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At least three forms of signaling between pre- and postsynaptic partners are necessary
during synapse formation. First, “targeting” signals instruct presynaptic axons to recognize and adhere to the correct portion of a postsynaptic target cell. Second, trans-synaptic
“organizing” signals induce differentiation in their synaptic partner so that each side of the
synapse is specialized for synaptic transmission. Finally, in many regions of the nervous system an excess of synapses are initially formed, therefore “reﬁnement” signals must either
stabilize or destabilize the synapse to reinforce or eliminate connections, respectively.
Because of both their importance in processing visual information and their accessibility,
retinogeniculate synapses have served as a model for studying synaptic development.
Molecular signals that drive retinogeniculate “targeting” and “reﬁnement” have been
identiﬁed, however, little is known about what “organizing” cues are necessary for the differentiation of retinal axons into presynaptic terminals. To identify such “organizing” cues,
we used microarray analysis to assess whether any target-derived “synaptic organizers”
were enriched in the mouse dorsal lateral geniculate nucleus (dLGN) during retinogeniculate synapse formation. One candidate “organizing” molecule enriched in perinatal dLGN
was FGF22, a secreted cue that induces the formation of excitatory nerve terminals in
muscle, hippocampus, and cerebellum. In FGF22 knockout mice, the development of retinal terminals in dLGN was impaired. Thus, FGF22 is an important “organizing” cue for the
timely development of retinogeniculate synapses.
Keywords: synaptogenesis, presynaptic differentiation, retina, retinal ganglion cell, lateral geniculate nucleus

INTRODUCTION
Proper functioning of the mammalian nervous system requires
the assembly of precisely aligned pre- and postsynaptic elements
between appropriate partner neurons. At least three sequential
signaling mechanisms are thought to assure appropriate synaptic
connectivity. First, a growing axon must recognize and adhere to an
appropriate portion of a postsynaptic target cell, a process termed
synaptic targeting (Sanes and Yamagata, 2009). Cell adhesion molecules, axonal guidance molecules, extracellular matrix molecules,
growth factors, morphogens, and neurotrophins each have been
shown to contribute to synaptic targeting in the vertebrate CNS
(for examples see Yamagata et al., 2002; Yamagata and Sanes, 2008;
Osterhout et al., 2011; for review see Yamagata et al., 2003; Waites
et al., 2005; Sanes and Yamagata, 2009). Following axon-target
recognition, signals from the presynaptic axon and postsynaptic target cell are exchanged to coordinate the transformation of
these elements so that they are specialized for synaptic transmission – a process called synaptic differentiation (Waites et al., 2005;
Craig et al., 2006; Fox and Umemori, 2006). Trans-synaptic cues
that induce the recruitment of presynaptic release machinery (i.e.,
synaptic vesicles, active zone components, etc.) or the clustering of neurotransmitter receptors and intracellular scaffolds in
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the postsynaptic cell have been dubbed “synaptic organizers” and
include many of the same families of molecules that contribute
to synaptic targeting (Shen and Cowan, 2010). While synaptic
targeting and organizing cues generate connections between speciﬁc neurons, an excess of these connections are initially formed,
therefore, subsequent activity-dependent mechanisms lead to the
stabilization and maturation of some synapses and the destabilization and pruning of others (Lichtman and Colman, 2000; Waites
et al., 2005; Kano and Hashimoto, 2009).
As perturbation of synaptic structure has been implicated in
contributing to a multitude of neurological diseases, identifying
cellular and molecular signals responsible for synaptic targeting,
differentiation, and reﬁnement has received considerable attention. One CNS region that has served as a model for studying
neural circuit formation is the dorsal lateral geniculate nucleus
(dLGN), a thalamic nucleus that receives input from retinal ganglion cells (RGCs) and relays this input to visual cortex. In addition
to excitatory RGC terminals, synaptic terminals in the LGN also
arise from local interneurons, inhibitory projection neurons in
the thalamic reticular nucleus (TRN), layer VI cortical neurons,
and neurons within the midbrain and brainstem (Sherman and
Guillery, 2002). While the function of this complex circuitry has
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been thoroughly addressed, our understanding of circuit formation in dLGN is largely limited to synapses arising from RGC
axons – the retinogeniculate synapse.
In mice, RGC axons begin to invade the dLGN by the end of
embryonic development (Godement et al., 1984). As these axons
enter the dLGN they are targeted into topographically arranged
regions, such that axons from neighboring RGCs in the retina
target adjacent regions of the dLGN and thereby convey the
location of stimuli in the visual ﬁeld to a spatially correlated
region of dLGN. Topographic targeting in mouse dLGN is driven
by Eph kinase/ephrin interactions: depending upon their location in retina, RGCs (and their axons) express a variable level
of Eph kinase whereas a graded expression of Eph kinase ligands, ephrins, exists in dLGN (Cheng et al., 1995; Drescher et al.,
1995; Feldheim et al., 1998; Pfeiffenberger et al., 2005; Feldheim
and O’Leary, 2010). Functional, albeit immature, retinogeniculate synapses form shortly after RGC axons target postsynaptic
neurons in dLGN. In fact, postsynaptic responses are present in
dLGN as early as the day of birth in mice, although the strength
of retinogeniculate synapses during the ﬁrst week of life are considerably weaker than synapses after natural eye-opening (∼P14;
Mooney et al., 1996; Chen and Regehr, 2000; Jaubert-Miazza et al.,
2005). In additional to weaker inputs, an excess of synaptic connections exists between RGC axons and dLGN relay neurons at
early ages. Before eye-opening a relay neuron may receive inputs
from 10–20 RGC axons however by eye-opening only one to
three retinal inputs remain on a single relay neuron (Chen and
Regehr, 2000; Jaubert-Miazza et al., 2005). Although this period
of synaptic reﬁnement and remodeling occurs before natural eyeopening and visually evoked activity, it does depend upon activity
in the form of waves of spontaneously generated activity in RGCs
(Guido, 2008; Huberman et al., 2008; Feller, 2009). Some molecular “reﬁnement” signals that act downstream of this spontaneous
retinal activity have been elucidated in dLGN. These include components of the classical complement cascade (Stevens et al., 2007),
major histocompatibility complex (MHC) class 1 (Corriveau et al.,
1998; Huh et al., 2000), and neuronal pentraxins (Bjartmar et al.,
2006).
Despite extensive characterization of the targeting and reﬁnement of retinogeniculate circuits, we know little about the mechanisms regulating synaptic differentiation at this synapse. The
list of organizing cues that direct synaptic differentiation at CNS
synapses is considerably large (see Waites et al., 2005; Craig et al.,
2006; Fox and Umemori, 2006; Eroglu and Barres, 2010; JohnsonVenkatesh and Umemori, 2010; Jones et al., 2011; Kucukdereli
et al., 2011; Terauchi and Umemori, 2011), however whether any
of these contribute to synapse formation in dLGN remains unclear.
For this reason, we sought to identify synaptic organizers enriched
in dLGN during the development of retinogeniculate synapses.
Using a microarray approach we found that ﬁbroblast growth factor 22 (FGF22) – a target-derived cue that directs excitatory nerve
terminal formation in hippocampus, cerebellum, and muscle
(Umemori et al., 2004; Fox et al., 2007; Umemori, 2009; Terauchi
et al., 2010), is enriched in dLGN as retinal terminals form. Using
targeted mouse mutants lacking FGF22, we show that the formation and maturation of retinogeniculate (but not other dLGN
synapses) is impaired in the absence of this organizing cue. Thus,
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FGF22 contributes to the timely development of retinogeniculate
synapses.

MATERIALS AND METHODS
REAGENTS AND ANTIBODIES

All chemicals and reagents were obtained from Sigma (St. Louis,
MO, USA) or Fisher (Fairlawn, NJ, USA), unless otherwise noted.
A rabbit polyclonal antibody directed against melanopsin (Meln)
was kindly provided by Dr. C. K. Chen [Virginia Commonwealth
University, Richmond, VA, USA; diluted 1:2500 for immunohistochemistry (IHC)]. Antibodies for the following antigens were purchased: rabbit polyclonal anti-calretinin (Calr; Millipore; diluted
1:1000 for IHC), rabbit polyclonal anti-vesicular glutamate transporter 2 (VGluT2; Synaptic Systems Inc.; diluted 1:500 for IHC),
mouse monoclonal anti-glutamic acid decarboxylase 67 (GAD67;
Millipore; diluted 1:500 for IHC), rabbit polyclonal anti-ﬁbroblast
growth factor receptor 2 (Santa Cruz; FGFR2; diluted 1:100 for
IHC), goat polyclonal anti-brain-speciﬁc homeobox/POU domain
protein 3A (Brn3a; Millipore; diluted 1:125 for IHC), mouse monoclonal anti-synaptophysin 1 (Synaptic Systems Inc.; diluted 1:500
for IHC), monoclonal mouse anti-synaptotagmin 2 (previously
called znp1; Fox and Sanes, 2007; Zebraﬁsh International Resource
Center, Inc.; diluted 1:250 for IHC), monoclonal mouse monoclonal anti-actin [Millipore; diluted 1:10,000 for western blots
(WB)], and goat polyclonal anti-FGF22 (Santa Cruz; diluted 1:300
for WB). Fluorescent- and HRP-conjugated secondary antibodies were purchased from Invitrogen or Jackson ImmunoResearch
(diluted 1:1000 for IHC and 1:5000 for WB).
MICE

Wild-type C57 and CD1 mice were from Charles River. Fgf22−/−
mice (on a C57 background) were generated and described previously (Terauchi et al., 2010). All analyses conformed to National
Institutes of Health guidelines and protocols approved by the Virginia Commonwealth University Institutional Animal Care and
Use Committee.
IMMUNOHISTOCHEMISTRY

Brains and retinas from C57 mice were ﬁxed in 4% paraformaldehyde (PFA; in phosphate-buffered saline, PBS) for 12 h at 4˚C.
They were then repeatedly washed in PBS and incubated for
a minimum of 24 h in 20% sucrose in PBS. Fixed tissue was
frozen in Tissue Freezing Medium (Triangle Biomedical Sciences,
Durham, NC, USA) and sectioned (16–20 μm) coronally on a
Leica CM1850 cryostat. Sections were air-dried, incubated in
blocking buffer (2.5% BSA, 5% NGS, and 0.1% Triton X-100 in
PBS) for 30 min at room temperature, and subsequently incubated in primary antibodies diluted in blocking buffer for >12 h
at 4˚C. Following several washes in PBS, sections were treated
with secondary antibodies diluted in blocking buffer for 60 min at
room temperature. After four PBS washes, sections were stained
with DAPI and mounted in VectaShield (Vector Laboratories,
Burlingame, CA, USA). Immunostained sections were visualized
on either a Leica SP2 scanning confocal microscope or a Zeiss Axiolmager A1 ﬂuorescent microscope. dLGN could be unequivocally
identiﬁed by both DAPI staining and VGluT2-immunoreactivity.
When comparing different ages of tissues or between genotypes,
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images were acquired with identical parameters. For quantiﬁcation, images were acquired from a ventromedial portion of dLGN
(see Figure 1A). At least four images were acquired per animal.
For quantiﬁcation of the relative area (per ﬁeld or per dLGN)
occupied by immunoreactivity, images were thresholded in Adobe
Photoshop so that no sigbal was detected in the optic tract of a P7
control animal (threshold value = 80). The same threshold value
was applied to all other images regardless of age or genotype. Percent area of the thresholded signal was quantiﬁed with NIH ImageJ
(Bethesda, MD, USA). All image manipulations and measurements were performed using identical procedures or parameters
regardless of genotype or age. Four animals were analyzed for each
genotype and age.

FIGURE 1 | Synaptic development in mouse dLGN. (A–D) VGluT2immunoreactivity in coronal sections of dLGN at P3, P7, P14, P21. dLGN are
encircled by white dots. Arrows indicate the intergeniculate leaﬂet (IGL).
Tissue orientation is indicated in (A): D, dorsal; L, lateral; M, medial; V, ventral.
(E–H) High magniﬁcation of (A–D) [from areas similar to that shown by the
white box in (A)] show the transformation of immature and small
VGluT2-positive retinal terminals into large, morphologically distinct RLPs.
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MICROARRAY ANALYSIS

RNA was isolated from P3 and P8 CD1 wild-type mouse dLGN,
as described previously (Su et al., 2011). Brieﬂy, mice were decapitated, brains removed, and 300 μm coronal sections were cut in
ice-cold DEPC-PBS with a vibratome. dLGN were microdissected
from at least ﬁve littermates and tissues were pooled per sample.
RNA was isolated using the Bio-Rad Total RNA extraction from
Fibrous and Fatty Tissue kit (Bio-Rad). RNA purity assessment,
ﬁrst- and second-strand cDNAs preparation, cRNAs generation,
hybridization to Agilent Whole Genome 44kx4 mouse arrays, and
data analysis with Agilent Feature Extraction and GeneSpring GX,
version 7.3.1, software packages were performed by GenUs Biosystems. To be considered differentially expressed, genes must have

(E –H ) show the development of Gad67 inhibitory synapses in the postnatal
dLGN. (E –H ) show merged images of retinal terminals (red) and inhibitory
terminals (green). Arrows in (G,H) highlight presumptive VGluT2-expressing
RLPs [which are shown in higher magniﬁcation in the insets in (G,H)]. All
images were acquired with identical settings on a confocal microscope. Scale
bar in (D) = 200 μm for (A–D), in (H ) = 25 μm for (E–H ), and in the inset in
(H ) = 5 μm for all insets.
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demonstrated a twofold difference (up- or down-regulation) in
the averaged sample sets (n = 3; p < 0.05). Three pooled samples
were analyzed per age.
QUANTITATIVE PCR

RNA was puriﬁed from pooled C57 dLGN samples as described
above. cDNAs were generated with Superscript II Reverse Transcriptase First-Strand cDNA Synthesis kit (Invitrogen). Quantitative PCR (qPCR) was performed on a Chromo4 Four-Color
Real-Time System (Bio-Rad) using iQ SYBR Green Supermix (BioRad) as described previously (Su et al., 2010). The following primer
pairs were used: fgf22, 5 -ACA CGG ACA GAA CGG ATC TC-3 ,
and 5 -CCA CTC ACT TTT TCC TGC GT-3 ; actin, 5 -TTC TTT
GCA GCT CCT TCG TT-3 , and 5 -ATG GAG GGG AAT ACA
GCC C-3 . A minimum of three experiments (each in triplicate)
was run for each age.
WESTERN BLOT

Wild-type C57 mice were perfused with PBS, brains removed
and dLGN were dissected in ice-cold PBS. Tissue was pooled
from at least eight littermates per age and was lysed in modiﬁed loading buffer containing 50 mmol/L Tris–HCl, pH 6.8,
2% sodium dodecyl sulfate (SDS), 10% glycerol, and protease
inhibitors (1 mmol/L PMSF). Samples were homogenized, boiled
for 10 min, and insoluble material was removed. Protein concentrations were determined by bicinchoninic acid (BCA) protein
assay (Pierce, Rockford, IL, USA). Equal amounts of protein were
loaded and separated by SDS-PAGE and transferred to PVDF
membrane as described previously (Fox and Sanes, 2007). After
blocking in 5% non-fat milk in PBS (containing 0.05% Tween
20), PVDF membranes were incubated with appropriate primary
antibodies, followed by HRP-conjugated secondary antibodies.
Immunoblotted proteins were detected with enhanced chemiluminescent detection system (ECL Plus, Amersham Pharmacia
Biotech, Piscataway, NJ, USA) as previously described (Fox et al.,
2003).

RESULTS
SYNAPTIC DEVELOPMENT IN dLGN

To begin to address the molecular mechanisms that regulate
presynaptic nerve terminal development, we ﬁrst documented
nerve terminal formation and maturation in mouse dLGN using
nerve terminal-speciﬁc markers. Retinal terminals were labeled
with antibodies directed against vesicular glutamate transporter 2
(VGluT2), a synaptic vesicle associated protein present in classes
of excitatory nerve terminals and expressed by RGCs (Fujiyama
et al., 2003; Land et al., 2004). VGluT2 is absent from other
glutamatergic, excitatory synapses within dLGN, which instead
contain VGluT1 (Fujiyama et al., 2003). Thus, in dLGN VGluT2
immunolabeling speciﬁcally and selectively marks retinal terminals (Land et al., 2004; Figures 1A–D). To label inhibitory nerve
terminals, which are derived from either local dLGN interneurons
or inhibitory TRN neurons, antibodies directed against glutamate
decarboxylase 67 (GAD67) were employed.
Using these terminal-speciﬁc markers we found that shortly
after the targeting of RGC axons, the dLGN contained VGluT2positive terminals but largely lacked GAD67-positive terminals
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(Figures 1A,E). By the end of the ﬁrst postnatal week of
development, a substantial increase in the number and density of excitatory, VGluT2-positive retinal terminals was observed
(Figures 1B,F). Despite increases in retinogeniculate synapse
number, little change was seen in the number or density of
inhibitory synapses during this period (Figures 1E,F). The sparsity
of GAD67-positive inhibitory nerve terminals support electrophysiological studies that demonstrate a general lack of inhibitory
synaptic responses following optic tract stimulation in dLGN at the
end of the ﬁrst week of mouse development (Bickford et al., 2010).
The number of GAD67-immunoreactive terminals appeared to
dramatically increase by P14 (Figure 1G), which coincides with an
increased incidence of inhibition following optic tract stimulation
(Bickford et al., 2010).
A remarkable feature of retinal terminals in the adult dLGN is
that they are morphologically distinct and signiﬁcantly larger than
other excitatory or inhibitory terminals in dLGN. Based upon their
round shaped vesicles, large size, and pale mitochondria in ultrastructural analyses, retinogeniculate terminals have been named
RLPs. IHC analysis at early perinatal ages suggested that VGluT2immunoreactive retinal terminals were initially no larger than
inhibitory terminals in dLGN (Figures 1E,F). However by P14,
and at all ages thereafter, VGluT2-positive retinal terminals had
transformed into larger and morphologically distinct terminals,
presumably indicating the formation of RLPs (Figures 1C,D,G,H).
The increase in VGluT2-positive terminal size appeared to coincide with a decrease in the number of retinal terminals in dLGN
(compare Figures 1A–D). These ﬁndings conﬁrm previous ultrastructural studies that suggested a 10-fold reduction in the number
of retinogeniculate synapses from P7 to P14 (Bickford et al., 2010).
Together these data demonstrate that during the ﬁrst week of
mouse development the numbers of retinal terminals increase dramatically but then during the second week some of these terminals
are stabilized and mature while others are destabilized and pruned.
Two ﬁnal observations regarding the formation and maturation of retinal terminals in LGN warrant mention. First, retinal
terminal growth and maturation in dLGN appeared to occur in
a dorsolateral to ventromedial gradient (compare Figures 1C,D),
perhaps reﬂecting the fact that RGC axons innervate dorsolateral
dLGN ﬁrst. Second, little VGluT2-immunoreactivity was observed
in the intergeniculate leaﬂet (IGL; arrows in Figures 1C,D), an
adjacent retino-recipient nucleus (also see Fujiyama et al., 2003).
This is somewhat surprising since RGC axons also innervate IGL.
IDENTIFICATION OF SYNAPTIC ORGANIZING MOLECULES IN dLGN

We next sought to identify synaptic organizing molecules whose
developmental expression in dLGN coincided with the perinatal
increase in synapse number. To capture the genetic proﬁle of dLGN
before the large increase in retinal terminal number, RNA was isolated from P3 mouse dLGN. Expression proﬁles in these pools
of RNA were compared with RNA isolated from P8 dLGN, an
age that corresponds to the increase in retinogeniculate terminal
number and before the increase in inhibitory synaptic terminals.
Differentially expressed genes in these RNA pools were identiﬁed
by Agilent microarray analysis.
To assess changes in the expression of genes that might
contribute to synaptic differentiation in dLGN we mined the
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array data, focusing on families of synaptic organizing molecules. We speciﬁcally explored the following genes: neuroligins (nlgn1–4), neurexins (nrxn1–3), cell adhesion molecules
[cadm1–4 (also called SynCAM1–4)], leucine-rich repeat transmembrane molecules (lrrtm1–4), protein tyrosine phosphatase
receptors (ptprf, ptprs), leucine-rich repeat and ﬁbronectin type
III domain containing molecules [lrfn1–5;also called synaptic adhesion-like molecules (SALMs1–5)], cerebellins (cbln1–4),
thrombospondins (thbs1–4), secreted proteins acidic and rich
in cysteine (sparc, sparcl1), neurotrophins (ngf, bdnf, ntf3, ntf4),
Wnts, bone morphogenic factors (bmp1–7 ), ephrins (efna1–5,
efnb1–3), Eph kinases (epha1–10, ephb1–6 ), and synaptogenic
FGFs (fgf7, fgf10, fgf22). Figure 2 plots the relative change in
expression in these genes in P8 dLGN compared with levels of
expression at P3. Genes mentioned above that are not listed in
Figure 2 were not detected by probe sets on the microarray.
Of the >70 synaptic organizing genes examined, the gene most
up-regulated at P8 was fgf22, which was detected as being signiﬁcantly enriched by two distinct probe sets in the array (see
blue bars in Figure 2). In addition to fgf22, 10 other genes encoding synaptic organizers were signiﬁcantly enriched at P8: nlgn3,
sparc, sparcl1, wnt5a, wnt7a, wnt7b, bmp4, lrrtm1, ephb3, and
ephb4. While ∼15% of the genes coding for synaptic organizers were up-regulated, the expression of another set of genes was
signiﬁcantly reduced at P8. Down-regulated synaptic organizers
included nlgn1, nrxn1, cadm1, cbln2, ptprf, epha7, and efna2. It
is unclear why these genes are down-regulated during postnatal
dLGN development but may suggest roles for these cues in synaptic targeting (for examples see Osterhout et al., 2011; Su et al.,
2011).
FGF22 IS EXPRESSED IN dLGN AND ITS RECEPTOR IS EXPRESSED BY
RGCs

We next sought to conﬁrm the expression of fgf22 mRNA in dLGN.
RNA was isolated from wild-type dLGN at P2, P3, P8, and P14 and
quantitative RT-PCR (qPCR) was performed. qPCR conﬁrmed a
considerable enrichment in fgf22 expression in P8 dLGN compared with expression levels at P2 and P3 (Figure 3A). Levels of
fgf22 continued to increase postnatally until P14, an age in which
retinal terminals have matured into RLPs (Figure 3A; Bickford
et al., 2010).
Since changes in mRNA expression levels do not always correlate with protein expression, we next used antibodies directed
against FGF22 to probe protein levels in dLGN. Figure 3B demonstrates that FGF22 levels increase substantially during the ﬁrst
week of postnatal development. Together, these results conﬁrm
that developmental increases in FGF22 expression, at both mRNA
and protein levels, coincide with the formation and maturation of
retinal nerve terminals in dLGN.
Target-derived FGF22 has previously been shown to induce
the formation of excitatory nerve terminals in skeletal muscle,
hippocampus, and cerebellum (Umemori et al., 2004; Fox et al.,
2007; Terauchi et al., 2010). Based upon these roles in synaptic differentiation and its signiﬁcant enrichment in P8 dLGN,
we hypothesized that dLGN-derived FGF22 induces the assembly and growth of retinal terminal. For this to be true, retinal
axons must express appropriate FGF22 receptors. FGFs bind
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and signal through a family of alternatively spliced receptors,
termed FGF receptors (FGFRs; Zhang et al., 2006). FGF22 primarily signals through FGFR2 to induce nerve terminal assembly
(Umemori et al., 2004; Fox et al., 2007; Terauchi et al., 2010).
Previous studies have reported postnatal increases in FGFR2
expression by mouse RGCs, which we conﬁrm here (Figure 4A;
Catalina et al., 2009). However, not all RGCs innervate dLGN.
We therefore tested whether classes of RGCs known to target
dLGN express FGFR2. We focused on RGCs that express either
the calcium binding protein calretinin (Calr) or the transcription
factor Brn3a, both of which are expressed by classes of dLGNprojecting RGCs (Luth et al., 1993; Quina et al., 2005; Badea
et al., 2009; Su et al., 2011). Co-labeling of retinal cross-sections
with antibodies against FGFR2 and either Calr or Brn3a revealed
that dLGN-projecting classes of RGCs express the FGF22 receptor (Figures 4B,C). The expression of appropriate receptors by
dLGN-projecting classes of RGCs supports our hypothesis that
target-derived FGF22 regulates the formation and development of
retinal terminals.
FGF22 CONTRIBUTES TO RETINAL TERMINAL FORMATION AND
MATURATION IN VIVO

To test the role of FGF22 in the development of retinogeniculate nerve terminals we used a previously generated targeted
mouse mutant that lacked FGF22 (fgf22−/− ; Terauchi et al., 2010).
Mutants lacking FGF22 are born in expected numbers and are
phenotypically indistinguishable from littermate controls during
the ﬁrst weeks of postnatal development.
The development of retinal and inhibitory nerve terminals in
dLGN in the absence of FGF22 was assessed by immunostaining
for VGluT2 and GAD67 as described above. Terminals were examined in coronal sections of mutant and littermate control dLGN
at P7, P14, and P21. While we detected no difference in GAD67immunoreactivity in P7 dLGN, fewer VGluT2-containing nerve
terminals were observed in dLGN lacking FGF22 (Figures 5A,B).
The relative area occupied by VGluT2-positive terminals in mutant
and control dLGN was quantiﬁed and was statistically signiﬁcant (Figure 5C). We interpret these results to indicate fewer
retinogeniculate synapses are present in dLGN in the absence
of FGF22. Similar analyses revealed no change in the area occupied by GAD67-immunoreactive terminals in P7 mutant dLGN
(Figures 5A–C).
We next examined nerve terminal number and morphology at
P14, an age in which immature terminals have differentiated into
large, morphologically distinct presynaptic terminals (i.e., RLPs).
As in P7 mutant dLGN, fewer VGluT2-containing nerve terminals
appeared in P14 fgf22−/− dLGN (Figures 5D,E) and the area occupied by these terminals was signiﬁcantly reduced (Figure 5F). In
addition to fewer terminals it also appeared as if retinogeniculate
terminals were smaller in P14 fgf22−/− dLGN (Figures 5D,E), a
ﬁnding that suggests the normal timing of retinal terminal maturation may be delayed in the absence of FGF22. Again, in contrast
to defects observed at retinal terminals, the development and distribution of inhibitory nerve terminals appeared unaffected by the
loss of FGF22 at this age (Figures 5D–F).
Finally we examined retinal and inhibitory terminals at P21,
an age in which synaptic development is largely complete in
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FIGURE 2 | Changes in the expression of synaptic organizing molecules
in the postnatal dLGN. Relative mRNA expression levels of known families
of synaptic organizing molecules in P8 dLGN was compared to that at P3 by
Agilent microarray. Bar graphs represent fold enrichment (or decrease) in P8
dLGN vs. P3 dLGN. The red line represents no change in gene expression
between these ages. Bar color is alternated between gray and black for each
adjacent gene for ease of viewing, with the exception of blue bars
representing mRNA expressional levels for fgf22, the synaptic organizer
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showing the greatest enrichment. The expression of many genes is shown
with multiple bars: in these cases each bar represents data from a unique
probe set in the array. *Denote data that are statistically signiﬁcant with
p < 0.05. **Denote data that are statistically signiﬁcant with p < 0.01.
Expression of 11 synaptic organizers was enriched in P8 samples (nlgn3,
sparc, sparcl1, fgf22, wnt5a, wnt7a, wnt7b, bmp4, lrrtm1, ephb3, ephb4)
whereas seven were signiﬁcantly down-regulated at P8 (nlgn1, nrxn1, cadm1,
cbln2, ptprf, epha7, efna2).
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mouse dLGN (Chen and Regehr, 2000; Jaubert-Miazza et al.,
2005). We found no appreciable differences in the number or morphology of retinal or inhibitory nerve terminals

in mutants or controls at this age (Figures 5G–I). Moreover, the dorsolateral to ventromedial gradient of retinogeniculate synaptic development remained intact in mutant dLGN
(data not shown). Taken together these results suggest that
FGF22 contributes to retinal (but not inhibitory) nerve terminal development in dLGN, but that in its absence compensatory mechanisms eventually promote retinogeniculate circuit
formation.
NORMAL RETINAL DEVELOPMENT IN fgf 22−/− MUTANTS

FIGURE 3 | Increases in fgf22 mRNA and FGF22 protein levels in dLGN
coincide with the maturation of retinal terminals. (A) The
developmental up-regulation of fgf22 mRNA from P2 to P14 in dLGN was
examined by quantitative RT-PCR (qPCR). Data from P3, P8, and P14 were
compared against that at P2. All data was normalized to actin mRNA levels.
Data are shown ± SEM; n > 4. (B) Western blots demonstrate an increase
in FGF22 protein from P3 to P8 in dLGN protein extracts. Levels of actin
were used as loading controls.

FIGURE 4 | The FGF22 receptor FGFR2 is expressed by classes of
retinal ganglion cells that innervate dLGN. (A) Confocal analysis of
immunostained P14 wild-type retinal cross-sections revealed the
presence of FGFR2 in the ganglion cell layer (gcl) and nerve ﬁber layer
(nﬂ). Retinal layers were identiﬁed by nuclear-labeling with DAPI.
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We interpret the above results to suggest a direct role for FGF22
in retinogeniculate circuit development. An alternative possibility is that these defects are secondary to intra-retinal defects
or reﬂect a delay in the arrival of retinal axons into dLGN. To
address these issues we analyzed retinal development in fgf22−/−
mutants. The retina is a layered structure that contains ﬁve main
cell types: photoreceptors reside in the outer most layer of the
retina – the outer nuclear layer (ONL); bipolar cells, horizontal
cells, amacrine cells reside in the inner nuclear layer (INL); RGCs
reside in the inner most cell layer – the ganglion cell layer (Masland,
2001; Sanes and Zipursky, 2010). Two synaptic layers exist in the
retina: the outer plexiform layer (OPL) where photoreceptors
synapse onto dendrites of bipolar cells, and the inner plexiform layer (IPL) where bipolar and amacrine cells synapse

(B,C) Single optical slices from confocal analyses of retinal cross-sections
immunostained for FGFR2 and either Calr (B) or Brn3a (C). Nuclei were
labeled with DAPI. inl, inner nuclear layer; ipl, inner plexiform layer; gcl,
ganglion cell layer; nﬂ, nerve ﬁber layer. Scale bar in (A) = 50 μm and in
(B) = 20 μm for (B,C).
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FIGURE 5 | Deletion of FGF22 impairs the formation and maturation of
retinal terminals in the dLGN. VGluT2- and GAD67-immunoreactivity in
coronal sections of control (Ctl) and fgf22−/− mutant (KO) dLGN at P7 (A,B),
P14 (D,E), and P21 (G,H). Differences in the percent area of
immunoreactivity in each image were quantiﬁed for each age and genotype
(C,F,I). At P7 fewer VGluT2-immunoreactive puncta were observed in
mutant dLGN, leading to a statistically signiﬁcant reduction in the area of
immunoreactivity (A–C). At P14, VGluT2-immunoreactive (VGluT2-IR)

Frontiers in Molecular Neuroscience

terminals appeared less mature and the area that mutant terminals
occupied in each ﬁeld of view was signiﬁcantly lower than in controls (D–F).
By P21 no differences were observed in VGluT2–IHC in dLGN of mutants
and controls (G–I). At all ages GAD67-immunoreactivity (GAD67-IR)
appeared similar in fgf22−/− and control dLGN. For (C,F,I) data shown are
±SEM; n = 4 mice. *Differs from age-matched controls at p < 0.05 by
Student’s t -test. **Differs from age-matched controls at p < 0.01 by
Student’s t -test. Scale bar in (H) = 15 μm.
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onto RGC dendrites. Immunostaining retinal cross-sections from
P14 control and fgf22−/− mutant mice showed no appreciable difference in the structure of the retina, the thickness of

FIGURE 6 | Normal morphological development of the retina in mice
lacking FGF22. Confocal images of retinal cross-sections from P14
fgf22−/− mutant mice (B,D,F) and littermate controls (A,C,E). (A–D)
Classes of dLGN-projecting RGCs were labeled by Brn3a–IHC (A,B) and
Calr–IHC (C,D). The number and distribution of Brn3a- and Calr-expressing
RGCs appeared similar in control and fgf22−/− retina. (C–F) Labeling of
synaptic layers with anti-synaptophysin (Syn) (C,D) and synaptotagmin2
(Syt2) (E,F) revealed no remarkable differences in the density of synapses
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retinal layers, or the density of neurons in the absence of FGF22
(Figures 6A–D). Moreover, removal of FGF22 had no discernable
affect on the generation of Brn3a- or Calr-expressing classes of

or laminar arrangement of the retina between mutants and controls.
Likewise labeling with anti-Syt2, anti-Calr, and anti-melanopsin (Meln)
revealed that sublaminar speciﬁcity was indistinguishable in controls and
mice lacking FGF22 (D,F) and controls (C,E). Arrows in (E,F) show that
dendrites from Meln-expressing RGCs correctly target the inner most
region of the IPL in the absence of FGF22. In all sections nuclei were
labeled with DAPI. inl, inner nuclear layer; ipl, inner plexiform layer; gcl,
ganglion cell layer. Scale bar = 100 μm.
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RGCs (Figures 6A–D), or the dendritic stratiﬁcation of RGCs
in the IPL (Figures 6C–F). Not only did the morphology of
retinal neurons and their circuitry appear unaltered in fgf22−/−
mutants but the timing of retinal development also appeared
unaltered. For example, in wild-type adult retina the synaptic
vesicle associated protein synaptotagmin 2 (Syt2) is restricted
to horizontal cells and classes of OFF-bipolar cells whose axons
arborize in the outer portion of the IPL (Fox and Sanes, 2007).
However during the ﬁrst ∼11 postnatal days of retinal development it is also transiently expressed in starburst amacrine cell
processes in the IPL (Fox and Sanes, 2007). The absence of Syt2
from starburst amacrine cell processes in P14 fgf22−/− mutants
(Figures 6E,F) suggests that the timing of its development is
unaltered in the absence of FGF22. Thus, delayed synaptogenesis in fgf22−/− dLGN is not caused by delayed or aberrant retinal
development.
We next addressed whether the targeting of retinal axons was
delayed in mutants lacking FGF22. For this, we examined the presence of Calr-expressing retinal axons in dLGN at P7 – an age
in which we have previously demonstrated the presence of these
axons in mouse dLGN (Su et al., 2011). The arborization of Calrexpressing RGC axons appeared similar in fgf22−/− mutants and
littermate controls (Figure 7). Thus the delay in synaptogenesis in
dLGN does not appear to arise from a delay in retinogeniculate
targeting.

FIGURE 7 | Deletion of FGF22 does not delay targeting of
dLGN-projecting RGC axons. Calr–IHC was used to assess the
development of dLGN-projecting RGC axons in P7 control [Ctl; (A)] and
fgf22−/− mutant [KO; (B)] dLGN. dLGN are encircled by white dots. (C) The
area of Calr-IR in control and mutant P7 dLGN was measured in ImageJ. No
signiﬁcant differences were detected in the percent area of dLGN
innervated by Calr-expressing RGCs in P7 controls and mutants. Data are
shown ± SEM; n = 4 mice. Scale bar = 125 μm.
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DISCUSSION
Identifying the mechanisms that underlie synapse formation is
critical for our understanding of how neural circuits – and their
associated functions – are established. Although retinogeniculate
circuits have been used as a model for the mechanisms regulating synaptic targeting and reﬁnement, the molecular mechanisms driving the differentiation of retinal axons and dendrites
of thalamic relay neurons into precisely aligned pre- and postsynaptic elements remains unclear. In other brain regions synaptic
differentiation is orchestrated by membrane-bound and extracellular “organizing” cues. In the present study we focused on
identifying candidate synaptic organizers that regulate the timely
assembly of retinal nerve terminals in dLGN. To accomplish this
we explored the temporal progression of nerve terminal development in dLGN and then identiﬁed genes whose expression
correlated with the formation of retinal nerve terminals. Detailed
analysis of one of these genes, fgf22, revealed that target-derived
FGFs contribute to the timely development of retinogeniculate
synapses.
RETINAL AND INHIBITORY NERVE TERMINAL DEVELOPMENT IN dLGN

Development of retinal nerve terminals in dLGN is a protracted,
multistep process that shares many similarities with the pattern of
nerve terminal development at the mouse neuromuscular junction (NMJ), a peripheral synapse between lower motor neurons
and skeletal muscle ﬁbers. At the NMJ, motor axons are targeted to
postsynaptic sites in the central end-plate region of muscle embryonically, several weeks before pre- and postsynaptic elements are
structurally and functionally mature (Fox, 2009). Motor axon–
muscle contacts differentiate into immature synapses during late
embryonic development in rodents (Kelly and Zacks, 1969; Lupa
and Hall, 1989; Sanes and Lichtman, 1999; Fox, 2009). At these
early ages, an excess of motor nerve terminals are present on each
postsynaptic site, such that a single muscle ﬁber may receive input
from 2–12 different motor neurons (Wyatt and Balice-Gordon,
2003). By P14, however, activity-dependent reﬁnement has led to
the elimination of all supernumerary nerve terminals, so that each
postsynaptic site (and thus each muscle ﬁber) is innervated by a
single motor nerve terminal (Wyatt and Balice-Gordon, 2003).
As excess terminals are pruned, the remaining nerve terminal
and postsynaptic apparatus mature and grow to resemble their
adult-like form by P21 (Balice-Gordon and Lichtman, 1993).
Like motor axons, retinal axons begin to target appropriate
regions of dLGN embryonically, weeks before the retinogeniculate synapses are adult-like in their ultrastructure or physiology
(Godement et al., 1984; Chen and Regehr, 2000; Jaubert-Miazza
et al., 2005). Here we show that the number of VGluT2-containing
retinal nerve terminals increase dramatically in dLGN during the
ﬁrst postnatal week of development (Figure 1), more than a week
after their initial arrival. By P7 the density of retinal terminals
is so high it is not surprising that dLGN relay neurons may be
innervated by up to 20 different RGCs at this age (Chen and
Regehr, 2000; Jaubert-Miazza et al., 2005). Despite the increased
density of presynaptic proﬁles at these early ages, there is much
evidence that these synapses are still immature: at P7 retinogeniculate synapses are weak and lack their adult-like ultrastructural

www.frontiersin.org

January 2012 | Volume 4 | Article 61 | 10

Singh et al.

FGFs in retinogeniculate development

morphology (Bickford et al., 2010). Here we further show that at
P7 retinal terminals are small compared to adult terminals, and
in fact are similar in size to GABAergic inhibitory nerve terminals. During the second and third week of mouse development
(P7–P21), spontaneous retinal activity drives the elimination of
excess retinal nerve terminals (pruning the number of inputs that
each dLGN relay neuron receives) and the remaining terminals
mature into adult-like RLPs (Guido, 2008; Bickford et al., 2010).
Like the NMJ, by P21 the morphology and function of retinogeniculate synapses reach an adult-like state (Chen and Regehr,
2000; Bickford et al., 2010).
While the timing and sequential development of excitatory retinal nerve terminals resembles that described for motor axons at
the NMJ, inhibitory synapse development in dLGN follows a different pattern. We observed few inhibitory presynaptic terminals
during the ﬁrst postnatal week of development, supporting studies showing few inhibitory postsynaptic responses in P7 dLGN
relay neurons (Bickford et al., 2010). Despite the lack of inhibitory
activity or nerve terminals, interneuron-speciﬁc genes are present
in mouse dLGN as early as P6, conﬁrming that interneurons are
indeed present at these early ages (Yuge et al., 2011). By eyeopening, and at all ages thereafter, we observed GAD67-containing
GABAergic terminals densely populating dLGN. The late development of inhibitory circuits may reﬂect that interneurons in dLGN
are born later than RGCs and presumably after retinal axons have
begun to target the dLGN (Hayes et al., 2003; Yuge et al., 2011).
However, since interneurons are indeed present at P6 (an age in
which we observed few inhibitory nerve terminals) it suggests
that cues necessary for inducing inhibitory synaptogenesis are not
present until after retinogeniculate synapses form. Besides forming
later, our data also suggest that cellular mechanisms of inhibitory
nerve terminal formation differ from that of retinal terminals. For
example, the size or shape of inhibitory terminals did not appear
to change after their initial formation, nor did we detect a period of
inhibitory synapse reﬁnement, in which the density of inhibitory
terminals decreased with age (as seen from P7 to P14 for retinal
terminals).
The maturation/reﬁnement of retinogeniculate synapses and
the dramatic increase in inhibitory synapses both coincide with
natural eye-opening. Moreover, retinal terminals are “multisynaptic boutons” that not only synapse onto relay neuron dendrites but also synapse onto dendritic terminals of inhibitory
interneurons (which themselves synapse onto the relay neuron
dendrite; Famiglietti, 1970; Sherman and Guillery, 2002; Sherman, 2004). These local circuits (or synaptic “triads”) generate
feed-forward inhibition to temporally sharpen visual input to
thalamus (Sherman and Guillery, 2002; Sherman, 2004). The
coincident emergence of adult-like retinogeniculate terminals and
inhibitory synapses, as well as there interconnection at “triads,”
suggest a coordinated pattern of development. With this in mind,
it was unexpected to discover that the development of inhibitory
synapses was not delayed in fgf22−/− mutant mice despite delayed
development of retinogeniculate synapses. This suggests that retinal and inhibitory synapses develop independently in dLGN. An
alternative possibility is that retinal terminals are required for
inhibitory synapse formation, but the state of their maturation
does not matter.
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FGF signaling is required for visual system circuit assembly

Fibroblast growth factor family members contribute to many
aspects of neural development, from neural induction to the formation of neural circuits (Dono, 2003; Umemori, 2009). FGF22
was originally puriﬁed from developing mouse brain extracts for
its ability to cluster synaptic vesicles into presumptive nerve terminals in cultured neurons (Umemori et al., 2004). Expression
of FGF22 by postsynaptic neurons (or muscle) and its receptor
FGFR2 by presynaptic neurons support in vitro studies suggesting
that FGFs act as target-derived presynaptic organizers (Umemori et al., 2004; Fox et al., 2007). Moreover, genetic disruption
of FGF22–FGFR2 signaling results in defects in excitatory nerve
terminal assembly at mossy ﬁber-pyramidal neuron synapses in
hippocampus, mossy ﬁber–granule cell synapses in cerebellum,
and at the NMJ (Umemori et al., 2004; Fox et al., 2007; Terauchi
et al., 2010). Together, these studies demonstrate that FGF22 is necessary for the differentiation of nerve terminals in the mammalian
brain. FGF7 and FGF10, which are closely related to FGF22, share
similar abilities to induce presynaptic differentiation (Umemori
et al., 2004). While FGF7 and FGF22 share similar (and presumably interchangeable) roles in the assembly of nerve terminals at
the NMJ, they exhibit distinct synaptogenic functions in brain. In
hippocampus, FGF7 and FGF22 are both generated by CA3 pyramidal neurons but one is required at excitatory synapses and the
other at inhibitory synapses (Terauchi et al., 2010).
Our studies show a novel role for this family of synaptogenic
FGFs in visual system circuit assembly. Based upon results showing that FGF22 expression in dLGN coincides with synaptogenesis
(Figure 3), FGFR2 expression by classes of dLGN-projecting RGCs
(Figure 4), and an impairment in the development of retinal nerve
terminals in the absence of FGF (Figure 5) all suggest that FGF22
acts as a target-derived presynaptic organizer in the mouse visual
system. It is unclear whether other synaptogenic FGFs (namely
FGF7 and FGF10) also contribute to retinogeniculate synapse formation, or are perhaps able to compensate for the absence of
FGF22 in fgf22−/− mutant mice. It is also unclear whether roles for
FGFs in visual system circuit assembly are conﬁned to the dLGN
or whether other retino-recipient nuclei [such as the superior
colliculus (SC)] utilize these mechanisms for circuit assembly.
Multiple presynaptic organizers in dLGN

Our results demonstrate that ∼15% of synaptic organizing molecules are enriched in dLGN during retinogeniculate circuit assembly (Figure 2). Why are so many target-derived organizing molecules enriched in dLGN? There are many possible answers to
this question (see Fox et al., 2007), two of which we will discuss here. First, different organizers may be required for different
types of synapses in dLGN. Like most regions of brain, dLGN
contains a wide array of synaptic inputs. In addition to receiving
input from RGCs, relay neurons also receive inputs from cortex,
brainstem, midbrain, other thalamic regions, and local interneurons. In fact, retinal terminals represent only 5–10% of the inputs
onto a given relay neuron in dLGN (Van Horn et al., 2000; Sherman and Guillery, 2002). A variety of synapses are also present on
dLGN interneurons (Sherman and Guillery, 2002). As excitatory
and inhibitory synapses generally require different synaptic organizing cues it is likely that the variety of synaptic types accounts,
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at least in part, for the multitude of synaptic organizers enriched
during postnatal dLGN development. However it is noteworthy
that we analyzed the expression of these organizing molecules at
a stage in development when few non-retinal synapses are forming in dLGN. And, at least two synaptic organizers (in addition to
FGF22) were identiﬁed that are known to contribute to the formation of synapses between RGC axons and target neurons. SPARC
and SPARC-like 1, two glial-derived ECM molecules, contribute
to retino-collicular synapse formation (Kucukdereli et al., 2011).
Based upon their up-regulation in dLGN during synaptogenesis
it is tempting to speculate that they play similar roles in dLGN
and may be capable of compensating for the absence of FGF22 in
mutants studied here.
Alternatively, different organizers may contribute to different
aspects of synaptic development. At the NMJ, different musclederived presynaptic organizing molecules are required for sequential aspects of motor nerve terminal development: FGF7/10/22
induce the initial formation of motor nerve terminals, laminins
containing the β2 subunit are required for postnatal maturation of
nerve terminals, and synaptic collagens IV are required for motor
nerve terminal maintenance (Fox et al., 2007). Genetic disruption
of FGF signaling at the NMJ leads to a delay in nerve terminal
formation, much like we observe here for FGF22 at retinogeniculate synapses. Several ﬁndings suggest that other organizers, such as
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