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Abstract
In this review we propose a broader view of the role of the fibroblast growth factor (FGF) family
in modulating brain function. We suggest that some of the FGF ligands together with the FGF
receptors are altered in individuals with affective disorder and modulate emotionality in animal
models. Thus, we propose that members of the FGF family may be genetic predisposing factors
for anxiety, depression or substance abuse; that they play a key organizing role during early
development but continue to play a central role in neuroplasticity in adulthood; and that they work
not only over extended time frames, but also via rapid signaling mechanisms, allowing them to
exert an “on-line” influence on behavior. Therefore, the FGF family appears to be a prototype of
“switch genes” that are endowed with organizational and modulatory properties across the
lifespan, and that may represent molecular candidates as biomarkers and treatment targets for
affective and addictive disorders.
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The Role of Growth Factors in Emotionality
Our understanding of the role of growth factors has evolved significantly over the last
quarter century, with increasing appreciation of their pivotal roles in brain function and
dysfunction across the life span. Early views emphasized the central role of molecules such
as Nerve Growth Factor (NGF) in development, survival and differentiation particularly in
embryonic sensory and sympathetic neurons (Levi-Montalcini, 1987). Even following the
discovery of several neurotrophins, including Brain-Derived Neurotrophic Factor (BDNF)
and the emerging recognition of their coordinate actions as trophic factors in the central
nervous system (CNS), much of the emphasis remained on understanding their role in
development. For example, a 1993 review concludes that: “In the adult, the roles of the same
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trophic factors are likely to be more restricted, either activated only in specific neuronal
populations or, alternatively, only during very specific physiological states of the nervous
tissue” (Knüsel and Hefti, 1993). Nevertheless, that era saw an increasing interest in the
ability of neurotrophins to promote cell survival and repair following injury or
neurodegeneration, and they were proposed as potential therapeutic targets for
neurodegenerative disorders (Snider and Johnson, 1989; Thoenen, 1991).

By the mid 1990′s, additional roles of growth factors in neural function were emerging. For
example, NGF was implicated in pain regulation and neuroimmune function (Levi-
Montalcini et al., 1995), while neurotrophins were shown to play a role in synapse formation
and neuroplasticity (Lu and Figurov, 1997). With the realization that severe and chronic
stress can produce significant damage to certain areas of the CNS, such as the hippocampus
(Fuchs and Flugge, 1998; Magarinos et al., 1997; McEwen and Magarinos, 1997), the
potential role of growth factors in counteracting the effects of stress came into focus. In
1997, it was shown that chronic stress decreases BDNF in conjunction with atrophy of
hippocampal neurons (Duman et al., 1997). Given that chronic stress has served as an
animal model of clinical depression, the authors suggested that the mode of action of chronic
antidepressant therapy might involve activation of neurotrophic factors (Duman et al., 1997;
Duman, 1998). This framework represented the first explicit implication of growth factors in
a hypothesis related to a psychiatric disorder.

As is the case for other growth factors, our views of the functions of the FGF family in the
brain originally revolved primarily around neural development (Gomez-Pinilla et al., 1994;
Riedel et al., 1995; Temple and Qian, 1995; Vaccarino et al., 1999). Subsequent
observations implicated the FGF family in neurogenesis both during early development and
in adulthood (Bartlett et al., 1994; Cheng et al., 2001; Guillemot and Zimmer, 2011; Tao et
al., 1996; Zheng et al., 2004). This paved the way to a greater interest in this family's role in
neuroplasticity.

In this review, we suggest that the FGF family plays a lifelong neuromodulatory role in the
way an organism responds to and copes with the environment. We propose that the fine-
tuning of this family of molecules alters the organism's propensity to explore a novel
environment and modifies anxiety-like and depression-like behavior. Moreover, the FGF
system is involved in fear conditioning and the response to stress and plays a role in the
vulnerability to drug-taking behavior.

Why Link the FGF System to Mood and Affect?
Our view on the affective role of the FGF family emerged from studies of postmortem
brains of subjects who had died while suffering from severe clinical depression. Major
Depressive Disorder (MDD) is the most debilitating mood disorder in the United States,
accounting for the single greatest psychiatric cause of disability. Anxiety disorders run a
close second, and these two affective diseases are often co-morbid. Thus, relative to the
general population, an individual who has one of these disorders has a 25-fold greater
chance of expressing the other (Kessler et al., 1994), suggesting highly overlapping if not
common etiology. A better understanding of the pathophysiology of these diseases is acutely
needed given the high rate of incidence of these diseases (e.g. 25% lifetime incidence of
MDD), and only a 33% response rate to first of the line treatments (Robins and Regier,
1991).

In 2004, work in the context of the Pritzker Neuropsychiatric Disorders Research
Consortium examined alterations in genome-wide expression profiles in the brains of
patients suffering from MDD relative to normal controls (Evans et al., 2004). This
“discovery” approach first focused on areas in the frontal cortex. Data mining revealed that
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members of the FGF family were highly significantly altered in major depression.
Moreover, this effect was not dependent on treatment with the selective-serotonin reuptake
inhibitors (SSRIs). Indeed, a history of SSRI treatment blunted the dysregulation in FGF
gene expression. In that original paper, FGF1, FGF2, FGFR2 and FGFR3 were
downregulated in MDD in the anterior cingulate cortex and/or the dorsolateral prefrontal
cortex. Conversely, FGF9 and FGF12 were upregulated in these same brain regions. As will
be described below, these findings have since been extended to other brain regions using
multiple analysis platforms, and have led to a series of studies in animal models that have
transformed our understanding of the role of the FGF family in brain function and
dysfunction.

In this review, we will focus primarily on the more recent evidence relating to the FGF
system, emotionality and mood disorders. We will attempt to answer three main questions
regarding FGF signaling and behavior: 1) What is known about the FGF system in mood
disorders? 2) What are the effects of the FGF system on other affective behaviors including
anxiety, fear, stress responsivity and substance abuse? And, 3) how might the FGF system
exert these effects? To this end, we will describe the important ligands and receptors for the
FGF family. We will review the various functions of the FGF system with a focus on FGF2,
the prototypical ligand. We will end with a discussion of other molecular partners of this
system, that suggest pharmacological and clinical strategies with molecules that are not “the
usual suspects”

Molecular Components of the FGF Family
Overview of the FGF Family

For a review of the literature on the structure and function of the FGF system prior to 2006,
the reader is referred to a previous review (Turner et al., 2006). To summarize, the FGF
system is comprised of 18 ligands, of which 10 are expressed in brain. There were four
previous members, now termed FGF homologous factors (FHF1-4), that have been removed
from the original list of 22 ligands (Goldfarb et al., 2007). These molecules lack functional
similarity, although they share structural similarity, and remain intracellular.

There are four membrane-bound receptors and a fifth truncated (soluble) receptor with
differing affinities for the various ligands (Reuss and von Bohlen und Halbach, 2003). Many
of the ligands lack signal peptides but are secreted nonetheless. The receptors are composed
of three extracellular Ig-like domains, a transmembrane domain and two intracellular kinase
domains (Reuss and von Bohlen und Halbach, 2003). The acid box region between the first
and second Ig-like domain determines the ligand specificity. There are also multiple splice
variants of the third Ig-like domain resulting in IIIb or IIIc isoforms. The IIIb isoform is
expressed predominantly during early development, while the IIIc isoform is expressed
predominantly in adulthood.

The receptors signal primarily through three main pathways, phospholipase Cγ (PLCγ),
mitogen-activated protein kinase (MAPK) and AKT to influence gene transcription. This
signaling is akin to other growth factors; however, the strength of the signaling may vary
between growth factors. This is possible, by analogy, since the strength of the signaling can
vary between FGF receptor homodimers. For example, FGF ligands in different subfamilies
can induce different FGF receptor 1 (FGFR1) homodimer formations and MAPK signaling
(Romero-Fernandez et al., 2011). Moreover, there may be differences in kinase activity
depending on which molecule triggered the signal (Ditlevsen et al., 2008). Finally, the
receptors can interact with other neurotransmitter receptors, as will be described in more
detail below (see Beyond the FGFs: Receptor-Interacting Partners).
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FGF Ligands
Each of the FGF ligands has a distinct functional profile. We will focus here on a subset of
ligands that are expressed in brain and appear modulated in mood disorders.

FGF2, also known as basic fibroblast growth factor, was the first FGF to be cloned in the rat
(Kurokawa et al., 1988). It is the prototypical FGF ligand and has been well-characterized
for its roles in cell proliferation, differentiation, growth, survival, as well as angiogenesis in
various cell models (Ford-Perriss et al., 2001). This ligand is composed of a beta trefoil
motif and has a basic canyon structure allowing heparin sulfate proteoglycans to bind in a
2:2:2 stoichiometry with the receptors (Reuss and von Bohlen und Halbach, 2003). FGF2
exists in multiple molecular weight isoforms of which only the lowest molecular weight
(18kD) is secreted. The higher molecular weight isoforms remain in the nucleus and affect
nuclear functioning, such as rRNA transcription.

In early brain development, FGF2 is expressed by the neural tube and is involved in neural
induction (Ford-Perriss et al., 2001). Later on, FGF2 is expressed in the ventricular region of
the developing cortex and the cortical plate. FGF2 is also expressed by neural precursor cells
throughout development and promotes the proliferation of neural stem cells (Dono et al.,
1998; Vaccarino et al., 1999). Thus, FGF2 knockout mice have alterations in the deep layers
of the cortex and the hippocampus compared to wild-type mice (Raballo et al., 2000). These
mice also have a lower number of neural progenitor cells in the subventricular zone (SVZ), a
decreased ability to proliferate in response to FGF2 in progenitor cells of the subgranular
zone (SGZ) and decreased astroglial differentiation (Zheng et al., 2004). Together, the
results suggest that FGF2 affects both neuronal and glial output. However, astrocytic
expression of FGF2 only becomes apparent starting at postnatal day (PND) 4-6 (Gomez-
Pinilla et al., 1994).

In the adult brain, FGF2 is expressed by both neurons and glial cells with astrocytes
containing the highest levels of FGF2 (Gonzalez et al., 1995). FGF2 binds with the highest
affinity to FGFR1 (Reuss and von Bohlen und Halbach, 2003). Moreover, FGF2 is
ubiquitously expressed in the adult brain with the highest expression in the hippocampus and
cortical areas (Gomez-Pinilla et al., 1994).

The regulation of FGF2 expression is complex. An antisense transcript regulates its
expression (Nudt6), functioning as a repressor (Knee et al., 1997; MacFarlane et al., 2010;
MacFarlane and Murphy, 2010). There are also various transcription factors that can bind its
promoter elements, such as HoxA10, AP-1 and SP-1 (Shah et al., 2012; Shibata et al., 1991).
Moreover, the role of FGF2 in brain development is influenced by the existence of an IRES-
dependent mechanism for translation (Audigier et al., 2008). This activity peaks at PND7,
remains elevated in neurons during adulthood, and is regulated by itself and by electrical
activity. Other mechanisms of regulation of FGF2 expression in the developing brain, be
they by epigenetic or microRNA mechanisms, remain to be elucidated. The effects of FGF2
on the adult brain will be discussed below.

FGF1, also known as acidic fibroblast growth factor, was cloned in the rat subsequent to
FGF2 (Goodrich et al., 1989). FGF1 is predominantly expressed by neurons and, in stark
contrast to FGF2, it is expressed relatively little outside of the nervous system. FGF1 is
expressed at low concentrations until E16 when it rises to adult levels (Alam et al., 1996;
Elde et al., 1991) Culture experiments demonstrated that FGF1 is involved in the maturation
and maintenance of neurons (Ford-Perriss et al., 2001). However, FGF1 knockout mice
show no severe deficits (Miller et al., 2000). Finally, not much is known about the effects of
FGF1 on the adult brain.

Turner et al. Page 4

Neuron. Author manuscript; available in PMC 2013 October 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FGF9 is a mitogenic factor expressed predominantly by neurons with high expression in
hippocampal and cortical areas. FGF9 also has the highest affinity for the astrocytic
receptor, FGFR3, specifically the adult IIIc splice variant (Cinaroglu et al., 2005; Plotnikov
et al., 2001). Given the alterations described above in the human post-mortem cortex, the
role of FGF9 is of great interest. Unfortunately, not much is known about the in vivo effects
of FGF9 in general.

Intracellular fibroblast growth factors (iFGF), also known as FGF homologous factors,
may also play a role in emotionality. These molecules share structural, but not functional
homology with other FGFs that interact with the extracellular receptors (Olsen et al., 2003).
FGF11-14, are also referred to as FHF1-4. By remaining intracellular, FGF12 and FGF14
have the ability to interact directly with and activate voltage-gated sodium channels (VGSC)
(Goetz et al., 2009; Goldfarb et al., 2007). This would allow these members of the FGF
family to exert rapid effects on numerous intracellular functions. For example, FGF14 is
localized to the axon initial segment (Spugnini et al.) and is thereby in a position to strongly
influence neuronal excitability (Laezza et al., 2009) (c.f. Fig 2). What effect this has on
mood and behavior has yet to be determined.

Given the complexities of the FGF ligands, it has proven difficult to parse their interactions
or precisely define the full range of this family's contribution to brain function and behavior.
Beyond the sheer number of ligands, the FGF family exhibits both convergence and
divergence. Thus, multiple ligands converge on a smaller number of membrane receptors,
and each ligand is capable of activating more than one of these receptors. This is further
complicated by the existence of receptor splice variants each with a unique pattern of
interactions with the ligands (Zhang et al., 2006). Suffice it to say that each ligand appears to
exhibit a unique profile of action, which may be worthy of greater investigation in the
context of affective behavior.

FGF Receptors
As previously described, many FGF ligands signal by activating one or more of the four
membrane spanning FGF receptors R1-R4 (Turner et al., 2006). As noted above, each of
these receptors can be alternatively spliced, resulting in additional variants with distinct
profiles of interactions with their various ligands (Zhang et al., 2006). While all of these
receptors are present in the brain, FGFR4 is only expressed in the habenula and will not be
discussed in this review.

The prototypical receptor, FGFR1, is found mostly on neurons, although its expression has
also been demonstrated on neural stem cells (Frinchi et al., 2008). This receptor has been
shown to play a predominant role in both the development of the cortex and hippocampus,
two key regions in MDD. These two regions are also the output regions of neurogenesis
from the subventricular zone and subgranular zone, respectively. This suggests that FGFR1
is likely necessary for the growth and proliferation of neural stem cells. Indeed, FGFR1
dominant negative tyrosine kinase knockout mice exhibit a decrease in the number of
pyramidal neurons in layer V of the cortex (Shin et al., 2004). Similarly, conditional
knockout of FGFR1 appear to be important in the development and size of the hippocampus
(Ohkubo et al., 2004). More recent work has demonstrated the critical role of FGFR1 in
hippocampal function, as it modulates: 1) proliferation of neural progenitor cells 2)
neurogenesis 3) memory consolidation and 4) long-term potentiation (LTP), a model of
learning and memory (Zhao et al., 2007).

On the other hand, FGFR2 exhibits primarily a glial pattern of expression, being expressed
predominantly by oligodendrocytes, although its expression has also been demonstrated on
neural stem cells. Conditional knockout of FGFR2 in radial glial cells affects the
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development of the prefrontal cortex, as well as its projection areas (Stevens et al., 2010).
Moreover, short-term learning and neurogenesis in the dentate gyrus are dependent on
FGFR2 functioning in the adult hippocampus. Conversely, long-term learning and the
number of parvalbumin interneurons are dependent on FGFR2 in the embryonic
hippocampus (Stevens et al., 2012).

Similarly, FGFR3 is predominantly expressed by astrocytes in the brain. FGFR3 knockout
mice exhibit deficits in cortical and hippocampal volumes (Moldrich et al., 2011). These
effects appear to be the most extreme on GABAergic neurons of the telencephalon.
Moreover, FGFR3 appears to be more important in the formation of the caudal cortex and
resultant projections. However, the information on the function of this receptor in the brain
is sparse, yet of great interest given its consistent downregulation in human depression (see
below).

Interestingly, there are additional endogenous molecules that can bind FGF ligands. One
such example is FGF binding protein 3 (FGFBP3), a truncated version of FGFR1 which
does not signal but has the ability to bind FGF ligands, likely acting as a local sink towards
some ligands (Hanneken et al., 1994). A recent study showed that inactivation of FGFBP3,
by a targeted gene deletion increased anxiety behavior in rodents (Yamanaka et al., 2011).
However, the relative affinity of FGFBP3 for the different FGF ligands remains under
evaluation.

In summary, the predominant receptor subtypes in the rodent and human brain highlight the
importance of the hippocampus. Moreover, FGF receptor signaling plays important roles in
neurogenesis, cortical and hippocampal development, as well as models of learning and
memory. Finally, the development of constructs that can bind FGF ligands will present an
intriguing mechanism for further regulation of the available pool of active ligands and their
ability to exert functional changes in the CNS.

It should also be mentioned that other ligands, distinct from the classical FGF molecules,
have been shown to bind to FGF receptors. One of the best characterized molecules in this
class is neural cell adhesion molecule (NCAM) (Christensen et al., 2006; Kiselyov et al.,
2005; Williams et al., 1994). Later in this review, we will summarize their role in affective
and cognitive behavior.

Affective Functions of the FGF System
FGF System in Human Studies

Alterations in the FGF system were first identified in cortical brain regions in individuals
with MDD compared to controls (Evans et al., 2004). Moreover, the FGF family was not
altered in individuals with bipolar disorder (BPD). Although differences were observed in
FGF1, FGF2, FGF9, FGF12, FGFR2 and FGFR3, no differences were seen in FGF7,
FGF13, FGF14 or FGFR1, see Table 1. In these initial studies, gene expression in the
anterior cingulate cortex and in the dorsolateral prefrontal cortex was assessed by
Affymetrix microarrays in two different cohorts comprising a total of 13 controls and 13
MDDs. In the dorsolateral prefrontal cortex, the results for the FGF system were validated
by qRT-PCR for several members of the FGF family. Finally, these effects were found to
not be due to treatment with SSRIs, as this treatment tended to normalize values closer to
those of controls.

Subsequent studies also uncovered alterations in the FGF family in other postmortem brain
areas, including the locus coeruleus (LC) of individuals with MDD (Bernard et al., 2011).
This noradrenergic cell group was dissected by laser capture microscopy, and the resultant
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RNA was hybridized to Affymetrix microarrays. Gene expression of FGF9 was significantly
upregulated, and FGFR3 was significantly downregulated in the LC. Moreover, FGFR3
downregulation was validated by quantitative RT-PCR. It should also be noted that FGF2
exhibited a nonsignificant trend for a decrease, mirroring the observations in the cortex.
Therefore, the effects of FGF9 and FGFR3 were replicated in a separate brain region in
individuals with MDD. Subsequent studies have extended the findings of dysregulation of
the FGF family to multiple other regions including the hippocampus and the amygdala. It
should be noted that these studies only used brain samples that have a pH above 6.8, as a
low pH is associated with long agonal factors and can significantly alter gene expression
profiles (Li et al., 2004).

Following the initial observations, other investigators have assessed members of the FGF
family in the postmortem brains of MDD and control subjects. Further studies have
confirmed the existence of significant changes in the FGF system associated with
depression, a remarkable consistency for human postmortem studies. One study first
reported changes in the hippocampus of MDD subjects, and found FGF2 to be decreased
and FGFR1 to be increased in MDD brains (Gaughran et al., 2006). One research group has
found FGFR1 gene expression to be increased in the prefrontal cortex of individuals with
MDD (Tochigi et al., 2008), but this result has not yet been replicated.

Two additional studies examined FGFR2 and FGFR3 in cortical regions of MDD patients
relative to controls. In particular, FGFR2 was found to be decreased in the post-mortem
temporal cortex of individuals with MDD (Aston et al., 2005). Moreover, FGFR3 and
FGFBP1 have been reported to be decreased in the dorsolateral prefrontal cortex of
individuals with MDD (Kang et al., 2007). However, this study found no alterations in
FGF1, FGF9 or FGFR2. A potential cause for some inconsistencies between studies may
relate to the degree to which the issue of brain pH is taken into account. Together, this series
of six published reports from postmortem human brains clearly points to the dysregulation
of the FGF system across multiple brain areas of depressed subjects, ranging from the brain
stem to the temporal and frontal cortex and including the hippocampus. A common theme is
a decrease in FGF2 and FGFR3 as well as in FGF2, with more variable findings related to
FGFR1.

Even more recently, a few studies have detected alterations of the FGF system in living
human subjects suffering from MDD. For example, a single nucleotide polymorphism (SNP)
in FGF2 (rs1048201) was found to be associated with side effects and altered responsiveness
to antidepressant treatment in individuals with MDD (Kato et al., 2009). Other SNPs in
FGF2 (rs1449683 and rs308393) were also associated with differential treatment response to
SSRIs. One other study also found serum levels of FGF2 to be increased in individuals with
MDD and borderline personality disorder (Kahl et al., 2009). These studies extend the
postmortem findings and suggest that the FGF system may offer potentially valuable
biomarkers, be they diagnostic or pharmacogenomic, for the diagnosis and treatment of
major depression.

In summary, evidence from several independent research groups has shown significant
alterations in the FGF family across multiple brain regions of individuals suffering from
major depression, see Table 1. More specific hypotheses can now be generated from these
discoveries and tested directly in patients or patient samples. These observations prompted
studies evaluating the functions of FGF2 in animal models--a case of “reverse translation”.

FGF System in Emotionality in Animals
Animal studies have proven pivotal in validating and extending the discoveries made in
human postmortem findings. When changes are observed in gene expression in human
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brain, the findings, even if fully validated, may not be functionally significant but rather
represent mere side effects of other types of dysregulation. To attribute functional import to
them, it is critical to manipulate them or test their regulation in the context of animal
models.

Indeed the first animal studies, predating the human findings, were pharmacological and
suggested a possible role of FGF2 in mediating the actions of antidepressants and anxiolytic
dugs. Thus, chronic antidepressant treatment for three weeks resulted in an increase in FGF2
24h later (Mallei et al., 2002). Similarly, FGF2 was increased (six and 12 hours) following
acute treatment with an anxiolytic (Gomez-Pinilla et al., 2000). This led to the suggestion
that FGF2, like BDNF, may mediate the actions of these drugs, and was consistent with the
observation that patients on antidepressants expressed a lower degree of dysregulation in
their FGF system relative to untreated MDD's.

Following the observation that FGF2 was decreased in the postmortem brain of MDD
subjects, it was important to determine whether FGF2 was altered in an animal model of
depression-like behavior. This study relied on a subchronic social defeat stress in the rat as a
model of depression, since social stress activates neural circuits in the rodent that parallel
those altered in human depression (Kollack-Walker et al., 1997; Kollack-Walker et al.,
1999). Moreover, social defeat has ethological validity, in that it mimics some of the
physiological and anhedonic aspects of depression in humans. This study focused on the
hippocampus, as postmortem studies pointed to this brain region as the most altered by
MDD (unpublished observations). Moreover, this is an area that is critical in the biology of
“stress-related disorders”, including MDD, anxiety and post-traumatic stress disorder
(PTSD). For example, human brain imaging studies have shown that the volume of the
human hippocampus is negatively correlated with post-traumatic stress disorder (Gilbertson
et al., 2002), consistent with the view that this area is highly responsive to stress-related
disorders. This work, in fact, suggested that hippocampal volume may be a predisposing
factor in PTSD. Thus, the hippocampal size of the twin who had not been exposed to combat
predicted the magnitude of PTSD in the combat twin. Since FGF2 can control the
development and size of the hippocampus (Ohkubo et al., 2004), it was logical to assess
FGF2 expression in this region follow a social stress animal model. It should also be
mentioned that neuroimaging studies have shown a reduced hippocampal volume in
depressed subjects (Campbell et al., 2004). However, it remains unclear whether this is a
result of stress and an antecedent to depression, or a consequence of having the disorder.

Following repeated social defeat stress, the expression of FGF2, as well as one of its
receptors, FGFR1, was decreased in the hippocampus (Turner et al., 2008a), suggesting the
hypothesis that the observed decrease in FGF2 both in human MDDs and an animal model
may contribute to the affective changes accompanying depression. Could FGF2 be “an
endogenous antidepressant”, and could its suppression, therefore, contribute to the negative
affect of depressed humans? This hypothesis was tested by administering FGF2
intracerebroventricularly to adult rats to ascertain its potential antidepressant-like effects,.
Following both acute and chronic administration and across multiple tests of depression-like
behavior, such as the forced swim test and novelty-suppressed feeding, FGF2 proved to have
antidepressant properties (Turner et al., 2008c). Surprisingly, FGFR1 expression was also
increased by the FGF2 treatment. This suggested that FGF2 can prime its own receptor and
further amplify the effects of its administration. Moreover, other ligands known to bind to
and activate FGF receptors, such as neural cell adhesion molecule (NCAM), also decreased
depression-like behavior following acute intracerebroventricular administration (Turner et
al., 2008c).
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While the above animal studies implicated FGF2 in response to depression in humans and to
stress in animals, and pointed to FGF2 as an “endogenous antidepressant”, they did not
address whether FGF2 could be a predisposing factor to vulnerability to anxiety-like
behavior. This question was addressed by relying on a selectively-bred rat line of
emotionality. Two lines of rat were bred on the basis of novelty seeking in a novel
environment and termed bred High Responders (bHR) and bred Low Responders (bLRs).
These two lines exhibit many differences across behavior and are proposed as models of
externalizing disorders (bHRs) vs. internalizing disorders (bLRs). Thus, bHRs show lower
levels of spontaneous anxiety, greater propensity for risk-taking, sign-tracking and drug-
taking behavior (Flagel et al., 2008; Flagel et al., 2009; Flagel et al., 2010; Stead et al.,
2006). By contrast, bLRs exhibit greater anxiety- and depression-like behaviors and greater
responsiveness to stress. It was, therefore, reasonable to use these two lines to investigate
whether FGF2 may be a predisposing factor to emotional reactivity.

Indeed, the high anxiety bLRs exibibited lower endogenous levels of FGF2 gene expression
in the hippocampus relative to the low anxiety HRs (Perez et al., 2009). Moreover, repeated
peripheral administration of FGF2 decreased anxiety-like behavior, and the bLRs benefited
more from the treatment than the bHRs. Similarly, environmental complexity, a
manipulation known to decrease anxiety in rodents, increased FGF2 expression in the
hippocampus and showed a greater effect in bLRs. Perez et al. (2009) also assessed
neurogenesis following peripheral FGF2 administration and found that chronic
administration did not influence cell proliferation but increased cell survival in the dentate
gyrus, especially in the bLR rats that exhibit the greater decrease in anxiety behavior.
Although FGF2 increased the survival of both neurons and glia, the increase in the number
of astrocytes was particularly prominent. Together, these findings led to the view that FGF2
is both a genetic predisposing factor that affects basal anxiety levels, and a modulator of
environmental influences on anxiety behavior in the adult rat.

If FGF2 is indeed not only an endogenous antidepressant but also an endogenous anxiolytic
factor, where does it exert this influence on behavior? This question was addressed by using
a knockdown strategy to reduce FGF2 expression in the dentate gyrus and CA3 region by
RNA interference, and assess its impact on behavior in rats (Eren-Kocak et al., 2011). A
lentiviral vector containing a short-hairpin targeting FGF2 was used to knockdown FGF2,
and this treatment resulted in an anxiogenic effect without altering other behaviors. This
suggests that FGF2 expression in the hippocampus does indeed modulate the level of
spontaneous anxiety. Based on this body of work, a model was proposed illustrating the
importance of hippocampal levels of FGF2 in the modulation of allostatic load (Salmaso and
Vaccarino, 2011).

Having established that FGF2 may modulate both the vulnerability and/or resilience to
anxiety-like behavior, as well as mediate environmental changes such as stress and
environmental complexity, its role in the development of emotional circuitry became
critical. This question was addressed by assessing the effects of early life FGF2,
administered the day after birth, on emotionality, hippocampal development and gene
expression (Turner et al., 2011). Remarkably, a single injection of FGF2 (20ng/g, s.c.) early
in life was able to alter neurogenesis in outbred animals. In adulthood, these animals
exhibited a denser dentate gyrus with more neurons, consistent with the idea that
neurogenesis precedes gliogenesis in early development (Palmer et al., 1999). Moreover,
when the same early life FGF2 treatment was given to high anxiety animals (bLRs), FGF2
decreased their spontaneous anxiety (Turner et al., 2011). This effect was associated with
altered gene expression in the dentate gyrus. Laser capture microdissection followed by
microarray analyses identified transcripts that differed between bLR-VEH and bLR-FGF2
animals. Specifically, molecules previously associated with anxiety (gad1) were decreased,
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whereas molecules associated with cell survival (bcl2-like2) were increased in the high
anxiety bred rats in conjunction with decreased anxiety by FGF2 treatment. Thus, early life
FGF2 treatment altered the developmental trajectory of the dentate gyrus and had long-term
effects on emotionality and gene expression.

Most recently, a study by Duman's group extended these findings to mice and to other
models of stress (Elsayed et al., 2012). Thus, the authors reported that chronic infusion of
FGF2 had antidepressant-like effects in both rats and mice. They also added site-specificity
to the antidepressant effects by infusing FGF2 into the medial prefrontal cortex. Moreover,
FGF2 blocked the effects of chronic unpredictable stress (CUS) on both depression-like
behavior, and the CUS-induced inhibition of glial proliferation. Treatment with an FGF
receptor antagonist that targets all FGF receptors blocked the effects of fluoxetine on glial
proliferation, as well as the effect of fluoxetine as an antidepressant. These results suggest
that not only is FGF2 a sufficient antidepressant, it is also necessary for the antidepressant
effects of SSRIs, although the lack of selectivity of the available FGF antagonists requires
caution in the interpretation of these latter results.

Moreover, the study by Elsayed et al. (2012) also hinted at relatively rapid effects of FGF2
in animal models of depression and anxiety (five days after administration). We have also
observed rapid effects of FGF2 in other paradigms. Indeed, some of the behavior and
biochemical effects of FGF2 can be observed within minutes and certainly within hours, but
the mechanism of these rapid effects needs further exploration. FGFR1 is required for the
electrophysiological correlate of learning and memory, long-term potentiation (Zhao et al.,
2007). Is it possible that the same glutamatergic mechanisms may underlie the susceptibility
to anxiety and depression? FGFR1, the highest affinity receptor for FGF2, is located on
glutamatergic cells in the cortex (Shin et al., 2004). Therefore, it is possible that an increase
in glutamate transmission may be responsible for the antidepressant effects of FGF2.

Figure 1 summarizes the body of work that implicates FGF2 in each of the factors thought to
modify emotionality. Thus, genetic differences between the bHR and bLR lines implicate
FGF2 as a genetic factor. The early FGF2 administration studies demonstrate its critical
organizational function in laying down differences in emotional reactivity. And the various
studies with stress paradigms and environmental complexity demonstrate its role in
mediating changes that result from experience, resulting in altered neurogenesis and other
types of neuroplasticity. The hippocampus and prefrontal cortex are two loci of its actions,
as shown in both human and animal studies, with other loci yet to be identified.

FGF System in Fear Conditioning in Animals
The FGF system has not only been implicated in general anxiety, but also plays a role in
emotional learning and fear conditioning, suggesting that it may be involved in another
affective disorder-- PTSD. This disorder is based on the inability to extinguish fearful
memories under conditions that are presumably “safe”. Initially, FGF2 was implicated in the
acquisition phase of fear conditioning (Graham and Richardson, 2009a). When FGF2 was
given subcutaneously immediately prior to conditioning, it facilitated contextual fear
memory in young rats (PND 16, PND19 or PND22). This group went on to show that
systemic FGF2 can also facilitate extinction if it is on-board during consolidation (Graham
and Richardson, 2009b). Moreover, when given immediately after extinction, FGF2 reduced
reinstatement and relapse (Graham and Richardson, 2010b).

FGF2 was also shown to have effects on fear conditioning when subcutaneously
administered to neonatal rats, with testing conducted 11-18 days after the last injection
(Graham and Richardson, 2010a). However, unlike the effects on anxiety described above,
multiple injections of FGF2 were required (PND1-5) to facilitate both fear conditioning and
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context-dependent extinction. Taken together, FGF2 may be involved in modulating the
conditioning and long-term memory of both the acquisition and the extinction aspects of
fear-related responses. However, it remains to be demonstrated how long these effects can
last. Would one treatment during extinction be sufficient, and would the effect be
permanent? Moreover, would the same treatment have a long-term effect if given in
adulthood?

Interestingly, FGF2 appears to alter the way in which memories are erased. Typically, this
process proceeds via an NMDA receptor-independent pathway. Subcutaneous
administration of FGF2 immediately or 4 hours after extinction required an NMDA-
dependent mechanism for reacquisition and re-extinction (Graham and Richardson, 2011a;
Graham and Richardson, 2011b). This finding may have profound implications for the
PTSD field in that FGF2 may actually erase part of the initial fear memory. This would then
lead to the ability of the fear memory to be weakened, rendering it easier to extinguish.
Finally, the effects of FGF2 on fear conditioning exhibit site-specificity. When it was
administered into the basolateral amygdala, FGF2 enhanced extinction and reduced renewal
and reinstatement similar to the peripheral injection findings in adult rats.

In summary, FGF2 plays a role in fear conditioning, extinction and reinstatement, as well as
reacquisition and re-extinction. Moreover, FGF2 has both developmental and long-term
effects on the memory of fearful events. Glutamate receptors in the amygdala may also play
an important role in the functions of FGF2. Thus, the ability of FGF2 to modulate affective
behavior includes both spontaneous anxiety as well as conditioned emotional responses, all
of which may contribute to long-lasting negative affect as seen in mood disorders. This body
of work underscores the role of FGF2 at the interface of affect, learning and memory.

FGF System in Stress Response in Animals
The FGF system plays a role in the cellular and behavioral neuroadaptations to stress. As
will be discussed below, these adaptations take place across a wide range of developmental
time points ranging from embryonic to adulthood. Moreover, the impact of stress on FGF
expression appears to be dynamic within a given developmental window. In general,
neuroprotective molecules such as FGF2 are induced by short-term stress or exposure to
glucocorticoids, and these FGFs may play an important role in coping with acute stress.
Their induction may also buffer against the potential negative impact of high steroid levels
(Molteni et al., 2001). However, with repeated or sustained stress, this induction is not
sustained, and the expression of the protective FGF molecules and receptors is in fact
reduced relative to control levels, likely contributing to the long-term negative sequelae of
chronic stress.

Early animal work by the Fuxe laboratory demonstrated that acute and sub-chronic
corticosterone administration can increase FGF2 protein levels in the substantia nigra (Chadi
et al., 1993). This induction is indeed consistent with a neuroprotective response, as FGF2
can protect neurons from excitotoxic, metabolic and oxidative insults (Mark et al., 1997).
Similarly, FGF9 can protect dopaminergic neurons from MPTP-induced cell death (Huang
et al., 2009).

In contrast to its induction by acute glucocorticoids in adulthood, FGF2 is typically reduced
by early life stress, and this effect is manifested into adulthood. Embryonic stress has been
reported to decrease FGF2 expression in the adult hippocampus (Molteni et al., 2001). This
manipulation also changed the response of the adult brain to subsequent stress or to
corticosterone administration. Furthermore, perinatal anoxia decreased basal levels of FGF2
in the ventral tegmental area in adulthood while simultaneously enhancing the response of
FGF2 to an acute stressor (Flores et al., 2002). Similarly, postnatal stress decreased FGF2
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expression in the prefrontal cortex, although other areas such as the striatum showed an
elevation (Fumagalli et al., 2005). These studies are consistent with the link between early
life stress and depression in humans.

Of particular relevance to a link between early stress, depression and the modulatory role of
FGF is a fascinating study conducted in human fetal brain aggregates (Salaria et al., 2006).
The authors cultured these cells and exposed a subset of them to chronic cortisol for a period
of three weeks to model early life stress. They performed microarray analyses to evaluate
the global impact of this manipulation, and confirmed key findings with protein analyses.
They discovered that the FGF system is among the most altered in response to chronic
cortisol. In particular, they found that FGF2 was upregulated, whereas FGF9 was
downregulated. These findings are consonant with our observations in the post-mortem
brains of individuals with MDD that show complementary changes in these two growth
factors in the same directions described by this study.

In adulthood, the pattern of induction of FGF2 and its receptors by acute stress followed by
their suppression upon chronic stress is typically manifested. Thus, 24hr following exposure
to acute controllable shock in the rat, FGF2 was significantly increased in the dentate gyrus
of the hippocampus (Bland et al., 2006). Acute escapable shock produced a similar effect in
the prefrontal cortex, suggesting a potential role of FGF2 in the cognitive manifestations of
stress (Bland et al., 2007). However, it should be mentioned that BDNF was not altered by
stressor controllability in the hippocampus, in contrast to FGF2 (Bland et al., 2007).

By contrast, repeated social defeat decreases FGF2 and FGFR1 in the rat hippocampus
(Turner et al., 2008a). Berton et al. have also shown that FGFR3 was decreased in the VTA
following a chronic social defeat paradigm in mice (Berton et al., 2006). Finally, FGFR2
gene expression was decreased in the CRF-overexpressing mouse, a model of chronic stress
(Peeters et al., 2004). Beyond the acute versus chronic nature of the paradigms, the potential
importance of the specific animal model has not been systematically investigated. For
example, the relative role of social versus. non-social stress.has not been tested.
Nevertheless, the findings with repeated social defeat recapitulate some of the observations
in the human postmortem brain from depressed individuals.

A recently published study found alterations in the FGF system following a chronic
unpredictable stress paradigm in adult mice (Elsayed et al., 2012). Here, a decrease in
FGFR1 expression was also accompanied by a decrease in glial proliferation in the
prefrontal cortex, and the latter effect could be prevented by treatment with FGF2. In
keeping with the idea of a mechanism for these effects (other than downstream signaling),
FGF2 has an antisense transcript (FGF2-AS) that is known to regulate the expression of
FGF2 (Knee et al., 1997; MacFarlane et al., 2010; MacFarlane and Murphy, 2010).
Furthermore, corticosterone administration can differentially regulate FGF2 and FGF2-AS
expression in both escapable and inescapable shock paradigms (Frank et al., 2007).
Moreover, inhibiting corticosterone synthesis abrogated the effect of inescapable shock on
both transcripts. Thus, glucocorticoids appear to mediate the effects of stress on FGF2 and
FGF2-AS.

Much of this work is analogous to the findings with other growth factors, such as BDNF or
insulin-like growth factor (IGF-1) (Duman and Monteggia, 2006). For example, animals that
have less IGF signaling in the hippocampus due to early life events exhibited a larger stress
response in adulthood (Erabi et al., 2007). The interactions between BDNF and stress
responsiveness are more complex. While acute stress decreased BDNF in the hippocampus
(Pizarro et al., 2004), BDNF in the nucleus accumbens was increased following social defeat
and appeared to required for stress susceptibility (Berton et al., 2006) (Krishnan et al.,
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2007). Interestingly, knocking down BDNF in the mesolimbic system resulted in an increase
in FGFR1, suggesting that the two systems may work in concert and that the FGF system
may be able to compensate for the BDNF system (Berton et al., 2006).

In summary, FGF2 expression across multiple brain regions, at both the transcript and
protein levels is clearly modified by stress and by glucocorticoids. The effects of stress on
this system start as early as in utero and are long-lasting. They are also manifest in
adulthood, with some transient and controllable stressors enhancing FGF2 while
uncontrollable longer stressors inhibit its expression. The hippocampus is particularly
susceptible to stress-induced alterations in FGF2 and other FGF family members. Given the
above discussion of the role of the FGF family in modulating anxiety, fear and depression,
the fact that this family is so clearly responsive to stress and that these responses are so long-
lasting makes it a key link between environmental challenges, neuroplasticity and affective
behavior.

FGF System in Substance Abuse
While our primary focus in this review is on affective behavior, the role of FGFs in
substance abuse is relevant for several reasons: a) addictive behavior is emotional in nature
and closely linked not only to reward mechanisms but also to stress, anxiety and coping; b)
the study of the neurobiology of temperament and personality and their relation to
psychopathology in humans typically contrasts the propensity for internalizing disorders
(depression, anxiety) with the propensity for externalizing disorders, such as substance
abuse. The bHR/bLR animal model mirrors these differences in temperament in humans.
bHR animals have higher basal levels of FGF2 and are, in fact, more prone to drug-taking
behavior. It is reasonable to ask whether the high level of FGF2 plays a role in this
phenotype; c) like fear conditioning, addiction represents a type of maladaptive
neuroplasticity. Given the known role of FGF2 in neuroplasticity, it is reasonable to
ascertain its role in both drug-taking behavior and the response to drugs of abuse.

The first reports of the role of FGF2 in drug-related behavior came from Stewart's group
(Flores et al., 1998). Repeated amphetamine administration increased the levels of FGF2 in
the ventral tegmental area (VTA), and in dopaminergic terminal regions (Flores and Stewart,
2000). In the VTA, this effect was associated with astrocytes and lasted for up to one month
following the repeated injections (Flores et al., 1998). While FGF2 altered dopamine
release, these effects were believed to be indirect (Forget et al., 2006). The authors went on
to show, by using an antibody approach, that endogenous FGF2 in the VTA is required for
the induction of amphetamine sensitization (Flores et al., 2000). Further research showed
that FGF2 is required for the structural remodeling following administration of drugs of
abuse (Mueller et al., 2006). Stewart's group was, therefore, the first to propose that FGF2
may be involved in the neuroplasticity mechanisms underlying sensitization to
psychostimulants.

Other investigators have expanded these findings to peripheral administration of other drugs
of abuse and other brain regions. Nicotine appears to upregulate FGF2 expression in the
striatum by either a D1 or D2 mechanism (Roceri et al., 2001). In terms of dopaminergic
agents, apomorphine can increase FGF2 expression via D2 receptors. Conversely, D2
agonists were found to activate FGF2 in the prefrontal cortex and hippocampus (Fumagalli
et al., 2003). Cocaine, when administered acutely, can rapidly alter levels of FGF2 in the
prefrontal cortex and striatum, with chronic exposure to cocaine resulting in enduring
elevations of FGF2, especially in the striatum (Fumagalli et al., 2006). Thus, long-lasting
changes take place in regions highly innervated by midbrain dopaminergic neurons,
suggesting that FGF2 is not only involved in the initial response to drugs of abuse, but also
in the long-term neuroadaptations.
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Interestingly, the selectively bred line of rats that shows greater propensity to drug seeking
behavior (i.e. bHR rats) exhibit higher basal levels of expression of FGF2 in the
hippocampus and nucleus accumbens than their bLRs counterparts that show lower
propensity to self administer drugs (Perez et al., 2009) (Clinton et al 2012) . Moreover, a
sensitizing treatment with cocaine generally decreased FGFR1 expression in the
hippocampus and increased FGFR1 in the prefrontal cortex (Turner et al., 2008b). However,
the two selectively bred lines showed a differential effect of the drug. In the hippocampus,
cocaine decreased gene expression in bHRs without affecting bLRs, whereas in the
prefrontal cortex cocaine increased gene expression in bLRs without affecting bHRs. Thus,
cocaine interacted with the novelty-seeking trait to alter gene expression differentially
depending on brain region, furthering the idea that the FGF system may be involved in the
individual differences in the response to drugs of abuse.

A single administration of FGF2 on PND1 increased cocaine self-administration in
adulthood (Turner et al., 2009). This effect is selective as there were no associated
differences in spatial or appetitive learning. Moreover, there were no sustained changes in
gene expression in the dopaminergic system seen in the adult animal. This does not preclude
the possibility that early exposure to FGF2 primed the dopaminergic system, which in turn
led to increased drug-taking behavior in adulthood. Whether the actions of early life FGF2
are mediated via dopamine or other mechanisms, the ability of this growth factor to enhance
drug-taking behavior identifies it as a molecular antecedent of vulnerability for substance
abuse.

Given the fact that drugs of abuse interact with stress, it is notable that both stress and drugs
of abuse converge to modulate FGF2 expression. Thus, in the prefrontal cortex, acute stress
potentiated the cocaine-induced increase in FGF2 expression, whereas prolonged stress
prevented the response of FGF2 to cocaine (Fumagalli et al., 2008). In the striatum, the
cocaine-induced FGF2 response was only increased following repeated stress.

In summary, FGF2 appears to promote both the initial vulnerability and the sequelae of
substance abuse. Its administration in early life enhances the propensity for self-
administration of drugs of abuse in adulthood. In turn, repeated exposure to drugs of abuse
induces FGF2 expression especially in the dopaminergic system, and this induction is
required for the development of sensitization.

Overall, FGF2, along with FGFR1, can be construed as molecular factors that modulate
emotional reactivity-- higher FGF2 levels render animals more prone to novelty and drug
taking behavior, while lower FGF2 levels render animals less prone to drug seeking but
more prone to anxiety- and depression-like behaviors.

Beyond the FGFs: The Role of Other Interacting Ligands
Other molecules, such as NCAM, can also interact with the FGF receptors and appear to
play a role in the control of emotionality. NCAM polymorphisms have been observed in
conjunction with mood disorders in humans (Atz et al., 2007; Vawter, 2000). In animal
models, NCAM responds to stress system activation, with upregulation of its expression in
the cortex following acute corticosterone injections and downregulation following chronic
corticosterone (Sandi and Loscertales, 1999) a pattern that mirrors the regulation of FGF2
by this stress hormone. However, the isoform of NCAM is also important. For example,
exposure to a stressful situation decreased NCAM-180 levels in the hippocampus without
affecting the levels of NCAM-140 or NCAM-120 (Sandi et al., 2005). Finally, post-
translational modifications of NCAM (polysialylation) can also be affected by stress
(Cordero et al., 2005).
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Similar to FGF2, FGL, a fragment of the NCAM structure (Carafoli et al., 2008; Ditlevsen et
al., 2008), has antidepressant effects when acutely administered intracerebroventricularly to
rodents (Turner et al., 2008c). Conversely, NCAM-deficient mice exhibit an increase in
anxiety- and depression-like behavior. The latter effect, along with FGFR signaling deficits,
can be restored by treatment with FGL (Aonurm-Helm et al., 2008; Aonurm-Helm et al.,
2010). Similarly, FGL was able to reverse the chronic stress, as well as NCAM-deficiency
induced cognitive impairments (Bisaz et al., 2011). The effects of FGL on fear conditioning
and spatial learning have also been assessed, whereby both the positive and negative effects
were enhanced (Cambon et al., 2004). Additionally, FGL can enhance presynaptic function,
promote synaptogenesis and facilitate memory (Cambon et al., 2004). Not surprisingly, FGL
can also prevent stress-induced impairments in cognitive function (Borcel et al., 2008). Two
other NCAM-derived peptides, dennexin and plannexin, have been shown to have effects in
vivo, modulating neuroplasticity and learning (Kohler et al., 2010) (Kraev et al., 2011). For
a more thorough discussion of the role of NCAM in cognition and stress, the reader is
referred to other reviews (Conboy et al., 2010; Sandi and Bisaz, 2007).

Other ligands, such as N-cadherin and pentraxin, are cell adhesion molecules that can bind
to FGF receptors as well as the cytoskeleton (Hansen et al., 2008; Sanchez-Heras et al.,
2006). Similar to NCAM, N-cadherin binds to the acid box region of the FGF receptor,
which is different than the binding site for FGF2. Interestingly, peptide moieties of N-
cadherin have been identified that can act as agonists, and one of the main functions of N-
cadherin is to induce neurite outgrowth (Williams et al., 2002).

In general, non-FGF ligands that interact with the FGF receptors have been identified for the
treatment of cognitive deficits. Given the relevance of the FGF system to fear, anxiety,
depression and addiction, it will be important to ascertain their potential as targets for
affective disorders.

Beyond the FGFs: Receptor-Interacting Partners
The complexity and the potential functions of the FGF system are augmented not only by a
host of binding molecules but also by the potential for receptor-receptor interactions.
Recently, FGFR1 has been shown to directly interact with two different neurotransmitter
receptors. The first is the adenosine 2A receptor (Flajolet et al., 2008). Activation of this G-
protein coupled receptor along with FGFR1 resulted in activation of MAPK/ERK pathway
and enhanced corticostriatal plasticity. The direct physical interaction allows FGF ligands to
function as co-transmitters at adenosine 2A receptors.

More recently, FGFR1 has also been shown to heterodimerize with the 5-HT1A receptor in
both the hippocampus and the raphe (Borroto-Escuela et al., 2012a; Borroto-Escuela et al.,
2012b). The heteroreceptor complex has been co-immunoprecipitated in cultured cells, and
in neurons in the dorsal rat hippocampal formation and in the dorsal raphe. Moreover, the
investigators co-administered FGF2 and serotonin and uncovered a heightened response in
an antidepressant test, as compared to the effect of either ligand alone. Moreover, combining
FGF-2 and 5-HT1A agonist synergistically enhanced both receptor signaling and cell
differentiation, suggesting a trophic role in the serotonergic neurons (Borroto-Escuela et al.,
2012b). Given the large literature on 5HT1A receptor signaling (Hannon and Hoyer, 2008),
and its role in mediating the mode of action of antidepressants and in the regulation of
emotional responsiveness (Blier and Abbott, 2001; Blier and Ward, 2003), the molecular
interaction between these two systems opens up exciting avenues for understanding the
biology and pathophysiology of affect and mood. In addition, since both FGFR1 and 5HT1A
receptors are known to be present on neural stem cells, their interplay in modulating
neurogenesis, e.g. upon antidepressant treatment or with environmental complexity or
exercise, is of great interest.
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These two examples of interaction with G-Protein coupled receptors greatly expand the
range of potential influence of the FGF system on neuronal signaling and the control of
growth and differentiation. Such interactions might exist in other brain regions, and possibly
with other G-protein coupled receptors, and couple the FGF control of neuroplasticity more
directly to the actions of specific neurotransmitters.

Discussion
The body of work summarized here underscores the surprising role of the FGF family not
only in controlling neural development and neuroplasticity, but also in modulating many
facets of emotional and motivated behavior. Equally notable is the fact that this modulation
occurs in multiple time domains, with early effects lasting into adult life, but also with
evidence for “on-line” control of signaling and behavioral responsiveness during adulthood.

It should be mentioned that other growth factors, such as BDNF and IGF-1, have similar
neuromodulatory effects as FGF2. For example, both molecules promote neurogenesis and
act as antidepressants (Anderson et al., 2002; Hoshaw et al., 2005; Schmidt and Duman,
2010). BDNF is also upregulated following antidepressant drug treatment and has long-
lasting effects on hippocampal function (Monteggia et al., 2004; Nibuya et al., 1995).
However, FGF2 has effects on glial cells, specifically astrocytes, which have not been
shown for BDNF or IGF-1 (Numakawa et al., 2011). One of these functions includes
upregulating microRNAs, where BDNF and IGF-1 failed to do so. Given that depression
may be related to a perturbation in glia, this may represent a significant difference between
growth factor families (Bernard et al., 2011; Choudary et al., 2005). Finally, FGF receptors
can interact with other neurotransmitters, and this has the potential for FGF ligands to have
multiple and rapid cellular and behavioral effects.

The FGF family appears to reside at the interface of genetic, developmental, environmental
and experiential regulation of mood, affect and addiction. As depicted in Figure 1,
endogenous levels of FGF molecules are predisposing factors that regulate stress
responsiveness and the vulnerability or resilience to anxiety, depression, fear conditioning
and substance abuse. In turn, as depicted in Figure 2, FGF molecules are effectors of the
impact of experience on brain morphology, neurogenesis, cell survival and neuronal
signaling. They rely on a host of mechanisms to alter every phase of neuronal organization
and function, to modify stable patterns of reactivity, and to control ongoing behavior.

In the context of mood disorders, the role of the FGF family combines two distinct
hypotheses regarding the biological causes of severe depression—a neurotransmitter based
hypothesis such as the dysregulation of serotonin signaling (Sharp and Cowen, 2011) and a
stress hypothesis (Akil, 2005), focusing on early developmental adversity, enhanced
vulnerability to stressors and a disrupted neuroendocrine dysregulation, resulting in a range
of negative consequences on brain structure and function. Our view of the FGF family
synthesizes these hypotheses by placing FGFs at the very interface of stress regulation,
neurotransmitter signaling and neural remodeling.

In particular, FGF molecules appear to interact with classical neurotransmitter molecules at
the level of heteroreceptor complexes, or by direct physical interaction, to control both
cellular morphology and signaling, as shown in Figure 2. In addition, a host of other
molecules modulate this system including cell adhesion molecules and endogenous
molecules. These factors operate in both neurons and glia and in different combinations
across distinct neural circuits. Clearly, much remains to be learned about the role of the
various members of this complex family in the regulation of affect, motivation and mood.
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But the research to date has already illuminated previously unsuspected roles and pointed to
exciting new targets for the treatment of affective and addictive disorders.
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Figure 1. The Role of FGF2 in the Vulnerability to Mood and Addictive Disorders
Panel A depicts the major factors that converge on the brain to modify vulnerability to
complex behavioral disorders such as major depression or substance abuse- Genes,
Development, Stress and other Environmental Events all converge at the level of the brain to
alter neural circuits that control behavior. Moreover, the behavior itself, such as a depressive
episode or a period of substance abuse, in turn modifies the brain through neuroplasticity
mechanisms, and increases the likelihood of relapse.
Panel B illustrates the fact that FGF2 has been implicated in each of these mechanisms, with
specific examples of its role in each of these domains. Thus, FGF2 plays multiple roles—
genetic, developmental, and experiential, in regulating the propensity to certain behaviors
such as mood disorders or drug abuse. In general, low FGF2 levels predispose towards
depression, while high FGF2 levels predispose towards substance abuse.
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Figure 2. FGF signaling can have functional effects through different mechanisms in multiple
time domains
Panel A shows that FGF ligands can interact with FGF membrane receptors on both neurons
and glial cells. Intracellular FGF ligands can also interact with voltage-gated sodium
channels (VGSC), particularly near the initial axon segment. Moreover, FGF receptors can
have partners, e.g. they can interact with neural cell adhesion molecules such as NCAM, and
can heterodimerize with G Protein Coupled Receptors such as the 5-HT1A receptor. These
events take place in neurons and glia, and trigger a host of signaling pathways, with multiple
function consequences.
Panel B: depicts the various classes of functional changes in the brain that can be triggered
by the actions of FGF signaling.
Panel C: depicts the behavioral and clinical outcomes of the neural mechanisms triggered by
FGF signaling and underscores the multiple time domains in which they can occur, from
altering lifelong patterns of behavior (through modifying temperamental predisposition and
coping styles) to sustained changes during a given period of the organism's life (e.g. an
episode of depression) to ongoing regulation of motivated and affective behavior.
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