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Abstract
A considerable number of new neurons are generated daily in the dentate gyrus (DG) of the adult
hippocampus, but only a subset of these survive, as many adult-generated neurons undergo
programmed cell death (PCD). However, the significance of PCD in the adult brain for the
functionality of DG circuits is not known. Here we examined the electrophysiological and
behavioral characteristics of Bax-KO mice in which PCD of post-mitotic neurons is prevented.
The continuous increase in DG cell numbers in Bax-KO mice, resulted in the readjustment of
afferent and efferent synaptic connections, represented by age-dependent reductions in the
dendritic arborization of DG neurons and in the synaptic contact ratio of mossy fibers (MF) with
CA3 dendritic spines. These neuroanatomical changes were associated with reductions in synaptic
transmission and reduced performance in a contextual fear memory task in 6-month old Bax-KO
mice. These results suggest that the elimination of excess DG neurons via Bax-dependent PCD in
the adult brain is required for the normal organization and function of the hippocampus.
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Introduction
The elimination of unnecessary neuronal connections is essential for the establishment and
maintenance of efficient synaptic function. Two major developmental strategies are
available for this process, programmed cell death (PCD) and synapse elimination (Buss et
al., 2006a). Neuronal PCD is involved in the optimal quantitative matching of neurons in a
population with available synaptic targets (systems-matching) (Hamburger and Oppenheim,
1982). PCD in this context is thought to be regulated by competition among innervating
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neurons for limited amounts of target-derived trophic signals (Buss et al., 2006a;
Oppenheim, 1991; Purves, 1988). From this perspective, it is surprising that despite the
complete prevention of PCD by deletion of the pro-apoptotic gene Bax, the structure and
function of the nervous system is reported to be relatively normal (Buss et al., 2006b; Sun et
al., 2004). This appears to be partly explained by the observation that many of the rescued
neurons in Bax-KO mice fail to maintain synaptic connections with their targets (Sun et al.,
2003) resulting in quantitative systems-matching that is comparable to control mice. Despite
the absence of PCD other compensatory mechanisms such as synapse elimination are able to
perform a systems-matching function indicating that PCD in this situation is not required.

Following the major period of developmental neurogenesis, a substantial number of new
neurons continue to be added to the dentate gyrus (DG) of the adult brain throughout life in
many species, including humans (Altman & Das, 1965; Caviness, 1973; Kaplan & Hinds,
1977; Eriksson et al., 1998). And similar to the situation during development, substantial
numbers (30–70%) of newly generated DG immature neurons in the adult brain undergo
PCD (Cameron & McKay, 2001; Dayer et al., 2003; Sun et al., 2004). The PCD of relatively
mature DG neurons has been reported in the rodent hippocampus (Dayer et al., 2003),
although the extent of this type of PCD and its significance as a cell renewal/turnover
process are issues still being debated (Gross, 2000; Wiskott et al., 2006; Ninkovic et al.,
2007). It has been proposed that adult neurogenesis and hippocampal function, including
learning and memory are closely related (Kempermann et al., 1997; Gould et al., 1999; van
Praag et al., 1999). For instance, prevention of adult neurogenesis by either irradiation or
selective elimination of adult-produced DG neurons by the use of an inducible genetic
strategy consistently impairs hippocampus-dependent associative learning (Saxe et al., 2006;
Imayoshi et al., 2008) and mutant animals with impaired adult neurogenesis also exhibit
alterations in hippocampus-related behaviors (Feng et al., 2001; Cao et al., 2004; Saxe et al.,
2006; Denis-Donini et al., 2008; Dupret et al., 2007; Zhang et al., 2008). Learning of
hippocampus-dependent tasks enhances the survival of adult generated neurons, suggesting
that PCD may be an essential regulatory step in the activity- or experience-related function
of adult neurogenesis. However, there are also contrasting results demonstrating the
dissociation of learning and adult neurogenesis, indicating that the precise relationship
between adult neurogenesis and learning remains to be elucidated (Leuner et al., 2004).

Recently we demonstrated that the PCD of adult-produced DG neurons is dependent on the
pro-apoptotic gene Bax, and that genetic elimination of Bax rescues virtually all adult-
produced DG neurons from death resulting in an age-dependent accumulation of DG
neurons (Sun et al., 2004). We have now extended these observations in the present study by
demonstrating that these Bax-KO-rescued, adult-produced DG neurons appear to maintain
synaptic contacts with afferent and efferent neurons, which perturbs systems-matching and
alters some aspects of normal hippocampal function.

Materials and Methods
Animals

Bax-KO mice were purchased from Jackson Lab (Bar harbor, ME). Mice were maintained
on a C57BL/6 background after being backcrossed for >10 generations with C57BL/6 mice.
Homozygous Bax-defiecient (Bax-KO) and WT littermate mice were generated from
matings between heterozygous males and females. Sibling animals were collected
individually and genotyped by PCR (Knudson et al., 1995). All experiments were carried
out in accordance with the regulations and approval of the Animal Care and Use Committee
of the Korea University.
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Electrophysiology
After cervical dislocation, mouse brains were removed quickly and chilled in ice-cold
oxygenated cutting buffer (175 mM sucrose, 20 mM NaCl, 3.5 mM KCl, 1.25 mM
NaH2PO4, 25.6 mM NaHCO3, 1.3 mM MgCl2, 10 mM D-(+)-glucose). Transverse
hippocampus slices (400 μm) were cut using a Vibratome. The slices were then transferred
to a recording chamber containing oxygenated artificial cerebrospinal fluid (ACSF; 120 mM
NaCl, 3.5 mM KCl, 1.25 mM NaH2PO4, 25.6 mM NaHCO3, 1.3 mM MgCl2, 10 mM D-(+)-
glucose, 2 mM CaCl2) and allowed to recover at RT for at least 30 min before recording
(Schmitz et al., 2003). During the recording, slices were maintained in a recording chamber
with a 3–4 ml/min perfusion rate. To record synaptic responses, a concentric tungsten
bipolar stimulating electrode (100 μm in diameter; Rhodes Medical Supply) was used for
stimulation and a high-resistance recording electrode (1- to 2-μm tip) filled with 0.9% NaCl
was used for field recording. Extracellular field potentials were amplified using a DP-301
amplifier (Warner Instrument Co., Hamden, CT) and the output was digitized with a
DIGIDATA 1322A interface (Molecular Devices, Union City, CA). The digitized signals
were stored and analyzed with a PC computer using pClamp 8 (Axon Instruments Inc.,
Foster City, CA). Electrophysiological recordings were carried out as follows:

Mossy fiber (MF) circuits—For MF LTP (as shown in the inset of Figure 5B), the field
potential recordings were obtained in the stratum lucidum of CA3 following stimulation of
the polymorph layer near the upper blade of DG. Input-output curves were plotted with
synaptic responses (field excitatory postsynapytic potential, fEPSP) against presynaptic fiber
volley amplitude. Pulses paired with varying interpulse intervals (40, 80, 120 and 240 ms)
were applied at a repetition rate of 0.0083Hz. Each data point is an average of two
measurements per slice. For the measurement of long term potentiation (LTP), synaptic
responses were elicited at 0.017 Hz. The stimulation intensity that produced a half-maximal
response (50–90 μA, 5–9 msec peak latency) was chosen for test pulse and tetanic
stimulation. Only those slices which produced a fEPSP of 0.4 mV or higher in amplitude
were included in the analysis. Baseline was then taken for 30 min, and MF LTP was induced
by 4 trains of 100 Hz for 1 sec with 30 sec intervals. The fEPSP was recorded for 60-min
periods. To confirm that fEPSPs were elicited by activation of monosynaptic fibers, 2 μM
DCG-IV (Tocris, Ellisville, MO), a metabotropic glutamate receptor agonist, was applied at
the end of the experiment as previously described (Schmitz et al., 2003). Results were
included only if the remaining responses were less than 20%. The same experimental
procedures were employed for all age groups of WT and Bax-KO mice.

Medial perforant pathway (mPP)—The field potential was recorded in the granule cell
layer of the DG following stimulation of the molecular layer. For LTP measurements,
synaptic responses were elicited at 0.017 Hz. The stimulationintensity that produced a half-
maximal response (30–60 μA, 6–9 msec peak latency) was chosen for test pulse and tetanic
stimulation. Only those slices which produced fEPSPs of 0.5 mV or higher in amplitude and
paired-pulse depression were included in the analysis. Baseline was then taken for 30 min,
followed by high frequency stimulation (HFS, 4 trains of 100 Hz for 1 sec with 30 sec
intervals) using the same intensity and pulse duration as the test stimuli and further testing
continued forat least 60 min. LTP induction rate was assessed as the mean of fEPSP
amplitude for the last 30 min. In some experiments, mPP LTP was induced in the presence
of picrotoxin in the bath solution (ACSF) which we refer to as picrotoxin-LTP. For
picrotoxin-LTP, picrotoxin (50 μM, Sigma, St. Louis, MO) was applied to the perfusate 30
min prior to the recording (Snyder et al., 2001; Saxe et al., 2006).
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Timm’s staining
Mice were perfused with fixative containing 0.1% NaS, 4% paraformaldehyde and 1%
glutaraldehyde in Tris-buffered saline (pH 7.4). Following frozen sectioning (40 μm),
sections were submerged in a dense solution of 60 parts of arabic gum (diluted 1:2 in
distillated water), 30 parts of hydroquinone (diluted 5.67 mg/100 ml in distillated water), 1
part silver nitrate (170 mg/ml indistillated water) and 9 parts citrate buffer (12.75 mg of
C6H8O7 and 11.75 mg of C6H5O7Na3 in 50 ml of distilled water, pH 4.0) for 1 hr (Ramirez-
Amaya et al., 2001). After mounting, the silver-stained region of the hippocampus was
measured in every 6th section spanning the entire hippocampus using Scion image software
(NIH) and the sum of the total measures was considered as an individual value. Similarly,
the area of the granule cell layer of the DG was obtained from adjacent sections after Nissl
staining.

Immunohistochemistry
For calretinin labeling, animals were perfused with 4% paraformaldehyde and the brains
were post-fixed in the same fixative for 24 hr. Brains were then cryoprotected in 30%
sucrose, sectioned serially (40 μm) and subsequent immunostaining was performed by the
free-floating method. For fluorescent-immunolabeling, anti-calretinin (Swant, Bellinzona,
Switzerland, 1:1,000); anti-NeuN (Calbiochem, La Jolla, CA, 1:10,000); anti-activated
caspase-3 (Cell signaling, Beverly, MA, 1:500) antibodies were applied overnight. After
several washes with PBS, appropriate secondary antibodies were applied for 30 min.
Subsequently, sections were washed, mounted and observed with a fluorescence or confocal
microscope (Zeiss LSM510, Goetingen, Germany).

For bromodeoxyuridine (BrdU) labeling, mice were injected once intraperitoneally with a
BrdU solution on P3 (50 μg/g body weight) after which the animals were killed 1-month
following the injection. To quantify the number of BrdU labeled cells, every 12th section
was pre-treated with 0.2 N HCl for 1 hr at 37°C. BrdU antibody (Roche Diagnostics,
Mannheim, Germany, 1:10,000) was applied overnight. After several washes with PBS, a
biotinylated horse anti-rat IgG (Vector Laboratories, Burlingame, CA, 1:500) secondary
antibody was used, and labeling was visualized by avidin–biotinylated horseradish
peroxidase complex Kit (ABC, Vector Laboratories, Burlingame, CA). Sections were
mounted on gelatin-coated glass slides and air-dried. All sections were finally dehydrated in
graded alcohols, cleared in xylene, and coverslipped with permount. After outlining of the
DG layer with 10X magnification using a Zeiss Axio imager.A1 microscope (Goettingen,
Germany), BrdU labeled cells in randomly selected areas (>20 area, 35×35 μm counting
frame, 25 μm dissector height) under 40X magnification were counted by a computerized
optical fractionator (Stereo Investigator software ver.7, mbf Bioscience, Williston, VT).

Golgi staining
Mice were anesthetized with an overdose of sodium pentobarbitol and perfused
intracardially with 4% paraformaldehyde in 0.1 M Millonig’s buffer. Tissue blocks (3 mm)
were quickly dissected and coronal slices of hippocampus were further fixed in the same
fixative overnight at 4°C. After washing with 0.1 N cacodylate buffer for 10 min, tissues
were placed in 2.25% potassium dichromate and 0.4% osmium tetroxide for 3 days at 16–
20° C in the dark. After a rinse with DW, tissues were further immersed in 0.75% AgNO3
solution for 3 days in the dark. When staining was completed, the tissues were dehydrated
and embedded in Epon-araldite mixture. The tissue blocks were serially sectioned in the
coronal plane at 100 microns. Granule cells (20 cells per animal, n=5) whose cell bodies
were localized in the granule cell layer (GCL) and that had continuous dendritic branches
were sampled from the upper blade of the DG (Greenough et al., 1999). A two dimensional
drawing of each neuron was traced using a camera-lucida microscope (Dialux 20EB, Leitz,
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Germany), and the number of spines per unit length (10 μm) of dendrites that were located
between 50–110 μm from the soma was counted. In addition, the number of dendritic
branches at 80–90 μm from the soma was obtained as a measure of dendritic arborization.
These data were plotted by cumulative frequency, and the statistical significance of the
difference distribution was evaluated by Chi-square analysis.

Electron Microscopy
Preparation for transmission electron microscopy was performed based on previously
published methods (Rhyu et al., 1999). Mice were anesthetized with sodium pentobarbital
(100 mg/kg) and perfused with 2% paraformaldehyde/2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4). Coronal sections of the brains (0.4 mm) were washed, post-fixed
in 2% osmium tetroxide for 2 hr, and en bloc stained with a uranyl acetate coloration
solution for 90 min. The samples were then dehydrated through an ascending series of
ethanol, propylene oxide, and embedded in Epon-Araldite mixture. Semi-thin sections cut in
the CA3 dendritic fields were identified using the light microscope. Thin sections (70 nm)
were made with a Reichert Ultracut, mounted on 200 mesh copper grids, stained with uranyl
acetate followed by lead citrate. Electron micrographs were obtained using a Hitachi H-7500
(Hitachi, Tokyo, Japan) at the accelerating voltage of 80 kV. In each animal, approximately
60–70 images (20,000 x) were taken of proximal dendritic regions of CA3 pyramidal cells
located in the upper border of the stratum pyramidale. The number of MF boutons, the size
of MF boutons, and the ratio of synaptic contacts were determined from each single electron
microscopy image, and the mean value from each animal was obtained. Because we did not
obtain the MF volume from a 3-demensional reconstruction, the measurements represent
only relative values for comparison. Only MF boutons with densely packed vesicles and
dendritic spines with clear postsynaptic densities were included in the structural analyses. In
addition, the number of spines on a single MF bouton and the size of individual MF boutons
were obtained using Scion image Beta 4.02 (Scion Corp; Fredrick, MD).

Fear Conditioning
A Plexiglas shock chamber (24×24×24 cm) with a stainless-steel rod floor was used for
training. Mice were placed in the chamber and allowed to habituate for 10 min and received
5 consecutive tone-conditioned stimuli (CS: 30 sec, 80 dB tone). Although pre-exposure to
the CS is not essential for associative learning, this procedure is known to reduce
unnecessary fear response to the (novel) conditioning context (Debiec et al., 2006; Doyère et
al., 2007). On the next day, the unconditioned stimulus (US: 0.5 mA, 2 sec, scrambled
footshock) was applied during the last 2 sec of the CS. Mice were given 2, 5, or 10 pairings
to obtain ≥70% freezing behavior with 60±10 sec intertrial interval. After another 30 sec,
the mice were returned to their home cage. Two hours after fear conditioning, mice were
placed in the conditioning chamber without the CS for a period of 3 min for assessing
contextual memory. The next day, the contextual memory test was performed using the
same set of animals. In a pilot study, we found that possible extinction by the successive
exposure of the animals did not substantially modify the results (data not shown). Three hr
after the last 24-hr context fear test, mice were placed in a novel chamber for 2 min, and the
CS tone was applied 3 times for assessing cued memory. Finally, 3 hr later mice were re-
exposed to the conditioned chamber with CS tone for 2 min (cued+context test). Freezing
responses were scored by the use of an automated system (SmartEye, ver.1.0).

Statistical analysis
Statistically significance differences between groups was evaluated by 2-tailed (α=0.05)
one-way ANOVA (for the area measurements of the mossy fiber and of the granule cell
layer of DG and PPF), with Scheffe’s multiple comparison; Chi-square tests (for MF:CA3
synapses, MF bouton size frequency-fractionation and Golgi analysis); and independent
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sample t-tests were also employed (other experiments). All the analyses were carried out
with SPSS software (SPSS, Inc, Chicago, IL), and all values are given as mean ± SEM.

Results
Comparison of PCD in developmentally vs. adult produced hippocampal neurons

Previously we reported that the number of DG cells in wildtype (WT) and Bax-KO mice
was similar in 2-month old animals but markedly increased in >6-month old animals,
suggesting that the Bax-dependent PCD of DG neurons is critical in the adult brain vs.
during early postnatal stages (Sun et al., 2004). Supporting this idea, we found that the
extent of neuronal PCD in the E18-P15 WT DG is relatively low compared to the
considerably greater cell death in the DG of 1–4 month-old WT mice (Fig. 1A–E). The
extent of PCD was reduced between 6–12 months, which is consistent with the reported age-
related reduction of neurogenesis (Kuhn et al., 1996; Ben Abdallah et al., 2008). Next, we
labeled newly born neurons by a single BrdU injection on P3 and following a 1-month
survival period, quantified the number of surviving BrdU-labeled neurons in the WT and
Bax-KO DG (Fig. 1F–H). Because some cells exhibited a punctate pattern of BrdU-labeling,
we separately counted both the dark BrdU-labeled cells and light (punctate) BrdU-labeled
cells. In these comparisons, we found that the numbers of both dark and light BrdU-labeled,
developmentally produced neurons were similar in WT and Bax-KO DG. Although sample
size is relatively small, the low variance supports our interpretation that at these ages the
PCD of new-born neurons is relatively low and that the number of BrdU+ cells is similar in
WT and Bax KO. This is in contrast to the substantially increased number of BrdU-labeled
cells in Bax-KO mice (>3-fold increase compared to WT littermates) 1-month after a single
BrdU injection in 2-month-old animals (Sun et al., 2004). Collectively, these results suggest
that the PCD of developmentally produced DG neurons is relatively low, resulting in only a
minor increase of DG neurons in young (1–2 month old) Bax-KO mice. Based on these
observations we next examined the histological, electrophysiological, and behavioral
characteristics of adult (6-month old) Bax-KO mice.

The morphological alteration of DG related circuits in Bax-KO mice
Because DG neuron number is selectively increased in adult vs. young Bax-KO mice, we
examined whether a numerical imbalance of efferent vs. afferent neurons occurred in the
adult Bax-KO hippocampus that affected synaptic connectivity. A subset of entorhinal
cortex (EC) neurons in layer II project their axons to the outer two-thirds of the molecular
layer (OML) of the DG. The gross morphology of the ECappeared normal and was
indistinguishable between 2–12 month old WT vs. Bax-KO mice (Fig. 2A, B). We next
asked whether the dendritic area of DG neurons is modified by the presence of increased cell
numbers in the Bax-KO by comparing the thickness of the GCL, OML and the inner
molecular layer (IML) of the DG (Fig. 2C, D). The IML was visualized by calretinin
labeling, which specifically recognizes the presynaptic nerve terminals of the contralateral
hilar neurons in the IML (Liu et al., 1996; Fujise et al., 1998). Although there was a
considerable increase in the thickness of GCL in 6 month-old Bax-KO mice, the OML and
IML appeared to be normal, suggesting that there is not a proportional increase in synaptic
density in response to the increase in DG cell number. Consistent with this, electron
microscopic observations of the OML did not reveal any noticeable alterations in the density
or morphology of afferent synapses in 2 and 6 month-old Bax-KO mice (Fig. 2E–H). Next,
we explored the morphology of dendrites and dendritic spines of DG neurons following
Golgi staining. The mean density of dendritic spines in WT and Bax-KO DG neurons was
similar (Fig. 2I–K), and there was no significance difference in the frequency distribution of
spine density per neuron between the two groups (Fig. 2K, χ2=26.1, df=18, p=0.098).
However, we observed a slight increase in the frequency of DG neurons with thin dendrites
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and fewer spines in Bax-KO mice (Fig. 2K, shaded area), which is likely due to the excess
numbers of immature neurons and/or compensatory adjustment of synaptic number in Bax-
KO mice. Interestingly, we observed that dendritic branch number was reduced in Bax-KO
DG neurons compared to WT littermates, based on a Chi-square analysis (Fig. 2L-N,
χ2=18.9, df=6, p=0.004). Collectively, these results suggest that the number of afferent
synaptic inputs to each Bax-KO DG neuron is diminished due to a compensatory reduction
of dendritic arborization and/or synaptic compensation in the face of the relatively constant
amount of innervation from the EC compared to the increased numbers of DG neurons.

Next, we examined the morphology of DG efferent synapses in Bax-KO mice. Mossy fiber
(MF) axons were revealed by Timm’s staining and the volume of MF axons in WT and Bax-
KO mice was measured. Compared to WT littermates and 2-month old Bax-KO mice, the
overall volumes of Timm’s-stained MF axons and the GCL of the DG were proportionally
increased in 6-month old Bax-KO mice, suggesting that most DG neurons, including Bax-
KO-rescued neurons, may project MF axons (Fig. 3A, n=4, MF: F(3,12)=19.26, P=0.00007,
GCL: F(3,12)=22.93, P=0.00003). Ultrastructural analyses revealed several alterations in the
MF synapses of 6-month old Bax-KO mice. Compared to WT littermates and 2-month old
Bax-KO mice (Fig. 3C–D, n=5 in WT; n=4 in 2-month old Bax-KO), the cross-sectional
area of MF boutons was greatly reduced (Fig. 3H, t(7)=2.59, p=0.004), whereas the area
density of MF boutons was increased in 6-month old Bax-KO mice (Fig. 3D). However,
there appeared to be similar numbers of CA3 spines in WT and 6-month old Bax-KO mice
(Fig. 3D, n=4 in WT; n=5 in KO), and quantification of MFs and CA3 spines confirmed this
observation (Fig. 3D). Thus, the ratio of MF:CA3 spines was significantly reduced in 6-
month old Bax-KO mice (mean±SEM: WT, 3.5±0.19; Bax-KO, 1.84±0.11, t(7)=8.14,
p<0.00001). In a frequency-fractionation analysis, the synaptic ratio in WT mice exhibited
peaks at fractions 1:3 and 1:4, whereas in 6-month old Bax-KO mice the synaptic ratios
were 1:1 (Fig. 3F, χ2=190.52, df=47, p<0.0001). By contrast, MF synapses of 2-month old
Bax-KO mice appeared normal (Fig. 3B, C, E, G), and the apparent slight reduction in
synaptic ratio at this age did not reach a statistically significant value (Fig. 3E, χ2=16.81,
df=12, p=0.157).

In summary, it appears that there are adaptive readjustments of the innervation and/or
synaptic ratio in the afferent and efferent Bax-KO DG circuits, owing to the progressive
accumulation of DG neurons that would have been normally eliminated by Bax-dependent
PCD.

Impairment of synaptic efficacy of DG related circuits in 6-month old Bax-KO mice
To assess whether inhibition of PCD influences the synaptic properties of DG connections,
we examined the electrophysiological characteristics of both the afferent (mPP) and efferent
(MF) pathways to the DG in brain slices. First, we examined the electrophysiological
properties of the afferent mPP circuit in the absence or presence of a gamma-aminobutyric
acid (GABA) inhibitor, picrotoxin (50 μM). Because mature DG neurons are strongly
inhibited by GABA in the mPP pathway, mature neurons contribute little to LTP induction
in artificial cerebrospinal fluid (ASCF) (Snyder et al., 2001). Therefore, the small LTP
induction in the ACSF condition is mainly attributable to immature neurons which lack
GABAergic inhibition. However, picrotoxin treatment can induce strong LTP which is
primarily mediated by mature DG neurons. Neither the absence nor presence of picrotoxin
resulted in significant modifications of the input-output (I-O) relationships (data not shown)
in either 2-month or 6-month old Bax-KO mice compared to WT littermates, suggesting that
basic neurotransmission is not affected in Bax-KO mice. In addition, low but substantial
LTP induction was similarly observed in both 2-month and 6-month Bax-KO mice in the
absence of picrotoxin (Fig. 4A, B). In the presence of picrotoxin, however, 6-month-old
Bax-KO mice did not exhibit picrotoxin-promoted LTP induction (Fig. 4D, n=6, 8 slices in
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WT; n=11, 18 slices in KO; t(24)=2.915, p=0.0076), whereas 2-month old WT and Bax-KO
and 6-month old WT mice exhibited marked picrotoxin LTP induction (Fig. 4C, up to
180%). Because picrotoxin-promoted LTP induction is mediated by mature DG neurons,
these data indicate that mature DG circuits are impaired in 6-month old Bax-KO mice,
whereas immature DG circuits maintain normal electrophysiological properties. Because
other circuits such as the lateral perforant-CA3 and Schaffer collateral pathways in 6-month
old Bax-KO hippocampal slices appeared virtually normal (Supplementary materials, Fig.
S1), it seems likely that circuit modification is related to the age-dependent accumulation of
DG neurons in Bax-KO mice.

In the MF circuit analysis, 6-month old Bax-KO mice exhibited a significantly diminished
amplitude of the field excitatory postsynaptic potential (fEPSP) responses in an I-O
relationship analyses, compared to WT (Fig. 5B, n=5, 5 slices in WT; n=6, 7 slices in KO),
whereas 2-month old Bax-KO mice exhibited normal I-O responses (Fig. 5A, n=6, 6 slices
in WT; n=5, 5 slices in KO). Furthremore, there was an apparent age-dependent impairment
of presynaptic plasticity in Bax-KO mice. We examined paired pulse facilitation (PPF),
which occurs when two stimuli are delivered to synapses in rapid succession, resulting in
facilitation of the synaptic responses to the second stimulus. Because PPF is a measure of
presynaptic function and short-term plasticity (Hessler et al., 1993), we used this to evaluate
the presynaptic level of short-term plasticity in Bax-KO mice. Slices from 2-month old WT
and Bax-KO mice exhibited similar facilitation at intervals from 40 to 240 msec (Fig. 5C,
n=6, 8 slices in WT; n=6, 8 slices in KO), whereas 6-month old Bax-KO mice exhibited
significantly less PPF than WT littermates at all intervals (Fig. 5D, n=5, 6 slices in WT; n=8,
11 slices in KO); PPF responses of 6 month-old Bax-KO mice were significantly decreased
compared to both 6-month WT and 2-month old mice through all intervals using ANOVA
with Shaffe’s multiple comparison (40 msec: F(3,29)=10.85, P=0.009; 80 msec: F(3,29)=8.52,
P=0.015; 120 msec: F(3,29)=10.61, P=0.011; 240 msec: F(3,29)=10.69, P=0.003). We also
observed a reduced induction of long-term potentiation (LTP) in 6-month old Bax-KO mice.
Following a high frequency stimulus (HFS, 4-trains of 100 Hz for 1 sec with 30 sec
intervals) hippocampal slices from 6-month old Bax-KO mice exhibited greatly reduced
LTP responses compared to WT (Fig. 5F, n=5, 8 slices in WT; n=8, 8 slices in KO;
t(14)=4.378, p=0.001). However, in 2-month old Bax-KO hippocampal slices, we obtained
LTP responses that were similar to WT littermates (Fig. 5E, n=6, 7 slices in WT; n=7, 9
slices in KO).

Reduced contextual fear learning in Bax-KO mice
We next asked whether the 6-month old Bax-KO mice also exhibited cognitive deficits in
addition to the histological and electrophysiological impairment of DG circuits. In a
behavioral screening of basic sensory, motor, and cognitive tasks, 6-month old Bax-KO
mice exhibited normal sensory and motor functions in the visual cliff test, odor sensitivity
test, rotarod test, and pre-pulse inhibition (own unpublished data). We have also examined
the spatial learning ability of 6-month old Bax-KO mice using a radial arm maze, and we
observed that 6-month old Bax-KO mice and WT littermates exhibited a similar ability to
learn, suggesting that normal spatial memory is preserved in the absence of PCD
(Supplementary data, Fig. S2C). In addition, object recognition, which is also considered to
be hippocampus-dependent (Broadbent et al., 2004), was normal in the 6-month old Bax-KO
(Supplementary data, Fig. S2C). Taken together, these results indicate that a subset of
hippocampus-related explicit memory tasks was unaffected in 6-month old Bax-KO mice
despite the histological and electrophysiological modifications described above.

By contrast, we found that fear conditioning was impaired in 6-month old Bax-KO mice.
Following 2, 5, or 10 consecutive conditioning trials, 6-month old WT littermates exhibited
a strong freezing response (80% of sessions) in the 2 hr-retention test for contextual fear
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memory. However, 6-month old Bax-KO mice exhibited significantly reduced freezing
responses following 2-parings for conditioning, although 5- or 10-parings yielded a similar
level of freezing behavior in 6-month old WT and Bax-KO mice, suggesting that more
extensive repetition of conditioning is required for efficient memory retention in 6-month
old Bax-KO mice (Fig. 6A left graph, 2-paired: t(12)=7.082, p=0.00001, 5-paired: t(15)=0.77,
p=0.45, 10-paired: t(10)=0.658, p=0.526). In a 24 hr-retention test, the freezing rate of 6-
month old Bax-KO mice was also significantly reduced compared to WT littermates in the
2- and 5-parings groups. However 6-month old WT and Bax-KO mice exhibited a similar
degree of freezing responses following 10-parings (Fig. 6A right graph, 2-paired:
t(12)=6.273, p=0.00004, 5-paired: t(15)=4.175, p=0.032, 10-paired: t(10)=0.896, p=0.391). It
is unlikely that reduced fear conditioning performance in 6-month old Bax-KO mice is
related to alterations in other aspects of hippocampal-related behaviors such as
hyperactivity, because we observed that 5–14-month old Bax-KO mice exhibited a marked
impairment in a passive avoidance test which measures associative learning that is relatively
unaffected by hyperactivity (Supplementary Fig. S2A).

Interestingly, when the tone (CS) was presented in either the new (cued test) or conditioned
(cued+context test) chamber, 6-month old Bax-KO mice exhibited a normal amount of
freezing responses (Fig. 6B), suggesting that amygdala-dependent fear memory remains
intact in the absence of PCD and that intact cued memory formation in Bax-KO mice can
over-ride the deficits in context memory retention. In addition, because there was no
difference in the 2-hr and 24-hr retention test for contextual fear memory following 5-
parings in 2-month old Bax-KO vs. WT mice, the impairment of fear memory retention in
Bax-KO mice is age- and hippocampus-dependent (Fig. 6C), and thus likely related to the
selective increased accumulation of Bax-KO rescued neurons in 6-month old animals.

Discussion
Several lines of evidence have suggested the importance of PCD during adult hippocampal
neurogenesis. For instance, we observed a relatively low amount of PCD in the developing
mouse DG, which is in consistent with reports from the rat (Janowsky & Finlay, 1983;
Ferrer et al., 1990). Although other studies report a more substantial PCD of developing DG
neurons in the rat (Gould et al., 1991), these discrepancies are likely to be attributable to the
species used (mouse vs. rat) and/or experimental methods for detecting PCD (pyknosis vs.
caspase-3). By contrast, a substantially large number (30–70% loss) of newly produced
neurons undergo PCD in the adult DG under the standard laboratory housing conditions
used here (Cameron & McKay, 2001; Dayer et al., 2003; Sun et al., 2004). Therefore, it has
been reported that the developmentally produced neurons numerically dominate the DG
population in adulthood (Lagace et al., 2007; Muramatsu et al., 2007; Ninkovic et al., 2007;
Imayoshi et al., 2008). Furthermore, the extent of PCD following adult neurogenesis appears
to be regulated by neuronal activity/experience. Hippocampal learning, environmental
enrichment, or LTP all substantially reduce the PCD of newly produced neurons
(Kempermann et al., 1997; Gould et al., 1999; Bruel-Jungerman et al., 2006). Conversely,
environmental deprivation or stress enhances the extent of PCD, suggesting that the
regulation of PCD is an essential means for regulating the final number of adult produced
neurons. In this study, we found that the prevention of PCD in the adult DG leads to
compensatory readjustments of synaptic connections, which impair electrophysiological and
behavioral aspects of hippocampal function, providing direct evidence that the elimination
of neurons is necessary for the maintenance of optimal neuronal function in the adult brain
(Fig. 7). Based on our observations, we propose that the elimination of excess neurons by
PCD in the adult brain is necessary for optimal systems-matching of mature hippocampal
circuits. Our current results also caution that therapeutic over-production or introduction of
new neurons in the adult brain may not always produce beneficial effects on brain function.
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Impairment of DG related circuits in the absence of PCD in the adult brain
We found that the increase in the number of DG neurons following the prevention of PCD
(Sun et al., 2004) is associated with corresponding alterations of synaptic or innervation
ratios. For instance, the volume of the MF layer was proportionally increased as a function
of the volume of the DG layer, and the area density of MF presynaptic terminals was also
increased. However, the area density of CA3 postsynaptic spines was not proportionally
increased in 6-month old Bax-KO mice, and the MF:CA3 contact ratio was accordingly
reduced. Considering that 2-month old Bax-KO mice have a substantially higher MF:CA3
ratio compared to 6-month old Bax-KO mice, it appears that the reorganization of the
synaptic ratio is related to the increased number of Bax-KO DG neurons. However, because
our experimental approach did not quantify the absolute number of synapses, we cannot
completely rule out the possibility that the alteration of synaptic ratio may be independent of
the actual increase in the number of presynaptic boutons. A reorganization of synaptic
partnership in the afferent mPP was also observed in the Bax-KO mice, suggesting that both
efferent and afferent DG circuits were modified in response to the age-dependent increase in
DG neuronal numbers.

An important issue related to these observations is whether the synaptic impairment
following the elimination of PCD of newly produced neurons is related to the function of
newly produced immature circuits or by the impairment of already established, mature
synaptic circuits. This issue was addressed using electrophysiological criteria since it is
known that newly generated DG neurons are more efficient in LTP (Wang et al., 2000;
Snyder et al., 2001) and that immature DG neurons lack GABAergic inhibition, whereas
mature DG neurons are strongly inhibited by GABA (Snyder et al., 2001; Esposito et al.,
2005; Tozuka et al., 2005; Tashiro et al., 2006). Therefore, mPP LTP induction in
hippocampal slices in the ACSF condition is mainly mediated by immature neuronal
circuits, whereas picrotoxin promotes robust LTP induction mediated by mature neuronal
circuits. We found that 6-month old Bax-KO mice exhibited an impairment of mPP LTP
induction following picrotoxin treatment, whereas this difference was not seen in the ASCF
condition, indicating that the impairment observed in the Bax-KO mPP-DG circuit is mainly
attributable to an impairment of mature DG neurons vs. the accumulation of immature
neurons. We previously observed that mature Bax-KO DG neurons progressively reduce
their calbindin (CB) expression (Sun et al., 2004). Because the expression of CB is regulated
by perturbations of neuronal activity such as seizures and epilepsy (Hwang et al., 2004),
these results are consistent with our observation that mature DG neuronal activity is
impaired in 6-month old Bax-KO mice. Furthermore, because CB regulates neuronal
plasticity via the modulation of peak levels and duration of activity-dependent calcium
increases (Baimbridge et al., 1992; Chard et al., 1995), the reduction of CB expression in
Bax-KO DG neurons may also affect the efficacy and plasticity of DG circuits. Because
surviving adult-produced neurons that are older than 3–4 weeks also contribute to mature
DG circuits, we reasoned that the involvement of differentiation-defective, adult-produced
neurons may cause the functional impairment of mature DG circuits. On the other hand,
Bax-KO mice did not exhibit altered mPP LTP induction in the ACSF condition, suggesting
that immature DG neuronal circuits are relatively intact. Considering that Bax-KO mice
have substantially increased numbers of immature DG neurons compared to WT littermates
(Sun et al., 2004), there are likely compensatory mechanisms that regulate the function of
immature DG neurons, and we are currently exploring this issue.

We also found a severe impairment of MF synaptic transmission in Bax-KO mice. In the 6-
month old Bax-KO MF, the reduced slope of the I-O curve suggests that the same electrical
input to Bax-KO MF may produce a smaller output compared to WT littermates. The
reduced MF vs. CA3 spine contact numbers appears to influence MF synaptic efficacy, in
that the stimulation of a given number of presynaptic fibers may result in a reduction of
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postsynaptic CA3 neuronal responses in 6-month old Bax-KO mice (Figure 7). In addition,
we found that 6-month old Bax-KO mice exhibited significantly reduced short-term
presynaptic plasticity and a greatly reduced ability to produce MF LTP. Because MF LTP is
largely mediated by a presynaptic mechanism (Nicoll and Malenka, 1995), reduced synaptic
transmission efficacy and reduced presynaptic plasticity appear to contribute to the
impairment of MF LTP induction. In contrast to the marked impairment of 6-month old
Bax-KO DG circuits, 2-month old DG circuits and 6-month old lateral perforant pathway-
CA3 circuits and Schaffer/Collateral pathways were all spared in Bax-KO mice. This
indicates that neither cell-autonomous alterations owing to the absence of Bax protein nor
changes in developmental events (e.g. developmental PCD of neurons) appear to be
critically involved in the impairment of the DG connections we observed.

Bax-KO mice exhibit a subset of normal hippocampus-dependent behaviors
Our results demonstrate that the prevention of PCD results in the reduced efficacy of a
subset of hippocampus-related memory acquisition and consolidation events, suggesting that
PCD in the adult brain may be required for the maintenance of efficient memory processes.
Supporting our observation, it has also been reported that transgenic mice overexpressing
Bcl-2 in the nervous system exhibited deficits in fear-related allocentric navigation ability as
well as an apparent increase in DG cell number (Rondi-Reig et al., 2001; Kuhn et al., 2005).
Adult neurogenesis has been proposed as a means to enhance the behavioral adaptability of
animals (Cecchi et al., 2001). Supporting this idea, it has recently been demonstrated that the
prevention of DG neurogenesis impairs contextual fear conditioning (Saxe et al., 2006),
which is similar to our results following the suppression of PCD in Bax-KO mice. However,
these two conditions impair different DG circuits (i.e. the impairment of immature circuits
after the prevention of neurogenesis vs. the impairment of mature circuits after the
prevention of PCD), and together these results suggest that both immature and mature DG
neurons are normally required for contextual fear conditioning. Alternatively, it is also
possible that an optimal number of DG neurons, regardless of their birthdates may be
important for normal function in the hippocampus.

In contrast to the substantial impairment of fear conditioning behavior, other hippocampus-
related behaviors such as spatial learning and novel object recognition, were relatively
spared in Bax-KO mice. Similar to the Bax-KO mice, the conditional knock-out of the N-
methyl-D-aspartate, NMDA receptor subunits in CA3 or DG neurons fails to modify basal
spatial learning ability in a water-maze paradigm (Nakazawa et al., 2002; McHugh et al.,
2007), suggesting that the DG circuits may be less closely related to spatial learning.
Neurogenesis is apparently not affected by the performance of specific spatial learning tasks
in the rat (van Praag et al., 1999; Merrill et al., 2003), and suppression of hippocampal
neurogenesis does not alter spatial memory (Saxe et al., 2006). However, the suppression of
adult hippocampal neurogenesis modifies spatial working memory (Saxe et al., 2006),
indicating that neurogenesis and likely PCD as well may impact rather specific aspects of
spatial learning ability (Rondi-Reig et al., 2001). Recently, it has been reported that
treatment with a caspase inhibitor to reduce PCD in the adult brain perturbed spatial learning
in the rat (Dupret et al., 2007). Because the transient blockade of PCD by caspase inhibition
may primarily impact immature DG circuits (Dupret et al., 2007), this observation supports
the idea that the Bax-KO phenotype observed in the current study may reflect the role of
mature DG circuits. Alternatively, it is possible that the results from Dupret et al are related
to the reported apoptosis-independent function of caspases on synapses and synaptic
plasticity (Gulyaeva et al., 2003; Lu et al., 2006). However, we also cannot completely
exclude the possibility that the modification of PCD in other brain circuits in Bax-KO mice
may compensate for a loss of DG-mediated spatial learning ability.
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An indispensable role for PCD in the elimination of excess connections in the adult brain
Competition among embryonic neurons is a mechanism regulating the initial formation and
quantitative refinement of neuronal connections during development (the neurotrophic
hypothesis) (Kintner, 2002). Recent evidence indicates that competition among adult
produced neurons is also crucial for their survival (Tashiro et al., 2006), suggesting that
PCD of adult produced neurons may recapitulate the developmental process of systems-
matching. Compared to the embryonic situation, however, mature neurons in the adult brain
comprise the major neuronal circuits and thus adult-generated immature neurons may
compete with these mature neurons for survival and/or synaptic contacts. During
competition among neurons that are at different stages of differentiation, it appears that
adult-produced immature DG neurons are able to innervate CA3 dendritic spines which
would have originally made MF synapses with mature DG neurons. For example, it has been
recently demonstrated that the dendritic spines on newborn DG neurons are capable of
making contact with pre-existing presynaptic boutons (Toni et al., 2007). Therefore, there
may be a competition/interaction between mature vs. immature neurons for establishing
synaptic contacts, and the survival of excess DG neurons in Bax-KO mice may perturb this
competition. In this respect, our present results are in sharp contrast to the phenotype
observed in some other neuronal populations which are rescued from developmental PCD in
Bax-KO mice. Previously we demonstrated that most excess motoneurons rescued from
PCD in Bax-KO mice are not able to maintain neuromuscular connections and thus are
excluded from functional neural circuits (Sun et al., 2003). Therefore, Bax-KO mice exhibit
relatively normal neuromuscular function (Buss et al., 2006b; Buss et al., 2006a), suggesting
that in this case elimination or prevention of excess synaptic connections from rescued
neurons may compensate for increased neuronal survival in the absence of PCD. However,
as shown here excess adult produced DG neurons in Bax-KO mice appear to form and
maintain synaptic connections. In this respect, PCD of adult-generated neurons in the brain
may be more indispensable for systems-matching than PCD occurring during early
development.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DG dentate gyrus

PCD programmed cell death

MF mossy fiber

BrdU bromodeoxyuridine

WT wildtype

Bax-KO Bax-deficient

ASCF artificial cerebrospinal fluid

fEPSP field excitatory postsynaptic potential
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LTP long term potentiation

PPF post synaptic facilitation

mPP medial perforant pathway

GCL granule cell layer

CS conditioned stimuli

US unconditioned stimuli

EC enthorhinal cortex

OML outer molecular layer

IML inner molecular layer

GABA γ-aminobutyric acid

HFS high frequency stimulation

CB calbindin
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Fig. 1.
The PCD of developmentally produced DG neurons in WT and Bax-KO mice. A–B:
Activated caspase-3 (green) in P3 (A, B), P10 (C), and P30 (D) WT (A,C,D) and Bax-KO
(B) mice. Nuclei were counter-stained with Hoechst33342 (blue). White arrows indicate
activated caspase3-labeled cells in the DG. Yellow arrowheads indicate activated caspase3-
labeled cells in the paraventricular region surrounding hippocampal formation. Scale
bar=100 μm E: Quantification of activated caspase-3-labeled cells in the WT DG. Note that
activated caspase3-labeled dying cells are substantially increased after the major
developmental neurogenic period (filled bars). Data=mean± s.e.m. The number of animals
used in each group is shown over each bar. F–G: Survival (1-month) of P3-born BrdU-
labeled cells in WT (F) and Bax-KO mice (G) DG. Animals received BrdU (50 mg/kg) on
P3, and total number of BrdU-labeled cells in the DG was assessed 1 month later. Dashed
lines indicate the borders of the GCL. Note that many neurons exhibited punctate-like
nuclear BrdU-labeling, owing to the dilution of BrdU during additional rounds of cell
division. H: Quantification of BrdU-labeled cells in the DG. We separately quantified dark-
labeled, and punctate/light-labeled BrdU-positive nuclei within the GCL. Typical examples
of each category are shown at the top of the graph. Data=mean± s.e.m., n=3.
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Fig. 2.
Histological analyses of DG afferents and DG neurons in 6-month old mice. A–B: Gross
morphology of WT (A) and the Bax-KO (B) entorhinal cortex. NeuN (red) and Calretinin
(green, a marker for the subset of interneurons) double labeling to visualize general
morphology. Nuclei were counterstained with Hoechst33342 (blue). C–D: NeuN- and
Calretinin-labeled DG areas in WT (C) and Bax-KO (D) mice. Periventricular-molecular
layer border and stratum lacunosum moleculare (Slm) are marked by dotted lines,
respectively. Sr, stratum radiatum; OML, outer molecular layer; IML, inner molecular layer;
DG, dentate gyrus. E–H: Electron microscopic images of mPP:DG synapses in the 2-month
(2 M, E, F) and 6-month (6 M, G, H) old WT (E, G) and Bax-KO (F, H) mice. Presynaptic
boutons are labeled as mPP, and postsynaptic density (PSD)-containing DG spines are
labeled as S. I-J: Golgi stained dendritic morphology of WT (I, I′), and Bax-KO (J, J′) DG
neurons. K: Cumulative frequency of dendritic spine density per neuron (left) and mean
values (right bar graph). A total of 100 neurons from 5 different mice (20 cells/mouse) in
each group were included for analyses. The frequency of the Bax-KO DG neurons with thin
dendrites and reduced spines (J′) is slightly increased (gray shaded area). L–M: A camera
lucida drawing of dendritic arborization in WT (L) and Bax-KO (M) DG neurons. N:
Cumulative frequency of dendritic branch numbers per neuron. A total of 100 neurons from
5 different mice (20 cells/mouse) in each group were included for analyses (*p<0.05, t-test).
Scale bar= 100 μm in B, D, 1 μm in E, 10 μm in J′, 20 μm in L.
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Fig. 3.
Histological analyses of MF connections. A: Timm’s staining revealed MF labeling in 2-
month old and 6-month old WT and Bax-KO mice. Scale bar = 300 μm. Quantification of
the MF and granule cell layer of DG areas (n=4, *p<0.05, t-test) is presented in the graph
(bottom). B: Electron microscopic images of MF:CA3 synapses in 2-month old and 6-month
old mice. MF boutons are labeled as MF, and postsynaptic density (PSD)-containing CA3
spines are labeled as S. Scale bar=1 μm. C–D: Density of spines and MF boutons in 2-
month old (C, n=5 in WT, n=4 in KO) and 6-month old (D, n=4 in WT, n=5 in KO) groups.
MFs contacting dendritic spines containing a PSD were included in the counts (*p<0.05, t-
test). E–H: Frequency-fractionation analyses of the MF:CA3 ratio in 2-month old (E) and 6-
month old (F) mice. Frequency-fractionation analyses of the size of MF boutons in the 2-
month (G) and 6-month old groups (H). Data are expressed as mean±s.e.m.
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Fig. 4.
Electrophysiological properties of the mPP in Bax-KO hippocampus. A, B: Time-course
changes in fEPSP amplitude following high-frequency stimulation (4 trains, 100 Hz for 1
sec) in 2-month old (A, n=4, 5 slices in WT, n=5, 5 slices in KO), and 6-month old (B, n=3,
3 slices in WT, n=3, 3 slices in KO) groups in the ACSF condition. The small diagram in B
shows the sites of stimulation (black arrow head) and recording (white arrow head). C, D:
LTP profiles in 2-month old (C, n=5, 7 slices in WT, n=8, 11 slices in KO) and 6-month old
(D, n=6, 8 slices in WT, n=11, 18 slices in KO) groups in the presence of picrotoxin (50
μM), a GABA blocker. Representative recordings at times 0 and 60 min are shown in the
inset. All LTP profiles are expressed as mean±s.e.m of average values of a 3-min block.
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Fig. 5.
Electrophysiological properties of MF in Bax-KO hippocampus. A, B: Input-output
relationship of the amplitude of fEPSP in 2-month old Bax-KO mice (A, n=6, 6 slices in
WT, n=5, 5 slices in KO), and in 6-month old Bax-KO mice (B, n=5, 5 slices in WT, n=6, 7
slices in KO) followed by gradually increased intensity of the MF stimulus. The small
diagram in B shows the sites of stimulation (black arrow head) and recording (white arrow
head). C, D: PPF in 2-month old (C, n=6, 8 slices in WT, n=6, 8 slices in KO) and 6-month
old (D, n=5, 6 slices in WT, n=8, 11 slices in KO) groups. The ordinate indicates the ratio of
the second fEPSP amplitude relative to the first one at each inter-pulse interval. A typical
field response evoked by paired-pulse stimuli with a 40 msec interval is shown in the inset
(*p<0.05; two-tailed t-test). E, F: Time-course change in fEPSP amplitude following high-
frequency stimulation (4-train, 100 Hz for 1 sec) in 2-month old (E, n=6, 7 slices in WT,
n=7, 9 slices in KO), and 6-month old (F, n=5, 8 slices in WT, n=8, 8 slices in KO) groups.
Representative recordings at times 0 and 60 min are shown in the inset. All LTP profiles are
expressed as mean±s.e.m of average values of a 3-min block.
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Fig. 6.
Impaired contextual fear memory in 6-month old Bax-KO mice. A: Contextual fear memory
in 6-month old (6 M) Bax-KO mice. Two-hr (left graph) and 24-hr freezing rate measures
(right graph) after 2- (n=8 in WT, n=6 in Bax-KO mice), 5- (n=8 in WT, n=9 in Bax-KO
mice) and 10-(n=6 in WT and Bax-KO mice) parings (*p>0.05, two-tailed t-test). B: Normal
cued fear memory retention in the 6-month old Bax-KO mice. In the 5-paired training
groups, cued and cued+context fear retention was determined 3 hrs after the 24-hr context
test (n=8 in WT, n=9 in Bax-KO mice, see materials and methods). C: Freezing rate in the 2
hr and 24 hr retention tests for contextual fear memory in the 2-month (2 M) old group
following 5-pairings (n=6 in WT and Bax-KO mice). Data are expressed as mean± s.e.m.
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Fig. 7.
Schematic diagram of the readjustment of hippocampal synaptic connections following the
prevention of PCD in adult Bax-KO mice. Whereas a subset of adult-produced neurons
undergo PCD in WT, all adult-produced neurons in Bax-KO mice survive and compete with
mature DG neurons for synaptic contact. In the face of limited afferents, competition among
outnumbered DG neurons results in a reduction of dendritic arborization of DG neurons.
Similarly, in the face of virtually constant number of CA3 dendritic spines, excess efferent
fibers from Bax-KO-rescued DG neurons results in a reduction of the MF:CA3 synaptic
ratio. These synaptic readjustments appear to affect neurotransmission and/or synaptic
plasticity of efferent/afferent DG circuits and perturb fear conditioning.
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