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Abstract

Serotonergic neurons in the dorsal raphe nucleus (DR) are organized in anatomically distinct

subregions that form connections with specific brain structures to modulate diverse behaviors,

including anxiety-like behavior. It is unclear if the functional heterogeneity of these neurons is

coupled to their developmental heterogeneity, and if abnormal development of specific DR

serotonergic subregions can permanently impact anxiety circuits and behavior. The goal of this

study was to examine if deficiencies in different components of fibroblast growth factor (Fgf)

signaling could preferentially impact the development of specific populations of DR serotonergic

neurons to alter anxiety-like behavior in adulthood. Wild-type and heterozygous male mice

globally hypomorphic for Fgf8, Fgfr1, or both (Fgfr1/Fgf8) were tested in an anxiety-related

behavioral battery. Both Fgf8- and Fgfr1/Fgf8-deficient mice display increased anxiety-like

behavior as measured in the elevated plus-maze and the open-field tests. Immunohistochemical

staining of a serotonergic marker, tryptophan hydroxylase (Tph), revealed reductions in specific

populations of serotonergic neurons in the ventral, interfascicular, and ventrolateral/ventrolateral

periaqueductal gray subregions of the DR in all Fgf-deficient mice, suggesting a neuroanatomical

basis for increased anxiety-like behavior. Overall, this study suggests Fgf signaling selectively

modulates the development of different serotonergic neuron subpopulations. Further, it suggests

anxiety-like behavior may stem from developmental disruption of these neurons, and individuals

with inactivating mutations in Fgf signaling genes may be predisposed to anxiety disorders.
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1. Introduction

Serotonergic neurons in the dorsal raphe nucleus (DR) modulate diverse physiological and

behavioral outputs, including anxiety-like behavior [1]. DR serotonergic neurons are

functionally heterogeneous and are organized into five functional topographically organized

subregions (dorsal (DRD), ventral (DRV), ventrolateral DR/ventrolateral periaqueductal

gray (DRVL/VLPAG), interfascicular (DRI), and caudal (DRC)) with distinct anatomical

locations, afferent inputs, efferent targets, and physiological properties [1–4]. Two different

serotonergic subsystems that modulate anxiety-like states emerge from this functional

topography [5, 6]. One facilitates anxiety-like responses and includes subpopulations of

serotonergic neurons in the DRD and DRC. Another system that includes DRVL/VLPAG,

DRV, and DRI are co-activated in conditions associated with the inhibition of panic-like

responses and thought to promote stress-resistance. Therefore, loss of and/or failure to

activate subpopulations of these panic-reducing serotonergic cells can lead to increased

vulnerability to panic- and anxiety-like responses [5, 6]. Thus, data suggest that while some

subpopulations of DR serotonergic neurons facilitate anxiety-like responses, others inhibit

anxiety- or panic-like responses.

The genesis and organization of the DR serotonergic neuronal populations are orchestrated

by a number of signaling molecules and transcriptional networks during development [7–9].

Of these, fibroblast growth factor 8 (Fgf8) and one of its cognate receptors, Fgf receptor 1

(Fgfr1), represent morphogenic signals most critical to the early genesis and organization of

the DR serotonergic neurons [10]. During development, Fgf8 is expressed in a temporally

and spatially restricted fashion [11–13], and the secreted Fgf8 protein creates a diffusion

gradient essential for the anterior-posterior patterning of the developing hindbrain region

and specification of serotonergic cell fate [13–16]. In this regard, developmental deficiencies

of Fgf8 and Fgfr1 may lead to abnormally formed DR serotonergic neuron populations and

impact anxiety-related behaviors modulated by these neurons.

A complication associated with the study of DR serotonergic neurons is their heterogeneity.

Not only are these neurons functionally heterogeneous [2], they are also developmentally

heterogeneous [17, 18]. For example, in the hindbrain, the transcription factor Pet-1 is found

exclusively in serotonergic neurons and is critical for the differentiation, maturation and

maintenance of serotonergic neuronal phenotype [19]. Despite this critical role, about 20–

30% of serotonergic neurons do not require Pet-1 for differentiation [19, 20]. Further

analysis revealed that all DR serotonergic neurons in this Pet-1-independent population

project to the same functionally related forebrain regions that modulate affective behavior

[20], suggesting DR serotonergic neurons with similar developmental requirements are also

similar in function. Although previous studies have reported malformations of the

developing DR in association with Fgf signaling deficiencies [21–24], the differential

impacts of Fgf signaling disruption on serotonergic neurons in DR subregions have not been

described in detail and lack topographical resolution. The behavioral outcome of these

differential impacts has also not been examined.

The goal of the present study is to use transgenic mouse models deficient in Fgf8, Fgfr1, or

both to understand the differential impact of these deficiencies on the topographically
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organized DR serotonergic neurons and anxiety-related behavior. These mouse models may

also provide clinically useful insights into the phenotypic manifestations, including any

anxiety disorders, in humans harboring loss-of-function mutations on Fgfr1 and Fgf8 genes

[25, 26]. Our results suggest that serotonergic neurons in some DR subregions are more

dependent on Fgf signaling than others, and their disruption was associated with increased

anxiety-like behavior. Overall, these data expand our knowledge on developmental

heterogeneity of serotonergic neurons and correlate the disruption of specific DR

serotonergic subpopulations to specific behavioral outcomes.

2. Materials and Methods

2.1 Animals

All experiments were conducted using 8–10 week-old offspring from crosses of Fgfr1

(129sv/CD-1; Canadian Mutant Mouse Repository, Toronto, ON) and Fgf8 heterozygous

hypomorphic mice (129p2/OlaHsd* CD-1; obtained from Mouse Regional Resource

Centers, Davis, CA) [27, 28]. Fgfr1 and Fgf8 hypomorphic mice contain a neomycin-

resistance element inserted into non-coding regions of the Fgfr1 or Fgf8 genes. This element

contains false splice sites which lead to about a 66–80% and 55% reduction in functional

Fgfr1 and Fgf8 transcript levels, respectively [27, 28], under homozygous condition. Both

Fgfr1 and Fgf8 homozygous hypomorphic mice die within 24 h of birth but heterozygous

(HET) mice survive normally and have no obvious health problems. The four offspring

genotypes used in these studies were: wild-type (WT), Fgfr1 HET, Fgf8 HET, and Fgfr1/

Fgf8 double HET (Fgfr1/Fgf8 HET). Male mice were housed in same-sex littermate groups

of 2–5 at weaning and genotyped using DNA isolated from tail clips and polymerase chain

reaction. All mice were bred at the University of Colorado Boulder in the Integrative

Physiology department animal facility under a 12L:12D photoperiod with free access to

water and rodent chow. All animal procedures complied with the protocols approved by the

Institutional Animal Care and Use Committee at the University of Colorado Boulder.

2.2 Battery of behavioral tests

2.2.1 General procedures—Two cohorts of male mice (Cohort 1: n = 3 WT, n = 4 Fgfr1

HET, n = 10 Fgf8 HET, n = 4 Fgfr1/Fgf8 HET; Cohort 2: n = 12 WT, n = 12 Fgfr1 HET, n

= 12 Fgf8 HET, n = 15 Fgfr1/Fgf8 HET) were used to test anxiety-related behavior in a test

battery. Both cohorts of mice experienced the exact same behavioral testing procedures,

except the second cohort of mice were also tested for motor ability following the completion

of the behavioral battery. Other than the handling associated with cage changes, mice were

not handled prior to behavioral testing. Behavioral testing commenced 2 h and was

completed within 6 h of light phase onset. The interval between different anxiety-related

behavioral tests in the test battery was 2 days [29] and was conducted in the following order:

(1) elevated plus-maze, (2) open-field, and (3) light-dark exploration. Despite the anxiogenic

nature of the elevated plus-maze test, it was performed first as it has been shown to be

sensitive to prior testing experience [30, 31]. Due to this design, we cannot rule out the

possibility that exposure to the elevated plus-maze test interacted with Fgf deficiencies to

influence behavior on subsequent tests. Two additional motor tasks were performed in the

second cohort of mice immediately after the light-dark exploration test: vertical pole, and
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wire grip tests. Table 1 outlines the testing order and interval for the mice. Room lighting

was approximately 480 lux. Behavioral testing equipment was cleaned with 70% ethanol

before testing and in between each test subject. A video camera was mounted above the

behavioral test apparatus and behavior was recorded for later scoring by an observer blinded

to the genotypes. For each behavioral test, the entries or total duration within an area began

when all four paws crossed into the area of interest.

2.2.2 Elevated plus-maze (EPM)—The brown acrylic EPM consisted of a center area

(5.5 cm × 5.5 cm) from which two opposing open arms (30 cm × 5.5 cm) and two opposing

closed arms with the same dimensions and walls (15 cm high) were extended. The maze was

elevated 60 cm off the ground. Mice were placed in the center area of the EPM facing an

open arm to start the 5 min test [30, 32]. Mice that fell off the maze were excluded from

analysis (n = 1 WT, n = 1 Fgfr1 HET, n = 5 Fgf8 HET, n = 5 Fgfr1/Fgf8 HET). The time

spent in the open, closed and center areas and number of entries into each arm were scored

manually. For analysis, the time spent on the arms and number of entries were expressed as

a percentage of the total test duration and number of arm entries, respectively.

2.2.3 Open-field (OF)—The OF test measures both locomotion and anxiety-related

behaviors. Mice were placed in the center of a white 40 cm × 40 cm × 30 cm-high white

acrylic box with an open top and recorded for 15 min [32, 33]. Sixteen 10 cm × 10 cm

squares were drawn onto the OF floor to visually divide the box into an outer perimeter zone

surrounding an inner zone (20 cm × 20 cm) for analysis by EthoVision XT software (version

6.0; Noldus Information Technologies). The time spent (expressed as percent time for

analysis) in each zone and total distance traveled (locomotor activity) were scored.

2.2.4 Light-dark exploration (LD)—The final anxiety-related behavioral test in the

battery was the LD test [34, 35]. An acrylic box was divided into two unequal-sized

compartments. The larger “light” compartment was white with an open top (25 cm × 20 cm

× 30 cm) and was connected to the “dark” smaller enclosed black compartment (15 cm × 20

cm × 30 cm) by a floor-level 7.5 cm × 7.5 cm opening centered in the partition separating

the two compartments. Mice were placed in the middle of the light compartment facing

away from the dark compartment, and the time spent (expressed as percent time for analysis)

and total distance traveled in the light compartment during the 10 min test were scored using

EthoVision XT software (version 6.0; Noldus Information Technologies). The latency to

enter the dark compartment and total number of transitions were scored manually.

2.2.5 Vertical pole and wire grip tests—The vertical pole and wire grip tests were

included in Cohort 2 to measure motor coordination, balance, and strength [36]. Both tests

were performed as described by [36] immediately after the LD test. Briefly, the vertical pole

test consisted of placing a mouse on the center of a wooden dowel (2 cm × 40 cm) wrapped

in masking tape that is elevated above a cage filled with bedding. The dowel is lifted from a

horizontal to vertical position over the course of 45 s. Mice that remained on the pole

throughout the test were considered to have passed the test. The wire grip test was

performed 15–30 s after the vertical pole test. As described [36], mice were placed on a wire

cage top that was tapped three times to cause the mouse to grip and subsequently turned
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upside down. The cage top was held about 20 cm above a cage filled with bedding for 60 s.

The latency to fall was recorded. Mice that fell while the cage top was being inverted were

excluded from analysis (n = 5 WT, n = 4 Fgfr1 HET, n = 4 Fgf8 HET, n = 1 Fgfr1/Fgf8

HET).

2.3 Tissue collection and preparation

For immunohistochemistry, behaviorally naive male mice (n = 8 WT, n = 8 Fgfr1 HET, n =

7 Fgf8 HET, n = 10 Fgfr1/Fgf8 HET) were terminally anesthetized with pentobarbital

sodium and perfused transcardially with 15 mL of heparinized saline and 50 mL of 4%

paraformaldehyde in 0.1 M sodium phosphate buffer. Brains were removed and post-fixed

in 4% paraformaldehyde for 24 h at 4°C then cryoprotected in 30% sucrose until sectioning.

Before sectioning, brains were blocked at the caudal border of the mammillary body using a

mouse brain matrix (RBM 2000C, ASI Instruments). The tissue block posterior to the

mammillary body containing the midbrain raphe complex was immediately sectioned using

a cryostat into 30 µm frozen coronal floating sections that were collected into a series of six

microcentrifuge tubes filled with a cryoprotectant (30% sucrose, 30% ethylene glycol, 1%

polyvinylpyrolidone in 0.2 M sodium phosphate buffer).

2.4 Immunohistochemistry (IHC)

The IHC used tryptophan hydroxylase (Tph; the rate-limiting enzyme for serotonin

biosynthesis) as a marker of serotonergic neurons. Briefly, one third of the sections were

taken through a series of rinses and sequential incubations on an orbital shaker with a sheep

anti-tryptophan hydroxylase antibody that has been previously characterized and has been

shown to bind specifically to both isoforms of Tph [37, 38] (T8575, Sigma-Aldrich), a

biotinylated donkey anti-sheep secondary antibody (713-065-147, Jackson ImmunoResearch

Laboratories), avidin-biotin complex (ABC; NeutrAvidin® biotin-binding protein, A2666,

Life Technologies; Peroxidase-biotinamidocaproyl conjugate, P-9568, Sigma-Aldrich), and

reacted with 3,3′-diaminobenzidine (DAB; D5637, Sigma-Aldrich) for color detection [37–

39]. After the color reaction, sections were rinsed, mounted on gelatin-coated glass slides,

dehydrated through increasing concentrations of ethanol (70– 100%), cleared in Histo-Clear

(National Diagnostics), and coverslipped with Permount (Fisher Scientific).

2.5 Quantification of Tph neurons

The numbers of Tph-immunoreactive (ir) neurons were counted by an investigator blind to

the treatment groups at five rostrocaudal levels (−4.36, −4.54, −4.72, −4.90, and −5.08 mm

bregma, Fig. 1A) under a brightfield microscope. Tph-ir neurons were quantified in the

dorsal (DRD; −4.36, −4.54, −4.72, and −4.90 mm bregma), ventral (DRV; −4.36, −4.54,

−4.72, and −4.90 mm bregma), ventrolateral part/ventrolateral periaqueductal gray (DRVL/

VLPAG; −4.54, −4.72, and −4.90 mm bregma), interfascicular (DRI; −4.72, −4.90, and

−5.08 bregma), and caudal (DRC; −5.08 mm bregma) subregions of the DR. Representative

photomicrographs for each genotype at each rostrocaudal level of the DR are shown in Fig.

1B.
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2.6 Statistical analysis

All statistical analyses were completed using SPSS Statistics (version 21.0 for Mac; IBM).

Cohorts 1 and 2 were combined for the anxiety-related behavioral test analyses. The

behavioral and wire grip tests were analyzed using one-way ANOVA with Welsh’s

correction for unequal variance when necessary, followed by planned pairwise contrasts

corrected for unequal variance when appropriate. All mice passed the vertical pole test;

hence no data analysis was performed. Data for the number of Tph-ir neurons were analyzed

using a linear mixed model analysis using genotype as the between-subjects factor and

subregion as the repeated-measure. Planned pairwise contrasts corrected for unequal

variance when appropriate were applied for each of the five subregions of the DR to reveal

subregion-specific genotype effects on Tph-ir neuron number. Statistical outliers were

determined using the Grubbs’ test and were removed [40]. For the EPM, 2 out of 72 data

points for percent time in open arms were excluded (2.8% of total data), and 1 out of 72 data

points for each the percent time in closed arms and center area were excluded (1.4% of total

data for each); for the OF, 1 out of 72 data points for percent time in outer zone were

excluded (1.4% of total data) and 4 out of 72 data points for percent time in inner zone were

excluded (5.6% of total data). There were no outliers for the LD. Values are shown as the

mean ± the standard error of the mean (SEM). Data were significant when p < 0.05.

3. Results

3.1 EPM

As shown in Fig. 2, there was a statistically significant genotype effect on the percentage of

time spent in the open [Welsh’s F(3, 24.56) = 3.45, p = 0.032], closed [Welsh’s F(3, 26.97)

= 8.57, p = 0.001], and center area [Welsh’s F(3, 27.66) = 5.92, p = 0.003] of the EPM. Post

hoc planned contrasts revealed that Fgf8 HET mice spent significantly less time on the open

arms [t(18.37) = 3.89, p = 0.001] and center area [t(18.57) = −3.11 p = 0.006] and more time

in the closed arms [t(15.43) = −2.16, p = 0.047] than WT mice. There were no significant

genotype differences in the total number of closed arm entries (a measure of exploratory

behavior and motor function; data not shown) or percentage of open or closed entries (Table

2).

3.2 OF

Locomotor activity and anxiety-like behavior were measured during the OF test. There were

no genotype differences in the total distance traveled (Table 2), indicating that motor

function is not impacted by Fgf deficiency. There was a significant effect of genotype on the

percentage of time spent in the inner zone of the OF [F(3, 64) = 3.04, p = 0.035] and a

corresponding trend towards differences in time spent in the outer zone that did not reach

statistical significance [F(3, 67) = 2.53, p = 0.065]. Post hoc planned contrasts revealed that

both Fgf8 HET [t(64) = −2.55 p = 0.013] and Fgfr1/Fgf8 HET mice [t(64) = −2.58 p =

0.012] displayed increased anxiety-like behavior by spending significantly less time in the

inner zone compared to WT controls (Fig. 2).
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3.3 LD, vertical pole, and wire grip tests

There was no significant genotype effect on any LD behavior or latency to fall during the

wire grip motor task (Table 2). All mice passed the vertical pole test.

3.4 Tph-ir neuron counts

Linear mixed model analysis of the number of Tph-ir neurons within specific subregions of

the DR revealed a significant interaction between subregion and genotype [F(42, 29.12) =

1.84 p = 0.044]. As Fig. 3 illustrates, post hoc planned contrasts revealed significant

reductions in the number of Tph-ir neurons mainly in the mid- to caudal DR between WT

and Fgf8 HET in the DRV and DRVL [−4.72 mm bregma; t(28) = −3.35, p = 0.002, t(11.99)

= −2.89, p = 0.014, respectively] and DRI [−5.08 mm bregma; t(7.70) = −4.29, p = 0.003],

between WT and Fgfr1 HET in the DRI [−4.72 mm bregma; t(9.73) = −2.93, p = 0.016], and

between WT and Fgfr1/Fgf8 HET in the DRVL [−4.72 mm bregma; t(14.97) = −2.76, p =

0.015]. There were also significant main effects for both genotype [F(3, 28.12) = 4.01, p =

0.017] and DR subregion F(14, 27.87) = 172.96, p = 0.001]. Post hoc analyses indicated that

Fgf8 HET [t(22) = −3.79, p = 0.001] and Fgfr1/Fgf8 HET [t(22) = −2.68, p = 0.014] mice

had significantly fewer total DR Tph-ir neurons than WT controls (1166 ± 68.74, 1264 ±

53.36, 1479 ± 56.65, mean ± SEM for Fgf8 HET, Fgfr1/Fgf8 HET, and WT, respectively).

4. Discussion

Fgf signaling deficiencies differentially reduced subpopulations of DR serotonergic neurons,

and these reductions were associated with elevated anxiety-like behavior as measured by the

EPM and OF tests in adult male mice. Decreases in serotonergic neurons were restricted to

specific subregions within the DR. Specifically, Fgf8 deficiency increased anxiety-like

behavior and decreased serotonergic cell numbers in the DRVL/VLPAG, caudal DRV, and

DRI. Due to the unique projections to and from these serotonergic cell groups, they have

collectively been implicated in multiple animal models of chronic anxiety-like states and

increased susceptibility to panic- and anxiety-like behaviors, including models of early life

adverse experience [2, 6]. The effects of compound Fgfr1 and Fgf8 deficiencies were

somewhat similar to Fgf8 deficiency alone but less severe. These data support the

documented necessity of Fgf signaling in the formation of DR serotonergic neurons [16, 21,

24, 41]. Importantly, they highlight the subregional specificity of Fgf signaling in the

developing DR and behavioral consequences associated with Fgf8 or Fgfr1 deficits.

Serotonin-modulated anxiety-like behaviors depend on the unique afferent and efferent

connections between the DR and selective brain structures involved in emotional regulation.

There are two DR serotonergic subsystems that modulate anxiety-like states: the anxiety-

promoting DRD/DRC and the anxiety-reducing DRVL/VLPAG, caudal DRV, and DRI

systems (for in depth reviews see [5, 6]). DRD/DRC connect with forebrain structures

involved in emotional regulation and anxiety-related behavior such as the infralimbic and

prelimbic cortices, lateral habenula, central and basolateral nucleus of the amygdala, and bed

nucleus of the stria terminalis [2, 5]. Together these circuits facilitate anxiety-like responses

to anxiogenic drugs, inescapable shock, and behavioral tests such as social defeat and fear-

potentiated startle [42–45]. On the other hand, the DRVL/VLPAG connect with brain
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structures involved in both the autonomic and behavioral components of emotional states

including the rostral ventrolateral medulla, dorsal periaqueductal gray, lateral hypothalamus,

lateral parabrachial nucleus, nucleus of the solitary tract, central nucleus of the amygdala,

lateral and perifornical hypothalamic nuclei, median preoptic area, and the infralimbic

cortex [2, 5]. The DRI has afferent and efferent connections with several forebrain structures

involved in emotional control including the infralimbic and prelimbic cortices, dorsal and

ventral hippocampus, median preoptic nucleus and lateral parabrachial nucleus and is

thought to be co-activated with the DRVL/VLPAG and caudal DRV to inhibit panic-like

responses and promote stress resistance [5, 6]. Our data suggest Fgf8 deficiency disrupts a

subpopulation of “stress-resistant” serotonergic neurons and possibly the associated

connectivity, leading to elevated anxiety-like behavior. Indeed, reduced activity in these

anxiolytic serotonergic subregions has been implicated in multiple animal models of chronic

anxiety-like states and increased susceptibility to panic- and anxiety-like behaviors,

including models of early life adverse experience [2, 5].

Fgf signaling deficiency was associated with decreased serotonergic cell numbers in specific

subregions of the DR, including the DRVL/VLPAG (Fgf8 HET and Fgfr1/Fgf8 HET),

caudal DRV (Fgf8 HET), and DRI (Fgf8 and Fgfr1 HET). Based on the modulatory roles of

serotonin in these circuitries, these affected DR subregions have been implicated in rodent

models of panic- and anxiety-like behavior. These models include amygdala priming,

adolescent social isolation, and disinhibition of the dorsomedial hypothalamus [46–48]. For

example, adolescent social isolation in rats, which led to increased vigilance behaviors

following treatment with an anxiogenic drug, was associated with lower baseline tph

expression in the DRVL/VLPAG and caudal DRV. Similarly, in a model of panic-like

anxiety, serotonergic neurons in the DRVL/VLPAG and caudal DRV and DRI became

dysregulated in panic-prone rats and could not be activated by sodium lactate (a panicogenic

agent) [46]. Given their role in reducing panic-like responses, loss of neurons in these

subregions may lead to increased panic-vulnerability. Together these data suggest that loss

of function of subsets of serotonergic neurons in the DRVL/VLPAG, caudal DRV, and DRI

may contribute to increased vulnerability to panic- and anxiety-like behaviors. Despite this

evidence in postnatal models, detailed subregional analyses of DR have not been described

in animal models where serotonergic neurons are disrupted prenatally [19–21, 24, 49, 50].

To our knowledge, this study is the first to demonstrate developmental disruption of specific

serotonergic subregions and a correlation between neuroanatomical and behavioral

disruptions.

The mechanisms underlying the topographical specificity of Fgf8 deficiency on serotonergic

neuron development are unclear. One possibility is related to the spatial pattern of Fgf8

distribution during development. Peak Fgf8 expression in the developing hindbrain occurs

around embryonic day (E) 9–9.5 and is restricted to a tight band in the rostral-most portion

of the anterior hindbrain known as the isthmus [51]. This peak expression coincides with the

birth of DR serotonergic neurons (E9.5–12.5) [7]. At E12.5, isthmic Fgf8 expression is

nearly gone, but serotonergic neurons continue to differentiate [9, 52]. Between E9–12.5,

secreted Fgf8 peptide forms a diffusion gradient that diminishes in strength as it diffuses

further away from the isthmus [53, 54]. DR serotonergic neurons arise from the entire rostral
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to caudal extent of the anterior portion of the developing hindbrain, an area known as

rhombomere 1 [55]. Hence, serotonergic neurons that are derived further away from the

isthmus may be more vulnerable to loss of Fgf8 and fail to develop properly when there is

inadequate Fgf8. This may explain the selective reduction of the mid- to caudal serotonergic

neurons in the Fgf8-deficient mice. In addition to a spatial element, the temporal pattern of

Fgf8 production may also contribute to the selective reduction of the more ventral and

lateral serotonergic neuron populations. For example, serotonergic neurons that arise earlier

generally form the more ventral and lateral DR subregions (i.e. DRV, DRI, DRVL) [56, 57],

whereas the more dorsal DRD is composed of cells that arise slightly later [57]. The late-

arising population may be more resilient to loss of Fgf8 because those neurons normally

form during a time when Fgf8 signaling is diminished.

A surprising outcome is that compound deficiencies of Fgfr1 and Fgf8 do not result in a

more severe phenotype than either Fgfr1 or Fgf8 deficiency alone. In fact, the compound

hypomorphy abrogates the serotonergic neuron phenotype seen in Fgf8 HET. We believe

that the redundancy in Fgf signaling may contribute to this phenomenon. Although Fgfr1 is

the only Fgf receptor that continuously overlaps Fgf8 expression in the isthmus during the

time when serotonergic neurons are forming [58], Fgfr2 has also been implicated in the

development of this region. Supporting this notion is that conditional Fgfr2 deletion, when

compounded with Fgfr1 deletion, led to a more deleterious impact on the DR than Fgfr1

loss alone [21, 24, 59]. This suggests that the Fgf8 signal can be conveyed through

redundant Fgfrs in rhombomere 1 [21]. Further, Fgfrs form both hetero- and homodimers

upon ligand binding [58, 60], thus reductions in Fgfr1 may force it to heterodimerize in a

configuration that is more favorable to Fgf8 binding, thereby preventing neuronal loss when

compared to Fgf8 deficiency alone. In fact, it has been shown that Fgf8 binds with higher

affinity to both Fgfr2 and Fgfr3 than to Fgfr1 [61, 62], which are dynamically expressed in

rhombomere 1 and are also found in E12.5 serotonergic neuronal cells [63]. There may also

be functional redundancy with other isthmic Fgf ligands such as Fgf17 and Fgf18 [52]

during this period. In sum, compensatory changes in other Fgf ligands and receptors may

occur in compound hypomorphs to lessen their phenotype.

Two caveats are associated with our data interpretation. First, we cannot exclude the

possibility that loss of Fgf signaling in other brain structures involved in emotional

regulation contribute to the observed behavioral deficits. For example, loss of Fgf8 signaling

results in cortical patterning defects, whereas deletion of Fgfr1 in the cortex and

hippocampus results in dysgenesis of the corpus callosum and hippocampal atrophy [64,

65]. Conditional knockout of Fgfr1 in dopamine neurons results in fewer dopamine neurons

and decreased social interaction [66]. Hence, it is possible that Fgf deficits in brain

structures other than the DR may contribute to the behavioral phenotype observed in this

study. Additional studies are needed to explore the interdependence of Fgf-related

anatomical abnormalities and the anxiety-like behavior identified in this study. Second,

because we used only three behavioral tests of anxiety, there may be missed opportunity for

detecting additional anxiety-like behaviors. That said, we would not anticipate behavioral

changes in tests that specifically activate the DRD/DRC system, like social defeat or learned

helplessness, because the DRD and DRC are intact in our mice [43, 44]. In contrast, we
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would expect increased panic-susceptibility and anxiety-like behavior following

manipulations like adolescent social isolation or administration of panicogenic agents (i.e.

sodium lactate) that specifically involve the DRVL/VLPAG, caudal DRV and DRI [46, 48].

In this study, we show that reduced Fgf signaling, particularly Fgf8, is correlated with

increased anxiety-like behavior and specific reductions in serotonergic neuron numbers in

the DRVL/VLPAG, caudal DRV, and DRI. Although the mechanisms underlying the

regional specificity of serotonergic neuronal loss and how this manifests as anxiety-related

behavior are unclear, it is likely that the dynamic spatio-temporal expression patterns of Fgf

signaling components in the developing midbrain/hindbrain region contribute to this

selectivity. Unraveling these mechanisms and exploring functional changes in serotonergic

neurons associated with Fgf signaling defects will be important future objectives. Overall,

this study adds to our understanding of the developmental heterogeneity of serotonergic

neurons and how disruptions to this developmental programming can ultimately impact the

manifestation of anxiety-related behavior.
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Fgf signaling disruption is associated with increased anxiety-like behavior.

Serotonergic neurons are reduced in subregions of the DR in Fgf-deficient mice.

Fgf signaling is important for the formation of anxiety-related DR subregions.
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Fig. 1.
(A) Schematic overlay outlining each DR subregion where Tph-ir neurons were quantified at five rostrocaudal levels. Each

column represents an anatomical level organized from rostral (left) to caudal (right). Distance from bregma (mm) is indicated in

lower left hand corner. Scale bar, 250 µm for all images in figure. (B) Representative photomicrographs for each genotype

(organized by row) at each rostrocaudal level. Abbreviations: DRD, dorsal raphe nucleus, dorsal part; DRC, dorsal raphe

nucleus, caudal part; DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal raphe nucleus, ventrolateral part/

ventrolateral periaqueductal gray; DRI, dorsal raphe nucleus, interfascicular part; mlf, medial longitudinal fasciculus.
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Fig. 2.
The elevated plus-maze (EPM) and open-field (OF) tests were used to detect anxiety-like behavior in Fgf-deficient mice. Only

Fgf8 HET mice exhibited increased anxiety-like behavior in the EPM compared to WT controls as measured by a lower

percentage of time spent in the open arms (n = 13–14 WT, n = 14–15 Fgfr1 HET, n = 16–17 Fgf8 HET, n = 13 Fgfr1/Fgf8

HET). However, both Fgf8 HET and Fgfr1/Fgf8 HET mice spent significantly less time in the inner zone of the OF (an

indication of increased anxiety-like behavior) compared to WT controls (n = 15 WT, n = 14–15 Fgfr1 HET, n = 21–22 Fgf8

HET, n = 18–19 Fgfr1/Fgf8 HET). *p < 0.05 vs. WT; bars represent the mean ± SEM.
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Fig. 3.
The number of Tph-ir neurons for each genotype within different subregions of the DR at five rostrocaudal levels. DR

subregions are organized by row, and anatomical levels are organized in columns from rostral (left) to caudal (right). Distance

from bregma is indicated above each column in millimeters. N = 7–8 WT, n = 6–8 Fgfr1 HET, n = 7 Fgf8 HET, n = 9–10 Fgfr1/

Fgf8 HET; *p < 0.05 vs. WT; bars represent the mean ± SEM. Abbreviations: DRD, dorsal raphe nucleus, dorsal part; DRC,

dorsal raphe nucleus, caudal part; DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal raphe nucleus, ventrolateral

part/ventrolateral periaqueductal gray; DRI, dorsal raphe nucleus, interfascicular part.
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Table 1

Sequence of anxiety-related behavioral and motor tests

Day 1 Day 3 Day 5

Elevated plus-maze Open-field Light-dark exploration
Vertical pole (Cohort 2)

Wire grip (Cohort 2)
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