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Hippocampal Granule Cells Opt for Early Retirement
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ABSTRACT: Increased excitability and plasticity of adult-generated hip-
pocampal granule cells during a critical period suggests that they may
‘‘orthogonalize’’ memories according to time. One version of this ‘‘temporal
tag’’ hypothesis suggests that young granule cells are particularly responsive
during a specific time period after their genesis, allowing them to play a sig-
nificant role in sculpting CA3 representations, after which they become
much less responsive to any input. An alternative possibility is that the gran-
ule cells active during their window of increased plasticity, and excitability
become selectively tuned to events that occurred during that time and par-
ticipate in later reinstatement of those experiences, to the exclusion of other
cells. To discriminate between these possibilities, rats were exposed to differ-
ent environments at different times over many weeks, and cell activation
was subsequently assessed during a single session in which all environments
were revisited. Dispersing the initial experiences in time did not lead to the
increase in total recruitment at reinstatement time predicted by the selective
tuning hypothesis. The data indicate that, during a given time frame, only a
very small number of granule cells participate in many experiences, with
most not participating significantly in any. Based on these and previous data,
the small excitable population of granule cells probably correspond to the
most recently generated cells. It appears that, rather than contributing to the
recollection of long past events, most granule cells, possibly 90–95%, are
effectively ‘‘retired.’’ If granule cells indeed sculpt CA3 representations

(which remains to be shown), then a possible conse-
quence of having a new set of granule cells participate
when old memories are reinstated is that new representa-
tions of these experiences might be generated in CA3.
Whatever the case, the present data may be interpreted to
undermine the standard ‘‘orthogonalizer’’ theory of the
role of the dentate gyrus inmemory. VVC 2010Wiley-Liss, Inc.

KEY WORDS: place cells; immediate early genes;
catFISH; dentate gyrus; spatial behavior

INTRODUCTION

The dentate gyrus (DG) has been suggested to decor-
relate CA3 representations when inputs are correlated.
This ‘‘orthogonalization’’ concept assumes a large num-
ber of granule cells, extremely sparse coding, and power-
ful but sparse mossy fiber connections in CA3 (Marr,
1971; McNaughton and Nadel, 1990; Treves and Rolls,
1992; O’Reilly and McClelland, 1994). CA3 does show
dissimilar firing patterns and activity-dependent imme-
diate early gene (IEG) expression in different environ-
ments with similar features (Leutgeb et al., 2004; Vaz-
darjanova and Guzowski, 2004). Pyramidal cells
recorded during resting behaviors have low probability
(P) of activity in one test environment and even lower
probability in two (�P2). Active cells typically exhibit a
single, compact place field, and the overlap of active
cells between two environments is small <5%.

IEG expression in DG appears at first to be consist-
ent with the idea of sparse coding, with only 1–2% of
granule cells exhibiting exploration-induced expression
in a single environment (Chawla et al., 2005). This
predicts very little overlap between two environments.
The observed overlap, however, is much higher than
expected by chance (see Discussion section). Electro-
physiological recordings reveal a similar anomaly. For
example, spikes from many pyramidal cells are
detected on a single tetrode during sleep or resting
behaviors, while few granule cells emit spikes in this
state, in spite of the higher cell density in stratum
granulosum. Detected granule cells, however, have
high probability of expressing multiple, small place
fields in any one environment, and frequently in
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several (Barnes et al., 1990; Jung and McNaughton, 1993;
Shen et al., 1998; Gothard et al., 2001; Leutgeb et al., 2007).

The low incidence of cells active in rest, and high-conditional
probability of rest-active granule cells, having place fields, sug-
gests that most granule cells are essentially silent during behavior
and that coding in the excitable population is nonsparse. This pos-
sibility is consistent with observations that adult-generated gran-
ule cells exhibit a period of enhanced excitability and plasticity
that, depending on experimental paradigm, can be observed to
occur from �2 weeks to 5 months (Wang et al., 2000; Snyder
et al., 2001; van Praag et al., 2002; Ambrogini et al.,
2004; Schmidt-Hieber et al., 2004; Esposito et al., 2005;
Ramirez-Amaya, 2005; Song et al., 2005; Ge et al., 2006; Over-
street-Wadiche et al., 2006a,b). The excitable population might
participate in setting up CA3 representations and then become qui-
escent for future events, even ones resembling old memories [‘‘tem-
poral tagging’’; (Aimone et al., 2006, 2009)]. Such ‘‘retirement’’ of
granule cells would render temporally dispersed events less corre-
lated in CA3 than events occurring in a narrow time-window.

An alternative idea is that enhanced plasticity in young neu-
rons creates a critical period in which they can become selec-
tively and persistently tuned to new events. Temporal tagging
would still occur, but tuned cells would participate in retrieval,
being preferentially activated during reinstatement of remotely
stored events. Once mature and less spontaneously excitable,
however, they would be quiescent during rest. Data consistent
with this idea, have, in fact, been reported, with experience-spe-
cific responses to water maze training occurring during the sec-
ond week after cell birth in one instance (Tashiro et al., 2007)
and after 6 weeks in another (Kee et al., 2007). This is differ-
ent than predicted for the ‘‘retirement’’ case, where new cadres
of cells would be recruited for reinstated events.

Under both hypotheses, if multiple environments are intro-
duced within a common time window, the activated populations
would consist of young cells and overlap considerably. This
would explain why so few granule cells are active during rest, but
if they are active, usually express place fields. The ‘‘selective tun-
ing’’ hypothesis predicts that if the memories are encoded at
widely separated times (several weeks to months), then there
should be little overlap in the activated populations at test. Thus,
the cumulative number of cells activated should increase with the
number of revisited environments much more than if they were
all first experienced recently. On the other hand, the ‘‘retired
granule cell’’ hypothesis predicts no effect of encoding at distant
temporal intervals, because only relatively young cells will be acti-
vated at the test interval. These alternatives are examined here
with ensemble recording and IEG activity marker methodologies.

MATERIALS AND METHODS

Behavior-Induced Arc mRNA Expression

Subjects

Twenty-eight adult (10–12 months) male Fischer-344 rats
(Harlan Sprague Dawley, Indianapolis IN) were individually

housed at the University of Arizona on a 12-h light–dark cycle,
with ad libitum access to food and water. Training and testing
commenced at the onset of the dark cycle. Rats were divided
into four experimental groups (Groups 1–4; n 5 5 each) and
two types of control group, which included a negative gene
expression control group (Groups 5A and 5B; no environmen-
tal exposure at Test, n 5 5), and a positive gene expression
control group (n 5 3) in which animals were subjected to
maximal electroconvulsive shock (MECS). Tissue derived from
rats given MECS serve as a technical positive control for
in situ hybridization, because it is known that this treatment
results in extremely robust Arc transcription (Cole et al., 1990).

Environmental exposure procedure

The four different experimental apparati used in this experi-
ment are diagrammatically shown in Figure 1A. There were six
groups of rats that differed with respect to Training Exposure
and Test Exposure conditions. All animals in the six groups
received four Training Exposure treatments spaced apart by 30,
21, 14, and 7 days, respectively (Fig. 1B). As shown in Figure
1, Group 1 was exposed to four different conditions during
both Training and Test, whereas Group 2 was exposed to four
different conditions during Training but only one condition at
Test. Group 3 was exposed to one condition during Training
and four conditions at Test, whereas Group 4 was exposed to
one condition during Training and Test. The groups exposed
to a single condition during Training or Test served as controls
for the corresponding multicondition Training or Test
exposures.

FIGURE 1. Summary of the Training Exposure and Test Expo-
sure conditions. A: Geometric configuration of each of the four
environments (A–D) is displayed. B: The timeline of exposure to
the environments during Training and Test is represented for each
group over the 73 days of the experiment. The treatment groups
are Groups 1–4, and the control groups are Groups 5A and 5B.
Each Training Exposure treatment was given once per day for 5
consecutive days. Training Exposure 1 began on day 1 (days 1–5),
Exposure 2 began on day 31 (days 31–35), Exposure 3 began on
day 52 (days 52–56), and Exposure 4 began on day 66 (days 66–
70). The final Test Exposure day was day 73.
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The multicondition exposure treatments consisted of three
distinct variables at Training or Test: four individuals (‘‘experi-
menters’’), each of whom handled rats in one specific room,
four unique rooms with four distinct apparati, and four unique
transport carriers that held the rat as it was moved from the rat
housing room to the Training Exposure environment. Rats
were singly housed. During the Training Exposure treatment
period, the experimenter removed the rat from its cage, placed
the rat into the transport carrier, and moved it to one of the
four Training rooms (environment A, B, C, or D; Fig. 1A).
The rat was placed into the apparatus in a predetermined direc-
tion for a 5-min exploration session. To maximize the animals’
coverage of the environment, every 15 s, the experimenter lifted
the rat, rotated him clockwise 908, and replaced him into the
apparatus within one of nine predetermined grid locations
(randomized block design). This procedure standardizes the
amount of space explored by each rat, and this ‘‘assisted explo-
ration" has been shown to result in the same numbers of Arc-
positive cells in the hippocampus as occurs in rats that have
covered the same amount of space during free exploration (Vaz-
darjanova and Guzowski, 2004).

Each Training Exposure set was conducted once per day over
5 consecutive days (Fig. 1B). The Training ‘‘Exposure 1’’ set
began with either environment A (Groups 1, 2, and 5A) or envi-
ronment D (Groups 3, 4, and 5B), depending on group assign-
ment. Thirty days following the first exposure, the Training ‘‘Ex-
posure 2’’ set began with environment B (Groups 1, 2, and 5A)
or environment D (Groups 3, 4, and 5B). Twenty-one days after
the first day of the Training Exposure 2 set, the Training ‘‘Expo-
sure 3’’ set began with environment C (Groups 1, 2, and 5A) or
D (Groups 3, 4, and 5B). Fourteen days after the first day of the
Training Exposure 3 set, the Training ‘‘Exposure 4’’ set began
with environment D (Groups 1, 2, 3, 4, 5A, and 5B).

Final test day

The final Text Exposure (on day 73) occurred during a sin-
gle day. Groups 1 and 2 were exposed to four different envi-
ronments, and groups 3 and 4 were exposed to one environ-
ment four times, as outlined in Figure 1, before sacrifice. The
caged Control Groups (5A, 5B) were sacrificed after being
taken directly from their home cages. Because the exact dura-
tion of increased excitability of granule cells has not been fully
characterized, the intervals between Training Exposures were
constructed such that several time intervals would be captured
in the current experiment. The exploration time allowed for
each rat in each apparati for Groups 1–4 on the final Test Ex-
posure day was 4 min in duration.

Exposure variables

Four different experimenters and transport carriers were asso-
ciated with four different rooms that contained four distinct
apparati. The floor of each apparatus was covered with brown
butcher paper, partitioned into nine equal-sized cells with tape.
Each partition was randomly numbered (1–9) in the center.
The paper was covered with a single piece of Plexiglas that was

cleaned between each rat exposure with soapy water. The
room, apparati, and transport carriers in the four Training and
Test Exposure conditions were as follows:

Apparatus ‘‘A’’ was circular arena 76 cm in diameter (area:
�0.5 m2) with all white, 0.5-m high walls. The arena was
housed in a rectangular room (8 m 3 3.7 m) containing elec-
tronic and computer equipment. Animals were transported to
apparatus A using a nylon transport bag with the animal’s head
outside of the bag.

Apparatus ‘‘B’’ was a rectangular arena 1 m 3 0.6 m (area:
�0.6 m2) with all white 0.5-m high walls. The arena was
housed in a large rectangular room (10 m 3 6.3 m) containing
two noisy 2708C freezers along with surgical apparati and
reagents. Animals were transported to apparatus B using a 4@
high-cardboard file folder with a surgical pad as a liner. The rat
could also see from this carrier as it was transported.

Apparatus ‘‘C’’ was an isosceles triangular arena, base 1.4 m,
side 1 m (area: �0.5 m2). Both interior sides were black, and
the base was white (0.5-m high walls). Apparatus C was housed
in a circular recording room within black curtains (3.3 m di-
ameter and 2.4 m high) with visual cues attached to them. Ani-
mals were transported to apparatus C using a small square
cardboard box lined with a cotton towel, with cues visible dur-
ing transport.

Apparatus ‘‘D’’ was a square arena 80-cm sides (area: �0.64
m2) with all white 0.5-m walls. Apparatus D was housed in a
small room (2.6 m 3 2.3 m) with large spherical lights on the
ceiling and a large visual cue on the wall. Animals were trans-
ported to apparatus D using a plastic flowerpot lined with a
cotton towel, from which external cues were also visible.

Group 5 was the ‘‘caged’’ or negative control group. This
group was subdivided in half, with Group 5A treated identi-
cally in the Training Exposure treatment to Groups 1 and 2
(n 5 2), and Group 5B treated identically in the Training Ex-
posure treatment to Groups 3 and 4 (n 5 3). On day 73 (final
Test Exposure day), Groups 5A and 5B were taken directly
from the colony room for brain extraction (Fig. 1B).

Brain extraction and tissue blocking

Immediately after testing, rats were decapitated under iso-
fluorane anesthesia. To maintain mRNA integrity, brains were
rapidly removed (within 3 min), bisected along the midline, rap-
idly frozen in 2-methylbutane (Sigma, St. Louis, MO), and
immersed in a slurry of dry ice and ethanol. Eight to 10 half
brains were mounted together into each of three blocks with Tis-
sue Tek OCT mounting medium (Miles Elkhart, IN) and
arranged such that the brain of at least one animal from each of
the groups was present on each individual slide. For each of these
blocks, coronal, 20-lm-thick sections were taken through the
dorsal hippocampus. Tissue was thaw-mounted on superfrost-
plus slides (VWR, Batravia, IL), dried, and stored at 2708C.

Fluorescence in situ hybridization

FISH for Arc was performed as described previously
(Guzowski et al., 1999). Riboprobes were generated from the
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full-length Arc cDNA (Lyford et al., 1995) using a commercially
available transcription kit (Maxiscript; Ambion, Auston, TX) and
RNA labeling nucleotide mix containing digoxigenin-labeled
UTP (Roche Molecular Biochemicals, Nutley, NJ). Slides contain-
ing the sections were fixed in buffered 4% paraformaldehyde,
treated with 0.5% acetic anhydride/1.5% triethanolamine, incu-
bated in methanol and acetone (1:1), and equilibrated in 23
SSC. Sections were incubated with 110 ll of 1:1 prehybridization
buffer and formamide (Sigma) for 30 min at room temperature.
Approximately 100 ng of riboprobe was diluted in 1:1 formamide
and hybridization buffer (Sigma), denatured, and applied to each
slide. Each slide was coverslipped and incubated in a humid
chamber for 18 h at 568C. Posthybridization washes started with
23 SSC and increased in stringency to 0.53 SSC at 558C. RNase
A (10 mg/ml) at 378C was used to degrade any single-stranded
RNA. After quenching endogenous peroxidases in 1% H2O2,
slides were blocked with NEN-blocking agent (Perkin Elmer, Bos-
ton, MA) and incubated with digoxigenin antibody conjugated
with HRP (Roche Molecular Biochemicals) overnight at 48C.
Slides were washed with Tris-buffered saline containing 0.05%
Tween-20, and the HRP-antibody conjugate was detected using a
Cyanine-3 (CY3) amplification kit (Perkin Elmer). After nuclear
counterstaining with Sytox-green (Molecular Probes, Eugene,
OR), coverslips were applied with a small amount of Vectashield
(Vector Labs, Burlingame, CA) and sealed with nail polish.

Confocal imaging and analysis

Image stacks of the DG were taken using a Zeiss (Thorn-
wood, NY) LSM 510NLO-meta confocal microscope equipped
with three lasers: a 488-nm argon laser and 543 and 633-nm
helium/neon lasers. A 403 oil-immersion objective was used to
collect image stacks through the entire section (�1-lm optical
sections and 0.7-lm step size) from the dorsal hippocampus.
Photomultiplier tube assignment, pinhole size, and contrast val-
ues were set using the caged control animals (Group 5) and
held constant for all other brain sections on a slide. Fifteen
whole DG regions were imaged for each animal (Fig. 2), corre-
sponding to a dorsoventral sample length of about 300 lm.

Each DG was reconstructed with Adobe Photoshop (Adobe
Systems, San Jose, CA) to create two-dimensional images to pro-
vide a reference image (Fig. 2) and to orient the image stacks for
analysis. All image stacks were counted by identifying all Arc-pos-
itive granule cells in both the suprapyramical and infrapyramidal
blades of the DG. The volume of the granular cell layer was cal-
culated from the reference image, and the total number of gran-
ule cells was estimated, as described previously (Chawla et al.,
2005; Ramirez-Amaya et al., 2005, 2006). This estimate was
�53,000 granule cells per animal in both blades, from which the
proportion of granule cells that expressed Arc was calculated.

Electrophysiological Recordings

Subjects and surgical procedures

Four adult (6–9 months) male Long Evans rats (bred at
NTNU in Trondheim) were used in these experiments. Rats

were food restricted to �85% body weight and motivated by
food reward to explore multiple environments. They were
maintained on a 12-h light–dark schedule and tested during
the rats’ dark phase. Rats were implanted with hyperdrive devi-
ces (Gothard et al., 1996) over the right hemisphere, so that
12 independently moveable tetrode recording probes (17-lm
polyimide-coated platinum/iridium wire) could be lowered into
the granule cell layer of the suprapyramidal blade of the DG
(either at AP 4.0 mm, ML 2.7 mm with respect to bregma or
AP 4.0 mm, and ML 2.5 mm with respect to bregma). As
described in detail elsewhere (Leutgeb et al., 2007), unit activ-

FIGURE 2. Representative whole dentate gyrus reconstructions
from a single rat from each of the four Training and Test exposure
conditions and the two control conditions is displayed. Granule
cell nuclei are stained with Sytox (green), and Arc is indicated by
red. These montages were created from three-dimensional image
stacks obtained from the dorsal hippocampus with the Zeiss LSM
confocal microscope, and higher resolution insets show Arc-
expressing granule cells. Scale bars: 500 lm for the montage. A:
Example from a rat in Group 1 that was exposed to four different
conditions during both Training and Test. B: Example from a rat
in Group 2 that was exposed to four different conditions during
Training but only one condition at Test. C: Example from a rat in
Group 3 that was exposed to one condition during Training and
four conditions at Test. D: Example from a rat in Group 4 that
was exposed to one condition during Training and Test. E: Exam-
ple from a rat in the control group that was exposed to four envi-
ronments during Training, but was sacrificed without behavior at
test (group 5A). F: Example from a rat in the control group that
was exposed to one environment during Training, but was sacri-
ficed without behavior at test (Group 5B). Note that although the
animals in the behavior group show more Arc-positive granule cells
at Test Exposure than do the control animals, the expression pat-
tern is quite sparse even in rats that were exposed to four different
environments at test (Groups 1 and 3).
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ity was collected using both digital and analog Neuralynx
Cheetah (Tucson, AZ) data acquisition systems. Signals were
first passed through a unity gain headstage, amplified, filtered
between 600 Hz–6 KHz, and time-stamped. Spikes were digi-
tized (1 ls) at 32 kHz per channel around a spike threshold
crossing set at 40 lV. The headstage also contained light-emit-
ting diodes, from which the rats’ position was tracked at 50
Hz. One tetrode was fixed in the corpus callosum and served
as a reference, and another was placed in the stratum lacuno-
sum moleculare (filtered at 1–450 Hz) for EEG signals. Opti-
mization of tetrode placements into the DG was assisted by
monitoring characteristic changes in EEG patterns that are dis-
tinct when approaching the granule cell layer [increases in
gamma amplitude and dentate-spiking events, e.g., (Bragin
et al., 1995)].

Recording procedures

Two different experimental protocols were implemented, in
which place-specific firing was recorded while rats searched for
food reward in different environments. The first protocol
(‘‘Recent/Remote’’ condition) was designed to compare the
effects on granule cell firing of remote (�2 months) versus
recent (�2 weeks) spatial experiences in different environments.
The second protocol (‘‘Multienvironment’’ condition) was
implemented to increase the number of distinct environments
experienced (five rooms and distinct apparati) as well as the
time period over which the episodes was given (intervals rang-
ing from 1 to 5 months), before recording commenced.

Environment-exposure procedure

For the ‘‘Recent/Remote’’ recording condition, two rats were
each trained in two different rooms and in two distinct square
enclosures. The rats were exposed to one of these enclosures at
a remote time period (2 months previously) with respect to
electrophysiological testing, whereas exposure to the other was
more recent (1 week before recording; Fig. 3A). The rats were
trained for 2 weeks to forage for pellets in a square 0.8 m 3
0.8 m (0.5-m high) gray box with a plexiglass floor in a room
with multiple distal visual cues (Room B, Fig. 3B). They then
remained in their home cage for 2 months and were subse-
quently trained to chase pellets in a 1.0 m 3 1.0 m (0.5-m
high) white box with a black vinyl floor in a novel room
(Room A, Fig. 3B). They were exposed to this room for 1
week, whereas tetrode positions were optimized in the granule
cell layer (Fig. 3D).

For the ‘‘Multienvironment’’ recording condition, two rats
were pretrained to run for food reward in five different apparati
(Fig. 4B) in five different rooms (rooms one to five), at either
1, 2, 3, 4, or 5-month intervals before the beginning of record-
ings to determine whether exposure to these temporally dispar-
ate events would selectively recruit unique populations of gran-
ule cells (Fig. 4A). For room 1, a medium-sized square box
(1.0 m 3 1.0 m, 0.5-m high) was used, in which the rats ran-
domly received lemon biscuits, chocolate cereal, vanilla biscuits,
or honey cereal for food reward. Both rats were exposed to this

room 1 month before the recording component of the experi-
ment, and this was the room in which tetrodes were optimized
on a daily basis. Room 2 contained a circular enclosure (0.9-m
diameter and 0.5-m high), in which the rats always received
lemon biscuits. Room 3 contained a large square box (1.5 3
1.5 m, 0.5-m high) inside of which was a mesh cage (0.5 3
0.8 m) holding a single male rat (not one of the subject ani-
mals). The food reward in this case was chocolate cereal. Room
4 held a 2.5-m linear track, on which the rats received vanilla
biscuit reward. Room 5 held a small square box (0.6 m 3 0.6
m, 0.5-m high) with a plexiglass floor through which lighted

FIGURE 3. Behavioral procedures, putative granule cell place-
specific firing, and histological confirmation of recording sites for
the Recent/Remote testing conditions. A: Time period over which
rats were exposed to the Remote or Recent environments used in
this recording experiment. The animals were exposed to Room B
daily for 2 weeks and then were returned to their home cage for 2
months. Rats were then implanted and introduced to novel Room
A, whereas tetrodes were being lowered into the dentate gyrus. B:
Diagram of the final testing procedure used for the Recent/Remote
condition during recording. C: Upper panel shows the behavioral
trajectories (gray) and cell-spiking locations (red) from one gran-
ule cell in the A-B-B-A environmental condition. Lower panel
shows the corresponding color-coded rate maps for this cell (red is
peak firing, blue is no firing). Each rate map is scaled to the cell’s
individual peak-firing rates, indicated below each map. Note that,
although the location of the firing changes between the two envi-
ronments, the cell shows place-specific firing in both rooms. D:
Histological reconstruction of final tetrode location in the dentate
gyrus of rat 11609 from the Recent/Remote condition, illustrating
that the final recording location was within stratum granulosum.
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patterns were generated. The rats received honey cereal reward
in this enclosure. Room order was counterbalanced between
rats, except for the most recently experienced room (Table 1).

Electrophysiological recording protocols

For the Recent/Remote condition, rats were recorded in an
‘‘A-B-B-A’’ basic design, with behavior sessions in Rooms A
and B flanked by rest sessions (Fig. 3B). For the Multienviron-

ment condition, rats were typically recorded in the five differ-
ent rooms in the sequence 1-2-3-4-5-1 (Fig. 4B).

Unit analysis

Spikes were manually sorted off-line using the waveform
amplitudes and energy parameters, autocorrelations, and wave-
form characteristics of each cell to facilitate unit separation
(McNaughton et al., 1989) using MClust 3.0 [(A.D. Redish);
examples in Fig. 5]. Cell spikes were individually plotted against

FIGURE 4. Behavioral procedures, putative granule cell place-
specific firing, and histological confirmation of recording sites for
the Multienvironment testing conditions. A: Time period over
which rats were exposed to the five environments used in the
experiment. In the case of environment two to five, the ‘‘exposure’’
consisted of 10-min exploration sessions on 5 consecutive days
spaced by a 4-week interval in which they remained in their home
cages. After implantation, the animals were exposed to the novel
room (environment 1). B: Diagram of the final testing procedure
used during recording for the Multienvironment conditions. C:
Upper panel shows the behavioral trajectories (gray) and cell-spik-
ing locations (red) from one granule cell in the five different envi-
ronments. Lower panel shows the corresponding color-coded rate

maps for this cell. Note that the granule cell fired in each of the
five environments, even though the pre-exposure to these rooms
was temporally distinct, as were the environments. For each rate
map, the multiple place fields are scaled to their individual peak
rate, indicated below each map. Blue indicates zero firing, red is
peak firing, and white indicates the location of pixels not visited
by the animal. D: Histological reconstruction of final tetrode tract
in the dentate gyrus of rat 11926 from the Multienvironment con-
dition (left) illustrates that the recordings were obtained within
the granule cell layer. This is the electrode from which data are
shown in part C. The right panel of D shows the tetrode tract
from rat 11928.
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rat behavior trajectory for the different enclosures in the different
recording conditions. In addition, color-coded rate maps were
constructed for all active cells recorded in the granule cell layer
(confirmed by histology) by summing the total number of spikes
that occurred in a given location, dividing by the amount of
time that the animal spent in that location, and smoothing this
result with a Gaussian centered on each location bin (5 cm 3 5
cm). Cell properties were also monitored over sleep and rest ses-
sions to ensure stability of recordings and detection of cells that
did not fire within a behavior session, and cell-firing rates were
calculated over behavior sessions to compare spatial-firing corre-
lates over the different behavior conditions.

Unbiased estimation of activation-probability

In both activity-dependent IEG experiments and neural en-
semble recording studies, the standard means of assessing the av-
erage probability of activation of a cell are to divide the number
of identified active cells by the total number of cells that ‘‘could
have been activated.’’ For IEG studies, the default denominator
in this equation is the number of anatomically identified cells;
for neural ensemble recordings, the default estimator is the num-
ber of cells that emit detectable spikes during a prolonged period
(such as rest) in which it is assumed that all cells close enough to
the probe to be detected will emit enough spikes to form a rec-
ognizable spike parameter cluster. Clearly, both these estimators
of the denominator are potentially subject to bias. This would be
the case if a significant fraction of the anatomically counted cells
was unable to emit spikes under any circumstances (which could
occur, for example, under conditions of heightened inhibitory
control), or if some cells detected at rest only fire during rest and
are incapable of firing during behavior.

A solution to the bias problem can be derived by exposing
the animal to n uncorrelated experiences. In the spatial domain,
for example, we assume environments of approximately equal
size, and a uniform, independent probability (P1) of allocation
of a cell to any single environment. The random draw with
replacement hypothesis then allows the calculation of what
number of cells (Xn) will be recruited for n > 1 environments
compared to the number (X1) activated in one environment:

Xn=X1 ¼ ð1� ð1� P1ÞnÞ=P1 ð1Þ

Given an experimental value of Xn/X1, the corresponding
value of P can be estimated by plotting [1 2 (1 2 P1)

n]/P1

versus P1 and reading the value of P that corresponds to the
observation (Fig. 6). Note that this analysis does not require an
estimate of the fraction of active cells, only the total numbers
(the denominator cancels out), and hence provides an estimate
of P that is independent of possibly erroneous assumptions
about the denominator, such as the total number of granule
cells in a section, or the total number of granule cells that
could potentially be recorded from a microelectrode in the
granular layer if they were active during rest.

For IEG experiments, Arc expression in the home-cage is
typically very low, and the usual estimator of P is the propor-
tion of active cells in a given environment minus the home
cage proportion (e.g., Guzowski et al., 1999); however, Mar-
rone et al. (2008) provide rather strong evidence that home-
cage expression during rest is not noise, but is a reflection of
past experience, including experience in the home cage itself. If
some or all of the home cage expression is actually due to the
rat’s representation of the cage itself, rather than ‘‘noise,’’ then
subtracting the home cage data would lead to a slight overesti-
mate of Xn/X1, and hence a slight underestimate of P. The con-
sequence of this, however, would not greatly affect the ‘‘order-
of-magnitude’’ arguments presented in the Discussion section.
On the other hand, if the home cage represents an environ-
ment, in the sense used here, its area in the present case was
about one-fifth of the Training or Test Exposure environments
(A, B, C, and D). We can thus multiply the home cage data
by five, with the home cage data representing X1. This enables
calculation of X2/X1 from the means of Groups 2 and 4 and
X5/X1 from the means of Groups 1 and 3. Finally, we might
not perform any correction on the data, which would add a
constant to both X4 and X1. This would underestimate Xn/X1
and overestimate P derived from Eq. (1). Thus, the most con-
servative measure in the present case is to subtract the home
cage data as background, whereas the measure most consistent
with the literature (Marrone et al., 2008) is to consider the
home cage as a small environment. We present the results of
all three calculations below.

RESULTS

Behavior-Induced Arc Gene-Expression
Experiment

The critical comparison for discrimination of the ‘‘selective
tuning’’ hypothesis from the ‘‘early retirement’’ hypothesis was
between Groups 1 and 3. Group 1 was exposed to multiple
environments during the Training interval, whereas Group 3
was exposed to only one environment during Training. Both
groups explored all four environments on the final Test day.
The selective tuning hypothesis predicts that Group 1 would
have more Arc-expressing granule cells than Group 3, because
four distinct sets of granule cells would be involved in retrieval
of the four environment experiences in Group 1. The early
retirement hypothesis predicts a new set of granule cells would
now be active in response to the four environments, and thus,

TABLE 1.

Order of First Exposure to the Environments for the

Multienvironment Condition

Environments Rat 1 Rat 2

1 1 month 1 month

2 2 months 5 months

3 4 months 2 months

4 5 months 3 months

5 3 months 4 months
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FIGURE 5. Example taken from the Multienvironment Condi-
tion illustrates that granule cells that are active, remain active in
all behavioral conditions presented. Shown here is activity in sleep
as well as in five different environments in which the rat engaged
in random foraging. The histologically verified dentate gyrus gran-
ule cells shown here are from rat 11926 (Fig. 4D). Each dot repre-
sents a sampled spike, sampled over a period of 10 min. The first
foraging and sleep example shows projections of an energy param-
eter obtained from channel 1 versus 4 on the tetrode, the second
two examples in a given row are projections from channel 1 versus

3 of the same tetrode (see Methods section). Distinct clusters that
reflect different cells are given a unique color, and this color is
consistent across environments and sleep states. The rat’s trajecto-
ries are shown in gray in the different environments (columns 3
and 6), and the spikes are shown in red. Two cells are highlighted
on the trajectory paths. The cluster enclosed by the pink elipse
(columns 2, 4, 5, and 7) corresponds to the cell illustrated in the
upper plot, and the blue elipse corresponds to the lower trajectory
path plot.
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there would be no difference in the numbers of Arc-expressing
cells between Groups 1 and 3.

The simple random draw with replacement model (i.e.,
assuming that all cells have equal chance of activity in a given
environment) predicts that both Groups 1 and 3 (four rooms
on test day) should have more Arc-expressing cells than either
Groups 2 or 4 (one room on test day). The magnitude of the
effect depends on the sparsity. If the probability of activity in
one environment is very low, then the total number of active
cells will increase almost linearly with environments (Fig. 6).
As the probability for one environment goes up, the sum over
all environments deviates increasingly from the linear predic-
tion. At very low sparsity (high activity), there is no increase,
because all the cells are active in all environments.

The nonuniform random draw model (e.g., assuming that
some cells have higher probability of activation than others)
also predicts that both Groups 1 and 3 (four rooms on Test
day) should have more Arc-expressing cells than either Groups
2 or 4 (one room on Test day); however, in this case, the dif-
ference will be lower than predicted from the simple random
draw with replacement hypothesis.

The results confirm that the proportion of the suprapyrami-
dal blade, granule cell population that expressed Arc, was de-
pendent on the number of unique environments that the ani-
mal was exposed to on the final Test Exposure day (Figs.
7A,B). A main effect of the testing condition [F(1, 20) 5
11.86; P 5 0.003] was observed (Fig. 7A) such that, without
background correction, animals that were exposed to multiple
environments (Groups 1 and 3) at test (i.e., A-B-C-D)
expressed Arc in approximately double the numbers of cells rel-
ative to animals repeatedly exposed to a single environment on
the final Test Exposure day (i.e., D-D-D-D, Groups 2 and 4;
average mean difference: 1.9%; P 5 0.008). The estimate of P
from Eq. (1), however, is about 0.5, which is 25 times greater
than the estimate from the means of Groups 2 and 4, which
was 0.02.

If the Group 5 data are taken as a background measure,
which is subtracted from the other groups, then the mean of
Groups 1 and 3 (4 environments) was �3%, almost three
times the mean (�1%) of Groups 2 and 4 (1 environment).
For reference, the simple random selection with replacement
hypothesis, using the Groups 2 and 4 mean as a measure of P,
predicts that the Groups 1 and 3 mean should be very nearly
four times larger. Extrapolation from the plots in Figure 6 sug-
gests that the ‘‘true’’ P is on the order of 0.2, about 20 times
higher than the ‘‘background’’ corrected estimate for one
environment.

If it is assumed that the ‘‘background’’ is not noise, but
reflects cells representing the home cage environments, then we
can obtain two estimates of P from Figure 6, one for two envi-
ronments and one for five environments. Correcting for the
smaller area of the home cage (about 20% of test environment
D area), the corresponding values are P 5 0.8 and P 5 0.6,
respectively, which are more than 10 times higher than the esti-
mate for one environment (home cage, corrected for its smaller
area), which was approximately P 5 0.05. Thus, with or with-
out ‘‘background’’ correction, estimates of P obtained from Eq.
(1) are an order of magnitude greater than the anatomically
based single environment estimate. Consistent with the ‘‘early
retirement’’ hypothesis, this implies that the probability of
expressing Arc in any given environment is highly nonuniform
in the suprapyramidal granule cell population and that the esti-
mate of the number of cells that could express behavior-
induced Arc, based on anatomical cell counts, is grossly in
error, that is, most of the population is not activated.

Arc expression in the suprapyramidal blade was not increased
as a function of the number of environments visited in the
months and weeks before the test day. Indeed, the opposite
effect was observed. A main effect of environment preexposure
was observed in the suprapyramidal blade [F(1,20) 5 195.12;

FIGURE 6. Unbiased estimation of activation probability
using the ratio of the number of cells, Xn, activated in n environ-
ments divided by the number, X1, activated in 1 environment
(‘‘activation" is taken to mean at least one place field, in the case
of neurophysiology, and Arc expression in the case of IEG analy-
sis). This is the same as the expected ratio of probabilities for n
and 1 environments, but the denominators are common to both
estimates and hence cancel out:

Pn=P1 ¼ Xn=X1 ¼ ð1� ð1� P1ÞnÞ=P1

The vertical dotted line illustrates the fact that as the number of
environment exposures increases, the estimate of P goes up almost
linearly with the number of environments. The two estimates of P
from this study are shown with small dashes and the estimate from
the Chawla et al. (2005) with large dashes. See Discussion section
for further details.
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P < 0.001], but, it was rats from Groups 3 and 4 who were
preexposed to a single environment repeatedly (i.e., D, D, D,
and D) that showed a small but significant increase in the
numbers of cells with Arc expression (P 5 0.008) compared to
animals from Groups 1 and 2 who were pre-exposed to multi-
ple environments (i.e., A, B, C, and D). No interaction was
observed between the effects of Training Exposure and Test Ex-
posure conditions on the final day [F(1,20) 5 0.73; P 5
0.403].

The results for the infrapyramidal layer are somewhat incon-
sistent with those for the suprapyramidal layer, and their inter-
pretation is dependent on the assumptions about background
correction. Although, as reported by Chawla et al. (2005), Arc
expression was substantially higher in the suprapyramidal blade
(Fig. 7A), Test Exposure exploration treatment also induced
small increases in Arc expression in granule cells in the infra-
pyramidal blade (Fig. 7B) compared to the caged control ani-
mals (group 5), who did not receive exploration treatment on
the day of testing. There was a significant main effect of the
testing condition [F(1, 20) 5 11.254; P 5 0.003] on the num-
ber of infrapyramidal layer granule cells that expressed Arc. As
was the case for the suprapyramidal blade, this was dependent
on the number of unique environments that the rats were
exposed to on the final Test Exposure day and not the previous
months of Training Exposure, (i.e., ABCD vs. DDDD). There
was no significant main effect of Training Exposure condition
[F(1, 20) 5 0.07; P 5 0.789]. In addition, no significant

interaction was observed between Training Exposure and Test
Exposure conditions [F(1, 20) 5 0.04; P 5 0.843]. Thus, ex-
posure to multiple environments at the final day of testing was
the only variable that influenced the numbers of granule cells
that expressed Arc in the infrapyramidal blade (Fig. 7B). There
was only a small, not statistically significant difference, how-
ever, between Group 5 (caged controls) and Groups 2 or 4
(one environment).

Taking the uncorrected means of Groups 1 and 3 as X4 and
Groups 2 and 4 as X1, and applying Eq. (1), we obtain an esti-
mate of P 5 0.6. Consistent with the suprapyramidal blade
data, this is 66 times greater than the single environment esti-
mate for P and is again consistent with the ‘‘early retirement’’
hypothesis; however, background subtraction leads to an anom-
alous result in the infrapyramidal blade. If the Group 5 data
are subtracted from the other groups as a background control,
and the mean resulting from averaging Groups 2 and 4 are
taken as P for the infrapyramidal blade, then the mean of the
Groups 1 and 3 data is considerably in excess of the prediction
of the simple random draw with replacement model. Given the
small numbers involved and the size of the standard errors, this
could be an overestimate; but, in any case, we cannot reject the
uniform probability model from this result. On the other
hand, if the ‘‘background’’ activity is considered to be cells that
represent the home cage, and correction for the smaller home
cage size is applied, we get estimates of X2/X1 and X5/X1 of
1.02 and 1.33, respectively, which give corresponding values of

FIGURE 7. Numbers of granule cells that express Arc follow-
ing treatment in the Test Exposure of four, 4-min exposures to ei-
ther the same environment (D, D, D, and D), or to four different
environments (A, B, C, and D). A: Data from the suprapyramidal
blade of the dentate gyrus. All behavior Groups (1–4) show signifi-
cantly more Arc expression than do the nonbehavior control rats
(Group 5). The ABCD Test Exposure Groups (1 and 3) show a
greater proportion of granule cells that express Arc than do the
DDDD Test Exposure Groups (2 and 4) or the Control Group
(5). Additionally, the DDDD Training Exposure condition (groups
3 and 4) resulted in significantly larger proportions of granule

cells (i.e., 3 > 1; 4 > 2) in both testing conditions relative to ani-
mals that were trained in four unique environments (Groups 1
and 2). B: Data from the infrapyramidal blade of the dentate
gyrus. The ABCD Test Exposure Groups (1 and 3) exhibit signifi-
cantly greater proportions of granule cells that expressed Arc than
do the DDDD Test Exposure Groups (2 and 4) or the Control
Group (5). Histograms reflect the mean (6 standard error) per-
centage of granule cells expressing Arc in each treatment-group.
[*Significantly different (P < 0.05) from group 5; ySignificantly
different (P < 0.05) from groups 2 and 4].
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P between 0.9 and 1.0 (i.e., about 20 times greater than the
one environment value estimated from the area corrected home
cage data (�0.045).

Consistent with previous data within each blade of the DG,
Arc expression appeared to be uniformly distributed (Temple
et al., 2003; Chawla et al., 2005; Ramirez-Amaya et al., 2005),
as there was no obvious tendency of labeled cells to cluster or
to be preferentially localized near one border of the layer or the
other in the present study. This is consistent with the observa-
tion that while young BrDU-positive cells can tend to cluster
in the region of stratum granulosum near the hilus, more
mature BrDU-positive cells actually do distribute throughout
the layer (van Praag et al., 2002, Figs. 2A and 3A; Kemper-
mann et al., 2003, Fig. 4).

Electrophysiologcial Recording Experiments

Recent/remote condition

Histological analysis confirmed that two cells recorded from
rat 11609 were in the granule cell layer (one putative granule
cell and one putative interneuron, Fig. 8). In rat 11610, nine
of the cells recorded were in the granule cell layer (seven puta-
tive granule cells and two putative interneurons; Fig. 8).

Mean and peak-firing rates and spike width characteristics
are shown (using a 0.10 Hz rate threshold) for each of the pu-
tative granule cell and interneuron categories (Table 2). For the
eight putative granule cells recorded, four fired in both recent
and remote conditions (Fig. 3C, Table 3), three fired in neither
condition, and one fired only in one of the conditions (room
A, the ‘‘remote room"). The interneurons recorded in the gran-
ule cell layer fired in most regions of the two enclosures.

Multienvironment condition

Histological analysis confirmed that five cells recorded from
rat 11926 were in the granule cell layer (four putative granule
cells and one putative interneuron; Fig. 4D, left panel). In rat
11928, six cells were recorded in the granule cell layer (four
putative granule cells, Fig. 4D right panel, and two putative
interneurons, Fig. 8). Mean and peak-firing rates and spike
width characteristics are shown (using a 0.10 Hz rate threshold)
in each of the putative granule cell and interneuron categories
(Table 2).

Overall probability of granule cell activity

For putative granule cells, all cells that exhibited significant
activity in one or more environments also exhibited activity
during baseline recording at rest. To estimate the probability of
expression of at least one field in any arbitrary environment,
the proportion of cells with at least one field was calculated for
each environment or trial (i.e., if the rat visited an environment
more than once, each visit was included as a separate observa-
tion). Overall, for DG granule cells, the mean probability of
expressing at least one place field in any environment was 0.69.

DISCUSSION

It has been suggested that the enhanced excitability and plas-
ticity of postnatally generated granule cells may provide a mecha-
nism for temporal tagging of events that influence encoding and
retrieval of information in CA3. Two of the ways in which this
outcome may be accomplished are referred to here as ‘‘early
retirement’’ and ‘‘selective tuning.’’ Both hypotheses are compati-
ble with prior data showing that, in recording environments
experienced for the first time recently, (a) many fewer granule
cells than expected exhibit activity and (b) these are likely to ex-
hibit activity in multiple contexts (e.g., Leutgeb et al., 2007).
The ‘‘selective tuning’’ idea emphasizes enhanced synaptic plas-
ticity of young granule cells and predicts that cells will become
tuned to events that occur during the cell’s critical period.
Because plasticity is subsequently reduced, these cells should
preferentially respond to the events first experienced during mat-
uration to the exclusion of other cells. This leads to the hypothe-
sis that if the initial events are distributed in time, different
cohorts of cells should be recruited for retrieval of these tempo-
rally specific experiences. Thus, the cumulative total number of
activated cells should increase as a product of the number of rein-
stated experiences. The ‘‘early retirement’’ idea also suggests that
cells may be selectively tuned during their active lifetime, but
instead of being required for retrieval or reinstatement of the ex-
perience, they become unexcitable as they mature. Thus, when
remote experiences are reinstated, a population of recently gener-
ated granule cells is allocated, instead of the original ones.
Because the same population of new cells is used for both new
and old events, the total number of activated cells should be in-
dependent of when the events were experienced and should
increase more slowly with the number of events.

Both ensemble electrophysiological recordings and IEG activ-
ity markers were used to distinguish between these two hypoth-
eses. The critical test was to expose rats to several events at dif-
ferent times or at the same time, shortly before test, and then
to reinstate those events on one day. There was no increase in
number of cells expressing Arc or in recruitment of electrophy-
siologically recorded cells in the groups given remote (weeks or
months) exposure to the events, and thus the results do not
support permanent selective tuning. As expected, the treatment
groups with Test Exposure to multiple environments showed
larger proportions of granule cells that expressed Arc than the
groups exposed to a single environment at test; however, those
groups with repeated Training Exposure to a single environ-
ment exhibited slightly more IEG activation at test. The most
parsimonious explanation of the available data is that a large
fraction of granule cells is functionally silent in rats over about
9 months of age (the youngest so far studied). This conclusion
is based on the unbiased estimator of P derived in Methods
section and is developed as follows.

The data of Chawla et al. (2005) yield an estimate of P in
the suprapyramidal blade of 0.018. Random sample with
replacement predicts that X2/X1 5 1.98; however, for the two
environment condition, the fraction of additional cells activated

EFFECT OF PRIOR EXPERIENCE ON GRANULE CELL ACTIVITY 1119

Hippocampus



FIGURE 8. All active granule cells recorded in the two electro-
physiological experimental conditions (Recent/Remote left, Multi-
ple Room right). The rat’s trajectories are shown in gray in the dif-
ferent environments, and the spikes in red. Below this is the corre-

sponding color-coded rate map for each cell (red is peak firing;
blue is no firing). Each map is scaled to its peak rate shown below
each map.
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was only about 0.005. The corresponding X2/X1 is 1.28, which
corresponds to a ‘‘true’’ value of P of about 0.7 (Fig. 6, large
dashes) and is about 40 times greater than the anatomical esti-
mate. According to this analysis, the observed P would have
resulted if the available granule cells constituted only about 3%
of the number of anatomically estimated cells. The implication
is that most (97%) granule cells have such a high threshold
that they are incapable of significant activity in any context.

Applying the same analysis to the present suprapyramidal
IEG data, P, based on the proportion of active cells in one
environment, was about 0.01. With this value, the expected
Xn/X1 for four environments is 3.94 (Fig. 6, vertical dotted
line). The observed Xn/X1 was 3.0, which corresponds to a P of
about 0.2 (about 20 times greater). This observed P would
have resulted if the number of available granule cells was only
about 5% of the number of anatomically estimated granule
cells, which is not far off from our estimate from the Chawla
et al. (2005) data. In both cases, the estimates of P based on
Xn/X1 are much bigger than the estimate from the activation in
a single environment divided by the number of anatomically
observed granule cells. Correcting the home cage data (group
5) for the area of the cage (about 0.125 m2) and considering
the home cage as an additional test environment (Marrone
et al., 2008), we obtain estimates of Xn/X1 for n 5 2 and n 5
5, yielding p-Values of 0.8 and 0.6, respectively, rather than
0.05 (Fig. 6, small dashes). Applying the same correction to
the infrapyramidal layer data yielded higher values.

This anomalous overlap of IEG expression in multiple envi-
ronments is in marked contrast to CA3 and CA1. For example,
using essentially the identical procedures and environments
used here and in Chawla et al. (2005), Rosi et al. (2009) found
that, for both CA3 and CA1, X2/X1 were very close to the
expected values.

There is no basis for estimating how many active cells should
be observed by a tetrode in the granule layer, but empirically it

is much less than typically seen in CA1 or CA3. Given the
number of cells with observable activity at rest, we calculated P
from the mean of the recent-remote and multiple room data as
about 0.7. The mean estimation from Xn/X1 was 0.85. These
estimates are all consistent with the estimates using Xn/X1 in
the IEG data and with previous electrophysiological studies:
Jung and McNaughton (1993) P �0.8; Shen et al. (1998) P
�0.6; Leutgeb et al. (2007) P �0.9.

It is clear that there must be a highly skewed distribution of
excitability in the granule cell population, such that most of
them never fire enough spikes to be detected either electrophy-
siologically or by IEG activation. Indeed, Jung and McNaugh-
ton (1993) observed cells driven by perforant path stimulation
near population spike threshold, which had no detectable spon-

TABLE 2.

Overall Summary of Firing Characteristics of Dentate Gyrus

Granule Cells and Interneurons (6 Indicate Standard Deviations

Unless Otherwise Indicated)

DG DG interneuron

Recent/remote condition

Number of cells 8 3

Mean firing rate (Hz) 0.78 6 1.3 35.9 6 5.2

Mean Peak Rate (Hz) 9.1 6 9.9 65.2 6 9.4

Spike width (ls) 218 6 93 168 6 16

Number of fields 1.16 6 1.3

Information (bits pr spike) (6SEM) 2.2 6 0.3 0.04 6 0.005

Multiple room condition

Number of cells 8 3

Mean firing rate (Hz) 0.98 6 1.3 10.8 6 5.7

Mean Peak Rate (Hz) 9.1 6 8.8 29.6 6 18.5

Spike width (ls) 245 6 67 94 6 130

Number of fields 1.85 6 1.50

Information (bits pr spike) (6SEM) 1.1 6 0.11 0.16 6 0.03

TABLE 3.

Mean Firing Rates and Number of Observed Place Fields for Granule

Cells in the Recent/Remote and Multiple Room Conditions

Recent/Remote A B B A

Cell R1 - mean firing rate (Hz) 0.24 0.09 0.03 0.06

number of fields 1 1 1 0

Cell R2 - mean firing rate (Hz) 4.15 1.40 0.97 5.60

number of fields 5 3 2 4

Cell R3 - mean firing rate (Hz) 0.55 1.73 2.74 1.13

number of fields 2 1 1 2

Cell R4 - mean firing rate (Hz) 0.93 0.21 0.49 0.85

number of fields 2 1 1 1

Cell R5 - mean firing rate (Hz) 0.50 0.86 1.59 0.76

number of fields 2 2 3 2

Cell R6 - mean firing rate (Hz) 0 0.01 0.00 0.01

number of fields 0 0 0 0

Cell R7 - mean firing rate (Hz) 0 0.01 0.01 0.00

number of fields 0 0 0 0

Cell R8 - mean firing rate (Hz) 0.01 0 0 0

number of fields 0 0 0 0

Multiple Room E A B C D E

Cell M1 - mean firing rate (Hz) 1.46 0.65 0.30 1.58 1.93 1.30

number of fields 4 1 4 2 3 1

Cell M2 - mean firing rate (Hz) 0.18 1.46 0.78 3.95 0.69 0.50

number of fields 3 5 2 2 2 1

Cell M3 - mean firing rate (Hz) 1.95 5.54 5.57 0.74 0.18 2.51

number of fields 3 1 3 3 1 2

Cell M4 - mean firing rate (Hz) 1.21 0.50 0.47 0.91 0.12 0.63

number of fields 3 3 4 2 0 1

Cell M5 - mean firing rate (Hz) 0.73 0.94 2.49 1.26 1.63 0.953

number of fields 4 1 2 3 1 5

Cell M6 - mean firing rate (Hz) 0.12 0.72 0.13 0.25 1.01 0.446

number of fields 4 1 2 3 1 5

Cell M7 - mean firing rate (Hz) 0.01 0.04 0.58 0.24 0.05 0.042

number of fields 0 0 5 2 0 0

Cell M8 - mean firing rate (Hz) 0.01 0.05 0.07 0.01 0.10 0.019

number of fields 0 0 1 0 0 0

Activation probabilities were calculated for each column within each condition
by binarizing the number of fields and averaging. The overall activation proba-
bility was 0.69.
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taneous activity: ‘‘in many cases, more units were driven than
were seen in the spontaneous activity, suggesting that many
cells in the granular layer are essentially silent.’’ There are sev-
eral possible explanations that could be offered for the apparent
silence of the bulk of the granule cell population. Most granule
cells recorded intracellularly in vitro (McNaughton et al.,
1981) have about twice the synaptic discharge threshold as do
pyramidal cells (Kandel and Spencer, 1961). In addition, it is
possible that as granule cells mature, they become subject to a
much stronger feedforward inhibition (Buzsaki and Eidelberg,
1981; Douglas et al., 1983).

Are the excitable granule cells the most recently generated
ones? Although our experiment does not address this issue
directly, the data are consistent with this interpretation. Most
granule cells are generated within the first 2–3 months of life,
but cells labeled with BrdU in rats 6 months of age are about
twice as likely to express behaviorally induced Arc 5 months
later (i.e., about the age of the rats in the present study) than
the BrdU negative population (Ramirez-Amaya et al., 2006);
however, because the latter population would have included
many cells younger than 5 months, the excitability of the older
cells would have been overestimated, possibly seriously. At test,
about 0.5% of the total cells were BrdU positive, implying an
addition of about 0.1% per day at 6 months. Assuming that it
requires about 1 month for a newborn cell to become func-
tional, and an �50% reduction in neurogenesis over this time
window [estimated from interpolating data from Driscoll et al.
(2006), Rao et al. (2005), and Bizon and Gallagher (2003)]
this implies that about 9% of the population was generated in
the 5 months between BrdU treatment and test.

Thus, at 11 months of age (as in the present experiment),
about 9% of the granule cells are likely to have been born in
the last 5 months, and these are at least twice as likely to
express activity in any given environment than the cells born
earlier. It is not known how quickly this enhanced excitability
declines nor how large it is when the granule cell first becomes
functional, but it is likely that the most recently matured cells
are considerably more than twice as likely to fire than cells
born before 6 months of age. Given our conclusion that the
active population is drawn from a small fraction (about 3–5%)
of the total, it is plausible that the active population corre-
sponds to relatively recently born cells. The data thus favor the
conclusion that granule cells are destined for early retirement, a
condition in which they respond to old or new stimuli very
weakly or not at all and that the active cells are of recent ori-
gin. Tashiro et al. (2007) found that granule cells exposed to
an enriched environment 1–2 weeks after BrdU labeling were
still preferentially reactivated when the mice were re-exposed to
the same environment 4 weeks or 4 months later, and Kee
et al. (2007) also show that new neurons 4–8 weeks of age are
particularly activated by re-exposure to a water maze experi-
ence. These data are not in conflict with the retirement hy-
pothesis, but do set a lower limit on how long cells remain ‘‘in
the work force.’’ The importance of adult-born granule cells to
cognitive function is also supported by recent evidence that
mice with reduced neurogenesis during adulthood show

impaired spatial discrimination and memory (e.g., Clelland
et al., 2009; Deng et al., 2009).

‘‘Early retirement’’ satisfies a major constraint of the memory
model of Treves and Rolls (1992): ‘‘. . . while initiating re-
trieval, the mossy fiber input should be absent or strongly
reduced . . ., in order not to blur the signal relayed by the per-
forant path.’’ This applies, however, only to spontaneous re-
trieval, or cued pattern completion, because, when an experi-
ence is ‘‘reinstated’’ (i.e., a new experience strongly resembles
an old one), the recruitment of a new population of granule
cells would establish a new memory trace in CA3, orthogonal
to the existing one. This property has elements in common
with the ‘‘multiple trace’’ theory of Nadel and Moskovitch
(1997). To the extent that such a new trace could require some
form of post activation consolidation, the results may have im-
portant implications for memory ‘‘reconsolidation’’ phenomena
(e.g., Nader and Hardt, 2009).
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