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Pattern completion, the ability to retrieve complete memories on the basis of 
incomplete sets of cues, is a crucial function of biological memory systems. The 
extensive recurrent connectivity of the CA3 area of hippocampus has led to 
suggestions that it might provide this function. We have tested this hypothesis 
by generating and analyzing a genetically engineered mouse strain in which the 
N-methyl-D-asparate (NMDA) receptor gene is ablated specifically in the CA3 
pyramidal cells of adult mice. The mutant mice normally acquired and retrieved 
spatial reference memory in the Morris water maze, but they were impaired in 
retrieving this memory when presented with a fraction of the original cues. 
Similarly, hippocampal CA1 pyramidal cells in mutant mice displayed normal 
place-related activity in a full-cue environment but showed a reduction in 
activity upon partial cue removal. These results provide direct evidence for CA3 
NMDA receptor involvement in associative memory recall. 

In both humans and animals, the hippocam- 
pus is crucial for certain forms of learning 
and memory (1, 2). Anatomically, the hip- 
pocampus can be divided into several major 
areas: the dentate gyrus, CA3, and CA1 (3). 
In area CA3, the pyramidal cells, which 
project to CA1 pyramidal cells via Schaffer 
collaterals, receive excitatory inputs from 
three sources: the mossy fibers of the dentate 
gyrus granule cells, the perforant path axons 
of the stellate cells in the superficial layers of 
the entorhinal cortex, and the recurrent col- 
laterals of the CA3 pyramidal cells them- 
selves, which are the most numerous type of 
input to the CA3 pyramidal cells (4). The 
prominence of these recurrent collaterals has 
led to suggestions that CA3 might serve as an 
associative memory network. Associative 
networks, in which memories are stored 
through modification of synaptic strength 
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within the network, are capable of retrieving 
entire memory patterns from partial or de- 
graded inputs, a property known as pattern 
completion (5-10). In CA3, the strength of 
the recurrent collateral synapses along with 
perforant path synapses can be modified in an 
NMDA receptor (NR)-dependent manner 

(11-14). In this study, we have examined the 
role of these synapses in memory storage, 
retrieval, and pattern completion by generat- 
ing and analyzing a mouse strain in which the 
NMDAR subunit 1 (NR1) is specifically and 
exclusively deleted in the CA3 pyramidal 
cells of adult mice. 

CA3 NMDA receptor knockout mice. 
To generate CA3 pyramidal cell-specific 
NR1 knockout mice (CA3-NR1 KO mice), 
we used the bacteriophage P1-derived Cre/ 
loxP recombination system (15). Because the 
CA3 pyramidal cell layer is a robust site of 
expression of KA-1, one of the kainate recep- 
tor subunits (16), we created transgenic mice 
in which the transcriptional regulatory region 
of the KA-1 gene drives the expression of the 
Cre transgene (17). In one transgenic line 
(G32-4), the level of Cre immunoreactivity 
(IR) was robust in the CA3 pyramidal cell 
layer in mice older than 4 weeks of age (17) 
(Fig. 1A). The spatial and temporal pattern of 
Cre/loxP recombination in the G32-4 Cre 
transgenic mouse line was examined by 
crossing it with a lacZ reporter mouse (Ro- 
sa26) and staining brain sections derived 
from the progeny with X-gal (17) (Fig. 1, B 
to D). Cre/loxP recombination was first de- 
tectable at postnatal day 14 in area CA3 of 
the hippocampus. At 8 weeks of age, recom- 
bination had occurred in nearly 100% of py- 
ramidal cells in area CA3 (Fig. 1C). Recom- 
bination also occurred in a few other brain 
areas, but at distinctly lower frequencies: in 
about 10% of dentate gyms (Fig. 1C) and 
cerebellar granule cells (Fig. 1D) and in about 

Fig. 1. Distribution of Cre im- 
munoreactivity and Cre/loxP 
recombination in G32-4 
mice. (A) A parasagittal Vi- 
bratome section from the 
brain of a 4-week-old male 
G32-4 mouse was stained 
with a rabbit antibody 
against Cre, and Cre IR was 
visualized with fluorescein c 
isothiocyanate. Arrowheads, -, 
CA3 pyramidal cell layer. 
Scale bar, 50 ,um. (B to D) 
Coronal sections from the 
brain of an 8-week-old male 
G32-4/Rosa26 double-trans- 
genic mouse stained with X- i ai 
gal and Nuclear Fast Red. In 
forebrain (B and C), arrow, r: 
CA3 cell layer; arrowhead, E 
dentate granule cell layer. In 
hindbrain (D), arrowheads, 
facial nerve nuclei. Scale bar, 
100 L.m. (E and F) Parasagit- 
tal hippocampal sections 13gal double GAD67 13-gal double calretinin 
from the brain of an 8-week- 
old G32-4/Rosa26 double-transgenic mouse subjected to double immunofluorescence staining 
with (E) antibodies against 13-galactosidase (visualized by Alexa488) and GAD67 (visualized by 
Cy3), or (F) with antibodies against 13-galactosidase and calretinin (visualized by Cy3). Green, 
13-galactosidase IR; red in (E) GAD67-IR; red in (F), calretinin-IR. DG, dentate gyrus; Th, thalamus; 
white arrows, somata of mossy cells; white arrowheads, axon terminals of mossy cells. Scale bar, 
10 pim. 
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50% of cells in the facial nerve nuclei of the 
brain stem (Fig. 1D). Recombination fre- 
quency did not change in older mice. No 
recombination was detected in the cerebral 
cortex or in the hippocampal CA1 and sub- 
icular regions (Fig. 1, B to D). We deter- 
mined the type of the recombination-positive 
cells in the hippocampus with double immu- 
nofluorescence staining using a set of anti- 
bodies specific for 3-galactosidase (a marker 
for the CrelloxP recombination), glutamic 
acid decarboxylase (GAD)-67 (a marker for 
intemeurons), and calretinin (a marker for 
dentate gyrus mossy cells in the mouse hip- 
pocampus) (17, 18). Minimal overlapping 
staining was observed with antibodies 
against 3-galactosidase and GAD67 (Fig. 
1E) and with antibodies against P-galacto- 
sidase and calretinin (Fig. IF). These re- 
sults indicate that in area CA3 and the 
dentate gyrus, Cre/loxP recombination is 
restricted to the pyramidal cells and the 
granule cells, respectively. 

We crossed the G32-4 mice with floxed- 
NR1 (fNRl) mice (15, 17) in order to restrict 
the NR1 knockout to those cell types targeted 
by the G32-4 Cre transgene. Floxed refers to a 
genetic allele in which a gene or gene segment 
is flanked by loxP sites in the same orientation; 
Cre recombinase excises the segment between 
the loxP sites. Homozygous floxed, Cre-posi- 
tive progeny (CA3-NR1 KO) were viable and 
fertile, and they exhibited no gross develop- 
mental abnormalities. In situ hybridization data 
(17) suggested that in the CA3 pyramidal cell 
layer of these mice, the NR1 gene is intact until 
about 5 weeks of age, starts being deleted there- 
after, and is nearly completely deleted by 18 
weeks (white arrowheads in Fig. 2D) of age 
(Fig. 2, A to D). There was no indication of 
deletion of the NR1 gene elsewhere in the brain 
throughout the animal's life. Specifically, the 
NR1 gene seemed to be intact in granule cells 
of the dentate gyrus (Fig. 2, E and F) and the 
cerebellum (Fig. 2, A to D), as well as in the 
facial nerve nuclei (Fig. 2, G and H). These 
results are in contrast to the CrelloxP recombi- 
nation-dependent expression of the lacZ gene 
(see Fig. 1, C and D), likely due in part to 
differences in the sensitivity of detection of the 
Cre/loxP recombination and in part to differ- 
ences in the susceptibility of the loxP substrates 
to the recombinase. 

Performing NR1-immunocytochemistry 
with an antibody against the COOH-terminus 
of mouse NR1 (17) confirmed that the selec- 
tive and late-onset deletion of the NR1 gene 
in the CA3 region of the mutant mice resulted 
in loss of the protein. The protein distribution 
was normal for the first 7 weeks after birth. 
By the 18th postnatal week, however, NR1 
protein had disappeared from both the apical 
and basal dendritic areas in the CA3 region 
(Fig. 2, I to L). In contrast, normal levels of 
NR1 protein were maintained in the CA1 

region and the dentate gyrus of the 18-week- 
old mutant mice. The reduction of NR1 pro- 
tein in the CA3 region was observed in both 
dorsal and ventral hippocampus (Fig. 2, K 
and L), suggesting that the NR1 gene is de- 
leted uniformly along the longitudinal axis of 
the hippocampus. 

We carried out a set of immunocytochemical 
and cytochemical experiments to investigate the 
integrity of the cytoarchitecture of the mutant 
hippocampus (17). No significant differences 
could be detected in the patterns of post- 
synaptic density-95 (PSD-95) (19) or GluRl 
[aamino-3-hydroxy-5-methyl-4-isoxazol propi- 
onate (AMPA)-type glutamate receptor subunit 
1] expression (Fig. 2, M and N). Also normal 

was the IR distribution of calbindin28, a Ca2- 
binding protein expressed at high levels in 
dentate gyms granule cells but not in cells in 
the CA3 region, suggesting that mossy fibers 
from dentate gyrus granule cells project nor- 
mally to their target in the CA3 region (the 
stratum lucidum) (19). Nissl staining did not 
reveal any obvious abnormalities (Fig. 2, O 
and P). We also used the Golgi-impregnation 
technique to assess dendritic structures and 
found no significant differences between the 
mutant and the fNRl control mice (24 weeks 
of age) with respect to the dendritic length, 
the number of dendritic branching points, or 
the spine density of CA3 pyramidal cells (20). 

Thus, in the mutant mice, the NR1 gene is 

Fig. 2. Distributions of 
NR1 mRNA, NR1 protein, 
and other proteins in 
brains of CA3-NR1 KO 
mice. (A to H) Dark field 
images of in situ hybrid- 
ization on parasagittal 
brain sections with a 33p_ 
labeled NR1 cRNA probe. 
The sources of the brains 
were (A) a 5-week-old 
male fNR1 control; (B) a 

[a littermate of the 
mouse in (A)]; (C, E, and 
G) an 18-week-old male 
fNR1 control; (D, F, and 
H) an 18-week-old male 
mutant [a littermate of 
the mouse in (C), (E), and 
(G)]. Scale bar, 100 pm. (E 

(G and H) The areas of 
the facial nerve nuclei are 

- 

- -- 
enlarged. In the CA3 py- 

': 

ramidal cell layer of the 
mutant, the level of NR1 -., 
mRNA was normal until 5 \ i - ;: 
weeks of age, started to 
decline thereafter, and 
reached the lowest and Zf.\ 
stable level by 18 weeks 
of age [arrowheads in 
(D)]. There was no indica- 

-. 

, 
tion of a reduced NR1 j.i- 
mRNA level in the mutant .? 
mice relative to the con- j ' :.- 
troL littermates in any ' / . - 

other brain area through- ? .' ::".:-' 
' 

out the postnatal devel- 
opment. In particular, the levels of NR1 mRNA in the mutants' dentate gyrus (F), cerebellum (B and 
D), and the facial nerve nuclei (H) are indistinguishable from those of the control littermates (A, C, 
E, and G). (F) Arrowheads indicate scattered hybridization signals that are likely derived from CA3 
interneurons. (G and H) Arrowheads, the facial nerve nuclei. In (E) to (H), scale bar, 25 pm. (I to 
N) Immunoperoxidase staining of paraffin sections of brains derived from 18-week-old male mice 
visualized with 3,3'-diaminobenzidine. The primary antibodies used are specific for NR1 (I to L) and 
for GluR1 (M and N). The genotypes of the mice are fNR1 (control) (I, K, M), and CA3-NR1 KO 
(mutant) (J, L, N). Medial parasagittal sections were used for experiments other than those in (K) 
and (L), for which lateral parasagittal sections were used. In the mutants, NR1-IR was selectively 
deficient in the dorsal [arrowheads in (J) and (L)], as well as ventral [arrows in (L)] area CA3. Scale 
bar in (I), 100 pm. (K to P) See scale bar in (K), 50 pm. (O and P) Nissl staining of hippocampal 
sections derived from an 18-week-old male fNR1 mouse (0) and a male CA3-NR1 KO littermate 
(P). The mutant exhibited no gross morphological alteration. 
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selectively deleted in the CA3 pyramidal 
cells of the hippocampus. This deletion oc- 
curs only in adult mice (older than 5 weeks of 
age) and does not affect the hippocampal 
cytoarchitecture. 

NMDA receptor activation. To evaluate 
whether functional NRs are present in CA3 
pyramidal cells in CA3-NR1 KO mice, 
whole-cell patch-clamp recordings were per- 
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1 - CA1 We next isolated synaptically evoked 
mutant NMDA currents (17) (Fig. 3). At the medial 

Dv DNQX+APV perforant path (MPP)-dentate gyrus (DG) 
-_ - synapse, there were no differences in the 

x 6DNQX 6-cyano-7-dinitroquinoxalline-2,3-dione 
(DNQX)-insensitive component of the total 

.nodrug synaptic current (control, 15.8 + 7%, n = 5; 
mutant, 16.7 + 2.3%, n = 4; P = 0.96; Fig. 
3B). A similar relationship was observed at 

_ .200pA the Schaffer collateral (SC)-CA1 synapse 
20 ms 

(control, 26.7 + 
6%, n = 4; mutant, 29.3 + 

4%, n = 4; P = 0.78) (Fig. 3B). However, 
consistent with the immunohistochemical 
characterization of an absence of NR1 in 
CA3-NR1 KO mice, the DNQX-insensitive 
component was significantly reduced at the 
recurrent commissural/associational (C/A) 
synapse in the mutant animals relative to 

control mutant controls (control, 27.5 + 3%, n = 10; mutant, n=4 n=4 3.0 ? 1%, n = 5; P < 0.0001) (Fig. 3B). 
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the induction or expression of LTP between 
control and mutant mice (control, 265 + 39%, 
n = 5; mutant, 259 + 45%, n = 6). Addition- 

ally at the SC-CA1 synapse, where NRs were 
intact, LTP was similar in both groups of ani- 
mals (control, 232 + 37%, n = 9; mutant, 
219 ? 53%, n = 10). Similarly, in control 
animals, LTP was induced at C/A-CA3 syn- 
apses in all the animals examined (202 + 28%, 
n = 5). In contrast, LTP was nearly absent at 
C/A-CA3 synapses in 9 out of 11 CA3-NR1 
KO mice (101 + 11%, n = 11). In two cases, 
we observed LTP, which may have been due to 
calcium influx from voltage-dependent calcium 

channels. These data provide functional evi- 
dence that NR1 knockout in CA3 pyramidal 
cells selectively disrupts NR-dependent LTP in 
CA3 at the recurrent C/A synaptic input, but not 
NR-independent mossy fiber LTP in CA3 or 
NR-dependent LTP in area CA1. 

Spatial reference memory. We subject- 
ed the CA3-NRl KO mice and their control 
littermates to the hidden platform version of 
the Morris water maze task (17, 21) to assess 
the effect of the selective ablation of NRs in 
CA3 pyramidal cells on the animals' ability 
to form a spatial reference memory. No sig- 
nificant differences were observed between 

the control and mutant mice in the escape 
latency, path length, average swimming ve- 
locity, or wall-hugging time (Fig. 5, A to D). 
We subjected the mutant, JNRI, Cre, and 
wild-type littermates to a probe trial on day 2 
(P1), day 7 (P2), and day 13 (P3), and as- 
sessed spatial memory by monitoring the rel- 
ative radial-quadrant occupancy (Fig. 5E). 
There was no difference in the acquisition 
rate of spatial learning among the four geno- 
types. By day 13 (P3), all four mouse strains 
spent significantly more time in the target 
radial-quadrant than in any of the nontarget 
quadrants. This result for three types of mice 

Fig. 5. Performance of CA3-NR1 KO mice A 
in the standard Morris water maze task and 90 - P1 
recall capability under various cue condi- s - P2 3 
tions. (A to D) 18- to 24-week-old male 70 - 
CA3-NR1 KO mice (mutant, red, n = 44), > 60 - 
fNR1 (blue, n = 37), Cre (n = 14, not so 50 

shown), and their wild-type littermates , 40 - 

(green, n = 11) were subjected to training 30 - 

trials under full-cue conditions. The four u 20- 

types of mice did not differ significantly in 10 

(A) escape latency, (B) distance traveled, 1 2 3 45 6 7 8 9101112131 

(C) swimming velocity, or (D) time spent Day 

near the pool wall [genotype effect for each D 
measure, F(3,102) < 2.5, P > 0.05; geno- 100 - 
type x trial interaction for each measure, - 
P > 0.05]. (E) Probe trials on day 2 (Pl, 

80 - 

open bars), day 7 (P2, hatched bars), and 60 - 

day 13 (P3, solid bars) under full-cue con- , 
ditions, monitored by relative radial-quad- z 40 

rant occupancy [time (%) the mice spent in E 20 - 
the target radial-quadrant relative to the i 
total time spent in the four radial-quad- 2345 9101112 1 2 3 4 5 6 7 8 910111213 1 

rants]. On day 13, all the genotypes spent Day 
significantly more time in the target radial- 
quadrant than other quadrants [wild, F 
F(3,40) = 84.1, P < 0.0001; Cre, F(3,52) = 2 
52.7, P < 0.0001; fNR1, F(3,144) = 130.4, 
P < 0.0001; mutant, F(3,172) = 163.4, P < - 15 
0.0001; Newman-Keuls post hoc compari- 
son (the trained quadrant compared to all 1 
the other quadrants); P < 0.01 for all ge- 1 

notypes]. (F) Day 13 probe trial (P3) of 
o 05 

randomly selected subsets of Cre (n =14), E5 

fNR1 (n = 20) and mutant (n = 23) mice 
by absolute platform occupancy [time (sec) ? o o_ ,. TAR OPAL TAR OP 
the mice spent in the area which corre- 
sponded exactly to the area occupied by Cre Floxec 

the platform during the training session] H 
[Cre, F(3,52) = 15.8, P < 0.0001; fNRl, f 
F(3,76) = 37.4, P < 0.0001; mutant, 
F(3,88) = 35.5, P < 0.0001; Newman-Keuls Flxed 

post hoc comparison (the target platform 
position compared to all the other platform 
positions); P < 0.01 for all genotypes]. (G) 
The same sets of mice as in (F) were sub- 
jected to partial-cue probe trials on day 14 
(P4) and absolute platform occupancy as- 
sessed. Cre and fNR1 mice exhibited similar Mutant 
recall under partial-cue conditions as under i 
full-cue conditions (paired t test, P > 0.9 
for each genotype), while recall by the mu- 
tant mice was impaired (paired t test, Fullcue 
*P < 0.01). (H) Spatial histograms of the 
animals' location during the full-cue (P3) and partial-cue (P4) probe trials. 
fNR1, n = 20; mutant, n = 23. (1) Relative recall index [RRI, averaged 
ratio of the target platform occupancy of the partial-cue (P4) or no-cue 
(PS) probe trial to that of the full-cue (P3) probe trial for each animal 
(17)] of fNR1 mice (n = 18, blue) and mutant mice (n = 22, red). The RRI 
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was also shown by the criterion of absolute 
platform occupancy (Fig. 5F). Thus, the se- 
lective ablation of NRs in adult hippocampal 
CA3 pyramidal cells has no detectable effect 
on the animal's ability to form and retrieve 
spatial memory as determined by the standard 
hidden platform version of the Morris water 
maze task. Further, the CA3-NR1 KO mice 
are not impaired in motivation, motor coor- 
dination, or the sensory functions required to 
carry out this spatial memory task. 

Partial cue removal. In order to assess 
the role of CA3 NRs in pattern completion at 
the behavioral level, we examined the depen- 
dence of spatial memory recall on the integ- 
rity of distal cues in the CA3-NR1 KO mice 
and their control littermates (17). We first 
subjected randomly selected subsets of the 
mice that had gone through the training and 
probe trial sessions to one more block (4 
trials) of training 1 hour after the day 13 
probe trial (P3) in order to counteract any 
extinction that may have occurred during the 
probe trial. On day 14, we subjected these 
animals to a fourth probe trial (P4) in the 
same water maze except that three out of the 
four extramaze cues had been removed from 
the surrounding wall. In the partial-cue probe 
trial, both the fNR1 control and Cre control 
mice searched the phantom platform location 
as much as they did in the full-cue probe trial. 
In contrast, the search preference of the mu- 
tant mice for the phantom platform location 
was significantly reduced by the partial cue 
removal (Fig. 5, F and G). 

We also monitored the effect of the partial 
cue removal by the criterion of relative radi- 
al-quadrant occupancy. The target radial- 
quadrant occupancy of the Cre, fNRI, and 
mutant mice were 63.0 ? 4%, 65.9 + 4%, 
and 66.4 ? 4% under the full cue conditions 
(P3), respectively, and 55.8 + 5%, 58.8 + 
5%, and 44.6 ? 5% under the partial-cue 
conditions (P4), respectively. The effect of 
the partial cue removal was significant for 
mutant (paired t test, P < 0.002) but not for 
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Cre (P > 0.2) or fNRI mice (P > 0.2). 
The differential effect of partial cue re- 

moval on search behaviors of JNR1 control 
and mutant mice was also indicated by a 
difference in the distribution of the animal's 
occupancy of locations during the probe trials 
(Fig. 5H): In the full-cue environment (P3), 
both mutant and fNRI control mice focused 
their search at or near the location of the 
phantom platform, as did the fNR1 mice 
searching for the platform in the partial-cue 
environment. By contrast, the mutant mice 
spent the majority of the time at or near the 
release site at the center of the pool and 
significantly less time at or near the location 
of the phantom platform in the partial-cue 
environment (P4). 

For each individual mouse, we also deter- 
mined the occupancy time at the phantom 
platform location in the partial-cue probe trial 
and compared that with the phantom platform 
occupancy time in the earlier full-cue probe 
trial, yielding a "relative recall index (RRI)" 
measure (17). There was no effect of partial 
cue removal on this parameter in the fNR1 
control mice, whereas the effect was highly 
significant for the mutant mice (Fig. 51). 

It is possible that the mutant mice performed 
poorly in the partial-cue probe trial because 
they had lost the spatial memory faster than the 
control mice. To test this possibility, we re- 
stored the full-cue training environment by re- 
turing the three missing cues and the platform, 
then subjected the same set of animals that had 
gone through the training and probe trials to one 
more block (four trials) of training on day 14, 1 
hour after the P4 partial-cue probe trial. Both 
the mutant andfNRI control animals found the 
platform as fast as they did on day 12 and day 
13, and there was no significant difference be- 
tween the latencies of the mutant and control 
animals (P = 0.32) (Fig. 5A). There were also 
no significant differences between mutant and 
control mice in the total path length traveled 
and in their thigmotaxic tendency to remain 
close the walls of the maze (P > 0.4 for both 

Table 1. Properties of CA1 pyramidal cells and interneurons in familiar open field. Values are means + 
SEM. For pyramidal from fNR1 controls cells in 19 recording sessions with three animals, n (cells) = 155; 
for mutant pyramidal cells in 24 recording session with five animals, n = 188; for fNR1 interneurons in 
19 recording sessions with three animals, n = 8; for mutant interneurons in 24 recording sessions with 
five animals, n = 9. NA, not applicable. 

Pyramidal cells Interneurons 
Measurement 

fNR1 Mutant fNR1 Mutant 

Mean firing rate (Hz) 1.175 + 0.097 1.179 ? 0.082 30.96 ? 5.27 12.62 ? 1.73* 
Spike width (,s) 328.5 + 4.31 326.8 ? 3.70 186.6 + 9.7 167.2 ? 4.8 
Spike attenuation (%) 90.44 + 0.56 90.45 ? 0.40 NA NA 
Complex spike index 24.26 + 1.21 16.84 + 0.83t 1.66 ? 0.52 1.67 ? 0.39 
Burst spike frequency (%) 52.93 + 1.17 42.18 ? 1.28t NA NA 
Integrated firing rate [2(Hz/pixel)] 549.5 + 48.2 544.7 + 40.0 NA NA 
Place field size (no. of pixels) 125.6 + 8.28 133.1 ? 7.27 NA NA 
Covariance coefficient 0.0359 ? 0.007 0.0410 ? 0.005 NA NA 

*Significantly different from fNR1 control (t test, P <0.003). tSignificantly different from fNR1 control (t test, P 
< 10-4). 

measures) (Fig. 5, B and D). These results 
indicated that the reason why the mutant mice 
performed poorly in the partial-cue probe trial 
was not faster memory loss. The results also 
confirmed that both the mutant and control 
animals had reached the asymptotic level of 
learning by day 12. 

To test whether the recall in the partial- 
cue environment depended on the remaining 
spatial cue, we carried out a fifth no-cue 
probe trial (P5) on day 15 after removal of all 
of the extramaze cues. We found robust recall 
deficits in fNR1 control and mutant mice 
under these conditions (Fig. 51). Both types 
of mice must have retained the memory of the 
platform location during this no-cue probe 
trial, because they reached the platform effi- 
ciently in a final block of training in the 
full-cue environment 1 hour after P5 (Fig. 5, 
A to D, at day 15) (P > 0.15 for any of four 
measures). 

We also tested whether the mutants' def- 
icit in the partial-cue probe trial was due to 
impairment in perceiving the platform-distal 
cue. When mutants andfNRI littermates were 
trained and probed with only one platform- 
distal cue, the mutants acquired the spatial 
memory, as well as the controls [mutant, 
F(3,36) = 5.5, P < 0.005; fNRI, F(3,36) = 

17.7, P < 0.005; Newman-Keuls post hoc 
comparison (the trained radial-quadrant com- 
pared to all the other quadrants); P < 0.05 for 
both genotypes]. These results indicate that 
mutants are not defective in perceiving the 
platform-distal cue. 

In summary, under the full-cue conditions 
both mutant and control mice exhibited ro- 
bust memory recall. When three out of the 
four major extramaze cues were removed, 
control mice still exhibited the same level of 
recall, whereas the mutants' recall capability 
was severely impaired. 

Spatial coding in CA1. To investigate 
the neural mechanisms that might underlie 
this deficit in memory recall, we examined 
the neurophysiological consequences of 
CA3-NR1 disruption by analyzing CA1 place 
cell activity with in vivo tetrode recording 
techniques (17). Although genetic deletion 
was confined to CA3 pyramidal cells, place 
cell recordings were made from CA1 for two 
reasons. First, CA1 is the final output region 
of the hippocampus proper and, as a conse- 
quence, CA1 activity is more likely to reflect 
behavioral performance than CA3 activity. 
Second, most previous relevant electrophys- 
iological tetrode recording studies have been 
performed in CA1 (22, 23), so CA1 record- 

ings are most suited for comparison with 
published findings of place cell activity in 
other genetically altered mice (24). 

We recorded from 188 complex spiking 
(pyramidal) cells and nine putative intemeu- 
rons from five mutant mice (24 sessions) and 
from 155 pyramidal cells and 8 intereurons 
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from three fNRl control mice (19 sessions) 
while the mice were engaged in open-field 
foraging (25). Although an analysis of the 
basic cellular properties of CA1 pyramidal 
cells revealed no difference in mean firing 
rate, spike width, or spike amplitude attenu- 
ation within bursts (26), pyramidal cells from 
mutant animals showed a significant decrease 
in complex spike bursting properties (com- 
plex spike index and burst spike frequency) 
(Table 1). This reduction may reflect a de- 
crease in excitatory input from CA3 (27, 28) 
where NR1 is ablated. If so, the reduced CA3 
input would also alter the coding properties 
of CA1 place cells in mutant animals. How- 
ever, under full-cue conditions, we found no 
significant differences between fNRl control 
and mutant animals in either place field size 
(number of pixels above a 1 Hz threshold) or 
average firing rate within a cell's place field 
(integrated firing) (Table 1). Furthermore, 
the ability of cells with overlapping place 
fields to fire in a coordinated manner did not 
differ between fNR1 and mutant mice (co- 
variance coefficient) (Table 1), in contrast 
with CA1-NR1 KO mice in which there was 
a complete lack of coordinated firing (24). 
Thus, spatial information within CA1 is rel- 
atively preserved despite the loss of CA3 
NRs, providing a physiological correlate of 

C) 

.- 

C.) 

C 
0 
c) 

A 

0 

c'J 

C.) 

r" ~~.. -' --L.. Ii~~0.0 

! 0 <>-* *~~~~~~~~~1,; ~~~~~~~~~~~~~--+ 
1in 

. -%, -V 
~~~~10.0p jjii |||iT 

'n1! 
x 

Full Cue P; 

C a 

a ^ 0.05 N- 
.s 

0.5 1 *a) 

m |-0.05 - *> D .o.o5 - -o > 
?- a- 

A) C>,.15- 0O- 

CD:C aC 

. L -0.25 ca 

F F M M ? 
4:4 4:1 4:4 4:1 

the intact spatial performance 
KO mice in the Morris wate 
full-cue conditions. 

CA1 pyramidal cells also ] 
tory input from local intemeul 
output reflects a balance betw 
and inhibitory inputs (29). The 
mice showed a decrease in the 
putative CA1 intemeurons (T 
could be due either to a dec] 
feed-forward input from CA3 ( 
intemeurons (30, 31) as a cons 
CA3-NR1 knockout, or to a de 
feedback drive from CA1 p 
onto intereurons (32). This r 
hibition in mutant mice may c 
the reduction of excitatory dri 
thereby allowing CA1 pyrar 
maintain robust spatial coding 
esis is consistent with previous 
and experimental (33) studies. 

CA1 place cells. We ne 
whether CA1 output would 
after partial cue removal (34, 
allowed to explore an area for 
utes in the presence of four di, 
and then removed to their hom 
2-hour delay, mice were returr 
field with either the same four 
to 4 condition), or with three c 

B 

U& 
= 

= a 

I _ 
E a 

artial Cue 

*-N1 
I; . lo 

Full Cue Pa 

E 

0 

a. 
c: 

03 

F F M M F F M M 
4:4 4:1 4:4 4:1 4:4 4:1 4:4 4:1 

Fig. 6. CA1 place cell activity in CA3-NR1 KO mice. (A and B) Examples of placE 
representative of cells that showed no reduction [fNR1 (A)] and a reduction of fiE 
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each cell recorded across two conditions quantified with a relative change index (RC 
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the two recording sessions, the average burst spike frequency [(C): F(3,140) = 4 
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of CA3-NR1 removed (4 to 1 condition). Using threeJNRl 
-r maze under control mice, we identified 28 and 26 com- 

plex spike cells during five "4 to 4" sessions 
receive inhibi- and five "4 to 1" sessions, respectively. From 
rons, and CAl five mutant mice we were able to isolate 43 
teen excitatory and 47 complex spike cells during six "4 to 
CA3-NRl KO 4" and six "4 to 1" recording sessions, re- 
e firing rate of spectively (Fig. 6, A and B) 
able 1), which To quantify relative changes in place field 
rease in direct properties of these cells, we calculated, for 
onto inhibitory each cell, a relative change index (RCI) (17). 
;equence of the Using this index, we measured three proper- 
-crease in local ties of CAl output: burst spike frequency, 
yramidal cells place field size, and integrated firing rate 
eduction in in- (Fig. 6, C to E). Despite individual cell vari- 
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ulation level, the net output from CAl was 
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r 20 to 30 min- cy, place field size, and integrated firing rate 
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le cage. Aftera mutant place cells showed no significant 
ned to the open changes when mice were returned to the re- 
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'_Ji j | the location of individual place fields shifted 
across conditions, we found no significant 
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rtial Cue tions of partial cue removal (Fig. 6F). 
These physiological results are compati- 
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that reductions in CAl output as a conse- 
quence of reduced CA3 drive resulting from 
cue removal may make it more difficult for 

- r T, mutants to retrieve spatial memories. This 
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R1 control mice; NR1 KO mice exhibit intact spatial reference 
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ory retrieval with normal behavior and nor- 
mal CA1 place cell activity. Thus, area CA1 
is a major site involved in the storage of 
spatial reference memory and that this mem- 
ory can be formed without CA3 NRs. 

Although previous studies of memory for- 
mation and recall under fully cued conditions 
(15) provided basic insights into the mecha- 
nisms of memory formation, in day-to-day life, 
memory recall almost always occurs from lim- 
ited cues in real-life situations, as pattern com- 
pletion (5). In the past, computational analyses 
have pointed out that a recurrent network with 
modifiable synaptic strength, such as that in 
hippocampal area CA3, could provide this pat- 
tern completion ability (5-10). The impairment 
exhibited by CA3-NR1 KO mice in recalling 
the spatial memory after partial cue removal 
provides a direct demonstration of a role for 
CA3 and CA3 NRs in pattern completion at the 
behavioral level. At the neuronal network level, 
pattern completion was indicated by intact CA1 
place cell activity under cue removal conditions 
in control mice, demonstrating the ability of 
intact CA3-CA1 networks to carry out this 
function. By contrast, under the same partial- 
cue conditions, CA1 place field size in mutant 
mice without CA3 NRs was reduced, demon- 
strating incomplete memory pattern retrieval. 

The residual search preference for the 
phantom platform location exhibited by mu- 
tant mice after partial cue removal (Fig. 5, G 
and H) reflects the degradation rather than the 
complete loss of spatial memory retrieval. 
This is consistent with the complementary 
observation of reduced place cell responses 
with preserved place field location (Fig. 6F), 
indicating a decrease rather than complete 
disruption of reactivation of the memory 
trace. This result may also reflect the exis- 
tence of additional recall mechanisms inde- 
pendent of CA3 NR function. 

Although plasticity at mossy fiber-CA3 syn- 
apses is NR-independent (11-14), plasticity at 
perforant path-CA3 synapses is NR-dependent 
(14). Therefore, we cannot exclude the possi- 
bility that the feed-forward input to CA3 via the 
perforant path contributes to the observed pat- 
tern completion effects. However, the substan- 
tially greater strength of recurrent synaptic in- 
puts relative to the contribution of the perforant 
path (36) suggests a dominant role for the 
recurrent system. 

It has been proposed that memory can be 
stored in associative memory networks whose 
synapses are modifiable (5-10) (Fig. 7). In this 
model, inputs arriving via dentate mossy fibers 
or perforant path afferents (or both) would pro- 
duce a pattern of CA3 ensemble output that 
reflects the pattern of inputs received. During 
normal memory acquisition under full-cue con- 
ditions, recurrent fiber synapses are modified in 
an NR-dependent manner to reinforce this en- 
semble pattern by strengthening connections be- 
tween coactive neurons within the ensemble. 
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This reflects storage of the memory trace within 
CA3 (Fig. 7, B and C). This complete CA3 
pattern, driven by full-cue input and reinforced 
by recurrent connections, activates CA1 neurons 
and produces a pattern that serves as the output 
of the hippocampal circuit. The strengthening of 
connections between the CA3 and CA1 neurons 
that participated in this process reflects storage 
of the memory trace within CA1 (Fig. 7, B and 
C). Under full-cue conditions in mutant animals, 
the lack of NRs in the CA3 pyramidal cells 
prevents storage of the memory trace in the CA3 
recurrent network but does not impair storage in 
CA1 (Fig. 7, D and E). The input for the mem- 
ory storage in CA1 could also arrive via per- 
forant path afferents directly from the entorhinal 
cortex. 

Under conditions of normal recall, presen- 
tation of the full set of cues activates CA3 
neurons in a pattern corresponding to the 
original CA3 memory trace, thereby leading 
to reactivation of the memory trace in CA1 
(Fig. 7B). In mutant animals without CA3 
NRs under full-cue conditions, although the 
CA3 memory trace is absent, the CA1 mem- 
ory trace is reactivated directly by the incom- 
ing cues that correspond in their configura- 
tion to the pattern of the memory trace (Fig. 
7D). Reactivation of previously strengthened 
recurrent synapses is unnecessary for recall 
under full-cue conditions, as indicated in the 
model (Fig. 7, B and D) and confirmed by our 
results from recordings in CA1. Nevertheless, 
the reactivation may contribute to the recall 
process in control animals by producing a 
more robust input to CA1 from CA3. This 
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possibility would be consistent with the ob- 
served reduction in CA1 inhibitory cell activ- 
ity in mutant animals, suggesting that even 
under full-cue conditions, the strength of in- 
put from CA3 might be diminished and com- 
pensated for through homeostatic reduction 
of feedback or feedforward inhibitory drive. 
In this way, a complete but weakened CA3 
output pattern can provide sufficient drive to 
CA1 (33). Direct measurement of CA3 out- 
put may clarify some of these issues. 

Under conditions of partial cue removal, 
limited input activity provides only partial 
activation of the CA3 output pattern in both 
control and mutant animals (green lines, Fig. 
7, C to E). In control animals, this limited 
output activates previously strengthened re- 
current synapses onto CA3 neurons that had 
participated in the original full-cue pattern 
(Fig. 7C). These recurrently driven cells com- 
plete the output pattern of CA3 (red lines, 
Fig. 7C), which can then drive the full output 
pattern in CA1. In mutant animals, limited 
input drives a correspondingly limited CA3 
output pattern (green line in Fig. 7E). How- 
ever, because of the lack of a memory trace in 
recurrent synapses, their activation is unable 
to drive neurons that had participated in the 
original full-cue pattern. This circumstance 
leads to a limited output pattern from CA3 
that leads to a limited output pattern in CA1 
in the form of smaller place fields with re- 
duced firing rates (Fig. 7E). 

Because CA3 NR function is absent dur- 
ing both memory formation and retrieval in 
CA3-NR1 KO mice, retrieval itself may be 
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of areas CA3 and CA1 in mem- 
ory storage and recall. (A) Gen- 
eral organization of the hip- 
pocampus. Red arrows, path- 
ways that form NR-dependent ? A A/\r 
modifiable synapses in CA3; 
EC, entorhinal cortex; DG, den- I / -l I l 
tate gyrus; RC, recurrent collat- Control Mutant 
erals; SC, Schaffer collaterals; 
MF, mossy fibers; PP, perforant path. (B to E) Basic wiring of CA3 and CA1, illustrating the proposed 
mechanisms for pattern completion. In control (B) and mutant (D), full cue input (downward 
arrows) is provided to CA3 from DG or EC and to CA1 from EC. Although the nature of these inputs 
is likely to be different, we do not consider this difference in this model. In control (C) and mutant 
(E), a fraction of the original input is provided to activate the memory trace during recall. For 
detailed explanation, see Discussion. Red dots, CA3 RC synapses or SC-CA1 synapses participating 
in memory trace formation; red circles, memory traces that are activated during recall; red dots 
without red circles, memory trace not activated during recall; red triangles and lines, CA3 pyramidal 
cell activity resulting from pattern completion through recurrent collateral firing; green triangles 
and lines, CA3 pyramidal cell response to external cue information; open triangles and black lines, 
silent CA3 pyramidal cells and inactive outputs; blue triangles, CA1 pyramidal cells. 
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affected by NR manipulation. Infusion of 
AP5 selectively into the hippocampus im- 
pairs spatial memory acquisition but shows 
no effect on retrieval of previously trained 
spatial reference memory in the water maze 
(37), suggesting that our results reflect a 
primary deficit in NR-dependent memory 
formation in CA3 that is then revealed as a 
deficit in recall under limited cue conditions. 

A substantial proportion of aged individ- 
uals exhibit deficits of memory recall (38). In 
early Alzheimer patients, retrieval is the first 
type of memory function to decline; such 
retrieval deficits may serve as an early pre- 
dictor of Alzheimer disease (39, 40). Normal 
aging produces a CA3-selective pattern of 
neurochemical alterations (41-43). Exposure 
to chronic stress, which can lead to memory 
deficits, also selectively causes atrophy in the 
apical dendrites of CA3 pyramidal cells (44). 
These results are consistent with our findings 
in mice that the CA3 region is critical for 
cognitive functions related to memory recall 
through pattern completion. 

This study along with our previous study 
with CA1-NR1 KO mice (15, 24) illustrates 
the power of cell type-restricted, adult-onset 
gene manipulations in the study of molecular, 
cellular, and neuronal circuitry mechanisms 
underlying cognition. The same neurotrans- 
mitter receptors (i.e., NMDA receptors) can 
play distinct roles in the mnemonic process 
depending on where and in which neural 
circuitry in the hippocampus they are ex- 
pressed. It is expected that other genetically 
engineered mice with precise spatial and/or 
temporal specificity will help dissect mecha- 
nisms for a variety of cognitive functions. 
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Surface Melt-Induced 
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Ice-Sheet Flow 
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Ice flow at a location in the equilibrium zone of the west-central Greenland Ice 
Sheet accelerates above the midwinter average rate during periods of summer 
melting. The near coincidence of the ice acceleration with the duration of 
surface melting, followed by deceleration after the melting ceases, indicates 
that glacial sliding is enhanced by rapid migration of surface meltwater to the 
ice-bedrock interface. Interannual variations in the ice acceleration are corre- 
lated with variations in the intensity of the surface melting, with larger in- 
creases accompanying higher amounts of summer melting. The indicated cou- 

pling between surface melting and ice-sheet flow provides a mechanism for 

rapid, large-scale, dynamic responses of ice sheets to climate warming. 
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The time scale for dynamic responses of ice 
sheets to changes in climate (e.g., snow ac- 
cumulation and surface temperature) is typi- 
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cally considered to be hundreds to thousands 
of years (1). Because most ice-sheet motion 
occurs by ice deformation in the lower layers, 
basal sliding, or deformation in basal till, the 
effects of changes in surface climate must be 
transmitted deep into the ice to affect the ice 
flow markedly. In particular, changes in the 
surface-mass balance alter the ice thickness 
slowly, and therefore the driving stresses in 
the deforming layers, as thickness changes 
accumulate. Changes in surface temperature 
can also affect the rate of ice deformation or 
basal sliding, but only after the very slow 
conduction of heat to the lower layers (2). In 
contrast to the flow of grounded ice, both 
floating glacier tongues (3) and Antarctic ice 
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