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Abstract
The fibroblast growth factor (FGF) system is altered in post-mortem brains of individuals with major
depressive disorder (MDD), but the functional relevance of this observation remains to be elucidated.
To this end, we tested whether administering agents that act on FGF receptors would have
antidepressant-like effects in rodents. We microinjected either FGF2 (200ng, i.c.v.) or the FG loop
(FGL) of neural cell adhesion molecule (NCAM) (5μg, i.c.v.) into the lateral ventricle of rats and
tested them on the forced swim test. Activating FGF receptors acutely had an antidepressant-like
effect in the forced swim test. Furthermore, chronic FGF2 decreased depression-like behavior as
assessed by two independent tests. Finally, the FGF system itself was altered after FGF2
administration. Specifically, there was an increase in FGFR1 mRNA in the dentate gyrus 24 h post
FGF2, suggesting the potential for self-amplification of the initial signal. These results support the
potential therapeutic use of FGF2 or related molecules in the treatment of MDD and point to alternate
mechanisms of neuronal remodeling that may be critical in this treatment.
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1. INTRODUCTION
The fibroblast growth factor (FGF) family has been shown to be dysregulated in post-mortem
studies of individuals with major depressive disorder (MDD). Specifically, several ligands (i.e.
FGF1, FGF2) and receptors (i.e. FGFR2, FGFR3) were downregulated in the anterior cingulate
and dorsolateral prefrontal cortex (Evans et al., 2004a). More recent studies have also extended
these findings to the hippocampus (Evans et al., 2004b), pointing to an overall ‘net decrease’
in the tone of the FGF system in MDD. Whether the FGF system dysregulation is primary to
MDD and leads to the disease process or whether it is secondary to it remains unclear. However,
it is important to ask whether the change in FGF system expression is likely to have functional
relevance in depression, which requires the use of animal models.
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The FGF receptors are tyrosine kinase receptors that dimerize and autophosphorylate after
binding of two FGF2 molecules bound with heparin. The receptors contain three Ig-like
domains (D1, D2 and D3). Much of the ligand binding properties are conferred by D2 and D3.
Furthermore, the binding parameters of neural cell adhesion molecule to FGF receptors have
been reasonably well described (Christensen et al., 2006; Kiselyov et al., 2005; Williams et
al., 1994). A recent review of the FGF system highlights the functions of the various FGF
ligands and receptors (Turner et al., 2006).

FGF2 appears responsive to treatment with various psychoactive drugs. Thus, the protein is
increased in the hippocampus after treatment with the anxiolytic diazepam (Gomez-Pinilla et
al., 2000). Perhaps most relevant to this study, chronic administration of several antidepressants
resulted in an increase in FGF2 in hippocampal and cortical areas (Mallei et al., 2002).

Literature on the role of the FGF system in animal models of depression is lacking. However,
another neurotrophin, BDNF, has been found to exert antidepressant-like effects acutely
(Nestler and Carlezon, 2006; Shirayama et al., 2002). Recent studies with transgenic mice
overexpressing BDNF also support the antidepressant-like properties of BDNF (Govindarajan
et al., 2006). Similarly, BDNF knockout mice show an increase in antidepressant-like behavior
in females and an overall resistance to antidepressant treatment (Monteggia et al., 2007).
Moreover, chronic antidepressants increase levels of BDNF in cortical and hippocampal areas
(Russo-Neustadt et al., 1999), and this increase in growth factor levels has been thought to be
critical to the mode of action of these drugs.

Interestingly, social defeat has been suggested as an animal model of depression (Kollack-
Walker et al., 1997) and appears associated with altered levels of BDNF (Berton et al., 2006).
We have also observed FGF system alterations following social defeat (Turner et al., 2007).
Given the clinical evidence of decreased levels of FGF2 in the brains of depressed individuals
and its apparent modulation by a history of antidepressants (Evans et al, 2004a; Mallei et al.,
2002), it is reasonable to hypothesize that FGF2 may prove to have antidepressant properties
—a hypothesis being tested in this report.

The purpose of this study was to determine whether acute FGF2 administration can modulate
affective responsiveness in a rodent test used to screen for antidepressant effects-the Porsolt
Swim Test. We tested another molecule that acts on FGF receptors and is expected to mimic
the effects of FGF2, the F and G β strands and interconnecting loop region of NCAM’s second
fibronectin type 3 module (FGL) (Kiselyov et al., 2003). We also assessed the effects of chronic
FGF2 administration on depression-like behavior in two different paradigms. Finally, we
determined whether FGF2 administration alters the levels of either the endogenous ligand (i.e.
FGF2 itself) or one of its receptors (i.e. FGFR1).

2. RESULTS
Acute Microinjection Studies

In the forced swim test, the FGF2-injected (n=12) animals exhibited significantly more
swimming [t(23) = 2.20, p<0.05] and less immobility [t(23) = 2.88, p<0.01] than controls (n=13),
see Figure 1A. This is indicative of less depression-like behavior in FGF2 animals. In a separate
experiment, the FGL-injected animals (n=13) exhibited significantly less immobility [t(24) =
2.13, p < 0.05] than controls (n=13), see Figure 1B. Again, this is indicative of less depression-
like behavior. These results are also in the same direction as the FGF2 data consistent with the
fact that both molecules stimulate FGF receptors.
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Chronic FGF2 Microinjection
In the forced swim test, the FGF2 animals (n=10) exhibited significantly less immobility
[t(19) = 2.70, p < 0.05] and significantly more swimming [T(10,11) = 149, p < 0.01] than vehicle
(n=11) animals, see Figure 2A. However, climbing was not significantly different between the
groups [t(19) = -0.02, p = 0.98]. Novelty-suppressed feeding, a marker of chronic antidepressant
effects, was altered between FGF2 (n=9) and vehicle (n=11) animals. Here, the FGF2 animals
exhibited a significant decrease in latency to feed [t(18) = 2.17, p < 0.05], see Figure 2B.
However, chronic administration of FGF2 did not alter locomotor activity [t(17) = 0.66, p =
0.52] between FGF2 (n=8) and vehicle (n=11) animals, see Figure 2C. Together these results
suggest that chronic FGF2 can have antidepressant-like effects without altering locomotor
activity.

FGF2 and FGFR1 mRNA In Situ Hybridization
Figure 3A is an illustration of FGFR1 expression levels in the hippocampus after vehicle or
FGF2. Twenty-four hours after treatment, the FGF2-injected animals exhibited significantly
higher levels of FGFR1 mRNA in the dentate gyrus than the vehicle-injected animals [t(8) =
-3.25, p < 0.05], see Figure 3B. Interestingly, there were no significant differences in any other
areas of the hippocampus for FGFR1. There were also no significant differences in the
expression of FGF2 in the hippocampus between the two groups (see Table 1).

3. DISCUSSION
The results of this study demonstrate the following: 1) Both acute and chronic administration
of FGF2 has antidepressant-like effects; 2) Acute administration of FGL can also have
antidepressant-like effects; 3) The antidepressant-like effect of acute FGF2 treatment was
observed with a specific increase in FGFR1 mRNA in the dentate gyrus.

Acute FGF2 decreased immobility in the forced swim test and increased swimming behavior.
These findings are also similar to the acute antidepressant-like effects observed with BDNF
(Shirayama et al., 2002). Chronic FGF2 was also effective in decreasing depression-like
behavior. The depression tests utilized are sensitive to numerous antidepressants, as well as
FGF-related treatments. Additional experiments should be performed following the chronic
treatment, as it is possible that performing behavioral testing during the chronic treatment may
have confounded the results.

Although the dendrimer of FGL is more potent than the monomer, the cell adhesion molecules
function to promote cell migration, neurite outgrowth, synaptic plasticity, and maintain
synaptic structures (Doherty et al., 2000; Kiselyov et al., 2005). Previously, FGL has been
shown to improve learning and memory in a spatial memory task (Cambon et al., 2004). This
same loop has also been shown to be neuroprotective in ischemia models and enhance social
memory retention (Secher et al., 2006; Skibo et al., 2005). In this study, acute administration
of FGL resulted in a significant decrease in immobility in the forced swim test. This effect is
consistent with the above findings for FGF2. Chronic microinjection studies should be
performed for FGL to further define its role in depression-like behavior.

FGL mimics NCAM activation of FGF receptors. Interestingly, NCAM-deficient mice exhibit
increased depression-like behavior (Conboy et al., 2008). This is consistent with our findings
that FGL decreased depression-like behavior and suggests that FGL may be a potential
treatment for MDD. In further support of this notion, a recent review summarizes the role of
NCAM in mood disorders (Sandi and Bisaz, 2007).

FGL differs from FGF2 in activation of FGF receptors. Although both FGF2 and FGL activate
similar intracellular signaling cascades, FGL has a weaker effect. Thus, convergence at the
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intracellular level is necessary to regulate the cytoskeleton and for synapse formation. NCAM’s
fibronectin 3 modules 1-2 bind to FGF receptor Ig modules 2-3. This, in effect, allows for
calcium entry into the cell and downstream activation of signaling cascades (for review see
Hinsby et al., 2004; Kiryushko et al., 2004).

Finally, FGF2 was accompanied by an increase in FGFR1 levels, specifically in the dentate
gyrus 24 h after treatment. The mechanism for this rapid receptor regulation needs further
investigation. However, levels of another neurotrophin receptor, trkB, are known to exhibit a
circadian rhythm in the dentate gyrus, suggesting complex acute regulatory mechanisms (Dolci
et al., 2003). Furthermore, BDNF levels have been shown to change rapidly following
immobilization stress (Marmigere et al., 2003).

In summary, convergent evidence suggests an important role of the FGF family in the
regulation of depressive behavior. This includes findings of significant dysregulation in this
system in postmortem brains of human subjects with a history of major depression. It also
includes the present evidence demonstrating that agonists of FGF receptors, i.e. FGF2 or FGL,
have antidepressant-like effects. As importantly, the system may have an acute self-amplifying
effect—i.e. FGF2 exposure induces the expression of one of its own receptors. Although the
time course and mechanism(s) responsible for these effects remains to be elucidated, the FGF
family emerges as an interesting and novel target for the modulation or treatment of major
depression.

4. EXPERIMENTAL PROCEDURES
Animals

Male Sprague-Dawley rats (220-250g; Charles River Laboratories, Wilmington, MA.) were
housed under a 12 h light/dark cycle with food and water available ad libitum. Animals were
allowed to acclimate to the housing conditions for 7 days prior to any experiments. Animals
were housed two per cage until surgery and then were singly housed after surgery. All animals
were treated in accordance with the National Institutes of Health guidelines on laboratory
animal use and care and in accordance with the European Communities Council Directive of
24 November 1986 (86/609/EEC).

Acute Microinjections
Rats were anesthetized using isoflurane and guide cannulae (22-gauge, Plastics One Inc., VA.
USA) were implanted into the left lateral ventricle (coordinates from bregma: AP -1.1; ML
+1.3; DV -3.0) using a small animal stereotaxic apparatus. The guide cannula was anchored
to the skull and fitted with an obdurator. Five days after surgery, the obdurators were removed
and a 28-gauge injector cannula was inserted extending 1.5mm below the tip of the guides.
The microinjection cannula was connected by PE-20 tubing to a Hamilton syringe mounted
on a syringe pump (Harvard Apparatus, MA. USA). Rats were microinjected with either
recombinant human FGF2 (200ng, Sigma) or FGL peptide (EVYVVAENQQGKSKA; 5μg,
synthesized at University of Michigan) dissolved in artificial extracellular fluid (aECF) with
the addition of 100μg/ml bovine serum albumin (Cambon et al., 2004; Kuhn et al., 1997;
Williams et al., 2001).

The rationale for the FGF2 dose was based on a dose that chronically stimulated neurogenesis
in the subventricular zone (Kuhn et al., 1997). Similarly, the dose of the FGL peptide that was
used was based on a dose that enhanced fear conditioning and spatial learning (Cambon et al.,
2004). The FGL peptide is known to be involved in the binding of NCAM to FGF receptors.
Although NCAM has only been crystallized in binding to FGFR1 and FGFR2, it is likely that

Turner et al. Page 4

Brain Res. Author manuscript; available in PMC 2009 August 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NCAM interacts with all of the FGF receptors (Christensen et al., 2006; Kiselyov et al.,
2005).

Total volumes were infused (FGF2: 8μl; FGL: 5μl) in freely moving animals at 1.0μl/min, and
the injector was left in place for an additional 5 min to allow for diffusion. Animals were then
subjected to behavioral testing. After testing, the rats were killed by decapitation and the brains
were snap frozen in isopentane. A subset of animals was sacrificed 24 hrs after the
microinjections and brains processed for mRNA in situ hybridizations. The brains were sliced
and cresyl violet staining was performed to verify the placement of the microinjection cannulae.

Forced Swim Test
Animals were placed in cylinders filled with water (25°C) so that the rat’s tail could not touch
the bottom of the cylinder. Day One consisted of a 15-minute session, immediately after which
the animals were microinjected, and Day Two (24-h post-injection for the acute study)
consisted of the 5-minute test. The twenty-four hour time point was chosen due to the half-life
of FGF2 in the cerebrospinal fluid (Wagner et al., 1999). After testing, rats were dried and
returned to their home cages. Behaviors were monitored from above by a video camera and
subsequently scored by an observer blind to experimental condition as described by (Lucki,
1997). Swimming consisted of horizontal movement in the swim chamber. Climbing consisted
of a vertically-directed movement with the forepaws typically above water along the walls of
the swim chamber. Immobility was defined as the minimal movement necessary to keep the
head above water level. Percent total duration of swimming, climbing and immobility episodes
was scored using The Observer software (Noldus Information Technology, Wageningen, The
Netherlands).

Chronic FGF2
Rats were administered FGF2 (200ng, i.c.v.) or vehicle (aECF, i.c.v.) daily for a total of 18
days between 8:00 AM and 10:00 AM. Rats were tested for locomotor activity (Day 18), and
in the forced swim (Days 15 and 16) and novelty-suppressed feeding paradigms (Day 17). The
rats were tested between 1:00 PM and 4:00 PM with each test separated by 24 hours (Mineur
et al., 2007).

Novelty-Suppressed Feeding
Food was removed from the cage twenty-four hours prior to testing in an open-field apparatus
(100 × 100 × 50 cm) under dim light. The floor was black Plexiglas and the sides were clear
Plexiglas made opaque by the addition of white paint. A small piece of rat chow was placed
in the center of the arena and the latency to the first feeding was recorded in seconds. Each
animal started in a corner of the arena and was allowed a maximum of 5 min to begin feeding.
After testing, the animals were returned to their home cage with food and water available ad
libitum. One animal was omitted from the study prior to testing due to an unhealthy appearance.

Locomotor Activity
Rats were tested in a locomotion apparatus for 1 h following chronic microinjections of vehicle
or FGF2. The environment consisted of a 43 × 21.5 × 25.5 cm acrylic cage with stainless steel
grid flooring. Horizontal and vertical movement was monitored by photocell beam breaks for
a one-hour period. Horizontal and vertical movement was added together for a measure of total
locomotor activity for each animal and an average was calculated for each animal and group.
One animal was omitted due to a malfunctioning locomotor chamber.
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FGF2 and FGFR1 mRNA In Situ Hybridization
Tissue was sectioned at -20°C at 10μm (n=5/group) and sliced in series throughout the
hippocampus, mounted on SuperFrost Plus slides (FisherScientific) and stored at -80°C until
processed. The hippocampus was chosen for analysis since other antidepressants are known
to increase both neurogenesis and growth factors, such as FGF2, in this region (Mallei et al.,
2002; Berton & Nestler, 2006; (Sairanen et al., 2005). The hippocampus exhibits a high level
of FGF2 and FGFR1 gene expression, and we have observed post-mortem alterations in MDD
of the FGF system in the hippocampus. In situ hybridization methodology has been previously
described elsewhere (Kabbaj et al., 2000). Sections were taken every 200μm. The sequences
of rat mRNA used for generating probes of genes are complementary to the following RefSeq
database nos. FGF2 (NM019305, 716-994); FGFR1 (NM024146, 320-977). All probes were
synthesized in our laboratory. Exposure times were experimentally determined for each probe
to maximize signal and are as follows: FGF2 (7 days) and FGFR1 (7 days). After appropriate
exposure times, the films were developed (Kodak D-19; Eastman Kodak, Rochester, NY,
USA). Brain section images were captured from film with a CCD camera (TM-745, Pulnix)
using MCID. Radioactive signals were quantified using computer-assisted optical
densitometry software (Scion Image). Optical densities were found by outlining the region of
interest from both hemispheres throughout the dorsal hippocampus. Optical density
measurements were corrected for background, and the signal threshold was defined as the mean
gray value of background plus 3.5X its standard deviation. Only pixels with gray values
exceeding the above-defined threshold were included in the analysis. Data from multiple
sections per animal were averaged resulting in a mean integrated optical density value for each
animal and then averaged for each group.

Statistical Analyses
All studies were analyzed by a Student’s t-test or Mann Whitney Rank Sum test when normality
failed. Data are presented as mean ± SEM.
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Figure 1. Acute microinjections of FGF2 and FGL alter depression-like behavior
(a) Effect of FGF2 microinjections on depression-like behavior in the forced swim test. *p < .
05; **p < .01 (b) Effect of FGL microinjections on depression-like behavior in the forced swim
test. *p < .05
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Figure 2. Chronic microinjections of FGF2 decreased depression-like behavior
(a) Effect of chronic FGF2 microinjections on depression-like behavior in the forced swim
test. *p < .05; **p < .01 (b) Effect of chronic FGF2 microinjections on latency to feed in the
novelty-suppressed feeding test. *p < .05 (c) Effect of chronic FGF2 microinjections on
locomotor activity.
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Figure 3. FGFR1 mRNA was increased in the dentate gyrus 24 h after FGF2 microinjection
(a) Representative FGFR1 mRNA levels in the hippocampus of vehicle (left) and FGF2 (right)
animals 24 h after microinjection of FGF2. Red color denotes high level of expression. (b)
Average integrated optical density values of FGFR1 mRNA expression for vehicle and FGF2
animals in the hippocampus. *p < .05
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Table 1
Average integrated optical density values of FGF2 mRNA by in situ hybridization in the hippocampus.

Region n Vehicle ± s.e.m. n FGF2 ± s.e.m.

CA1 5 2225 ± 451 5 1997 ± 619
CA2 5 17458 ± 2037 5 21509 ± 2849
CA3 5 1574 ± 327 5 1568 ± 431
DG 5 3203 + 696 5 2852 ± 521
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