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Neurogenesis in the hippocampus is characterized by the birth of
thousand of cells that generate neurons throughout life. The fate of
these adult newborn neurons depends on life experiences. In
particular, spatial learning promotes the survival and death of
new neurons. Whether learning influences the development of the
dendritic treeof the survivingneurons (a keyparameter for synaptic
integration and signal processing) is unknown. Here we show that
learningaccelerates thematurationof their dendritic trees and their
integration into the hippocampal network. We demonstrate that
these learning effects on dendritic arbors are homeostatically
regulated, persist for several months, and are specific to neurons
born during adulthood. Finally, we show that this dendritic shaping
depends on the cognitive demand and relies on the activation of
NMDAreceptors. In the search for the structural changesunderlying
long-term memory, these findings lead to the conclusion that
shaping neo-networks is important in forming spatial memories.
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In the search for the mechanisms underlying long-term memory
formation, structural changes have been proposed to play a

major role (1). Adult neurogenesis, a novel form of structural
plasticity, occurs in the dentate gyrus (DG), a key structure in
processing spatial relational memory (2). Adult neurogenesis in
the DG is a complex, multistep process that starts with the pro-
liferation of neural precursors residing in the dentate subgranular
layer (2). At least 50% of the daughter cells die within a few days
after their birth. The adult-born cells that survive this initial period
of cell death differentiate mainly into granule neurons. These new
mature neurons are synaptically integrated into the dentate net-
work, where they receive functional inputs (3) and form functional
synapses with their target cells (4).
Adult-born neurons contribute to the formation of memories,

particularly spatial memory as measured in the water maze (5, 6).
Reciprocally, spatial learning has been shown to influence adult
neurogenesis (7). We have shown that during spatial learning and
similar to the selective stabilization process observed during brain
development, neuronal networks are sculpted by a tightly regu-
lated selection and suppression of different populations of newly
born neurons (8). This homeostatic regulation of the numbers of
newly born neurons is important for spatial memory, because its
alteration leads to memory deficits (8, 9).
One of the requirements for the new neurons to process infor-

mation is the development of extensive dendritic arbors capable of
receiving and integrating complex spatiotemporal patterns of
synaptic inputs (4). Whether learning influences such a dendritic
development is unknown. To address this issue, we used double-
cortin (Dcx) and retroviral labeling to examine to what extent
spatial learning in thewatermaze affects the dendriticmorphology
of adult-born neurons. Furthermore, we investigated whether the
level of cognitive demand influences the development of new
neurons and the mechanisms underlying these learning-induced
changes in adult neurogenesis. We found that spatial learning
sculpts newborn neurons not only by regulating their number, but

also by shaping their dendritic arbor. Spatial learning increases the
complexity of the dendritic arbor, an effect depending on the
cognitive demand of the task and NMDA receptors.

Results
Spatial Learning Increases the Complexity of the Dendritic Arbor of
Adult Newborn Neurons. We and others have previously shown that
spatial learning increases the survival of newborn neurons that were
produced 1 week before the start of the training (7, 8). We thus
analyzed the effects of learning on the development of their den-
dritic arbor, a key element in receiving and processing information.
To do so, we injectedBrdU1week before training and analyzed the
expressionofDcx in thenewly bornneurons labeledwithBrdU.Dcx
is a cytoplasmicprotein associatedwithneuronaldifferentiation and
neurite elongation, which is exclusively expressed in immature
neurons from 1 day to 4 weeks of age (10), thereby permitting the
analysis of the dendritic arbor of the newly born cells. We used a
classic water maze protocol of reference memory [learning refer-
ence memory (L-RM)]. Animals were trained for 6 days and killed
on the next day (Fig. 1A and Table S1, experiment 1a). In this
experiment and subsequent experiments, only control animals
consisting of home-caged rats were included, because we have
previously shown that the rate of adult neurogenesis (cell survival,
cell proliferation, and cell death) in these animals does not differ
from that measured in animals with a similar swimming experience
or animals trained in the visible platformprotocol (8, 9, 11).Wefirst
verified that spatial learning increased cell survival by analyzing the
number of BrdU-immunoreactive (IR) cells in the DG. As expec-
ted, it was greater in the L-RM group compared with controls (Fig.
1B). A more detailed analysis indicated that learning increased
BrdU cell numbers throughout the septotemporal axis of the DG
(Fig. S1A). Because the morphological analysis of BrdU/Dcx-IR
cells was performed on four septal sections (P: 2.8–4.16 mm from
the bregma), we verified that within these sections, the number of
BrdU-IR cells was higher in the L-RM group compared with con-
trols (Fig. S1B). Morphological analysis of BrdU-Dcx-IR neurons
(Fig. 1C) showed that spatial learning shapes their dendritic arbor
(Fig. 1D). A quantitative analysis found greater dendritic lengths,
numbers of dendritic nodes, and numbers of dendritic ends were
higher in L-RM animals compared with controls (Fig. 1 E–G).
Conversely, the size of the cell bodies remained unchanged (con-
trols,: 55.59±2.9μm2;L-RM,52.50±7.9μm2; t15=0.9;P=0.3).By
performing the concentric circle analysis of Sholl (12), we further
examined dendritic morphological features, particularly the extent
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of dendritic growth away from the soma and the branching of den-
drites at various distances from the soma.This analysis revealed that
the dendritic length was greater in the L-RM group compared with
controls, an effect due to an increased number of dendritic branches
extending beyond 50–150 μm (Fig. S2A). A similar result was
obtained for the number of dendrites that crossed the various radial
distances from the soma (Fig. S2B).
We next performed the same analysis on neurons born during the

early phase of training (Table S1, experiment 1b).Wehad previously
shown that spatial learning promotes the death of some of the
immature neurons producedduring either the early phase of training
or 3daysbefore training (8).Thus, the sparedadult-bornneurons are
selected by learning. We asked whether learning influences the
development of the surviving new neurons that are younger than
those examined in the previous experiment. We first analyzed the
number of BrdU-IR cells on four sections and found a reduction in
the number of newly born cells (Fig. 2A). We then analyzed the
dendritic arbor of BrdU-Dcx-IR neurons. The results showed that
the dendritic arbor wasmore developed in the group of animals that
underwent training (Fig. 2 B–D). Indeed, the dendritic lengths, as
well as thenumbersof dendritic nodes andends,were increased inL-
RM animals compared with controls. Sholl analysis revealed greater
dendritic lengths and numbers of crossing dendrites were higher in
the L-RM group compared with controls, an effect more pro-
nounced for the dendritic branches extending beyond 75–125 μm
from the soma (Fig. S2 C and D).
Taken together, the results from these two experiments show

that newborn neurons selected by spatial learning exhibit a more
complex dendritic arbor than “naïve” newborn neurons.

Dendritic Arbor Is Regulated in a Homeostatic Manner. We recently
showed that learning promotes the survival of relatively mature
neurons at the expense of more immature cells that are removed
from the dentate network, demonstrating a homeostatic regu-
lation of the number of newneurons by learning (8). Indeed, in this

study we used the pan-caspase inhibitor z-Val-Ala-Asp fluo-
romethylketone (zVAD) to block apoptosis. zVAD was infused
during training. We have shown that the infusions block apoptosis
of the youngest neurons (generated 3 days before training), as well
as survival of the oldest new neurons (generated 7 days before
training), and impair spatial learning (8). We hypothesized that
these two neuronal populations are in competition for available
space, and that the cells rescued are those that are successfully
connected. For this reason, we investigated whether the dendritic
arbor developments of different populations of adult-born neu-
rons are interrelated events and thus subject to a homeostatic
regulation.Animals were injected 7 days and 3days before training
with BrdU analogues IdU and CldU, respectively, and zVAD was
injected at the end of the fourth through sixth days of training (see
ref. 8) (Table S1, experiment 2). We first verified on four septal
sections the blockage of a learning-induced increase in IdU-IR
cells and a learning-induced decrease in CldU-IR cells in zVAD-
infused animals (Fig. 3 A and B). We then analyzed the dendritic
morphology of IdU-Dcx-IR cells andCldU-Dcx IRcells.Although
the zVAD infusion did not influence development of the dendritic
arbor of IdU-Dcx-IR cells or CldU-Dcx IR cells (Fig. S3A and B),
this treatment hindered learning-induced increases in dendritic
lengths (Fig. 3 C and D) and the numbers of dendritic nodes and
dendritic terminals (Fig. S3 C–F). Thus, the neurons that were
present were less developed compared with those of vehicle ani-
mals subjected to training. Altogether, these results demonstrate
that the dendritic arbor modifications of different populations of
new neurons in response to learning are interrelated events.

Learning-Induced Changes in the Dendritic Arbor Are Long-Lasting.
Wenextwished to determinewhether learning-induced changes in
the dendritic arbor persisted over a long period or was subjected to
a selective regressive process as described during development
(13). Because Dcx is expressed only transiently in newborn neu-
rons (10), we labeled the newborn neurons by infecting the DG
region with a retrovirus produced by the vector CAG-GFP (14).
BrdU was injected on the same day. Four groups of animals were
trained 7 days later in the L-RM and killed 1 day or 1, 2, or 3
months after training (Table S1, experiment 3). We first verified
that the learning increase in BrdU-IR cell numbers was main-
tained over time. Then themorphological analysis of GFP-labeled
neurons of animals revealed that the L-RM group had longer
dendrites (Fig. 4 and Fig. S4) with more nodes and more ends
(Table S2), indicating that the learning effect on dendrite mor-
phological changes is maintained over a long period.

LearningEffect onDendritic Spines onNeuronsBornDuringAdulthood.
In the next step, we refined our analysis by determining whether
learning affected the formation of dendritic spines that indirectly
reflect the presence of inputs. We analyzed the spine density and
shape of new neurons in naïve rats and rats trained in RM and
killed 3months after training. Themorphological analysis ofGFP-

Fig. 1. Spatial learning increases the survival and the dendritic arbor com-
plexity of adult-born neurons generated 1 week before learning. (A) Latency
to find the escape platform. The syringe represents BrdU injection. (B) Total
number of BrdU-IR cells (t15 = −3.85; P < 0.001). (Inset) Illustration of a BrdU-
IR cell. (C) Illustration of a BrdU-IR cell expressing Dcx. (D) Examples of
neuron tracings for one animal of each group. (E) Length of the dendritic
arbor (t15 = −3.44; P < 0.01). (F) Number of nodes (t15 = −2.37; P < 0.05). (G)
Number of endings (t15 = −2.35; P < 0.05). C, n = 6; L-RM, n = 11. *P ≤ 0.05;
**P ≤ 0.01; ***P ≤ 0.001 compared with control. (Scale bar: 10 μm.)

Fig. 2. Spatial learning increases the dendritic arbor complexity of adult-born
neurons generated during the early phase of training. (A) Number of BrdU-IR
cells in the septal region of the DG (t11 = 4.66; P < 0.001). (B) Length of the
dendritic arbor (t11=−2.77;P<0.05). (C) Numberofnodes (t11=−2.84;P<0.05).
(D) Number of endings (t11 = −2.79; P < 0.05). C, n = 6; L-RM, n = 7. *P ≤ 0.05;
***P ≤ 0.001 compared with control.

Fig. 3. Homeostatic regulationof thedendritic arborofadult-bornneuronsby
spatial learning. (AandB) EffectsofzVADandvehicle treatmentsonthenumber
of IdU-IR cells (in the septal region of theDG) generated 7 days before exposure
tothe task (A) and thenumberofCldU-IR cellsgenerated3daysbeforeexposure
to the task (B). (CandD) Effectsof zVADandvehicle treatments on the lengthof
dendritesof IdU-Dcx-IRcells (F3,25=8.2;P<0.001) (E) andCldU-Dcx-IR cells (F3,25=
5.18; P< 0.01) (F). C: Veh, n = 6, zVAD, n = 6; L-RM: Veh,n = 10, zVAD, n = 7. Veh,
□; zVAD,■. *P≤0.05; **P≤0.01comparedwithcontrol veh. °P≤0.05; °°P≤0.01
compared with zVad group.
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labeled neurons revealed that adult-born neurons of L-RM ani-
mals had more spines compared with controls (Fig. 5A). We
analyzed the shape of each spine and found that L-RM animals
had wider and longer spines compared with controls (Fig. 5 B and
C). Spines were then divided into two categories, thin and mush-
rooms, based on head and neck size. The L-RM group had more
thin spines and mushroom spines compared with controls (Fig.
5D). More interestingly, there were 3-fold more mushroom spines
than thin spines, suggesting accelerated spine maturation. We
confirmed this by examining the dendritic spine density of new
neurons in naïve rats and rats trained in the RM and killed 1 week
after training. At this developmental stage, spines were more
numerous in adult-born neurons of L-RM animals compared with
controls and already were receiving some dendritic input, as
revealed by synaptophysin (Fig. 5 E and F).

Learning-Induced Changes on Dendritic Arbor Are Specific to Neurons
Born During Adulthood. To investigate whether learning was also
regulating thedendritic developmentofmatureneurons,weused the
lentiviral vector pTRIPΔU3-MND-Dsred2-WPRE, which labels all
neurons. The lentivirus was injected 1 week before training (L-RM),
and animals were killed 1 day after the end of the behavioral pro-
cedure (Table S1, experiment 4). Analysis of the morphological
features ofmature neurons of trained animals comparedwith home-
cage rats (Fig. S5A) revealednodifferences indendritic arborization.
The length of the dendrites and numbers of nodes and ends were the
same in both groups (Fig. S5B–D). Likewise, Sholl analysis demon-
strated no differences (Fig. S5 E and F). These results show that
learning specifically affects the development of thedendritic arbor of
adult-born neurons.

Learning-Induced Changes in the Dendritic Arbor Are Governed by
the Cognitive Demand of the Task. We next explored whether the
level of cognitive demand influences the morphological develop-
ment of new neurons. To do so, we used the delayed matching-to-
place (DMP) task, which has greater cognitive demands than the L-
RM task (15). In this procedure, animals are trained to escape onto
ahiddenplatform,but, in contrast to theRMversion, theposition of
the platform is changed daily. Its position is kept constant within
each daily session. This task has been shown to bemore demanding,
because the animal not only has to acquire the spatial environment
tofind theplatform, butmust also update itsmemory toperform the
task. Thus, the cognitive load on the hippocampus is greater,
because this latter task supports incremental learning, as the RM
model does, as well as fast one-trial learning.Wefirst examinedhow
the learning associated with both RM (L-RM) and DMP (L-DMP)
affects newborn neuron survival, cell death, and cell proliferation to
ensure that both versionsof thewatermaze regulate neurogenesis in
a homeostatic manner (Table S1, experiment 5; Fig. 6 A–D). We
then examined the dendritic development of adult-born neurons
and labeled them with BrdU 1 week before training. Our results
demonstrate that spatial learning increased dendritic arbor com-
plexity, as shown by the significant increase in the dendritic length
(Fig. 6E) and thenumberofdendritic nodes and ends (Fig. S6A–C).
In these conditions, the size of the cell body remained unchanged

(control, 62.64 ± 1.61 μm2; L-RM, 63.79 ± 1.47 μm2; L-DMP,
62.50 ± 2.26 μm2; F2,21 = 0.16; P = 0.8). More importantly, the
effect of learning on dendritic growth was more pronounced in the
L-DMP group, in which the cognitive task was more demanding.
These results reveal that increasing the cognitive demand further
increases dendritic growth. We then explored whether learning
accelerates neuronal maturation by quantifying the BrdU-IR cells
expressing NeuN, a marker of mature neurons (Fig. 6F). Spatial
learning increased the percentage ofBrdU-NeuN-IRcells, an effect
that was more pronounced in the L-DMP group (Fig. 6G). These
results show that learning accelerated thedevelopment of the adult-
born neurons (dendritic arbor and neuronal maturation) as a fun-
ction of the cognitive demand.

Learning-Induced Changes in the Dendritic Arbor Depend on NMDA
Receptors. BecauseNMDA receptors (NMDARs) play a crucial role
in spatial memory (15), regulate dendritic development (16–18) and
are present on adult-born neurons (19, 20), we next investigated their
possible involvement in learning-induced changes in neurogenesis
(Table S1, experiment 6).Weused theDMPprotocol becausewehad
shown that this protocol induced themost pronouncedmorphological
changes. To investigate the role of NMDARs, we used a selective
antagonist of these receptors, 2-amino-5-phosphonovaleric acid
(APV), which was infused into the lateral ventricle for the entire
training period. As reported previously (15), APV infusion impaired
DMP learning (Fig. 7A). Interestingly, although AVP did not modify
basal neurogenesis, it did abolish learning-induced changes in neu-
rogenesis (Fig. 7B–D). Indeed, the increases in cell survival, cell death,
and cell proliferation occurring during the learning process were all
inhibited after blockage of NMDAR. The increased dendritic arbor
complexity induced by learning was also disrupted by APV infusions
(Fig. 7 E–G); dendritic lengths and the numbers of nodes and ends
wereall reduced inAPV-treatedDMPrats comparedwithnontreated
rats. Finally, APV treatment also blocked the effect of learning on the
maturation of new neurons (Fig. 7H). To confirm the effect of
NMDAR blockade on the learning effect on neurogenesis, we used
anotherNMDAantagonist,MK801.Aswas foundwithAPV,MK801
disrupted DMP learning, learning-induced increases in cell survival,
and learning-induced increases in dendritic arbor complexity. Indeed,
dendritic lengths and the numbers of nodes and endswere all reduced
inMK801-treatedDMPrats comparedwith nontreated rats (Fig. S7).

Fig. 4. The effect of spatial learning on the dendritic arbor is long-lasting.
(A) Latency to find the escape platform. The symbol represents retrovirus
infusions; the syringe, BrdU injection; and the arrows, the time of sacrifice
(3 months after training). (B) Total number of BrdU-IR cells. (C) Length of
dendrites and 3-month-old adult-born neurons labeled with a GFP retro-
virus. C, n = 7; L-RM, n = 8. ***P ≤ 0.001 compared with control.

Fig. 5. Spatial learning increases the number of dendritic spines of adult-
born neurons. (A) Number of spines (per 40 μm) (t103 = 9.25; P < 0.0001). (B)
Spine width (t103 = 2.94; P < 0.01). (C) Spine length (t103 = 2.47; P < 0.01). (D)
Number of thin spines andmushroom spines (% compared with control) (thin
spines, t8 = -5.06,P<0.001;mushroomspines, t8 =−5.75,P<0.001). (E) Number
of spines (per 40 μm) in neurons generated 1week before the task (t15 =−3.53,
P<0.01). (F) Three-dimensional reconstructionof a confocal photomicrograph
of aGFP-IRdendrite (green) contactedby synaptophysin (red)fibers. *P≤ 0.05;
**P ≤ 0.01; ***P ≤ 0.001 compared with control.
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Taken together, these findings demonstrate that the learning-induced
changes in adult neurogenesis depend on NMDARs.

Discussion
Our results indicate that spatial learning regulates adult hippo-
campal neurogenesis not only by regulating the number of surviving
adult-born neurons, but also by accelerating their development.We
found that spatial learning increases the complexity of the dendritic
arbor and accelerates the differentiation of newborn neurons
toward a mature neuronal phenotype. Using retrovirus labeling, we
also found that learning-induced changes in new neurons are long-
lasting andare specific to adult-bornneurons. Finally, wealso report
that this learning-induced shaping is a function of the cognitive
demand of the task and depends on NMDARs.
Analyses of the developmental pattern of newborn neurons in

“normal conditions” have shown that by 6 weeks after birth, the
dendritic arbors of adult-born neurons resemble those of mature
neurons (3, 14, 21). The few studies that have examined the long-
term development of adult-born neurons have reported an evo-
lution in their morphology (e.g., spine numbers) over a period of
severalmonths (3, 4, 22).Herewe show that the dendritic arbors of
newborn neurons can continue to develop over 3months, a time at
which they have still not reachedmaturity. Indeed, these dendritic
arbors were still not as developed as those of mature neurons,
reinforcing the idea that the development of adult-born neurons is
a long-lasting process, with maturation completed even later than
was originally demonstrated.
We also demonstrated that spatial learning in the water maze (L-

RM) increased dendritic complexity, as shown by the increased
numbers of nodes and endings and increased dendritic lengths.
These results suggest that learning might accelerate the develop-
ment of newborn neurons reaching a mature stage. Indeed, the
percentage of BrdU-NeuN neurons was increased in animals sub-
jected to spatial training. Furthermore, spines appeared earlier in
animals that learned the task, and 3-month-old adult-born neurons
in the learning group exhibited a higher proportion ofmature spines
(mushroom) than immature spines (thin). A previous study found
no learning-induced changes in dendritic development (21), most
likely due to the nontimed nature of the study (in which a hetero-
geneous neuronal population was examined) and/or a lack of sur-
vival-promotingeffectsof learning (23). Surprisingly, theeffects that
we describe here are in the range of (and even exceed), those
obtained after 4 weeks of treatment with fluoxetine (24), indicating
that the activity generated during learning is a powerful stimulus for
regulating neo-dendritic maturation. Interestingly, the effect of
learning on the shaping of the dendritic arbor was specific to adult-
born neurons. Indeed, our analysis of themorphological changes of
mature neurons revealed no effect of learning. Even if learning

influences the structural remodeling ofmature networks at the level
of spines or synapses (25, 26), our results emphasize the robust role
of neurogenesis in structural changes underlyingmemory processes.
During development, regressive events have been described at

twodifferent stages: (i)After an initial phase of cell proliferation, a
fraction of neurons die, and (ii) at a later stage, after an initial
overproduction of contacts, dendritic branches are eliminated
without significant changes in cell numbers (13). This selective
elimination of intercell “contacts” subserves an increased speci-
ficity in connections. For this reason, we examined the long-term
development of dendritic arbors using a GFP recombinant retro-
virus specifically incorporated into dividing cells. We found that
the learning-induced dendritic growth was maintained for at least
3 months, indicating a lack of competitive rearrangements. Thus,
contrary to what is seen during development, there does not
appear to be an overproduction of dendritic branches followed by
the elimination of some of these branches during maturation.
Nonetheless, we cannot exclude the possibility that regressive
events occur later, a hypothesis that remains to be tested.
Learning-induced dendritic shaping involved two populations of

new neurons that were born at different times relative to training.
The oldest population comprised new neurons generated 1 week
before the start of the training and whose survival was promoted by
learning, and the youngest population comprised newly born neu-
rons generated 3 days before training or during the early phase of
training that were spared by the apoptotic wave (8). We have pre-
viously shown that these two events, adding and removing new
neurons, are interrelated; thus, blocking of learning-induced
apoptosis by zVAD blocks the increased survival of older neurons
(8). Here we show that zVAD also blocked the learning-induced
increase in dendritic arbor complexity of these oldest newly born
neurons (the survival of which is altered by zVAD), indicating
competition between different neuronal populations for the supply
of afferent-derived trophic factors and/or input influences that may
stabilize neurons by activity generated in the course of learning.
Taken together, these results indicate that learning regulates, in a
homeostaticmanner, thedevelopmentofnewneurons tomaintain a
precise quantitative relationship between neurons.
Dendritic arbor and spine densities represent mirror images of

the available postsynaptic space and indirectly reflect the presence
of inputs. The relationship between synaptic input and dendritic
development has been extensively investigated; each neuron is
innervated by an appropriate number of inputs, and each input
innervates an appropriate number of neurons (27). Dendritic
development has been associated with the arrival of synaptic inputs

Fig. 6. The learningeffect on the dendritic arbor is governedby the cognitive
demand of the task. (A) Latency to find the escape platform. (B) Total number
of BrdU-IR cells (F2,21 = 4.58; P = 0.02). (C) Total number of apoptotic cells
measured by the number of fractine-IR cells (F2,21 = 6.45; P = 0.06). (D) Total
number of proliferating cells measured by the number of HH3-IR cells (F2,21 =
3.7; P=0.04). (E) Length of thedendritic arbor (F2,21 = 9.85; P< 0.001). (F) BrdU-
IR cell (red) stained with NeuN (green), a typical marker for mature newborn
neurons. (G) Percentage of BrdU-IR cells expressing NeuN (F2,21 = 44.22; P <
0.001). C, n = 8; L-RM, n = 8; L-DMP, n = 8. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001
compared with control. °P ≤ 0.05, L-RM compared with L-DMP.

Fig. 7. Influence of NMDA receptors on spatial learning and learning-
induced changes in the number of adult-born neurons and their dendritic
arbor complexity. (A) Latency to find the escape platform. (B) Total number
of BrdU-IR cells (F3,33 = 8.32; P < 0.001). (C) Total number of apoptotic cell
measured by the number of fractine-IR cells (F3,33 = 9.66; P < 0.001). (D) Total
number of proliferating cells measured by the number of HH3-IR cells (F3,33 =
3.21; P < 0.05). (E) Length of the dendritic arbor (F3,31 = 6.47, P < 0.001). (F)
Number of nodes (F3,31 = 5.80, P < 0.01). (G) Number of endings (F3,31 = 5.74,
P < 0.01). (H) Percentage of BrdU-IR cells expressing NeuN (F3,31 = 3.70, P <
0.05). C: CSF, n = 7, APV, n = 9; L-DMP: CSF, n = 10, APV, n = 9. Vehicle, □;
AVP, ■. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 compared with control CSF. °P ≤
0.05; °°P ≤ 0.01 compared with APV group.
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acting like a trophic factor governing selective postsynaptic stabili-
zation (13, 28). Through enhanced network activity, inputs sculpt
dendritic development by turning on the necessary dendritic dif-
ferentiation programs (29). Our results suggest that newborn neu-
rons that survive in response to learning might be those that are
successfully connected,with the development of their neo-dendrites
modulated during learning by afferent-dependent activation. Thus,
an increased complexity of the dendritic arbor, together with an
increase in dendritic spines, could reflect increased connectivity of
adult-born neurons in the dentate networks. Analysis of the normal
developmental pattern of newborn neurons has shown that adult-
born neurons receive functional glutamatergic depolarizing affer-
ents within 1 month after their birth (22, 30, 31). Interestingly,
during epileptic crises, accelerated development of the dendritic
arbor of adult-born neurons is associated with their accelerated
electrophysiologic maturation (32). Thus, the more developed
dendritic organization observed in rats subjected to learning ismost
likely associated with better functional integration of adult-born
neurons in the networks, a hypothesis that remains to be tested.
However, other authors have suggested that the arrival of a pre-
synaptic input could act as a stop-growth or stabilization signal for
the postsynaptic dendritic arbor. This sprouting would allow the
brain to compensate for low network activity (33) and might be an
attempt by thebrain to adapt (recoveringor sparing) to function loss
(34). If this were the case, then a more complex dendritic organ-
ization should be associated with a loss of memory, and a less
developeddendritic organization shouldbeassociatedwith a gainof
function. But in fact the opposite was observed; alteration of ref-
erence memory was associated with low branching, whereas com-
plex memory processing (L-DMP) was linked to high branching.
Comparedwith learning in theRMtask, learning in theDMPtask

produced amajor increase in dendritic arbor complexity in newborn
neurons. In contrast, the increase in cognitive demand had no
beneficial effect onnewbornneuron survival.Thisfinding reinforces
the hypothesis that the neo-dendrites constitute an essential com-
ponent for receiving and integrating incoming information. The
marked effects of DMP compared with RM on dendritic arbor
complexity are integrally linked to the fact that the animals were
required to rapidly incorporate novel information into spatial rep-
resentations of the environment. An alternative explanation could
be that the effect on dendritic arborization in theDMP animals was
due to theextra swimmingduring trial 1,meaning that thedifference
would be the result of physical exercise rather than learning per se.
But we ruled out this hypothesis in a previous study by showing that
swimming in the water maze without learning (yoked animals) or
training (aged impaired rats) by itself left neurogenesis unchanged
(8, 9). Thus, rapid hippocampal encoding of novel information for
rapid learning of a one-time experience is acting on the develop-
ment of dendrites of newborn neurons. Moreover, this rapid one-
trial learning is dependent on NMDARs, because animals that
received APV (or MK801) showed a specific impairment on the
second trial but could locate the new platform position within four
trials in the samemanner that controls animals did. In other words,
they couldbuild the cognitivemapof theenvironment anduse it, but
they were impaired in learning new information as fast as controls
did. Thus, it can be suggested that the increased complexity of the
dendritic arbor in newborn neurons reflects a process aimed at
rapidly elaborating an adaptative behavior.
Our results demonstrate that the blockade of NMDARs dis-

rupts learning-induced changes in neurogenesis by impairing the
homeostatic regulation of newborn cell numbers. Interestingly,
these treatments did not disrupt basal neurogenesis, a finding
consistent with some (35), but not all, previous studies (36, 37).
The discrepancy between these studies might be related to dif-
ferences in drug regimens, species, strains, and sex, all of which are
known to influenceneurogenesis (2, 38). The lack of effect onbasal
neurogenesis in the present study indicates specific impairment of
learning-driven activity mediated by NMDAR activity.

Onequestion that remains to beanswered is howglutamate acts on
new neurons, the survival of which is promoted by learning. NMDA
antagonists might act directly on newborn neurons. Although the
presenceofNMDARsondividing cells is controversial (19, 37), these
receptors have been shown to respond to changes in glutamate levels
(39). In vitro application of NMDA on hippocampal precursor cells
increased neuronal differentiation, whereas treatment with the
antagonist APV decreased neuronal differentiation. At a later de-
velopmental stage, adult-born neurons express NMDARs (19, 37)
and functional glutamatergic afferents that have been described to
occur in mice toward the end of the second week after birth (30, 31).
However, it has been recently shown that adult-born neuron matu-
ration and functional recruitment into the dentate network is faster in
rats compared with mice (38) and that glutamatergic afferents arrive
earlier in rats, when newborn neurons are 10 days old (40), a time
window consistent with our data. Thus, learning may accelerate the
maturationof adult-bornneuronsby inducingproneural genesand/or
byaccelerating thearrival of glutamatergic inputs and their functional
integration into the network, as has been described during epileptic
crises (32). Alternatively, NMDA antagonists could act indirectly on
preexisting dentate neurons. On the one hand, reduced glutamate
release from mature dentate glutamatergic neurons or other gluta-
matergic neurons impinging within the DG could be responsible for
the observed effects on adult-born neurons. On the other hand,
because GABAergic hilar interneurons are under glutamatergic
control (41), a reduction inGABAergic signaling could be involvedas
well. Indeed, adult-born neurons first receive depolarizing GABA
inputs that are known to promote thematuration of the new neurons
(30, 31, 42, 43). Further investigation is needed to elucidate the
mechanisms through which glutamate regulates learning-induced
changes in neurogenesis.
Our results illustrate environmental regulation of dendritic

development in the adult DG. To the best of our knowledge, very
few studies have examined the influence of spatial learning on
structural plasticity in this brain area. An increase in spine density
within the molecular layer (44) and a sprouting of the mossy fiber
sprouting within the CA3 subfield (45, 46) are consistent with the
effects reported here.
Given that the majority of synaptic input is received and inte-

grated by dendritic arbors, and that the size and structure of these
arbors determine their computational capabilities (47, 48), our
results suggest a strong link between the learning-dependent
dendritic structural plasticity of adult-born neurons and memory.
But adult-born neurons generated 1 week before spatial learning
are not involved in ongoing learning, suggesting that they do not
participate in memory encoding and consolidation (49). A recent
study demonstrated that young neurons are involved in memory
retrieval (50); however, how immature neurons that do not par-
ticipate in encoding and stabilizing amemory trace after the initial
acquisition can sustain memory retrieval remains unknown. Here
we hypothesize that, given that the effect of learning on the
sculpting of dendritic arbors lasts for several months, selected
adult-born neurons may be required for subsequent learning.
Inconclusion,our resultsdemonstrate that thedevelopmentof the

dendritic arborization—and its key receptive unit, the spines—of
adult-bornneurons is influencedby spatial learning and is dependent
on the cognitive load on the hippocampus. This postnatal specifi-
cation of networks by learning provides a potent modulator of
plasticity for the adult brain to adapt to incoming information.

Experimental Procedures
Animals.MaleSprague-Dawleyratswereindividuallyhousedandmaintainedona
12hon/12hoff light/darkcycle,andexperimentswerecarriedoutduringthe light
cycle. To label newly born cells, rats were injectedwith BrdU (1 × 100mg/kg i.p.).

Retrovirus-Mediated Labeling of New Neurons. The murine Moloney leukemia
virus–based retroviral vector CAG-GFP has been described in detail (14) and
is a gift from Drs. Gerald Pao and Inder Verma (Salk Institute).
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Lentivirus-Mediated Labeling of Neurons. The lentivirus-based lentiviral vector,
pTRIPΔU3-MND-Dsred2-WPRE (Dsred2-LV), was produced by transient transfec-
tionof293T cells according to standardprotocols (51) (SI Experimental Procedures).

Surgery. Rats were anesthetized with ketamine (60 mg/kg) and xylazine (7.5
mg/kg), and minipumps were implanted as described previously (15) (SI
Experimental Procedures).

Behavioral Procedures. Reference Memory (L-RM) Procedure. Rats were trained in
a water maze as described previously (8). In brief, animals were required to
locate the submerged platform in a fixed location using the spatial cues
available within the testing room. They were all tested in four trials per day
(90 s, with an intertrial interval of 30 s and beginning from three different
starting points that varied randomly each day). The time to reach the plat-
form was measured (Videotrack; Viewpoint).
Delay-Matching to Place (DMP) Procedure. The protocol was based on a previous
study (15). Animals were trained to escape onto a hiddenplatform, the position
of which was changed daily. Within a daily session, the platform’s position was
kept constant. The controlgroupwas composedofanimals thatwerekept in the
housing room for the duration of the entire experiment. The third DMP
experiment (CSF/MK801 animals) used the Atlantis platform. The platform’s

positionwas changed daily as previously, butwasmade available only after 60 s
on the first trial to keep the animals from finding the new position by chance.

Immunohistochemistry. Animals were perfused 1 day after the completion of
the behavioral procedure. Free-floating sections (50 μm) were processed in a
standard immunohistochemical procedure as described previously (8).

Statistical Analyses. All data (mean ± SEM) were analyzed by the Student t
test or by ANOVA followed by the Duncan test for individual group differ-
ences or the Fischer test for ANOVA with repeated measures.
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