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Abstract        To explore a potential means for the early diagnosis of Alzheimer disease, we studied the
relationship of resting T2* signal and tau hyperphosphorylation/spatial memory deficit. The rat model with
tau hyperphosphorylation and spatial memory deficit was established by bilateral hippocampi injection of
isoproterenol (IP). Then, the correlative alteration between resting T2* signal and spatial memory retention
was assessed with blood oxygenation level dependent (BOLD) functional magnetic resonance imaging (fMRI)
study and Morris Water Maze test, and Western blot was employed to confirm tau hyperphosphorylation.
The analysis showed following results. (1) Tau phosphorylation at Ser396/Ser404 and Ser199/Ser202 was signifi-
cantly increased in IP-injected rats as detected by PHF-1 and tau-1, respectively. (2) An AD-like spatial
memory retention disturbance was induced at 24 h after isoproterenol injection. (3) A sensitivity threshold of
resting T2* signal intensity, which separated the IP-treated rats from vehicle control, was obtained by
applying linear regression analysis, and an estimated sensitivity statistical threshold was at 32.62. These
results suggest that resting T2* signal may serve as a noninvasive quantitative marker in predicting AD-like
spatial memory deficits and tau hyperphosphorylation.
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Memory impairment is usually the early and most promi-
nent clinical manifestation of Alzheimer disease (AD), a
progressive neurodegenerative illness characterized by
gradual deposition of neuritic plaques and neurofibrillary
tangles in the brain of the patients [1–3]. Knowledge of
life expectancy after the diagnosis of AD and characteris-
tics of cured patients may help future therapy [4,5].

Increasing efforts have been made these years in estab-
lishing noninvasive means to diagnose AD. Much atten-
tion is paid on the hippocampus region, which is a part of
the mesial temporal lobe memory system and is affected
in the early stage of AD pathology [6]. Hippocampus
atrophy, measured with high-spatial-resolution magnetic
resonance (MR) imaging of the brain, has shown impor-
tant diagnostic value [7,8]. The cross-correlation coeffi-
cients of spontaneous low frequency (COSLOF) index
measured in the human hippocampus has been proposed
as a noninvasive marker of probable AD patients [9].
Nevertheless, these methods are questionable due to the
lack of sensitivity and specificity [10], and there is still no
definite clinical diagnosis means for AD up to now.

Functional imaging of brain with magnetic resonance
imaging (MRI) becomes popular in neuroscience, but
conventional task-driven paradigms are mainly limited on
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studying brain diseases in which it is difficult to obtain
patients participation considering impaired cognition ability.
Recently, a novel, non-task-related magnetic resonance
imaging approach that relied on a resting rather than
dynamic signal was developed [11]. This method provides
indirect measurement of the changes in resting neuronal
metabolism occurs with relatively subtle changes in brain
function. Its application led to the discovery that hippo-
campus signal was significantly diminished in elderly
subjects with memory decline compared to age-matched
control, and different subjects showed dysfunction in
different subregion [11]. By this means, we also reported
a negative correlation between tau hyperphosphorylation
and BOLD signal intensity in hippocampus and cortex area
of isoproterenol-injected rats [12].

In the present study, we further investigated the corre-
lation between the resting T2* signal and memory reten-
tion deficits by using the isoproterenol-treated rats.

Material and Methods

Drugs and reagents

Isoproterenol (IP, Sigma, St. Louis, MO, USA) was
diluted in normal saline (NS) with a final concentration of
20 mM for instant application [13]. Anti-tau antibodies are
listed in Table 1. Histostain-SP detection kit for immuno-
histochemistry was from Zymed (South San Francisco,
CA, USA).

Rat brain infusion

Male Wistar rats (2 months old, 275 g, Grade II, Certifi-
cate No. TJLA2000-3) were from Faculty of Laboratory
Animal (Tongji Medical College of HUST, China), and
maintained according to “Chinese Regulations for Experi-
mental Animals” for 9 days. Rats were anaesthetized with
6% chloral hydrate (W/W; 6 ml/kg, i.p.), and then placed
on a stereotaxic apparatus. The skull was exposed by an
incision in scalp and the position of the rat was adjusted

so that the bregma and lambda were in the same horizontal
plane. Bilateral holes were drilled with a 1.8-mm trephine
above the hippocampus region using the following coordi-
nates, 4.8 mm anterior to posterior (AP) bregma, 2.2 mm
midline to lateral (ML). With a 5-µl microsyringe, bilateral
injections of 2 µl 20 mM isoproterenol were made 3.0 mm
dorsal to ventral (DV) dura [14]. The needle was remained
in place 5 min to allow diffusion of solution [13]. Same
volume of NS was injected as vehicle control. The scalp
incision was immediately sutured. Rats were allowed to
recover for 2 days with free access to water and food.

Morris Water Maze test

The water maze was a circular tank made of stainless
steel with 2 m in diameter and 0.6 m in height. It was
positioned in the middle of a dimly light (30 lx) testing
room enriched with distal visual stimuli. The bottom of
the maze was raised 0.35 m above the floor. At the begin-
ning of each day, the tank was filled with a tap water to a
depth of 0.3 m, and the water temperature was maintained
at (26 ± 2) °C. Four points, equally spaced along the
circumference of the pool, were arbitrarily designated as
N, E, S, and W. The area of the pool was also conceptual-
ly divided into four quadrants (NE, SE, SW and NW) of
equal size by two imaginary diagonal lines running through
the center of the pool. A stable circular platform, mea-
suring 10 cm in diameter and wrapped with white cloth,
was submerged 2 cm below the surface of the water made
opaque with milk powder to escape the platform from the
rat’s view. The rim of the pool is 1.0 m from the nearest
visual cue of red and blue marks. A video camera, connected
to an image analysis system, which in turn was connected
to a microcomputer running the software, was mounted
above the center of the water maze. The swimming path
of the animal was tracked, digitized and stored for
subsequent behavioral analysis using the same software.
Each trial was started and ended manually by the
experimenter. Both latency times and swimming distances
before reaching the platform were measured.

The rat was brought to the sight and acclimatized for

Antibody

R111e
tau-1

PHF-1

Type

Polyclonal
Monoclonal

Monoclonal

Specificity a

unP+P
unP

P

Phosphorylation sites b

–
Ser199/Ser202

Ser396/Ser404

Dilution

1:5000
1:30,000

1:500

P, phosphorylated epitope;  a unP, unphosphorylated epitope; b numbered according to the largest isoform of human brain tau.

Table 1        Tau antibodies employed in this study

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/36/12/803/70 by guest on 10 April 2024



Dec., 2004                              Zheng-Hui HU et al.: Correlation of Behavior Changes and BOLD Signal in Alzheimer-like Rat Model                              805

two hours, and then lowered gently into the water, with
its head facing the wall of the water maze. The trial ended
when the rat climbed onto the platform. Before each trial,
the rat was given a maximum of 60 s to find the hidden
platform and was allowed to remain on it for 30 s. Rats
that failed to locate the platform within 60 s were guided
to the platform by the experimenter. Each training session
consisted of 4 trials altogether (one trial per quadrant) with
30 s interval, and the training lasts for seven days [15].
On the eighth day rats were trained as usual and their
escape latency and swimming path were recorded as
primary protocols.

The rats were returned to the water maze 24 h after
isoproterenol or saline injection for memory retention test.

Western blots

The phosphorylation of tau was analyzed by Western
blot using 10% SDS-PAGE as described originally by
Laemmli. The separated proteins were transferred on
Immobilon-P membrane (Millipore, Bedford, MA, USA)
and probed with phosphorylation dependent tau antibodies,
tau-1 (recognize unphosphorylated tau at Ser199/Ser202),
PHF-1 (recognize phosphorylated tau at Ser396/Ser404) and
polyclonal antibody R111e (reacts with total tau), kind gifts
from Dr. Binder (Northwestern University, Chicago,
Illinois, USA), Dr. Davis (Albert Einstein College of
Medicine, Bronx, NY, USA) and Dr. Iqbal (New York State
Institute for Basic Research, Staten Island, NY, USA),
respectively. The blots were developed with peroxidase-
conjugated secondary antibody from Amersham Pharmacia
Biotech (Little Chalfort, Buckinghamshire, England) and
visualized with enhanced chemiluminescence (ECL)
system.

BOLD fMRI studies

After the rat was anaesthetized with 6% chloral hydrate
(W/W; 6 ml/kg, i.p.), it was placed prone in a cradle and
its head was secured with a bite-bar and tightly fixed by
foam cushions on both sides of the head to minimize head
movement.

The fMRI data were obtained on a horizontal-bore 4.7T
spectrometer (Bruker Biospec 47/30) in Wuhan Institute
of Physics and Mathematics, Chinese Academy of
Sciences. The center of the special radio-frequency sur-
face-coil (10 mm diameter) was placed above the bregma
and static magnetic field homogeneity was optimized on
axial slices. A gradient echo imaging sequence (T2*-
weighted, echo time 25 ms, repeat time 560 ms) was
selected to maximize the blood oxygen level-dependent
contrast. Interleave sampling was applied to avoid inter-

ference between adjacent layers. Each brain image
volume was acquired in 14 slices, each being 1-mm thick
with 0.2-mm gap between adjacent layers and comprising
256×256 pixels (in-plane spatial resolution was 0.234
mm×0.234 mm). Each scanning session consist of about
35 image volumes. Acquisition time of each image volume
was 1 min and 11 s. IP- and NS-treated rats were imaged
in a random order, and operation type was not known to
the investigator. All data were acquired under steady-state
conditions without inflicting any stimulus.

Image processing and data analysis

Image processing and statistical analysis were performed
using SPM99 (Welcome Department of Cognitive
Neurology, London, UK; http://www.fil.ion.ucl.ac.uk).
Firstly, to correct dislocations caused by head motion, all
resting T2* images were realigned. Then, these images
were transformed into ‘standard brain space’ using the
parameter obtained from the normalization process of the
functional image that was coregistered to the first image
beforehand. In our study, the space of the template images
used in statistical parametric mapping (SPM) for image
normalization is based on NS-treated group. The stereo-
tactic space is derived from 8 NS-treated rat brains. Finally,
for smoothing, a 3D convolution was applied to the
images using a Gaussian kernel with a vector of length 3
(0.469 mm, 0.469 mm, 2 mm) for anisotropic voxels in
the group analysis.

The preprocessed data were analyzed with statistical
parametric mapping. The effect of global differences in
scan intensity was removed by Ancova model [16], which
supposed that the relationship between regional and global
variation was approximately linear. Statistical analysis of
resting T2* signal changes was performed by “General
Linear Model” [17]. Since resting T2* signal based on
nontask-related magnetic resonance imaging is not time
series, a “multi-subject: covariates only” model which is
ordinarily done in positron emission tomography (PET) is
employed. This model can be extended by adding subject
effects to give single subject activation model, which is a
simple linear regression at voxel:

where Yj
k denotes response variable (signal intensity) at

voxel k of scan j=1,…,M in subject i=1,…, N; g•• denotes
the mean of subject means; gij, denotes the global mean at
scan j=1, …,M in subject i=1, …N; γj

k is the response
variable after removing global effects; and ζj

k is the factor
of global effects. The model assumed that the errors ειj

k

are independent, vary with voxels, and are identically distri-

k
ijij

k
j

k
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k
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buted normal random variables with zero mean and
variance σ2. So ειj

k can be written in

In this case the model is over-determined (i.e., design
matrix is rank deficient), and has infinitely many para-
meter sets describing the same model. Correspondingly,
there are infinitely many least squares estimates satisfying
the normal equations. Here a sum-to-zero constraint on
the fitted group effects

where αq denotes weight in condition q=1,…,Q, is im-
posed on the estimates. This constraint implies that any
one group’s fitted effect is minus the sum of the others,
so the constraint can be effect by expressing the effect
for the last group in terms of the others and eliminating it
from the design. Therefore, an appropriate contrast with
weights would be c=(1/6,1/6,1/6,1/6,1/6,1/6,c7,c8,…,c13)

T

for single subject statistic assess in this study. For example,
a contrast with weights of cT=(1/6,1/6,1/6,1/6,1/6,1/6,

–1,0,0,0,0,0,0) assesses the change of BOLD signal, sub-
tracting the signal intensity in whole sham-operated group
from that in the first IP-operated rat.

Finally, a correlated Student’s t-test was applied to find
out decreased signal intensity in individual IP-treated rat
compared with vehicle group, and resulting brain images
that were then transformed to a unit-normal distribution
with a given threshold T (T>30, uncorrected). Any region
that consisted of less than eight-clustered voxels was not
considered to be a significant signal and was thus excluded.

Results

Induction of AD-like tau hyperphosphorylation by
injection of isoproterenol

Studies have suggested that PKA is one of the key
kinases participating tau hyperphosphorylation. Therefore,
we used isoproterenol to activate PKA in rats, and the
results were shown in Fig. 1. Western blot anaysis showed

∑ =
=

Q

1
0ˆ

q qα

Fig. 1        Induction of tau hyperphosphorylation by isoproterenol
(A) Western blots of tau extracted from rat hippocampus after injection of IP or NS for 24 h. The blots were probed by R111e (15 µg protein per lane), PHF-1 (30 µg
of protein per lane) or tau-1 (15 µg protein per lane) as indicated, respectively. Hyperphosphorylation of tau at both tau-1 and PHF-1 epitopes was observed.
(B) Densitometric analysis of R111e. No significant alteration in total level of tau probed by R111e. (C) Relative density of tau probed by PHF-1 and tau-1 normalized
against that probed by R111e. NS, normal saline; IP, isoproterenol. *P<0.05 vs. NS group; **P<0.01 vs. NS group.

ειj
k ~ N(0,σ 2)iid
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that the hyperphosphorylation of tau at both tau-1 and PHF-
1 epitopes was induced by isoproterenol, demonstrated
by significantly increased immunoreaction to PHF-1 and
decreased staining to tau-1 in isoproterenol rats than vehi-
cle control rats. The level of phosphorylated tau at above
sites was normalized by total level of tau, which was not
altered by IP (Fig. 1). These data suggest that isoproterenol
induces  tau hyperphosphorylation at Ser396/Ser404 (PHF-
1) and Ser199/Ser202 (tau-1) sites.

Induction of memory retention deficits by injection
of isoproterenol

Morris Water Maze was employed to investigate how
spatial memory retention was altered in the isoproterenol-
injected rats. After pre-training for a week, all rats can
directly swim to the hidden platform within 10 s. Then
these rats were randomly divided into two groups received
injection of isoproterenol and saline, respectively. The
memory retention test data at 24 h after infusion showed
that the escape latency to find the hidden platform in
IP-treated rats was remarkably prolonged in comparison
with that of pre-surgery group [(49.83 ± 8.65) s vs. (6.55
± 2.42) s, P<0.01, Fig. 2], while the escape latency of
saline rats did not change significantly [(10.44 ± 5.78) s
vs. (6.74 ± 2.37) s, P=0.14], and significant differences
was also observed between the IP- and NS-treated group
[(49.83 ± 8.65) s vs. (10.44 ± 5.78) s, P<0.01, Fig. 2].
The results of the swimming pathway showed that
IP-injected rats swam randomly rather than directly to
the hidden platform compared with the NS rats or the
pre-surgery group (Fig. 3).

Alterations of resting T2* signal in IP-treated rats
and the correlation with memory retention

The analysis of functional imaging experiments often
involves the formation of a statistical parametric map.
In such maps, the value at each voxel is a statistic that
expresses evidence against a null hypothesis of no experi-
mentally induced difference at that voxel. In order to
decide, at a give level of significance, which parts of the
brain were activated, the inference (threshold) method was
applied. Ordinarily these involve in selecting a significance
(P or T) threshold and applying this to every voxel in the
statistic map. Nevertheless, the choice of the threshold is
usually quite arbitrary, especially for generalized conclusion
to different population. We attempted to fix it through
relating neurophysiologic parameters with behavior
changes of the rats. We first defined the region-of-interest
(ROI) in hippocampus of rats (Fig. 4). The ROI used in
the present study was 1.5 mm×6 mm×1.5 mm containing
primarily hippocampus. For any given voxel of this region,
an analysis of variance done separately at each voxel,
whereafter t-test for each voxel was made from the
results of this analysis to get an image of statistical analysis.

Fig. 2        Induction of memory retention deficits by injection of
isoproterenol
The rats were trained for (7+1) days in Morris Water Maze pre-surgery as described
in “Materials and Methods”. The memory retention test showed an increased
latency to find the hidden platform in IP-injected rats, while no significant difference
was found between pre-surgery and post-surgery NS-rat. **P < 0.01 vs. NS group.

Fig. 3        Representative swimming pathway of rats taken from
their starting position at Northeast to the hidden platform at
Southwest in the water maze
(A,C) and (B,D) were from NS and IP group, respectively. (A,C) Indicated
swimming pathway from the typical rat after a seven-day training pre-surgery.
(B,D) Indicated swimming pathway of the same rat 24 h post-surgery. Note that
the IP-injected rat lost its directional bearings and thus employed more random
search strategy than straight search strategy. NS-treated rat did not change much in
the pathway to find the hidden platform.
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model, can be set around 30. The difference between
NS-rats were tested directly and IP-injected rats for every
voxel in the brain to produce an SPM{t} showing voxels
in which intensity of IP-injected rats decreased relative to
NS-operated subject. A threshold of T>30 was used for
the contrast.

The correlation between resting T2* signal and escape
latency was estimated by a simple regression analysis as

T=7.57L–204.55

where T is a statistical parameter that represents difference
of T2* signal between individual IP-treated rat and mean
value of NS rats, and L is the difference of escape latency
in IP-treated rats between pre-surgery and post-surgery.
By using this regression function, correlation between
any given minimum value of difference detected by
Morris Water Maze and T value for the validation of fMRI
that may serve as a differential sensitivity threshold for
credibility of animal models can be estimated.

Discussion

Until now, a confirmative diagnosis of AD is still exclu-
sively relying on the appearance of numerous senile plaques
and neurofibrillary tangles detected during postmortem
brain autopsy. It is reported that the severity of dementia
is positively correlated to the amount of neurofibrillary
tangles in brain of AD patients [18], which is composed
of bundles of paired helical filament of abnormally
hyperphosphorylated tau [19]. Accumulating data suggest
that phosphorylated tau (p-tau) may serve as a biochemical
marker in the diagnosis of AD. For example, p-tau phos-
phorylated at threonine 181 (Thr181) improved diagnostic
accuracy between AD and dementia with Lewy bodies;
p-tau phosphorylated at serine 199 (Ser199) demonstrated
high discriminative power between AD and non-AD
dementia; p-tau phosphorylated at Ser396/Ser404 improved
differential diagnosis between AD and vascular dementia
[20,21]. Based on this knowledge, we established an AD-
like tau hyperphosphorylation model by hippocampi infu-
sion of isoproterenol, a PKA activator. Tau hyperphos-
phorylation in model rats was confirmed by immuno-
cytochemistry previously [12], and quantitatively analyzed
by Western blot in the present study. And positive corre-
lation of tau hyperphosphorylation and spatial memory
retention deficits was observed in isoproterenol injected
model rats.

As a neural protein, tau can only be detected in cere-
brospinal fluid (CSF), so measuring total tau or p-tau [20,

The maximal T value within this region that represented
alteration of memory retention in IP-injected rats was
selected for further analysis. As we predicted, the alter-
ation of T value was positively correlated with increased
escape latency in IP-treated rats (Fig. 5). The L values
representing alterations in memory retention measured by
water maze were ranged from 31.33 to 55.23 with a
confidence level of 99%, whereas the minimum T value
representing resting T2* signal received by BOLD fMRI
should be larger than 30 to assure a better representative
for probing sensitivity of this model.

Based on the estimation mentioned above, the threshold
of the t-test index, which differentiates the validity of this

Fig. 5        Linear fit between sensitivity threshold T and escape
latency L as a function of memory loss
Positive correlation, i.e., T=7.57L–204.55 was received, and the estimated mini-
mum resting T2* signal sensitivity threshold was 32.62 with confidence level of
99%. T, sensitivity threshold; L, escape latency.

Fig. 4        The location of the region-of-interest containing
primarily hippocampus

Black rectangle indicated the location of ROI. Magnification was 4×.
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22] is very limited because of the restriction in obtaining
CSF samples. This brings forward the challenge and
urgency to search for non-invasive means. Previous find-
ings suggest that BOLD activation may actually reflect the
neural activity related to the input and the local processing
in any given area [23]. Neurodegenerative progression
can induce a decrease in the activity of the cells that are
projecting to the related areas, which can be reflected on
the change of T2* signal. The sensitivity and spatial reso-
lution of resting T2* imaging make it be an ideal modality
for assessing these relatively subtle changes in brain.
The present study attempted to relate neurophysiologic
parameters with behavior changes of the rats. Then, a
linear regression analysis applied to fMRI data provided a
potential approach as minimum sensitivity threshold for
behavior changes in an AD-like rat model. Furthermore,
this introduction of adaptation method allowed us to
determine a reasonable P or t value for statistical analysis
of functional imaging data.

Fig. 5 reveals that the threshold of T2* signal intensity
can be set around 30 to separate IP-treated rats from nor-
mal ones. In other words, we may propose that if the T
value in the hippocampus region is higher than 30, this
subject may have predicting AD-like response. The thres-
hold of T=30 may provide a quantitative evaluation for
individuals with various pathological degenerative alter-
ations. Moreover, all subjects in this study were scanned
for at least 35 times. To further estimate the stability of
the image sequence, the data were randomly divided into
fore-and-aft two data sets. No obvious difference between
them was indicated by Student’s t-test, suggesting the
reliability of image recording and analyzing. This suggests
that, in contrast to high variability among individual subject,
the intra-subject variability (L value ranges from 31.33 to
55.23) of BOLD fMRI is low, showing the stability of the
imaging method. Despite the above advantages, there are
also some potential questions in this methodology. For
instance, the BOLD fMRI method do not directly detect
electrical activity, but rely on the secondary and tertiary
metabolic and hemodynamic events that accompany
neuronal activity, which will cause nonlinear effects on
the deduced results. The statistical analysis between con-
trol and IP-treated group, using one-tailed Student’s t-test
is also nonlinear with T2* signal intensity and add more
uncertainty to the result. The neural system itself has high
complexity with local specialization and global integration.
In this paper, we performed an fMRI single subject
statistic assess approach for experimental induced animal
models base on linear regression analysis so that the bio-
logical diversity and artificial factors such as scan number,

statistical model design, and signal-to-noise can be
partially eliminated.  However, further studies are needed
in establishing a connection between behave change and
T2* signal to obtain analogous sensitivity threshold.

Taken together, this study provided some extent infor-
mation in supporting the potential application of fMRI in
assessing AD-like pathology.
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