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Abstract
Background—Fibroblast growth factor (FGF) signaling controls self renewal of neural stem
cells during embryonic telencephalic development. FGF receptor 2 (FGFR2) has a significant role
in the production of cortical neurons during embryogenesis, but its role in the hippocampus during
development and in adulthood has not been described.

Methods—Here we dissociate the role of FGFR2 in the hippocampus during development and
during adulthood with the use of embryonic knock-out and inducible knock-out mice.

Results—Embryonic knock-out of FGFR2 causes a reduction of hippocampal volume and
impairment in adult spatial memory in mice. Spatial reference memory, as assessed by
performance on the water maze probe trial, was correlated with reduced hippocampal parvalbumin
+ cells, whereas short term learning was correlated with reduction in immature neurons in the
dentate gyrus. Furthermore, short term learning and newly generated neurons in the dentate gyrus
were deficient even when FGFR2 was lacking only in adulthood.

Conclusions—Taken together, these findings support a dual role for FGFR2 in hippocampal
short term learning and long-term reference memory, which appear to depend upon the abundance
of two separate cellular components, parvalbumin interneurons and newly generated granule cells
in the hippocampus.
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Introduction
Fibroblast growth factor (FGF) signaling promotes forebrain cell survival and regulates
dorsoventral patterning at pre-neurogenic stages (1–3). Globally reduced FGF signaling
prematurely increases neurogenesis, resulting in an early depletion of stem cells and a
profound decrease in cortical surface area and neuron number (4). Throughout neurogenesis,
FGF receptors promote self-renewal of radial glial cells, expanding the stem cell population
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and ultimately increasing neuron production (5, 6). The selective knockout of fgf receptor 2
(fgfr2) produces a more selective defect of cortical neuron number in medial frontal regions.
Without FGFR2, proliferating stem cells of the embryonic ventricular zone are less likely to
re-enter the cell cycle, decreasing production of excitatory projection neurons in medial
prefrontal cortex (PFC) (6, 7).

Like PFC, the hippocampus has been implicated in multiple neuropsychiatric disorders (7).
Alterations in hippocampal development are thought to contribute to schizophrenia (8) and
decreases in hippocampal volume have been found in youth at risk for depression prior to
any clinical presentation (9). Significant changes in hippocampal volume (10–14), gene
expression (15–20) and hippocampal-dependent learning (21, 22) have been shown in
schizophrenia and mood disorders. In patients with schizophrenia and major depression,
impairments in learning and memory have been associated with poor hippocampal
functioning (23–26).

In rodents, the hippocampus has been implicated in several forms of cognition: spatial
memory (27), context-dependent fear conditioning (28), and trace conditioning (29). While
it is clear that postnatal neurogenesis persisting in the hippocampal DG plays a role in
learning and memory, what type of learning and memory processes it mediates are yet to be
explicated, as studies in which neurogenesis is inhibited by ablative techniques or genetic
knockouts have given inconsistent results (30, 31).

FGF signaling has also been implicated in mood disorders and schizophrenia. Levels of FGF
ligands and/or receptors are altered in the hippocamous and cortex of patients with both
depression and schizophrenia (19, 20, 32, 33) and polymorphism within FGF genes has been
found in schizophrenic patients (33). Manipulations of both FGF2 and FGFR1 in animal
models show that FGF signaling in the hippocampus affects anxiety behavior and is
correlated with response to antipsychotic and antidepressant treatment (34–39).

The loss of fgf receptor 1 (fgfr1) in hGFAP promoter-expressing radial glial cells through
Cre recombination results in a volume reduction of both dentate gyrus (DG) and CA fields
(40). FGFR1 has been shown to regulate proliferation of hippocampal stem cells during both
embryogenesis and early adulthood (40, 41). The hGFAP-Cre fgfr1 knockout mice had
smaller postnatal hippocampi, but showed no working memory or fear conditioning
alterations (42). Mice lacking fgfr1 via recombination driven by nestin-cre showed no defect
in spatial learning, but had alterations in spatial memory consolidation (41). The
hippocampus is derived from a region of the dorsomedial telencephalon which expresses
fgfr2 during embryonic and postnatal periods; however, the role of FGFR2 in hippocampal
development and functioning has not yet been examined. Additionally, the role of
hippocampal FGF signaling may not be limited to cell proliferation since recent findings
indicate a function for both FGFR1 and FGFR2 in pre-synaptic organization through
interactions with FGF7 and/or FGF22 (43, 44).

In this study, we created knockout mice lacking fgfr2 at different stages of pre- and post-
natal development to understand the impact of this receptor on hippocampal anatomy, cell
proliferation, and learning and memory tasks. Correlations of anatomical findings with
behavioral performance in individual animals permitted greater understanding of the role of
specific hippocampal processes in learning and memory.
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Methods
Animals

Conditional hGFAP-cre fgfr2 knockout mice have been previously described (45, 46) (see
Methods in the Supplement). Cre negative mice, littermates when possible, were used as
control animals. Behavioral testing was conducted when the mice were 5–8 months old.

To assess the contribution of FGFR2 solely in the postnatal brain, mice homozygous for the
fgfr2f alleles were crossed with hGFAP-creERT2 (GCE) mice (47). The latter express a
tamoxifen-inducible Cre recombinase-estrogen receptor fusion protein (CreERT2) (48) under
the control of the hGFAP promoter (47). These mice received injections of 0.5 mg of
tamoxifen dissolved in sunflower seed oil or sunflower seed oil alone twice daily for five
consecutive days at 2–4 months of age. Behavioral testing began at least 9 days after the
time of the last tamoxifen injection. Behaviorial testing began at 2.5–4.5 months of age and
completed at 5.5–7.5 months of age.

Behavior (see Methods in the Supplement for details)
Morris Water Maze—Eight days of training with a probe trial on the ninth day were
implemented using a standard, automated water maze (Coulbourn Instruments, Whitehall,
PA).

Object Recognition—Over three days, mice were repeatedly presented a familiar object
along with a novel object. Time spent with each object was quantified each day and learning
was assessed based upon a discrimination index, which quantifies increases in the time spent
interacting with the novel object.

Immunocytochemistry and stereology were performed as previously described (6)(see
Methods in the Supplement).

Quantitative PCR and In Situ Hybridization
Quantitative PCR was carried out using Taqman Gene Assays (Applied Biosystems) for
fgfr2 IIIc isoform, the specific form of the fgfr2 gene knocked out with the Cre-lox system
(Mm01269938; context sequence: CAGTTCTGCCAGCGCCTGTGAGAGA), fgfr1
(Mm00438923; context sequence: CCGTTCTGGAAGCCCTGGAAGAGAG) and beta-
actin (predeveloped) as previously described (6).

In situ hybridization was carried out as previously described (6) using probes synthesized
from linearized plasmids for fgfr1 (4) and fgfr2 IIIc TM (gift of D. Ornitz).

Statistical Analysis
Analysis of variance (ANOVA) was performed with SPSS to identify differences in
behavioral performance of KO animals measured over multiple days from controls.
Interactions were determined between two variables: day and genotype. Two-tailed student’s
t tests were performed with Microsoft Excel comparing regional volumes, stereological cell
counts and densities and single behavioral measures. One-tailed student’s t tests were used
for anatomical assessments in FGFR2iKO mice. Pearson correlation coefficients were
calculated between behavioral and anatomical measures, with significance determined by
critical values tables (one-tailed p values).
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Results
We examined the role of FGFR2 in the hippocampus in mice heterozygous for the hGFAP-
cre transgene and homozygous for a conditional floxed fgfr2 allele (fgfr2f). These
conditional FGFR2 knock out mice (FGFR2cKO) exhibited a loss of fgfr2 in radial glia
throughout cortex and hippocampus (Fig. 1A,B), as well as in astrocytes of these regions,
which has been demonstrated previously (6). The preservation of fgfr1 mRNA, which is
expressed in the same regions, was demonstrated with quantitative PCR (average relative
expression: hGFAP-cre- negative = 2.5 and hGFAP-cre+ = 3.1).

Hippocampal morphometry and neural cell populations
In FGFR2cKO mice lacking FGFR2 throughout prenatal and early postnatal life, there were
significant changes in volume of DG and CA fields of the hippocampus in adults (8–10
months old) (Fig 1C,D). The volume of DG was 33.9% smaller in FGFR2cKO mice
compared to littermate controls. Additionally, FGFR2cKO mice had a 36.9% reduction in
total hippocampal volume (CA fields and DG together) (Table 1).

Counts were made of parvalbumin+ cells, an abundant sub-class of inhibitory neurons that
plays an important role in regulation of neuronal excitability in this region. Parvalbumin
neuron number within the entire hippocampus was reduced by 44.4% in adult FGFR2cKO
mice (Fig 2A,B,G, Table 1).

To understand the impact of the FGFR2 loss of function on hippocampal neurogenesis, we
examined cells positive for doublecortin (DCX), a protein whose expression levels peaks
about 10 days after the birth of a new neuron and declines thereafter (49). FGFR2cKO mice
had a significant decrease of 19.6% in DCX+ cell number in the DG (Table 1, Fig 2C,D,H).
In conjunction with this finding, counts of acutely incorporated BrdU showed a 42.5%
decrease in proliferating cells in the DG (Table 1, Fig 2E,F,H). Together, reduced BrdU+
and DCX+ cells suggested that the ongoing process of neurogenesis was affected by the loss
of FGFR2.

These differences were shown in a second cohort of animals examined at six weeks of age
that were not behaviorally tested, validating that alterations were consistent throughout
development. In this cohort, similar decreases in hippocampal overall volume, volume of
DG, and DCX+ cell population were shown with the loss of FGFR2 (Table S1 in the
Supplement). Also in these animals, no deficit was shown in another subtype of inhibitory
neurons positive for neuropeptide Y (Table S1 in the Supplement).

Behavioral Testing
To assess the behavioral correlates of the cellular defects in the hippocampus and PFC in
FGFR2cKO animals, spatial learning and spatial reference memory were both tested using
the Morris water maze. Learning was assessed during eight days of training. A probe trial on
the ninth day examined spatial memory. FGFR2cKO animals showed significantly slower
learning as compared to their control littermates (ANOVA F(2,19) = 15.785; p = 0.001).
(Fig 3A). Spatial memory on day nine was also significantly different, with FGFR2cKO
mice showing chance levels of preference for the location and quadrant of the hidden
platform (Fig 3B).

When anatomical findings were compared to the behavioral performance of individual
animals on the water maze across control and FGFR2cKO mice, significant correlations
were identified between the number of hippocampal parvalbumin cells and three measures
of spatial reference memory (Fig 3C,D). The time for each mouse to first reach the previous
platform location on the ninth day was negatively correlated with hippocampal parvalbumin
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neuron number (Fig 3C, r = −0.59, df = 8, p < 0.05), and the preferences for platform
crossing and quadrant were positively correlated with hippocampal parvalbumin neuron
number (r = 0.71 and r = 0.57 for crossing preference and quadrant preference, respectively,
Fig 3D, df = 8, p < 0.05). In contrast, these measures of spatial memory performance were
not correlated with BrdU+ cell number (r= −0.42, r =0.11, r =0.32 for time to reach
platform, crossing preference and quadrant preference, respectively; df = 9, all NS) or DCX
+ immature neuron number (r = −0.19, r =0.20, r =0.24 for time to reach platform, crossing
preference and quadrant preference, respectively; df = 9, all NS).

To test learning and memory in a different modality, we used an object recognition test in
which animals were presented with a previously presented object and three novel objects
sequentially over three days. Control mice showed the ability to learn to recognize the
familiar object by a proportionate decrease in the time spent orienting to the familiar versus
the novel objects (Fig 3E). FGFR2cKO mice showed near chance discrimination indices
between novel and familiar objects over three days using exploration time, or number of
encounters (Fig 3F).

When anatomical findings were compared to the behavioral performance of individual
animals on the object recognition task, no significant correlations were found with
hippocampal parvalbumin+ neuron count, in contrast to that shown for spatial reference
memory (r = 0.25, df = 8, NS). However, the discrimination index on the third day measured
by either encounter number or exploration time, was positively correlated with DCX+ cell
number (r = 0.52, r = 0.71, respectively; df= 9, p < 0.05; p < 0.01) (Fig 3G,H). The
discrimination index measured by encounters was not significantly correlated with BrdU+
cell number (r = 0.43, df = 10, p = 0.09), but the discrimination index measured by
exploration time was significantly correlated with BdrU+ cell number (r = 0.51, df = 10, p <
0.05). Thus, significant correlations were identified for object recognition learning with
measures of proliferating cells and immature neurons in DG, but not with parvalbumin cell
number.

The above results suggest that object recognition learning and spatial reference memory had
independent correlations with hippocampal anatomy. Confirming this, there was no
correlation between performance on the two tasks themselves (r = 0.1, df = 19, NS). To
analyze this further, we considered the early phase of learning in the water maze, looking at
the same time points (days 1–3) analyzed in the object recognition task. Control mice were
consistently faster each subsequent day on the water maze task with downward learning
slopes over each 24 hour period (Fig 3I). FGFR2cKO mice showed an upward learning
slope on days 2–3, reflecting worse performance, likely due to unstable learning during this
time period (Fig 3I). As shown in Figure 3I, controls and FGFR2cKO showed significantly
different average time to platform over these three days (ANOVA F(2,19) = 15.701; p =
0.001). This difference mainly stems from significantly different learning slopes between
groups from day 2 to day 3 (controls = −7.1, FGFR2cKO = 4.9; p < 0.05) with FGFR2cKO
mice taking more time to find the platform on day three (Fig 3J). As shown for object
recognition, the average time to platform on day three of training showed a significant
negative correlation with DG DCX+ cell number (r = −0.69, df = 9, p < 0.01) (Fig 3K) and
BrdU+ cell number (r = −0.59, df = 9, p < 0.05; not shown). These correlations suggest that
short term learning acquisition and longer term memory on this spatial task may rely on
different components of hippocampal functioning.

Adult FGFR2 Knock Out
To further investigate the double-dissociation between short and long-term aspects of
learning and memory and the correlation of these cognitive abnormalities with defects in
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cellular populations of the hippocampus, the role of FGFR2 in hippocampal stem/progenitor
cells of adult mice was examined using an inducible knockout strategy.

To create inducible FGFR2 knock out mice (FGFR2iKO), we used GCE transgenic mice,
which carry a tamoxifen- inducible Cre recombinase under the hGFAP promoter (47). GCE;
fgfr2f/f mice were injected with tamoxifen. Two controls were used: tamoxifen-injected
GCE-negative animals and vehicle-injected GCE-positive mice. The efficacy of this
approach was validated through in situ hybridization and quantitative PCR for the IIIc and
transmembrane domains of the fgfr2 gene (Fig 4A,B,E) demonstrating that these mice
showed reduced fgfr2 levels only after the tamoxifen injection. In Cre+ mice not injected
with tamoxfen, fgfr2 gene expression by qPCR was unchanged compared to Cre- controls
(0.89 fold change; n=2,2; NS), confirming that the GCE transgene did not independently
impact fgfr2. The preservation of fgfr1 which is expressed in the same regions was validated
by in situ hybridization in FGFR2iKO mice (Figure S1 in the Supplement).

When fgfr2 recombination occurred five months before the anatomical analysis at 7–9
months of age, FGFR2iKO mice demonstrated no alteration in overall hippocampal volume
(Table 2, Fig 4C,D). However, DG volume in particular was mildly reduced (13% smaller,
p=0.06) in FGFR2iKO mice (Table 2), with no difference in the volume of the CA fields.

FGFR2iKO mice also demonstrated a decrease in the number of newly born, immature
neurons. We observed significant decreases in both number (47.5%) and density (42.6%) of
DCX+ cells in DG of FGFR2iKO animals compared to littermate controls when the KO was
induced at least 120 days prior (Fig 5E–H, Table 2). The generation of new neurons was
tested directly by BrdU fate mapping after a six-day incorporation and 3.5 week survival.
Neurogenesis was significantly reduced by 32% in FGFR2iKO mice (Fig 5I,J, Table 2).
Staining for Ki67 qualitatively showed fewer positive cells in DG of FGFR2iKO mice (Fig
5K,L), suggesting that this deficit in neuronal precursors was likely due to a decrease in the
number or proliferation of stem/progenitor cells.

In the Morris water maze, FGFR2iKO mice and littermate controls lacking the GCE
transgene but also injected with tamoxifen showed similar times to find the platform over
eight days (Fig. 5M). The FGFR2iKO mice also were not significantly different from
controls in the amount of time they spent in the platform quadrant or zone on a ninth day
probe trial (Fig 5N). Thus, FGFR2iKO mice showed no deficit in the long-term aspects of
spatial learning or reference memory. Consistent with this, FGFR2iKO mice also showed no
notable differences from controls in parvalbumin immunostaining within the hippocampus
(Fig 5A,B vs C,D).

Interestingly, when the early phase of the water maze was analyzed, looking at the same
time points (days 1–3) analyzed in the object recognition task, FGFR2iKO animals showed
a deficit in shorter-term learning. Control mice had stable, consistent learning with
downward, negative slopes over each 24-hour period (Fig 5O). During this same time
period, FGFR2iKO mice showed a downward learning slope initially, but then subsequently
had worse performance (Fig 5O, ANOVA F(2,15) = 2.830, p = 0.075). The slope of the
learning curves were significantly different between groups for these days (controls = −12.8,
FGFR2iKO: 3.9; p < 0.05) and a trend for a different average time to find the platform was
found for day three (Fig 5P, p = 0.10). Lastly, the time to find the platform on day three
showed a trend for a negative correlation with DCX+ cell number in the DG (r = −0.48, df =
10, p = 0.057) (Fig 5Q). This again suggests that distinct components of hippocampal
circuitry may underlie different stages of learning.
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Discussion
We demonstrate that FGFR2 plays a role in both early hippocampal development and the
genesis of new neurons in the adult DG and functionally intervenes in different aspects of
learning and memory. Additionally, we found that the FGFR2-dependent losses of different
cell types in the adult hippocampus are independently associated with alterations in distinct
aspects of learning and memory. Specifically, short-term components of learning and
memory that occur after a small number of presentations (within 48 hours) relied on the
presence of newly born granule neurons in the adult DG. On the other hand, the long-term
encoding of these experiences (reference memory) relied on the functioning of circuitry
within the hippocampal fields in which parvalbumin neurons play a significant role.

Early Role of FGFR2 in Hippocampal Development
Hippocampal anatomy and cellular defects in mice lacking FGFR2 in radial glia of the
dorsal telencephalon and their daughter cells starting from embryonic development differed
from that found in mice with induced knockout of FGFR2 only in adulthood. The decrease
in overall hippocampal volume was found only in mice lacking FGFR2 during embryonic
development and was similar to the volume defect observed in mice lacking another FGF
receptor, FGFR1 (39). These data are consistent with high expression of both FGFR1 and
FGFR2 in proliferative zones of the hippocampal primordium (40, 50). Similarly, the 50–
65% loss of parvalbumin neurons previously shown in the hippocampus and cortex of
FGFR1cKO animals (40, 42) is similar to the 44.4% loss shown here for FGFR2cKO
animals and suggests that signaling through both receptors in the embryonic or early
postnatal period, perhaps as heterodimers, plays a role in the development of these cells. As
the hGFAP-Cre line does not drive a significant amount of Cre recombination in the ventral
telencephalon, where the progenitors for these GABAergic neurons are located, and FGFR2
is not expressed in parvalbumin interneurons postnatally (51), these effects may be
indirectly mediated through postnatal changes in glial cells expressing FGFR1 and FGFR2.
Indeed, postnatal astrocytes have been shown to express both receptors (49, 50), but neither
FGFR1 nor FGFR2 may be sufficient alone in the process by which astrocytes signal to
parvalbumin cells, regulating their development in an FGFR-dependent way.

The reference memory performance on the water maze, i.e., the ability to learn and
remember new spatial information over many days, was impaired when FGFR2 was lacking
during early development, but not when FGFR2 was lacking only during adulthood. A
possible confound of these experiments is that FGFR2 was not totally lost after inducible cre
recombination in adulthood. Nevertheless, adult ongoing FGFR2 functioning was important
for hippocampal neurogenesis, while it did not appear to play a major role in reference
spatial memory. There is agreement among many models that the process of neurogenesis in
DG is not necessary for the retention of spatial memory (52–54). In contrast, the optimal
growth of the hippocampus and medial PFC, both of which depend upon FGFR2
functioning during embryonic development, is essential for reference memory. Furthermore,
the significant correlation between performance on the water maze probe trial and
parvalbumin neuron number within the hippocampus suggests that FGFR2 may influence
cognitive behavior by regulating postnatal development of parvalbumin neurons, as
suggested above. Within the hippocampus, parvalbumin neuron circuitry has been shown to
be critical for synchronous neuronal activity (55, 56) as well as different components of
spatial memory (57, 58). Furthermore, parvalbumin neurons are involved in plasticity
throughout the brain (59, 60). However, it cannot be ruled out that parvalbumin neuron
number also correlates with other FGFR2-dependent neural systems, which more directly
influence spatial learning and memory. For example, parvalbumin neuron numbers in the
hippocampus may be regulated in part by the presence of an appropriate number of
hippocampal glutamatergic cells and their expression of transcription factors such as TBR2
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(61). FGFR2 may also affect specific aspects of learning behavior via its role in other
elements of hippocampal circuitry including the formation of presynaptic terminals in CA3
(44).

Role of FGFR2 in Adult Hippocampus
Both mouse models studied here demonstrated that the number of newly born granule
neurons in the DG was deficient in the absence of FGFR2 signaling in radial glia and
astocytes of the adult dorsal telencephalon. Together with the deficit in proliferative cells,
these results suggest that FGFR2 plays a role in adult neurogenesis in DG. This is the first
evidence supporting the importance of FGFR2 for adult hippocampal neurogenesis.
Proliferating precursors and quiescent GFAP+ cells in the subventricular zone (SVZ) and
quiescent GFAP+ cells in the subgranular zone (SGZ) in adult rodents have been shown to
express FGFR2 (51, 62–64). Adult neurogenesis is also regulated by FGFR1 (41, 65), which
is expressed in proliferating precursors of SVZ and SGZ. Although FGFR2 and FGFR1 may
play a role in neurogenesis by similar mechanisms, FGFR2 has not been localized within
proliferating precursors of the SGZ (64), suggesting that its action may be restricted to
quiescent neural stem cells in this region. FGFR2 expression in quiescent GFAP+ cells may
also be critical for neurogenesis through non-cell autonomous processes, i.e. a contribution
to the environment of the neurogenic niche (16).

Mice lacking FGFR2 only during adult life showed unstable short term learning on the water
maze, even though their reference memory over many presentations eventually recovered
with no impairment on a standard probe test of spatial memory. Furthermore, the number of
newly born neurons in adult FGFR2cKO mice correlated with short-term object recognition
and short-term learning on the water maze. Other models of reduced adult hippocampal
neurogenesis have shown similar patterns of instability in the acquisition of spatial
information early in the course of water maze training (66, 67) and in other forms of short-
term learning (68), while spatial reference memory is intact. These findings may reflect a
specialized role for the DG in evaluating precise information about spatial distance. Object
recognition behavior is typically preserved in models of reduced neurogenesis; however,
most of these studies use only short, same-day inter-trial intervals. The object recognition
task used here evaluated 24–48 hour retention of memory and the ability to maintain stable
short term memories in the face of new memories being formed on subsequent days, a
process in which DG neurogenesis has been hypothesized to play a role (69).

A limitation of our study was the evaluation of most anatomical markers in animals that had
undergone 2–4 weeks of behavioral testing. Testing experience may interact with the knock
out of FGFR2, the results of which would be differences not solely due to the genetic deficit.

However, the deficit in DCX+ cells was similar in six-week old, non-behaviorally tested
animals and the testing experience of the animals used for the neurogenesis analysis was
much more restricted (three days) than that of the animals used for all other analyses (four
weeks), yielding equivalent results.

Conclusion
We have shown that FGFR2 signaling in both the embryonic and adult hippocampus plays
crucial roles for different aspects of learning and memory (19, 20, 34, 35, 70, 71). In
combination with genetic studies and functional analysis of FGFR gene variants, our data
may help elucidate specific variants of affective disorders reflecting different
pathobiological origins of illness. Our work and that of others linking different aspects of
hippocampal neurophysiology with different time periods of FGF activity (72–75) also
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suggests mechanisms by which treatment in adulthood may be effective even for disorders
with early origins, independent of the role of FGFR2 in development.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
FGFRcKO mice lacked fgfr2 early in development and had persistent neuroanatomical
deficit. A,B: Images of fgfr2 IIIc TM mRNA localization by in situ hybridization in the
hippocampus at P0 showing decreased expression in FGFR2cKO mice. C,D: Cresyl violet
staining showing decreased volume of hippocampus in a FGFR2cKO compared to a control
mouse. Scale bar=200 µm.
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Figure 2.
8–10 month old FGFR2cKO mice lacked cellular elements in hippocampus in adulthood.
A,B: Immunocytochemistry for parvalbumin in CA showing decreased parvalbumin neuron
density in FGFR2cKO as compared to control mice. C,D: Doublecortin (DCX)
immunocytochemistry with cresyl violet counterstaining showing decreased DCX cell
number in FGFR2cKO DG as compared to control mice. E, F: Immunocytochemistry for
BrdU (1 hour after BrdU tracer injection) in control and FGFR2cKO DG. Arrows indicate
DCX+ and BrdU+ cells. G: Histogram of average parvalbumin+ cell number in
hippocampus of control and FGFR2cKO mice (n=5; 5). H: Histogram of average DCX+ and
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BrdU+ cell number in DG of control and FGFR2cKO mice (n=5; 6) (*= p<0.05). Scale bar=
200 µm.
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Figure 3.
Cognitive performance in FGFR2cKO mice was correlated with specific hippocampal
cellular alterations. A,B: Water maze showing impairment in FGFR2cKO mice (n=10; 11)
with average time to find platform over 8 days of training and water maze reference memory
in average platform crossing preference score and quadrant preference score. C,D:
Significant correlations of hippocampal parvalbumin+ cell number with (C) ninth day time
to find platform location (n= 10) and (D) platform crossing preference (n=10). E,F: Average
novel object discrimination index based on (E) time spent orienting to objects or (F) number
of encounters with objects across three days in object recognition task, showing significant
deficit in learning in FGFR2cKO compared to controls (n= 13; 13) . G,H: Significant
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correlations of DCX+ cell number in DG with (G) third day novel object discrimination
index by time and (H) novel object discrimination index by encounters (n= 11). I: Individual
animal performance on the first three days of water maze learning showing instability of
memory during acquisition in FGFR2cKO. J: Average time to find platform on day 3 was
greater in FGFR2cKO animals than control mice (n= 6; 5). K: Day 3 water maze
performance was correlated with DCX+ number (n= 11). # p<0.05 ANOVA; * = p<0.05
students t-tests and r = Pearson correlation coefficient. Scale bar=200 µm.
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Figure 4.
FGFRiKO mice lacked fgfr2 in adulthood and showed minor alterations in hippocampus.
A,B: In situ hybridization of adult hippocampus showing expression of fgfr2 IIIc TM in
control mice which was reduced in FGFR2cKO mice. C,D: Cresyl violet staining showing
that the overall structure of the adult hippocampus was intact in FGFR2iKO mice. E: fgfr2
IIIc TM gene expression assessed by qPCR with total mRNA showed a significant fold
change in FGFR2cKO mice (Cre+) as compared to control littermates (Cre-) (n= 7; 5). Scale
bar=200 µm.
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Figure 5.
Adult FGFR2iKO mice lacked DCX+ and proliferating cells in the hippocampus. Cellular
findings were correlated with cognitive performance. A,B,C,D: Parvalbumin
immunocytochemistry in CA was equivalent in controls (micrographs from two individual
brains shown in A,B) and FGFR2iKO mice (micrographs from two individual brains shown
in C,D). E,F,G,H: Low (E,F) and high power (G,H) doublecortin (DCX)
immunocytochemistry with cresyl violet counterstaining in DG of control and FGFR2 iKO.
I,J, Low (I) and high (J) power images of colocalization of BrdU and NeuN staining used for
neurogenesis evaluation. K,L: High power images of Ki67 immunocytochemistry
demonstrating decreased Ki67+ cells in DG of FGFR2iKO. M: Average time to find
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platform over 8 days of training in the water maze showed no impairment in FGFR2 iKO
mice (n=7; 10). N: Water maze reference memory was intact in FGFR2iKO mice as
demonstrated by platform crossing preference score (calculated as the average difference in
the number of crossings of the platform area in the target quadrant minus crossings of the
same area in each of the other quadrants). O: Individual animal performance on the first
three days of water maze learning, showing instability of memory during acquisition in
FGFR2iKO mice. P: Average time to find platform on Day 3 was greater in FGFR2iKO
animals than control mice (n= 5; 5) (p = 0.10 NS). Q: Day 3 water maze performance was
correlated with DCX+ cell number (n= 10) (* = p<0.05 students t-tests and r=Pearson
correlation coefficient). Scale bar= 200 µm.
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Table 1
Hippocampal changes in FGFR2cKO mice lacking FGFR2 embryonically and in
adulthood

Averages and standard error of the mean (n for each shown) for volumes and cell numbers assessed by
stereology. n=number of animals. Differences were assessed with one tailed student’s t-tests based on previous
reductions of these volumes and cell types in FGFR2cKO and FGFR1cKO animals (7). BrdU was injected 1
hour prior to analysis.

Controls FGFR2cKO Deficit

Dentate Gyrus 4.49 ± 0.21 2.97 ± 0.29 −33.9%

Volume (mm3) n=6 n=6 p<0.001

Total 22.45 ± 1.18 14.16 ± 1.06 −36.9%

Hippocampal n=6 n=6 p<0.001

Volume (mm3)

Total 43.70 ± 2.92 24.30 ± 1.20 −44.4%

Hippocampal n=5 n=5 p<0.0005

Parvalbumin Cell

Number (×103)

Dentate Gyrus 3.55 ± 0.14 2.85 ± 0.15 −19.6%

Doublecortin Cell n=6 n=6 p<0.01

Number (×103)

Dentate Gyrus 3.43 ± 0.71 1.97 ± 0.35 −42.5 %

BrdU+ Cell n=6 n=6 p<0.05

Number (×103)
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Table 2
Hippocampal changes in FGFR2iKO mice lacking FGFR2 only in adulthood

Averages and standard error of the mean (n for each shown) for volumes and cell numbers assessed by
stereology. n=number of animals. Differences were assessed with one tailed student’s t-tests. BrdU was
injected for six days, three and a half weeks prior to analysis.

Controls FGFR2iKO Deficit

Dentate Gyrus 5.47 ± 1.43 4.76 ± 0.41 −13.0%

Volume (mm3) n=6 n=6 p=0.06

Total Hippocampal 23.21 ± 1.47 23.19 ± 1.64 −0.1%

Volume (mm3) n=6 n=4 NS

Dentate Gyrus 11.30 ±1.86 5.93 ± 1.03 −47.5%

Doublecortin Cell n=4 n=6 p<0.05

Number (×103)

Dentate Gyrus 2.36 ± 0.15 1.59 ± 0.11 −32.8 %

NeuN/BrdU n=3 n=4 p<0.005

Number (×103)
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