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SUMMARY
Adult neurogenesis is impaired in the hippocampus of patients with Alzheimer disease (AD) as well as ADmodels. However, it is far from

clear how modulating adult neurogenesis affects AD neuropathology. We confirm that adult hippocampal neurogenesis is impaired in

two AD models. Surprisingly, however, cognitive functions are improved in AD models after ablating adult neural stem cells (aNSCs).

Ablation of aNSCs does not affect the levels of amyloid b but restores the normal synaptic transmission in the dentate gyrus (DG) granule

cells of AD models. Furthermore, calbindin depletion in the DG of ADmice is ameliorated after aNSC ablation, and knocking down cal-

bindin abolishes the effects of aNSC ablation on synaptic and cognitive functions of AD mice. Together, our data suggest that cognitive

functions of AD mice are improved after aNSC ablation, which is associated with the restoration of synaptic transmission in the DG

granule cells with calbindin as an important mediator.
INTRODUCTION

New neurons are generated in the hippocampus of adult

mammals (Boldrini et al., 2018; Eriksson et al., 1998; Kem-

permann et al., 2018; Kuhn et al., 2018; Lucassen et al.,

2020; Moreno-Jimenez et al., 2019; Spalding et al., 2013;

Tobin et al., 2019). The newly generated neurons are inte-

grated into the pre-existing neural circuits (Anacker and

Hen, 2017; van Praag et al., 2002; Vivar et al., 2012). Inter-

estingly, in comparison with mature hippocampal granule

cells (GCs), new neurons at certain developmental stages

exhibit enhanced synaptic plasticity (Ge et al., 2007;

Schmidt-Hieber et al., 2004), which makes them unique

in modulating the activity of local neural circuits. Previous

studies also indicate that new neurons are associated with a

variety of cognitive functions such as learning and mem-

ory, pattern separation,mood regulation, stress, and forget-

ting (Akers et al., 2014; Anacker et al., 2018; Anacker and

Hen, 2017; Bond et al., 2015; Clelland et al., 2009; Gu

et al., 2012; Toda et al., 2019).

AD is the most common neurodegenerative disorder,

characterized by extracellular deposition of amyloid b

(Ab), intracellular neurofibrillary tangles consisting of hy-

perphosphorylated tau, loss of neurons, synaptic deficits,

and cognitive dysfunctions (Musiek and Holtzman, 2015;

Selkoe andHardy, 2016). However, themechanisms under-

lying synaptic and cognitive deficits in AD are still elusive.
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Several studies indicate that adult neurogenesis is compro-

mised in AD mouse models (Jin et al., 2004; Krezymon

et al., 2013; Pan et al., 2016; Richetin et al., 2015; Sun

et al., 2009; Unger et al., 2016) and patients with AD (Mor-

eno-Jimenez et al., 2019; Tobin et al., 2019). Interestingly,

drugs restoring adult neurogenesis in ADmice were shown

to improve cognitive functions (Fiorentini et al., 2010;

Wang et al., 2010). These data suggest that aberrant adult

neurogenesis may account for, at least partially, the cogni-

tive dysfunctions in AD mice. Therefore, manipulating

adult neurogenesis could be a potential strategy to modu-

late AD pathogenesis.

A recent study demonstrated that enhancing adult neuro-

genesis in the presence of a healthier local brain environ-

ment but not simply increasing the number of newborn

neurons ameliorated the pathology and cognitive deficits

in AD mice (Choi et al., 2018), suggesting that healthy

new neurons are needed to improve cognitive functions in

AD. Supporting this assumption,Richetinet al. (2015) found

that selective delivery of NeuroD1 into neural progenitor

cells restored dendritic spines in newborn neurons and

rescued memory in AD mice. Therefore, restoring or

enhancing healthy adult neurogenesis could be beneficial

for AD.

The morphology (length of total or primary dendrites,

dendritic complexity, spine density) and functional inte-

gration of newborn neurons were abnormal in AD mice
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(Krezymon et al., 2013; Richetin et al., 2015; Sun et al.,

2009). The morphologically and functionally abnormal

new neurons could result in abnormal connections and

aberrant activity of neural circuits in the hippocampus.

Consequently, hippocampus-dependent functions would

be compromised as observed in AD. We therefore hypoth-

esized that inhibiting abnormal adult neurogenesis could

be beneficial for AD as well.

To test our hypothesis, we deleted aNSCs in two AD

models (APP/PS1 and hAPP-J20mice) by a genetic approach

(glial fibrillary acidic protein-thymidine kinase [GFAP-TK]

mice plus treatment with ganciclovir [GCV]) or a drug-

induced ablation (intraperitoneal injection ofmethylazoxy-

methanol acetate [MAM]). We then performed behavioral

tests and electrophysiological recordings to evaluate the ef-

fects of aNSC ablation on cognitive functions and synaptic

transmission in AD mice. In contrast to the results of two

recent reports indicating that ablating adult neurogenesis

exacerbated cognitive functions in AD models (Choi et al.,

2018; Hollands et al., 2017), our data revealed that aNSC

ablation ameliorated the cognitive and synaptic deficits in

ADmice.We also identified calbindin as an importantmedi-

ator during these processes.
RESULTS

Adult Hippocampal Neurogenesis Was Impaired in

hAPP-J20 and APP/PS1 Mice

We demonstrated previously that the dendritic length,

spine density, and functional integration of newborn neu-

rons were abnormal in the hippocampus of hAPP-J20

versus wild type (WT) mice (Sun et al., 2009). Here we

found that the number of DCX+ cells was significantly

reduced in the hippocampus of APP/PS1 versus WT mice

at the ages of both 2 and 5 months (Figures 1A–1D).

Although the number of hippocampal DCX+ cells was

not significantly reduced in 2- and 4-month-old hAPP-J20

mice (Figures 1E–1H),much fewer hippocampal DCX+ cells

were observed in 9-month-old hAPP-J20 versus WT mice

(Figures 1I and 1J). By crossing hAPP-J20 with POMC-GFP

mice (Overstreet et al., 2004), a mouse line in which

newborn neurons are specifically labeled with GFP, we

found less new neurons in the hippocampus of 4-month-

old hAPP-J20/POMC-GFP versus WT/POMC-GFP mice

(Figures 1K and 1L). Together, our results further demon-

strated that adult hippocampal neurogenesis was impaired

in both hAPP-J20 and APP/PS1 mice.
Genetic Approach to Inhibit Adult Neurogenesis in

APP/PS1 Mice

We bred APP/PS1 with GFAP-TK mice (Snyder et al., 2011)

and the offspring were treated with GCV for 4 weeks start-
90 Stem Cell Reports j Vol. 16 j 89–105 j January 12, 2021
ing at the age of 2.5months. Hippocampal DCX+ cells were

much less in TK+mice 7 days or 2months after the comple-

tion of GCV treatment (Figures 2A–2D). At the age of

9 months (5 months after the completion of GCV treat-

ment and the time of behavioral testing), no significant dif-

ference in DCX+ cells was observed between WT/TK� and

WT/TK+ mice. However, fewer DCX+ cells were found in

the dentate gyrus (DG) of APP/PS1-TK+ versus APP/PS1-

TK�mice (Figure 2E), although the reduction did not reach

a statistically significant difference. While no statistically

significant difference in the number of GFAP+/SOX2+ cells

was observed in the SGZ (subgranular zone) between TK�

and TK+ mice after GCV treatment (Figures S1A and S1B),

the number of GFAP+/Ki67+ cells was dramatically reduced

in TK+ mice versus TK� mice (Figures S1C and S1D), sug-

gesting that loss of active but not silent aNSCs mainly ac-

counts for the reduced DCX+ neurons in GCV-treated TK+

mice.

There was no difference in the number of either

microglia (Iba1+) or astrocytes (GFAP+ or ALDH1L1+) in

the hippocampus between TK� and TK+ mice 7 days (Fig-

ures S2A–S2C, S2E–S2G, and S2I) or 5 months (Figures

S2J–S2L and S2O–S2Q) after the completion of GCV treat-

ment. More astrocytes and microglia were observed in the

hippocampus of mice with APP/PS1 background versus

WT background at around 9 months old (Figures S2L and

S2Q). Sholl analysis revealed that the morphology of astro-

cytes and microglia was similar in the hippocampus be-

tween TK� and TK+ mice after GCV treatment (Figures

S2D, S2H, S2M, S2N, S2R, and S2S).

Although the number of DCX+ cells was reduced in the

hippocampus of APP/PS1 (Figures 1A–1D), curiously, how-

ever, no difference in DCX+ cells was observed between

WT-TK� and APP/PS1-TK� mice (Figures 2B–2E). Crossing

with GFAP-TK mice may somehow affect the DCX expres-

sion in APP/PS1 mice. The relative resistance to DCX

reduction in APP/PS1mice on amixed C57Bl/6:CD-1 back-

ground likely reflects heterosis, or hybrid vigor, a well-

documented phenomenon in plants and mammals (Com-

ings and MacMurray, 2000). We then analyzed the

morphology of newborn neurons using a retroviral vector

expressing enhanced GFP (eGFP) (Zhao et al., 2006). We

found that the dendrites were shorter and the spine density

was lower in new neurons of APP/PS1-TK� versus WT-TK�

mice (4 months old) (Figures S3A–S3D), suggesting

impaired adult neurogenesis in APP/PS1-TK� mice.

Genetic Ablation of aNSCs Improved Spatial Learning

and Memory in APP/PS1 Mice

As reflected by the escape latency to the hidden platform in

the Morris water maze (MWM) test, WT mice learned the

task quickly (Figure 2F). However, the spatial learning was

considerably impaired in 8–10-month-old APP/PS1 mice



Figure 1. Adult Neurogenesis was Impaired in the Hippocampus of APP/PS1 and hAPP-J20 Mice
(A) Hippocampal DCX+ cells in 2-month-old WT and APP/PS1 mice. Scale bar, 100 mm.
(B) Quantification of DCX+ cells in 2-month-old WT (n = 5) and APP/PS1 (n = 6) mice. *p < 0.05 (unpaired t test), data are represented as
mean ± SEM.
(C) Hippocampal DCX+ cells in 5-month-old WT and APP/PS1 mice. Scale bar, 100 mm.
(D) Quantification of DCX+ cells in 5-month-old WT (n = 3) and APP/PS1 (n = 3) mice. **p < 0.01 (unpaired t test), data are represented as
mean ± SEM.
(E) Hippocampal DCX+ cells in 2-month-old WT and hAPP-J20 mice. Scale bar, 100 mm.
(F) Quantification of DCX+ cells in 2-month-old WT (n = 6) and hAPP-J20 (n = 5) mice. Unpaired t test, data are represented as mean ± SEM.
(G) Hippocampal DCX+ cells in 4-month-old WT and hAPP-J20 mice. Scale bar, 100 mm.
(H) Quantification of DCX+ cells in 4-month-old WT (n = 5) and hAPP-J20 (n = 6) mice. Unpaired t test, data are represented as mean ± SEM.
(I) Hippocampal DCX+ cells in 9-month-old WT and hAPP-J20 mice. Scale bar, 100 mm.
(J) Quantification of DCX+ cells in 9-month-old WT (n = 4) and hAPP-J20 (n = 5) mice. *p < 0.05 (unpaired t test), data are represented as
mean ± SEM.
(K) GFP+ cells in the hippocampus of 4-month-old WT/POMC-GFP and hAPP-J20/POMC-GFP mice. Scale bar, 100 mm.
(L) Quantification of GFP+ cells in the DG of 4-month-old WT/POMC-GFP (n = 7) and hAPP-J20/POMC-GFP (n = 5) mice. **p < 0.01 (unpaired
t test), data are represented as mean ± SEM.
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(Figure 2F). Interestingly, the escape latency was shorter for

APP/PS1-TK+ versus APP/PS1-TK� mice after GCV treat-

ment (Figure 2F), suggesting that spatial learning was

improved in APP/PS1 mice after aNSC ablation. The swim-

ming speed was similar among different groups of mice

(Figure 2I). As reflected by the platform crossings and the

time spent in the target quadrant in probe trials, the mem-

ory retention was significantly impaired in APP/PS1 mice

(Figures 2G and 2H) and it was greatly improved after

aNSC ablation (Figures 2G and 2H).

In Y-maze test, the total number of individual arm entries

was not altered among different groups (Figure 2L). A lower

spontaneous alternation percentage was observed in APP/

PS1 mice (Figure 2K), suggesting impaired short-term

spatial working memory. However, the short-term spatial

working memory was improved in APP/PS1 mice after

aNSC ablation (Figure 2K).

Drug-Induced Ablation of aNSCs Improved Spatial

Memory in AD Mice

To further examine the effects of aNSC ablation on cogni-

tive functions in AD mice, we treated hAPP-J20 mice with

MAM, a DNA methylating agent and a toxin for prolifer-

ating cells (Shors et al., 2001), as an alternative approach

to ablate aNSCs. hAPP-J20 but not APP/PS1 mice were

used based on the following considerations: (1) learning

and memory deficits are observed in hAPP-J20 mice at

4–5 months when adult neurogenesis is still active, but

cognitive deficits cannot be observed in APP/PS1mice until

8 months, when the number of aNSCs is dramatically

reduced; (2) the effect of MAM treatment on the ablation

of aNSCs is not long lasting compared with GFAP-TK/

GCV ablation. Therefore, early treatment with MAM may

not have effects on spatial learning and memory in
Figure 2. Genetic Ablation of aNSCs Improved Spatial Learning a
(A) Timeline for the experiments.
(B) DCX+ cells in the hippocampus of mice 7 days after the completio
(C–E) Quantification of DCX+ cells in the DG of mice 7 days (C), 2 month
way ANOVA with Bonferroni post tests, data are represented as mean
(F–J) Effects of ablating aNSCs on learning and memory in MWM (WT-TK
8–10 months of age). (F) Hidden platform learning curves. *p < 0.05 b
represented as mean ± SEM. (G) Percentage of time spent in the targ
(target versus average of other quadrants, two-tailed paired t test). D
crossings, a two-way ANOVA analysis identified a significant effect
p = 0.0133), *p < 0.05, Bonferroni post hoc test, data are represente
Two-way ANOVA with Bonferroni post hoc test, data are represented
(K and L) Effects of ablating aNSCs on memory in Y-maze test (WT-TK�

8–10 months old).
(K) Percentage of alternation on Y-maze test. Two-way ANOVA: genoty
2.221, p = 0.1442; interaction, F(1,39) = 10.46, p = 0.0025; **p < 0.01,
as mean ± SEM.
(L) Total entry numbers into each arm of Y-maze test. Two-way ANOVA
See also Figures S1–S3.
8-month-old APP/PS1 mice, and late treatment with

MAM would only have a minor impact on aNSCs.

MAM treatment induced effective ablation of aNSCs in

the DG of both WT and hAPP-J20 mice (4.5–5 months

old) (Figures 3A–3C). Although there is no difference in

DCX+ cells in the DG between WT/veh and hAPP-J20/

veh mice (Figures 3B and 3C), both dendritic length and

spine density were reduced in newborn neurons of hAPP-

J20/veh versus WT/veh (Figures S3E–S3H), indicating that

newborn neurons are abnormal in hAPP-J20/veh mice.

MAM treatment did not affect the number and

morphology of hippocampal microglia and astrocytes in

both WT and hAPP-J20 mice (Figures S4A–S4I).

In the MWM test, the ability of spatial learning was

significantly impaired in hAPP-J20 (Figure 3D). Although

we did not find a statistically significant effect, there was

a trend of recovery in terms of the spatial learning in

hAPP-J20 mice after aNSC ablation (Figure 3D). Mean-

while, there is a trend of worsening spatial learning in the

WT mice after ablating aNSCs (Figure 3D). In the MWM

probe trial and Y-maze test, spatial memory was impaired

in hAPP-J20 but was significantly improved after MAM

treatment (Figures 3E, 3F, and 3H). Ablating aNSCs, howev-

er, impaired spatial memory in WT mice (Figures 3E and

3H). The swimming speed was similar among different

groups of mice (Figure 3G). These data further confirmed

that aNSC ablation ameliorated the cognitive deficits in

AD mice.

Ablation of aNSCs Did Not Affect Ab Pathology in AD

Mice

For 9-month-old (5 months after the completion of GCV

treatment) and 4–5-month-old (7 days after the comple-

tion of GCV treatment) mice, the levels of full-length and
nd Memory in APP/PS1 Mice

n of GCV treatment. Scale bar, 100 mm.
s (D), and 5 months (E) after the completion of GCV treatment. Two-
± SEM. **p < 0.01, ***p < 0.001.
�, n = 15; WT-TK+, n = 4; APP/PS1-TK�, n = 14; APP/PS1-TK+, n = 10;
y repeated-measures ANOVA and Bonferroni post hoc test, data are
et and other quadrants. *p < 0.05, ***p < 0.001, ****p < 0.0001
ata are represented as mean ± SEM. (H) Number of target platform
of ablating aNSCs on memory of APP/PS1 mice (F(1,39) = 6.726,

d as mean ± SEM. (I) Swimming speed during the pre-training test.
as mean ± SEM. (J) Swimming traces during the probe test.
, n = 15; WT-TK+, n = 4; APP/PS1-TK�, n = 14; APP/PS1-TK+, n = 10;

pe (APP or WT), F(1,39) = 4.042, p = 0.0513; ablating aNSCs, F(1,39) =
****p < 0.0001 with Bonferroni post hoc test. Data are represented

with Bonferroni post hoc test, data are represented as mean ± SEM.
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Figure 3. Ablating aNSCs by MAM Treatment Improved Spatial Learning and Memory in hAPP-J20 Mice
(A) Timeline for the experiments.
(B) DCX+ cells in the hippocampus of mice before and after MAM treatment. Scale bar, 100 mm.
(C) Quantification of DCX+ cells in the DG of WT/veh (n = 5), WT/MAM (n = 5), hAPP/veh (n = 5), and hAPP/MAM (n = 6) mice. Two-way
ANOVA with Bonferroni post tests, data are represented as mean ± SEM. ****p < 0.0001.
(D–G) Effects of ablating aNSCs on learning and memory in MWM test (WT/veh, n = 8; WT/MAM, n = 6; hAPP-J20/veh, n = 6; hAPP-J20/MAM,
n = 8; 5–6 months of age). (D) Hidden platform learning curves. **p < 0.01 by repeated-measures ANOVA and Bonferroni post hoc test, data
are represented as mean ± SEM. (E) Percentage of time spent in the target and other quadrants, *p < 0.05 (target versus average of other
quadrants, two-tailed paired t test). Data are represented as mean ± SEM. (F) Number of target platform crossings, two-way ANOVA:
genotype3 treatment, F(1,24) = 14.25, p = 0.0009; genotype, F(1,24) = 1.474, p = 0.2365; treatment, F(1,24) = 1.170, p = 0.2901; *p < 0.05

(legend continued on next page)
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C-terminal fragments (a- or b-CTF) of hAPP and Ab levels

were similar between APP/PS1-TK� and APP/PS1-TK+

mice (Figures 4C–4H). Ab plaque load was similar in the

hippocampus of 9-month-old APP/PS1 mice with or

without aNSC ablation (Figures 4A and 4B). We did not

compare the Ab plaques of 4–5-month-old mice because

they are absent in the hippocampus of APP/PS1 mice at

this stage (Minkeviciene et al., 2008).

APP/PS1 mice carry transgenes of human APP and hu-

man presenilin-1 (PS1) with AD-linkedmutations (Jankow-

sky et al., 2004). We therefore examined the expression of

PS1 after aNSC ablation. The expression of PS1 in the hip-

pocampus was similar between APP/PS1-TK� and APP/PS1-

TK+ mice 7 days after the completion of GCV treatment

(Figures S5A and S5B). However, higher levels of PS1 were

observed in APP/PS1-TK+ mice versus APP/PS1-TK� mice

5 months after the completion of GCV treatment (Figures

S5C and S5D).

Similarly, MAM-induced ablation of aNSCs did not affect

the Ab plaques, full-length and CTFs of hAPP, and Ab levels

in the hippocampus of hAPP-J20 mice (around 6 months

old) (Figures 4I–4M). Genetic ablation of aNSCs did not

affect the levels of full-length and CTFs of hAPP and Ab

levels, either (Figures 4N–4P). We did not compare the Ab

deposition between hAPP-J20/TK� and hAPP-J20/TK+

mice after GCV treatment because Ab plaques were barely

observed in the brain of hAPP-J20 mice younger than

5.5 months (Mucke et al., 2000).

Taken together, these data indicated that ablation of

aNSCs did not affect the Ab deposition, hAPP processing,

or Ab levels in the hippocampus of AD mice.

Restoration of Normal Synaptic Transmission in the

DG of AD Mice after aNSC Ablation

Similar to previous reports showing increased inhibition in

hippocampal GCs of ADmice (Palop et al., 2007), we found

that the amplitudes of evoked and miniature excitatory

postsynaptic currents (eEPSCs and mEPSCs) were smaller

(Figures 5A, 5C, and 5E) and the amplitudes of evoked and

miniature inhibitory postsynaptic currents (eIPSCs and

mIPSCs) were larger (Figures 5B, 5D, and 5F) in the GCs of

hAPP-J20 mice versus WT mice (5–6 months), suggesting

increased response to inhibitory synaptic transmission but

decreased response to excitatory synaptic transmission in
with Bonferroni post hoc test. Data are represented as mean ± SEM. (G)
Bonferroni post hoc test, data are represented as mean ± SEM.
(I and J) Effects of ablating aNSCs on memory in Y-maze test (WT/veh,
5–6 months of age). (I) Percentage of alternation in Y-maze test, tw
genotype, F(1,24) = 6.460, p = 0.0179; treatment, F(1,24) = 2.899, p = 0.1
are represented as mean ± SEM. (J) Total entry numbers into each arm
are represented as mean ± SEM.
See also Figures S3 and S4.
the GCs of hAPP-J20 mice. The amplitudes of both mIPSC

and eIPSC in the GCs of hAPP-J20 mice were decreased to

similar levels to those of WT mice after aNSC ablation (Fig-

ures 5B, 5D, and 5F). Meanwhile, the amplitudes of both

mEPSC and eEPSC in the GCs of hAPP-J20 mice were

increased to normal levels after aNSC ablation (Figures 5A,

5C, and 5E), suggesting that aNSCs may contribute to the

abnormal synaptic transmission in hAPP-J20 mice.

To further examine the effect of aNSC ablation on the

synaptic transmission in the DG of AD mice, we again

turned to another AD model (APP/PS1). Similar to hAPP-

J20 mice, the amplitude of eEPSC was significantly

decreased while the amplitude of eIPSC was significantly

increased in the GCs of APP/PS1 versus WT mice (around

4 months old), and aNSC ablation corrected these changes

(Figures 6A and 6B). Ablating aNSCs also reversed the

changes of mEPSC and mIPSC in APP/PS1 mice (Figures

6C–6H). These results indicated that the abnormal adult

neurogenesis might contribute to abnormal synaptic trans-

mission in the DG of APP/PS1 mice, as well.

As additional evidence to support this conclusion, we

found that aNSC ablation significantly reduced the fre-

quency of spontaneous inhibitory postsynaptic currents

(sIPSCs) and diminished the action-potential (AP)-driven

IPSC frequency (subtracting mIPSC from sIPSC) in the

GCs of hAPP-J20 mice (Figure S6).

Taken together, these data demonstrated that aNSC abla-

tion prevented the abnormal synaptic transmission in the

DG of AD mice.

Calbindin Deletion in the DG of AD Mice Was

Attenuated after Ablating aNSCs

The expression of calbindin-D28k, a calcium-binding pro-

tein, was significantly decreased in the DG of both AD pa-

tients and AD models (Palop et al., 2003; Sun et al., 2008),

and the calbindin depletion was associated with synaptic

and cognitive deficits in AD mice (Palop et al., 2003; San-

chez et al., 2012; You et al., 2017). We therefore wondered

whether alterations in calbindin expression were involved

in the beneficial effects of aNSC ablation in AD mice.

Consistent with previous reports (Palop et al., 2003; Sun

et al., 2008), we found that the expression of calbindin

was significantly reduced in the DG of APP/PS1 (Figures

S7A and S7B) and hAPP-J20mice (Figures 7A and 7B) versus
Swimming speed during the pre-training test. Two-way ANOVA with

n = 8; WT/MAM, n = 6; hAPP-J20/veh, n = 6; hAPP-J20/MAM, n = 8;
o-way ANOVA: genotype 3 treatment, F(1,24) = 57.52, p < 0.0001;
016; **p < 0.01, ****p < 0.0001 with Bonferroni post hoc test. Data
of Y-maze test. Two-way ANOVA with Bonferroni post hoc test, data
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WT mice. However, this reduction was greatly attenuated

after genetic ablation of aNSCs (Figures 7A, 7B, S7A, and

S7B), suggesting that altered expression of calbindin was

associated with the effects of aNSC ablation on synaptic

and cognitive functions in AD models.

To further explore why the expression of calbindin was

recovered in the DG of AD mice after aNSC ablation, we

examined the expression of DFosB, a highly stable tran-

scription factor, and its elevated expression was associated

with seizure activity and contributed to the suppression of

calbindin in the DG of hAPP-J20 mice (You et al., 2017).

Consistent with this study (You et al., 2017), we found

that the expression of DFosB was significantly increased

in the DG of hAPP-J20 mice (Figures S7C and S7D). Inter-

estingly, the elevated expression of DFosB was attenuated

after aNSC ablation (Figures S7C and S7D), suggesting

that reduced DFosB may contribute to the recovery of cal-

bindin in the DG of hAPP-J20 mice after aNSC ablation.

Hippocampal Knockdown of Calbindin Abolished the

Effects of aNSC Ablation on Synaptic and Cognitive

Functions in hAPP-J20 Mice

To directly test the possibility that the altered expression of

calbindin was associated with the effects of aNSC ablation

on synaptic and cognitive functions in AD models, we in-
Figure 4. Ablating aNSCs Did Not Affect the Ab Pathology
(A) 3D6-positive plaques in the hippocampus of 9-month-old APP/PS
(B) Quantification of the plaque load in the hippocampus of 9-month
with GCV. Unpaired t test, data are represented as mean ± SEM.
(C) Western blot analysis of hAPP (6E10), b-CTF and a-CTF (CT-15), and
PS1-TK+ mice treated with GCV. GAPDH served as the loading control
(D) Quantification of the bands shown in (C), n = 4 mice for each gro
(E) Comparison of human Ab1-42 and Ab1-x levels by ELISA in the
treated with GCV. n = 5 mice for each group. Unpaired t test, data ar
(F) Western blot analysis of hAPP, b-, and a-CTFs in the hippocampu
GCV. GAPDH served as the loading control.
(G) Quantification of the bands shown in (F), n = 3 mice for each gro
(H) Comparison of human Ab1-42 and Ab1-x levels in the hippocampus
treated with GCV. Unpaired t test, data are represented as mean ± SE
(I) 3D6-positive plaques in the hippocampus of 6-month-old hAPP-J
(J) Quantification of the plaque load in the hippocampus of hAPP-J20
data are represented as mean ± SEM.
(K) Western blot analysis of hAPP, b-, and a-CTFs in the hippocampu
served as the loading control.
(L) Quantification of the bands shown in (K), n = 3 mice for each gro
(M) Comparison of human Ab1-42 and Ab1-x levels in the hippocamp
each group. Unpaired t test, data are represented as mean ± SEM.
(N) Western blot analysis of hAPP, b-, and a-CTFs in the hippocampus
served as the loading control.
(O) Quantification of the bands shown in (N), n = 4 (hAPP-J20/TK�) a
± SEM.
(P) Comparison of human Ab1-42 and Ab1-x levels in the hippocampus
GCV. n = 3 mice for each group. Unpaired t test, data are represented
See also Figure S5.
jected AAV-shCalb1 (Li et al., 2017) into the DG of hAPP-

J20 mice after genetically ablating aNSCs to knock down

the expression of calbindin. As shown in Figures 7A and

7B, AAV-shCalb1 but not AAV-control virus successfully

reduced the expression of calbindin in the DG of aNSCs-

deleted hAPP-J20 mice. Genetic ablation of aNSCs did

not affect the number and morphology of microglia and

astrocytes in the hippocampus of hAPP-J20 mice (Figures

S4J–S4R).

Whole-cell recordings in the presence of tetrodotoxin re-

vealed that the amplitudes of mIPSC andmEPSC in GCs of

hAPP-J20 mice (5–6 months old) were increased and

decreased, respectively, when compared with WT mice,

and aNSC ablation prevented these changes (Figures 7C–

7H). Interestingly, reducing the expression of calbindin

by AAV-shCalb1 abolished the effects of aNSC ablation

on mIPSC and mEPSC in GCs of hAPP-J20 mice (Figures

7C–7H).

Next, we tested the memory of mice in the Y maze.

Spatial memory was impaired in hAPP-J20 mice and it

was improved after genetic ablation of aNSCs (Figures 7I

and 7J). This is consistent with the results in APP/PS1

mice (Figure 2) and in drug-treated hAPP-J20 mice (Fig-

ure 3). However, knockdown of calbindin abolished the

beneficial effects of aNSC ablation (Figures 7I and 7J).
1-TK� and APP/PS1-TK+ mice treated with GCV. Scale bar, 100 mm.
-old APP/PS1-TK� (n = 14) and APP/PS1-TK+ mice (n = 10) treated

BACE1 in the hippocampus of 9-month-old APP/PS1-TK� and APP/
.
up. Unpaired t test, data are represented as mean ± SEM.
hippocampus of 9-month-old APP/PS1-TK� and APP/PS1-TK+ mice
e represented as mean ± SEM.
s of 5-month-old APP/PS1-TK� and APP/PS1-TK+ mice treated with

up. Unpaired t test, data are represented as mean ± SEM.
of 5-month-old APP/PS1-TK� (n = 4) and APP/PS1-TK+ mice (n = 5)
M.
20 mice treated with veh or MAM. Scale bar, 500 mm.
mice. hAPP-J20/veh, n = 5; hAPP-J20/MAM, n = 6. Unpaired t test,

s of 6-month-old hAPP-J20 mice treated with veh or MAM. GAPDH

up. Unpaired t test, data are represented as mean ± SEM.
us of 6-month-old hAPP-J20 mice treated with MAM. n = 5 mice for

of hAPP-J20/TK� and hAPP-J20/TK+ mice treated with GCV. GAPDH

nd 3 (hAPP-J20/TK+). Unpaired t test, data are represented as mean

of 5-month-old hAPP-J20/TK� and hAPP-J20/TK+ mice treated with
as mean ± SEM.
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Figure 5. Ablating aNSCs by MAM Restored the Synaptic Transmission in DG GCs of hAPP-J20 Mice
(A) Traces of eEPSCs and quantification of eEPSC amplitudes in GCs. WT/veh (n = 12 cells from three mice), WT/MAM (n = 11 cells from three
mice), hAPP/veh (n = 13 cells from three mice), and hAPP/MAM (n = 13 cells from three mice). **p < 0.01, ***p < 0.001, two-way ANOVA
with Bonferroni post hoc test, data are represented as mean ± SEM.
(B) Traces of eIPSCs and quantification of eIPSC amplitudes in GCs. WT/veh (n = 8 cells from three mice), WT/MAM (n = 10 cells from three
mice), hAPP/veh (n = 13 cells from three mice), and hAPP/MAM (n = 13 cells from three mice). **p < 0.01, ***p < 0.001, two-way ANOVA
with Bonferroni post tests, data are represented as mean ± SEM.
(C and D) Traces of mEPSCs (C) and mIPSCs (D) recorded in GCs of WT/veh, WT/MAM, hAPP/veh, and hAPP/MAM mice.
(E and G) Cumulative fraction plots and quantification of mEPSC amplitude (E) and frequency (G) in GCs of WT/veh (n = 8 cells from three
mice), WT/MAM (n = 8 cells from three mice), hAPP/veh (n = 10 cells from three mice), and hAPP/MAM (n = 10 cells from three mice) mice.
Two-way ANOVA for (E): genotype, F(1,34) = 2.959, p = 0.0945; treatment, F(1,34) = 6.584, p = 0.0149; interaction, F(1,34) = 5.707,
p = 0.0226; *p < 0.05, **p < 0.01 with Bonferroni post hoc test. Data are represented as mean ± SEM.
(F and H) Cumulative fraction plots and quantification of mIPSC amplitude (F) and frequency (H) in GCs of WT/veh (n = 8 cells from three
mice), WT/MAM (n = 10 cells from three mice), hAPP/veh (n = 14 cells from three mice), and hAPP/MAM (n = 9 cells from three mice) mice.

(legend continued on next page)
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Taken together, our results demonstrated that the altered

expression of calbindin mediated the effects of aNSC abla-

tion on synaptic and cognitive functions in hAPP-J20mice.
DISCUSSION

We demonstrated that ablation of aNSCs byGFAP-TK/GCV

or MAM treatment improved cognitive functions in two

mouse models of AD. Both GFAP-TK/GCV and MAM treat-

ment may kill the proliferating glial cells. GCV treatment

alone was also reported to inhibit the activation of micro-

glia (Ding et al., 2014; Mathur et al., 2017). It is unlikely,

however, that the improved cognitive functions in AD

mice in the current study were caused by reduced gliosis:

(1) TK+ mice were treated with GCV at the age of

2–4 months when proliferative astrocytes and microglia

are barely observed in the hippocampus for both APP/PS1

and hAPP-J20 mice (Jackson et al., 2013; Minkeviciene

et al., 2008; Wright et al., 2013); (2) both TK� and TK+

mice of APP/PS1 and hAPP-J20 were treated with GCV in

the current study; (3) hAPP-J20 mice were treated with

MAM at the age of 4.5–5 months when gliosis is minimal

(Wright et al., 2013). Actually, no difference in the number

and morphology of microglia and astrocytes was observed

in the hippocampus between TK� and TK+mice of APP/PS1

or hAPP-J20, or veh- and MAM-treated hAPP-J20 mice.

Although the expression of PS1 was increased in the hip-

pocampus of old APP/PS1-TK+ mice, the Ab plaque load,

processing of hAPP, and Ab levels were not affected in the

hippocampus of young or old APP/PS1-TK+ mice after

GCV treatment. They were not affected, either, in MAM-

treated hAPP-J20 mice or hAPP-J20/TK+mice after GCV de-

livery. Therefore, the improved cognitive functions in AD

mice were not due to reduced Ab pathology.

We found that aNSC ablation restored normal synaptic

transmission and, particularly, prevented the increased in-

hibition in the GCs of AD mice, suggesting that abnormal

aNSCs or new neurons derived from them might drive the

aberrant activity of inhibitory neurons in the hippocampus

of AD mice. This is consistent with previous reports

showing that adult-born new neurons activate GABAergic

neurons and exert a net inhibitory effect on the local neural

circuits in the hippocampus (Anacker andHen, 2017; Drew

et al., 2016). GCs are an important component of the neu-

ral circuit in the hippocampus. Therefore, restoring synap-

tic transmission in GCs after aNSC ablation is expected to

improve the function of the hippocampal neural circuit

in AD mice, which may account for the effects of aNSC
Two-way ANOVA for (F): genotype, F(1,37) = 7.078, p = 0.0115; tre
p = 0.0226; *p < 0.05, **p < 0.01 with Bonferroni post hoc test. Dat
See also Figure S6.
ablation on cognitive functions in AD models. In future

studies, the effects of ablating aNSCs on the activity of

GABAergic neurons in the hippocampus of AD mice need

to be assessed.

Calbindin is critical for hippocampal function andmem-

ory (Molinari et al., 1996). Decreased expression of calbin-

din was associated with the remodeling of hippocampal

circuits and synaptic and cognitive deficits in AD models

(Palop et al., 2003, 2007; Sanchez et al., 2012; You et al.,

2017). Previous studies showed that elevated expression

ofDFosB induced by seizure activity contributed to the sup-

pression of calbindin in the DG of hAPP-J20 mice (You

et al., 2017), and ablation of aNSCs led to a reduction of

chronic seizure frequency (Cho et al., 2015). We found

that aNSC ablation prevented the elevated expression of

DFosB in the DG of hAPP-J20 mice, suggesting that abla-

tion of aNSCs may reduce the seizure activity in AD mice,

which may lead to decreased expression of DFosB and

then result in recovery of calbindin. While more work is

needed to demonstrate whether ablation of aNSCs will

reduce the seizure activity in AD mice, our finding that

knocking down the expression of calbindin abolished the

effects of aNSC ablation on synaptic transmission demon-

strated that the recovery of calbindin induced by aNSC

ablation was essential for the restoration of normal synap-

tic transmission in the GCs of AD mice.

Our data are seemingly in contradiction with previous

studies reporting that enhancing adult neurogenesis is

associated with improved cognitive functions in AD mice

(Choi et al., 2018; Fiorentini et al., 2010; Richetin et al.,

2015; Wang et al., 2010). However, we believe that the ef-

fects of deleting abnormal new neurons and enhancing

healthy new neurons on AD pathology are not mutually

exclusive: (1) enhancing adult neurogenesis plus exercise

or brain-derived neurotrophic factor (BDNF) but not

enhancing adult neurogenesis alone improves cognitive

functions in AD mice (Choi et al., 2018). Both exercise

and BDNF are known to improve the hippocampal micro-

environment, which supports the generation and survival

of healthy newborn neurons (Scharfman et al., 2005; van

Praag et al., 1999); (2) restoring dendritic spines without

increasing the overall number of new neurons after overex-

pression of NeuroD1 in aNSCs rescues spatial memory in

ADmice (Richetin et al., 2015); (3) as shown in our current

study, ablating aNSCs restores the normal synaptic trans-

mission in the GCs of AD mice, suggesting that abnormal

new neurons may contribute to the aberrant synaptic

transmission that is associated with the dysfunction of hip-

pocampal neural circuits and hippocampus-dependent
atment, F(1,37) = 4.536, p = 0.0399; interaction, F(1,37) = 5.666,
a are represented as mean ± SEM.
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Figure 6. Genetic Ablation of aNSCs
Restored the Synaptic Transmission in DG
GCs of APP/PS1 Mice
(A) Traces of eEPSCs and quantification of
eEPSC amplitudes recorded in GCs of mice
treated with GCV (WT-TK�, n = 11 cells from
four mice; WT-TK+, n = 8 cells from four mice;
APP/PS1-TK�, n = 8 cells from three mice;
APP/PS1-TK+, n = 20 cells from seven mice).
*p < 0.05, ***p < 0.001, two-way ANOVA
with Bonferroni post hoc test, data are rep-
resented as mean ± SEM.
(B) Traces of eIPSCs and quantification of
eIPSC amplitudes recorded in GCs of mice
treated with GCV (WT-TK�, n = 12 cells from
four mice; WT-TK+, n = 7 cells from three
mice; APP/PS1-TK�, n = 6 cells from three
mice; APP/PS1-TK+, n = 11 cells from five
mice). **p < 0.01, ***p < 0.001, two-way
ANOVA with Bonferroni post hoc test, data
are represented as mean ± SEM.
(C and D) Traces of mEPSCs (C) and mIPSC (D)
recorded in GCs of WT-TK�, WT-TK+, APP/PS1-
TK�, and APP/PS-TK+ mice treated with GCV.
(E and G) Cumulative fraction plots and
quantification of mEPSC amplitudes (E) and
frequency (G) in GCs of WT-TK� (n = 8 cells
from four mice), WT-TK+ (n = 10 cells from
three mice), APP/PS1-TK� (n = 12 cells from
six mice), and APP/PS1-TK+ (n = 12 cells from
four mice) mice treated with GCV. Two-way
ANOVA for (E): genotype (APP), F(1,38) =
6.746, p = 0.0133; ablating aNSCs, F(1,38) =
7.817, p = 0.0081; interaction, F(1,38) =
2.543, p = 0.1197; *p < 0.05 with Bonferroni
post hoc test. Data are represented as mean
± SEM.

(F and H) Cumulative fraction plots and quantification of mIPSC amplitudes (F) and frequency (H) in WT-TK� (n = 12 cells from four mice),
WT-TK+ (n = 10 cells from three mice), APP/PS1-TK� (n = 10 cells from three mice), and APP/PS1-TK+ (n = 13 cells from five mice) mice
treated with GCV. Two-way ANOVA for (F): genotype (APP), F(1,41) = 5.442, p = 0.0246; ablating aNSCs, F(1,41) = 3.708, p = 0.0611;
interaction, F(1,41) = 3.918, p < 0.0545; *p < 0.05 with Bonferroni post hoc test. Data are represented as mean ± SEM.
cognition (Palop et al., 2007); (4) similar to our results in

AD mice, reducing aberrant newborn neurons by ablation

of aNSCs improves hippocampus-dependent memory in

an epilepsy model (Cho et al., 2015). Therefore, both

increasing healthy new neurons and reducing abnormal

new neurons could be beneficial for cognitive functions

in AD mice.

Different from our results, Hollands et al. (2017) reported

that depletion of adult neurogenesis mildly exacerbated

cognitive deficits in APPswe/PS1DE9 mice. However, they

started the treatment at a very young age (right after wean-

ing) with valganciclovir (v-GCV) (�90 mg/kg/day) for

2 months. On one hand, v-GCV treatment in AD mice ex-

pressing nestin-TK at a very young age may target not only
100 Stem Cell Reports j Vol. 16 j 89–105 j January 12, 2021
adult neurogenesis but also other cells in the hippocampus,

such asGCs and glia. On the other hand, while Snyder et al.

(2011) showed that approximately 35 mg/kg/day of v-GCV

is enough to inhibit adult neurogenesis, �90 mg/kg/day of

v-GCV for 2months may induce side effects such as gastro-

intestinal inflammation (Bush et al., 1998). In another

study, Choi et al. (2018) reported that ablating adult neuro-

genesis was associated with worsening cognition in 5-

month-old 53FAD mice. However, this effect could be

observed only when the inhibition of adult neurogenesis

was accompanied by loss of mature GCs and synaptic

markers, and only inhibiting adult neurogenesis at very

early age (6 weeks) (Choi et al., 2018). Therefore, in our

opinion, although worsened behavioral functions were



Figure 7. Hippocampal Knockdown of Calbin-
din Abolished the Effects of aNSC Ablation
on Synaptic and Cognitive Functions in
hAPP-J20 Mice
(A) Calbindin expression in the DG of the hip-
pocampus. Scale bar, 500 mm.
(B) Quantification of the relative calbindin level
in the DG of the hippocampus. Green, WT, n = 8;
red, hAPP-J20, n = 6; blue, aNSC-deleted hAPP-
J20, n = 9; brown, aNSC-deleted hAPP-J20 with
injection of AAV-shCalb1, n = 6. All mice were
treated with GCV. *p < 0.05, ***p < 0.001, one-
way ANOVA with Tukey post hoc test, data are
represented as mean ± SEM.
(C and D) Traces of mIPSCs (C) and mEPSCs (D)
recorded in GCs of WT (green), hAPP-J20 (red),
aNSC-deleted hAPP-J20 (blue), and aNSC-deleted
hAPP-J20 with injection of AAV-shCalb1
(brown).
(E and F) Cumulative fraction plots (E) and
quantification (F) of mIPSC amplitudes in GCs of
WT (green, n = 23 cells from five mice), hAPP-J20
(red, n = 23 cells from five mice), aNSC-deleted
hAPP-J20 (blue, n = 27 cells from five mice), and
aNSC-deleted hAPP-J20 with injection of AAV-
shCalb1 (brown, n = 15 cells from three mice)
mice. All mice were treated with GCV. *p < 0.05,
**p < 0.01, one-way ANOVA with Tukey post hoc
test, data are represented as mean ± SEM.
(G and H) Cumulative fraction plots (G) and
quantification (H) of mEPSC amplitudes in GCs of
WT (green, n = 24 cells from five mice), hAPP-J20
(red, n = 19 cells from five mice), aNSC-deleted
hAPP-J20 (blue, n = 22 cells from five mice), and
aNSC-deleted hAPP-J20 with injection of AAV-
shCalb1 (brown, n = 19 cells from three mice)
mice. All mice were treated with GCV. **p < 0.01,
one-way ANOVA with Tukey post hoc test, data
are represented as mean ± SEM.
(I and J) Y-maze tests showing percentage of
alterations (I) and total arm entries (J) in WT
(green, n = 10), hAPP-J20 (red, n = 5), aNSC-
deleted hAPP-J20 (blue, n = 6), and aNSC-
deleted hAPP-J20 with injection of AAV-shCalb1
(brown, n = 5) mice. All mice were treated with
GCV. *p < 0.05, **p < 0.01, one-way ANOVA with
Tukey post hoc test, data are represented as
mean ± SEM.
See also Figure S7.
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observed in AD mice, data from these studies did not pro-

vide conclusive evidence that these behavioral changes

were caused by ablating adult neurogenesis.

Adult-born new neurons are abnormal in the hippocam-

pus of AD mice (Krezymon et al., 2013; Richetin et al.,

2015; Sun et al., 2009). However, not all new neurons are

abnormal. The current approaches to ablate aNSCs in our

study and other studies (Choi et al., 2018; Hollands et al.,

2017) could not distinguish normal from abnormal new

neurons in AD mice. Better approaches to target specific

populations of newneuronswill facilitate the complete un-

derstanding of the effects of modulating adult neurogene-

sis on AD. Similarly, it will be ideal to specifically increase

the number of healthy new neurons but not simply in-

crease the number of new neurons in the hippocampus

of AD mice.

In summary, we demonstrated that ablating aNSCs

improved cognitive functions in AD mice. This effect was

associated with the restoration of synaptic transmission

in GCs, and the altered expression of calbindin was an

important mediator during this process. We also believe

that the effects of deleting abnormal new neurons and

enhancing healthy neurogenesis on AD are not mutually

exclusive. In future studies, developing better strategies to

target specific populations of new neurons (either

decreasing or increasing) will help us to fully appreciate

the effects of modulating adult neurogenesis on cognitive

functions in AD. It is also important to further dissect the

effects of modulating adult neurogenesis on the activity

of neural circuits in the hippocampus of AD mice.
EXPERIMENTAL PROCEDURES

Animals
APP/PS1 (Jax, 34,832) and hAPP-J20 mice (Jax MMRRC, 034836)

were used as AD models. GFAP-TK mice (Snyder et al., 2011)

were provided by Dr. Tianming Gao (SouthernMedical University,

China) with permission from Dr. Heather Cameron (NIH). POMC-

GFPmice (Jax, 009593) were used to visualize newborn neurons in

the hippocampus. All mice were housed under standard condi-

tions at 22�C and a 12 h light:dark cycle with free access to food

and water. All experiments were approved by the Institutional An-

imal Care and Use Committee of the Zhejiang University.
Drug Treatments
GCV treatment: TK� and TK+ mice of WT, APP/PS1, and hAPP-J20

were treated with GCV (Roche; in 0.9% sterile saline) at 20 mg/kg/

day via subcutaneous osmotic mini-pumps (Model, 2004; Alzet;

0.25 mL/h release rate).

MAM treatment: hAPP-J20 mice received an intraperitoneal in-

jection of MAM (7 mg/kg; Wako pure chemical industries, no.

136–16303) or vehicle (saline) once per day for seven consecutive

days before electrophysiological recordings and behavioral tests.
102 Stem Cell Reports j Vol. 16 j 89–105 j January 12, 2021
MAM treatment started from approximately the age of 4.5–

5 months.
Stereotaxic Injection of Virus
AAV-shCalb1 (pAKD-CMV-bGlobin-eGFP-H1-Calb1, 3.89 3 1012

viral genomes/mL) (Li et al., 2017) was stereotaxically injected

into the DG (0.4 mL/hemisphere at a perfusion rate of 0.1 mL/min;

anterior-posterior, �2.1 mm; lateral, ±1.7 mm; and vertical,

�2.0 mm; the bregma was used as the reference point) to knock

down the expression of calbindin in the hippocampus of hAPP-

J20 mice after ablation of aNSCs.

To label newborn neurons, a retroviral vector expressing eGFP

(Zhao et al., 2006) was injected into the hippocampus of WT-

TK� and APP/PS1-TK� mice or WT/veh and hAPP-J20/veh mice

(around 4 months old) using the same coordinates as above. Den-

dritic length and spine density of newborn neurons were analyzed

28 days after the injection of virus as described previously (Sun

et al., 2009).
ELISA
ELISA for quantification of Ab was performed as described previ-

ously (JohnsonWood et al., 1997). Detailed information for ELISA

is provided in the Supplemental Experimental Procedures.
Immunostaining and Quantification
Immunofluorescence and immunohistochemistry were performed

as described previously (Zhang et al., 2017). Details of staining

and quantification are provided in Supplemental Experimental

Procedures.
Western Blotting Analysis
Western blotting was performed as described previously (Zhang

et al., 2017) to examine the expression of hAPP, fragments of

hAPP, and PS1. Details are provided in the Supplemental Experi-

mental Procedures.
Behavioral Tests
For behavioral analyses (MWM and Y-maze tests), mouse geno-

types were blinded. Ages of mice are indicated in the results and

figure legends.MWMand Ymazewere performed as described pre-

viously (Zhang et al., 2017). Details are provided in the Supple-

mental Experimental Procedures.
Electrophysiology
Whole-cell recordings were performed to examine the mini-,

spontaneous and evoked inhibitory postsynaptic currents and

excitatory postsynaptic currents in GCs. Detailed information is

provided in the Supplemental Experimental Procedures.
Statistical Analyses
Statistical analyses were performed with Graphpad Prism 5 (San

Diego, CA). All data were presented as mean ± SEM. Differences

among multiple means were evaluated by one-way ANOVA with

Tukey post tests, two-way ANOVA with Bonferroni post tests, or

three-way ANOVA. Differences between two means were assessed



with paired or unpaired, two-tailed t test. Only values with p < 0.05

were accepted as significant.
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