°C (Siggaard-Andersen, 1965; Severinghaus,
1965) and by subtracting a metabolic correction factor of 4 mmHg
(Severinghaus, 1982).

MRI protocol. Experiments were performed on a Biospec 47/15 and a
Pharmascan 70/16 system (Bruker, Karlsruhe, Germany). The radiofre-
quency probe was a birdcage resonator of 28 mm inner diameter. The
imaging protocol for the assessment of CBVrel changes consisted of a
multislice rapid acquisition with relaxation enhancement (RARE) se-
quence (Hennig et al., 1986) with the following parameters: repetition
time, 1135 msec; echo time (TE), 6.7 msec; RARE factor, 32; effective
TE, 80 msec; field of view, 2.56 � 2.56 cm 2; matrix dimension, 128 � 128;
slice thickness, 1 mm; number of slices, 2; interslice distance, 2 mm; and
spectral width, 50 kHz. Recording four averages, the image acquisition
time amounted to 21 sec. For positioning of the transverse imaging slices
0.38 and �0.94 mm relative to the bregma, a sagittal RARE image
matrix dimension of 128 � 128 with eight averages and a slice thickness
of 1 mm in the sagittal plane has been measured.

fMRI protocol for bicuculline experiments. A series of 128 images was
acquired for the assessment of CBVrel changes. The measurement com-
prised three parts: First a baseline image was acquired, which was used
for calibration of CBVrel changes. Thereafter scanning was interrupted
and Endorem (11.2 mg/ml; Guerbet, Roissy, France) at a dose of 70
mg/kg (50 mg/kg for 6-month-old mice) was administered via the tail
vein. Scanning was continued after a 15 min delay, which was introduced
to achieve steady-state signal intensity. After the acquisition of 15 post-
contrast baseline images, (�)-bicuculline (Sigma-Aldrich, Buchs, Swit-
zerland) was infused at a dose of 0.5 mg � kg �1 � min �1 for six images (2
min), followed by a slower infusion of 1/10th of the original rate for the
subsequent 30 images, corresponding to total doses of 1.5 mg/kg. Be-
cause of frequently observed seizure-like strong CBVrel decreases in both
groups at 6 months of age using 1.5 mg/kg, the total dose was reduced for
this age: Infusion of 0.33 mg � kg �1 � min �1 for the first 2 min followed
1/10th of this dose, leading to a total dose of 1 mg/kg. The infusion
protocol was adopted from previous studies (Reese et al., 2000; Mueggler
et al., 2001).

fMRI protocol for acetazolamide experiments. MRI parameters were
identical to the bicuculline experiments. At 20 min after infusion of
Endorem at a dose of 50 mg/kg, a series of 90 images was performed.
After 15 baseline images, acetazolamide (Diamox; Wyeth Pharmaceuti-
cals, Zug, Switzerland) at dose of 30 mg/kg (2 ml/kg) was injected
intravenously as a bolus.

Image analysis. Ten minutes after infusion, the plasma concentration
of Endorem has reached a steady state. Hence, the changes in the relative

amount of tracer in cerebral voxels, which can be calculated from
�ln{S(t)/S� 0}, where S(t) denotes the signal intensity at time t and S� 0
indicates the average intensity before bicuculline infusion, directly re-
flect changes in CBV. Changes of CBVrel in percentage of prestimulation
values (�CBV%) were therefore computed from the spin echo data on a
pixel-by-pixel basis according to

�CBV%�t� �
�CBVrel

CBVrel
� 100 �

ln�S�t�/S� 0	

ln�S� 0/S� pre	
� 100, (1)

with S� pre being the signal intensity before injection of contrast agent.
Two regions of interest (ROIs) were defined for cortical gray matter and
one representing the thalamic nuclei (see Fig. 2). The dimensions of the
cortical and thalamic ROIs were 3.0 and 5.0 mm 3, respectively. The
readouts of the cortical ROIs were averaged to yield one �CBV% (t)
value per region and time point. All data analysis was performed using
imaging analysis software developed in-house (Biomap version 3.1). Data
in text and figures are expressed as mean � SEM, unless stated other-
wise. The two-group comparison was analyzed by the two-tailed t test for
independent samples. Multiple comparisons were evaluated by the
ANOVA. p values of 
 0.05 were considered to be statistically significant.

RESULTS
Reduced cerebral hemodynamic response to
stimulation with GABAA antagonist in aged
APP23 mice
Systemic infusion of bicuculline (1.5 mg/kg) led to a transient
increase in local CBVrel as illustrated for two transverse brain
sections of 15-month-old mice (Fig. 1a,b). In control litter-
mates, cortical CBV (in percentage of basal values) increased by
�CBV% � 50 � 7% throughout the duration of bicuculline
infusion. The corresponding CBVrel response in APP23 mice was
reduced in amplitude and delayed compared with control litter-
mates. The thalamic CBVrel increases after bicuculline infusion
were smaller than in the cortex, displayed a delayed onset, and did
not differ between APP23 and wild-type mice of 15 months age.

Quantitative image analysis yielded �CBV% versus time curves
for the cortical ROI (Fig. 1c) in response to bicuculline adminis-
tration, as shown for 7.5- and 24-month-old mice (Fig. 2a,b). In
the younger animals, infusion of bicuculline at a dose of 1 mg/kg
led to �CBV% increases of 35 � 4% in control animals (n � 6)
and 39 � 5% in APP23 mice (n � 6). In the cortical ROIs of
24-month-old mice, �CBV% increased by 48 � 7% in nontrans-
genic animals (n � 6) and only 21 � 4% in APP23 mice (n � 6)
after infusion of bicuculline at a dose of 1.5 mg/kg. �CBV%

of both aged APP23 and aged-matched control animals peaked
at �3.5– 4 min after the onset of the infusion. In the thalamus,
�CBV% increases of 26 � 5% and 7 � 2% have been measured
in 24-month-old control and transgenic mice, respectively.
Again, no significant differences between controls and APP23
mice have been observed in 7.5-month-old animals (18.5 � 4%
and 21.5 � 4%).

The temporal profiles of transcutaneously measured CO2 par-
tial pressure (PtcCO2

) obtained using on-line monitoring in 7.5-
and 24-month-old mice displayed no significant effect of bicucul-
line infusion (Fig. 2e). Similarly, there was no difference in PtcCO2

values measured for control and APP23 mice at both ages. Mean
values of PtcCO2

at the start of the infusion period were 37 � 1
mmHg for control littermates and 36.5 � 2 for the APP23 mice at
7.5 months and 36 � 2 and 35 � 1 mmHg, respectively, for the
24-month-old animals.

For the average �CBV% increase (Fig. 3a,b) during bicuculline
infusion (range, 0–12 min), significant differences between trans-
genic and control mice have been observed for both cortical and
thalamic ROIs at 24 months of age ( p � 0.016 and p � 0.002;
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ANOVA) but not at 15 months of age ( p � 0.11 and p � 0.89;
ANOVA; n � 5) and 7.5 months of age with the lower dose of 1
mg/kg ( p � 0.3 and 0.89; t test).

Analysis of data of 15- and 24-month-old animals showed a
significant effect of age for the thalamic response of APP23
transgenics ( p � 0.013; ANOVA).

For maximum cortical �CBV% values (data not shown), sta-
tistical analysis revealed significant differences between APP23
transgenic and age-matched control mice at both 24 and 15
months of age ( p � 0.003 and p � 0.035; ANOVA) but not at 7.5
months of age (t test). In the thalamus, significant differences of
maximum �CBV% values between the two genotypes have been
observed only at 24 months of age ( p � 0.015; ANOVA).

Compromised cerebrovascular reactivity in aged
APP23 mice
To obtain independent information on the cerebrovascular reac-
tivity, an analogous study was performed assessing the effects of
acetazolamide on CBVrel (Fig. 2b,d). In both the cerebral cortex
and the thalamus, relative CBV increased immediately after
injection. At 6 months of age, cortical blood volume changes
reached maximum values of 45 � 6% in controls (n � 6) and 42 �
5% in APP23 mice (n � 6). In aged control littermates at 25
months of age (n � 4), values of the order of �CBV% � 28 � 2%
have been measured after 4–6 min, followed by a slower increase
until the end of the experiment reaching maximum values of
�CBV% � 35 � 5% after 24 min. The corresponding response in
25-month-old APP23 mice (n � 6) showed a significantly smaller
increase in �CBV% � 18 � 4% and a distinct slower onset during
the first 6 min, leveling off at �CBV% � 25 � 3% at the end of the
experiment.

The PtcCO2
monitoring during administration of acetazol-

amide revealed a significant increase in PtcCO2
with an onset �1

min after injection (Fig. 2f). At both ages, neither the PtcCO2

value at injection of acetazolamide (36 � 4 and 36 � 2 mmHg at
6 months of age, 39.5 � 4 and 40 � 2 mmHg for control and

APP23 mice at 25 months of age, respectively) nor the maximum
increases after 15 min (�PtcCO2

� 22 � 5 and 22 � 2 at 6 months
of age, �PtcCO2

� 28 � 5 and 29.6 � 3 for control littermates and
APP23 mice at 25 months of age, respectively) differed signifi-
cantly between the two groups.

Analysis of the average �CBV% increase (Fig. 3a,b) after
acetazolamide injection (range, 0–24 min) revealed significant
differences between control and APP23 mice for both cortical and
thalamic ROIs at the age of 25 months only ( p � 0.032 and p �
0.038; ANOVA). A significant effect of age was found for the
cortical regions of 25- and 6-months-old APP23 mice ( p � 0.004;
ANOVA).

Hemispheric imbalance in cortical fMRI signals in
APP23 mice
Whereas the CBVrel changes measured in nontransgenic litter-
mates were always identical within error limits for both hemi-
spheres, three of the APP23 transgenic mice at 24 months of age
showed a significant asymmetry of the hemispheric CBVrel re-
sponses to bicuculline stimulation. �CBV% differences between
the right and left somatosensory cortex on the order of 10–15%
have been measured.

fMRI response did not correlate with body weight and
hence absolute dose of stimulant
There was a difference in body weight between control animals
and APP23 mice that reached statistical significance at 15 and 25
months of age ( p 
 0.001 and p � 0.013; ANOVA). Analysis of
signal intensities before and after infusion of 50 mg/kg contrast
agent in the 25-month-old mice revealed no significant difference
between the two groups (t test), suggesting a linear relationship
between body weight and blood volume over the examined range
of 27–41 gm. However, body weight is a potentially confounding
factor, because the total amount of bicuculline administered was
significantly lower in the transgenic groups. Nevertheless, we have
found no correlation between the �CBV% increases after infu-

Figure 1. Temporal evolution of CBVrel dur-
ing infusion of the GABAA antagonist bicu-
culline (1.5 mg/kg). For �CBV% maps, 10
images were averaged for each interval (210
sec). Infusion of bicuculline: t � 0–720 sec.
Multislice experiments were conducted using
two transverse brain sections 0.38 mm (a)
and �0.94 mm (b) relative to the bregma of a
15-month-old control and an age-matched
APP23 mouse. In control littermates, a prom-
inent increase in cortical CBVrel has been
observed throughout the bicuculline infusion.
In contrast, the cortical response to bicucul-
line stimulation was clearly reduced in ampli-
tude and delayed in an APP23 mouse. The
more caudal section also reveals a CBVrel
increase in the thalamus. Thalamic �CBV%
values were smaller than those in the cortex
and displayed a delayed onset. Similar ampli-
tudes of �CBV% during infusion of bicucul-
line have been observed in control and APP23
mice. ROIs indicated by white outlines in the
somatosensory cortex and thalamus of the
mouse brain in transverse slices 0.38 mm an-
terior (c) and 0.94 mm posterior (d) relative
to the bregma, respectively, were used for
quantitative analysis of the CBVrel changes
and corresponding anatomical images taken
from the brain atlas (Rosen, 2000). S1, Pri-
mary somatosensory cortex; S2, secondary somatosensory cortex; LV, lateral ventricle; 3V, third ventricle; PVN, paraventricular thalamic nucleus; VA, ventral
anterior thalamic nucleus.
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sion of bicuculline at a dose of 1.5 mg/kg and the body weight
within both the control and the transgenic groups; linear regres-
sion yielded r � 0.027 ( p � 0.94; n � 11; range, 22–30 gm) for the
transgenic group and r � �0.025 ( p � 0.94; n � 11; range, 27–38
gm) for control animals.

DISCUSSION
Compromised response to bicuculline in aged APP23
transgenic mice
fMRI revealed a significantly compromised cerebral hemodynamic
response to stimulation with the GABAA antagonist bicuculline
in 24-month-old APP23 mice compared with their wild-type
littermates in both cortical and thalamic ROIs. In 15-month-old
mice, only the maximal CBVrel response to bicuculline in the
cortex was significantly reduced. No difference in CBVrel re-
sponse between APP23 mice and controls was observed at 7.5
months of age. At this age, the higher dose of bicuculline used in
15- and 24-month-old mice led to strong blood volume decreases
in cortical structures after a short initial CBVrel enhancement, as
described in a previous study in Hanlbm/Naval Medical Research
Institute mice (Mueggler et al., 2001). This CBV response ob-

served in APP23 mice but also in one control animal at a larger
concentration of the GABAA antagonist can be caused by
seizure-like activity leading to an uncoupling of blood flow and
metabolism and seems to be age dependent. Therefore, the total
dose for the youngest animals was reduced to 1 mg/kg. The
CBVrel response at this lower dose is consistent with a previously
published dose–response curve (Mueggler et al., 2001). Hemo-
dynamic parameters (PtcCO2

/PaCO2
; body temperature) that

might cause unspecific changes of CBV did not vary significantly
during and after bicuculline infusion; in fact, the PtcCO2

values
for the APP23 mice and their age-matched littermates were
identical within error limits. This rules out the possibility that the
observed CBVrel changes induced by bicuculline are caused by
hypercapnia or hypocapnia.

The amplitude of the CBV response after bicuculline stimula-
tion has been shown to correlate with the density of GABAA

receptors in the rat brain (Reese et al., 2000). Hence, the smaller
hemodynamic response in the APP23 mice compared with their
littermates could reflect a difference in the GABAA binding sites
in the corresponding brain regions. In view of the disinhibitory
action of GABAA, antagonist impairment of additional neuronal

Figure 2. �CBV% changes in the cortical ROIs
defined in Figure 1c after administration of bicucul-
line at a dose of 1 mg/kg ( a) and acetazolamide
(DIAMOX ) at a dose of 30 mg/kg (b) for 7.5- and
6-month-old APP23 mice and age-matched controls,
respectively. Control and APP23 mice show similar
�CBV% changes. In aged mice (24 months of age),
the cortical response to the infusion of bicuculline at
a dose of 1.5 mg/kg ( c) is significantly lower in
transgenic animals compared with their littermates.
The temporal profile after injection of acetazol-
amide (arrows) for 25-month-old APP23 mice and
age-matched controls again revealed significantly
lower �CBV% changes in transgenic animals com-
pared with their littermates ( d). PtcCO2

values ob-
tained during online monitoring are shown at the
bottom (e, f ). Gray bars indicate the different infu-
sion rates of the first 2 and subsequent 10 min. Data
represent mean � SEM.
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transmitter systems might explain the compromised functional
response in the transgenic animals: Distortions of the cholinergic
fibers in regions containing plaques and an overall reduction in
the number of fibers has been reported in APP23 mice (Sturchler-
Pierrat et al., 1997), suggesting that, similar to humans (Tago et
al., 1987; Geula and Mesulam, 1989), the cholinergic system is
strongly affected. Other structural–morphological changes com-
prise dystrophic (swollen) neocortical neurites that are abundant
in the vicinity of the A� immunoreactive plaques that occupy up
to 26% of the total volume of neocortex in transgenic mice.
Deposits were regularly found in the hippocampus and become
detectable at late stages in the thalamus. It is reasonable to
assume that such structural changes might impair neuronal con-
nectivity (Staufenbiel et al., 1997; Sturchler-Pierrat and Staufen-
biel, 2000). The fMRI study in young animals at 7.5 months of age
might indicate that the compromised functionality is caused by
elevated A� levels rather than by APP overexpression itself.

Compromised CBVrel response to acetazolamide
Considering the vascular pathologies described for the APP23
model (Calhoun et al., 1999; Winkler et al., 2001), the reduced
CBVrel response to bicuculline stimulation might be associated
with impaired vascular reactivity. In fact, intravenous adminis-
tration of acetazolamide caused a significantly smaller CBVrel

increase in aged APP23 mice (25 months) in both the cerebral
cortex and the thalamus. The CBVrel responses to acetazolamide
of APP23 mice and their littermates at 6 months of age were
identical within error limits in both brain regions examined.

Acetazolamide, a potent inhibitor of the carbonic anhydrase,
acidifies cerebral extracellular fluids by elevating the brain extra-

cellular fluid PCO2
, which is thought to be the stimuli for the

increase in CBF (and CBV) (Vorstrup et al., 1984). However, the
exact mechanism by which acetazolamide increases CBF has not
been clarified. Because of the slow penetration of the blood–brain
barrier (Roth et al., 1959; Maren, 1967), direct inhibition of
parenchymal carbonic anhydrase cannot explain the fast CBF
increase measured immediately after infusion (Kohshi et al.,
1994). Another side of action of carbonic anhydrase inhibition is
considered to be the erythrocytes: Acetazolamide has been
shown to easily penetrate red blood cells, causing a decrease in
the CO2-carrying capacity of blood and increasing the PCO2

gradient between brain tissue and blood (Maren, 1967) within
minutes. Alternatively, acetazolamide-induced inhibition of car-
bonic anhydrase located on the brain capillary endothelium (Rid-
derstrale and Hanson, 1985; Ghandour et al., 1992) might cause
CO2 retention in the tissue (Maren, 1977), which might lead to
the pronounced cerebrovascular response. In our study, transcu-
taneous on-line monitoring of PCO2

revealed PtcCO2
increases of

the order of 22 mmHg at 6 months of age in both groups and 28
and 30 mmHg at 25 months of age in control and APP23 mice,
respectively. Under normal conditions, PtcCO2

values have been
shown to reflect PaCO2

values in mice (Mueggler et al., 2001). The
profound increase in PtcCO2

observed in mice after acetazol-
amide treatment may reflect the increasing PCO2

gradient be-
tween the tissue and the arterial or mixed venous blood, respec-
tively. A direct link between the elevated brain extracellular fluid
PCO2

/tissue acidification and the increase in CBF has not been
established. The mechanism seems to be different from the one
induced by hypercapnia, as suggested by the capacity of nitric
oxide inhibitors to block their action (Csete et al., 2001).

Cerebral vascular dysfunction and CAA
A� staining revealed significant CAA consistently throughout the
neocortex, hippocampus, and thalamus in aged 19- and 27-month-
old APP23 mice. Earlier phases of CAA involve focal disconti-
nuity of the smooth muscle cell layer, which progresses to a
dramatic loss of smooth muscle cells in the tunica media of
amyloid-laden vessels, with only patchy staining for smooth mus-
cle cell actin remaining (Calhoun et al., 1999; Winkler et al.,
2001). The significantly reduced hemodynamic response to the
acetazolamide and to some extent probably also to the bicuculline
challenge in 25- and 24-month-old APP23 mice, respectively, may
reflect these severe CAA-related vasculopathies (Probst et al.,
1991; Staufenbiel et al., 1997) impairing the ability of the cere-
bral arteriolar and/or capillary compartment to effectively regu-
late CBF. Hence, the increased metabolic rate resulting from
neuronal activation might not translate into a change in hemody-
namic parameters that is detectable by fMRI. Consistent with
this hypothesis, a profound structural and functional disruption
of vascular smooth muscle cells in pial vessels in 14-month-old
mice overexpressing APP (Tg2576) has been reported (Christie
et al., 2001), and these mice display a similarly compromised
ability to respond appropriately to endothelium-dependent and
endothelium-independent vasodilators. This can be attributed to
increased wall stiffness caused by amyloid deposition. However,
in another transgenic APP model (Tg1130H on a Friend virus B
background) that does not express amyloid deposits and displays
a normal hemodynamic response to endothelial-independent
stimuli, cerebral endothelial dysfunction has been measured after
endothelial-dependent induced vasodilation (Iadecola et al.,
1999). This impairment has been related to an A� peptide (from
APP overexpression) compromising endothelial-dependent vaso-

Figure 3. Averaged �CBV% during the total infusion period for cortical
(a) and thalamic (b) ROIs revealed a significantly reduced response in
24-month-old APP23 mice compared with their littermates for bicuculline
at a dose of 1.5 mg/kg and acetazolamide at a dose of 30 mg/kg (*p 
 0.05
and **p 
 0.01; ANOVA) at 24 and 25 months of age, respectively.
Infusion of bicuculline at a dose of 1 mg/kg in 7.5-month-old mice
revealed no significant difference between control and APP23 mice (t
test). Values are given as mean � SEM. ##Note the lower dose of 1
mg/kg at 7.5 months of age.
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dilatation. Moreover, it has been shown that the reduced CBF
response to vasoactive agents and functional activation produced
by somatosensory stimulation in 2-month-old mice devoid of
parenchymal and vascular A� deposits correlates with cerebral
A�(1–40) levels. Despite a reduced CBF, the animal showed
normal neural activation; also the activation-induced cerebral
glucose uptake was not altered in these transgenic mice. This
supports the hypothesis that A�(1–40) has direct vascular effects
(Niwa et al., 2000a,b).

Parenchymal A� levels have been reported to increase already
in 6-month-old APP23 mice (Sommer et al., 2000), whereas CAA
has not been observed at an age of 8 months (Calhoun et al.,
1999). The normal fMRI response of the 6- and 7.5-month-old
APP23 mice may thus be attributed to the absence of CAA at this
age. Alternatively, the still low parenchymal plaque load at this
age might be insufficient to reduce neuronal and associated vas-
cular reactivity to the applied stimulus. In both humans and mice,
development of CAA and development of amyloid plaques ap-
pear to be independent processes, both naturally depending on
A� level and age as risk factors (Greenberg et al., 1995; Calhoun
et al., 1999). The loss of smooth muscle cells as an early and
severe consequence of CAA caused by toxic extracellular A� has
been described previously. As in APP23 mice, the transgenic A�
is of neuronal origin (Calhoun et al., 1999), and smooth muscle
cell degeneration is caused by drainage of soluble A� along
perivascular spaces or through corticothalamic axonal transport
before draining along the vessels. Hence in APP23 mice CAA has
a slower onset than the parenchymal A� plaque formation. Later
in CAA pathogenesis, disruption of the tight link between the
perivascular astrocytic ending and the vessel wall (glial–vascular
interface) occurs, followed by infiltration of vascular amyloid into
the neuropil, causing aneurysmal dilatations. CAA in adult
APP23 mice leads to local perivascular neurodegeneration, in-
cluding neuron loss and dystrophic terminals (Calhoun et al.,
1999; Phinney et al., 1999). This suggests that the chronic toxic
effect of CAA on the parenchyma is an important factor leading
to cognitive impairment in APP23 mice (Winkler et al., 2001).
The significant differences in the fMRI response observed in our
study probably reflect CAA-related vasculopathies. Hence the
described fMRI method in this mouse model can be helpful to
assess the functional consequences of vascular deposits and re-
evaluate the role of CAA in AD-related cognitive impairment.

In conclusion, we have shown using fMRI that the response to
GABAergic stimulation is significantly compromised in aged
APP23 transgenic mice compared with their wild-type littermates.
This is in part attributable to an impaired vascular reactivity as
reflected by a reduced response to the carbonic anhydrase inhibitor
acetazolamide in 25-month-old APP23 transgenic mice. This re-
duced ability to respond to a vasodilatory challenge reflects the
severe vasculopathies described for APP-overexpressing mouse
lines. The extent to which the reduced response to GABAA inhi-
bition is caused by impaired neural excitability or by the lack of
cerebrovascular reactivity remains to be determined. In addition to
these specific conclusions, our study reveals that fMRI is an attrac-
tive tool for phenotyping of genetically engineered mice developed
as model of human neuropathologies.
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