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SUMMARY
Adult neurogenesis regulates plasticity and function in the hippocampus, which is critical for memory
and vulnerable to Alzheimer’s disease (AD). Promoting neurogenesis may improve hippocampal
function in AD brains. However, how amyloid β (Aβ), the key AD pathogen, affects the development
and function of adult-born neurons remains unknown. Adult-born granule cells (GCs) in human
amyloid precursor protein (hAPP) transgenic mice, an AD model, showed greater dendritic length,
spine density, and functional responses than controls early in development, but were impaired
morphologically and functionally during later maturation. Early inhibition of GABAA receptors to
suppress GABAergic signaling or late inhibition of calcineurin to enhance glutamatergic signaling
normalized the development of adult-born GCs in hAPP mice with high Aβ levels. Aβ-induced
increases in GABAergic neurotransmission or an imbalance between GABAergic and glutamatergic
neurotransmission may contribute to impaired neurogenesis in AD.

INTRODUCTION
Alzheimer’s disease (AD), the most common neurodegenerative disorder, results in severe
neuronal and synaptic loss in several brain regions important for learning and memory (Scheff
and Price, 2003). One of the most affected regions is the hippocampal formation, which
includes the dentate gyrus (DG), where neurogenesis persists through adulthood in rodents and
humans (Altman and Das, 1965; Eriksson et al., 1998). In the DG, adult-born granule cells
(GCs) may contribute to cognition and mood regulation (Clelland et al., 2009; Duan et al.,
2007; Santarelli et al., 2003; Shors et al., 2001). Ablation of neurogenesis impairs some aspects
of learning and memory (Imayoshi et al., 2008; Saxe et al., 2006; Snyder et al., 2005b). During
a critical period of time (1–1.5 months of cell age), adult-born GCs exhibit enhanced long-term
potentiation with increased potentiation amplitude and decreased induction threshold,
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suggesting possible roles in experience-induced plasticity (Ge et al., 2007; Schmidt-Hieber et
al., 2004).

Although increased levels of pathogenic amyloid-β (Aβ) assemblies likely contribute causally
to AD (Tanzi and Bertram, 2005), there is much debate about if and how Aβ affects adult
neurogenesis in the hippocampus. Some studies found that neurogenesis is increased in AD
brains (Jin et al., 2004b), but others did not (Boekhoorn et al., 2006; Li et al., 2008). Conflicting
results also came from studies using BrdU labeling and neuronal or glial markers in different
lines of transgenic mice expressing human amyloid precursor protein (hAPP) (Donovan et al.,
2006; Haughey et al., 2002; Lopez-Toledano and Shelanski, 2007; Verret et al., 2007). Notably,
most of these studies focused on the number rather than the function of adult-born GCs. We
set out to investigate morphological and functional development of adult-born GCs in hAPP
mice with high or low levels of Aβ.

Adult hippocampal neurogenesis is tightly regulated by neuronal activity, particularly by the
balance between GABAergic and glutamatergic inputs (Zhao et al., 2008). At early stages of
cell development, tonic activation of GABAA receptors by ambient GABA regulates neuronal
differentiation of hippocampal progenitor cells (Tozuka et al., 2005) and dendritic growth of
newborn GCs in the adult brain (Ge et al., 2008). Later, stimulation of glutamate receptors
becomes critical in shaping the plasticity of adult-born GCs (Tashiro et al., 2006a). Because
Aβ-induced neurological deficits are closely associated with aberrant excitatory and inhibitory
activity (Palop et al., 2007), we hypothesized that Aβ affects adult neurogenesis by altering
the balance between excitatory and inhibitory inputs onto adult-born GCs.

To test this hypothesis, adult-born GCs were labeled with a retroviral vector that encodes
enhanced green fluorescent protein (EGFP) and allows for birth-dating and tracking of adult-
born GCs (van Praag et al., 2002; Zhao et al., 2006). The effects of high Aβ levels on the
morphological and functional development of adult-born GCs were assessed in hAPP
transgenic mice from line J20 (hAPP-J20), which express hAPP with familial AD (FAD)
mutations (Mucke et al., 2000), by confocal microscopy and patch-clamp recordings. We also
used drug treatments to determine if shifting the balance between GABAergic and
glutamatergic signaling during key developmental stages improves adult neurogenesis with
high Aβ levels.

RESULTS
Accelerated Early Development of Adult-Born GCs in hAPP-J20 Mice

To assess the effects of hAPP/Aβ on the morphological and functional development of adult-
born GCs, adult-born GCs of hAPP-J20 mice and nontransgenic (NTG) controls were labeled
with an EGFP-expressing retroviral vector (CAG-EGFP) (Zhao et al., 2006), which was
stereotaxically injected into the DG. Because the virus labels only dividing cells, the day of
the injection marked the ‘birth date’ of neurons, which were identified by EGFP and NeuN
immunostaining (Figure 1A). Neurons were readily discriminated from dividing astrocytes or
oligodendrocytes by their morphology and the NeuN marker. To follow critical developmental
stages of adult-born GCs, we analyzed labeled neurons at 14, 18, 21, 25, 28, 56, and 122 days
post infection (dpi). Unless indicated otherwise, we examined adult-born GCs in 2–3-month-
old NTG and age-matched hAPP-J20 mice, which have not yet formed amyloid plaques but
already exhibit neuronal and behavioral deficits that are likely caused by soluble Aβ oligomers
(Cheng et al., 2007) .

We first determined if the GABAA Cl− current reversal potentials (EGABAs) of adult-born GCs
in hAPP-J20 mice differ from those in NTG mice. Normally, EGABA transitions from
depolarizing to hyperpolarizing during the third week after the birth of GCs (Ge et al., 2006;
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Zhao et al., 2006). To compare the EGABA of adult-born GCs in hAPP-J20 and NTG mice, we
used gramicidin-perforated patch-clamp to record evoked GABAA receptor–mediated Cl−
currents at membrane potentials of –80 to –20 mV. The EGABAs of adult-born GCs were
significantly more hyperpolarized in hAPP-J20 mice than in NTG mice at 14, 18, and 21 dpi,
while their resting membrane potentials (RMPs) remained at ~ −60 mV throughout all
developmental stages (Figure 1B). Thus, consistent with previous findings (Ge et al., 2006;
Zhao et al., 2006), the EGABAs of adult-born GCs in NTG mice were more depolarizing than
RMP at both 14- and 18- dpi. In contrast, the EGABA of adult-born GCs in hAPP-J20 mice was
not depolarized at 14 dpi and became more hyperpolarizing than RMP from 18 dpi on. These
results suggest that adult-born GCs exhibit a much faster developmental transition in hAPP-
J20 mice than in NTG mice during the first 2 to 3 weeks after their birth. By 28 dpi, the
EGABAs of adult-born GCs in both NTG and hAPP-J20 mice were similarly hyperpolarized.
No difference was observed in RMP or EGABA of prenatally born (mature) GCs in NTG and
hAPP-J20 mice.

Morphological analyses revealed that the dendrites of adult-born GCs were longer in hAPP-
J20 than NTG mice at 18 dpi, and the spine density of 18-day-old GCs in hAPP-J20 mice was
twice that in NTG mice (Figures 1E, F). Functionally, adult-born GCs exhibited stronger
evoked inhibitory post-synaptic currents (eIPSCs) and excitatory post-synaptic currents
(eEPSCs) in hAPP-J20 mice than NTG controls in the first 2–3 weeks, especially at 21 dpi
(Figures 1G–J). Thus, adult-born GCs in hAPP-J20 mice undergo accelerated morphological
and functional development during the first 3 weeks after their birth.

Adult-Born GCs in hAPP-J20 Mice Display Impaired Maturation and Functional Responses
The dendritic growth of wild type adult-born GCs starts to plateau at about 28 days after their
birth (Zhao et al., 2006). Despite evidence of accelerated growth in the first 3 weeks, the
dendrites of 28-day-old adult-born GCs were shorter and had fewer branches in hAPP-J20 mice
than NTG mice (Figures 2A–C). In addition, the dendritic spine density of 28-day-old adult-
born GCs was lower in hAPP-J20 mice than NTG mice (Figures 2D, E). The impaired dendritic
morphogenesis persisted to 56 and 122 dpi, when adult-born GCs are considered
indistinguishable from preexisting GCs in the DG (Zhao et al., 2006). Dendrites of 56- or 122-
day-old adult-born GCs were still shorter with fewer dendritic branches and spines in hAPP-
J20 mice than in NTG mice (Figures 2B, E).

In whole-cell patch-clamp recordings, we examined how well 28-day-old adult-born GCs
respond to synaptic inputs. Consistent with the impaired dendritic morphogenesis, eIPSCs in
28-day-old adult-born GCs were much smaller in hAPP-J20 than in NTG mice (Figures 2F,
G). These results were in sharp contrast to the elevated levels of eIPSCs in 21-day-old adult-
born GCs in hAPP-J20 mice (Figure 1H). In hAPP-J20 mice, eIPSCs decreased from 21 to 25
dpi (205.9 pA ± 54.8 to 145.8 pA ± 35.8) and further at 28 dpi (Figures 2F, G). To dissect the
mechanism underlying the biphasic developmental changes, we measured the amplitudes of
mIPSCs of adult-born GCs at 18, 21, 25, and 28 dpi. In NTG mice, amplitudes of mIPSCs of
adult-born GCs increased from 18 to 28 dpi, suggesting gradual maturation. In contrast,
amplitudes of mIPSCs declined from 18 to 28 dpi in hAPP-J20 mice, especially from 21–28
dpi (Figure 2H). These results suggest that the decrease of eIPSCs during this period in hAPP-
J20 mice likely reflects, at least in part, a reduction in the number/function of post-synaptic
receptors on adult-born GCs.

Mouse Age, but Not Wildtype hAPP, Affects Adult-Born GC Development
To determine if these alterations are caused by hAPP itself or Aβ, we analyzed adult-born GCs
in 2–3-month-old hAPP-I5 mice. hAPP-I5 mice express wildtype hAPP at levels comparable
to those of FAD-mutant hAPP in hAPP-J20 mice, but have much lower levels of Aβ (Mucke
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et al., 2000). At 28 dpi, adult-born GCs in hAPP-I5 mice exhibited no significant abnormalities
in dendritic length, branching points, and spine density (Figures 3A–C). These results support
the notion that the impaired dendritic morphogenesis of adult-born GCs in hAPP-J20 mice is
caused by high levels of soluble Aβ rather than hAPP, although other effects of the FAD
mutations in hAPP-J20 mice cannot be excluded.

To assess the effects of mouse age on the alterations of adult-born GC development, we next
compared adult-born GCs in 3–4-week-old hAPP-J20 and NTG mice. At 28 dpi, the dendritic
lengths of adult-born GCs were shorter in hAPP-J20 mice than in NTG mice, but their spine
densities were similar (Figures 3D, E). When adult-born GCs were labeled in mice that were
2–3 months or 6–7 months of age, 28-day-old adult-born GCs in hAPPJ20 mice had both
shorter dendrites and lower spine densities than GCs in NTG controls (Figures 3F–I).
Moreover, 28-day-old GCs born in 6–7-month-old hAPP-J20 mice had fewer spines than those
born in 2–3-month-old (P < 0.01, one way ANOVA) or 3–4-week-old (P < 0.001, one way
ANOVA) hAPP-J20 mice. Therefore, as hAPP-J20 mice age, the morphological impairments
seen at 28 dpi become progressively worse. Since Aβ, especially Aβ42, accumulates with age,
we compared Aβ levels in hAPP-J20 mice at 3–4-weeks and 2–3-months of age. Levels of
Aβ42 and ratios of Aβ42/Aβ1-x were higher in hippocampus of 2–3-month-old hAPP-J20 mice
than in 3–4-week-old hAPP-J20 mice (Figure S1). Thus, the age-dependent worsening of
dendritic morphology of adult-born GCs could be related to an increase in the levels of Aβ42,
which is more neurotoxic than Aβ40 (McGowan et al., 2005).

Inhibitory Synaptic Transmission Is Favored in Adult-Born GCs of hAPP-J20 Mice
Aβ elicits aberrant excitatory neuronal activity that is associated with remodeling of inhibitory
circuits and an increased number of inhibitory synaptic contacts onto GCs in the DG (Palop et
al., 2007). Compared with NTG mice, hAPP-J20 mice showed aberrant sprouting of
neuropeptide Y (NPY)/GABAergic axonal terminals in the molecular layer of the DG (Figure
4A). These inhibitory terminals make synaptic contacts onto the dendrites of GCs (Freund and
Buzsaki, 1996). We characterized the frequencies of mIPSCs onto adult-born GCs at 18, 21,
25, and 28 dpi in NTG and hAPP-J20 mice. From 18–25 dpi, the frequency of mIPSCs of adult-
born GCs was markedly higher in hAPP-J20 mice than in NTG mice (Figures 4B, C),
suggesting an increase in the number of effective inhibitory synaptic contacts onto adult-born
GCs in hAPP-J20 mice. The lack of increase at 28 dpi could be related to the reduction in the
number of effective post-synaptic sites (Figure 2H).

Because adult hippocampal neurogenesis is tightly regulated by the balance between
GABAergic and glutamatergic inputs (Zhao et al., 2008), we next measured the frequency of
mEPSCs of adult-born GCs. In contrast to those of mIPSCs, the frequency of mEPSCs was
similar in hAPP-J20 and NTG mice (Figures 4D, E). As a result, the ratio of mIPSC/mEPSC
frequency in 18- and 21-day-old adult-born GCs was higher in hAPP-J20 mice than in NTG
mice (Figure 4F). The ratio of mIPSC/mEPSC peak amplitude in 18- and 21-day-old adult-
born GCs was also higher in hAPP-J20 mice than NTG mice (Figure S2), consistent with
excessive GABAergic inputs in hAPP-J20 mice. We next measured spontaneous inhibitory
and excitatory synaptic currents (sIPSCs and sEPSCs) of 18-, 21-, 25-, and 28-day-old GCs
by leaving the endogenous pre-synaptic activities unblocked (–TTX). The ratios of sIPSC/
sEPSC frequency (Figure 4G) and peak amplitude (Figure S2) of adult-born GCs were both
higher in hAPP-J20 mice than NTG mice at 18, 21, and 25 dpi, further supporting an imbalance
of GABAergic and glutamatergic inputs onto adult-born GCs in hAPP-J20 mice.
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Inhibition of GABAA Receptors Ameliorates Developmental Alterations of Adult-Born GCs
in hAPP-J20 Mice

We hypothesize that the accelerated early development of adult-born GCs in hAPP-J20 mice
might result from excessive GABAergic inputs. To test this hypothesis, we injected the
GABAA receptor antagonist picrotoxin (PTX) into mice intraperitoneally to counteract
GABAergic signaling for the first 7 days after viral infection of adult-born GCs. A low dose
(1 mg/kg) was used so that no convulsive seizure activity was observed in either NTG or hAPP-
J20 mice. Early PTX treatments (1–7 dpi) reduced the excessive spine growth of 18-day-old
adult-born GCs in hAPP-J20 mice (Figures 5A, B), but failed to reduce their increased dendritic
length (Figures 5C, D). Early PTX treatments also increased the abnormally low spine density
and dendritic length in 28-day-old adult-born GCs of hAPP-J20 mice (Figures 5B, D),
suggesting that excessive GABAergic inputs at early developmental stages prevented normal
dendritic maturation of adult-born GCs in hAPP-J20 mice. Notably, early inhibition of
GABAA receptors decreased spine density and dendritic length of 28-day-old adult-born GCs
in NTG mice (Figures 5B, D). These results indicate that, while excessive amounts of
GABAergic signaling in hAPP mice is detrimental, GABAergic signaling at early stage is
required for normal dendritic maturation (Ge et al., 2006).

In contrast to the robust effects of early inhibition of GABAA receptors (1–7 dpi), late inhibition
(14–27 dpi) did not exert significant effects on either spine density or dendritic length of 28-
day-old GCs in NTG mice, suggesting a minor role of GABAergic signaling in the late-stage
maturation of adult-born GCs (Figures 5E, F). In agreement with this notion, blockade of
GABAergic signaling from 14–27 dpi failed to restore dendritic length and increased spine
density only modestly in hAPP-J20 mice (Figures 5E, F).

Inhibiting Calcineurin Improves Dendritic Morphogenesis of Adult-Born GCs in hAPP-J20
Mice

Besides GABAergic input, glutamatergic signaling also regulates the development of adult-
born GCs (Zhao et al., 2008). Glutamatergic signaling is particularly critical for the survival
of adult-born GCs and their integration into functional neural circuits during the third and fourth
week after their birth (Tashiro et al., 2006a). In dissociated hippocampal neurons or organotypic
hippocampal slice cultures, Aβ reduces glutamatergic neurotransmission by enhancing the
endocytosis of NMDA- and AMPA-type glutamate receptors, which requires the activation of
calcineurin (Hsieh et al., 2006; Shankar et al., 2007; Snyder et al., 2005a). Notably, cerebral
calcineurin activity was signficantly higher in 5-month-old hAPP mice from line Tg2576 than
in age-matched NTG controls (Dineley et al., 2007). To counteract Aβ-induced depression of
glutamatergic neurotransmission, we therefore treated hAPP-J20 mice with an inhibitor of
calcineurin, FK-506, from 14 to 27 dpi. This treatment period coincides with the formation of
excitatory synapses. At 5 mg/kg, but not 2 mg/kg (data not shown), FK-506 completely restored
dendrite length and spine density of 28-day-old adult-born GCs in hAPP-J20 mice, but had no
effects on those in NTG mice (Figure 6A–C). These results suggest that calcineurin activation,
which reduces glutamatergic neurotransmission, is involved in Aβ-induced maturation deficits
of adult-born GCs in hAPP-J20 mice.

DISCUSSION
Our study demonstrates that increased levels of Aβ elicit complex changes in the development
and maturation of adult-born GCs, resulting in accelerated morphological and functional
development at early stages and in morphological and functional deficits at later stages of
maturation. We further provide electrophysiological and pharmacological evidence for an
Aβ-dependent imbalance between GABAergic and glutamatergic inputs to adult-born GCs and
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demonstrate that suppressing GABAergic signaling or enhancing glutamatergic signaling
normalizes the development of adult-born GCs even in the presence of high Aβ levels.

Because adult-born GCs matured normally in hAPP-I5 mice with high hAPP levels but
relatively low Aβ levels (Mucke et al., 2000), the abnormalities in neurogenesis in hAPP-J20
mice were unlikely from hAPP itself, but from high Aβ levels or another consequence of the
FAD mutations expressed in this line. Because adult-born GCs showed severe abnormalities
in 2–3-month-old hAPP-J20 mice that had not yet formed amyloid plaques, the abnormalities
in neurogenesis do not depend on Aβ deposition and are more likely caused by soluble
nonfibrillar Aβ assemblies. Abnormalities of adult-born GCs were more prominent in older
hAPP-J20 mice than in younger hAPP-J20 mice. This difference probably reflects age- or time-
dependent increases in pathogenic Aβ42 assemblies. Aging-related changes in cofactors that
affect neuronal susceptibility to Aβ may also play a role.

We found that Aβ affects the morphological and functional growth of adult-born GCs
differently at different stages of cellular development. During the first 3 weeks, Aβ accelerated
the development of adult-born GCs, but induced morphological and functional deficits of adult-
born GCs when they were 28 days or older. The marked decline of the peak amplitude of
eIPSCs from 21 to 28 dpi could result from a reduced number of inhibitory synaptic contacts
or reductions in the effectiveness of the post-synaptic response to pre-synaptic transmitter
release. Since the peak amplitudes of mIPSCs markedly declined from 21 to 28 dpi, the decrease
in eIPSC peak amplitudes during this period might result largely from postsynaptic
mechanisms, most likely a decline in the number of postsynaptic GABAA receptors. The slight
reduction in the mIPSC frequency in adult-born GCs of hAPP-J20 mice from 21 to 28 dpi
indicates a minor role for a reduction in the number of inhibitory synaptic contacts.

Earlier studies showed that the number of immature neural progenitor cells expressing
doublecortin and Neuro-D was increased in other hAPP transgenic lines (Gan et al., 2008; Jin
et al., 2004a) and in AD (Jin et al., 2004b). In contrast, the long-term survival of neuronal
progenitor cells was decreased in several hAPP transgenic lines and in AD brains (Boekhoorn
et al., 2006; Donovan et al., 2006; Haughey et al., 2002; Li et al., 2008; Verret et al., 2007).
Incorporation of BrdU was used to estimate the number of dividing cells in these previous
studies. Here we used CAG-GFP retrovirus to label a portion of the dividing cell population
in hAPP-J20 and NTG mice. To ensure that we could use GFP+ GCs labeled with retrovirus
to estimate the surviving adult-born GCs, we compared the viral infection efficiency in hAPP-
J20 and NTG mice. GFP+/BrdU+ ratios, measured at 10 dpi, did not differ in NTG and hAPP-
J20 mice (Figure S3), suggesting similar infection efficiencies. We observed more retroviral-
labeled GFP+ neurons in hAPP-J20 mice than in NTG mice at 18 dpi, but not at 28 dpi (Figure
S3), in agreement with other studies reporting increased numbers of immature neural
progenitor cells in AD brains and hAPP mice (Gan et al., 2008; Jin et al., 2004a). Since
GABAergic inputs to hippocampal progenitor cells promote activity-dependent neuronal
differentiation, the increased ambient GABA may be responsible for the increased number of
adult-born GCs in hAPP-J20 mice at early developmental stages.

At early developmental stages, activation of GABAA receptors leads to depolarization of adult-
born GCs and to calcium influx, which activates a network of transcription factors that promote
the growth of dendrites and spines (Ben-Ari, 2002; Owens and Kriegstein, 2002). Excessive
GABAergic stimulation may underlie the increased spine density of young adult-born GCs in
hAPP-J20 mice early on. Inhibition of GABAA receptors by PTX during the first 7 days after
birth effectively halted increased spine density in 18-day-old adult-born GCs in hAPP-J20
mice, suggesting that elevated levels of ambient GABA rather than of synaptically released
GABA are the likely cause of accelerated early spine growth. In hAPP-J20 mice, one source
of increased ambient GABA in hAPP-J20 mice could be the excessive GABAergic sprouting
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in the molecular layer of the DG, possibly as a compensatory response to aberrant Aβ-induced
excitatory neuronal activity (Palop et al., 2007).

Our data showed that the adult-born GCs in hAPP-J20 mice were impaired morphologically
by 28 dpi and that the impairments could be significantly attenuated by early inhibition of
GABAA receptor–mediated signaling. These findings suggest that excessive early GABAergic
signaling also contributes to impaired dendritic maturation. The underlying mechanisms
remain unclear. Previous findings showed that GABA itself promotes GABAergic responses
from depolarization to hyperpolrization (Ganguly et al., 2001), which could prematurely reduce
Ca2+ influx and blunt dendritic growth. Consistent with this notion, the EGABAs of adult-born
GCs in hAPP-J20 mice had accelerated switch to hyperpolarization, likely due to excessive
early GABAergic signaling. In NTG mice, early inhibition of GABAA receptor–mediated
signaling significantly decreased the dendritic length and spine density of adult born-GCs,
further highlighting the importance of early GABAergic signaling. In contrast, inhibition of
GABAergic signaling from 14 to 27 dpi increased spine density of adult-born GCs only
modestly in hAPP-J20 mice and had little effects on dendritic morphogenesis in NTG mice.
Thus, late-stage GABAergic signaling appears to play only a minor role in the development
and maturation of adult-born GCs.

Inhibition of calcineurin activation by FK506 from 14–27 dpi completely restored the dendritic
structure of 28-day-old adult-born GCs in hAPP-J20 mice, but had no significant effects on
those born in NTG mice. These results suggest that calcineurin activation, which was elevated
in hAPP transgenic mice than NTG controls (Dineley et al., 2007), is involved in Aβ-induced
impaired dendritic morphogenesis in developing neurons in vivo. Our results also agree with
the requirement of calcineurin for Aβ- induced reduction in spines and in NMDA and AMPA
receptors observed in cell or tissue cultures (Hsieh et al., 2006; Snyder et al., 2005a). The
efficacy of FK506 in preventing Aβ-dependent spine reduction supports a critical role of
glutamatergic signaling in late-stage (14–28 dpi) spine development of adult-born GCs. Earlier
studies showed that NMDA receptor signaling plays a key role in the survival of adult-born
GCs during the third week after their birth (Tashiro et al., 2006a). We found that FK506
treatment of hAPP-J20 mice increased not only spine growth, but also the number of
retrovirally labeled adult-born GCs at 28 dpi (Figure S4).

From 18 to 28 days after the birth of adult-born GCs, spine densities increased by 300% (from
0.31 ± 0.06 to 1.27 ± 0.04 per µm) in NTG mice but only by 14% (from 0.68 ± 0.07 to 0.78 ±
0.02 per µm) in hAPP-J20 mice. It remains unclear if spine growth in adult-born GCs of hAPP-
J20 mice slows down drastically during this period or if their spine growth is counteracted by
an Aβ-induced loss of spines (Hsieh et al., 2006; Shankar et al., 2008). Although GCs in 11-
month-old hAPP-J20 mice have a decreased number of spines (Moolman et al., 2004), the
spine density did not appear to differ in putatively prenatally born GCs labeled by Lenti-EGFP
in 2–3-month-old hAPP-J20 mice and NTG controls (Figure S5). Conceivably, GCs are more
vulnerable to the effects of Aβ when born postnatally than when born prenatally. In addition,
the levels of pathogenic Aβ42 assemblies may be lower prenatally than postnatally, and the
alterations of adult-born GCs may depend on Aβ-induced increases in GABAergic signaling
that develop only postnatally. These possibilities are not mutually exclusive.

Our findings implicate impaired neurogenesis in cognitive dysfunction and suggest that
restoring neurogenesis might enhance cognition. Although we did not directly address this
question here, previous results indicate that treatments of PTX or FK506, which restored the
development of adult-born GCs in our studies, also protected against Aβ-associated behavior
deficits. For example, treatment with PTX at a non-epileptic dose for 10 days ameliorated
memory deficits in adult APP/PS1 mice (Yoshiike et al., 2008) and improved object recognition
memory in Ts65Dn mice that carry three copies of APP (Fernandez et al., 2007). Inhibition of
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calcineurin by FK506 reversed the intermediate-and long-term recognition memory deficits in
Tg2576 mice (Dineley et al., 2007; Taglialatela et al., 2009). However, more studies are needed
to establish if the PTX- or FK506-induced cognitive improvements are mechanistically linked
to enhancements in adult neurogenesis.

EXPERIMENTAL PROCEDURES
Animals

Heterozygous hAPP transgenic mice from line J20 (hAPP-J20), which produce hAPP with the
Swedish (K670N, M671L) and Indiana (V717F) FAD mutations (Mucke et al., 2000), and age-
matched NTG littermates were injected with viral vectors when they were 3–4 weeks, 2–3
months, or 6–7 months of age. We also analyzed 2–3-month-old heterozygous hAPP transgenic
mice from line I5 (hAPP-I5), which expresses wildtype hAPP at levels comparable to those of
mutant hAPP in hAPP-J20 mice (Mucke et al., 2000). All animal studies were approved by
the animal care and use committee of the University of California, San Francisco.

ELISA
Aβ levels in the hippocampus of 3–4-week-old and 2–3-month-old hAPP-J20 mice were
measured by ELISA as described (Johnson-Wood et al., 1997).

Preparation and Stereotaxic Injection of Viral Vectors
Postnatally born GCs in the hippocampus of adult (2–3-month- and 6–7-month-old) and young
(3–4-week-old) mice were labeled by infection with a murine Moloney leukemia virus-based
retroviral vector (CAG–EGFP, a gift from Fred Gage, Salk Institute, La Jolla, CA).
Concentrated viral solutions were prepared by co-transfection of retroviral vectors and VSV-
G (envelope vector) into HEK293T cells, followed by ultracentrifugation of viral supernatant
as described (Tashiro et al., 2006b). To label adult-born GCs, viral solution (3 µl) was delivered
into the DG by stereotaxic injection (0.5 µl per min). For 2– 3-month-old and 6–7-month-old
mice, we used the following coordinates (Paxinos and Franklin, 2001): anterior-posterior, −2.1
mm; lateral, ±1.7 mm; and vertical, −2.0 mm. For 3–4-week-old mice, the distance (d) between
bregma and lambda in anterior-posterior coordinates was measured to determin the injection
positions as follows: anterior-posterior, –1/2 × d mm; lateral, ±1.7 mm; and vertical, −1.9 mm.
For all injections, bregma was the reference point. A lentiviral vector expressing EGFP
(FUGW) was injected into the DG to label GCs as described (Mueller-Steiner et al., 2006).

Drug Treatment
Some mice received a daily intraperitoneal (i.p.) injection of PTX (Sigma, 1 mg/kg body
weight) or vehicle (PBS) from dpi 1–7 or 14–27, or a daily subcutaneous injection of FK506
(Sigma, 2 or 5 mg/kg body weight) or vehicle (DMSO) from dpi 14–27. For BrdU (5-bromo-2-
deoxyuridine) treatment, mice were injected stereotaxically with retrovirus first, and then
received an i.p injection of BrdU (Sigma; 50 mg/kg, once per day) starting the next day for 3
days. One week after the last injection of BrdU, mice were perfused with saline and fixed with
4% PFA for immunostaining.

Immunofluorescence
Immunofluorescent staining was described previously (Mueller-Steiner et al., 2006). Briefly,
coronal brain sections (30 µm) were blocked with blocking buffer (10% serum, 1% milk, 0.2%
gelatin in PBS) and incubated with rabbit anti-GFP (Invitrogen, 1:500), mouse anti-NeuN
(Chemicon, 1:1000), rabbit anti-NPY (ImmunoStar, 1:4000), and mouse anti-BrdU (Roche,
1:200), followed by incubation with appropriate secondary antibodies conjugated with FITC
or Texas Red (Vector Laboratories, 1:150). All images of dendritic structures were obtained
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from CAG-EGFP injected brains stained with anti-GFP antibody to amplify the GFP signal.
For BrdU staining, sections were pretreated with 2 N HCl at 37°C for 30 min, washed in 100
mM borate buffer (pH 8.5) for 10 min, and then in TBST-Triton (10 mM Tris-HCl, pH 7.4,
including 150 mM NaCl, 0.05% Tween-20, and 0.1% Triton X-100) for 30 min at room
temperature before incubation with blocking buffer.

Confocal Image Analysis
For dendritic analysis, z-series stacks of optical images were obtained at 1-µm intervals with
a 40× objective on a confocal microscope (Radiance 2000, Bio-Rad, Hercules, CA). Two-
dimensional projections of each z-series were created using Adobe Photoshop CS. All
individual GFP-positive GCs that had continuous dendritic trees were analyzed for total
dendritic length and branch numbers. The total dendritic length of all individual GFP-positive
GCs was measured using Image J, and their branches were counted manually from the same
images. For spine analysis, z-series stacks of confocal images of GFP-labeled dendritic
segments in the molecular layer were obtained at 0.5-µm intervals using a confocal microscope,
a 60× oil lens and a digital zoom of 4.0. Projections of z-series were created with Adobe
Photoshop CS. The length of each dendritic segment was measured by tracing the center of the
dendritic shaft with Image J. The number of spines was counted manually. The spine density
was calculated by dividing the total number of spines by the length of the dendritic segment.

Acute Slice Preparation
NTG and hAPP-J20 mice (2–3-month-old) were anesthetized with Avertin (tribromoethanol,
250 mg/kg) and decapitated 14, 18, 21, 25, or 28 days after the injection of CAG-GFP. Slicing
was done under conditions favorable for adult mice (Aghajanian and Rasmussen, 1989).
Briefly, brains were quickly removed and placed in ice-cold solution containing (in mM) 2.5
KCl, 1.25 NaPO4, 10 MgSO4, 0.5 CaCl2, 26 NaHCO3, 11 glucose, and 234 sucrose (pH ~7.4;
305 mOsmol). 350-µm horizontal slices were cut using a vibratome and collected in the above
solution. Slices were then incubated for 30 min in standard artificial cerebrospinal fluid (ACSF;
30°C) containing (in mM): 2.5 KCl, 126 NaCl, 10 glucose, 1.25 NaH2PO4, 1 MgSO4, 2
CaCl2, and 26 NaHCO3 (290 mOsmol; gassed with 95% O2–5% CO2, pH ~7.4). Subsequently,
slices were maintained at room temperature for ≥ 30 min before recording. No recordings were
made on slices > 5 hours after dissection. Individual slices were transferred to a submerged
recording chamber where they were maintained at 30°C and perfused with ACSF at a rate of
2 ml/min.

Electrophysiological Recordings
EGFP-expressing GCs were identified under epifluorescence. Voltage- and current-clamp
recordings were obtained using infrared differential interference contrast (IR-DIC) video
microscopy. Except as noted, recordings were done in whole cell patch-clamp configuration,
in which the intracellular patch pipette solution contained (in mM) 120 Cs-gluconate, 10
HEPES, 0.1 EGTA, 15 CsCl2, 4 MgCl2, 4 Mg-ATP, and 0.3 Na2-GTP, pH 7.25 adjusted using
1 M CsOH (285–290 mOsm; patch electrode resistance: 3–6 MΩ).

RMP and GABAA reversal potentials were determined using a perforated patch-clamp
configuration, in which the intracellular patch pipette solution contained (in mM) 130 KCl, 5
EGTA, 0.5 CaCl2.2H2O, 2 MgCl2, and 10 HEPES, pH 7.3, adjusted with 1 M KOH (285–290
mOsm). Gramicidin at a final concentration of 25–50 µg/ml was added to the pipette solution
before each experiment. EGFP-labeled GCs were selected at random for electrophysiological
recording. To determine the reversal potential of GABAA receptor-mediated currents, brief
pressure pulses (“puffs”; 12–15 ms, 200–275 kPa) of muscimol (100 µM) were applied to the
soma of the recorded neuron through a patch pipette. EGABA was determined by where the
polarity of the muscimol evoked currents reversed relative to the holding current.

Sun et al. Page 9

Cell Stem Cell. Author manuscript; available in PMC 2010 December 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Inhibitory and excitatory synaptic currents in GCs were evoked using a bipolar tungsten
electrode (FHC, Bowdoin, ME) placed in the outer molecular layer. Input (stimulus)-output
(post-synaptic current [PSC]; I-O) relationships for evoked excitatory and inhibitory PSCs
were obtained for each cell. Miniature PSCs were isolated by focally applying TTX (1 µM) to
the DG through a local perfusion system (AutoMate Scientific, San Francisco, CA). Miniature
PSCs were analyzed by event detection software (wDetecta; Dr. John Huguenard, Stanford
University). More detailed descriptions can be found in the Supplementary Methods section.

Statistical Analysis
Statistical analyses were conducted with Graphpad Prism (San Diego, CA) or SPSS (Chicago,
IL). Differences among multiple means with one variable (hAPP genotype) were evaluated by
one-way ANOVA and Tukey-Kramer post hoc test. Differences among multiple means with
two variables (genotype and treatments) were evaluated by two-way ANOVA and Bonferroni
multiple comparison posthoc test. Differences between two means were assessed with
unpaired, two-tailed t test. Differences between two cumulative histograms were assessed using
the two-sample Kolmogorov-Smirnov test. Differences between multiple cumulative
histograms were assessed using Kruskal-Wallis one-way analysis of variance. Only values that
had P < 0.05 were accepted as significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Accelerated Early Morphological and Functional Development of Adult-Born GCs in 2–
3-Month-Old hAPP-J20 Mice
(A) Photomicrograph of 28-day-old adult-born GCs labeled by CAG-EGFP retrovirus (green)
and stained with an anti-NeuN antibody (red).
(B) GABAA Cl− current reversal potentials (EGABA) and resting membrane potentials (RMP)
of adult-born GCs at 14-, 18-, 21-, 25-, or 28-dpi and of mature (M) GCs in hAPP-J20 and
NTG mice. n = 6–7 neurons obtained from 3–4 mice per genotype and dpi. For EGABA,
genotype F(1, 63) = 31.87; *, P < 0.05; **, P < 0.01; ***, P < 0.001; by two-way ANOVA and
Bonferonni posthoc test.
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(C, D) Photomicrographs of 18-day-old adult-born GCs (C) and their dendritic spines (D) in
hAPP-J20 and NTG mice.
(E, F) Quantification of total dendritic length (E) and dendritic spine density (F) of adult-born
GCs at 18 dpi in hAPP-J20 and NTG mice. n = 41–44 neurons (for dendritic length) and n =
17–30 dendritic segments (for spine density) from 5 mice per genotype. *, P < 0.05; **, P <
0.01, unpaired student’s t test.
(G, I) Representative traces of evoked inhibitory postsynaptic currents (eIPSCs) (G) or evoked
excitatory postsynaptic currents (eEPSCs) (I) of 14-, 18-, and 21-day-old adult-born GCs in
hAPP-J20 (red) and NTG (black) mice.
(H, J) Quantifications of peak amplitudes of eIPSCs (H) and eEPSCs (J) of 14-, 18-, or 21-
day-old adult-born GCs in hAPP-J20 (red) and NTG mice (black). H: n = 5–11 neurons from
2–3 mice per genotype and dpi, genotype F(1,50) = 1.194; **, P < 0.01. J: n = 5 –10 neurons
from 2–3 mice per genotype and per dpi, genotype F (1,51) = 23.68; **, P < 0.01; by two-way
ANOVA, Bonferroni posthoc test.
Values are means ± SEM (E, F). Scale bars: 50 µm (A), 20 µm (C), 3 µm (D).
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Figure 2. Impaired Maturation and Function of Adult-Born GCs in 2–3-Month-Old hAPP-J20
Mice
(A) Photomicrographs of 28-day-old adult-born GCs in hAPP-J20 and NTG mice.
(B, C) Quantification of dendritic length (B) and branches (C) of 28-, 56- and 122-day-old
adult-born GCs in hAPP-J20 and NTG mice. At 28 dpi, n = 84–94 neurons from 11– 16 mice
per genotype; at 56 dpi, n = 19–30 neurons from 3 mice per genotype; at 122 dpi, n = 16–19
neurons from 3 mice per genotype. *, P < 0.05; **, P < 0.01, unpaired student’s t test.
(D) Photomicrographs of dendritic segments from 28-day-old adult-born GCs in hAPP-J20
and NTG mice.
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(E) Quantification of spine density of 28-, 56- and 122-day-old adult-born GCs in hAPP-J20
and NTG mice. At 28 dpi, n = 91–100 dendritic segments from 11–12 mice per genotype; At
56 dpi, n = 21–31 segments from 3 mice; At 122 dpi, n = 18–20 segments from 3 mice per
genotype. **, P < 0.01, unpaired student’s t test.
(F, G) Representative traces (F) and quantification (G) of eIPSC of adult-born GCs at 25-and
28 dpi in hAPP-J20 and NTG mice. n = 5–8 neurons from 3–4 mice per genotype and dpi,
genotype F(1,50) = 1.194; ***, P < 0.001 by two-way ANOVA, Bonferroni posthoc test.
(H) Quantification of the peak amplitudes of mIPSCs of 18-, 21-, 25-, and 28-dpi adult-born
GCs in hAPP-J20 and NTG mice. n = 5–8 neurons from 3–4 mice per genotype, genotype
F(1,42 ) = 100.0; **, P < 0.01; ***, P < 0.001 by two-way ANOVA, Bonferroni posthoc test.
Statistics performed on all data from 18- to 28- dpi (G and H).
Values are means ± SEM (B, C, E, G, H). Scale bars: 20 µm (A), 3 µm (D).
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Figure 3. Dendritic Maturation of Newborn GCs Is Affected by Age but Not by Wildtype hAPP
(A–C) The 28-day-old adult-born GCs in 2–3-month-old hAPP-I5 and NTG mice had similar
total denedritic lengths (A), number of denedritic branching points (B), and spine densities (C).
Values are means ± SEM.
(D–I) Cumulative counts of the total dendritic length (D, F, H) and spine density (E, G, I) of
28-day-old newborn GCs in 3–4-week-old (D, E), 2–3-month-old (F, G) and 6–7-month-old
(H, I) hAPP-J20 (red) and NTG (black) mice. n = 10–20 neurons from 3–4 mice per genotype.
Two-sample Kolmogorov-Smirnov test revealed genotype differences (**, P < 0.01) in (D, F,
G, H, and I), but not in (E). wk: weeks; mo: months.
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Figure 4. Excessive GABAergic Inputs onto Adult-Born GCs in 2–3-month-old hAPP-J20 Mice
(A) Brain sections stained with an antibody against NPY. Compared with NTG mice (left),
hAPP-J20 mice (right) showed increased NPY/GABAergic sprouting in the molecular layer.
mol, molecular layer; gl, granular layer.
(B, D) Representative traces of mIPSCs (B) and mEPSCs (D) of 21-day-old adult-born GCs
in 2–3-month-old NTG (black) and hAPP-J20 (red) mice.
(C, E) Quantification of mIPSC frequency (C) and mEPSC frequency (E) of adult-born GCs
in hAPP-J20 and NTG mice at 18-, 21-, 25- and 28-dpi. n = 7–12 neurons from 3 mice per
genotype and dpi. C: genotype F(1,47) = 17.47; E: genotype F(1,37) = 0.5096; ***, P < 0.001,
two-way ANOVA, Bonferroni posthoc test.
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(F, G) Ratios of mIPSC/mEPSC frequency (F) or sIPSC/sEPSC frequency (G) in adult-born
GCs in hAPP-J20 and NTG mice at 18-, 21-, 25- or 28-dpi. F: n = 7–12 neurons from 3 mice
per genotype and dpi, genotype F(1,37) = 28.02. G: n = 6–7 neurons, 3 mice per genotype and
dpi, genotype F(1,41) = 173.0. *, P < 0.05; ***, P < 0.001, two-way ANOVA, Bonferroni
posthoc test. Values are means ± SEM (C, E–G).

Sun et al. Page 20

Cell Stem Cell. Author manuscript; available in PMC 2010 December 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Treatment with GABAA Receptor Antagonist PTX Ameliorates Developmental
Alterations of Adult-Born GCs in 2–3-Month-Old hAPP-J20 Mice
(A, C) Photomicrographs of spines (A) and dendrites (C) of 18-day-old adult-born GCs in
hAPP-J20 and NTG mice treated with vehicle or PTX (1.0 mg/kg body weight) from 1–7 dpi.
Scale bars: 3 µm (A), 20 µm (C).
(B, D) Quantification of spine densities (B) and dendritic lengths (D) in 18- and 28-day-old
adult-born GCs of hAPP and NTG mice treated with vehicle or PTX from 1–7 dpi. A two-way
ANOVA analysis revealed significant genotype effects on spine density (B) at 18 dpi
(F(1,96) = 70.21, P < 0.0001) and 28 dpi (F(1,184) = 7.067, P = 0.0085), on dendritic length (D)
at 18 dpi (F(1,184) = 42.07, P < 0.0001) and 28 dpi (F(1,134) = 9.360, P = 0.0027), significant
PTX effects on spine density (B) at 18 dpi (B: F(1,96) = 5.673, P = 0.0192), and significant
genotype × PTX interactions for both spine density (B) (F(1,184) = 49.52, P < 27 0.0001) and
dendritic length (D) (F(1,134) = 22.05, P < 0.0001) at 28 dpi. *, P < 0.05; **, P < 0.01; ***,
P < 0.001, Bonferroni posthoc test.
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(E, F) Quantification of spine densities (E) and dendritic lengths (F) in 28-day-old adult-born
GCs of hAPP-J20 and NTG mice treated with vehicle or PTX from 14–27 dpi. A two-way
ANOVA identified a significant main effect of genotype for both spine density (E: F(1,151) =
52.79, P < 0.0001) and dendritic length (F: F(1,138) = 32.72, P < 0.0001), a significant PTX
effects on spine density (E: F(1,151) = 6.038, P = 0.0151), and a significant genotype × PTX
interaction for both spine density (E: F(1,151) = 4.550, P = 0.0345) and dendritic length (F:
F(1,138) = 4.173, P = 0.0430). *, P < 0.05; ***, P < 0.001, Bonferroni posthoc test. Values are
means ± SEM (B, D–F).
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Figure 6. Effect of FK506 on Dendritic Maturation of Adult-Born GCs
(A, B) Photomicrographs of dendrites (A) and spines (B) of 28-day-old adult-born GCs in 2–
3-month-old NTG and hAPP-J20 mice treated with vehicle or FK506 (5 mg/kg) from 14–27
dpi. Scale bars: 20 µm (A), or 3 µm (B).
(C) Quantification of dendritic length and spine density of 28-day-old adult-born GCs in 2–3-
month-old NTG and hAPP-J20 mice treated with vehicle or with 5 mg/kg of FK506. A two-
way ANOVA analysis identified a significant genotype effect on both dendritic length
(F(1,167) = 19.22, P < 0.0001) and spine density (F(1,104) = 4.338, P = 0.0397), a significant
main effect of FK506 treatment on both dendritic length (F(1,167) = 17.08, P < 0.0001) and
spine density (F(1,104) = 6.033, P = 0.0157), and a significant genotype × FK506 treatment
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interaction for both dendritic length (F(1,167) = 9.664, P = 0.0022) and spine density (F(1,104)
= 11.27, P = 0.0011). ***, P < 0.001, Bonferroni posthoc test. Values are means ± SEM.
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