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The biological mechanisms underpinning learning are unclear. Mount-
ing evidence has suggested that adult hippocampal neurogenesis is
involved although a causal relationship has not been well defined.
Here, using high-resolution genetic mapping of adult neurogenesis,
combined with sequencing information, we identify follistatin (Fst)
and demonstrate its involvement in learning and adult neurogenesis.
We confirmed that brain-specific Fst knockout (KO) mice exhibited de-
creased hippocampal neurogenesis and demonstrated that FST is critical
for learning. Fst KO mice exhibit deficits in spatial learning, working
memory, and long-term potentiation (LTP). In contrast, hippocampal
overexpression of Fst in KO mice reversed these impairments. By uti-
lizing RNA sequencing and chromatin immunoprecipitation, we identi-
fied Asic4 as a target gene regulated by FST and show that Asic4 plays
a critical role in learning deficits caused by Fst deletion. Long-term over-
expression of hippocampal Fst in C57BL/6 wild-type mice alleviates age-
related decline in cognition, neurogenesis, and LTP. Collectively, our
study reveals the functions for FST in adult neurogenesis and
learning behaviors.
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wide variety of human disorders such as intellectual dis-

ability feature impairment of learning and memory. These
conditions have a profound impact on quality of life and social
functioning. Despite this, the biological mechanisms underpinning
learning are not yet fully understood. However, mounting evidence
has suggested that hippocampal neurogenesis is involved (1). Several
publications report learning or emotional phenotypes in rodent
models, which have little or no neurogenesis in adulthood (2-5),
although these, and other findings, have been questioned (6). De-
spite the lack of consensus on the causal relationship about adult
hippocampal neurogenesis on learning, it is possible that the same
genes affect both neurogenesis and learning. Indeed, in mouse in-
bred strains, neurogenesis is genetically correlated with performance
in spatial learning and memory tasks (7, 8), and spatial memory in
rats is related to the levels of hippocampal neurogenesis (9).

We hypothesized that one way to identify genes that influence
learning is to identify those that contribute to heritable variation
in neurogenesis (10). In this study, we used genetic mapping data
from heterogeneous stock (HS) mice to identify loci associated
with neurogenesis (11). We increased mapping resolution further
by the incorporation of sequence information. This technique has
been shown to increase mapping resolution to the point of iden-
tifying causal variants (12). One of the target genes, Fst, is pre-
dominantly expressed in the cortex, olfactory bulb, and dentate
gyrus. Interestingly, two of these regions are where adult neuro-
genesis occurs. Fst is known to encode the protein follistatin
(FST), an activin-binding protein (13, 14), which neutralizes acti-
vin bioactivity (15). FST also binds to other members of the
transforming growth factor-p superfamily but with a 10-fold lower
affinity than for activin A (16). In the brain, activin has been
shown to play a role in the maintenance of long-term memory
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(17). Despite numerous studies about the functions of FST in
regulation of muscle growth (18) and energy metabolism (19), its
roles in the brain are still unknown.

In this study, we used brain-specific Fst knockout (KO) mice to
confirm its effect on neurogenesis, and we identified learning def-
icits in the Fst KO mice as well as deficits in long-term potentiation
(LTP) through the regulation of acid-sensing ion channel 4
(ASIC4). Our study demonstrates the power of combining genetic
mapping with functional work, and we provide insights into the role
of FST in the hippocampus and its influence on learning.

Results

Genetic Mapping and Merge Analysis Identify Fst as a Candidate Gene
Involved in Neurogenesis. We mapped cellular proliferation in the
subgranular zone of the dentate gyrus by counting the absolute
number of Ki67-positive cells (a marker of cell proliferation) in
719 HS mice (11). We ran a genome-wide association test be-
tween genotypes from 13,495 markers and the number of Ki67
cells in each HS animal using a genomic relationship matrix to
control for population structure (12). Applying a false discovery
rate of 10% (logP of 5.1), we identified loci on chromosomes 1,
5, 6, 13, and 16. To reduce the interval containing the locus and
to identify candidate genes, we incorporated all known sequence
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variants segregating at these loci and tested their likely involve-
ment in adult neurogenesis using merge analysis (20). This
method compares two models, one that tests association between
a haplotype and the trait and the second that tests association
between alleles at a marker and the trait. If the fit of the second
model is worse than the first, then the marker can be excluded as
causative for the association. Fig. 14 shows the result of the locus
on chromosome 13 where single-marker results (black dots) ex-
ceed the haplotypic association (red line) at a region between
114.9 and 115.5 Mb. This region contains four genes.

We examined the expression profile of these genes as featured
on the Allen Brain Atlas (https://portal.brain-map.org/), assuming
that the genes involved in adult neurogenesis would be expressed
in the adult dentate gyrus. We chose one gene, Fst, from the list of
candidates for further analysis. Fst was chosen for three reasons.
First, it features a clear expression profile in the dentate gyrus of
the hippocampus, particularly in the dorsal hippocampus, which is
involved to a greater extent in spatial learning (21). Second, we
noted that overexpression of the human FST gene in transgenic
mice is associated with reduced adult hippocampal neurogenesis
(22). Third, activin A, to which FST has a high binding affinity, has
been shown to play a role in learning (17). Despite these inter-
esting features, the roles of endogenous Fst in the brain have not
yet been studied.

To confirm the role of FST in adult hippocampal neuro-
genesis, we used nervous system—specific Fst conditional KO mice.
This was done by crossing Fst floxed mice with SoxI::Cre mice,
which specifically express Cre recombinase throughout the neural
tube from E9.5 (23, 24). Fst KO mice exhibited no detectable Fst
messenger RNA (mRNA) in the dentate gyrus of the hippocampus
when assessed by in situ hybridization and real-time PCR (Fig. 1B),
without a significant decrease in the expression of Fst in other pe-
ripheral tissues (SI Appendix, Fig. S14). We found that Fst KO mice
display a lower level of Ki67 (a cell proliferation marker), Tbr2,
NeuroD, and DCX (markers for immature neurons) cell counts in
the dentate gyrus compared to wild-type (WT) littermate controls
(Fig. 1B and SI Appendix, Fig. S1B). These data suggest that FST
plays a role in modulating adult hippocampal neurogenesis.

Altered Learning and Hippocampal Synaptic Plasticity in the Fst KO
Mice. We observed that Fst was more strongly expressed in the
dorsal than ventral hippocampus. This was confirmed with real-
time PCR (Fig. 1C). One feature of adult neurogenesis in ro-
dents is that it decreases with age (25). We found that the ex-
pression of Fist was also decreased in aged mice (Fig. 1D). These
results raise the possibility that FST plays a role in learning and
memory. To investigate the relationship between FST and be-
havior, we subjected Fst KO and control mice to a battery of
anxiety and learning behavior tests. This battery included open
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Fig. 1. Fst KO mice exhibit decreased hippocampal neurogenesis, impairment in learning, and synaptic plasticity. (A) Merge analysis identified candidate

regions affecting adult neurogenesis. The figure shows a region (on chromosome 13) where there are genome-wide significant results from haplotypic
analyses for association with adult neurogenesis (Ki67 counts) in HS mice. Each plot gives, on the vertical scale, the —log10 P values of association results for
haplotypic (thick red lines) and single-marker analyses (black dots). (B) The expression of Fst in WT and KO hippocampus detected by in situ hybridization and
real-time PCR. KO mice exhibit robust decreased Fst expression (P < 0.001, n = 8-11). Less Ki67 (P < 0.001, n = 5)- and DCX (P < 0.001, n = 5)-positive cells
detected in the KO dentate gyrus compared to WT. (Scale bar, 200 pm.) (C) A greater expression of Fst in the dorsal than the ventral part of hippocampus in
C57 mice (P=0.01, n = 6). (D) The expression of hippocampal Fst is higher in young C57 mice (2 mo old) than aged mice (18 mo old) (P = 0.001, n = 6). (E) Fst
KO mice spent more time finding the hidden platform than WT mice in a water maze learning test (P < 0.001, n = 9-11). (F) In the T-maze test, KO mice
demonstrated a reduced percentage of correct choices (P=0.03, n = 9-10). (G) Image and quantification of dendritic spine density in the dentate gyrus. Fst KO
mice have significantly fewer dendritic spines in the dentate gyrus compared with WT (P < 0.001, n = 5). (Scale bar, 20 pm.) (H) High-frequency, stimulation-
induced synaptic plasticity was recorded in the dentate gyrus region in WT and Fst KO mice (n = 6-8). The horizontal gray line indicates the average value of
the normalized amplitude during the baseline period. fEPSP slope of LTP (55 to 60 min, P < 0.001) was dramatically reduced in the Fst KO group. Black dots
signify males and red dots females.
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field, elevated-O-maze, light-dark box, T-maze, Morris water
maze, contextual fear, and active avoidance. Our results showed
no conclusive differences between the Fst KO and controls in
three different anxiety tests (SI Appendix, Fig. S1 C-F). For
learning and memory behaviors, Fst KO mice spent more time
finding the hidden platform in a water maze (spatial learning),
made fewer correct choices in a T-maze test (spatial working
memory) (Fig. 1 E and F), and made fewer avoidance responses
in the active avoidance test but displayed no difference in
freezing time in the contextual fear-conditioning test (SI Ap-
pendix, Fig. S1 G and H). These results indicate that FST is es-
sential for several types of learning.

It is widely believed that synaptic plasticity is the basis of
learning and memory. To better understand the role of FST in
synaptic plasticity, we measured dendritic spine density and
hippocampal LTP of the dentate gyrus in Fst WT and KO mice.
Our results show that Fst KO mice exhibit a lower level of den-
dritic spine density (Fig. 1G) and impairment in LTP (Fig. 1H).

A Day: 1-30

This suggests that mice without FST in the hippocampus display
impairment of synaptic plasticity.

KO Mice with Hippocampal Fst Overexpression Reverses Impairment
in Learning and Synaptic Plasticity. To examine whether the
learning deficit of Fst KO mice can be rescued by increasing the
expression of Fist in the hippocampus, we injected either AAV9-
CB (chicken-beta actin)-Fst viral vector (Overexpression) or an
AAV9-CB-GFP viral vector (Control) into the hippocampus of
Fst KO mice. Fig. 24 shows the schematic of the experimental
procedure.

One month after surgery, we detected a robust increase of Fst
expression in the hippocampus by in situ hybridization (Fig. 2B,
Left) and by real-time PCR (Fig. 2B, Right). To examine the
effect of Fst overexpression on behavior, 1 mo after surgery, we
subjected all of the AAV-Fst— or AAV-GFP-injected Fst KO
mice (Fst""-Sox1::Cre) to the battery of behavioral tests described
previously. We detected no significant differences in any of the
three anxiety tests (SI Appendix, Fig. S2 A-D). For learning
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Fig. 2. Overexpression of hippocampal Fst reverses the impairment of learning and synaptic plasticity in KO mice. (4) Time course of the experimental

procedure. (B) lllustration of intrahippocampal AAV-Fst or AAV-GFP injection in Fst KO mice. Image of Fst overexpression in the hippocampus 1 mo after the
surgery by in situ hybridization (Left) and the confirmation of the Fst overexpression in the hippocampus by real-time PCR (n = 8 in each group) (Right). (Scale
bar, 200 pm.) (C-E) Fst overexpression is sufficient to reverse the impairment in water maze learning (P < 0.001, n = 14-16) (C), T-maze (P = 0.03, n = 14-16)

(D), and synaptic plasticity (LTP, P = 0.006, n = 6) (E). Black dots signify males and red dots females.
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behavior, Fst-overexpressing mice performed better in water maze
training and T-maze (Fig. 2 C and D), but there was no significant
difference in freezing time in contextual fear (SI Appendix, Fig.
S2E) nor avoidance response in the active avoidance test (S/
Appendix, Fig. S2F) compared to the AAV-GFP-injected control
group. To further examine the effect of Fst overexpression in
synaptic plasticity, we measured LTP using ex vivo electrophysi-
ological recording. Our results reveal that Fst overexpression re-
versed the impairment of LTP (Fig. 2E). Our data demonstrates
that some of the learning deficit (but not all) and impairment of
LTP in Fst KO mice can be rescued by elevating hippocampal Fst
expression.

Identification of Asic4 as a Target Gene Regulated by Fst Expression
in the Hippocampus. To search for downstream candidate genes
which are regulated by FST and contribute to its effects on
learning and LTP, we used RNA sequencing (RNA-seq) to de-
fine the differential gene expression list from WT versus Fst KO
mice. We also compared the gene expression list from Fst KO
with intrahippocampal AAV-GFP-injected mice versus AAV-
Fst-injected mice. We then compared these gene lists and
searched for the genes differentially expressed in opposite

directions. There were 13 candidate genes in this list with a P
value smaller than 0.01 (Fig. 34, Left). Apart from Fist itself, only
one gene, Asic4, had an adjusted P value less than or equal to
0.05. We further confirmed the expression pattern of Asic4 from
RNA-seq analysis by using real-time PCR (Fig. 34, Right).

The up-regulated gene expression patterns shown in Fig. 34
suggested a positive effect of FST on the transcriptional rate of the
Asic4 gene. To test this hypothesis, chromatin immunoprecipita-
tion (ChIP) experiments were performed to monitor the epige-
netic state of the Asic4 promoter (Fig. 3B; primer design shown in
the left panel). For this purpose, we focused on the histone
modification of trimethylated histone H3 lysine 4 (H3K4me3), as
this represents a readout of the transcriptional activity and is de-
tectable in the Asic4 promoter region (as shown by the The En-
cyclopedia of DNA Elements [ENCODE]/The University of
California Santa Cruz [UCSC] Genome Browser). In line with the
transcription activation effect of FST, H3K4me3 occupancy
binding at the Asic4 promoter was elevated in the hippocampus
tissues of KO mice with Fst overexpression as compared to the
control (Fig. 3B, Right). Together, these data implied that the
alteration of Asic4 expression is mediated at the chromatin level.
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Identifying downstream target genes of Fst. (A) Heatmap of the 13 most significant genes (P < 0.01) for which expression changes in opposite di-

rections while comparing WT versus Fst KO and KO vs. Fst expression (n = 3 in each group) (Left). Confirmation of Asic4 expression in the dentate gyrus of the
hippocampal formation by real-time PCR. WT versu Fst KO (P = 0.002, n = 9) (Upper right); Fst KO versus Fst overexpression (P < 0.001, n = 7) (Bottom right).
Black dots signify males and red dots females. (B) Schematic diagram of ChIP analysis of H3K4me3 binding on chromatin region of the Asic4 promoters (Left).
The extent of occupancy was compared between Control (KO+GFP)- and Fst-overexpressing (KO+Fst OE) hippocampus tissues. Each sample represents tissues
merged from four different mice. To triplicate the experiment, a total of 12 mice were used in each group. We performed a logarithmic transformation of the
ratio of the treatment sample to the reference control group; a ratio t test was used. The Asic4 promoter in the KO+Fst OE group underwent an increase in
H3K4 trimethylation in region 1 (P = 0.06), region 2 (P = 0.002), and region 3 (P = 0.02) (Right). (C) Double in situ hybridization revealed that Fst and Asic4
were expressed in adjacent cells but not colocalized in the same cell in the dentate gyrus and cortex. (Scale bar, 200 um.) (D) There is a dramatic decrease in
the expression of hippocampal Fst in Fst”-CamKllalpha::iCre mice (P < 0.001, n = 4, compared to their own WT littermates) but no difference in Fst™-
Gad2::Cre mice (P = 0.29, n = 3, compared to their own WT littermate).
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To better understand the relative location between Asic4- and
Fst-expressing cells, we performed double-labeling in situ hy-
bridization. Staining reveals that Asic4-expressing cells are not
colocalized with Fst-expressing cells in either the dentate gyrus or
cortex (Fig. 3C), suggesting that FST influences Asic4 gene ex-
pression in adjacent cells. Next, to determine whether Fst is
expressed in excitatory or inhibitory neurons, we crossed Fist floxed
mice with CamKlIlalpha::iCre (Cre is expressed in excitatory neu-
rons) or Gad2::Cre (Cre is expressed in inhibitory neurons) mice.
We then assayed the hippocampal Fst expression in these tissue-
specific Fst KO mice via real-time PCR. The results show that Fst
is mainly expressed in excitatory neurons (Fig. 3D).

Overexpression of Asic4 in the Hippocampus of Fst KO Mice Rescues
the Deficit in Learning and LTP. To better understand the impor-
tance of Asci4 in Fst KO mice, we tested whether overexpressing
Asic4 in the hippocampus of Fst KO mice could rescue the be-
havioral phenotype. We injected AAV-CB-Asic4 or AAV-CB-GFP
control viral vector into the hippocampus of Fst KO mice.
One month after surgery, the expression of Asic4 increased robustly
in the hippocampus, as measured by in situ hybridization and real-

time PCR (Fig. 4 A and B). We assayed all mice (Fst KO + AAV-
GFP and Fst KO + AAV-Asic4) using our behavioral battery de-
scribed above for the Fst WT vs. KO comparsion. We found no
significant differences in the open field test and elevated-O-maze.
However, in the light—dark box test, the Asic4 overexpression group
spent more time in the light compartment compared to GFP con-
trol (SI Appendix, Fig. S3 A-D).

For the learning and memory tests, Asic4-overexpressing Fst
KO mice performed better in water maze training and made a
higher percentage of correct choices in the T-maze compared to the
GFP control (Fig. 4 C and D). However, there was no significant
difference detected in the active avoidance test or contextual fear-
conditioning test (SI Appendix, Fig. S3 E and F). To assess whether
Asic4 overexpression can also reverse the characterization of LTP in
Fst KO mice, we performed ex vivo electrophysiological recording.
Our results show that Aisc4 overexpression can reverse the im-
pairment of LTP in the Fst KO mice (Fig. 4E). Collectively, these
data demonstrate that elevated expression of Asic4 in the hippo-
campus can rescue the deficits of learning behavior and LTP in the
brain of Fst KO mice. This suggests that Fst regulates these func-
tions of the hippocampus, at least in part, through Asic4 expression.
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Fig. 4. Overexpression of hippocampal Asic4 rescues the deficiency of learning and synaptic plasticity in Fst KO mice. (A) Time course of the experimental
procedure. (B) lllustration of intrahippocampal AAV-GFP or AAV-Asic4 injection in Fst KO mice and image of Asic4 overexpression in the hippocampus by
in situ hybridization (Bottom Left) and the expression of hippocampal Asic4 mRNA measured by real-time PCR (Bottom Right). (Scale bar, 200 um.) (C—E) Asic4-
overexpressed Fst KO mice exhibit better performance in water maze (P = 0.03, n = 16-18) (C), make more correct choices in T-maze (P = 0.02, n = 17-18) (D),
and stronger synaptic plasticity (LTP, P = 0.001, n = 6-7) (E). Black dots signify males and red dots females.
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Long-Term Overexpression of Hippocampal Fst Improves Cognitive
Behavior. Having identified a role for FST in learning and LTP,
we speculated whether increasing hippocampal Fst expression in
C57BL/6 mice could improve learning performance. To study
this, we injected AAV-GFP or AAV-Fst into the hippocampus of
2-mo-old male C57BL/6 mice. All mice were subjected to
learning tests 1 mo after surgery (Fig. 5 4 and B). However, our
results show that there was only a minor difference in water maze
training and no other obvious differences in all the other tests
used (SI Appendix, Fig. S4).

To better understand whether long-term elevated expression
of Fst plays a role in learning and memory performance, all these
mice were subjected to behavioral tests again 12 mo later. The
results showed no consistent outcome in the anxiety tests (no
difference in the open field test and light-dark box, but Fist-
overexpressing mice spent less time in the open arms in the
elevated-O-maze test). There were also no significant differences
in contextual fear, active avoidance (SI Appendix, Fig. S5 A-F),
or the T-maze test (Fig. 5C) detected between C57BL/6 control
and Fst-overexpressing mice. For the object recognition test,
mice with Fst overexpression exhibited better performance, al-
though this was not statistically significant (P = 0.07) (Fig. 5D).
For the water maze test, we stopped the experiment, because a
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high percentage of these midage mice opted to float, not swim.
Due to this, we decided to conduct a Barnes maze test, instead of
the water maze, to assess spatial learning and memory. In this test,
there was no significant difference observed in the 5 d of training.
However, 3 d after the last training session, Fst-overexpressing
mice exhibited better performance in the memory test (Fig. 5E).
These results suggest that long-term elevated hippocampal Fist
improves spatial memory and object recognition in mice.

We also found that mice with chronic overexpression of hip-
pocampal Fst mice have greater LTP than control mice (Fig. 5F).
We confirmed the robust increase in Fst expression and even
higher level of Asic4 in Fst-overexpressing mice 14 mo after AAV-
Fst injection (Fig. 5G and SI Appendix, Fig. S5G). With regards to
hippocampal neurogenesis, there were more Ki67- and DCX-
positive cells in Fst-overexpressing mice (Fig. 5H). Overall, these
results reveal that chronic hippocampal Fst overexpression alle-
viates the decline of memory, LTP, and cell proliferation with age.

Sex Differences in Behaviors. We explored whether sex differences
in behavior contributed to our results. Results for males and
females are shown in each figure (males are colored black and
females colored red). We assessed differences between the sexes
for each measure, testing in each case for the improvement of fit
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Fig. 5. Mice with chronic hippocampal Fst expression enhance memory, LTP, and progenitor cell proliferation. (A) Time course of the experimental pro-
cedure. (B) lllustration of intrahippocampal AAV-GFP or AAV-Fst injection in C57BL/6 mice. (C) No significant difference in T-maze test (P = 0.12, n = 12-15).
(D) There is a trend but no statistically significant difference in the discrimination index of the object recognition test (P = 0.07, n = 12-15). (E) There is no
difference in the 5-d training for Barnes maze (P = 0.227, n = 11-15). Three days after the last training session, Fst-overexpressing mice spent less time finding
the escape tunnel than control mice (P = 0.03) (Upper Right) and spent more time in the target zone (P = 0.01) (Bottom Right). (F) High-frequency,
stimulation-induced synaptic plasticity was recorded in the dentate gyrus in Fst-overexpressing mice and control mice (n = 13 from five mice). The horizontal
gray line indicates the average value of the normalized amplitude during the baseline period. HFS-induced LTP (P = 0.01) was significantly increased in the Fst-
overexpressing mice. (G) Confirmation of hippocampal Fst overexpression by in situ hybridization and real-time PCR in mice 13 mo after AAV-Fst intra-
hippocampal injection (P < 0.001, n = 8-10) (Right). (H) For hippocampal neurogenesis (n = 8-10), there are increased Ki67 (P < 0.001)- and DCX (P =
0.002)-positive cells in the dentate gyrus of Fst-overexpressing mice 13 mo after AAV-Fst injection. (Scale bar, 200 pm.) Black dots signify males and red
dots females.
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of a model containing sex over a model in which genotype pre-
dicted the behavior. Since this meant running 30 tests, we ap-
plied a Bonferroni-corrected threshold of 0.05/30 = 0.0167 as the
5% significance threshold. Only one result exceeded that
threshold; conditioned fear tested at 12 mo in our analysis of Fst
KO (P = 0.003, t = 4.193). Analysis of this measure for each sex
yielded P = 0.504 for males and P = 0.274 for females; however,
the small sample size and consequent low power means we
cannot exclude the presence of a sex difference. We provide a
summary of the sex difference analyses and the numbers of an-
imals used for each experiment in SI Appendix, Table S1.

Discussion

In this study, we set out to identify genes involved in neuro-
genesis via genetic mapping in HS mice. The candidate gene, Fist,
was identified and found to be expressed in the dentate gyrus of
the hippocampus. We confirmed that FST regulates neuro-
genesis by using brain-specific Fst KO mice. From the Allen
Brain Atlas, we noticed that Fst is expressed more intensely in
the dorsal rather than the ventral hippocampus and confirmed
this with real-time PCR. Furthermore, Fst was expressed more in
young mice compared to older ones. These findings prompted us
to investigate its role in learning and memory.

In our behavioral assays, we observed that Fst KO mice per-
formed worse in water maze training, T-maze, and active avoid-
ance tests. Our results also showed that the KO mice featured
impairment of LTP and dendritic spine density. Conversely,
overexpression of hippocampal Fst in the KO mice was shown to
reverse some of the impairment of learning behavior and LTP.
From the RNA-seq analysis, we identified Asic4 as a putative
downstream target gene of FST. We subsequently confirmed that
FST expression can regulate the promoter of Asic4. Next, we
demonstrated that overexpression of hippocampal Asic4 in the Fst
KO could rescue the learning behavior and LTP, suggesting that
FST regulates hippocampal function via Asic4 expression.

A previous study has shown that mice with transgene-
integrated human FST, driven by the CamKllalpha promoter,
exhibit severe impairment of hippocampal neurogenesis (22). In
our study, we detected impaired adult neurogenesis in Fst brain-
specific KO mice and increased neurogenesis in aged Fst-
overexpressing mice. Although many factors may confound
these apparently discordant results, the biggest difference is that
in our study, we manipulated endogenous murine Fst expression
in the brain. The results may be influenced by spatiotemporal
differences in the CamKlIlalpha overexpression versus our brain-
specific KO mice. Furthermore, the human form of FST may
function differently in the mouse brain to that of the endogenous
FST. Our evidence presented here from hippocampal AAV-
Fst-injected C57BL/6 mice suggests an important positive role
for FST on neurogenesis. We found increased neurogenesis in
mice 1y after AAV-Fst injection, in contrast to the impaired
neurogenesis of the brain-specific Fst KO. With regard to anxiety
behavior, similar to the FST transgene-integrated mice (22), we
did not detect a significant difference between WT and Fst KO
mice. Similarly, we did not detect a significant difference in the
AAV-Fst overexpression mice. These results suggest that FST
does not play an essential role in anxiety.

Upon testing learning behavior in the Fst KO mice, we found
deficits in water maze training, the T-maze, and active avoidance
tests. Furthermore, we found that overexpression of Fst specifically
in the hippocampus could rescue behavioral learning performance
in both the water maze and T-maze. However, performance in the
active avoidance test was not rescued. There are several potential
explanations for this. First, FST may play a role in brain develop-
ment. Consequently, overexpression of Fst in the adult mouse brain
may not reverse avoidance behavior due to aberrant neuro-
development. Second, other brain regions where Fist is expressed
may be required for active avoidance.
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Spatial learning has been shown to stimulate hippocampal
neurogenesis (26) in some studies but not others (27). Some
factors, such as running, stimulate adult neurogenesis and also
increase performance in learning (28). However, whether spatial
learning and memory requires adult newly formed neurons in
hippocampus remains debatable (6). In this study, we did not
intend to address whether the effect of FST on learning was due
to hippocampal neurogenesis. Instead, we searched for down-
stream genes which may contribute to the effects of Fst on
learning behavior and LTP. We identified the most likely target
gene, Asic4, by RNA-seq. Asic4 shows strong homology to ASICs
(29). It is expressed throughout the brain mainly in calretinin
and/or vasoactive intestine peptide positive interneurons, oligo-
dendrocyte precursor cells, and cerebellar granule cells (30).
However, little is known about the function of Asic4.

We confirmed that Fst overexpression regulates the promoter
region of Asic4. We also found that Asic4 is not colocalized with
the expression of Fst, which is mainly expressed in excitatory
neurons from our Fst”-CamKIlalpha::iiCre KO result. This sug-
gests that FST-expressing excitatory neurons have an influence on
the expression of Asic4 in adjacent cells. This regulation may be a
result of secretion of FST by these excitatory cells that directly
influences Asic4-expressing cells. Alternatively, Asic4 may be
regulated indirectly via other effects of FST on the excitatory cells.
Furthermore, we overexpressed hippocampal Asic4 in Fst KO
mice, and the impairment of learning and LTP was reversed. This
suggests that the effects of FST on learning and LTP, at least
partially, depend on the expression of Asic4. Here, we provide
evidence that Asic4 is one of the downstream targets of FST.

Finally, we examined whether hippocampal Fst overexpression
enhanced learning performance. The results demonstrate that
short-term overexpression of Fst in the hippocampus of young
mice does not change learning behavior. However, chronic Fst
overexpression for more than 1y resulted in better performance
in object and spatial memory tests, greater LTP, and more
progenitor proliferation in the dentate gyrus. This suggests that
maintaining FST expression may contribute to protection from
age-related cognitive decline.

In this study, we found little evidence for sex differences in the
behavior that we tested in mice. However, others have reported
such effects in rodents (31), and we are unable to exclude their
contribution to our results. With our largest sample sizes (10 ani-
mals per group), we have only 40% power to detect a standardized
mean difference of 0.8 (often regarded as a large effect by Cohen’s
d measure). Sex differences are likely much smaller than this, so
much larger sample sizes will be required to detect their presence.

In conclusion, we have identified a link between Fst and
neurogenesis. Our results indicate that hippocampal FST plays a
significant role in modulating neurogenesis, LTP, and learning.
We further provide evidence that FST influences behavior via
regulating Asic4 expression. Lastly, we have found that chronic
Fst overexpression improves learning performance, LTP, and
progenitor cell proliferation. Further understanding of the un-
derlying cellular mechanisms will help the generation of man-
agement strategies in conditions such as intellectual disability, in
which learning is impaired. Here, we suggest that brain FST is a
potential target for drugs that influence learning and memory.

Materials and Methods

Animals. Experiments were performed on 12-wk-old Fst KO mice and WT
littermates, where possible with equal numbers of male and female animals
(SI Appendix, Table S1). Fst with floxed alleles has been described previously
(32). We crossed Fst floxed mice with Sox7::Cre mice (Access No. CDB0525K)
to generate Fst™; Sox1::Cre mice (KO) and Fst”f mice (WT) littermates were
used in this study. Gad2::Cre transgenic mice were purchased from Jax
Laboratory (Stock no. 004682 and 010802). CamKllalpha::iCre mice were
provided by laboratory of Che-Kun James Shen, Academia Sinica, Taiwan
(33). C57BL/6 mice that were 12 wk-old were used for the hippocampal Fst
overexpression experiment. Mice were bred in American Association for

PNAS | 7of 10
https://doi.org/10.1073/pnas.2109040118

NEUROSCIENCE


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109040118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109040118/-/DCSupplemental
https://doi.org/10.1073/pnas.2109040118

Accreditation of Laboratory Animal Care-certified, specific pathogen—free
conditions. They were housed in a 12:12 h light:dark cycle at a temperature
of 22 °C and a humidity level of 60 to 70%. Animals had ad libitum access to
food and water. All procedures were carried out in accordance with the local
regulations and approved by the Institutional Animal Care and Use Com-
mittee at Chang Gung University (Permit No.: CGU107-089).

Genetic Analysis in the HS Mice. Association testing was carried out in a mixed-
model framework, as described previously (12). In brief, the model used to
test for association between the ancestral haplotypes segregating at a locus
L and phenotypic variation was:

Vi = D feXic + Y PLS)Tis + i + €.
c s

where y; is the phenotypic value of the mouse j, . the regression coefficient
of covariate ¢, and x;. the value of the covariate c in mouse i. T, is the de-
viation in phenotypic value that results from carrying one copy of a haplo-
type from strain s at locus L and P, (s) the expected number of haplotypes of
type s carried by mouse i at locus L output by HAPPY (34). u; and ¢, are
random effects, with cov(u; u) = 6,°K;; and cov(e; &) = oc’l;j, where 6,2 and
6.2 are estimated in the null model (no locus effect, T;; = 0) using the R
package EMMA (35). K is the genetic covariance matrix and is estimated
from the genome-wide genotypic data using identity by state (IBS, the
proportion of shared alleles between any two animals). The IBS matrix was
calculated using the R package EMMA (35). We implemented merge analysis
(20) in a mixed-model framework as described (12). This test is applied at
every variable site in the catalog of single-nucleotide variants that segregate
between the eight HS founders. Because the two models (merged and
unmerged) are nested, the best possible is obtained with the haplotype
model. If the quantitative trait loci arises from variation at a single variant V,
the fit of the merge model for variant V will be as good as the fit of the
unmerged, and its significance will be greater due to the fewer number of
degrees of freedom.

Behavioral Testing. For behavioral tests, the movement of animals was
recorded and tracked using a video recording system. Mice for conducting the
behavioral analysis were randomized to a separate cage for testing, with
bedding, food, and water before being transferred back to the home cage. To
assess anxiety and cognitive abilities, mice were subjected to open field,
elevated-O-maze, light-dark box, Morris water maze, object recognition,
contextual fear-conditioning, and active avoidance tests. For the WT versus KO
and KO versus Fst overexpression experiments, two cohorts of mice were used
for each experiment: one cohort of mice for anxiety tests and one for learning
tests. For Asic4 overexpression and Fst overexpression in C57 experiments, only
one cohort of mice was used for behavior testing in each experiment. All the
behavioral data were recorded and acquired automatically by Ethovision
software. Some of these experimental details are described previously (36, 37).
Open Field. Mice were allowed to explore for 5 min in an arena (radius =45 cm,
inner circle with radius = 30 cm). The time spent in the center zone and the
exploration distance were measured.

Elevated-0-Maze. The maze was a circle (radius = 55 cm) elevated 60 cm above
the floor. The closed arms featured a 15-cm wall. Mice were first placed in
the closed arm and allowed to freely move for 5 min under dim light. The
time spent in the open arms and the exploration distance were measured.
Light-Dark Box. At the start of the test, mice were put in the covered dark
(black) box and permitted to move freely between the dark and the coverless
light (white) box for 5 min. The time spent in light box and the number of
light box entries were measured.

T-maze Test. Before the test, all guillotine doors were raised. The mice were
placed in the start area and allowed to choose a goal arm. A mouse was
confined to the chosen arm and start area by quietly sliding the other door
down. After 30 s, the mouse was removed. Each mouse repeated the ex-
periment three times. We recorded the percentage of correct times each
mouse explored the novel arm.

Morris Water Maze. For training, mice were placed in the maze (radius = 60 cm)
and allowed to swim/search for the hidden platform for a maximum of 90 s.
The time taken to reach the platform was recorded. If the mice did not find
the platform within 90 s, they were taken to the platform. This procedure was
repeated three times over 3 d (12 trials in total). We then performed the
memory test 7 d after training was complete, with the platform removed. We
recorded the time and times that each mouse spent in the correct quadrant
(target zone) and crossed the phantom platform location, respectively.
Barnes Maze. For training, mice were placed in the maze (radius = 48 cm) and
allowed to search for the escape tunnel for a maximum of 120 s. The time
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taken to reach the platform was recorded. If the mice did not find the es-
cape tunnel within 120 s, they were guided to the escape tunnel. This pro-
cedure was repeated two times over 5 d (10 trials in total). We then
performed the memory test 3 d after training was complete, with the escape
tunnel removed. We recorded the latency and time that each mouse
reached the phantom escape tunnel location and spent in the correct
quadrant (target zone), respectively.

Contextual Fear-Conditioning. Context-conditioned learning was assessed in a
footshock chamber placed on a weight transducer (Panlab) and analyzed
with PACKWIN software. Mice were allowed to explore the chamber for
3 min. At the end of the trial, an electric shock with current intensity of 0.75
mA was given through the underlying conducting rods. Mice were placed
into the same footshock chamber the next day for 3 min, and the immobile
time was recorded.

Active Avoidance. Mice were placed in a two-compartment shuttle box
equipped with a speaker and a light bulb in each compartment. Subjects
were given conditioned stimuli (5 s of light and 8 kHz, 85-dB tone) followed
by a unconditioned electric footshock (0.3 mA) from the underlying con-
ducting rods. Once the mice moved to the other compartment or the cutoff
time (10 s) was up, the unconditioned stimuli ceased. After a random in-
tersession interval (range 3 to 10 s), the next session started. Mice repeated
50 sessions over 4 d (200 sessions in total). Avoidance number in each day
was recorded.

Novel Object Recognition. On day 1 (habituation), mice were put in the box
(30 x 30 x 25 cm) without any object and permitted to explore for 10 min.
On day 2 (training), we put four different objects in the box and let mice
explore for 10 min. On day 3 (test), one of the four familiar objects was
replaced with a novel object, and mice were permitted to explore for
10 min. The data were expressed by a discrimination index (D.l. = (tnovel —
tfamiliar)/(tnovel + tfamiliar) x 100%).

Golgi Staining. Brains were harvested and stained using the superGolgi Kit
(Bioenno Tech) in accordance with the manufacturer’s instructions. Brains
were impregnated for 12 d following 2 d of dehydration in sucrose. Brains
were later sectioned coronally at a thickness of 120 pm using a microtome.
We calculated the spine density of granule cells in dentate gyrus. We se-
lected 18 dendrites per animal and chose three different dendrites randomly
per brain slice in both WT and KO mice. Each animal had a total of six brain
slices analyzed.

Immunohistochemistry and Quantification. Dissected brains were fixed in 4%
paraformaldehyde overnight, following dehydration in 25% sucrose in
phosphate-buffered saline (PBS). All sections for immunohistochemistry
were sliced at a thickness of 40 um. Brain sections were mounted on
SuperFrost Plus slides (Thermo) and dried overnight. Slides were then incu-
bated in 0.01 M citric acid buffer for 20 min at 95 °C, 3% H,0, for 10 min,
rinsed in PBS, and incubated overnight at room temperature in DCX anti-
body (1:250, Santa Cruz), Ki67 antibody (1:1,000, Vector Laboratory), Thr2
antibody (1:1,000, Abcam), and NeuroD (1:1,000, Santa Cruz). Subsequently,
we used a standard IgG ABC kit (Vector Laboratory) procedure according to
the manufacturer’s instructions and incubated the slides for 5 to 10 min with
a Sigma DAB (3,3'-diaminobenzidine) tablet.

For quantification, all slides were randomized and coded before quanti-
tative analysis. Slides (half-brain) were examined under a 20x objective.
Labeled cells were counted on every eighth section through the entire ros-
trocaudal extent of the granule cell layer (six sections per animal). The number
of cells counted was then multiplied by 16 to obtain an estimate of the total
number of positive cells in the dentate gyrus, as previously described (37).

In Situ Hybridization. For Fst in situ hybridization, Fst probe (Cat No. 553211)
and RNAscope 2.5 HD Brown Reagent Kit (Advanced Cell Diagnostics) were
used, and staining was performed according to the product’s manual.
Briefly, slides were incubated in 1x retrieval buffer for 5 min at 100 °C, 3%
H,0, for 10 min, and rinsed in 1x wash buffer. Slides were then incubated in
protease for 20 min and, subsequently, target probe for 2 h at 40 °C. After a
series of amplification, DAB was used to visualize the RNA. For Fst and Asic4
(Cat No. 511971-C2) double in situ hybridization, RNAscope 2.5 Duplex
Detetcion Kit (Advanced Cell Diagnostics) was used, and the staining pro-
tocol followed the user manual.

Electrophysiology in Hippocampal Slices. For LTP experiments, a bipolar
stainless steel stimulating electrode (Frederick Haer Company, Bowdoinham)
(10 Meg-ohm impedance) and a glass pipette filled with 3 M NaCl were
positioned in the dentate gyrus. Stable baseline field excitatory postsyn-
aptic potential (fEPSP) activity was evoked every 20 s for at least 20 min,
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high-frequency stimulation (HFS)-LTP was then induced using five trains of
100 pulses at 100 Hz with an inter train interval of 20 s. Electrophysiological
traces were amplified with an amplifier (Multiclamp 700 B; Axon Instru-
ments, Union City). All signals were low-pass—filtered at 1 kHz and digitized
at 10 kHz using a CED Micro 1401 mKIl interface (Cambridge Electronic
Design). Data were collected using Signal software (Cambridge Electronic
Design). Synaptic responses were normalized to the average of the baseline.
LTP values were determined by averaging 5 min of normalized slope values
at 55 to 60 min post-HFS. This protocol has been described previously (38).

Viral Vector Preparation and Intrahippocampal Injections. For Fst and Asic4,
overexpression and control vectors were derived from expressed mouse se-
quences. Briefly, total RNA was isolated from mouse hippocampal tissue,
and complementary DNA (cDNA) was then made using SuperScript Ill reverse
transcriptase. cDNA fragments that encoded FST (RefSeq: NM_001301373.1)
or ASIC4 (RefSeq: NM_183022.3) were created by PCR and subcloned into the
Notl site of aN AAV9 virus construct. Recombinant AAV9 vectors were pro-
duced by a standard triple-plasmid transfection method and purified by two
rounds of CsCl centrifugation. The physical vector titres of AAVs were
quantified using a real-time PCR method to measure the number of pack-
aged vector genomes.

For the viral vector injections, surgery was performed under anesthesia.
Mice received bilateral injections of viral vector into the hippocampus in a
volume of 1.5 pL each injection side (2 x 10"" GC/mL for AAV9-Fst, 1.6 x 10'2
GCUmL for AAV9-Asic4) under stereotaxic guidance. For hippocampal injec-
tions, there were four injection sites in each mouse (dorsal hippocampus:
anterior-posterior [AP] —2.2 mm, medial-lateral [ML] + 2.0 mm from
bregma, and dorsal-ventral [DV] —1.8 mm from dura; ventral hippocampus:
AP —-3.0 mm, ML + 3.0, and DV —3.3 mm). This protocol has been described
previously (37).

RNA-Seq-Based Gene Expression and Analysis. RNA from the dentate gyrus of
the hippocampus was isolated using TRIzol reagent. Six mice were used in
each group, and three independent samples were generated by pooling the
tissue from two mice per sample. Following the manufacturer’s instructions,
sequencing libraries were then generated using NEBNext Ultra RNA Library
Prep Kit for Illumina. Using the Agilent Bioanalyzer 2100 system, library
quality was then assessed. Subsequently, the clustering of the index-coded
samples was performed on a cBot Cluster Generation System using HiSeq PE
Cluster Kit cBot-HS (lllumina) according to the manufacturer’s instructions.
The library preparations were then sequenced on an lllumina Hiseq plat-
form. Paired-end reads of 125 bp/150 bp were generated.

High-throughput sequencing (HTSeq) version 0.6.1 was used to count the
reads numbers mapped to each gene. Fragments per kilobase of exon per
million reads mapped of each gene was calculated based on the length of the
gene and reads count mapped to the gene (39). Using the DESeq R package
(1.18.0), differential expression analysis of two groups was performed. The
resulting P values were adjusted using the Benjamini and Hochberg's approach
for controlling the false discovery rate. Genes with an adjusted P value <0.05
found by DESeq were assigned as differentially expressed.

mRNA Quantification. Hippocampal tissue was collected from WT and KO
mice, then homogenized in TRIzol, followed by Phenol-Chloroform extrac-
tion of total RNA. cDNA was then made using SuperScript Il reverse tran-
scriptase (Invitrogen). Experiments were performed in duplicate. Gene
expression levels were then calculated with the AACt method and
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