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The eumetazoan progenitor was more than just
a collection of genes. How did these genes function
together within the ancestor? Unfortunately, we
cannot read from the genome the nature of its gene-
and protein-regulatory interactions and networks.
This is particularly vexing as it is becoming clear—
especially given the apparent universality of the
eumetazoan toolkit—that gene regulatory changes
can also play a central role in generating novelties,
allowing co-option of ancestral genes and net-
works to new functions (49). Of particular interest
are the processes that give rise to body axes, germ
layers, and differentiated cell types such as nerve
and muscle, as well as the mechanisms that
maintain these cells and their interactions through
the growth and repair of the organism. Nemato-
stella and its genome provide a platform for testing
hypotheses about the nature of ancestral eu-
metazoan pathways and interactions, with the use
of the basic principle of evolutionary developmen-
tal biology: Processes that are conserved between
living species were likely functional in their
common ancestor.
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Dentate Gyrus NMDA Receptors
Mediate Rapid Pattern Separation
in the Hippocampal Network

Thomas ]. McHugh,™* Matthew W. Jones,**1 Jennifer J. Quinn,3t Nina Balthasar,*t
Roberto Coppari,*s Joel K. Elmquist,*s Bradford B. Lowell,* Michael S. Fanselow,?

Matthew A. Wilson,* Susumu Tonegawa™?|

Forming distinct representations of multiple contexts, places, and episodes is a crucial function of
the hippocampus. The dentate gyrus subregion has been suggested to fulfill this role. We have
tested this hypothesis by generating and analyzing a mouse strain that lacks the gene encoding
the essential subunit of the N-methyl-p-aspartate (NMDA) receptor NR1, specifically in

dentate gyrus granule cells. The mutant mice performed normally in contextual fear conditioning,
but were impaired in the ability to distinguish two similar contexts. A significant reduction in
the context-specific modulation of firing rate was observed in the CA3 pyramidal cells when the
mutant mice were transferred from one context to another. These results provide evidence that
NMDA receptors in the granule cells of the dentate gyrus play a crucial role in the process of

pattern separation.

he hippocampus is crucial for the for-
mation of memories of facts and episodes
(1—4). To allow similar episodes to be dis-
tinguished, it must rapidly form distinct represen-

tations of the temporal and spatial relationships
comprising events (pattern separation), and
because specific episodes are rarely replicated in
full, the hippocampus must also be capable of
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using partial cues to retrieve previously stored
representations (pattern completion). Specific
hippocampal subregions and circuits have been
suggested to subserve these mnemonic require-
ments: the feedforward pathway from the ento-
rhinal cortex (EC) to the dentate gyrus (DG) and
on to CA3 for pattern separation, and the
recurrent and highly plastic connections in CA3
for pattern completion (5—8). Recently, targeted
genetic manipulations provided strong evidence
for the role of plastic CA3 recurrent synapses in
pattern completion (9, /0). However, evidence
supporting the hypothesis of pattern separation at
the behavioral level has been scant and limited to
interpretation of impairments observed in rodents
with DG lesions (11, 12)

The activity of hippocampal neurons (“place
cells”) depends on an animal’s location in the
environment (/3), and many studies suggest
that ensemble place cell activity encodes mem-
ory traces (/4-18). Recent studies have di-
rectly investigated whether physiological
correlates of behavioral pattern separation
can be detected in the hippocampal circuits
by means of the place cell recording technique
(19-26). One finding particularly relevant to
our current study (20) is that exposure of rats
to two similar but distinct contexts generates
place cell firing rates in the two contexts that
overlap significantly less in CA3 than in CAI.
Although consistent with the hypothesis (6-8)
that the DG helps separate the overlapping
representation patterns as they reach the CA3
region, this study did not directly test the role
of the EC—>DG—CA3 circuit in behavioral
and physiological separation, nor propose a
mechanism for the process.

Generating dentate gyrus granule cell-
specific NMDA receptor knockout mice. In one
of several mouse lines using a proopiomelano-
cortin (POMC)-bacterial artificial chromosome
to drive expression of the Cre recombinase (27),
crossing with lacZ reporter mice [Rosa26 (28)]
revealed robust Cre-loxP recombination in the
DG granule cell (GC) layer throughout the
dorsal/ventral axis (Fig. 1, A to D), with sparser
recombination in the arcuate nucleus of the
hypothalamus, the lateral habenular nucleus,
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and a small number of scattered cortical and
midbrain cells. Inmunofluorescence studies with
antibodies specific for B-galactosidase (a Cre-
loxP recombination marker), NeuN (a neuronal
marker), S100B (a glial cell marker), and
glutamic acid decarboxylase (GAD-67, an inter-
neuron marker) indicated that the Cre-loxP
recombination is confined to GCs in the DG of
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the hippocampus (Fig. 1, E to K). Cre-loxP recom-
bination in the DG GC layer begins between
postnatal weeks 2 to 3 and remains spatially
restricted until at least 24 weeks of age (fig. S1).
It is known that DG GCs can arise via adult
neurogenesis. Cre-loxP recombination is detected
in newly born neurons that had reached the GC

layer (Fig. 1, L to N).

Fig. 1. Basic features of POMC-Cre transgenic mice. (A) Image (1x magnification) of B-
galactosidase (B-Gal) expression in a 12-week-old POMC-Cre/ROSA26 double-transgenic mouse
stained with X-Gal and nuclear fast red. (B to D) Anti—B-Gal immunohistochemical (1x, images
visualized with Cy3, red) staining showing expression in a 16-week-old POMC-Cre/ROSA26 double-
transgenic mouse in three coronal sections taken along the rostro-caudal axis of the forebrain. (E
to K) Immunofluorescence staining of coronal sections of a 20-week-old POMC-Cre/ROSA26
double-transgenic mouse. Single staining with (E) anti-NeuN (neuronal marker; AlexaFlour 555,
red, 4x), (F) anti—B-Gal (marker of Cre recombination; aminomethylcoumarin, blue, 4x), and (G)
anti-s1008 (glial cell marker; fluorescein isothiocyanate, green, 4x). (H) A 4x merge of (E), (F), and
(G) indicating that the Cre-loxP recombination is restricted to the neurons in the DG. Inset is a 20x
image of the DG. (I to K) Single staining with (I) an anti—B-Gal (AlexaFlour488, green, 20x) and (])
anti-GAD67 (marker of inhibitory neurons; Cy3, red, 20x). (K) A merge of (I) and (J), indicating no
recombination in GAD-67—positive inhibitory neurons. In the bottom right corner of each figure is
a magnified image of several cells in the upper blade of the DG showing the separation of the
green and red signals. (L to N) After injection of bromodeoxyuridine (BrdU) into a 12-week-old
male POMC-Cre/ROSA26 double-transgenic mouse, brain sections were imaged by confocal
microscopy. To the right of each 10x image are three single cells imaged at 63x at the positions in
the 10x image labeled with the corresponding number. Single staining with (L) anti—B-Gal (Cy3,
red) and (M) anti-BrdU (marker of newly born cells; AlexaFlour488, green). (N) The overlap of the
green and red signal in the cells imaged indicates that recombination occurs in newly born neurons
after they reach the GC layer.
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Fig. 2. Basic features of
DG-NR1 KO mice. (A to
F) Images of coronal
sections after in situ hy-
bridization with a 33p-
labeled NR1 cDNA probe.
(A) Dark-field image
(1x magnification) of a
midbrain coronal sec-
tion from a 20-week-
old fNR1 control male;
(B) 1x image of a mid-
brain coronal section
from a 20-week-old DG-
NR1 KO male. (C) Image
(4x magnification) of the
hippocampus from the
control mouse; (D) 4x
image of the mutant
mouse hippocampus. The
NR1 transcript is deleted
specifically in the DG
granule cell layer in the
mutant mouse. Light-field
image of (E) the fNR1 hippocampus and (F) the DG-NR1 KO hippocampus
reveal no changes in the gross structure of the hippocampus. (G and H)
Immunohistochemical labeling of the NR1 protein (visualized with AlexaFlour
488, 4x) in the hippocampus of (G) a fNR1 animal at 16-weeks of age and (H)
a DG-NR1 KO littermate. There is complete and specific loss of the receptor in
the dentate gyrus of the KO mouse. (I and J) Timms staining of the mossy
fiber pathway in (I) a 20-week-old fNR1 mouse and (J) a mutant littermate

revealed no changes in the structure of the DG outputs as a result of the
mutation. (K to N) In situ hybridization with the NR1 probe did not indicate a
reduced NR1 mRNA level elsewhere in the brains of the knockout mice.
Examination of 4x dark-field images of (K) the habenular nucleus of a 20-
week-old fNR1 control animal and (L) a DG-NR1 KO littermate, and (M) the
arcuate nucleus of control and (N) DG-NR1 KO mouse, found no difference in
the abundance of the transcript in either region in the mutant mice.
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Fig. 3. In vivo synaptic transmission and plasticity of the DG-NR1 KO mice. PP-GC input/output
curves of fNR1 control (open circles) and mutant (filled circles) mice, showing similar fEPSP slopes
(A) and population spike (PS) amplitudes (B) at all stimulation intensities. (C) Paired-pulse
facilitation at PP-GC synapses also appeared normal in the mutant mice. (D) Theta-burst stimulation
of the PP input to the DG induced potentiation of fEPSP in fNR1 (open circles) and POMC-cre control
animals (squares), but not in DG-NR1 KO mice (filled circles). In contrast, high-frequency stimulation
of Schaffer commissural input induced (E) CA1 LTP in both DG-NR1 KO mice and fNR1 controls. Error

bars are the SEMs.

We generated DG-NR1 knockout (KO) mice
by crossing these POMC-Cre mice with floxed
NRI1 (f'NRI1) mice (29). In situ hybridization
showed that NR1 RNA begins to decrease
sometime between 1.5 and 4 weeks after birth
and is nearly absent by 16 weeks of age in the
DG GCs (Fig. 2, A to F, and fig. SI).

Immunocytochemistry with antibodies to NR1
(anti-NR1) showed a total absence of DG GC
NRI1 protein by 16 weeks of age (Fig. 2, G and
H), whereas the hippocampal cytoarchitecture
appeared normal (Fig. 2, 1 and J). We were
unable to detect any reduction in the levels of
NR1 mRNA or protein in CAl or CA3

pyramidal cells (Fig. 2, C to H, and fig. S1), the
arcuate nucleus of the hypothalamus, neocortex,
or the habenular nucleus (Fig. 2, K to N).
Furthermore, we did not detect any changes in
activity, feeding, reproductive, or parental behav-
iors in our DG-NR1 KO mice, or in body weight
under free-feeding or food-restricted conditions
(fig. S2).

Perforant path—dentate gyrus synaptic trans-
mission and plasticity. We examined in vivo
synaptic transmission and plasticity in the
hippocampus of anesthetized DG-NR1 KO mice
and control littermates of 20 to 24 weeks of age.
When we stimulated the perforant path (PP) and
recorded population responses in the dentate
hilus, we found no differences between input-
output curves in DG-NR1 KO mice (» = 5) and

/NRI1 littermate controls (n = 4) (Fig. 3, A and

B). Paired-pulse facilitation—an index of pre-
synaptic function—also appeared normal in the
mutant mice (Fig. 3C). Theta-burst stimulation of
the PP evoked robust potentiation of the PP-GC
synapses as measured by an increase in the slope
of the field excitatory postsynaptic potential
(fEPSP) in both the POMC-Cre control mice
(n=3;30« 8.1%) and the f NR1 control mice
(n = 4; 38 £ 7.7%, P = 0.008) (Fig. 3D). In
contrast, identical protocols failed to evoke plas-
ticity in DG-NR1 KO mice (n = 5; change in
fEPSP slope = —2.6 + 6.6%, P = 0.88; DG-NR1
KO x fNRI1 littermates, P = 0.004) (Fig. 3D).
Long-term potentiation (LTP) in area CAl after
high-frequency stimulation of the CA3 Schaffer
commissural inputs was normal ( fNRI1: 66 +
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and (E) control and mutant mice displayed equal amounts of freezing in
both chambers. During days 6 to 17, mice visited each chamber daily
(receiving a shock in one of the two), and freezing was assessed during the
first 3 min in each chamber. (F) fNR1 mice (open circles; n = 12) showed
significantly greater discrimination than the DG-NR1 KO mice (filled circles;

Table 1. Basic properties of pyramidal cells recorded in CA1 and CA3 during exploration of the white
circular arena (run 1) on the first day of the pattern separation experiment. Values are means + SEM. N,

number of mice; n, number of cells.

CA1 CA3
Measurement fINRL DG-NR1 KO fINRL DG-NR1 KO
W=5n=32) (N=5n=46) (N=5n=26) (N=6,n=26)

Mean firing rate (Hz) 0.384 + 0.047 0.728 + 0.149 0.378 + 0.069 0.322 + 0.049
Spike width (uS) 598 + 7.65 560 + 24.8 554.2 + 12.8 530.5 + 31.9
Complex spike index

(bursting) 18.26 + 1.76 20.37 + 1.62 20.29 + 2.20 22.05 + 1.96
Peak rate (Hz) 20.53 + 1.25 18.08 + 1.37 12.58 + 1.85 13.07 + 1.20
Field size

(% of sampled space)  24.68 + 1.78 31.8 + 2.63* 28.14 + 3.02 35.9 + 3.19

*Significantly different from fNR1 control (Student's ¢ test, P < 0.05).

25%, P = 0.04; DG-NR1 KO: 88 + 21%, P =
0.04) (Fig. 3E).

Hippocampal memory and discrimination.
We first subjected the DG-NR1 KO and control
/NRI littermates to the hidden platform version of
the Morris water maze and found no detectable
deficit in the mutants with the standard protocol
(fig. S3). DG-NR1 KO mice also acquired and
retained contextual fear conditioning as efficiently
as control littermates after a single context-
footshock pairing [mice aged 16 to 24 weeks;
J'NRI1 control: 28.1 +£6.9%; DG-NR1 KO:36.1 +
6.6%, P = 0.41; two-way analysis of variance
(ANOVA): genotype x minute /(1,9) =0.65, P=

0.52; genotype F(1,9) = 0.70, P = 0.41; minute
F(1,9) = 4.0, P < 0.001) (Fig. 4, A and B). We
examined the context specificity of the condition-
ing by assessing “freezing” behavior in a second
context in which the chamber floor was changed
from a metal grid to smooth plastic and the am-
bient lighting was changed from white to red (30).
This distinct context evoked significantly lower
levels of freezing (similar in the two genotypes)
than the conditioned context (Fig. 4C) (fNRI
control: 7.1 £ 2.6%; DG-NR1 KO: 8.9 + 2.4%;
ANOVA, genotype x chamber F(1,1)=0.37, P=
0.55; genotype F(1,1) = 0.92, P = 0.34; chamber
F(1,1) =22.28, P < 0.0001; /NR1 conditioned x
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n = 12) across most of the acquisition. (G and H) Freezing in chamber A
and chamber B for the control (open bars) and mutant (filled bars) on (G)
day 10 (middle of discrimination) and (H) day 17 (end of discrimination)
demonstrated that the initial DG-NR1 KO discrimination deficit was
rescued with additional training. Error bars in (B) to (H) are the SEMs.

nonconditioned, P < 0.05; DG-NR1 KO con-
ditioned x nonconditioned, P < 0.001).

To investigate whether the NRs in the DG
GCs play a role in behavioral pattern separation,
we subjected the DG-NR1 KO mice to contex-
tual fear conditioning using a less distinct pair of
contexts (A and B) that shared an identical metal
grid floor (30), but had unique odors, roofs, and
lighting (37). In this protocol, conditioning took
place incrementally over several days, allowing
the effects of repeated experiences to be inves-
tigated (32) (Fig. 4D). On the first 3 days of the
experiment, the mice were placed only into
chamber A where, 192 s after being placed, they
received a single footshock. On day 4, the mice
of each genotype were divided into two groups,
with one group of each genotype visiting cham-
ber A and the other visiting chamber B; no group
received a footshock in either chamber, and
freezing was assessed. On day 5, each mouse
visited the chamber opposite to the one visited on
day 4, and freezing in the absence of footshock
was assessed again. After this contextual con-
ditioning there were no freezing differences be-
tween genotypes in chamber A, confirming the
ability of the mutant mice to acquire contextual
fear conditioning. However, because of a greater
similarity between chamber A and chamber B
compared to those used in the experiment of Fig.
2, A to C, there was extensive generalization be-
tween contexts in both genotypes [F(1,20) =
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0.66, P=0.43] (Fig. 4E). During the subsequent
discrimination phase of the task, mice visited the
two chambers daily for 12 days (day 6 to day 17),
always receiving a footshock 192 s after being
placed in chamber A, but never in chamber B.
Freezing during the first 3 min in each chamber
was used to calculate a daily discrimination ratio
(Fig. 4F). Control mice quickly learned to dis-
tinguish the chambers; however, the DG-NR1
KO mice exhibited a transient, yet very signifi-
cant, deficit during the acquisition of the dis-
crimination task [F (1,20) = 15.11, P < 0.001)
(Fig. 4F). This deficit in the mutant mice was
exhibited as elevated freezing in the shock-free
chamber B [two-way ANOVA, chamber x
genotype interaction F(1,20) = 8.70, P < 0.008;
pairwise comparison of chamber B freezing, P <
0.05] (Fig. 4G). In contrast, at no point during the
task did the mutant animals demonstrate a deficit
in freezing to the context paired with shock
(chamber A). By day 17 (the 12th day of the dis-

==
B

crimination task), the DG-NR1 KO mice could
discriminate the two chambers in a manner in-
distinguishable from that of control mice [two-
way ANOVA, chamber x genotype interaction
F(1,20) = 0.84, P=0.37] (Fig. 4H).
Hippocampal place cells and contextual
discrimination. We used multi-tetrode recordings
to monitor hippocampal ensemble activity as
DG-NR1 KO mice explored two distinct con-
texts. Mice foraged for scattered food rewards in
an open, white, circular low-walled box for a
10-min habituation session. Twenty-four hours
later, CA1 and/or CA3 place cell activities were
recorded in the same box for 10 min (runl). Mice
were then placed in a small “sleep” box for 20
min while the white circular box was replaced
with an open, black, square low-walled box, and
then animals returned to this new box for a
second 10-min run session (run2). Forty-six CA1
pyramidal cells and 26 CA3 pyramidal cells from
six mutant mice (age 16 to 24 weeks) and 32
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Fig. 5. DG NRs are important for context-specific modulation of firing rate in CA3. (A) Examples of
firing-rate maps showing the activity of 10 fNR1 control (left) and 10 DG-NR1 KO (right) CA3 place
cells as mice successively explored a white circular box and a black square box in the same location.
Colors are scaled to maximum firing rates given by the numbers (red, maximum; blue, silent). (B) The
rate difference in average firing rate in the two boxes was calculated for each cell [(high rate — low
rate)/(high rate + low rate)]. fNR1 control rate differences were larger for CA3 than for CA1, whereas
DG-NR1 KO rate differences were similar in CA3 and CA1l. Mutant CA3 rate differences were
significantly smaller than those of control mice (*P < 0.05, **P < 0.01). Red lines indicate rate
differences expected given independent firing in the two boxes. (C) Cumulative probability histograms
of the overlap [(low rate)/(high rate)] values for both genotypes and subregions showing significantly
greater rate remapping (leftward shift) in control mice. (D) When the two box/one room experiment was
repeated 24 hours later, DG-NR1 KO also showed significant rate remapping in CA3 (**day 1 P < 0.01;
day 2 P = 0.57). Error bars in (B) and (D) are the SEMs.

CAL1 pyramidal cells and 26 CA3 pyramidal cells
from five fNR1 control mice (littermate controls;
age 16 to 24 weeks) met our threshold of a
0.2-Hz average firing rate in at least one of the
two boxes (20-22, 31) (fig. S4 and table S3).
Run1 spike widths, complex spike indices, peak
firing rates, and average firing rates were similar
across genotypes in both CA1 and CA3 (Table
1). However, DG-NR1 KO mice displayed larger
place fields in CA1 (P < 0.05). Figure SA shows
example rate maps of 10 CA3 neurons from each
of the two genotypes in both recording contexts
(see also table S2).

We assayed rate remapping in both CA1 and
CA3 by comparing the average firing rates of
each unit during exploration of the two boxes
using (i) the normalized change in average firing
rate between the two boxes (rate difference) and
(ii) a ratio of firing rates in the two contexts (rate
overlap) (20-22). In control mice, the rate dif-
ference in the CA3 region (0.352 + 0.043) was
significantly greater than that in the CA1 region
(0.238 + 0.037; Bonferroni post-test, P < 0.01).
In contrast, DG-NR1 KO mice showed similar
rate differences in CA3 and CA1 (0.184 £.0.022
versus 0.199 + 0.037, respectively; P = 0.97)
(table S1 and fig. S6). The mutation had a sig-
nificant effect on the rate difference, with the
values measured in the CA3 of the mutant mice
significantly lower than those in the CA3 of the
control mice [two-way ANOVA, genotype X
region F(1,1)=3.52, P=0.06; genotype F(1,1) =
9.18, P=0.003; region F(1,1) =2.09, P =0.15;
Bonferroni post-test, f NR1 CA1 x DG-NR1 KO
CAl, P > 0.05; fNRI CA3 x DG-NR1 KO
CA3, P <0.01) (Fig. 5B). To assess if these rate
differences reflected significant rate remapping,
we compared actual rate difference values with
rate differences for each region expected if the
firing rates in the two boxes were independent of
one another (Fig. 5B, red lines). Rate differences
were significantly lower than expected under
fully independent conditions in both CAl and
CA3 of the mutants (CA1 Z = 5.44, P <0.001;
CA3 Z=3.12, P<0.001), as well as in CA1 of
the controls (CA1 Z=2.99, P <0.002). Only the
control CA3 data showed evidence of inde-
pendent firing rates in the two boxes (CA3 Z =
0.44, P =0.33). Figure 5C shows the cumulative
probability histogram for the rate overlap in CA3
and CAL regions. In CA3 of control mice, there
was a significant shift of the histogram to the left
compared to the CA1 (Mann Whitney U test; P <
0.04), indicating a greater proportion of CA3
cells undergoing rate remapping. In the KO mice,
the distributions of rate overlap values in both
CA1 and the CA3 were significantly shifted to
the right of the control CA3 histogram and were
similar to that of the control CAl histogram
(control CA3 x mutant CA3, P < 0.01; control
CA3 x mutant CA1, P < 0.003).

Place cells can show context-dependent
changes in firing location as well as firing rate
[“global remapping” (20)]. We therefore com-
pared the locations of CA1 and CA3 place fields
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in the two contexts by binning averaged firing
rates into positional pixels and measuring the
distance between peak firing rate pixels in the
black and white boxes. Positional remapping was
similar across subregions, conditions, and geno-
types (mean intercontext shift of 3.0 + 0.3 and
3.7 £ 0.4 pixels in control CA1 and CA3; 2.7 +
0.3 and 3.4 £ 0.4 in DG-NR1 KO CA1 and CA3)
(SOM Text and fig. S5). Thus, the remapping
deficits in DG-NR1 KO mice were confined to
the rate remapping dimension under these
conditions.

The deficit revealed by the contextual fear
discrimination paradigm was limited to the early
days of training (Fig. 4, F and G). We therefore
investigated whether the deficit in context-
mediated firing-rate modulation in the CA3 re-
gion of the mutant mice could be overcome with
more experience. When the mice were allowed to
return to the recording room 24 hours later and
the recording protocol was repeated, we found
similar rate differences in the CA3 regions of
both genotypes (15 CA3 cells in five fNR 1mice,
0.382 +£0.072; 20 CA3 cells in four DG-NR1 KO
mice, 0.322 + 0.047; P=0.58). Although we
could not detect a significant genotype X day
interaction, post-tests revealed that the rate
remapping deficit was not present on day 2 in
the mutant mice [two-way ANOVA, genotype x
day F(1,1) = 1.45, P = 0.23; genotype F(1,1) =
6.53, P = 0.01; day F(1,1) = 3.54, P = 0.06;
Bonferroni post-test dayl fNR1 x DG-NR KO,
P <0.01; day 2 fNR1 x DG-NR KO, P> 0.05]
(Fig. 5D).

Discussion. Using conditional genetic-
engineering techniques, we have previously
shown that NRs in the CA3 play a crucial role
in rapid learning and pattern completion—
mediated recall, whereas CA1 NRs are required
for the formation of both spatial and nonspatial
memory (9, 10, 29, 33-35). The DG-NR1 KO
mice described here allowed us to extend the
study to the roles of DG NRs and NR-
dependent plasticity. Our data support the notion
that DG GC NRs play an important role in
rapidly forming a unique memory of a context
and discriminating it from similar contexts
previously encountered (pattern separation), al-
though they are dispensable for the acquisition
of contextual memory per se.

DG-NR1 KO mice exhibited impaired
context discrimination early during training in
the incremental fear-conditioning paradigm and
impaired context-modulated place cell activity
in CA3 on the initial day of recording. Both
deficits were overcome with training or expe-
rience. Together, these data suggest that NR
function at PP-GC synapses is important for
the animals’ ability to discriminate similar
contexts rapidly with limited experience, but
not for slower acquisition of this ability over
more trials. We suggest that common mecha-
nisms underlie the DG-NR1 KO deficits
observed at both the behavioral and physiolog-
ical levels, despite the different timelines of
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recovery to control levels. These differences
may reflect differences between the cues used
to define the contexts, the use of conditioning
footshocks in the behavioral experiment (36),
the contribution of non-hippocampal structures
in fear conditioning, or the greater sensitivity
of the readout in the place cell recordings
relative to the behavioral task. The eventual
acquisition of the discriminating power by DG-
NR1 KO mice may be due to the gradual de-
velopment of synaptic plasticity at sites down-
stream of the PP-GC synapses. For example,
the recurrent collateral-CA3 synapses may
provide a complementary site at which small
differences in PP input can be amplified; this is
supported by a recent study reporting a
contribution of CA3 NRs to pattern separation
(37). Although the large number of cells and
sparse connectivity of the DG would provide
the ultimate substrate for the pattern separation,
synaptic plasticity may be the tool that allows
rapid and efficient separation of representa-
tions.

CA3 receives excitatory input from two ex-
ternal sources, the DG and the EC. Input from
the DG is most likely to contribute to the
orthogonalization of CA3 representations by
virtue of the high GC number and the sparse
GC-CA3 connectivity. Loss of NRs in the GCs
may decrease drive from the DG to CA3. This
would increase the relative proportion of EC
drive to CA3, thus reducing the CA3 en-
semble’s ability to detect, amplify, and reflect
small differences in EC activity generated in
similar contexts. Indeed, rate remapping in CA3
(induced by changes in recording chamber
shape or color) can occur in the absence of
detectable changes in medial EC firing rates or
locations (25, 26). However, despite unvarying
input from the EC, DG GCs did respond to
contextual changes robustly and rapidly under
these conditions. Our data suggest that NR-
mediated activity or plasticity in the GCs may
underlie these changes, subsequently shaping
CA3 encoding.

It is puzzling that rate remapping in CA3 did
not always affect spatial or rate coding down-
stream in CA1 (Fig. 5B) (20). It is possible that
under different conditions, such as in the be-
havioral discrimination task, small differences in
context-specific coding parameters, including
firing rates, could be amplified by contextual
salience (such as footshock) and may be
manifested in CA1. It remains to be seen whether
the context specificity of CA3 coding will be
transferred to CA1 under the conditions of be-
havioral discrimination.
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