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Abstract

Dentate granule cells (DGCs) play important roles in cognitive processes. Knowledge about how 

growth factors such as FGFs and neurotrophins contribute to the maturation and synaptogenesis of 

DGCs is limited. Here, using brain-specific and germline mouse mutants we show that a module 

of neurotrophin and FGF signaling, the FGF Receptor Substrate (FRS) family of intracellular 

adapters, FRS2 and FRS3, are together required for postnatal brain development. In the 

hippocampus, FRS promotes dentate gyrus morphogenesis and DGC maturation during 

developmental neurogenesis, similar to previously published functions for both neurotrophins and 

FGFs. Consistent with a role in DGC maturation, two-photon imaging revealed that Frs2,3-double 

mutants have reduced numbers of dendritic branches and spines in DGCs. Functional analysis 

further showed that double mutant mice exhibit fewer excitatory synaptic inputs onto DGCs. 

These observations reveal roles for FRS adapters in DGC maturation and synaptogenesis and 

suggest that FRS proteins may act as an important node for FGF and neurotrophin signaling in 

postnatal hippocampal development.
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Introduction

The hippocampal formation consists of complex arrays of neuronal circuits that act as a 

gateway of information acquisition and a center for information processing and storage 

(Andersen et al., 1971; Neves et al., 2008). The dentate gyrus (DG) is a unique hippocampal 

structure in that new neurons, dentate granule cells (DGCs), are generated and integrated 

into the circuitry throughout life, although at a much higher rate in the first two weeks after 

birth than later in adulthood (Anacker and Hen, 2017; Bischofberger, 2007; Deng et al., 

2010; Gonçalves et al., 2016; Kemperman et al., 2015; Toni and Schinder, 2015). In contrast 

to hippocampal pyramidal neurons that are generated embryonically from the dorsomedial 

ventricular zone, DGCs are first generated in the dentate matrix during the first week of birth 

(Altman and Bayer, 1990; Super et al., 1998). The burst of DGC generation and concomitant 

cell death occur during the first two postnatal weeks, with the attainment of an overall 

functional maturity by the third week after birth, although some dendritic maturation and 

spine formation can continue beyond the first postnatal month (Gould et al., 1991; Gu et al., 

2012; Laplagne et al., 2006; Liu et al., 1996; Lopez-Rojas and Kreutz, 2016; Mongiat et al., 

2009; Zhao et al., 2006). DGC generation, maturation, and circuit integration have been 

implicated in cognitive functions involving pattern separation and completion, contextual 

and spatial memory, as well as neuropsychiatric disorders such as anxiety and depression 

(Nakashiba et al., 2012; Ryan et al., 2015; Sahay et al., 2007; Tonegawa et al., 2015; 

Weeden et al., 2015). Although the regulation of adult born DGC generation has received 

much attention, less is known about what regulates developmentally generated DGCs.

Growth factor signaling has been implicated in neurodevelopmental, neurodegenerative, and 

psychiatric disorders (Dode et al., 2003; Dubourg et al., 2016; Fu et al., 2016; Lu et al., 

2013; Turner et al., 2012). Growth factors can play neurodevelopmental roles by altering the 

proliferative capacity and lineage potential of neural stem cells as well as by promoting 

neurogenesis, dendritogenesis, and neuronal migration (Doetsch et al., 2002; Licht et al., 

2010; Pozas and Ibanez, 2005). In other cases, growth factor signals in the postnatal and 

adult brain regulate spinogenesis, synaptogenesis, synaptic strength, and activity-dependent 

synaptic plasticity (Kelleher et al., 2004; Patterson et al., 1996; Zhu et al., 2016). Lastly, 

certain factors such as neurotrophins and FGFs can play both neurogenic and synaptic roles 

(Dabrowski et al., 2015; Danzer et al., 2008; Li et al., 2008; Ohkubo et al., 2004).

Neurotrophins and FGFs promote postnatal dentate neurogenesis by signaling through their 

specific receptor subtypes, FGF Receptor 1 (FGFR1) and Neurotrophic Receptor Tyrosine 

Kinase 2 (NTRK2 or TRKB), respectively (Li et al., 2008; Ohkubo et al., 2004). Specific 

FGF receptor isoforms (FGFR1b and FGFR2b) were further involved in synaptogenesis in 

CA3 pyramidal neurons, while TRKB was implicated in DGC maturation (Dabrowski et al., 

2015; Danzer et al., 2008). The mechanisms that mediate neurotrophin and FGF signals, 

however, remain unclear. The FRS proteins are one of the first-identified intracellular 

signaling adapters that transduce signals from both neurotrophin and FGF receptors (Dixon 

et al., 2006; Gotoh, 2008; Hadari et al., 2001; Meakin et al., 1999; Nandi et al., 2017). 

Although FRS was shown to be nonessential for TRKB-mediated, activity-dependent, long-
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term plasticity in hippocampal CA1 (Minichiello et al., 2002), its roles in the context of 

hippocampal development, neuronal maturation, and synaptogenesis are unknown.

Using brain-specific and germline mutants, we show that FRS adapters are required for 

neural stem cell proliferation, DGC maturation, and DG morphogenesis during hippocampal 

development. Our results further suggest important roles for FRS in excitatory 

synaptogenesis in developmentally-generated DGCs.

Experimental procedures

Mice

The experiments described in this study were approved by the IACUC of the Albert Einstein 

College of Medicine. hGFAP-Cre (Zhuo et al., 2001), Frs2fl (Lin et al., 2007) and Frs3−/− 

(Nandi et al., 2017) mice were maintained and genotyped as previously described.

Histology and immunohistochemistry (IHC)

P7 brains were fixed with 4% paraformaldehyde (PFA) in PBS (overnight, 4°C), followed by 

paraffin-embedding. Five µm thick sections were stained with hematoxylin and eosin 

(H&E), or were immunostained with Ki67 antibodies. For all other IHC experiments, P7 

brains were incubated with 4% PFA in PBS (6 h, 4°C) and in 10% (4 hours) and 20% 

(overnight) sucrose in PBS (4°C), and embedded in O.C.T. Fourteen µm thick cryosections 

were then immunostained. IHC sections were either mounted with Prolong-diamond 

antifade-mounting media with DAPI (Invitrogen) (frozen sections) or counterstained with 

hematoxylin (paraffin sections) and imaged using a Zeiss fluorescent microscope with 

Axiovision software. Total hippocampal, CA neuronal and DGC field areas were calculated 

after importing 5× and 40× H&E images taken from equivalent sagittal planes from serially 

cut sections, followed by contouring and analyzing absolute areas using Image J software. 

Antibody dilutions (IHC): Ki67, rabbit monoclonal, 1:400 (Cell Signaling); active 

caspase-3, rabbit polyclonal, 1:200 (Cell Signaling); GFAP, rabbit polyclonal, 1:500 (Dako) 

or mouse monoclonal, 1:400 (SIGMA); DCX, guinea pig polyclonal, 1:500 (Millipore); 

TBR2, rabbit polyclonal, 1:500, (Abcam); NeuN, mouse monoclonal Alexafluor-488, 1:100 

(Millipore); Cre, rabbit polyclonal, 1:1000 (abcam).

Hippocampal slice preparation

Acute hippocampal slices (300 µm thick) from P21–P25 control and mutant mice were 

prepared without differentiation of sex. Runts (see below) were excluded from 

electrophysiology and imaging experiments. Hippocampi were dissected and sectioned using 

a VT1200s vibratome (Leica Microsystems Co.) or a DTK-2000 microslicer (Dosaka EM) 

in a chilled solution (cutting solution) containing 215 mM sucrose, 2.5 mM KCl, 26 mM 

NaHCO3, 1.6 mM NaH2PO4, 1 mM CaCl2, 4 mM MgCl2, 4 mM MgSO4 and 20 mM 

glucose. Slices were collected and placed in a chamber with 1:1 cutting solution and 

artificial cerebrospinal fluid (ACSF) or recording solution containing 124 mM NaCl, 2.5 

mM KCl, 26 mM NaHCO3, 1 mM NaH2PO4, 2.5 mM CaCl2, 1.3 mM MgSO4 and 10 mM 

glucose at room temperature. After 10 minutes, the cutting/recording solution mixture was 

gradually replaced with 100% recording solution. All solutions were equilibrated with 95% 
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O2 and 5% CO2 (pH 7.4). Slices were incubated for a recovery time of at least 30 minutes 

before recording and imaging.

Electrophysiology

Miniature excitatory postsynaptic currents (mEPSCs) were recorded at 32° ± 1°C in a 

submersion-type recording chamber perfused at ~2 ml/min with ACSF supplemented with 

the voltage-gated Na+ channel blocker TTX (0.5 µM) to block action potentials, and the 

GABAA receptor antagonist picrotoxin (100 µM) to block fast inhibitory transmission. 

Whole-cell patch-clamp recordings were done using a Multiclamp 700B amplifier 

(Molecular Devices) from DGCs voltage clamped at −65 mV using patch-type pipette 

electrodes (3–4 mΩ) containing: 131 mM cesium gluconate, 8 mM NaCl, 1 mM CaCl2, 10 

mM EGTA, 10 mM glucose, 10 mM HEPES and 0.03 mM Alexa Fluor-594 (pH 7.2, 285–

290 mOsm) unless specified otherwise. Series resistance (20–30 MΩ) was monitored 

throughout all experiments using a −5 mV, 50 ms voltage step, cells that exhibited a >20% 

series resistance change were excluded from analysis. Immature DGCs were avoided by 

visually selecting and patching cells at least 30 µm above the hilar border and excluding 

cells with an input resistance >1 GΩ. Mini-Analysis software (Synaptosoft) was used to 

determine amplitude and frequency of mEPSCs with a threshold set to 5 pA. For 

extracellular field recordings, a stimulating patch-type pipette filled with ACSF was placed 

in the middle third of the dentate gyrus molecular layer in order to activate the medial 

perforant path. A recording patch-type pipette containing 1 M NaCl or ACSF was placed 

~200 µm away in the medial molecular layer at similar slice depth (~200 µm). To elicit 

synaptic responses paired, monopolar, square-wave current pulses (100 µs pulse width) were 

delivered through a stimulus isolator (Isoflex, AMPI). Extracellular field recordings were 

performed at 26° 1°C in the absence of any drug. Paired-pulse ratio (PPR) was calculated by 

dividing the amplitude of the second pulse by the first pulse (P2/P1) at a 100-ms inter-

stimulus interval.

Two-photon imaging and analyses of dendrites and spines

After 20 minutes of recording synaptic events, DGCs patch-loaded with Alexa Fluor-594 (30 

µM) were imaged using an Ultima In Vitro two-photon laser scanning fluorescence 

microscope (Bruker Corporation) with a 60× fluor objective (NA = 1.00, Nikon) and an 

Insight Deep See Laser (Spectra Physics) tuned to 830 nm. Z-stack images of the dendritic 

tree of DGCs were collected at a 512 × 512 pixel resolution at a 1.0× magnification. Higher 

magnification (4.0× and 8.0×) and higher resolution (1280 × 1280 pixel) images were 

acquired 50 µm from soma to quantify changes in dendritic spine density. Three-dimensional 

reconstructions of DGC dendritic trees were analyzed using Neurolucida neuron tracing 

software (11.07 64-bit) (MBF bioscience, Williston, USA). Sholl analyses were carried out 

using 40 µm concentric circular bins from soma while dendritic spine density was assessed 

by the Image J software (Bicanic et al., 2017; Sholl, 1953; Smith et al., 2009).

Chemicals & Drugs

All chemicals used for ACSF and intracellular solutions were acquired from Sigma-Aldrich 

(St. Louis, MO). For mEPSC recordings, TTX was purchased from Cayman Chemical Co. 

(Ann Arbor, MI) and picrotoxin from Sigma-Aldrich (St. Louis, MO). Alexa Fluor-594 was 
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ordered from ThermoFisher Sci. (Waltham, MA) and added to intracellular solution to a 

final concentration of 30 µM prior to patch-clamp recordings and imaging.

Statistical analyses

Unpaired t-test was performed on experiments that determined changes in morphogenesis, 

maturation, dendritic length and spine density. For dendritic arborization, two-way ANOVA 

(significance set to p = 0.05) and for electrophysiological experiments (mEPSCs and PPR 

measurements), one-way ANOVA (significance set to p = 0.05) was performed. 

Experimenters were blind to control and mutant genotypes during patch-loading and 

electrophysiological recordings.

Results

FRS adapters are required for the maintenance of body weight and survival in one-third of 
mutant mice

To address the roles for FRS proteins in dorsal forebrain development, we simultaneously 

ablated FRS2 and FRS3 by combining a conditional knockout of a floxed Frs2 allele 

(hGFAP-Cre driven) and a germ-line deletion Frs3 mutant (Fig. 1A; Lin et al., 2007; Nandi 

et al., 2017; Zhuo et al., 2001). hGFAP-Cre is active within multipotent neural stem cells at 

E13.5 and largely restricted to the dorsal telencephalon, resulting in efficient targeting of 

postnatal and adult cortical neurons and astrocytes, including hippocampal CA and DG 

fields, but excluding interneurons and astrocytes located specifically in the hilar and CA1 

regions (Ohkubo et al., 2004; Zhuo et al., 2001). Consistent with these previous reports, 

early postnatal hGFAP-driven Cre expression was observed in neural stem cells, which leads 

to inheritance of recombined alleles in all their neuronal and glial progeny, and astrocytes 

(Fig. 2). Importantly, the pattern of expression is not affected by loss of FRS3 since no 

detectable difference is observed between Frs3+/− controls and Frs3−/− mutants (Fig. 2).

Although two thirds of hGFAP-Cre;Frs2fl/fl;Frs3−/− (double mutant) mice exhibited normal 

body weights compared with control mice at postnatal day 20 (P20), the remaining third 

were runts (Fig. 1B), resulting in an overall slightly smaller body weight for mutants 

(control: 14.6 ± 0.5 g, vs. mutant: 12.3 ± 1.0 g, average ± SEM; n=9; p=0.05). The average 

differences in body weight between control and mutant groups disappeared by P30 (control: 

22.2 ± 1.4 g, vs. mutant: 20.2 ± 2.9 g, average ± SEM; n=5; p=0.6) due to death of 13.3% of 

the runts between P20 and P30 (Fig. 1B). The other 20% of runts survived until P60–P75. 

The cause for the lack of weight gain and death remains undetermined. Mutant mice with 

normal body weights appeared healthy and survived into adulthood.

FRS adapters are together required for early postnatal brain development

The generation of developmentally-generated DGCs primarily begins after birth and peaks at 

P14, after which neurogenesis greatly declines to the lower levels observed for adult-born 

DGCs (Altman and Bayer, 1990; Super et al., 1998; Anacker and Hen, 2017; Bischofberger, 

2007; Deng et al., 2010; Gonçalves et al., 2016; Kemperman et al., 2015; Toni and Schinder, 

2015). Therefore, we chose to examine the midpoint of developmental DGC neurogenesis at 

P7. Examination of the brains of both single and double mutants and control littermates at 
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this age revealed that double mutant mice had a shorter cortical length along the A/P axis 

(~25% reduction compared with control or Frs2 single mutants) (Fig. 3) and Frs3 single 

mutants had ~8% reduction in cortical length (Fig. 3). Both Frs3 single mutants and double 

mutants showed cerebellar foliation deficits at P7 (Fig. 3C). These results suggest that FRS2 

and FRS3 can to some extent compensate for each other during postnatal brain development, 

similar to our earlier observations in embryonic telencephalon development (Nandi et al., 

2017).

Double mutants also displayed a disproportionately smaller hippocampus, despite overall 

normal hippocampal patterning and largely normal neocortical thickness (Fig. 3A,B and 

4A,B). Specifically, DG morphology was abnormal with a 45% reduction in the DGC cell 

body layer thickness in mutants (p=0.02) (Fig. 4E,F), recapitulating Fgfr1 and TrkB single 

mutant phenotypes, further suggesting a specific role for FRS in the DG (Li et al., 2008; 

Ohkubo et al., 2004). The CA1 pyramidal cell layer thickness was largely unaffected in 

mutants (p=0.61) (Fig. 4C,D). The DG morphogenesis deficits were absent in either Frs2, or 

Frs3 single mutants (Fig. 3B). These observations suggest that FRS2 and FRS3 together 

transmit some FGF and/or neurotrophin signaling during dorsal forebrain development with 

a critical role in the formation of the hippocampal DG.

FRS adapters regulate developmental hippocampal neurogenesis

To assess whether FRS proteins play a role in DG neurogenesis, we performed 

immunostaining in P7 control and double mutant brain sections using markers for 

proliferation (Ki67), cell death (active caspase-3), neural stem cells (GFAP), immature 

neurons (TBR2, DCX) and mature neurons (NeuN). Mutants exhibited a reduction in 

cellular proliferation, evidenced by fewer Ki67+ cells (p=0.04), without affecting cellular 

survival (p=0.85) in the DG (Fig. 5A–B, F–G), which was very low, consistent with previous 

reports (e.g. Favaro et al., 2009). Furthermore, the number of neural stem cells was reduced 

(p=0.03) in mutant mice (Fig. 5C,H), although the number of immature neurons was not 

significantly reduced (p=0.56) in mutant mice (Fig. 5D,I). The distribution of immature 

neurons in the DG was abnormal in mutant mice suggesting that loss of FRS resulted in an 

altered maturation of DGCs (Fig. 5D,I). Consistent with altered maturation, the number of 

mature DGCs was significantly reduced (p=0.002) in mutant mice (Fig. 5E,J).

FRS adapters promote DGC maturation

To further investigate the role of FRS in DGC maturation, we performed Sholl analyses of 

dendrites by analyzing two-photon images of dye-filled DGCs in acute hippocampal slices at 

P21–P25. Double mutant mice which had lower body weights at P20 were excluded from 

analysis. Consistent with a role in maturation, DGCs in mutant mice displayed a modest but 

significant decrease in the complexity of their dendritic trees (p=0.04), suggesting DGC 

maturational deficits in mutant mice (Fig. 6A,B). The total length of the dendrites was also 

reduced (p= 0.02) in mutant mice (Fig. 6C), further suggesting a role for FRS in DGC 

dendritogenesis. Together these observations suggest that FRS promotes neural stem cell 

proliferation, as well as DGC maturation in the postnatal DG.
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FRS adapters are required for excitatory DGC synaptogenesis

To investigate whether FRS plays a role in synaptogenesis, we assessed dendritic spine 

density and excitatory transmission in mature DGCs in P21–P25 control and mutant mice. 

Mutant DGCs exhibited a strong reduction (p=0.0009) in dendritic spine density, quantified 

from two-photon imaging of patched DGCs loaded with Alexa Fluor-594 (Fig. 7A). To test 

whether these deficits in DGC dendritic spines could affect synaptogenesis in mutants, we 

compared spontaneous excitatory transmission in control and mutant mice. Consistent with a 

reduction in DGC dendritic spine density, whole-cell voltage-clamp recordings showed that 

the frequency (p=0.009) but not amplitude (p=0.15) of mEPSCs was reduced in mutant 

DGCs (Fig. 7B,C). Extracellular field recordings of stimulated medial perforant path 

synapses onto DGCs further revealed that loss of FRS did not affect presynaptic release 

probability as measured by paired-pulse ratio (PPR control: 0.9 ± 0.07; PPR mutant: 1.0 

± 0.06; average ± SEM; p=0.29; at least five slices from three mice per genotype), 

suggesting that decreased neurotransmitter release was unlikely to play a role in the 

reduction of mEPSC frequency in mutant mice. Together these observations suggest that 

FRS plays a role in the development of functional synapses in DGCs.

Discussion

Here we demonstrate important roles for a family of adapters, the FRS proteins, which are 

dedicated to neurotrophin and FGF signaling, in developmental neurogenesis in the 

hippocampus, as well as in dendritogenesis in developmentally-generated DGCs (Fig. 3–6). 

These adapters were also required to promote DGC dendritic spinogenesis and excitatory 

synaptogenesis involving DGCs (Fig. 7). While alterations in neurogenesis are linked to 

mental illnesses such as anxiety and depression (David et al., 2009; Hill et al., 2015; Li et 

al., 2008), alterations in spinogenesis are implicated in neurodevelopmental and psychiatric 

illnesses including autism-spectrum disorders, schizophrenia, and frontotemporal dementia 

(Chen et al., 2012; Sweet et al., 2009; Wang et al., 2011). In our study, we could not rule out 

the possibility of astrocyte-mediated effects for these adapters in the regulation of 

synaptogenesis since astrocytes are also targeted by hGFAP-Cre and express Fgfr genes 

(Kang et al., 2014; Sultan et al., 2015; Zhuo et al., 2001). In addition, enhanced pruning 

could potentially also explain a reduced spine density in Frs mutants. Whether FRS indeed 

plays a direct role in synaptic physiology remains to be determined. Whether loss of FRS 

can contribute to neuropathological conditions also remains an open question.

Relevant to the direct roles of FRS in DGC synaptogenesis, we observed a reduction in 

mEPSC frequency (~58%), which can be explained by a reduction (~47%) in postsynaptic 

(DGC) spine density in mutant mice (Fig. 7). Although a deficit in presynaptic function 

could potentially contribute to a reduction in mEPSC frequency, the lack of change in 

paired-pulse ratio in mutant mice makes this possibility highly unlikely. Consistent with this 

observation, Frs2 and Frs3 expression is significantly stronger in postsynaptic DGCs 

compared with presynaptic inputs from the entorhinal cortex in the adult brain (Allen Brain 

Atlas).

Although the double Frs mutants described in this study could be used to examine changes 

in activity-dependent, long-term plasticity, given the developmental synaptic deficits that 
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were characterized, interpreting whether effects on plasticity were directly due to an 

involvement of FRS in plasticity or indirectly involved due to the developmental defects 

would not be distinguishable. Although FRS was previously shown to be dispensable in 

TRKB-mediated long-term potentiation in CA1, it was required for TRKB-mediated, 

activity-dependent, long-term changes in amygdala (Minichiello et al., 2002; Musumeci et 

al., 2009). In addition, recent studies have implicated FGF signaling in long-term plasticity 

in the DG as well as in CA1 (Dallerac et al., 2011; Knafo et al., 2012; Uchida et al., 2017). 

In these studies, however, the possibility of astrocyte-mediated, FGF/FRS-dependent long-

term changes was not ruled out. Future work will address specifically for neurons the direct 

roles for FRS and/or other adapters in FGF-dependent, activity-dependent, long-term 

plasticity.

While roles for neurotrophin and FGF signaling in neurogenesis are in line with traditional 

functions for these pathways, we observed somewhat unexpected and underexplored roles 

for FRS-mediated signaling pathways in dendritogenesis and spinogenesis. While it is 

possible that a deficit in the maturation of DGCs might have in part contributed to the 

reduced synaptogenesis in mutant mice (Andreae et al., 2012; Hsia et al., 1998), our results 

raise the possibility that FRS, independent of its roles in neurogenesis and DGC maturation, 

could play direct roles in spine formation and/or stabilization in mature DGCs. For example, 

neurotrophin signaling via MAPK/PI3K could enhance dendritic complexity and spine 

density in mature neurons (Kumar et al., 2005; McAllister et al., 1995).

Triple mutants in which Fgfr1, Fgfr2, and Fgfr3 were deleted from neural stem cells using 

the same hGFAP-Cre driver as in this study displayed a dramatic reduction in cortical 

thickness due to premature neural stem cell differentiation (Kang et al., 2009). In contrast, 

Frs mutant mice described here had largely normal cortical thickness, suggesting that other 

adapters are responsible for FGFR-dependent regulation of cortical stem cells (Fig. 3A, 4A). 

On the other hand, Fgfr1 or TrkB are independently required for the maintenance of 

hippocampal size and neural stem cell proliferation in the DG (Li et al., 2008; Ohkubo et al., 

2004), suggesting that both are independently required to sufficiently activate signal 

transduction through FRS in DG stem cells. Interestingly, both Fgfr1 and TrkB (but not the 

other FGF and neurotrophin receptors) are strongly expressed in the dentate SGZ harboring 

neural stem cells, with a dramatically reduced expression of Fgfr1 (but not TrkB) in granule 

cell layers of the adult hippocampus (Bansal et al., 2003; Allen Brain Atlas). In contrast, 

Frs2 and Frs3 are uniformly expressed throughout the SGZ and granule cell layers (Allen 

Brain Atlas). The differential expression pattern between Fgfr1 and Frs2/Frs3 suggests FGF-

dependent as well as FGF-independent roles for FRS in the DG.

Finally, although the Frs2/Frs3 phenotypes described here suggest a role for FRS adapter 

proteins in mediating FGF and neurotrophin signaling in the developing hippocampus, we 

can not at this time exclude the possibility that FRS mediates additional or alternative 

signals. FRS has been shown to bind other tyrosine kinase receptors including RET, ALK, 

and EGF receptors (Degoutin et al., 2007; Huang et al., 2006; Kurokawa et al., 2001), albeit 

in vivo evidence for such interactions have not been shown. Although these receptors have 

not been implicated in the hippocampal processes described here, they have been implicated 

in other CNS processes, including development, plasticity, behavior, neuroprotection, and 
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tumorigenesis (Araujo et al., 1997; Bilsland et al., 2008; Guo et al., 2017). Therefore, 

additional roles for FRS are anticipated, including potentially in the developing 

hippocampus.
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Highlights

• FRS2 and FRS3 compensate for each other during postnatal brain 

development

• FRS adapters enhance stem cell numbers and neuron maturation in the 

dentate gyrus

• FRS adapters are required for dendritogenesis in postnatal dentate granule 

cells

• FRS adapters promote normal excitatory synaptogenesis in dentate granule 

cells
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Figure 1. FRS regulates body weight and contributes to survival in a fraction of animals
(A) Mating scheme for the generation of double mutant mice. (B) Reduced body weight in 

33.3% of mutant mice at P20 (asterisks) and 20% of mutant mice at P30 (asterisk). Solid and 

broken lines respectively indicate average body weights of control and mutants. n= 9 (P20) 

and n=5 (P30). About 13.3% of all mutant mice (with lower body weights) died between 

P20 and P30 and the other 20% (also with lower body weights) died ~P60–P75. None of the 

mutant mice with normal body weights or control group displayed any sign of mortality.
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Figure 2. Expression of the hGFAP-Cre transgene is not affected by the loss of Frs3
(A–C) IHC analyses of P7 brain sections for the detection of Cre expression in cortex (A), 

hippocampus (B) and cerebellum (C) on a Frs2fl/fl;Frs3+/− (Frs3 control) and Frs2fl/fl;Frs3−/− 

(Frs3 mutant) genetic backgrounds. Counterstain, DAPI. n=2. Cx, Cortex; DG, dentate 

gyrus; Cb, cerebellum. (D-E) Cre expression in the DG. IHC analyses of P7 hGFAP-
Cre;Frs2fl/fl;Frs3+/− brain sections through DG showing Cre expression in GFAP+ (D, 

arrow) but not in NeuN+ cells (E). Counterstain, DAPI.
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Figure 3. FRS2 and FRS3 collaborate during postnatal brain development
(A–C) Photomicrographs of sagittal H&E stained brain sections from P7 mice showing 

smaller brains along the A/P axis in double mutants compared with either control or single 

mutants. Despite a reduced size along the A/P axis, the cortical thickness was largely normal 

in double mutants (A). The DG was particularly reduced in double mutants (B). Cerebellar 

foliation deficits (lobes VI/VII and IX) were observed in Frs3 single as well as in double 

mutants (C, arrows). Note, Frs2 single mutants displayed a largely normal brain 

development even on a Frs3+/− background. n=3. Cx, Cortex; DG, dentate gyrus; Cb, 

cerebellum.

Nandi et al. Page 17

Neuroscience. Author manuscript; available in PMC 2019 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. FRS is required for DG morphogenesis
(A,C,E) Photomicrographs of sagittal H&E stained brain sections from P7 mice showing a 

smaller hippocampus with altered DG morphogenesis (A), a normal CA1 neuronal field area 

(C), and a reduced DGC field area (E) in mutants. (B,D,F) Quantitation of fields of 5× (A) 

or 40× (C,E) images from three consecutive equivalent sagittal planes derived from serially 

cut 5 µm thick sections from three mice per genotype was carried out for comparison. A.U., 

arbitrary units. Average ± SEM. Unpaired two-tailed Student’s t-test was used. n.s., non-

significant; *p<0.05. Con, control; DM, double mutant.
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Figure 5. FRS promotes DG neural stem cell proliferation and DGC maturation
(A–E) Double mutant mice exhibited reduced neural stem cell proliferation and a reduced 

number of mature neurons. IHC analyses of P7 brain sections through the DG for markers of 

proliferation, Ki67 (A); cell death, active caspase-3 (B); neural stem cells, GFAP (C); 

immature neurons, DCX and TBR2 (D); and mature DGCs, NeuN (E). Counterstain, 

hematoxylin (A) and DAPI (B–E). (F–J) Quantitation for (A–E). Twenty-four different fields 

from three mice per genotype were analyzed. Average ± SEM. Unpaired two-tailed 

Student’s t-test was used. n.s., non-significant; *p<0.05 and **p<0.01.
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Figure 6. FRS is required for DGC dendritic branching
(A–B) Double mutant mice exhibited reduced DGC dendritic arborization. Mutant mice 

with lower body weights at P20 were excluded from these analyses. Soma of single DGCs 

located at least 30 µm above the hilar border in acute hippocampal slices from P21–P25 

mice were patched-loaded with Alexa Fluor-594 (30 µM) for two-photon imaging of 

morphology. Traces of reconstructed DGC dendritic trees by concentric 40 µm bins from the 

soma using Neurolucida neuron tracing software were used for Sholl analyses. Imaged cells 

(A). Sholl analysis quantitation (B). Data points corresponding to 200 µm distance from cell 

body were excluded from statistical analyses due to the lack of sufficient data points in 

mutants. Average ± SEM. Two-way ANOVA was used (B). F1,33=4.58; p=0.04. (C) Double 

mutant mice exhibited reduced total DGC dendritic tree length. At least ten different DGCs 

from five mice per genotype were analyzed. Average ± SEM. Unpaired two-tailed Student’s 

t-test was used (C). *p<0.05.
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Figure 7. FRS is required for excitatory synaptogenesis in DGCs
(A) Double mutant mice exhibited reduced DGC dendritic spine density. Mutant mice with 

lower body weights at P20 were excluded from these analyses. Spines located in the 

dendrites at a distance 50 µm from the soma were imaged at higher resolution and 

magnification as described in the Materials and Methods. Spine density was assessed using 

the Image J software. Twenty different dendrites of ten different cells from five mice per 

genotype were used for spine density analyses. Average ± SEM. Unpaired two-tailed 

Student’s t test was used. (B-C) Double mutant DGCs exhibited a reduction in frequency but 

not amplitude of mEPSCs. Synaptic events were recorded from DGCs of P21–P25 mice in 
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the presence of 100 µM picrotoxin and 0.5 µM TTX. Four representative mEPSC sweeps 

from control and mutant DGCs (B, Upper). Composite average of mEPSC events (B, 

Lower). Cumulative probability plots of mEPSC amplitudes (left) and inter-event intervals 

(right) (C). Insets, summary histograms for mean amplitude (left) and frequency (right). At 

least eight different cells from three mice per genotype were considered. Average ± SEM. 

One-way ANOVA was used. n.s., non-significant; **p<0.01 and ***p<0.001. Amp, 

Amplitude; Freq, frequency; Con, Control; DM, double mutant.
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