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Abstract

The a7 nicotinic acetylcholine receptor
(nAChR) subunit is abundantly expressed in
the hippocampus and contributes to
hippocampal cholinergic synaptic
transmission suggesting that it may
contribute to learning and memory. There is
also evidence for an association between
levels of a7 nAChR and in sensorimotor
gating impairments. To examine the role of
a7 nAChRs in learning and memory and
sensorimotor gating, Acra7 homozygous
mutant mice and their wild-type littermates
were tested in a Pavlovian conditioned fear
test, for spatial learning in the Morris water

task, and in the prepulse inhibition
paradigm. Exploratory activity, motor
coordination, and startle habituation were
also evaluated. Acra7 mutant mice displayed
the same levels of contextual and
auditory-cue condition fear as wild-type
mice. Similarly, there were no differences in
spatial learning performance between
mutant and wild-type mice. Finally, Acra7
mutant and wild-type mice displayed similar
levels of prepulse inhibition. Other
behavioral responses in Acra7 mutant mice
were also normal, except for an
anxiety-related behavior in the open-field
test. The results of this study show that the
absence of a7 nAChRs has little impact on
normal, base-line behavioral responses.
Future studies will examine the contribution
of a7 nAChR to the enhancement of
learning and sensorimotor gating following
nicotine treatments.
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Introduction

In mammalian brain, there are two major
classes of nicotinic receptors that are distinguished
on the basis of ligand binding studies; one type that
binds [3H]nicotine with high affinity, and the other
class that binds [3H]nicotine with low affinity, but
125I-labeled a-bungarotoxin (a-BTX) with high af-
finity. Expression studies show that neuronal nico-
tinic receptors are comprised of two a subunits
and three b subunits (Cooper et al. 1991; Bertrand
and Changeux 1995). The a7 subunit, however, is
an exception because in general, it does not as-
semble with other subunits in the Xenopus oocyte
expression system. The a7 subunit appears to form
a homo-oligomer receptor/channel and represents
the major a-BTX-binding protein in mammalian
brain (Courturier et al. 1990; Schoepfer et al. 1990;
Keyser et al. 1993; Seguela et al. 1993; Orr-Urtreger
et al. 1997).

Drugs that affect acetylcholine (ACh) synaptic
transmission, including those that bind at nicotinic
receptors, have been shown to affect many behav-
ioral responses such as learning and memory per-
formance (for review, see Levin 1992) in rats and
mice on tasks that require spatial memory (Decker
and Majchrzak 1992; Decker et al. 1992; Curzon et
al. 1996), working memory (Ohno et al. 1993; Lip-
piello et al. 1996), or avoidance processes (Decker
et al. 1993, 1994; Meyer et al. 1994; Smith et al.
1996; Zarrindast et al. 1996). Recent findings sug-
gest that cholinergic modulation of learning and
memory performance may be mediated by the ac-
tion of ACh and nicotine at a7 receptors. First,
there are high levels of a7 containing nAChRs in
the hippocampus (Dineley-Miller and Patrick 1992;
Perry et al. 1993; Seguela et al. 1993; Court et al.
1995), a structure critical for the types of learning
and memory affected by nicotine treatment (see
Cohen and Eichenbaum 1993). Second, rapidly de-
sensitizing currents and nicotinic-induced glutama-
tergic release in hippocampal cultures are medi-
ated by presynaptic a7 receptors (Gray et al.
1996). Finally, there are fast, rapidly desensitizing
inward currents present in CA1 interneurons that
respond to ACh most likely through a7 nAChR
mechanisms (Alkondon and Albuquerque 1993; Fra-
zier et al. 1998). These studies provide evidence that
a7 subunits are critical for various types of choliner-
gic synaptic transmission in the hippocampus, and
support a hypothesis that a7 mechanisms may be
important for certain types of learning and memory.

Recently, Orr-Urtreger et al. (1997) developed

mice with a null mutation in the a7 gene (Acra7).
Acra7-deficient mice have normal levels of high-
affinity nicotine binding, but there is an absence of
a-BTX binding. In hippocampal neurons of a7-de-
ficient mice, there are no rapidly desensitizing
nicotinic currents (Orr-Urtreger et al. 1997) sup-
porting the possibility that the a7 subunits are im-
portant for some aspects of hippocampal function.
With these mice it is now possible to examine the
functional impact of a7 deficiencies on normal,
base-line learning and memory. In addition, it will
be possible to study the role of a7 receptors in
nicotine-induced changes in learning performance.

Rapidly incoming sensory stimuli are filtered in
the central nervous system by use of normal, in-
hibitory gating mechanisms. There is strong evi-
dence for an association between a7 nAChRs and
sensory gating as assessed by recording auditory-
evoked potentials or by use of the prepulse inhibi-
tion paradigm. First, nicotine increases sensory gat-
ing in humans and animals (Adler et al. 1992; Acri
et al. 1994a,b; Curzon et al. 1994; Freedman et al.
1994; Bickford and Wear 1995; Stevens et al. 1995;
Kumari et al. 1997; Stevens and Wear 1997). Sec-
ond, intraventricular injections of a-BTX disrupt
hippocampal auditory gating (Luntz-Leybman et al.
1992). Third, there is a significant correlation be-
tween levels of sensory gating of auditory-evoked
potentials and a-BTX binding in the hippocampus
among inbred strains of mice (Stevens et al. 1996).
This study also reported that the pattern of a-BTX
binding in the hippocampus was consistent with
a7 mRNA in situ hybridization across four inbred
strains of mice. Fourth, using the prepulse inhibi-
tion paradigm, Bullock et al. (1997) showed that
there was a significant correlation between levels
of prepulse inhibition and auditory-evoked poten-
tials in the hippocampus. In addition, Bullock et al.
(1997) reported a correlation between levels of
prepulse inhibition and a-BTX that was consistent
with the correlation reported by Stevens et al.
(1996) using the auditory-evoked potential prepa-
ration. Finally, Freedman et al. (1997) showed that
gating differences associated with schizophrenia
(e.g., Freedman et al. 1983; Geyer and Braff 1987;
Braff and Geyer 1990) show linkage to human
chromosome 15 in a region near the a7 locus.
Thus, there is increasing evidence for a relation-
ship between the a-BTX binding most likely at the
a7 nAChR and differences in sensory gating. With
the Acra7-deficient mice, it is possible to test the
hypothesis that different levels of a7 nAChRs are
associated with differential sensorimotor gating.
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As a first step to understanding the role of a7
nAChRs in behavior, we evaluated base-line learn-
ing and memory performance and sensorimotor
gating in Acra7-deficient and wild-type mice. It
was also important to evaluate several general be-
havioral responses of the Acra7 mutant mice by
use of a test battery (Crawley and Paylor 1997)
because nicotine also influences the startle re-
sponse, locomotor activity, and anxiety-related be-
haviors (Marks et al. 1986, 1989; Acri et al. 1991;
Cao et al. 1993; Decker et al. 1994). The results
show that a7-deficient mice are similar to wild-
type mice in a wide variety of behavior tests sug-
gesting that normal a7 receptor function is not
essential for the base-line expression of various
normal behavioral responses.

Materials and Methods

ANIMALS

Acra7-deficient mice were generated as de-
scribed previously (Orr-Urtreger et al. 1997). Be-
havioral testing was performed on Acra7 homozy-
gous deficient and wild-type mice that were origi-
nally derived in 129/SvEv ES cells but were
backcrossed to C57BL/6J mice for six generations
after germ-line transmission; heterozygotes were
not studied. Mice were shipped from Baylor Col-
lege of Medicine and held at National Institutes of
Health (NIH) in quarantine for ∼8 weeks. The mice
were 3–4 months old at the beginning of testing.
Mice were housed three to five per cage in a room
with a 12 hr light/dark cycle (lights on at 0600 hr)
with access to food and water ad lib. In general,
behavioral testing was performed between 0700
and 1300 hr. An experimenter that was blind to the
genotypes of the mice conducted all experiments.
Fifteen Acra7-deficient (8 females and 7 males) and
11 wild-type (8 females and 4 males) were tested.
All behavioral testing procedures were approved
by the National Institute of Mental Health (NIMH)
Animal Care and Use Committee and followed the
NIH Guidelines, ‘‘Using Animals in Intramural Re-
search.’’

NEUROLOGICAL SCREEN

A simple neurological screen for motor and
sensory responses was used first. In this screen, a
mouse was weighed and its body temperature was
assessed with a rectal probe (Thermalert TH-5).
Other physical features were recorded including
the presence of whiskers, bald hair patches, palpe-

bral closure, exophthalmos, and piloerection. The
mouse was then placed into an empty cage and
observed for 1 min. The presence of several behav-
ioral responses was recorded (i.e., wild running,
freezing, licking, jumping, sniffing, rearing, move-
ment throughout the cage, and defecation). Pos-
tural reflexes were then evaluated by first deter-
mining if the mouse would splay its limbs when in
a cage that is quickly lowered and moved from side
to side. The righting reflex, whisker touch re-
sponse, eye blink, and ear twitch were then evalu-
ated. Several simple motor responses were evalu-
ated by use of a wire suspension test and a vertical
pole test. In the wire suspension test, the mouse
was suspended from a single wire (2 mm) by its
forepaws. The time that the mouse hung on the
wire was recorded. In the vertical pole test, a
mouse was placed facing up on a cloth-tape-cov-
ered pole (1.9-cm diam., 43-cm long). The end of
the pole was lifted to a vertical position and the
time a mouse stayed on the pole was recorded.
These values are converted to a pole test score: Fell
before the pole reached 45° or 90° angle = 0 or 1,
respectively; fell in 0–10 sec = 2, 11–20 sec = 3,
21–30 sec = 4, 31–40 sec = 5, 41–50 sec = 6, 51–
60 sec = 7; stayed on 60 sec and climbed halfway
down the pole = 8, climbed to the lower half of the
pole = 9; climbed down and off in: 51–60 sec = 10,
41–50 sec = 11, 31–40 sec = 12, 21–30 sec =13,
11–20 sec = 14, 1–20 sec = 15. Finally, the animal
was placed in the center of a platform (20 cm), and
the latency to move to the edge, and the number of
times the mouse reaches its head over the edge,
were recorded.

Two-way (genotype × gender) analyses of vari-
ance (ANOVA) were used to analyze the wire sus-
pension and platform test data. Nonparametric sta-
tistical tests were used to analyze the remaining data.

LOCOMOTOR ACTIVITY IN AN OPEN FIELD

One to two days after the neurological screen,
locomotor activity was evaluated by placing mice
into an open-field arena. Each subject was placed
in the center of a clear plexiglas (40 × 40 × 30 cm)
chamber in standard room-lighting conditions. Ac-
tivity in the open field was quantitated by a com-
puter-operated Digiscan optical animal activity sys-
tem [RXYZCM (8), Omnitech Electronics] contain-
ing eight photoreceptor beams on each side of the
arena, which divides the arena into 64 equally
sized squares. Horizontal activity (locomotor activ-
ity measured by number of photobeam interrup-
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tions), vertical activity (rearing measured by num-
ber of photobeam interruptions), total distance
(cm), and center distance (i.e., the 16 equally sized
squares in the center of the arena) were recorded.
The center distance was also divided by the total
distance to obtain a center distance/total distance
ratio. The center distance/total distance ratio can
be used as an index of anxiety. Data were collected
in 2 min intervals over a 30-min test session.

Locomotor activity data were analyzed by use
of a three-way (genotype × gender × blocks of 2
min) ANOVA with repeated measures. Significant
interactions were subsequently analyzed by simple
effects tests.

LIGHT ↔ DARK EXPLORATION

Two days later, mice were tested in the
Light ↔ Dark exploration test. The Light ↔ Dark
exploration test consists of a polypropylene cage
(44 × 21 × 21 cm) unequally divided into two
chambers by a black partition containing a small
opening. The large chamber is open and brightly
illuminated, whereas the small chamber is closed
and dark. Mice were placed into the lit side and
allowed to move freely between the two chambers
for 10 min. Photocells located in the opening de-
tected transitions of the mouse between the two
chambers. The total number of transitions and time
in the dark side were recorded.

Data were analyzed by two-way (geno-
type × gender) ANOVA.

ROTAROD TEST

Motor coordination and balance were tested in
the afternoon with an accelerating rotarod (UGO
Basile Accelerating Rotarod). The rotarod test was
performed by placing a mouse on a rotating drum
and measuring the time each animal was able to
maintain its balance on the rod. The speed of the
rotarod accelerated from 4 to 40 rpm over a 5-min
period. Mice were given four trials with a 30- to
60-min intertrial rest interval.

Rotarod data were analyzed with a three-way
(genotype × gender × trial) ANOVA with repeated
measures. Significant interactions were subse-
quently analyzed by use of simple effects tests.

STARTLE AND PREPULSE INHIBITION

Three days after rotarod testing, prepulse inhi-
bition of acoustic startle responses was measured

by the SR-Lab System (San Diego Instruments, San
Diego, CA) as described previously (Paylor and
Crawley 1997). A test session began by placing a
mouse in the plexiglas cylinder where it was left
undisturbed for 5 min. A test session consisted of
seven trial types. One trial type was a 40-msec,
120-dB sound burst used as the startle stimulus.
There were five different acoustic prepulse plus
acoustic startle stimulus trials. The prepulse sound
was presented 100 msec before the startle stimu-
lus. The 20-msec prepulse sounds were 74, 78, 82,
86, or 90 dB. Finally, there were trials in which no
stimulus was presented to measure base-line move-
ment in the cylinders. Six blocks of the seven trial
types were presented in pseudorandom order such
that each trial type was presented once within a
block of seven trials. The average intertrial interval
was 15 sec (ranged from 10 to 20 sec). The startle
response was recorded for 65 msec (measuring the
response every 1 msec) starting with the onset of
the startle stimulus. The background noise level in
each chamber was 70 dB. The maximum startle
amplitude recorded during the 65-msec sampling
window was used as the dependent variable.

The next day, prepulse inhibition of a tactile
startle response was measured. A piece of copper
tubing was inserted into the chamber so that an
air-puff stimulus could be applied directly to the
body of the mouse. Each mouse was tested by the
same procedures and trial types described for pre-
pulse inhibition of the acoustic startle response,
but the startle stimulus was a 40-msec, 12-psi burst
of air.

The following formula was used to calculate per-
cent prepulse inhibition of a startle response: 100–
[(startle response on acoustic prepulse plus startle
stimulus trials/startle response alone trials) × 100].
Thus, a high percent prepulse inhibition value indi-
cates good prepulse inhibition, that is, the subject
showed a reduced startle response when a prepulse
stimulus was presented compared with when the
startle stimulus was presented alone. Conversely, a
low percent prepulse inhibition value indicates
poor prepulse inhibition, that is, the startle re-
sponse was similar with and without the prepulse.

Acoustic and tactile response amplitude data
were analyzed by use of two-way (gender × geno-
type) ANOVAs.

Prepulse inhibition data were analyzed with
a three-way (genotype × gender × prepulse sound
level) ANOVA with repeated measures. Subse-
quently, significant interactions were analyzed by
simple effects tests.
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HABITUATION OF THE ACOUSTIC STARTLE
RESPONSE

Three days later, habituation of the acoustic
startle response was measured. One hundred
startle stimuli (120 dB, 40 msec) were presented to
each mouse. The average interstimulus interval
was 15 sec. The maximum response to each stimu-
lus was recorded.

Startle habituation data were analyzed by use
of a three-way (genotype × gender × stimulus
number) ANOVA with repeated measures. Signifi-
cant interactions were subsequently analyzed by
simple effects tests.

PAVLOVIAN CONDITIONED FEAR

Three weeks later, performance in a condi-
tioned fear task was measured as described by Pay-
lor et al. (1994). One wall of the test chamber was
metal, another was white plastic, and the remain-
ing two were clear plexiglas. The bottom of the
test chamber was a grid floor that was used to
deliver an electric shock. The test chamber was
placed inside a sound-attenuated chamber. Mice
were observed through windows in the front of
the sound-attenuated chamber. A mouse was
placed in the test chamber (house lights ON) and
allowed to explore freely for 2 min. A white noise
(80 dB), which served as the conditioned stimulus
(CS), was presented for 30 sec followed by a mild
(2 sec, 0.5 mA) foot shock, which served as the
unconditioned stimulus (US). Two minutes later,
another CS–US pairing was presented. The mouse
was removed from the chamber 30 sec later and
returned to its home cage. Freezing behavior was
recorded by use of the standard interval-sampling
procedure every 10 sec. Responses (run, jump, and
vocalize) to the foot shock were recorded. If a
mouse did not show any response to the foot
shock it was excluded from the analysis.

Twenty-four hours later, the mouse was placed
back into the test chamber for 5 min and the pres-
ence of freezing behavior was recorded every 10
sec (context test). Two hours later, the mouse was
tested for its freezing to the auditory CS. For the
auditory CS test, an empty mouse cage replaced
the test chamber. In addition, a container with 1.0
ml of vanilla extract was placed in the sound-at-
tenuated chamber. Finally, the sound-attenuated
chamber was illuminated with red house lights.
There were two phases during the auditory CS test.
In the first phase (pre-CS), freezing was recorded

for 3 min without the auditory CS. In the second
phase, the auditory CS was turned on and freezing
was recorded for another 3 min. The number of
freezing intervals was converted to a percent freez-
ing value. For the auditory CS test, the percent
freezing value obtained during the pre-CS period
was subtracted from the percent freezing value
when the auditory CS was present.

Context and CS test data were analyzed by a
two-way (genotype × gender) ANOVA with re-
peated measures.

SPATIAL LEARNING IN THE MORRIS WATER TASK

Two weeks later, mice were trained in the
Morris water task (Morris 1981) to locate a hidden
escape platform in a circular pool (1.38 meters
diam.) of water (Upchurch and Wehner 1988).
Each mouse was given 12 trials a day, in blocks of
4 trials for 3 consecutive days. The time taken to
locate the escape platform (escape latency) and
the distance traveled were determined. After trials
24 and 36, each animal was given a probe trial.
During the probe trial, the platform was removed
and each animal was allowed 60 sec to search the
pool. The amount of time that each animal spent in
each quadrant was recorded (quadrant search
time). The number of times a subject crossed the
exact location of the platform during training was
determined, and compared with crossings of the
equivalent location in each of the other quadrants
(platform crossing). The data for the two probe
trials were averaged.

Escape latency and distance traveled (data not
shown) data were analyzed with three-way (gen-
der × genotype × trial block) ANOVAs with re-
peated measures. Post-hoc comparisons were
made by use of simple effects and Newman–Keuls
tests. Selective search data in the probe trial were
analyzed by individual one-way (quadrants) re-
peated ANOVAs and Newman–Keuls post-hoc com-
parison tests. Two-way ANOVA (genotype × gender)
were used to compare the quadrant search time and
platform crossing data for the training quadrant only
between mutant and wild-type mice.

HOT-PLATE TEST

Two weeks later, the hot-plate test was used to
evaluate the sensitivity to a painful stimulus. Mice
were placed on a 55.0°C (±0.3) hot plate, and the
latency to the first hind-paw response was re-
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corded. The hind-paw response was either a foot
shake or a paw lick.

Hot-plate data were analyzed by use of a two-
way (gender × genotype) ANOVA.

Results

NEUROLOGIC SCREEN

As can be seen in Table 1, Acra7-deficient
mice were healthy as assessed by body weight and
body temperature, and they showed no abnormal

physical features. Mutant mice also displayed nor-
mal neurological responses and reflexes. Table 1
also shows that there was no difference between
mutant and wild-type mice in the latency to the
first hind-paw response in the hot-plate test.

LOCOMOTOR ACTIVITY

Acra7-deficient mice tended to be less active
and rear less often than wild-type mice. However,
the horizontal activity (Fig. 1A) and vertical activity
(Fig. 1B) were not statistically different between the

Table 1: General motor and sensory responses of Acra7-deficient and wild-type mice

Wild type Acra7-deficient

Physical characteristics
weight 26.5 (±1.2) 28.1 (±1.3)
body temperature 37.4 (±.1) 37.3 (±0.1)
whiskers (% with) 50 80
bald patches (% with) 18 13
palpebral closure (% with) 0 0
exophthalmos (% with) 0 0
piloerection (% with) 0 0

General behavioral observations
(% subjects displaying response)

wild running 0 0
freezing 0 0
sniffing 100 100
licking 0 0
rearing 100 100
jumping 0 0
defecation 6 9
urination 6 0
move around entire cage 100 100

Sensorimotor reflexes
(% subjects displaying “normal response”)

cage movement 100 100
righting 100 100
whisker response 100 100
eye blink 100 100
ear twitch 100 100
hot-plate test
[latency (sec) to first hind-paw response] 6.42 (±.69) 5.95 (±.61)

Motor responses
wire suspension time (sec) 40 (±6) 48 (±5)
pole test score 6 (±2) 6 (±1)
tail suspension (% with normal response) 100 100

Elevated platform
latency to edge (sec) 1 (±0) 1 (±.3)
no. of exploratory nose pokes 9 (±1) 8 (±1)

Data represent the mean (±S.E.M.).
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two genotypes [horizontal activity, F(1,22) = 2.681,
P = 0.1157; vertical activity, F(1,22) = 2.155,
P = 0.1562]. Regardless of genotype, female mice
had significantly higher horizontal activity counts
than male mice [F(1,22) = 5.628, P = 0.0268]. The
female mice did not show more vertical activity
than male mice [F(1,22) = 2.64, P = 0.612], and
the genotype × gender interactions for horizontal
activity and vertical activity were not significant
[horizontal activity, F(1,22) = 0.879, P = 0.358;
vertical activity, F(1,22) = 1.393, P = 0.25]. Finally,
there were no significant changes in horizontal ac-
tivity or vertical activity across time, and the inter-
actions with time were not significant (P > 0.19).

Figure 1C shows that the Acra7-deficient mice
did spend a significantly greater proportion of
time in the center of the open field compared
with the wild-type mice as expressed by the center
distance/total distance ratio [F(1,22) = 10.171,
P = 0.0042], indicating that mutant mice may
have different anxiety-related behavioral re-
sponses. Regardless of genotype, female mice also
spent a significantly greater proportion of time in
the
center of the open field compared with the male
mice [F(1,22) = 9.533, P = 0.0054]. The geno-
type × gender interaction, however, was not signifi-
cant [F(1,22) = 0.966, P = 0.336]. The change of
the ratio values across time was not significant, and
the interactions with time were not significant
(P > 0.06).

LIGHT ↔ DARK EXPLORATION TEST

The behavioral responses of Acra7-deficient
and wild-type mice in the Light ↔ Dark test for
anxiety-related behaviors were similar (Fig. 2A,B).

There were no significant differences between
Acra7-deficient mice and wild-type mice in the
number of transitions between the light and dark

Figure 1: Open-field activity test. Averages (±S.E.M.) for horizontal activity (A), vertical activity (B), and center distance/
total distance ratio (C) for Acra7-deficient and wild-type mice across the 30-min test are shown. (d) Wild type; (s)
a7-deficient.

Figure 2: Exploratory activity in the Light ↔ Dark test
for anxiety-related behaviors. Averages (±S.E.M.) for
number of transitions between the light and dark sides
(A) and time spent in the dark (B) for Acra7 mutant and
wild-type mice are shown.
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compartments [F(1,22) = 0.419, P = 0.524], nor
in the total time spent in the dark compart-
ment [F(1,22) = 1.051, P = 0.316]. Regardless of
genotype, female mice had significantly higher light
↔ dark transitions [F(1,22) = 17.935, P = 0.0003],
and spent less time in the dark [F(1,22) = 16.821,
P = 0.0005] compared with the male mice. How-
ever, the genotype × gender interactions were
not significant for the number of transitions
[F(1,22) = 1.369, P = 0.254] or total time in the dark
[F(1,22) = 0.486, P = 0.492].

ROTAROD TEST

The performance on the rotarod test was
similar between Acra7-deficient and wild-type
mice (Fig. 3). Overall, the amount of time mice
spent on the rotarod increased with training
[F(3,66) = 20.416, P = 0.00001]. Acra7-deficient
and wild-type mice spent equal amounts of time
on the rotarod [F(1,22) = 0.0001, P = 0.999]. Re-
gardless of genotype, female mice spent signifi-
cantly more time on the rotarod than male mice
[F(1,22) = 21.378, P = 0.0001]. However, the
genotype × gender interaction was not significant
[F(1,22) = 0.307, P = 0.585]. In addition, there
were no significant interactions with the number
of training trials (P > 0.06).

ACOUSTIC STARTLE AND PREPULSE INHIBITION OF
THE ACOUSTIC STARTLE RESPONSE

Figure 4A presents the acoustic startle re-
sponse to the 120-dB sound stimulus. The startle

amplitude was similar between Acra7-deficient
and wild-type mice [F(1,22) = 1.73, P = 0.202].
There was also no significant difference in the
startle response between male and female mice
[F(1,22) = 0.019, P = 0.892], and the geno-
type × gender interaction was not significant
[F(1,22) = 0.293, P = 0.593].

Acra7-deficient mice and wild-type mice dis-
played similar levels of prepulse inhibition of the
acoustic startle response (Fig. 4B). In general, lev-
els of prepulse inhibition increased across the pre-
pulse sound levels [F(4,88) = 44.821, P = 0.0001].
There were no differences in the levels of prepulse
inhibition of the acoustic startle response between
Acra7-deficient and wild-type mice [F(1,22) = 0.355,
P = 0.5575]. Regardless of genotype, higher levels of
prepulse inhibition were recorded for male mice
than female mice [F(1,22) = 7.994, P = 0.0098]. The

Figure 3: Rotarod test. The averages (±S.E.M.) for time
spent on the rotarod across four test trials for Acra7-
deficient (s) and wild-type (d) mice are shown.

Figure 4: Acoustic startle response and prepulse inhi-
bition of the acoustic startle response. Averages (±S.E.M.)
for startle amplitude to the 120-dB stimulus (A) and lev-
els (%) of prepulse inhibition of the acoustic startle re-
sponse (B) for Acra7-deficient and wild-type mice are
shown. (Solid bars) Wild type; (open bars) a7-deficient.
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genotype × gender interaction was not significant,
however [F(1,22) = 0.439, P = 0.5146]. There
was a significant gender × prepulse interaction
[F(4,88) = 4.028, P = 0.0048]. Simple effects analy-
sis of the gender × prepulse level interaction
showed that male mice had higher levels of pre-
pulse inhibition of the acoustic startle response
with 78-, 82-, 86-, and 90-dB (P < 0.037) prepulse
sounds, but not with 74 dB (P = 0.106). The
other interactions were not statistically significant
(P > 0.18).

TACTILE STARTLE AND PREPULSE INHIBITION OF
THE TACTILE STARTLE RESPONSE

The startle amplitude to the tactile (air puff)
stimulus was not significantly different between
Acra7-deficient and wild-type mice (Fig. 5A)
[F(1,22) = 0.796, P = 0.3821]. There was also no
significant difference in the startle response be-
tween male and female mice [F(1,22) = 1.136,
P = 0.298], and the genotype × gender interaction
was not significant [F(1,22) = 0.812, P = 0.377].

Consistent with the observations made using
an acoustic startle stimulus, there was no signifi-
cant difference in the levels of prepulse inhibi-
tion of the tactile startle response between
Acra7-deficient and wild-type mice (Fig. 5B)
[F(1,22)T = 0.344, P = 0.5637]. In general, levels
of prepulse inhibition increased with increases
in the intensity of the prepulse [F(4,88) = 111.021,
P = 0.00001]. There was a significant genotype ×
prepulse sound level interaction [F(4,88) = 4.275,
P = 0.0033]. Simple effects analysis of this interac-
tion showed that mutant mice had higher levels of
prepulse inhibition of the tactile startle response
than wild-type mice with the 78-dB (P = 0.01) pre-
pulse sounds, but not with 74, 82, 86, or 90 dB
(P > 0.24). Regardless of genotype, overall, male
mice had
significantly higher levels of prepulse inhibition
compared with female mice [F(1,22) = 4.509,
P = 0.0452].

HABITUATION OF THE ACOUSTIC
STARTLE RESPONSE

Figure 6 presents the acoustic startle response
habituation profile for Acra7-deficient and wild-
type mice. The data are averaged across blocks
of 10 trials. In general, the startle amplitude de-
creased with repeated presentation of the startle

stimulus [F(9,198) = 4.863, P = 0.00001]. There
was, however, no significant difference between
Acra7-deficient and wild-type mice [F(1,22) = 0.906,
P = 0.3515]. There was no significant difference
between male and female mice [F(1,22) = 0.699,
P = 0.412] and the genotype × gender interaction
was not significant [F(1,22) = 0.078, P = .782]. No
other interactions were significant (P > 0.75).

PAVLOVIAN CONDITIONED FEAR

Acra7-deficient and wild-type mice displayed
similar levels of conditioned fear (Fig. 7A,B). There
was no difference between mutant and wild-type
mice in the levels of freezing during both the
context test [F(1,20) = 0.289, P = 0.5968] and

Figure 5: Tactile startle response and prepulse inhibi-
tion of the tactile startle response. Averages (±S.E.M.) for
tactile startle amplitude to the 12 psi air-puff stimulus (A)
and levels (%) of prepulse inhibition of the tactile startle
response (B) for Acra7-deficient and wild-type mice are
shown. (Solid bars) Wild type; (open bars) a7-deficient.

Paylor et al.

&L E A R N I N G M E M O R Y

310



the auditory CS test [F(1,20) = 0.930, P = 0.3463].
There were no differences between male and
female mice on the context or auditory CS test
[F(1,20) = 0.989, P = 0.332, and F(1,20) = 2.319,
P = 0.143, respectively]. Similarly, the geno-
type × gender interactions were not significant
(P > 0.247). One mutant and one wild-type mouse
were excluded from the analysis because they did
not show a run, jump, or vocalization response to the
foot shock.

SPATIAL LEARNING IN THE MORRIS WATER TASK

Spatial learning performance of Acra7-defi-
cient and wild-type mice was similar. Figure 8A
presents the time it took for wild-type and mu-
tant mice to find the hidden platform expressed
as escape latency. The time taken to find
the escape platform decreased with training
[F(8,168) = 11.281, P = 0.00001]. Overall, Acra7-
deficient mice took significantly less time to
find the escape platform than the wild-type
mice [main effect of genotype = F(1,21) = 6.811,
P = 0.0164]. Regardless of genotype, female mice
took significantly less time to find the platform
compared with male mice [main effect of gen-
der = F(1,21) = 20.522, P = 0.0002]. The geno-
type × gender interaction was not significant
[F(1,21) = 3.154, P = 0.090]. The interactions with
trials also were not significant (P > 0.08). One
wild-type male mouse had to be excluded because
it floated during many of the training trials and
during the probe trials.

Figure 8, B and C, presents the average probe

data (quadrant search time and platform cros-
sings) from the probes after day 2 and day 3. Wild-
type mice and Acra7-deficient mice selectively
searched the correct location in the pool in
which the platform had been located during train-
ing. Both wild-type and Acra7-deficient mice
spent significantly more time in the training quad-
rant compared with the other quadrants [wild-
type, F(3,27) = 8.352, P = 0.0004; Acra7-deficient,
F(3,42) = 6.594, P = 0.0009. Newman–Keuls post-
hoc comparisons = trained more than all other
quadrants, P < 0.05]. In addition, wild-type and
Acra7-deficient mice crossed the training site more
often than equivalent sites in the other three quad-
rants [wild-type, F(3,27) = 7.925, P = 0.0006;
Acra7-deficient, F(3,42) = 8.53, P = 0.0002. New-
man–Keuls post-hoc comparisons = trained more
than all other quadrants, P < 0.01]. The actual time

Figure 6: Habituation of the acoustic startle response.
The averages (±S.E.M.) for startle response to repeated
presentations of a 120-dB startle stimulus for Acra7-de-
ficient (s) and wild-type (d) mice are shown.

Figure 7: Pavlovian conditioned fear for Acra7-defi-
cient and wild-type mice. (A) The percent intervals freez-
ing during the context test (A) and CS test (B). Percent
freezing for the CS test was obtained as described in the
text. Data are expressed as the average percent freezing
(±S.E.M.).
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spent in the training quadrant was not statistically
different between Acra7-deficient and wild-type
mice [F(1,21) = 0.278, P = 0.6038]. Similarly, the
number of times Acra7-deficient and wild-type
mice crossed the exact site where the platform had
been located was not different [F(1,21) = 0.816,
P = 0.3765]. In general, female mice crossed the
training site more often than the male mice
[F(1,21) = 6.047, P = 0.0227], but did not spend

any more time than male mice in the correct quad-
rant of the pool [F(1,21) = 3.462, P = 0.076]. The
genotype × gender interactions were also not sig-
nificant (P > 0.43).

Discussion

The behavioral responses of Acra7-deficient
mice were remarkably similar to wild-type mice.
Mutant mice displayed similar levels of Pavlovian
conditioned fear to both contextual and auditory-
cue stimuli associated with a foot shock. Mutant
and wild-type mice also displayed similar spatial
learning performance in the Morris water task.
There was also no evidence for an impaired pre-
pulse inhibition response in mutant mice. Other
general behaviors such as locomotor activity, rear-
ing, rotarod performance, acoustic startle re-
sponse, tactile startle response, habituation of an
acoustic startle stimulus, and hind-paw foot re-
sponses to noxious stimulation were similar be-
tween mutant and wild-type mice. There were sig-
nificant gender differences on several tests, but
there were no data indicating that these gender
differences were genotype specific. These results
clearly indicate that deficiency of the a7 nACh re-
ceptor has little functional impact on many normal
mouse behaviors.

Acra7-deficient mice did spend a significantly
greater proportion of their total distance traveled
in the open field in the center of the arena as com-
pared with wild-type mice. This finding suggests
that Acra7-deficient mice may have less anxiety-
related behavioral responses compared with wild
types. However, this apparent difference was not
supported by the Light ↔ Dark exploration test,
another assay of anxiety-related behaviors. There-
fore, further studies are necessary to understand
the nature of the difference in the open field in-
cluding testing mutant and wild-type mice on a
series of other tests that assay for anxiety-related
behaviors such as the elevated plus maze or the
elevated circle maze.

In addition, Acra7-deficient mice also located
the hidden platform in the Morris water task sig-
nificantly faster than wild-type mice. However, this
was a subtle difference and was not supported by
the distance traveled data (not shown). More im-
portantly, there was no difference between Acra7-
and wild-type mice in the search behavior during
the probe trials. Several investigators have shown
that performance during training often does not
correlate with performance during the probe trial

Figure 8: Spatial-learning performance in the Morris
water task for Acra7-deficient and wild-type mice. (A)
Average (±S.E.M.) time to find the platform (escape la-
tency) during training. (d) Wild type; (s) a7-deficient.
(B,C) Average (±S.E.M.) probe data (quadrant search time
and platform crossings) from the probes after day 2 and
day 3. (Solid bars) Trained; (open bars) left; (hatched
bars) right; (stippled bars) opposite.
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(Owen et al. 1997; Wolfer et al. 1998) indicating
that differences during training do not always re-
flect differences in spatial search behavior during
the probe. Thus, the difference in escape latency
between a7 mutant and wild-type mice must be
interpreted with caution, and likely does not re-
flect a difference in learning per se.

Recent reports show that a-BTX receptors
contribute to cholinergic synaptic transmission in
the hippocampus. Presynaptic terminals contain-
ing a7 nAChRs can mediate the necessary Ca2+

influx required for glutamate release (Gray et al.
1996). In addition, medial septal cholinergic inner-
vation on somatic CA1 interneurons respond to
ACh with a fast, rapidly desensitizing current (Fra-
zier et al. 1998). This current is mediated by nico-
tinic, not muscarinic receptors. The a7 subunit is
likely involved in this current because it can be
blocked by a-BTX and methyllycaconitine (MLA),
which are a7-selective antagonists (Frazier et al.
1998). Acra7-deficient mice lack a-BTX binding
and fast nicotinic currents in hippocampus (Orr-
Urtreger et al. 1997). The present behavioral find-
ings indicate that a7 nAChR-mediated cholinergic
synaptic transmission is not necessary for mice to
display normal conditioned fear or spatial learning.

The a7 and b2 subunits appear to be the pre-
dominant subunits in the hippocampus, suggesting
that receptors with these subunits are likely to con-
tribute to the effects of nicotine on learning and
memory. Picciotto et al. (1995) showed that b2-
deficient mice display abnormal avoidance learn-
ing, but normal spatial learning in the Morris task.
b2-Deficient mice also did not respond to the per-
formance-enhancing effects of nicotine on avoid-
ance performance. These findings show that the
b2 subunit is important for avoidance learning. Pre-
liminary findings indicate that the Acra7-deficient
mice displayed normal passive avoidance learning
and memory (data not shown) Thus, it appears that
the a7 subunit is not critical for a behavioral re-
sponse that is affected in b2 mutant mice suggest-
ing that different nicotinic receptors contribute to
different behavioral responses.

A wide range of prepulse inhibition responses
(Bullock et al. 1997; Paylor and Crawley 1997;
Logue et al. 1997) and hippocampal auditory gat-
ing responses (Stevens et al. 1996) are observed
among various inbred strains of mice indicating
that both measures of sensory gating are under ge-
netic control. In addition, several findings indicate
that levels of sensory gating are associated with a
difference in levels of hippocampal a-BTX that sug-

gests a role for a7 nAChR in gating of auditory
stimuli. First, levels of gating of hippocampal-
evoked responses to auditory stimuli are correlated
with hippocampal a-BTX (Stevens et al. 1996). Sec-
ond, Bullock et al. (1997) found that low levels of
prepulse inhibition were associated with low lev-
els of a-BTX binding, which is consistent with the
findings by Stevens et al. (1996). Although the cor-
relation (R = −0.773) reported by Bullock et al.
(1997) was not statistically significant (P = 0.072),
it was based on the analysis of only six inbred
strains. Additional studies that include more inbred
strains will be necessary to further understand the
strength of the association between levels of pre-
pulse inhibition and a-BTX binding. Finally, a7
mRNA levels are correlated with hippocampal-
evoked responses (Stevens et al. 1996). Further
support for the role of a7 nAChR receptors in sen-
sorimotor gating comes from antisense oligo-
nucleotide experiments with rats. Rats treated
with a7 antisense oligonucleotide had lower levels
of a-BTX binding and impaired auditory gating
(Leonard et al. 1996). Luntz-Leybman et al. (1992)
also showed that rats treated with a-BTX had im-
paired auditory gating. Data from these animal
studies together with evidence of genetic linkage
between impaired sensory gating in schizophrenia
and a site on chromosome 15 near the a7 locus
(Freedman et al. 1997) support a hypothesis that
a7 nAChR contributes to gating, and more specifi-
cally, that low levels of a7 are associated with poor
sensory gating responses (Leonar et al. 1996).

However, the present findings provide no evi-
dence to support the hypothesis that low (or ab-
sent) levels of a7 nAChR and diminished levels of
a-BTX binding are associated with poor sensorimo-
tor gating, as assessed by use of the prepulse inhi-
bition paradigm. Acra7-deficient and wild-type
mice displayed similar levels of prepulse inhibition
by use of both acoustic and tactile startle stimuli.
The a7 nAChR sensory gating hypothesis would
have predicted that because Acra7 mutant mice
have no a-BTX binding or a7 receptors, they
should have had impaired prepulse inhibition re-
sponses. The reason for the discrepancy between
the previous research supporting this hypothesis
and the current data is unknown at this time. It is
possible that even though sensorimotor gating, as
measured with the prepulse inhibition paradigm, is
not different between Acra7-deficient and wild-
type mice, a phenotypic difference could be iden-
tified by studying gating of hippocampal auditory-
evoked responses (e.g., Stevens et al. 1996). Future
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studies will examine gating of hippocampal audi-
tory-evoked responses in Acra7-deficient mice. It is
also possible that what is important is not the num-
ber of nAChRs, but how they function. For ex-
ample, inbred strains of mice that have lower a-
BTX, a7 mRNA, and poor sensory gating may also
have nAChRs with altered function. Perhaps hav-
ing nAChRs with altered function has a phenotypic
effect distinct from having no a7 nAChRs, which
could explain why the a7 mutant mice do not have
impaired prepulse inhibition. Future studies could
examine the behavioral responses of mice with
mutations in the a7 gene that produce a receptor
with altered function. Data from mice of this type
would address the hypothesis that having altered
a7 receptor function produces greater phenotypic
effects than the absence of a7 receptors. If this
hypothesis is correct, it may also be possible to
attenuate the impaired sensory gating impairment
in particular inbred strains of ice that have low
levels of a7 nAChR by creating a congenic a7 mu-
tant line in which these inbred strains would be
entirely missing a7 nAChRs.

The traits of mice with gene-targeted muta-
tions may be influenced not only by deficiencies in
the protein expressed by the mutated gene, but
also by compensatory changes in other gene prod-
ucts. Because the behaviors we studied are likely to
be polygenically controlled, it is possible that com-
pensatory changes in other genes have occurred
that resulted in the normal expression of some of
the behaviors in the Acra7-deficient mice. How-
ever, the analyses of a number of knockout mice
over the years clearly show that the same genes do
not regulate the expression of all of the behaviors
we studied. Therefore, it is unlikely that compen-
satory changes in the same gene products would
normalize all of the behaviors in the Acra7-defi-
cient mice. Additional experiments will be neces-
sary to determine whether compensatory changes
in other gene products occur in Acra7-deficient
mice, and if so, do these changes influence normal
behavioral responses.

Because base-line behavioral performance of
Acra7-deficient mice appears to be normal, it is
now possible to examine the role of a7 nAChR in
the multitude of behavioral effects of nicotine
without base-line differences that can confound in-
terpretations. To date, some of the behavioral ef-
fects of nicotine are believed to be attributed to its
actions at a-BTX receptors (e.g., Miner and Collins
1989; Stevens and Wear 1997). Drugs are being
developed to target specific receptor subunits,

however, most available drugs affect multiple re-
ceptors. The use of mice with genetic mutations is
the best technique for identifying the role of par-
ticular receptor subtypes in the behavioral pharma-
cological response of drugs. Future studies will ex-
amine the effects of nicotine in Acra7-deficient
mice on each of the behavioral responses de-
scribed in this study. Other studies will also exam-
ine nicotine-induced seizures in Acra7-deficient
mice, because data with inbred mice suggest that
there is an association between a7 nAChRs and
nicotine-induced seizures (Miner and Collins
1989). Finally, a7 mutant mice can be used to
study the role of a7 receptors in the development
of nicotine tolerance and withdrawal. Acra7-defi-
cient mice may also prove useful for developing
drugs that target the a7 receptor.
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