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Abstract

Previously, we have demonstrated that
integrin-associated protein (IAP) mRNA level
is approximately fourfold higher in rats
showing good retention performance (600
sec) than rats showing poor retention
performance (<80 sec) in an inhibitory
avoidance learning paradigm. In the present
study, we have used the gene-targeted
IAP-deficient mice to further investigate the
role of IAP involved in memory formation
and hippocampal long-term potentiation
(LTP) in vivo. Results revealed that there
was a significant impairment in memory
retention and a significant reduction in the
magnitude of LTP in IAP-deficient mice
when compared with the wild-type and
heterozygote mice, whereas the wild-type
and heterozygote animals did not show
marked differences on these measures.
Furthermore, the impairment in retention
performance of IAP-deficient mice was not
due to different sensitivities of these animals
to the electric shock. When we examined
locomotor activity and rotarod treadmill
performance, no differences were observed
among these three groups of animals either.
Western blot analysis confirmed the lack of
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IAP protein in IAP-deficient mice, whereas
IAP expression was similar in both the
wild-type and heterozygote controls. These
results together demonstrate that IAP plays
an important role in the process of memory
formation and synaptic plasticity in mice.

Introduction

Vertebrate memory formation requires de
novo gene expression and protein synthesis as
mRNA and protein synthesis inhibitors are known
to impair long-term memory formation (Davis and
Squire 1984). Long-term memories are also be-
lieved to be stored by modification of pre-existing
synapses or formation of new synaptic contacts
(Weiler et al. 1995). Using a PCR differential dis-
play method, previously we have found that hip-
pocampal integrin-associated protein (IAP) mRNA
levels are fourfold higher in rats showing good re-
tention performance than in poor memory con-
trols or untrained animals in a one-way inhibitory
avoidance learning task (Huang et al. 1998). Fur-
thermore, IAP antisense oligonucleotide treatment
significantly impaired retention performance and
inhibited long-term potentiation (LTP), a synaptic
model for long-term memory (Bliss and Colling-
ridge 1993) in rats (Huang et al. 1998). These re-
sults suggest that IAP mRNA expression is neces-
sary for memory formation and synaptic plasticity
in rats.

Integrins are heterodimeric cell surface recep-
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tors that mediate regulated cell-cell interactions
and adhesive interactions between cells and the
extracellular matrix (ECM) proteins (Juliano and
Haskill 1993; Clark and Brugge 1995). Recent evi-
dence has shown that integrins are also involved in
various central nervous system functions (for re-
view, see Jones 1996). For example, integrins are
known to be involved in anatomical organization
and neurite growth during development (Reich-
ardt and Tomaselli 1991; Defreitas et al. 1995).
More related to the present study, integrin and in-
tegrinlike proteins are involved in neuroplasticity
because the integrin antagonist GRGDSP and the
GRGDSP analog peptides have been shown to in-
hibit LTP in rats (Staubli et al. 1990, 1998).

The IAP is a 50-kD ubiquitously expressed
membrane glycoprotein that is associated with in-
tegrin (Brown et al. 1990) and regulates the func-
tion of «, 35 class of integrins in placenta and plate-
lets (Lindberg et al. 1993, 1996b). It also acts as a
receptor for the cell-binding domain of the throm-
bospondin (TSP) family of ECM proteins (Schwartz
et al. 1993; Gao et al. 1996a,b). In a very recent
study, IAP has been demonstrated to have its se-
lective binding partner on the cell membrane of
cerebellar neurons (Jiang et al. 1999). Immunologi-
cal studies have shown that IAP can also act inde-
pendent of B, integrins in T-cell costimulation
(Reinhold et al. 1997). These results suggest that
IAP may have independent physiological functions.

In the present study, we aimed to further in-
vestigate the role of IAP involved in memory pro-
cessing and LTP. If IAP does play an important role
in memory formation and synaptic plasticity, it is
expected that both retention performance and LTP
are impaired in animals deficient in IAP. To test this
hypothesis, we have used IAP-deficient mice and
have adopted both the in vivo LTP model and the
inhibitory avoidance learning paradigm, the para-
digm originally used to demonstrate the IAP gene
(Huang et al. 1998). Flow cytometry of red blood
cells was used to verify the genotype of all animals
and Western blot analysis was used to verify the
lack of the IAP protein in IAP knockout mice. Our
results demonstrate that IAP plays an essential role
in the process of memory formation and synaptic
plasticity in rats and mice.

Materials and Methods
ANIMALS

The IAP-null allele was back crossed from
IAP*/~ 129sv/eg mice (Lindberg et al. 1996b) into
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Balb/cJ for seven to nine generations. These mice
were then interbred and male IAP*/*, IAP™/~, and
IAP™/~ offspring were used for the present study at
age 2-3 months (weight, 20-25 grams). Their
genotypes were confirmed by flow cytometry of
red blood cells. Briefly, the tail blood was collected
into PBS/5 mm EDTA, washed, and red blood cells
corresponding to 1 pl of blood stained for 30 min
at 4°C with 1 pg of miap301 (IAP monoclonal an-
tibody; Lindberg et al. 1996b) in 30 ul of complete
medium. Cells were washed and stained under the
same conditions with 1 ul of goat-anti-rat IgG-FITC
(Sigma Co.). At least 10,000 cells were analyzed
after a final wash. Gene dosage allows easy distinc-
tion among IAP*™*, IAP*/~, and IAP™/~ genotypes.
In the analysis of >300 samples with this method,
it has 100% concordance with the PCR/Southern
blot analysis (Lindberg et al. 1996b) and this
method was more likely to be technically success-
ful. All experimental animals were typed at least
twice. In selective animals, brain tissues were also
subjected to Western blot analysis for verification
of IAP protein expression. Besides, all experiments
were conducted in compliance with the “Guide-
lines for Animal Care” provided by The National
Institutes of Health (NIH) and approved by the Ani-
mal Committee of the Institute of Biomedical Sci-
ences, Academia Sinica (Taiwan, Republic of
China).

INHIBITORY AVOIDANCE LEARNING

The one-way inhibitory avoidance learning
task was used to measure retention performance in
mice. The apparatus consists of a trough-shaped
alley divided by a sliding door into an illuminated
safe compartment and a dark compartment. A
shock generator with facilities to vary current is
connected to the floor of the dark compartment.
The behavioral task included the training and test-
ing procedures and was conducted between 10:00
am. and 5:00 p.m. Before experimentation, mice
were kept in a dim room for 1 hr to adjust to the
environment. For the training phase, the mouse
was placed at the far end of the illuminated com-
partment facing away from the door. As the mouse
turned around, the door was open. When the
mouse entered the dark compartment, the door
was closed and a 1.2-mA/1-sec footshock was
given. The animal was then removed from the alley
and returned to its home cage. Three hours later,
the retention test was given. The animal was again
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placed into the illuminated compartment and the
latency to step into the dark compartment was re-
corded as the measure of retention performance.
The ceiling score was assigned as 600 sec. The
observer was blinded as to the genotype of the
mice.

LOCOMOTOR ACTIVITY ASSAY

After the memory retention test, mice were
placed into a locomotor activity chamber for 20
min. The chamber is (16 inch square with 16 x 16
horizontal by vertical infrared sensors connected
to two digiscan activity monitors (Coulbourn In-
strument, PA). The sensors were used to localize
the animals floor position and quantify locomotor
activity level. Locomotor activity was measured as
the total number of beam breaks in an x-y plane
recorded every 10 msec.

ROTAROD TREADMILL PERFORMANCE

After the locomotor activity test, mice were
subjected to the rotarod treadmill endurance mea-
sure. Basically, it consists of a set of a 25-cm diam-
eter drums, enabling five mice to be placed on the
treadmill simultaneously. The rotor has an angular
speed that can be varied by a simple belt gear.
They are driven by heavy-duty induction geared
motors. For this experiment, the speed was set at
six turns/min and the mice were placed on the
center grid of the rotarod. The timer was stopped
automatically when the animal fell off the grid onto
the plate below and the total time the mouse
stayed on the grid was recorded as the endurance
measure.

SHOCK SENSITIVITY TEST

At the end of all behavioral experiments (and
before LTP recording), the same mice were placed
into the dark compartment of the alley used for
individual measurement of memory retention.
Each animal was given different intensities of elec-
tric shock at 0, 0.4, 0.8, 1.2, and 1.6 mA DC current
for 1 sec at each intensity in sequence. The interval
between two adjacent shock intensities was 10
sec. Their responses to the shocks were recorded
by the experimenter. In general, their responses
can be divided into the following categories:
flinch, locomotion, vocalization, and jump. If an
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animal expressed more than one behavioral cat-
egory during the shock, these responses were all
recorded and counted.

ELECTROPHYSIOLOGY

For in vivo LTP recording, mice were anesthe-
tized with intraperitoneal urethane (1.2 gram/kg)
and placed on a stereotaxic instrument. Through-
out the surgery and experiments, core body tem-
perature was monitored and maintained at
35 + 1°C through a heating pad with a thermo-
probe placed in the rectum of the mouse. The skull
was exposed and electrodes implanted through
burr holes in the skull. The stimulating electrodes
were platinum concentric bipolar electrodes with
a tip diameter of 25 um and were positioned uni-
laterally to the dorsomedial perforant path at ste-
reotaxic coordinates of 0.5 mm anterior to lambda,
2.5 mm lateral to the midline, and 1.5-2.0 mm
ventral to the brain surface. Recording electrodes
were prepared from single-barrel glass micropi-
pettes (1.2-mm outer diam. x 0.6-mm inner diam.),
pulled on a Narishige vertical puller, and filled with
3 m NaCl. Resistance ranged from 1 to 3 M(). The
recording electrodes were implanted ipsilaterally
into the dentate gyrus, 2.0 mm posterior to the
bregma, 1.0 mm lateral to the midline, and 1.5-2.0
mm ventral to the brain surface. Once both the
recording and stimulating electrodes were posi-
tioned, 5% agar dissolved in 0.9% NaCl was applied
over the exposed skull to prevent surface drying
and reduce movement artifacts. To avoid noise in-
terference with LTP recording, one end of an elec-
trical wiring was connected to the metal hood on
top of the recording instruments and the other end
to the wall. The other wiring from the outlet of the
oscillator was connected to the recording elec-
trode and to the head skin of the mouse serving as
a ground reference. Stimulation consisted of 50-
usec duration monophasic constant current pulses
delivered once every 10 min. Stimulus intensities
ranged from 100 to 500 pA and produced averaged
PEPSP (population excitatory postsynaptic poten-
tial) amplitudes of 4-7 mV. Once determined,
stimulus current remained constant throughout
the experiment. To induce LTP, one set of stimuli
in 10-min periods was delivered after a 30-min
baseline recording in mice. This set of stimuli con-
tained four trains, eight pulses per train at 400 Hz,
delivered at a rate of one train/sec for 20 msec.
The pulse width used was 400 psec. The popula-
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tion spike amplitude, slope, and amplitude of the
PEPSP were recorded once every 10 min.

WESTERN BLOT ANALYSIS

Animals of each IAP genotype were sacrificed
and whole brain tissues were homogenized in 4 ml
of hypotonic buffer containing 20 mm HEPES (pH
7.5), 5 mMm KCI, 1 mm MgCl,, 1 mm EDTA, 10 ng/ml
leupeptin, 10 ug/ml aprotinin, and 5 mm DFP. Ice-
cold acetone in a volume of 36 ml was added. The
homogenate was centrifuged at 15,000g for 10 min
and the precipitate was collected. The pellet was
resuspended in 2 ml of hypotonic buffer by brief
sonication, with CHAPS added to a final concentra-
tion of 10 mm, followed by incubation on ice for 10
min. After centrifugation at 15,000g for 10 min, the
pellet was collected and again resuspended in 2 ml
of hypotonic buffer. SDS was added to make a final
concentration of 1% (wt/vol) and the solution
cleared by centrifugation at 15,000g for 5 min. Fifty
microliters of this preparation was loaded on a 10%
SDS-polyacrylamide gel. After gel analysis, proteins
were transferred to polyvinylidine difluoride
(PVDF) membrane by semidry transfer method in
an electrophoretic transfer kit. The PVDF mem-
brane was blocked in blocking buffer (Tris-buff-
ered saline, 0.1% Tween-20/2% BSA) for 1 hr at
room temperature, then incubated for 2 hr at room
temperature in primary antibody, miap301 (1 pg/
ml in blocking buffer), followed by three washes of
5 min each in washing buffer (Tris-buffered saline,
0.1% Tween-20). Incubation in secondary antibody
(1:1000 peroxidase conjugated goat-anti-rat in
blocking buffer) was for 1 hr at room temperature.
After three washes of 10 min each in washing
buffer, bound antibody was detected using chemo-
luminescent substrate (ECL, Amersham) and X-ray
film.

STATISTICAL ANALYSIS

Because the distribution of the retention
scores was uneven and was truncated at 600, non-
parametric Mann-Whitney one-tailed U test was
used to analyze the data for retention performance.
The U value was then transferred to the Z value.
Other behavioral comparisons and electrophysi-
ological results were evaluated with one-way analy-
sis of variance (ANOVA) followed by Dunnett’s
test for comparisons between IAP*/* and IAP™/~
groups as well as between IAP™~ and IAP™/~
groups.
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Results

RETENTION PERFORMANCE OF IAP**, IAP*/~, AND
IAP~/~ MICE

The wild-type (IAP*/*, n = 13), heterozygote
AP~ n =11), and IAP knockout mice (IAP™/",
n =17) were trained in the inhibitory avoidance
learning apparatus and memory retention was mea-
sured 3 hr later. Results indicated that retention
performance was significantly impaired in IAP
knockout mice either compared with the wild-type
(U=069, Z=1.74, P < 0.05) or compared with the
heterozygote (U = 48, Z = 2.14, P < 0.05) controls.
There was no marked difference in retention per-
formance between the wild-type and the heterozy-
gote groups (U=065, Z=0.38, P>0.05). One
would suspect that retention performance may be
affected by factors other than memory consolida-
tion, such as motor activity and balance. However,
the present results indicated that there was no sig-
nificant difference among these animals in locomo-
tor activity (F(2,38) = 0.50, P > 0.05) and rotarod
treadmill endurance (F(2,38) =0.55, P> 0.05)
measures. Further analyses indicated that the IAP
knockout mice were not different from the wild-
type and heterozygote controls when compared in
locomotor activity (D =0.97, P>0.05 and
tD = 0.64, P > 0.05, respectively) (Fig. 1B) and ro-
tarod treadmill performance (tD =0.10, P> 0.05
and tD = 1.0, P > 0.05, respectively) (Fig. 1C) sepa-
rately. Also, there was no obvious difference
among these three groups of animals in their sen-
sitivities or responses to the electric shock (Ta-
ble 1).

LTP RECORDING OF IAP**, IAP*/~, AND
IAP™/~ MICE

Next, the wild-type (IAP*/*, n = 5), heterozy-
gote (JAP*/~, n =5), and IAP knockout (IAP™'~,
n = 6) mice were subjected to electrophysiological
recording of LTP in vivo. Results revealed that ba-
sic synaptic transmission in the hippocampus was
the same in these three groups of mice (0-30 min,
one-way ANOVA, F(2,13) = 1.62, P > 0.05); how-
ever, there was an overall significant difference in
the slope of pEPSP among these groups of animals
upon tetanic  stimulation  (40-210  min,
F(2,13) =3.89, P<0.05). Further analyses indi-
cated that the TAP knockout mice showed a signifi-
cant reduction in the slope of pEPSP when com-
pared to the wild-type (69% reduction, tD = 2.82,
P <0.05) and the heterozygote (62% reduction,
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Figure 1: (A) Retention performance of
homozygote (IAP*/*, n=13), heterozy-
gote (IAP*=, n=11), and IAP knockout
(IAP~=, n=17) mice in an inhibitory
avoidance learning task. Data are ex-
pressed as median + interquartile range.
The comparisons between IAP*/* and
IAP~/~ groups, as well as between the
IAP*/~ and IAP~/~ groups, were significant
(both P < 0.05, Mann-Whitney one-tailed
U test. (B) Locomotor activity level of the
same mice measured in a digiscan activity
monitor for 20 min (P> 0.05). (C) Endur-
ance time of the same animals measured
in a rotarod treadmill (P> 0.05). Data are
expressed as mean +s.e.m. in B and C.
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Table 1: Responses of IAP”*, IAP*~, and IAP”~ mice to different shock intensities

Shock intensity (mA)®

Genotype No.? 0 0.4 0.8 1.2 1.6
IAP*/* 13 — FFoL oV L,V 5,V J, V
(17%), (63%)

IAP*/~ 11 — F, L V L)V ),V ),V
(14%), (65%)

IAP~/~ 17 — SV L,V 5,V J, V

’ ’
(18%), (53%)

*Number of animals.

B(F) Flinch; (L) locomotion; (V) vocalization; (J)) jump. Values parentheses indicate the percentage of animals showing that
specific response category. Response categories without percentage expression indicate all animals in that group show that
behavioral response. There is no marked difference in any behavioral response observed among IAP**, IAP*/~, and IAP~/~
mice at any shock intensity examined.

IAP™*

control

o
m

— —
=3 I )
S =

T

o
=1
T

40 40 r

20 | l

-
=9
=
175}
-9
72}
Py
)
& 60t
<
@
=
=
=]
=
@)
*

20

% Change of Population Spike Amplitude
=)
<

220 P O S S Y U S S S S S S S S S S S S 20 e
0 10 30 50 70 90 i 130 150 170 190 210 [ ] 30 S0 mn 9mn 10 130 150 170 190 210

Time (min) Time (min)

Figure 2: Representative illustrations showing a single response in population spike of (A) IAP*/*, (B) IAP*/~, and (O)
IAP~~ mice. (D) Tetanic stimulation-induced LTP in IAP** (n = 5), IAP*'~ (n = 5), and IAP™~ (n = 6) mice. A significant
reduction in the slope of pEPSP in IAP~/~ mice (O) was observed when compared to the IAP*/* (B) and IAP*/~ (@) groups
(both P < 0.05, one-way ANOVA followed by Dunnett’s t-test). There was no marked difference between IAP*/* and
IAP*/~ groups (P> 0.05). (E) As in D, a significant reduction in the amplitude of population spike was also observed in
IAP~/~ mice when compared with IAP*/* and IAP*/~ mice (both P < 0.05). Again, no marked difference was observed
between IAP*/* and IAP*/~ groups (P> 0.05) (symbols the same as in D). Data are expressed as mean #s.E.M.. Arrow
indicates tetanic stimulation.
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tD = 2.36, P < 0.05) controls (Fig. 2D). Although
no marked difference was found between the wild-
type and the heterozygote groups (tD = 0.63,
P > 0.05). Similarly, there was also a marked differ-
ence in the magnitude of population spike (40-210
min, F(2,13) = 4.17, P < 0.05). Further analyses re-
vealed that it is also because of the differences
between the IAP knockout and wild-type groups
(68% reduction, tD = 2.72, P < 0.05) as well as be-
tween the IAP knockout and heterozygote groups
(64% reduction, tD =2.12, P<0.05) (Fig. 2E).
Again, no marked difference was found between
the wildtype and the heterozygote groups
(D =0.57, P> 0.05).

WESTERN BLOT OF IAP

At the end of all behavioral and electrophysi-
ological experiments, selective animals from each
group were subjected to Western blot analyses of
IAP protein expression. As shown in Figure 3, re-
sults revealed that no IAP labeling was found in IAP
knockout mice, whereas IAP staining was abun-
dant and the expression level was similar in both
the wild-type and heterozygote animals.

Discussion

The present results demonstrate that there was
a significant impairment in retention performance
and a significant reduction in the magnitude of LTP
in IAP knockout mice when compared with the
wild-type and the heterozygote controls, whereas
the wild-type and heterozygote mice did not show
marked difference on these measures. These differ-

+i+ e -l

—116
—97

IAP — “ —46

Figure 3: Representative gel pattern showing the re-
sults of Western blotting of IAP expression in the whole
brain of IAP**, IAP*/~, and IAP™/~ mice. IAP mono-
clonal antibody (miap301; Lindberg et al. 1996b) was
used. IAP protein was absent in IAP~~ mice and IAP
expression was similar in both IAP*/* and IAP*/~ mice.

ences did not appear to be secondary to general-
ized disturbance because sensitivity to the electric
shock, balance, and motor activity were not mark-
edly different in the experimental animals. West-
ern blot analyses confirmed the lack of IAP protein
in IAP knockout mice, but IAP expression was
abundant in both the wild-type and heterozygote
animals. These results together demonstrate the
importance of IAP involved in memory processing
and synaptic plasticity in mice.

Both LTP and vertebrate memory are complex
processes. In both cases, there are underlying
changes in synaptic function and likely also reor-
ganization of cell-cell contacts (Weiler et al. 1995;
Mullany and Lynch 1997). Application of neural
cell adhesion molecule (NCAM) antibodies was
shown to inhibit the induction of hippocampal
LTP in rats (Ronn et al. 1995), whereas memory
consolidation induces an increase in NCAM polysi-
alylated cells in the same region (Fox et al. 1995;
Murphy et al. 1996), suggesting that cell adhesion
molecules may play an important role in both syn-
aptic plasticity and memory processing. This sug-
gestion is also supported by a recent finding that
the Drosophila mutant Valado, which is deficient
in the integrin-a-subunit, also shows impaired
short-term memory (Grotewiel et al. 1998). In
some regards, IAP can also be viewed as a kind of
cell adhesion molecule. For example, IAP has an
extracellular domain belonging to the immuno-
globulin superfamily (Lindberg et al. 1993), sug-
gesting that it may function independently as a cell-
-cell or cell-matrix receptor (Yoshihara et al.
1991). IAP is also a receptor for the thrombospon-
din matrix protein family, several of which induce
neurite outgrowth (Arber and Caroni 1995; Gao et
al. 1996a,b). Interestingly, thrombosponding-4, the
most abundant thrombospondin in the adult cen-
tral nervous system, is highly expressed in synapse-
rich regions, especially in CA1, CA3, and dentate
gyrus neurons (Arber and Caroni 1995), which are
the sites of maximal IAP expression upon learning
(Huang et al. 1998). Therefore, like NCAM and in-
tegrin, IAP may also be viewed as a cell adhesion
molecule whose expression is essential for
memory consolidation and synaptic plasticity.

Then, how might IAP act to facilitate memory
formation? Does it act in association with integrin
or function independently, or both? At present,
this is unclear. However, the difficulty in clarifying
the relationship between integrin and IAP lies in
the fact that the integrin antagonist GRGDSP and
its analog peptide have an inhibitory effect on LTP




per se (Staubli et al. 1990, 1998); therefore, it may
also impair memory performance in rats, and thus,
making the integrin-IAP interaction study difficult.
Future studies using functional antibodies against
IAP will be helpful in elucidating its mechanism of
action. On the other hand, IAP may act through
binding to the ECM protein and subsequent activa-
tion of the signal transduction pathway. In platelet,
the IAP agonist 4N1K (KRFYVVMWKK) was shown
to activate the function of ay,[35 integrin, resulting
in an assembly of a signaling complex containing
integrin, TAP, and various kinases, including the
focal adhesion kinase (Chung et al. 1997). We do
not know whether the same signaling pathway also
occurs in the hippocampus and explains the rea-
son for memory processing. However, focal adhe-
sion kinase is actually enriched in the cerebral cor-
tex and the hippocampus (Burgaya et al. 1995). Its
high levels have been found in the growth cones
and perikarya in developing neurons as well as in
the adult hippocampus (Burgaya et al. 1995). This
implicates its importance in neuronal plasticity and
perhaps, behavioral plasticity. Furthermore, in a
very recent study, Jiang et al. (1999) have shown
that IAP is a predominant binding partner of an-
other adhesive membrane protein P84 (also known
as SHPS-1, B1T, and SIRP) in the mammalian brain.
Application of anti-IAP antibody was shown to in-
hibit cell attachment to P84 in cerebellar neuronal
cultures. Whether IAP also acts in associated with
P84 to facilitate synaptic transmission and memory
processing requires further investigation. The ex-
act mechanism and the signaling pathway underly-
ing the action of IAP in memory processing also
remains to be elucidated.

In the present study, although the IAP knock-
out mice showed a significant impairment in reten-
tion performance and hippocampal LTP, both mea-
sures were not completely inhibited. This is prob-
ably because the signal transduction upon IAP
binding to the ECM protein was inhibited in these
animals. However, the signal transduction along
axonal flow may remain normal; therefore, neuro-
transmitter release in the hippocampus, such as
glutamate release, is not affected, which then main-
tains the normal physiological functions of these
neurons. In addition, significant differences exist
among different mouse strains in memory perfor-
mance and the Balb/cJ mice may not be the most
sensitive strain for inhibitory avoidance learning
(Lipp and Wolfer 1998). Furthermore, other mol-
ecules with similar characteristics to IAP may also
participate in synaptic plasticity, such as integrin
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(Staubli et al. 1990, 1998). On the other hand, re-
sults of Western blotting experiments are consis-
tent with that of Lindberg et al. (1996b) using
Southern blotting to confirm the IAP mutant. This
is the first report demonstrating IAP expression in
the mammalian brain. Further experiments using
immunohistochemistry to examine IAP distribu-
tion in different brain regions and the subcellular
distribution of IAP are under investigation. In the
present study, the mice used were back crossed for
seven to nine generations and no difference was
seen between the wild-type and heterozygote
groups, making it very unlikely that the observed
behavioral difference is attributable to an unlinked
locus. The possibility remains that the effect is due
to a highly IAP-linked locus. However, the similar
memory impairment and LTP reduction seen in
mice treated with IAP antisense oligonucleotide
(Huang et al. 1998) and in IAP knockout mice ar-
gues against this possibility. Moreover, our histo-
logical results showed that the hippocampal struc-
ture was the same in these three groups of animals
(unpubl. observations), suggesting that the ob-
served differences in the present study were not
due to preexisting structural or developmental dif-
ferences between IAP knockout and control mice.

In the present study, the IAP knockout mice
were only subjected to the one-way inhibitory
avoidance learning test. Although the hippocam-
pus is known to involve in a variety of learning and
memory tasks, including the inhibitory avoidance
learning (Lee et al. 1993; Bevilaqua et al. 1997), this
paradigm may not be one of the central hippocam-
pus-dependent tasks. Other tasks, such as the Mor-
ris water maze learning, will be helpful in elucidat-
ing the specific role that IAP plays in learning and
memory.

In summary, in the present study we have used
the TAP knockout mice to further investigate the
role of IAP in long-term memory formation and
hippocampal LTP in vivo. Results demonstrate that
both retention performance and the magnitude of
LTP were significantly impaired in IAP knockout
mice. This difference is not due to a difference in
the animal’s sensitivity to electric shock or a differ-
ence in motor activity level. Western blot results
confirm the lack of IAP protein in IAP knockout
mice. Furthermore, similar behavioral and electro-
physiological results obtained in IAP knockout
mice and rats treated with IAP antisense oligo-
nucleotide as well as similar hippocampal structure
observed between IAP knockout and control mice
argue against the possibility of a preexisting differ-
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ence in hippocampal organization during develop-
ment in IAP knockout mice. These results demon-
strate that IAP plays an important role in both
memory formation and hippocampal synaptic plas-
ticity in rats and mice.
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