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Hippocampal CA3 NMDA Receptors Are Crucial for Adaptive
Timing of Trace Eyeblink Conditioned Response
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Classical conditioning of the eyeblink reflex is a simple form of associative learning for motor responses. To examine the involvement of
hippocampal CA3 NMDA receptors (NRs) in nonspatial associative memory, mice lacking an NR1 subunit selectively in adult CA3
pyramidal cells [CA3-NR1 knock-out (KO) mice] were subjected to eyeblink conditioning paradigms. Mice received paired presentations
of an auditory conditioned stimulus (CS) and a periorbital shock unconditioned stimulus (US). With repeated presentation of the CS
followed by the US, wild-type mice learned to blink in anticipation of the US before its onset. We first confirmed that wild-type mice
require an intact hippocampus in the trace version of eyeblink conditioning in which the CS and US do not overlap, creating a stimulus-
free time gap of 500 ms. Under the same condition, CA3-NR1 KO mice successfully acquired conditioned responses (CRs) during the 10d
acquisition sessions, whereas the extinction of CRs was impaired on the first day of extinction sessions. Importantly, CA3-NR1 KO mice
were impaired in the formation of an adaptively timed CR during the first five trials in the daily acquisition sessions. The aberrantly timed
CR was also observed in the extinction sessions in accordance with the impaired extinction of CRs. These results indicate that CA3-NR1
KO mice are unable to rapidly retrieve adaptive CR timing, suggesting that CA3 NRs play a crucial role in the memory of adaptive CR

timing in trace conditioning.
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Introduction

Classical conditioning of the eyeblink reflex has been a useful
behavioral model for investigating the neural substrate underly-
ing learning and memory (for review, see Thompson and Kim,
1996; Thompson et al., 1997; Yeo and Hesslow, 1998; McEchron
and Disterhoft, 1999). After repeated presentation of a tone [con-
ditioned stimulus (CS)] followed by a periorbital shock [uncon-
ditioned stimulus (US)], the subject blinks in anticipation of the
US, and this anticipatory response is called the conditioned re-
sponse (CR). In the delay version of eyeblink conditioning, a tone
CS precedes, overlaps, and coterminates with an aversive US,
whereas in trace conditioning, the CS and US do not overlap,
creating a stimulus-free time gap (i.e., trace interval) (Gor-
mezano et al., 1987). Accumulating evidence suggests that in
trace conditioning, but not in delay conditioning, the hippocam-
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pus is required for acquisition of adaptively timed CR in antici-
pation of the US (Port et al., 1986; Solomon et al., 1986; James et
al., 1987; Moyer et al., 1990). Systemic infusion of NMDA recep-
tor (NR) antagonists and global genetic ablation of an NR sub-
unit €1 (NR2A) impaired acquisition and timing of trace eyeblink
conditioning (Thompson and Disterhoft, 1997; Kishimoto et al.,
2001; Takatsuki et al., 2001).

In the CA3 region of the hippocampus, the dynamics of the
extensive recurrent network mediated by massive longitudinal
association fibers has long been suggested to play a dominant role
in certain types of learning and memory such as auto-associative
recall (Marr, 1971; Morris and McNaughton, 1987; Hasselmo et
al., 1995, 2002; Hasselmo and McClelland, 1999; Lisman, 1999;
Kesner et al., 2000). Several models have pointed out that the
hippocampal CA3 region is involved in making predictions in
sequence learning (Abbott and Blum, 1996; Jensen and Lisman,
1996; Levy, 1996; August and Levy, 1999). In particular, Rodri-
guez and Levy (2001) have proposed, based on temporally asym-
metric synaptic modification (Levy and Steward, 1983), that CA3
network functions as a time-indexed encoding device for the CS
in trace conditioning.

We recently generated genetically engineered mice in which a
gene for the NRI subunit of NRs is ablated only in adult hip-
pocampal CA3 pyramidal cells [referred to as CA3-NR1 knock-
out (KO) mice] (Nakazawa et al., 2002). CA3-NR1 KO mice were
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unable to fully recall the memory when recalling cues were de-
graded (Nakazawa et al., 2002, 2004), supporting that CA3 NRs
play an important role in recall of spatial reference memory by
pattern completion (Marr, 1971). Furthermore, recent studies
using CA3-NR1 KO mice have suggested that CA3 NRs play a
crucial role in rapid hippocampal encoding of a novel informa-
tion for fast learning of a one-time experience (Nakazawa et al.,
2003, 2004).

The availability of the CA3-NR1 KO mice provided an oppor-
tunity to test the hypothesis that the recurrent CA3 network with
modifiable synaptic strength supports acquisition of well timed
CRs in trace conditioning. Our results indicate that CA3-NR1
KO mice were unable to rapidly retrieve adaptive CR timing dur-
ing the trace conditioning and were impaired in its extinction.

Materials and Methods

Animals

CA3-NR1 KO mice (mutant) and their homozygously floxed-NR1 litter-
mates (control) were obtained as described previously (Nakazawa et al.,
2002). In this mutant, NR1 mRNA was almost completely abolished
from CA3 pyramidal cells of both dorsal and ventral areas of CA3 by 18
weeks of age. Accordingly, no synaptically evoked NMDA channel cur-
rents were detected from CA3 pyramidal cells by whole-cell patch record-
ing while the NR currents from CA1 pyramidal cells and dentate granule
cells were intact. We used male mice, 1826 weeks of age, at the time of
surgery. After behavioral analysis, genotype was confirmed by PCR of
genomic DNA extracted from the tail of each mouse. For the lesion
experiment, we purchased C57BL/6 strains of wild-type mice from Japan
SLC (Hamamatsu, Japan). All subjects were maintained on a 12 h light/
dark cycle with food and water available ad libitum. During the course of
the present study, the care of the animals conformed to the guidelines
established by the University Institutional Animal Investigation
Committee.

Hippocampal lesion procedure

Bilateral lesions of the hippocampus were made according to the proce-
dure described previously (Cho et al., 1999). C57BL/6 mice at the age of
16 weeks were anesthetized by ketamine (80 mg/kg, i.p.) and xylazine (20
mg/kg, i.p.) and were placed in a stereotaxic apparatus (Narishige, To-
kyo, Japan). The hippocampal lesioned (HIP) group received 24 injec-
tions of ibotenic acid (~0.06—0.07 ml/injection, 10 mg/ml in physiolog-
ical saline; Sigma, St. Louis, MO) in their hippocampus bilaterally (site 1,
1.0, 0.7, 2.0; site 2, 1.6, 1.0, 2.0; site 3, 1.6, 2.0, 2.5; site 4, 1.9, 1.5, 2.5; site
5,1.9,3.0, 3.5; site 6, 2.3, 2.0, 2.5; site 7, 2.3, 2.0, 3.0; site 8, 2.3, 3.5, 2.5; site
9,2.3, 3.5, 3.0; site 10, 2.3, 3.5, 4.0; site 11, 3.0, 3.5, 3.0; site 12, 3.5, 3.0, 3.0;
anteroposterior, lateral, and vertical distance, respectively, as measured
from bregma, in millimeters). The sham-operated (SH) group received
PBS (~0.06—0.07 ml/injection) in the same points. The surgery for eye-
blink conditioning was made immediately after these lesion procedures.
All mice recovered from surgery within 24 h and showed no signs of
health problems or abnormal motor behavior. Behavioral tests took place
after 7 d of recovery from surgery. After completing the behavioral tests,
all mice were deeply anesthetized and perfused transcardially with 4%
paraformaldehyde in PBS. Their brains were removed, postfixed over-
night, and subsequently equilibrated in 30% sucrose solution. Coronal
sections (40 wm thick) were made to cover the entire hippocampus and
stained with 1% cresyl violet. Images were digitally imported to image
analysis system (Fluoview; Olympus, Tokyo, Japan). To estimate the
extent of hippocampal damage in HIP subjects, we compared the length
of cell layers of HIP subjects with that of the SH group (Cho et al., 1999).
The mice in which >5 mm of the cell layers was ablated were used for
additional analysis.

Eyeblink classical conditioning

Surgery. Mice were anesthetized by ketamine (80 mg/kg, i.p.; Sankyo,
Tokyo, Japan) and xylazine (20 mg/kg, i.p.; Bayer, Tokyo, Japan). Two
stainless-steel screws were implanted into the skull, and a drop of dental
cement was placed on the skull and around the screws. A strip connector
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with four Teflon-coated stainless-steel wires (75 wm in bare diameter;
A-M Systems, Sequim, WA) was implanted on the skull and the wires
subcutaneously implanted under the left eyelid. Two wires were used to
record electromyogram (EMG) in the orbicuralis oculi muscle, which is
responsible for eyelid closure. The remaining two were used to deliver the
US. The connector was cemented to the skull screws with dental cement.

Conditioning procedures

A 352 ms tone (1 kHz, 80 dB) was used as a CS, and 100 ms periorbital
electrical shock (100 Hz square pulses) was used as US in all paradigms.
In the delay conditioning, the US was given to overlap the CS in time such
that the two stimuli terminate simultaneously. Delay conditioning ex-
periment consisted of 7 d acquisition and 4 d extinction phases. In the
trace conditioning, the US started 500 ms after the termination of the CS.
Trace conditioning experiment consisted of 10 d acquisition and 4 d
extinction phases. A daily training session consisted of 100 trials grouped
in 10 blocks. The acquisition session consisted of 10 CS-only (every 10th
trial) and 90 CS-US paired trials, whereas the extinction session con-
sisted of 100 CS-only trials. Intertrial interval was randomized between
20 and 40 s, with mean of 30 s.

In all experiments, the US intensity was carefully determined as the
minimal current amplitude required to elicit an eyeblink/head-turning
response, which was adjusted daily for each animal. Experiments were
performed during the light phase of the light/dark cycle in a container (10
cm in diameter) placed in a sound- and light-attenuating chamber. All of
the procedures, including the surgery, were performed by the operator
who was critically blind to the genotype of the mice.

Data analysis

The EMG was bandpass filtered between 0.15 and 1.0 kHz and fed into a
computer with a sampling rate of 10 kHz. The data for each session was
processed off-line as follows. First, the maximum amplitude of the EMG
signals during a time period of # = 1 ms was calculated and denoted the
EMG amplitude at t. Second, EMG amplitude values obtained from daily
100 trials for 300 ms before the CS onset were averaged, and the SD was
calculated. Third, the average EMG value plus SD was defined as the
threshold. Fourth, in each trial, EMG amplitude data for 300 ms before
CS onset over the threshold were averaged and called the “Pre” value. The
Startle value was calculated in the same way for 30 ms after the CS onset,
and the trial was regarded as startle response if the startle value exceeded
30% of threshold. The CR value was usually calculated from the data for
the last 200 ms before the US onset in the CS-US paired trials (adaptive
CR). In the case of “early,” CR value was calculated by a period when a CS
tone is applied except for the first 52 ms. The time window was extended
100 ms to obtain the CR value in the CS-only trials. Fifth, valid trials were
defined as those with Pre and Startle values of <10 and 30% of the
threshold, respectively. Sixth, a trial in which the CR value exceeded 1%
of the threshold and exceeded at least twice the Pre value was regarded as
a successful CR trial. Seventh, the ratio of successful CR trials to valid
trials was calculated and denoted the CR (%).

The response EMG was also analyzed by several parameters. The “av-
eraged EMG” was analyzed by averaging EMG of individual mice over
the valid trials and further averaged for each genotype. The averaged
amplitude of response (see Fig. 5B) was quantitatively determined by
averaging individual signal amplitudes of averaged EMG over the time
points of early or adaptive phase. The frequency (see Figs. 2, 6) of the
spontaneous eyeblink (sp) was measured during 100 CS- and US-free
trials of acclimation before the conditioning began. The startle response to a
tone (supplemental Fig. 1B, available at www.jneurosci.org as supplemental
material) was measured during the first session of trace conditioning. In
pseudoconditioning (supplemental Fig. 1E, available at www.jneurosci.org
as supplemental material), the CS and US were pseudorandomly presented
with an interstimulus interval ranging from 0 to 20 s.

Other behavioral tests

Rot-a-rod test. The rot-a-rod test (supplemental Fig. 1A, available at
www.jneurosci.org as supplemental material) was performed as de-
scribed previously (Kadotani et al., 1996). The rot-a-rod (Muromachi
Kikai, Kyoto, Japan) consisted of a gritted metal roller (25 rpm; 3 cm in
diameter). A mouse was placed on the roller, and the time it remained on
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the rotating roller was measured. A maximum
of 120 s was allowed for each animal.
Nociceptive tail-flick test. Nociception was
measured according to the previous procedure
(Bao et al., 1998). The latency to tail flicking on
a hotplate (Ugo Basile, Comerio, Italy) at 51°C
was measured three times at 1 min intervals.

Statistical analysis
Data were statistically analyzed by repeated-
measures ANOVA following post hoc Schetté’s
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pendency of eyeblink conditioning in S &
mice, the effect of bilateral hippocampal
lesions by ibotenate was examined in Figurel.

C57BL/6 mice. As shown previously (Ger-
lai, 1998), injection of ibotenate resulted in
severe hippocampal degeneration by axon
swelling within both dorsal and ventral re-
gions (Fig. 1 A). In delay eyeblink condi-
tioning, in which the CS and US cotermi-
nated, the percentage of conditioned
eyeblink responses, which appeared in the
last 200 ms period before the onset of US
(referred to CR%), was clearly increased
for both SH and HIP groups (Fig. 1B) (group X session effect,

50— 0229, p = 0.966; group effect, F(;, 1,y = 0.148, p = 0.706).
We also measured averaged EMG amplitude of the eyelid re-
sponse (Fig. 1C). No apparent difference was observed in the
temporal property of CR between the two groups.

In contrast, in trace conditioning with a 500 ms stimulus-free
interval (trace interval), hippocampal lesioned mice exhibited
severely impaired acquisition of CRs during the 10 d training
(Fig. 1D) (group X session effect, F(,9 140) = 2.0013, p = 0.044;
group effect, F; 14 = 87.232,p < 10 ~°). Averaged amplitude of
eyelid responses on day 10 (Fig. 1E) indicated that the sham-
operated mice exhibited both short-latency responses ~50 ms
after the CS onset and long-latency adaptive CRs, which were
elicited after the termination of CS, as described previously
(Kishimoto et al., 2001, 2002). In the hippocampus-lesioned
mice, this short-latency response remained to some degree, but
almost no adaptive CRs were observed. We confirmed the sensi-
tivity to the US, and the minimum US intensity required to elicit
the eyelid response of the hippocampus-lesioned mice was nearly
the same as that required for sham-operated mice. The eyelid
response during the pseudoconditioning, in which the order of
CS and US were randomized, did not increase in either group
(data not shown). We thus confirmed that the 500 ms interval
trace eyeblink conditioning is hippocampus dependent in the
wild-type mice, whereas the delay conditioning is hippocampus
independent.

Normal acquisition but impaired extinction of trace eyeblink
conditioning in CA3-NR1 KO mice

We next subjected CA3-NR1 KO mice and their control floxed-
NRI1 littermates to the same trace conditioning paradigm as de-
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Effect of bilateral hippocampal lesion on delay and trace eyeblink conditioning in C57BL/6 mice. A, Representative
coronal sections showing the hippocampal formation in ibotenate-injected wild-type mice. Nissl-stained coronal sections of
dorsal (anterior) and ventral (posterior) hippocampus are shown from SH (left) and HIP (right) mice. Scale bar, 500 wm. B, C, Delay
eyeblink conditioning in both SH and HIP mice. B, Percentages of conditioned response (CR%) were increased in both SH (open
circles; n = 8) and HIP (closed circles; n = 8) mice. Temporal relationship between CS and US is depicted in the top panel. C, The
graph shows averaged EMG amplitude of an eyeblink response for SH (gray trace) and HIP (black trace) mice on day 7, indicating
no differencein the two groups. D, E, Trace eyeblink conditioning in both SHand HIP mice. D, Percentage of adaptive CR for the 500
ms trace-interval eyeblink conditioning was increased in SH (open circles; n = 8) but not in HIP (closed circles; n = 8) mice.
Temporal relationship between the CSand US is shown in the top panel. £, Average EMG amplitude on day 10 of the SH mice (gray
trace) showed adaptive CRs ina biphasic conditioned response. In contrast, HIP mice (black trace) showed almost no adaptive CRs,
whereas diminished short-latency CRs still remained.

scribed above. The CR (%) for both groups progressively in-
creased up to 60% during the acquisition phase, and no
difference was observed between the control and mutant mice
(Fig. 2A) (group X session effect, F,9 5,5y = 0.383, p = 0.942;
genotypic effect, F, ,,, = 0.466, p = 0.502). In contrast, mutant
mice exhibited higher CR (%) than control mice on day 11 in the
extinction phase (Fig. 2A) (group X session effect, F; g4 =
2.543, p = 0.064; genotype effect, F, ,,, = 12.230, p = 0.0021).
However, this deficit almost disappeared on day 12, suggesting
the impairment is in the initial rate of extinction learning. EMG
topographies of individual mice for 10-trial blocks on day 10
indicate that there was no difference in the response amplitudes
between the two genotypes (Fig. 2B). In contrast, higher-
magnitude responses were observed in CA3-NR1 KO mice com-
pared with control mice on day 11 (Fig. 2B). The augmented
EMG amplitudes in day 11 were prominent in the early phase of
CRs within each trial (Fig. 3A, Day 11), especially during the
second and subsequent 10-trial blocks (Fig. 54, Day 11). These
results suggest that the acquisition of trace memory is normal,
but the extinction is retarded in CA3-NR1 KO mice.

Mutant conditioned response amplitudes were augmented
during extinction of trace conditioning

The CR in trace eyeblink conditioning includes eyelid closure
that is precisely timed to occur just before the time point when
the US would have been delivered during the training session
(Gormezano et al., 1987). To characterize the temporal features
of eyeblink response, the amplitudes of response EMGs were av-
eraged for each day throughout the acquisition and extinction
phases (Fig. 3A). The amplitudes of short-latency responses in
the early phase of CRs increased from day 1 to day 5. These
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Figure2.  Normal acquisition and impaired extinction of adaptive (Rs during trace conditioning in CA3-NR1 KO mice. A, Trace
conditioning experiment consisted of an acquisition phase (days 1-10) followed by an extinction phase (days 11-14). In the
acquisition phase, there was no difference in the percentage of adaptive CRs evaluated daily, which were elicited within 200 ms of
the US onset during trace conditioning between floxed-NR1 (control; open circles; n = 11) and CA3-NR1 KO (mutant; closed
circles; n = 12) mice. In contrast, the mutant CR (%) was significantly higher than that of controls in the extinction phase.
Temporal relationships between (S and US are imposed in the top panel. sp, Spontaneous eyeblink response. The arrowhead
indicates significant difference between the control and mutant mice. B, EMG response topographies of individual mice averaged
by each 10-trial block on day 10 (last session of acquisition phase) and day 11 (first session of extinction phase). On day 10, no
difference was observed between the control (left) and mutant (right) mice. However, on day 11, the response amplitudes of the
mutant mice were significantly larger than those of the controls (Fig. 38, day 11).
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Figure 3. Impaired adaptive CR during extinction of trace conditioning in CA3-NR1 KO mice. 4, Left, Response EMGs for both
the control (gray traces) and the mutant (black traces) mice were averaged daily on days 1,3, 5,7, and 10 during acquisition phase
intrace conditioning, and there were no differences in any of the days between the two genotypes. Right, During extinction phase,
significantly higher response amplitudes of average EMG were observed in mutants than in controls on days 11and 12 but not on
day 13. B, An example of response EMG from control mice in a (S—US paired trial is presented. Averaged amplitudes of EMG were
evaluated by the two distinct phases. Early phase was defined as a period when a CS tone is applied except for the first 52 ms.
Adaptive phase was a period of 200 ms before the US. C, Averaged amplitudes of response EMGs during the early (top) and
adaptive (bottom) phases are calculated throughout the entire acquisition and extinction sessions. The mutants showed higher
levels of EMG amplitudes in both early and adaptive phases on day 11, suggesting extinction of both adaptive and nonadaptive CR
was retarded in CA3-NRT KO mice.
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effect, F; ,,) = 0.087, p = 0.577 for early
phase; group X session effect, F(19 510y =
0.564, p = 0.825; genotypiceffect, F(; 5, =
0.309, p = 0.584 for adaptive phase) (Fig.
3C). In contrast, on days 11 and 12 in the
extinction phase, the EMG amplitudes
were greater in mutant mice for both

phases compared with the controls
(group X session effect, F; g, = 2.767,
p = 0.049; genotype effect, F(; ,,) = 7.345,

p = 0.013 for early phase; group X session
effect, F; g4) = 1.836, p = 0.149; genotype
effect, F(,, ,;, = 10.048, p = 0.0046 for
adaptive phase) (Fig. 3C).

Together, the data in Figures 2 and 3
suggest the impaired initiation of adaptive
CR extinction. Moreover, because extinc-
tion of the CR in the early phase, as mea-
sured by EMG amplitude, was also im-
paired in the CA3-NRI KO mice, we
concluded that extinction of both adaptive
and nonadaptive CRs were retarded in
CA3-NR1 KO mice.

Impaired adaptively timed CR
frequency in the first 10 trials of daily
acquisition in CA3-NR1 KO mice

To examine in more detail whether the
mutants are normal in memory acquisi-
tion or storage of the adaptive CR, we cal-
culated the frequency of the adaptive CR
(%) in 10-trial blocks during the daily ac-
quisition sessions (Fig. 4A). Although the
CR (%) of the control mice increased to
~70% in the first 10 trials (1st to 10th tri-
als) of acquisition phase, CR (%) of mu-
tants reached 40% on day 4 and ceased to
increase further (group X session effect,
F“gvm) =2.613,p = 0.007; genotypic effect,
Fi1. 21y = 1.648, p = 0.213) (Fig. 4 B, right).
On days 8-10, the mutants’ CR (%) was
significantly smaller in the first 10 trials
than the control CR (%). This impairment
was not seen during the second 10 trials
(11-20th trials) (group X session effect,
F(19, 210) = 0.226, p = 0.991; genotypic ef-
fect, F(; 51y = 0.924, p = 0.348) nor during
any of the subsequent 10 trial segments, as
exemplified by the final 10 trial segment
(group X session effect, F(,9 5,0y = 0.715,
p = 0.695; genotypiceffect, F(; ,,) = 1.569,
p = 0.224). In contrast, CA3-NR1 KO

amplitudes seemed to reach the maximal level at approximately
day 5 in both control and mutant mice (Fig. 3A). In contrast, the
amplitudes of the long-latency response continued to increase
after day 5 in both genotypes. To quantify these EMG amplitude
changes, we set up two periods during the conditioned eyelid
response: early phase, spanning 300 ms from 52 to 352 ms after
the CS onset; and adaptive phase, spanning 200 ms from 652 to
852 ms (Fig. 3B). There was no significant difference in the day-
to-day patterns of averaged EMG amplitudes between the mutant
and control mice throughout acquisition for both phases
(group X session effect, F(;9 119y = 0.405, p = 0.932; genotypic

mice showed normal acquisition of CR (%) during the early
phase even within trials 1-10 (group X session effect, F(;q 510y =
0.325, p = 0.966; genotypic effect, F(; ,,, = 0.274,p = 0.606) (Fig.
4 B, left). These results suggest that CA3-NR1 KO mice are able to
acquire the memory of the CS—US association, but they could not
demonstrate it as adaptively timed CRs in the first 10 trials of
acquisition phase.

To further evaluate the impaired deficit in adaptive CR (%)
during the first 10 trials, we directly compared adaptive CRs (%)
of the last 10 trials and the first 10 trials of the next day during the
last 3 d of the acquisition phase (Fig. 4C). Control mice did not
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show any reduction in the first 10-trial CR
(%) on the next day during these 3 d, indi-
cating that memory acquired by the previ-
ous day in the control mice was success-
fully retrieved from the beginning of the
following day. In contrast, mutant mice

us
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timed CRs stored by the previous day is F 4 = W
retrieved from the first trial in the controls ©, © 5 W ”
after their learning reached the asymptotic i 3 5 ] 3 0 15 B8 o5 100 hre

level by day 7. In contrast, the mutants
showed impairment in retrieving memory
in the early trial sessions. Interestingly, this
impaired memory in the mutant was re-
stored from the sixth trial, indicating that
adaptive CR memory is able to be stored
without CA3 NRs by the repetitive CS-US
association.

Is the reduced adaptive CR of the mu-
tants during the first five trials of a day
caused by a failure in the full transfer of the
CR memory acquired by the previous day,
orisitbecause of a deficit in the retrieval of
the CR memory from the first trial,
namely, rapid retrieval? Given that the CR
memory could be recalled without US on
day 11, the animals’ capability of transfer-
ring memory across days should be intact.
We evaluated adaptive CR (%) in the first
day of extinction phase (day 11) with every
one-trial (Fig. 4E). Control CR (%) was
decreased throughout the 100-trials session and reached the level
of day 1 in the last 20 trials (91-100th trials). In contrast, the
mutants maintained the CR (%) level of the early trials until the
final trial of the session. In the last 10 trials, the mutant CR level

Figure4.

10
Trials (Days 8-10)

Trials (Day 11)

Frequency of adaptive (R was impaired within the first 10 trials of acquisition in CA3-NR1KO mice. 4, An example of
typical CR from control mice in a (S—-US paired trial is presented. Frequency of (R (%) was evaluated by the two distinct time
windows. Adaptive CR was judged by the response EMG data for the last 200 ms before the US. Early CR was evaluated by a period
when a CS tone is applied except for the first 52 ms. B, Left, Early CRs (% frequency) of both control (open circles) and mutant
(closed circles) mice were evaluated in the first 10 trials (1-10th trials; top), the second 10 trials (11-20th trials; middle), and the
final 10 trials (91-100th trials; bottom) of daily session during trace conditioning. There was no difference in any blocks between
two genotypes, whereas the mutant CR (%) was higher in the last 10-trial block on day 11. Right, Adaptive (R (% frequency) was
averaged every 10-trial block in both groups. The mutant CR (%) in the first 10 trials from days 8 to 10 was significantly higher than
that of controls. The higher mutant CR (%) was also observed in the last 10 trials on day 11 during extinction. ¢, Comparison of
adaptive CRs (%) between the last 10 trials (91—100th trials) of a session and the first 10 trials (trials 1-10) of the session on the
following day during the last 4 days of acquisition phase. There was no significant change of adaptive CR (%) in the control mice
from the last 10 trials on days 7, 8, and 9 to the first 10 trials on days 8, 9, and 10, respectively. In contrast, the mutants exhibited
significant reduction in adaptive (R (%) from the last 10 trials on days 8 and 9 to the first 10 trials on days 9 and 10, respectively.
D, Adaptive CRs (% frequency) of two genotype animals on days 8,9, and 10 during trace conditioning were averaged on each trial
(trials 1-20). In the first three trials, the level of mutant CRs was nearly the same as that observed on day 1. However, it was
restored until the sixth trial, and no difference was observed hereafter between two groups. E, Adaptive CRs (%) on the first day
of extinction (day 11) were averaged on every trial (trials 1-20 and 91-100) for each genotype. Control mice exhibited a gradual
decrease in CR (%) throughout the 100-trials session, demonstrating the normal extinction curve. In contrast, (R (%) in the
mutant mice did not change within the session. As a result, a significant amount of adaptive CR memory remained in the last 10
trials. pre, Averaged frequency of eyeblink response before the training for acquisition (background).

was significantly higher than the background CR level (Fig. 4E,
pre), which was measured before the training for acquisition
(group X session effect, F (39 450y = 0.093, p = 0.999; genotypic
effect, F(; ,,) = 4.775, p = 0.041). These CRs (%) of the mutants
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the mutant CR amplitudes did not de-
crease (Fig. 4A). Interestingly, the aver-
Vv aged EMG amplitudes in the last 500 ms
before US onset were still high in the mu-
tants, suggesting that the adaptive CR
memory was preserved even after the ex-

tinction phase began.

We quantified the impairment in the
EMG amplitudes by evaluating each 10-
trial block daily (Fig. 5B). In the first 10
trials (1-10th trials) of acquisition ses-

sions, the mutants’ lower amplitude re-
sponses relative to the control mice were
observed only in the adaptive CR phase
(on days 8-10) (group X session effect
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Figure 5. Impaired elevation of adaptive EMG amplitude in the first 10 trials of acquisition in CA3-NR1 KO mice. A, Response

EMG (amplitude %) of both control (gray traces) and mutant (black traces) mice is shown with the first 10 trials (1-10th trials;
top), the second 10 trials (11-20th trials; middle), and the final 10 trials (91—100th trials; bottom) of the daily session on days 6
and 10 (acquisition phase) and on day 11 (extinction phase) of trace conditioning. The adaptive CR amplitude in the first 10 trials
on day 10 of the mutants was significantly lower than that of controls. The higher short-latency CR amplitude was also observed
intrials 11-20 and the last 10 trials on day 11 in the mutant mice. B, Averaged amplitudes of response EMGs during the early (left)
and adaptive (right) phases are presented with the first 10 trials (top), the 11—20th trials (middle), and the 91-100th trials
(bottom) of daily sessions, respectively. Mutants failed to show an increase in the adaptive phase-EMG amplitudes to the level of
controls in the first 10 trials from days 8 to 10. Arrowheads indicate significant difference in CR (%) between the control and

mutant mice.

were also greater than the CRs (%) of the controls (group X
session effect, F(59 40) = —1.95; genotypic effect, F; ,,, = 5.059,
p = 0.035). These results showed the remnants of CR memory in
the mutants even after extinction trials on day 11. Therefore, the
mutants’ impaired CR (%) during the first five trials in the acqui-
sition phase should not be attributable to the deficit in the car-
ryover of memory from the previous day. It is noted that the
impaired extinction resulted in the demonstration of successful
memory transfer from day 10 to day 11 in the mutant animals.

Impaired adaptively timed CR in the first 10 trials of daily
acquisition in CA3-NR1 KO mice

To examine whether the temporal property of the adaptive EMG
response is also defective in the mutants, averaged amplitudes in
10-trial blocks were plotted throughout the acquisition and ex-
tinction phases. Up to day 6, there was no temporal difference of
EMG amplitudes between the two genotypes (Fig. 5A). During
the trials on day 6, the EMG amplitudes during the adaptive
phase increased gradually in both mutants and controls (see the

(1, 21y = 7.127, p = 0.014). This impair-
ment was restored from the second 10 tri-
als (group X session effect, F;9 510y =
0.562, p = 0.827; genotypiceffect, F; ;) =
1.754, p = 0.199). There was no difference
in any of the 10-trial blocks during the
early phase between the two groups, again
indicating that the memory impairment is
specific to the timing of the adaptive CR
during the first 10 trials. These results sug-
gest that the mutants are unable to retrieve
the adaptive CR memory in the early stage
of daily sessions. Nevertheless, in the fol-
lowing trials, they can rapidly restore the
response timing learned by the preceding sessions of CS-US
paired trials.

In trials 91-100 of extinction phase, the averaged response
amplitude was higher in the mutant mice than in the control mice
(Fig. 5B). In trials 11-20, the mutant’s higher amplitude re-
sponses in the early phase was more pronounced (group X ses-
sion effect, F; g4y = 2.468, p = 0.071; genotype effect, F, ,,) =
7.238, p = 0.0014; in trials 11-20 of the early phase). Together
with the data in Figure 4 B, these results suggest that the initiation
of extinction was retarded in the mutants, in particular for the
memory of the early phase of CRs.

Normal delay eyeblink conditioning in CA3-NR1 KO mice

We next examined the performance of CA3-NR1 KO mice on
delay eyeblink conditioning by using different mice from those
subjected to trace eyeblink conditioning. The CR (%) for both
CA3-NR1 KO mice and their control littermates progressively
increased up to ~70% during the 7 d acquisition training (Fig.
6A). During the following 4 d extinction phase, CR (%) de-
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creased similarly in control and mutant
mice (Fig. 6A). Individual EMG topogra-
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CRs of the mutant mice on day 7 were
nearly the same as those of the control
mice (Fig. 6 B). CA3-NR1 KO mice exhib-
ited normal CR (%) within the first 10 tri-
als of each daily session (group X session
effect, F,5 147y = 0.624, p = 0.710; geno-
typic effect, F(; ,;, = 0.011, p = 0.919) as
well as within the 11-20th trials (group X
session effect, F(;5 147 = 0.442, p = 0.850;
genotypic effect, F, ,,, = 1.096, p =
0.307) and the 91-100th trials (group X session effect, F(,5 47, =
1.180, p = 0.321; genotypic effect, F(; ,,) = 0.633, p = 0.435)
during the acquisition phase (Fig. 6C). These results suggest that
adaptively timed CRs during delay conditioning were success-
fully formed in both intra-day and across-day time scales in CA3-
NR1 KO mice. These results suggest that the mechanisms for
exhibiting CRs for the delay conditioning are intact in CA3-NR1
KO mice.

Figure 6.

Eyeblink sensory motor function is normal in CA3-NR1

KO mice

We further investigated the motor and sensory function of CA3-
NR1 KO mice. As detailed in supplemental Figure 1 (available at
www.jneurosci.org as supplemental material), mutant mice ex-
hibited normal motor coordination, startle response, and tail
flick response. There was no difference between control and mu-
tant mice in the minimum stimulus intensity used for the US
during trace conditioning. Moreover, CR (%) did not improve
during the pseudoconditioning procedure in either genotype.
These results show that CA3-NR1 KO mice are not impaired in
motor coordination and sensory functions required to learn eye-
blink conditioning.

Discussion

It has been shown previously that eyeblink conditioning with a
long stimulus-free interval of 250—1000 ms (trace conditioning)
is sensitive to hippocampal lesion (Solomon et al., 1986; Moyer et
al., 1990; Kim et al., 1995; McGlinchey-Berroth et al., 1997; Clark

Normal delay conditioning in CA3-NR1 KO mice. 4, Delay conditioning experiment consisted of 7 d acquisition (days
1-7) followed by 4 d extinction (days 8 —11). There was no difference in eyeblink CR (% frequency) in the control (open circles;
n = 11) and mutant (closed circles; n = 12) mice during both acquisition and extinction phases. The top panel shows response
topographies of individual mice averaged by 100 trials on day 7. Temporal relationships between CS and US are indicated. sp,
Spontaneous eyeblink response. B, No difference was observed in response EMGs for the control (gray trace) and mutant (black
trace) mice on day 7. €, CRs (% frequency) of both control (open circles) and mutant (closed circles) mice were evaluated in the first
10 trials (1-10th trials; top), the second 10 trials (11—20th trials; middle), and the final 10 trials (91—100th trials; bottom) of the
daily session. No difference was observed between the two genotypes.

and Squire, 1998; Weiss et al., 1999; Tseng et al., 2004; Sakamoto
et al., 2005), whereas the acquisition of conditioning with no
stimulus-free interval (delay conditioning) can occur without the
intact hippocampus. In the present study, we confirmed distinc-
tion in hippocampal-lesioned C57BL/6 mice given either delay or
trace (500 ms trace interval) conditioning. We then analyzed the
CA3-NR1 KO mice in which the NR1 gene knock-out was mostly
restricted to the CA3 pyramidal cells of adult mice.

We found that these mutant mice can acquire both nonadap-
tive (early) and adaptive (late) CRs during hippocampus-
dependent trace eyeblink conditioning when they were assessed
by both their frequencies and EMG amplitudes averaged over a
block of 100 daily trials. However, as the training advanced (start-
ing on day 8), the adaptive CRs were significantly reduced in
mutants compared with control mice during the first several tri-
als of the day. In addition, mutants exhibited impairments in
extinction of both adaptive and nonadaptive CRs.

A specific role of CA3 NMDA receptors in adaptive CR

Our analysis of CA3-NR1 KO and control mice revealed at least
two distinct types of CR memory that can be formed and recalled
in control mice during trace eyeblink conditioning. CRs based on
the first type of memory (early CR) start to appear rapidly after
the onset of CS and recede slowly during and after CS. This type
of CR memory is apparently independent of CA3 NR function.
The appearance of CRs based on the second type of memory
(adaptive CR) is delayed until the onset of the trace period and
seems to be composed of both CA3-NR-dependent and
-independent components.
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Rodriguez and Levy (2001) theorized that the CA3 network
could play a crucial role in the acquisition of adaptive CRs by
serial activation of CA3 neurons during the trace period through
the recurrent dynamics of these cells and temporally asymmetric
synaptic modification mechanisms (Rodriguez and Levy, 2001).
Our results are consistent with this theory as far as the CA3-NR-
dependent adaptive CR is concerned. However, the finding of the
CA3-NR-independent component of the adaptive CR, the third
type of memory, cannot be accounted for by Rodriguez and
Levy’s (2001) theory and suggests the presence of an alternative
storage site of adaptive CRs in the hippocampus.

Model of adaptive CR memory

Using the same CA3-NR1 KO mice, we showed previously that
CA3 NRs, unlike CA1 NRs, are dispensable for the acquisition of
spatial reference memory or for its recall under full cue condi-
tions but are crucial for the recall of the same memory under
partial cue conditions (i.e., recall by pattern completion) (Naka-
zawa et al., 2002). We assumed that the memory traces were
formed both in the CA1 and CA3 networks in the control mice. In
CA3-NR1 KO mice, the memory trace would be formed in the
CA1 network but not in the CA3 network. Consequently, the
partial cue input cannot evoke the full-cue activity in CA3 by
pattern completion, which is essential for full activation of the
CA1 memory trace. However, the CA1 memory trace would be
activated fully if the entire set of recall cues was provided.

We extend this model for a hippocampus-dependent spatial
reference memory and its retrieval to the equally hippocampus-
dependent adaptive CR memory in trace eyeblink conditioning.
The adaptive CR memory is acquired incrementally through re-
peated conditioning trials as the spatial reference memory is ac-
quired through repeated training trials. We suggest that the
NMDAR-dependent memory trace is formed in the CA3 recur-
rent network along with other hippocampal networks such as the
CAL1 network, and that once established, the CR memory can be
recalled with a single CS as long as the CA3 recurrent network is
intact. This is because, although the single CS per se may not be
effective enough to fully reactivate the adaptive CR memory
traces across the stimulus-free time gap (trace period), the itera-
tive activity within the CA3 memory network will bridge this gap
(Levy, 1996; Wallenstein et al., 1998) and complete the reactiva-
tion, permitting recall of CA3-NR-dependent adaptive CR mem-
ory. In the CA3-NR1 KO mice, this iterative activity in the CA3
network would be missing and, therefore, the mutants will have
to rely on multiple rounds of CS to fully activate the CR memory
trace stored outside of the CA3 network, such as the CAl net-
work, that is, recall of CA3-NR independent adaptive CR mem-
ory. According to this interpretation of our data, the CA3-NR in
the recurrent network plays a crucial role not only in spatial
pattern completion (Nakazawa et al., 2002) but also in temporal
pattern completion.

Impaired extinction of adaptive CR memory

As much as extinction is a new learning (Pavlov, 1927; Myers and
Davis, 2002), hippocampal NRs are involved in both acquisition
and extinction of hippocampus-dependent memory. For in-
stance, infusion of AP-5 into the hippocampus has been shown to
block both acquisition and extinction of one-trial passive avoid-
ance task (Izquierdo et al., 1999; Szapiro et al., 2003). A previous
pharmacological study on rabbit eyeblink conditioning has also
demonstrated that systemic infusion of (+)-5-methyl-10,11-
dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate or
phencyclidine blocks both acquisition and extinction of adaptive
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CRs (Thompson and Disterhoft, 1997). Our present study
showed that CA3-NR1 KO mice were significantly impaired in
the first day (day 11) of adaptive CR extinction. However, this
impairment was mostly alleviated on the following day (day 12).
This is in line with our previous finding that the same mutant
mice were impaired in a novelty-associated spatial task (Naka-
zawa et al., 2003) but not in the acquisition of spatial reference
memory (Nakazawa et al., 2002).

Interestingly, CA3-NR1 KO mice were not impaired in the
extinction of delay conditioning (Fig. 6 A, C). Because systemic
administration of NR antagonists has been shown previously to
impair the extinction of the adaptive CRs in rats (Thompson
and Disterhoft, 1997), the combined results suggest that ex-
tinction of delay conditioning is mediated by NR function
outside of area CA3.

CA3-NR1 KO mice are impaired in “internal inhibition”

We observed a higher magnitude of individual EMG responses in
the mutants after the onset of CS on day 11 (Fig. 2 B). In partic-
ular, the mutants showed a tendency to blink more robustly as a
short-latency CR in response to the CS than control mice (Figs.
3A, 5A,B). This could be related to the previous observation
showing that hippocampal animals are impaired in internal inhi-
bition (Pavlov, 1927) or “behavioral inhibition” (Douglas, 1967;
Kimble, 1968), which resulted in perseveration of the CR in re-
sponse to the CS (Niki, 1966; Kim et al., 1995; Chan et al., 2001).
These results suggest that CA3 NRs may function to exclude CS
from attention to protect memory from interference. In fact, our
preliminary data showed that CA3-NR1 KO mice are impaired in
latent inhibition of eyeblink conditioning (Y. Kishimoto, unpub-
lished data).

Conclusions

Our results demonstrated that CA3 NRs play a critical role in
trace eyeblink conditioning, a form of nonspatial learning. Con-
sistent with our previous result showing that acquisition of spa-
tial reference memory is normal in the CA3-NR1 KO mice (Na-
kazawa et al., 2002), we did not observe obvious impairment in
acquisition of trace conditioning. Our analyses of CR timing re-
vealed, however, that CA3 NRs are required for the memory of
adaptive CR timing, which is ready to be retrieved at any mo-
ment. The pivotal role of CA3 NRs in rapid retrieval of CR timing
seems to be of particular importance for animals to respond
adaptively to a daily episode in the ever-changing environment.
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