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ABSTRACT
Brain development involves multiple levels of molecular coordination in forming a functional
nervous system. The hippocampus is a brain area that is important for memory formation and
spatial reasoning. During early postnatal development of the hippocampal circuit, Fibroblast growth
factor 22 (FGF22) and FGF7 act to establish a balance of excitatory and inhibitory tone. Both FGFs
are secreted from CA3 dendrites, acting on excitatory or inhibitory axon terminals formed onto CA3
dendrites, respectively. Mechanistically, FGF22 utilizes FGFR2b and FGFR1b to induce synaptic
vesicle recruitment within axons of dentate granule cells (DGCs), and FGF7 utilizes FGFR2b to
induce synaptic vesicle recruitment within interneuron axons. FGF signaling eventually induces
gene expression in the presynaptic neurons; however, the effects of FGF22-induced gene
expression within DGCs and FGF7-induced gene expression within interneurons in the context of a
developing hippocampal circuit have yet to be explored. Here, we propose one hypothetical
mechanism of FGF22-induced gene expression in controlling adult neurogenesis.
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Development of the nervous system is a complex pro-
cess with many intertwined steps, beginning with neu-
rogenesis and neural differentiation and culminating
in synaptogenesis and synaptic differentiation. Coor-
dination of molecular signaling throughout develop-
ment ensures that the brain develops into a well-
balanced neural network—i.e. one with balanced
excitatory and inhibitory tone. Excitatory/inhibitory
balance is determined in part by the number, strength,
and distribution of excitatory and inhibitory synapses
and is important for brain function. In our recent
paper,1 we described fibroblast growth factor receptors
(FGFRs) and downstream signaling that guide excit-
atory and inhibitory presynaptic differentiation. In
this brief commentary, we will describe these results
and propose potential implications of synaptogenic
FGFR signaling for adult neurogenesis.

The hippocampus is part of the limbic system and is
important for learning, memory, and spatial reason-
ing.2 Grossly, the basic hippocampal neural circuit

connectivity is akin to a feed-forward loop: inputs
from entorhinal cortex synapse onto dentate granule
cells (DGCs) in the dentate gyrus, and DGCs project
onto CA3 pyramidal neurons which in turn project
onto CA1 pyramidal neurons, with CA1 pyramidal
neurons projecting out to the entorhinal cortex. Inter-
spersed throughout are local interneurons that provide
inhibitory tone and coordinate neural oscillations in
the circuit.3 Another important and unique feature of
hippocampal circuitry is that the subgranular zone
(SGZ) in the dentate gyrus is one of at least 2 areas in
the brain where neurogenesis continues into adult-
hood.4 The rate at which new neurons are born
depends on many factors, including exercise, stress,
hormones, network activity;5,6 and the DGCs that arise
through adult neurogenesis are important in aspects of
memory formation.7,8 Disruption of either excitatory/
inhibitory balance or rates of adult neurogenesis causes
neuropsychiatric disease: abnormal excitatory/inhibi-
tory balance can lead to epilepsy, autism spectrum
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disorders, schizophrenia, cognitive processing, and
anxiety disorders;9,10,11,12 and abnormal neurogenesis
is seen in depression, cognitive impairment, and epi-
lepsy.6,13 Together, these unique features of the hippo-
campal circuit demonstrate the importance of
appropriate synapse development and maintenance of
appropriate levels of neurogenesis into adulthood.

Fibroblast growth factor (FGF) signaling during early
postnatal development provides an important mecha-
nism regulating balanced excitatory and inhibitory syn-
aptic tone in the CA3 of the hippocampus.14 FGF22 and
FGF7 are secreted from the dendrites of CA3 pyramidal
neurons at the sites of nascent synapses, where FGF22
promotes excitatory presynaptic differentiation and
FGF7 promotes inhibitory presynaptic differentiation of
incoming axons. Specifically, neurotransmitter-laden
synaptic vesicles fail to accumulate at excitatory or inhibi-
tory presynaptic-terminals in FGF22 knockout (KO) and
FGF7KO mice, respectively, which in turn leads to
decreased excitatory or inhibitory synaptic efficacy. Dys-
regulation of FGF22 or FGF7 has pathological conse-
quences—FGF22KO mice have decreased excitatory
drive in the CA3 and are resistant to developing epileptic
seizures using a kindling protocol,14,15 while FGF7KO
mice have decreased inhibitory tone and have increased
susceptibility to kindled epileptic seizures.14,16 The speci-
ficity of FGF22 and FGF7 in directing excitatory versus
inhibitory presynaptic differentiation is regulated on
numerous levels, including through the postsynaptic
localization of FGF22 at nascent excitatory and FGF7 at
nascent inhibitory synapses along CA3 dendrites,14,17

and through utilization of distinct sets of FGF receptors
(FGFRs) in the presynaptic axon-terminals.1

FGFRs comprise a family of transmembrane receptor
tyrosine kinases encoded for by 4 genes—FGFR1 to
FGFR4.18 FGFR1 to FGFR3 have 2 splice isoforms, the
“b” and “c” splice isoforms, which differ in their ligand-
binding specificity, expression profile, and developmen-
tal function. In in vitro mitogenic assays, FGF22 was
shown to preferentially activate FGFR2b and FGFR1b,
while FGF7 was shown to preferentially activate
FGFR2b.19 Now we have shown these ligand-receptor
pairings occur in vivo during synapse development:
FGF22 utilizes both FGFR2b and FGFR1b to induce
excitatory presynaptic differentiation, and FGF7 utilizes
FGFR2b to induce inhibitory presynaptic differentia-
tion.1 To show FGFR involvement in excitatory/
inhibitory synapse formation, we immunostained hip-
pocampal sections from mice constitutively lacking

FGFR2b or FGFR1b, or conditionally (during the post-
natal synaptogenic period) lacking FGFR2 or FGFR1
(both b and c isoforms). Receptor-KO mice were inves-
tigated at postnatal day 8, when early synapse formation
peaks and FGF22 and FGF7 are maximally expressed in
the CA3.14 To assess presynaptic differentiation, we
stained sections for vesicular glutamate transporter 1
(VGLUT1), a marker of excitatory synaptic vesicles,
and for vesicular GABA transporter (VGAT), a marker
of inhibitory synaptic vesicles, that cluster at nerve ter-
minals as excitatory or inhibitory synapses develop.
FGFR2bKO, FGFR2KO, FGFR1bKO, and FGFR1KO
mice have decreased excitatory presynaptic differentia-
tion, and FGFR2bKO and FGFR2KO (but not
FGFR1bKO or FGFR1KO) have decreased inhibitory
presynaptic differentiation. To demonstrate that the
receptors are required for neurons to respond to FGF22
or FGF7 with excitatory or inhibitory presynaptic dif-
ferentiation, hippocampal neurons were cultured from
the FGFR-KO mice and FGF22 or FGF7 was applied:
FGF22 failed to induce excitatory presynaptic differenti-
ation in neurons lacking FGFR2b, FGFR2, FGFR1b, or
FGFR1 as measured by VGLUT1 clustering on CA3
neuron dendrites in culture, and FGF7 failed to induce
inhibitory presynaptic differentiation in neurons lacking
FGFR2b or FGFR2 as measured by VGAT clustering on
CA3 neuron dendrites. Furthermore, by deleting the
receptors selectively in presynaptic neurons in culture
and simultaneously fluorescently marking the synaptic
vesicles in those same neurons, we showed that FGFR2
and FGFR1 are required in DGCs (a main excitatory
input to CA3) to respond to FGF22 in terms of excit-
atory synaptic vesicle accumulation, and FGFR2 (but
not FGFR1) is required in inhibitory interneurons to
respond to FGF7. Finally, we addressed what down-
stream signaling is required to induce synaptic vesicle
accumulation. Because FGFRs are receptor tyrosine kin-
ases, ligand binding induces dimerization, trans-auto-
phosphorylation and kinase activation, which leads to
activation of downstream signaling pathways.18,20 By
performing rescue experiments with FGFR2b constructs
containing point mutations that affect kinase activity or
adaptor protein binding sites, we showed that within
DGCs, FGF22 requires FGFR2b kinase activity, FRS2-
binding (which is upstream of ERK and AKT signal-
ing), and PI3K binding (which is upstream of AKT sig-
naling), but not PLC-gamma binding (which is
upstream of calcium signaling). These findings are sum-
marized in Figure 1.
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FGF signaling ultimately induces gene expression.
Indeed, throughout development, FGFs are known to
direct important morphological changes through reg-
ulation of gene expression.18 FGF-induced gene
expression is highly dependent on cellular and devel-
opmental context, and no unique target gene to the
FGF pathway is known. This is in contrast to signaling
pathways such as the Sonic hedgehog pathway, which
reproducibly induces Gli expression in any cell type.21

Thus, an interesting line of inquiry stemming from
our work is i) whether FGF22 induces gene expression
in DGCs and whether FGF7 induces gene expression
in interneurons, ii) what the FGF-induced genes are in
these 2 types of neurons, and iii) how FGF-induced
gene expression affects the developing neural circuit.

We speculate that one potential function of FGF22-
induced genes in the dentate gyrus is control of adult
neurogenesis. Our lab found that FGF22KO animals
have lower levels of adult neurogenesis as measured
by the number of doublecortin-positive cells in the
SGZ (which marks immature granule cells), without a
significant decrease in proliferating cells (as measured
by Ki67) or in the gross morphology of the dentate
gyrus.15 This suggests that FGF22 is required for dif-
ferentiation or maintenance of newly born neurons in
the adult dentate gyrus.

Adult neurogenesis in the SGZ is a highly regulated
process in many ways distinct from embryonic neuro-
genesis.22,23,24 During development, the dentate gyrus
arises in a multi-step process, with 3 cycles of prolifera-
tion and migration; first at the dentate notch in the
cortical plate, then in the hilus, and finally in the SGZ.
In the adult, the neural precursor cells reside in the
SGZ and can give rise to either neurons or astrocytes.
FGF signaling is important for both developmental and
adult neurogenesis, from initial specification of neural
progenitors to maintenance of adult neurogenesis.25

During development, gradients of FGF8, FGF17, and
FGF18 induce neuroepithelial cell fates in the emerging
cortex; FGF2, FGF8, FGF10, FGF15, and FGFR3 inter-
play to control proliferation and differentiation of neu-
ral precursors; and FGF2/FGFR1 signaling is necessary
for embryonic neurogenesis in the cortex both in vivo
and in vitro.25 As for adult neurogenesis, the roles of
FGF signaling in the mature brain are also becoming
apparent. FGF10 (which is closely related to FGF7 and
FGF22) has been hypothesized to maintain adult but
not embryonic neurogenesis, although this has yet to
be demonstrated directly;26 FGF10 has been implicated
in adult neurogenesis in the murine hypothalamus.27

Deletion of FGFR1 in the central nervous system by
using Nestin promoter-driven Cre decreased the num-
ber of proliferating cells in the SGZ, as measured by
BrdU incorporation, and decreased the number of cells
co-expressing BrdU and NeuN (a neuronal marker) to
a greater degree than those co-expressing BrdU and
GFAP (a glial marker), suggesting the importance of
FGFR1 in proliferation and neuronal maturation or
survival during adult neurogenesis of the SGZ.28 Loss
of FGFR2 from radial glial cells (neural precursors)
and astrocytes leads to decreased proliferating cells, as
measured by BrdU, and decreased doublecortin expres-
sion.29 Recent work in which FGFRs were deleted or
activated in NestinC cells (neural precursors) in adult

Figure 1. Target-derived FGFs induce excitatory and inhibitory
presynaptic differentiation. Top: In the hippocampal circuit, den-
tate granule cells (DGCs) provide a major excitatory input to the
CA3, and interneurons provide the inhibitory input. Bottom:
FGF22 and FGF7 are secreted at excitatory and inhibitory nascent
synapses on CA3 dendrites in the hippocampus.14,17 FGF22 acts
on FGFR2b and FGFR1b within DGCs to induce synaptic vesicle
accumulation in excitatory axon terminals, and FGF7 acts on
FGFR2b within interneurons to induce synaptic vesicle accumula-
tion within inhibitory axoN-terminals.1,14 FGFR2b activated by
FGF22 utilizes kinase activity and signaling downstream of FRS2
and PI3K, but not PLC-gamma, to induce accumulation of excit-
atory synaptic vesicles.1
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mice demonstrated that FGF signaling is required for
maintaining SGZ stem cells and sufficient to induce
neurogenesis.30 Altogether, FGF signaling is important
for neurogenesis from the earliest stages of develop-
ment through control of adult neurogenesis.

How does FGF22 fit into this picture? One possi-
bility is that FGF22 secreted from CA3—the same
FGF22 that induces excitatory synapses—induces
expression of genes in the presynaptic DGC, which in
turn, help promote adult neurogenesis in the dentate
gyrus (Fig. 2). Indeed, we compared gene expression

in DGCs from 28-day-old mice and found that sev-
eral genes encoding for secreted proteins that have
been implicated in adult neurogenesis are downregu-
lated in FGF22KO mice compared to WT (unpub-
lished data). Thus, FGF22 may indirectly control
adult neurogenesis by upregulating genes for secreted
proteins in DGCs that once secreted, affect neighbor-
ing SGZs to regulate adult neurogenesis as the hippo-
campal circuit matures. Indeed, the SGZ forms
between postnatal days 7 and 14,31 when FGF22 and
FGF7 exert their synaptogenic function, and mature
DGCs are in close contact with the neurogenic niche.
Secreted growth factors and extracellular matrix pro-
teins from mature DGCs are poised to influence the
developing neurogenic niche in the SGZ and control
the rate or neurogenesis and DGC differentiation. In
this way, FGF22 could be acting as a target-derived
(CA3-derived) signal to the dentate gyrus to modu-
late the amount of neurogenesis depending on the
needs of the maturating hippocampal circuit. An
analogous mechanism occurs in the peripheral ner-
vous system during development, where target
organ-derived nerve growth factor modulates cell
survival and/or proliferation of the sympathetic ner-
vous system.32 In the hippocampus, target-derived
cues such as FGF22 could be anticipating the amount
of activity that will occur in the mature circuit, pro-
moting an appropriate amount of neurogenesis in the
dentate gyrus to match. Future experiments, includ-
ing use of a CA3-specific conditional FGF22KO, will
prove whether CA3-derived FGF22 is indeed modu-
lating adult neurogenesis.

Many interdependent factors are required to bol-
ster the development of a balanced neural circuit. We
have shown the contribution of FGF signaling to
excitatory vs. inhibitory synapse formation, and here
we proposed a mechanism through which synapto-
genesis could control levels of adult neurogenesis.
Thus, FGF signaling may not only serve as local syn-
aptogenic signals, but also as global regulators of neu-
ral circuit development throughout life.
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