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Abstract

Aims: Fibroblast growth factor (FGF) signalling is dysregulated in multiple sclerosis

(MS) and other neurological and psychiatric conditions, but there is little or no consensus

as to how individual FGF family members contribute to disease pathogenesis. Lesion

development in MS is associated with increased expression of FGF1, FGF2 and FGF9, all

of which modulate remyelination in a variety of experimental settings. However, FGF9 is

also selectively upregulated in major depressive disorder (MDD), prompting us to specu-

late it may also have a direct effect on neuronal function and survival.

Methods: Transcriptional profiling of myelinating cultures treated with FGF1, FGF2 or

FGF9 was performed, and the effects of FGF9 on cortical neurons investigated using a

combination of transcriptional, electrophysiological and immunofluorescence micro-

scopic techniques. The in vivo effects of FGF9 were explored by stereotactic injection of

adeno-associated viral (AAV) vectors encoding either FGF9 or EGFP into the rat motor

cortex.
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Results: Transcriptional profiling of myelinating cultures after FGF9 treatment revealed a

distinct neuronal response with a pronounced downregulation of gene networks associ-

ated with axonal transport and synaptic function. In cortical neuronal cultures, FGF9 also

rapidly downregulated expression of genes associated with synaptic function. This was

associated with a complete block in the development of photo-inducible spiking activity,

as demonstrated using multi-electrode recordings of channel rhodopsin-transfected rat

cortical neurons in vitro and, ultimately, neuronal cell death. Overexpression of FGF9

in vivo resulted in rapid loss of neurons and subsequent development of chronic grey

matter lesions with neuroaxonal reduction and ensuing myelin loss.

Conclusions: These observations identify overexpression of FGF9 as a mechanism by

which neuroaxonal pathology could develop independently of immune-mediated demye-

lination in MS. We suggest targeting neuronal FGF9-dependent pathways may provide a

novel strategy to slow if not halt neuroaxonal atrophy and loss in MS, MDD and poten-

tially other neurodegenerative diseases.
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INTRODUCTION

Neurodegeneration is the underlying cause of chronic disability in

multiple sclerosis (MS), a chronic inflammatory demyelinating disease

of the central nervous system (CNS) that affects over 2.5 million peo-

ple worldwide [1]. Neuronal damage and loss are observed in many

brain regions [2–4] and are associated with cognitive dysfunction,

fatigue and depression, as well as contributing to multiple motor and

sensory deficits [5, 6]. Yet, despite its clinical importance, our under-

standing of the mechanisms underlying neuronal pathology in MS

remains incomplete. The general consensus is that neuronal pathology

develops in response to the detrimental effects of inflammatory

demyelination on the structural integrity of myelinated axons [7, 8].

However, recent studies suggest an alternative scenario in which neu-

ronal pathology develops independently of demyelination [9–15], a

situation in which neuronal pathology is posited to be a primary, as

opposed to secondary event in disease development.

The pathomechanisms contributing to neuronal injury in this sce-

nario are poorly understood, but based on our previous expression

data from MS tissue, we speculated this may involve dysregulation of

fibroblast growth factor (FGF) signalling as discussed in other neuro-

degenerative and neuropsychiatric disorders [16–21]. The mammalian

FGF family consists of 18 ligands that signal via a small family of trans-

membrane receptor kinases encoded by four genes (FGFR1, FGFR2,

FGFR3 and FGFR4). FGF plays important roles during neurogenesis

where it contributes to the regulation of glial and neuronal progenitor

cell proliferation, migration, differentiation and survival. However, its

functional significance in the adult CNS remains unclear, although sev-

eral studies indicate it may support a variety of neuroprotective

responses following ischemic or traumatic brain injury [22].

Expression of several FGF family members is increased in MS tis-

sue suggesting FGF9 signalling also contributes to lesion development

in this disease [20, 21, 23]. These include FGF2 and FGF9, which are

upregulated at sites of ongoing tissue damage where they may either

promote lesion development by inhibiting (re)myelination [20, 23] or

alternatively induce a neuroprotective response that supports lesion

repair [24–27]. However, an alternative scenario is suggested by the

observation that FGF9 is also upregulated in the serum and hippo-

campal tissue from patients with major depressive disorder (MDD)

and in animal models of depression [28–30]. Intriguingly depression is

not only a frequent co-morbidity in MS with a reported prevalence

two to four times higher than in the general population [31, 32] but is

also associated with grey matter atrophy of the same frontotemporal

brain regions as in MDD [33]. This led us to speculate grey matter

atrophy and associated functional deficits in both MS and MDD may

involve contributions from previously unrecognised effects of FGF9

on neuronal rather than glial function and survival.

We now present data supporting this hypothesis. Comparative

profiling of the transcriptional response of myelinated CNS cultures

revealed FGF9, but neither FGF1 nor FGF2 downregulates the

Key points

• Multiple sclerosis and major depressive disorder have

been associated with increased expression of FGF9 in

affected brain regions.

• We now report FGF9 is neurotoxic, as it rapidly down-

regulates neuronal gene networks required to maintain

synaptic function and axonal transport and compromises

the survival of post-mitotic neurons.

• FGF9 overexpression in the rat cortex initiates primary

neurodegeneration and ensuing myelin loss in vivo.
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expression of neuronal gene networks related to synaptic mainte-

nance and impulse propagation. This transcriptional response was rep-

licated in primary cultures of cortical neurons where it was associated

with a rapid block in the development of inducible neuronal spiking

activity and ultimately neuronal cell death. Extending these studies to

investigate the consequences of over-expressing FGF9 in adult rat

cortex in vivo demonstrated this also initiates rapid neuronal cell

death, resulting in axonal loss, secondary loss of myelin and, ulti-

mately, chronically myelin-depleted lesions with neuroaxonal reduc-

tion that recapitulate part of the histopathological findings of grey

matter lesions in progressive MS. Collectively, these data identify

FGF9-mediated neuronal dysfunction and death as an inflammatory

demyelination-independent mechanism that can contribute to neuro-

degeneration in MS.

MATERIALS AND METHODS

Animals

Lewis rats were purchased from Harlan-Winkelmann GmbH (Borchen,

Germany), Wistar rats were provided by the animal facility of the Max

Planck Institute for Experimental Medicine, Göttingen, and Sprague

Dawley rats were purchased from Charles River (United Kingdom). All

animals were maintained in accordance with regional, national and EU

regulations concerning animal welfare in standard cages on a 12 h

light–dark cycle with food and water ad libitum.

Cell and tissue culture

Neurosphere-derived astrocytes were generated as described previ-

ously [20, 23]. Briefly, post-natal Day 1 striata of several Sprague–

Dawley rats were dissociated and cells resuspended in 20 ml neuro-

sphere media (see [20]) supplemented with 20 ng/ml mouse submaxil-

lary gland epidermal growth factor (EGF, R&D Systems) in a 75 cm3

tissue culture flask. After approximately 1 week, formed neurospheres

were triturated and plated on PLL-coated cover slips in low glucose

DMEM supplemented with 10% foetal bovine serum and cultured

until they formed a confluent monolayer.

Rat myelinating cultures were then established from Sprague–

Dawley rat spinal cords on embryonic day 15.5 (harvested and pooled

from several embryonic litters) as described previously [20, 34]. Cul-

tures were maintained at 37�C/7% CO2 and fed every 2 days by

replacing half the culture medium. Insulin was withdrawn from the

culture medium from DIV 13 onwards to promote myelination. Cul-

tures were treated with human FGF1 (PreproTech; ED50 < 0.5 ng/ml),

FGF2 (PreProTech; ED50 < 0.1 ng/ml) or FGF9 (R&D Systems; ED50

1-5 ng/ml) from DIV18 as indicated in the text. Neuronal cultures

were generated according to a modified method from [35] by digest-

ing cortex of E15.5 Sprague–Dawley rats in 0.25% trypsin (Sigma) and

0.1% collagenase I (Invitrogen) after 15 min at 37�C the cells were dis-

sociated and the single cell suspension was plated on PLL-coated

cover slips (0.1 mg in boric acid buffer pH 8.4) at a density of 40.000

(for staining) or 400.000 cells (for qPCR) per cover slip in 100 μl neu-

romedia (neurobasal media containing B27 supplement, 5,000 IU/ml

penicillin, 5 μg/ml streptomycin and 2 mM L-Glutamine; all Gibco).

After 2 h, non-adherent cells were removed, and adherent cells cul-

tured in neuromedia (1 ml per 35 mm petri dish containing three cov-

erslips). Cells were fed twice a week by replacing half of the media; on

DIV13, treatment with 100 ng/ml FGF9 (or FGF1 or FGF2) was

started for either 3 or 10 days as stated in the text. Neuronal purity

was routinely assessed by immunofluorescence microscopy as >95%;

the majority of contaminating cells were GFAP+ astrocytes

(3.1% +/� 1.9% of all cells at DIV13).

RNA extraction and microarray analysis

RNA was extracted from myelinating cultures grown in the presence

or absence of FGF1, FGF2 or FGF9 (100 ng/ml) for 24 h or 10 days

using Qiagen RNeasy Micro kits according to manufacturer’s instruc-

tions. RNA quality and integrity were checked using an Agilent Bioa-

nalyzer 6000 Nano LabChip platform. Total RNAs were labelled with

biotin using Ambion® WT Expression Kits following the Affymetrix

GeneChip® WT Terminal Labeling and Hybridization protocol. Pro-

cessed RNA was then hybridised to Affymetrix GeneChip® Rat Gene

1.0 ST Arrays using manufacturer’s protocols for the Fluidics Station

450 and then scanned on a Gene Array Scanner 3000-7G. Data analy-

sis was carried out using Partek Genomics Suite (Version 6.6, Partek

Inc., St. Louis, MO, United States) software. Control and Treatment

(FGF1, FGF2 or FGF9) groups were generated with three replicates

per group. This dataset has been deposited in the Gene Expression

Omnibus database (http://www.ncbi.nlm.nih.gov/geo/accession num-

ber GSE52753) [20]. Probe set level data were normalised using the

GCRMA normalisation method and summarised to transcript cluster

level using One-Step Tukey’s Biweight method. Differential expres-

sion analysis was carried out by performing a two-way ANOVA test

on the normalised expression values. Differentially expressed gene

lists were generated based on the ANOVA (fold change >±2.0 at a

FDR adjusted p value of <0.05). Principal component analysis (PCA),

gene expression heat map, differential expression profile analysis,

gene ontology enrichment and network analysis were performed with

Searchlight2 [36]. Three differential expression workflows (Control vs

FGF1, Control vs FGF2 and Control vs FGF9) and one multiple differ-

ential expression workflow (combining the three individual workflows)

were generated. For genes with multiple probe sets, the probe set

with the lowest p value was retained, and only annotated genes have

been analysed. For selected differential expression profiles, gene

ontology enrichment was performed using a standard hypergeometric

test with Benjamini–Hochberg multisample correction (significance at

p-BH, 0.05) and using the cellular component database (http://

geneontology.org/). For PCA, all expression values were used and per

gene z scores to reduce high expression bias; the heatmap was gener-

ated using per gene expression z scores and clustered with Spearman

distances, mean agglomeration and re-ordering.
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For the expression profile of genes specifically down regulated by

FGF9, network plots were generated. Nodes in the network denote

significant gene ontologies, with the colour intensity representing

�log10 p value. Two nodes were connected by an edge where >50%

of the genes in the two gene ontologies were the same. For clarity,

singleton nodes were removed. The network layout was generated

using the R package network, under default settings, and used a

Fruchterman–Reingold force-directed layout algorithm.

Quantitative real-time PCR

RNA extraction was performed using the Qiagen RNeasy Micro kit

according to manufacturer’s instructions for myelinating cultures or

using the PureLink RNA Mini Kit (Invitrogen) for neuronal cell

cultures. RNA quality and integrity were checked using the Agilent

Bioanalyzer 6000 Nano LabChip platform.

The Qiagen QuantiTect® Reverse Transcription Kit was used for

cDNA synthesis, with the following cycling parameters: DNA wipeout

step 42�C for 2 min, after adding primer mix, reverse transcriptase

and reaction buffer and second cycle: 42�C for 20 min and then 95�C

for 3 min. Real-time PCR was performed using 1X SYBR Green master

mix (Applied Biosystems), 50 pmol/μl of each primer, 10 ng cDNA

template and distilled water. Primers were designed using Primer

3 software [37] (http://biotools.umassmed.edu/bioapps/primer3_

www.cgi), sequences were checked with BLAST (http://blast.ncbi.nlm.

nih.gov/Blast.cgi) and primers were purchased from IDT, sequences

are stated in the table.

The reaction was amplified in an Applied Biosystems Fast Real-

Time PCR System (ABI 7500) as described [20]. The comparative CT

method (or the 2-ΔCT method) [38, 39] was used to determine differ-

ences in gene expression. For statistical analysis, paired t test was per-

formed on the mean ΔCT for each experimental repeat to test for

significant changes induced by FGF9 treatment as compared to

untreated controls.

Electrophysiology

One million/100 μl embryonic rat cortical cells from Wistar rats (E18)

were seeded on multi electrode arrays (60 electrodes, 30 μm diameter

TiN-MEA, Multi Channel Systems) coated with Poly-D-lysine

(50 μg/ml, Sigma-Aldrich, P7886) and Laminin from Engelbreth-

Holm-Swarm murine sarcoma basement membrane (25 μg/ml,

L2020-1MG, Sigma-Aldrich). Prior to seeding, AAV9-hSyn-hChR2

(H134R)-EYFP (Addgene, 26973-AAV9) was added to the cells in a

final concentration of 3.39 � 102 genome copies/cell (Addgene). Cul-

ture medium consisted of neuronal basal medium without phenol red

and antibiotics (Gibco, 12348017) enriched with glutaMAX 1:400

(Gibco, 35050038), FGF2 10 ng/ml (Gibco, 13256029) and B27 Sup-

plement 1:50 (Gibco, 17504044). Medium was filled up to 1 ml per

well 4 h after seeding. For medium exchange, 0.5 ml was replaced on

DIV3, DIV7 and DIV14. Electrical recording started on DIV18 with a

spontaneous activity recording for 5–10 min and subsequent stimula-

tion by 30 light pulses (see below for details) in medium without addi-

tives (control, t = 0 h), followed by an exchange of 0.1 ml medium

with either pure medium (control group) or medium with FGF9

(treatment group). In the latter case, a final concentration of

100 ng/ml FGF9 was obtained. Further recordings were performed

after t = 30 min, t = 51 h and t = 109 h. After t = 51 h recordings,

0.5 ml medium (with/without FGF9 100 ng/ml) was replaced.

To probe neuronal activity within the incubator at 37�C, 8% CO2

and 90% humidity action potentials were recorded by a

MEA2100-System (Multichannel Systems, Reutlingen, Germany),

which was placed on of a high-power LED (480 ± 10 nm). The stimula-

tion regime consisted of 30 rectangular pulses for 1 s followed by 3 s

pause as described earlier [40]. Data were sampled with at least

10 kHz and further analysed by the open-source software package

Spyking Circus [41]. Template matching was performed with default

parameters at a template width of 3 ms, a spike detection threshold

of six times median absolute deviation (MAD) and a bandwidth filter

[200, auto]. This liberal threshold was chosen to avoid missing spikes.

The noise-triggered threshold crossings were excluded based on their

symmetric waveform. Templates with large or small symmetry were

considered to represent noise. Moderate symmetry templates (>15

and < 30) were considered true spikes. For average post-stimulus

response curves, the trials were averaged using 40 bins with a width

of 6.25 ms (Figure 2E). The cumulative spike count during the first

250 ms of each stimulus episode was used as a read-out of spiking

activity.

Immunofluorescence microscopy

Myelinating or neuronal cultures were fixed with 4% paraformalde-

hyde (PFA) for 15 min at RT, permeabilised for 15 min with 0.5%

Triton-X and blocked for at least 30 min in PBS/10% Horse serum/1%

bovine serum albumin. Cells were then incubated with primary anti-

bodies for 45 min and washed in PBS before secondary antibodies

were applied (15 min in the dark). Thereafter, coverslips were washed

with PBS followed by distilled water and mounted with Mowiol 4-88

(Calbiochem, United Kingdom) containing DAPI. The following primary

antibodies were used: NeuN (1:400, rabbit IgG, Millipore), β-tubulin

(1:200, msIgG2a, Merck), SMI-31 (1:1,000, mouse IgG1, Biolegend),

Z2 (1:500, MOG-specific, mouse IgG2a [42]), MAP 2 (1:300, rabbit

IgG, abcam), NG2 (1:200, rabbit IgG, Millipore) and Olig2 (1:500, rab-

bit IgG, Millipore). Species and isotype-specific secondary antibodies

labelled with Alexa Fluor 488 or Alexa Fluor 568 (Invitrogen) were

used at 1:400. For quantitative analysis, 10 random images from each

of the three coverslips were taken at 10X magnification (neurite den-

sity and myelination of myelinating cultures) or 20X magnification

(neuronal cultures and NG2, Olig2 cell numbers for myelinating cul-

tures) using an Olympus BX51 fluorescent microscope and Ocular

software (QImaging). Neurite density, myelination, Olig2 and DAPI

counts were automatically quantified using CellProfiler cell image

analysis software [43]. The pipelines used in this study were
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developed in house and are available at Github (https://github.com/

muecs/cp). Axonal density of myelinating cultures was analysed with

the help of Fiji using the normalised local contrast filter plugin fol-

lowed by autothresholding the image, and the histogram function was

used to calculate % SMI31 pixels in the image (method adopted from

https://github.com/BarnettLab/MyelinJ and [44]). MAP 2 and NG2

cell counts were manually quantified in a blinded fashion.

Adeno-associated viral (AAV-6)-based vector as a tool
to express FGF9

To investigate the influence of FGF9 on astrocytes,

oligodendrocytes, de- and remyelination and neuroaxonal damage, a

replication-deficient vector based on adeno-associated virus 6 (AAV-

6), was used to overexpress this protein. The AAV-6 vectors were

constructed by Dr Sebastian Kügler, Department of Neurology,

UMG [45]. The genome of the control viral vectors consisted of the

astrocyte-specific GFAP promotor and the cDNA for enhanced green

fluorescent protein (EGFP). Note that these AAV-EGFP constructs

contain a woodchuck hepatitis post-transcriptional control element

(WPRE), which stabilises mRNA, resulting in a 2- to 10-fold higher rate

of protein expression. The constructed vectors were propagated in

293 cells using a helper plasmid [46] and purified [47]. After dialysis,

genome titres were determined, and purification and identification of

infectious titres were performed [45].

Intracerebral stereotactic injection

Adult female Lewis rats (3 months of age) were intraperitoneally (i.p.)

anaesthetised by injection of ketamine (60 mg/kg body weight) and

xylazine (8 mg/kg body weight). After loss of consciousness, a rostro-

caudal cut was performed to gain access to the skull. Next, the animal

was mounted in a stereotactic device. A fine hole was drilled into the

skull 1 mm caudal and 2 mm sagittal to the bregma, until only a thin

layer of bone was left to avoid damage to the brain. The skull and the

meninges were then carefully opened with a microdissecting knife.

One microlitre adeno-associated virus (AAV) vector solution (contain-

ing 108 viral genomes) was injected stereotactically by a fine cali-

brated glass capillary into the cortex (1.5 mm depth). Furthermore, to

mark the injection site, monastral blue was added. The solution was

administered very slowly during a period of 3 min to avoid tissue dam-

age. After injection, the capillary was carefully withdrawn, and the

skin was sutured. Finally, the animals were euthanized for qPCR or

perfused at various time points after injection and the tissues were

processed for immunohistochemistry.

Histology and immunohistochemistry

The deparaffinised 2–3 μm sections were processed for Bielschows-

ky’s silver impregnation, Nissl staining or immunohistochemistry (IHC).

For IHC, endogenous peroxidase was blocked by incubation of the

sections with 3% H2O2/methanol, followed by heat antigen retrieval

(microwave) with citrate buffer (pH 6.0) or EDTA buffer (pH 8.5). Sec-

tions were furthermore blocked with 10% foetal calf serum (FCS) and

incubated with primary antibodies against APP (Chemicon, 1:3,000,

mouse), CNP (Covance, 1:200, mouse), FGF9 (Abcam, 1:400, rabbit),

GFAP (Dako, 1:1,000, rabbit), Iba-1 (Wako, 1:1,000, rabbit), PLP

(Biozol, 1:250, mouse), MAG (myelin-associated glycoprotein; kindly

provided by C. Richter-Landsberg, Oldenburg and T.V. Waehneldt,

Göttingen [48], 1:1,000, rabbit), MOG (rat anti-myelin oligodendro-

cyte glycoprotein [MOG] antiserum, 1:1,000, rat), NeuN (Millipore,

1:200, mouse), NogoA (kindly provided by M. Schwab [49], 1:20,000,

mouse), Olig2 (IBL, 1:300, rabbit) and SMI32 (Covance Inc., Princeton,

NJ, United States, 1:7,000, mouse) overnight. This was followed by

incubation with species-specific HRP-conjugated secondary anti-

bodies for 1 h, developed with DAB, and counterstained with

haematoxylin.

For myelin quantification, colour deconvolution software in Ima-

geJ [50] was used to select the DAB staining within the lesions.

After conversion to binary images, particle analysis was used to

quantify DAB-positive staining areas. Cell densities (ED1, CD3,

NogoA, Olig2, NeuN, SMI32, Nissl, TUNEL, FGF9 and GFAP), as well

as APP+ swellings, were counted from at least six different areas of

each lesion at 400X magnification using an ocular

morphometric grid.

TUNEL assay and in situ hybridisation

To visualise DNA fragmentation, terminal deoxynucleotidyl transfer-

ase dUTP nick end labelling (TUNEL) was performed by applying TdT-

labelling mix (tailing buffer, Digoxigenin-DNA, terminal transferase,

CoCl 25mM) for 1 h onto deparaffinised sections pre-treated with

proteinase K at 37�C for 15 min. After careful washing (five times),

10% FCS in PBS was applied as a blocking buffer for 15 min. Alkaline

phosphatase-conjugated anti-digoxigenin Fab-fragments (1:500) dis-

solved in 10% FCS in PBS were added for 1 h. The staining was devel-

oped with NBT/BCIP (74-nitro blue tetrazolium chloride [NBT,

Roche], 5-bromo-4-chloro-3-indolyl phosphate [BCIP, Roche]) solu-

tion, followed by co-staining with MAP 2 (1:300, rabbit IgG, Abcam)

primary antibody in 10% FCS in PBS overnight. After incubation with

rabbit specific AP-conjugated secondary antibodies for 1 h, the slide

was developed with FastRed for 20 min and counterstained with

haematoxylin.

For PLP-in-situ hybridisation (ISH) deparaffinised sections were

also pre-treated with proteinase K. In addition, after deparaffinisation,

post-fixation with 4% PFA and incubation with HCl was performed.

Before application of the PLP probe, sections were incubated in 0.5%

acetic anhydride and chloroform. The hybridisation mix was added to

the sections for initially 4 min at 95�C and followed by an overnight

incubation at 65�C. An alkaline phosphatase (AP)-coupled anti-

digoxigenin antibody was developed with an NBT/BCIP solution

(Roche) over night for chromogenic visualisation.
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Statistics

All experiments were performed a minimum of three times; biological

replicates are defined as either different animals or independent cell

cultures set up on different days from different animals. For in vitro

data, technical replicates (n = 3) were set up for each condition on

individual cover slips. Treatment groups were randomly assigned to

cultures/animals, and data acquisition/analysis was performed

blinded. All statistics were calculated with GraphPad Prism 7 (Graph-

Pad Software Inc; La Jolla, CA, United States) using unpaired t test,

paired t tests, one-way ANOVA or two-way ANOVA as specified in

the text. A p value of <0.05 was considered statistically significant,

with ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; n.s., not

significant. Electrophysiological data have been analysed using the

open-source stats package from the library SciPy 1.0 [51]. Prior to

three-way ANOVA, the logarithm of rate values was taken after a

small shift was applied (+1.5 Hz to account for zero rate responses) to

achieve the precondition of normality on an ANOVA (Figure 2F,

Supporting Information S2 ANOVA). A Shapiro Wilk test of the resid-

uals of the ANOVA resulted in a p value of 0.28, thus not allowing to

reject the Null hypothesis that the residuals are normally distributed.

For post hoc comparison, a Mann–Whitney-U test was used with

Bonferroni’s multiple comparison correction.

RESULTS

FGF9 down regulates neuronal gene networks
associated with synaptic function

A gene microarray study was performed on myelinating cultures trea-

ted with FGF1, FGF2 or FGF9 for 10 days (100 ng/ml; DIV 18–28).

Three biological replicates were performed for each treatment and

consistency between data sets confirmed by PCA (Figure 1A). We

observed pronounced differences in the magnitude of the transcrip-

tional response induced by these FGF family members. FGF1 differen-

tially regulated expression of 35 genes (24 up regulated and 11 down

regulated; FDR-adjusted p < 0.05 and ±2-fold cut off); FGF2 differen-

tially regulated 431 genes (327 up regulated and 104 down regulated);

and FGF9 differentially regulated expression of 1,465 genes

(574 up regulated and 891 down regulated) (Supporting Information

S1 gene list).

Differential expression profile analyses of these data sets identi-

fied three transcriptional profiles with significantly enriched GO

terms. Two were specific for FGF9, whilst the third was defined by

211 genes up regulated by FGF2 (Figure S1; Supporting Information

S1 gene list). The profile defined by 565 genes up regulated by FGF9

was enriched in GO terms related to its mitogenic properties

(Figure S2). However, the profile defined by 881 down regulated

genes (Figure 1C; Supporting Information S1 gene list) was enriched

in terms relating to neuronal function that included the GO terms Pre-

synapse, Presynaptic Active Zone, Excitatory Synapse, Postsynaptic

Membrane and Axonal Part (Figure 1C). This indicates FGF9 nega-

tively affects neuronal function, an interpretation supported by net-

work analysis of all genes down regulated by FGF9 compared to

untreated control cultures (Figure 1D). This also identified multiple

terms related to down regulation of synaptic function but revealed

these are embedded in a more extensive network of interactions

related to the function and maintenance of myelinated axons

(GO Terms: Myelin sheath, Axon initial segment, Node of Ranvier;

coordinated propagation of axonal action potentials [GO Terms:

Cation Channel Complex, Voltage-gated Sodium Channel Complex,

Voltage-gated Calcium Channel Complex, Potassium Channel Com-

plex, Sodium Channel Complex]) and a second network indicative of

dysregulation of microtubule function (GO Terms: Microtubule Asso-

ciated Complex, Dynein complex, Ciliary Part) (Figure 1D).

FGF9 compromises neuronal survival and function

To investigative the neurodegenerative potential of FGF9, we first

explored its effects on neurite density in myelinated cultures. Treat-

ment with FGF9 (DIV 18–38) resulted in some reduction in neurite

density compared to untreated controls (p = 0.0056; Figure 2A). To

determine if this was a cell autonomous response or secondary effect

of FGF9 on astrocytes and oligodendrocytes [20], we treated primary

cultures of post-mitotic cortical neurons with FGF9 for 2 days (DIV

21–23). FGF9 rapidly down regulated neuronal gene expression in

these cultures to a similar extent as seen in myelinating cultures

(Table 1). To determine if this transcriptional response was associated

F I GU R E 1 FGF9 down regulates gene networks required to maintain neuronal function. Myelinating rat CNS cultures were treated with
100 ng/ml FGF1, FGF2 or FGF9 for 10 days from DIV18 onwards and gene expression analysed using Affymetrix rat gene arrays. (A) Principal
component analysis (PCA) shows PC1 (x axis), PC2 (y axis) and variance explained by each component; samples are coloured by sample group. (B,
C) Differential expression profile analysis identified two transcriptional profiles specifically regulated by FGF9. (B) A subset of 565 genes up
regulated associated with GO terms associated with cell division. (C) A subset of 881 down regulated genes associated with GO terms related to
a synaptic/axonal phenotype. Gene expression heat map of transcripts with FDR adjusted p < 0.05 and fold change >±2 for any of the FGF
treatments (FGF1, FGF2 or FGF9) are shown. The heat maps show expression values for three replicates in each treatment group row-scaled into
Z scores with colour intensities representing a range of expression values (high expression in red and low expression in blue). The y axis has been
hierarchically clustered using spearman values and mean agglomeration. P values (hypergeometric test with Benjamini–Hochberg multisample
correction) are provided for the 10 most significantly enriched GO terms for each profile, and shown are the 25 most significantly down regulated
genes for expression profile in (C). (D) Network analysis of enriched GO terms for all 891 genes down regulated by FGF9 compared to untreated
controls (FDR adjusted p < 0.05 and fold change >�2 vs control) indicates a detrimental effect on impulse transmission and transport processes.
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with a functional deficit, we performed multi electrode array measure-

ments on cortical cell cultures. These were transduced with a com-

mercially available viral construct encoding ChR2(H134R) under the

control of a hSyn promotor that enabled us to drive neuronal spiking

activity by short exposure to blue LED whole field stimulation. As pre-

vious experiments revealed spiking activity develops from around

14 DIV in this culture system, we elected to wait a further 4 days

(DIV18, t = 0 h) to ensure robust readouts when treating cultures

with FGF9 (Figure 2B,C).

Untreated control cultures showed an increase in light-driven

neuronal activity from 5.1 Hz at t = 0.5 h to 10.0 Hz and 14.2 Hz at

t = 51 h and t = 109 h (for confidence intervals, see Figure 2B), an

increase analogous to that observed for spontaneous activity in similar

cultures [52]. This increase in light-driven neuronal activity was abol-

ished completely by FGF9, the frequency of spiking activity remaining

unchanged from that observed in DIV18 control cultures (Figure 2B).

Exemplary spike raster plots documenting this effect are shown in

Figure 2C. Since synaptogenesis is the underlying cause of increased

spiking activity in these cultures [53], our data imply FGF9 disrupts

formation of new functional synapses, an interpretation supported by

our transcriptomic data demonstrating FGF9 down regulates

expression of multiple genes contributing to synaptogenesis (Figure 1;

Supporting Information S1 gene list). This rapid effect on light-driven

neuronal activity seen after 51 h was not due to neuronal loss, as

there was no significant decrease in NeuN+ cells in the first 72 h

(Figure 2D–F). However, longer term exposure to FGF9 did compro-

mise neuronal survival as after 10 days, the number of MAP2+ neu-

rons was reduced by 50% (p = 0.0159), an effect accompanied by a

46% decrease in neurite density (p = 0.0057) compared to untreated

controls (Figure S3).

FGF9 induces neurodegeneration and myelin loss in
the adult rat cortex

To address the in vivo relevance of our in vitro observations, we

injected adeno-associated viral vectors (AAV) encoding FGF9 or EGFP

(enhanced green fluorescent protein) under control of a GFAP pro-

moter into the motor cortex of naïve Lewis rats. qPCR analysis con-

firmed AAV-FGF9 mediated sustained expression of mouse Fgf9.

Expression was highest at day 10 p.i. and then declined, although

enhanced expression was still apparent 7 months p.i. (Figure S4).

F I GU R E 2 FGF9 compromises neuronal function and survival. Rat myelinating spinal cord cultures were treated with 100 ng/ml FGF9 from
DIV18 on for 20 days, and neurite density (A, % of SMI31) was analysed by immune fluorescent microscopy; paired t test of FGF9 treated
cultures compared to control shows a significant decrease in axonal density **p < 0.01. (B/C) Cultures of postmitotic cortical neurons were
treated with 100 ng/ml FGF9 for 0.5, 51 and 109 h; spike raster plots from two representative electrodes before and 109 h after treatment with
FGF9 (C). Displayed are the first 250 ms after stimulation onset for all 30 repetitions of the stimulus and the corresponding mean post-stimulus
response curve with 95% CI (bootstrapped of 100 resamples). (B) Mean electrode responses of the first 250 ms post stimulus onset from
30 repetitions from different multi electrode arrays (nMEA = 3 per group, all active electrodes control: nelectrode = 82 and FGF9: nelectrode = 85).
Post hoc multiple comparison corrected by Bonferroni method revealed significant increase of activity in the control group both over time and
compared to the treatment of FGF9 (100 ng/ml); for details, see supporting information ANOVA. Boxplots are presented according to standard
Tukey’s definition, whilst notches show 95% CI intervals (bootstrapped of 1,000 resamples). **p < 0.01; ****p < 0.0001 (D–F) Neuronal cultures
were treated with 100 ng/ml FGF9 for 3 or 5 days. Short-term FGF9 treatment had no effect on neuronal numbers (D: NeuN+ cells) and neurite
density (E: β tubulin III), shown are mean ± SEM. (F) Representative images for untreated (control) cultures or cultures treated with FGF9 for
3 days are shown; scale bars represent 50 μm.

T AB L E 1 Expression data for neuronal genes in myelinating cultures and primary cortical neurons

Gene

Myelinating culturesFold
change (p-value)

Cortical neuronsFold
change (p-value)

Primer sequenceArray qPCR qPCR

Nefh �6.09 �2.42 ± 0.5* �3.3 ± 1.0* AGGACACAGGGTTAGCAACGTCACTAGCAGGGTGGCTTTG

Dnah9 �6.99 �3.35 ± 0.8* �2.6 ± 0.3** CAAAGGGATGCTGGAGCAGATCACTTCGTTGTGGCTCTCC

Sv2b �4.74 �3.79 ± 0.6** �2.6 ± 0.4* CTCTACCGCTGAATCGCTCGTTTGACAAGGTCGGTCGGAG

Kif5a �2.81 �3.07 ± 0.9* �2.6 ± 0.3** GGCCAGAGCAGAGATCACATTCTCCGACAGGTCA

GCAAGAC

Dnahc6 �10.54 �3.97 ± 1.3* �13.1 ± 2.9** TGCAGAACGAGTGCAGTCAAAGAGCCGGAAAGTGTCCTTG

Rbfox3 �2.78 �3.01 ± 0.4** �3.8 ± 1.0** TCTATGCAGTGACCAGTTTCCC CCACGGGACTGGCA

TTTTAAC

Dync1i1 �3.53 �2.86 ± 0.7* �2.6 ± 0.4** CCGTTCCAGATGACTCCGATCAGCGGCTGCACTAGAGG

Note: Fold change for Control vs FGF9 for 48 h (cortical neurons) or 10 days (myelinating cultures) treatment with FGF9, p values for ΔCt of Control vs
FGF9 (t test), data from at least four independent experiments.

*p < 0.05.

**p < 0.01.
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Neither vector had any discernible effect on expression of rat Fgf9

demonstrating tissue damage associated with the needle track had no

effect on expression of endogenous rat Fgf9 (Figure S4). The maximal

fold-increase in Fgf9 induced following injection of AAV-FGF9 is in

the same range as that reported across some MS lesions [20, 21].

Local over-expression of FGF9 resulted in chronic lesions charac-

terised by extensive loss of neurites and neurons, ensuing myelin loss,

and associated with recruitment/activation of microglia/macrophages

and astrocytosis (Figures 3, 4, and S5). We observed acute axonal

transport disturbance as assessed by APP immunohistochemistry

(Figure 3A,B) and loss of axons by Bielschowsky silver impregnation

(Figure 3C,D). Axonal pathology continued to accumulate throughout

the study period. The number of APP positive spheroids, a marker for

acute axonal injury [54], increased significantly between 3 and

9 months p.i. (Figure 3A,B) and was accompanied by a progressive

decrease in axons identifiable by silver staining over the same time

period, the latter indicating approximately 80% of axons were lost

after 9 months (Figure 3C,D). Myelination as assessed by loss of

immunohistochemical reactivity for myelin proteins declined to

approximately 50% of control values after 1 month before plateauing

F I GU R E 3 Over expression of fibroblast growth factor 9 (FGF9) induces progressive loss of axons and myelin in the rat cortex. (A, B)
Immunohistochemistry for amyloid precursor protein (APP; brown). The number of APP positive spheroids increases progressively from 1 month
post injection onwards in AVV-FGF9 induced lesions. Number of APP positive axonal spheroids is plotted as mean ± SD (n ≥ 3) for each time
point and treatment group. Note: In the AVV-EGFP group, no APP positive spheroids were detected at any time point; scale bars, 500 μm. (C, D)
Bielschowsky silver impregnation demonstrates accumulation of APP positive spheroids is associated with a corresponding loss of axons.
****p < 0.0001 (two-way ANOVA followed by Šidák’s post-test, mean ± SD), scale bars, 500 μm. Dashed line marks the lesion border, lesion on
the left. (E) Immunohistochemical (IHC) staining for proteolipid protein (PLP, brown). PLP immune reactivity declines progressively in AAV-FGF9
induced lesions until almost completely lost at 9 months. Scale bars, 500 μm (top panel) and 50 μm (bottom panel). (F) Immunohistochemical
quantification of four myelin proteins (PLP, MOG [myelin oligodendrocyte glycoprotein], MAG [myelin-associated glycoprotein], CNP [20 ,30-
Cyclic-nucleotide 30-phosphodiesterase]) within the lesion area reveals loss of myelin associated immune reactivity plateaus after 3 months. Note:
No change in myelin protein associated immune reactivity was detected 10 days post injection. Shown is mean expression of four different
myelin proteins within lesions compared to surrounding tissue (for each myelin protein n = 2–4 per time point).
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at 10–20% of control values 2 months later (Figure 3E,F). Residual

immune reactivity for myelin proteins at these later time points was

found to be due to a combination of factors including the presence of

myelin debris, myelin protein expression by cells of the oligodendro-

cyte lineage and aberrant (re)myelination (Figure S6).

We then strived to determine the precise relationship between

axonal and myelin pathology and to elucidate whether loss of axons

and myelin was a consequence of FGF9-mediated neuronal loss.

Quantifying neuronal density by Nissl staining and immune reactivity

for SMI32 (non-phosphorylated neurofilament) and NeuN demon-

strated AAV-FGF9 caused an early and rapid decrease in neuronal

density in comparison to AVV-EFGP injected controls (Figure 4A–F).

At 10 days, neuronal loss was 50.4% (p = 0.0005), 58.5%

(p = 0.0139) and 61.3% (p = 0.076) as assessed by Nissl staining and

cellular immune reactivity for SMI32 and NeuN, respectively. Loss of

neurons then slowed considerably, but after 9 months, neuronal den-

sity was reduced to 26.2% (p < 0.0001, Nissl staining), 8.6%

(p < 0.0001, SMI32+ cells) and 23.2% (p = 0.0001, NeuN+ cells) of

control values (Figure 4B,D,F). Neuronal pathology is therefore an

early event in development of AVV-FGF9-induced lesions, which pre-

cedes axonal loss and demyelination. This interpretation is supported

by our identification of a significant increase in the number of

TUNEL+ MAP 2+ neurons 5 days p.i. (Figure 4G–I).

Grey matter lesions in progressive MS are characterised by demy-

elination and a reduction of neurons and neurites in association with

activated microglia but in the absence of relevant numbers of T cells

recruited from the periphery [55]. We therefore stained tissue sec-

tions to identify infiltrating CD3+ T cells and ED1+ macrophages and

activated microglia. AAV-FGF9-induced lesions were not associated

with increased recruitment of CD3+ T cells compared to AAV-EGFP

injected controls at any time point (Figure 4J). However, early loss of

neurons in AAV-FGF9 lesions was accompanied by a rapid increase in

ED1+ macrophages/activated microglia (Figure 4K). ED1+ cell num-

bers peaked at 10 days but remained elevated for 9 months compared

to AAV-EGFP controls.

DISCUSSION

Deciphering the mechanistic basis of neurodegeneration in MS is

essential if we are to develop treatments to halt accumulation of

disability in patients with longstanding progressive disease. In this

context, neuronal pathology is generally attributed to axonal injury

and loss caused by repeated or sustained episodes of inflammatory

demyelination. However, there is increasing evidence neuronal

pathology not only occurs independently of demyelination but may

also play a primary role in lesion development [10–12, 14, 15,

56, 57]. We now identify FGF9 as a factor up regulated in MS

lesions [20] that compromises neuronal survival in vivo, thus

making it a candidate molecule contributing to neuroaxonal demise

in MS.

FGF9 is up regulated by oligodendrocytes and astrocytes at sites

of ongoing tissue damage in MS [20, 21], where it was initially posited

to exacerbate disease activity by inhibiting remyelination and/or up

regulating expression of pro-inflammatory chemokines or alternatively

suppress disease progression by providing some degree of neuropro-

tection [20]. The latter outcome was suggested by reports FGF9

mediates neuroprotection in cellular models of Parkinson’s and

Huntington’s disease [58–60]. However, this scenario is now consid-

ered unlikely, as our new data demonstrate increased availability of

FGF9 compromises neuronal survival in vivo. This effect was charac-

terised by a rapid increase in neuronal apoptosis leading to extensive

loss of neurons associated with axonal degeneration and secondary

demyelination. Neuronal apoptosis increased significantly within

5 days, indicating that even transient, short-lived increases in FGF9

availability may have lasting effects on connectivity in the adult ner-

vous system. These observations identify FGF9-mediated neurotoxic-

ity as a potential mechanism contributing to demyelination-

independent neuronal pathology in MS [9–15, 61].

Unravelling the pathways by which FGF9 compromises neuronal

function and survival is now a major focus of research in our labora-

tories, but important clues can already be gleaned from data pre-

sented in this study. This goal is complicated by the multiplicity of

mechanisms that regulate FGF signalling and its functional pleiot-

ropy in terms of biological outcome in the CNS. Signal transduction

in the CNS is mediated by three transmembrane receptor tyrosine

kinases (FGFR1, FGFR2 and FGFR3), one or more of which are

expressed by virtually all neurons and glial cells [62–65]. Moreover,

each receptor can be activated by multiple FGF family members,

albeit with strikingly different efficacies to initiate down-stream sig-

nalling by a variety of pathways including RAS-MAPK, PI3K-AKT,

PLCγ and signal transducer and activator of transcription

(STAT) [66]. In view of this complexity, we were surprised by the

marked difference in the transcriptional response induced by FGF1

F I GU R E 4 Over expression of FGF9 rapidly induces neuronal loss in the motor cortex. (A–F) Changes in neuronal density were quantified
using three different methods (A, B: Nissl staining; C, D: non-phosphorylated neurofilament immune reactivity [SMI32]; E, F: NeuN immune
reactivity). (A, C, E) Representative images across the lesion border (dotted line, lesion on the right side) 10 days after injection of AAV-FGF9.
Scale bar, 50 μm. (B, D, F) Neuronal density decreases rapidly following injection of AAV-FGF9 (Black) compared to AAV-EGFP controls
(Turquoise). (G) Cell death, as assessed by TUNEL positive cells within the lesion, is significantly increased 5 days after injection of AAV-FGF9
compared to AAV-EGFP injected controls; ***p = 0.0003, unpaired t test. (H, I) Representative image of TUNEL+ MAP 2+ neurons 5 d.p.i.,
TUNEL black, MAP 2 red; Scale bar, 50 μm. (J) Quantification of CD3 + T cells in AAV-FGF9 and AAV-EGFP injected animals. (K) Quantification
of ED1 + positive activated microglia/macrophages AAV-FGF9 and AAV-EGFP injected animals. (B) ***p = 0.0005, ****p < 0.0001; (D) *p =

0.0159, *p = 0.0139, ***p = 0.0007, **p = 0.0012, ****p < 0.0001; (F) ***p = 0.0002, ****p < 0.0001, ***p = 0.0001; (K) **p = 0.0051, *p =

0.0366; two-way ANOVA followed by Šidák’s post-test. Mean ± SD.
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(35 differentially regulated genes), FGF2 (431 differentially regulated

genes) and FGF9 (1465 differentially regulated genes) in myelinated

cultures. Why this was the case remains unclear, but it may reflect

cell specific differences in FGFR expression [67], differential modula-

tion of feedback loops regulating FGF signalling pathways [66] or

differences in the stability/biological half-lives of the recombinant

FGFs used in this study. However, data generated using two other

experimental platforms (cortical neuronal cultures; over expression

in vivo) confirmed increased availability of FGF9 can indeed compro-

mise neuronal function and/or survival. Moreover, these data were

generated using three different rat strains (Sprague–Dawley, Wistar

and Lewis) indicating this is a common, rather than strain-specific

response to FGF9.

Mechanistically, our transcriptomic studies suggest FGF9 (directly

or indirectly) acts to disrupt axonal transport. We believe this under-

lies the rapid block FGF9 places on the developmental increase in

induced spiking activity in cortical neuronal cultures. Transport of syn-

aptic components is mediated by interactions involving kinesin

motors, whilst dynein motors mediate transport in the reverse direc-

tion [68]. FGF9 down regulates expression of both kinesin and dynein

family members, indicating it will affect axonal transport in both direc-

tions [68, 69]. Such deficits play an integral role in other neurodegen-

erative diseases [68, 70] and are therefore likely to contribute to

disruption of axonal transport [70–73] and synaptic pathologies

reported in MS [10]. The clinical relevance of these observations is

supported by studies indicating synaptic dysfunction plays an early

role in MS [74–76]. Furthermore, mutations affecting expression

and/or function of several genes down regulated by FGF9 are also

associated with neurodegeneration including those encoding neurofi-

lament subunits [77], motor proteins [78], KIF5a [79] and synaptic

components such as Bassoon [80].

As FGFRs are expressed across all glial and neuronal lineages, it is

difficult to untangle cell autonomous from off target effects of

FGF9 [18]. A direct effect of FGF9 on neurons may be inferred from

our experiments on primary cultures of cortical neurons. Expression

of neuronal genes in these cultures was down regulated by FGF9

within 48 h, an effect associated with a block in developmental spik-

ing behaviour that was statistically significant in the same time frame.

This concept that enhanced FGF signalling is detrimental in neurons is

supported by a recent study demonstrating introduction of a gain of

function FGFR3 (the major receptor for FGF9) mutant into post-

mitotic neurons results in severe tract abnormalities [63]. However,

we should not neglect the possibility the neuronal response to FGF9

is an ‘off target’ effect of glial cell activation. FGF9 was identified

originally as a ‘glial activating factor’ [81]. A recent study suggests

neuronal FGF9 activates an astrocyte-dependent signalling network

that contributes to modulation of astrocyte maturation, perineuronal

net structure and synaptic refinement [82]. We cannot therefore

exclude astrocyte-dependent responses contribute to the detrimental

effects of FGF9 on neuronal function/survival reported in this study.

Not only is astrocyte activation an early response in AAV-FGF9

induced lesions (Figure S5) but also our neuronal cultures contain a

small number of residual GFAP+ astrocytes (�3% of cells per field of

view). We speculate the neuronal responses seen in this study involve

contributions from mechanisms dependent on FGF9-signalling in neu-

rons and astrocytes, enhanced and sustained FGFR activation being

predicted to disrupt the normal homeostatic functions of FGF family

members in the CNS [22]. Defining the cellular targets, FGFRs and

effector pathways responsible for FGF9 mediated ‘neurotoxicity’ is

now a matter of some urgency if we are to fully understand its role in

MS and MDD.

Taken together, our observations demonstrate FGF9 compro-

mises the functional integrity and survival of cortical neurons in vitro

and initiates cortical neurodegeneration in vivo. In the living motor

cortex, this results in chronic lesions that reproduce many features

associated with cortical grey matter lesions in MS. Specifically, demy-

elination in both MS and AAV-FGF9 lesions is not only associated

with transected neurites, apoptotic neurons and activated micro-

glia [55] but also increased numbers of OPCs and pre-myelinating

oligodendrocytes [83–86]. In AAV-FGF9-induced lesions, the density

of Olig2+ cells and pre-myelinating NogoA+ oligodendrocytes

increased five and two-fold respectively over 9 months (Figure S6).

The soma of these oligodendrocytes was often swollen and exhibited

a granular pattern of cytosolic immune reactivity for NogoA and

MAG, whilst electron microscopy identified the presence of abnor-

mal blebs and whorls of myelin (Figure S6). It is probable these

pathologies are due to sustained over expression of FGF9 as they

are consistent with data demonstrating FGF9 is not only an OPC

mitogen (Figure S2), but in myelinating cultures results in the appear-

ance of swollen pre-myelinating oligodendrocytes associated with

blebs of myelin and which contain large cytoplasmic inclusions of

myelin membrane-associated proteins [20]. Sustained over expres-

sion of FGF9 may account for these effects in late stage AAV-FGF9

lesions, but further studies are required to determine if this is also

the case in MS.

Our previous data demonstrated FGF9 expression is restricted to

a population of neurons in healthy brain but is strongly up regulated

by glia in MS lesions [20]. Our experimental evidence indicates

increased availability of FGF9 can contribute to lesion development

via at least two distinct mechanisms; inhibition of remyelination [20]

and as demonstrated in this study, rapidly compromising neuronal

function and survival. The latter presumably plays a far more impor-

tant role in development of grey matter lesions than those involving

white matter tracts. However, how do our experimental studies relate

to clinical studies on FGF9 in MS? Unfortunately, we are limited to

transcriptional data, as no data are available on FGF9 concentrations

in either MS tissue, sera or CSF. The biological significance of such

data may anyway be of questionable value, as extracellular FGF9 is

trapped by the extracellular matrix in and around MS lesions [20].

However, transcriptional data from a range of MS lesions [21, 87] do

suggest the maximal fold changes in expression across lesions (com-

pared to normal appearing white matter) is of a similar order to that

induced by AAV-FGF9 in rat cortex (Day 10, approximately 50-fold;

Day 30, approximately 30-fold, 7 months 10-fold) (Figure S4). It is

clearly important not only to explore FGF9 expression and bioavail-

ability in MS tissues in far greater detail but also to identify the
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underlying mechanism driving FGF9 expression in MS lesions. The lat-

ter may involve virtual hypoxia, an important component of the path-

ophysiology of MS [88], as indicated from data obtained in relation to

colonic cancer [89].

It is tempting to speculate these effects of FGF9 on neuronal

functional and survival also contribute to loss of function in MDD in

which FGF9 is up regulated in the hippocampus. Modelling this

increase in experimental animals results in anxiety- and depression-

like behaviours, whereas knocking down hippocampal FGF9 expres-

sion has the opposing effect [28]. Our data imply these behavioural

effects are due to FGF9 compromising the function and/or survival of

susceptible hippocampal neurons. Unfortunately, hippocampal pathol-

ogy was not reported in the Aurbach study [28], and there is a paucity

of detailed immunopathological studies of affected brain regions in

MDD to support this hypothesis. Nonetheless, a recent study

reported MDD is associated with reduced synaptic densities and syn-

aptic gene expression in the prefrontal cortex [90]. The latter include

AMPH, CALM2, RAB3A, SYN1, SYN3 and SYNGR3 all of which are also

down regulated by FGF9 in myelinated cultures (Supporting Informa-

tion S1 gene lists) [90]. Further studies are required to resolve the

clinical significance of FGF9 mediated effects in MS and MDD, but

our demonstration its overexpression triggers neurodegeneration

raises the exciting possibility treatments designed to disrupt FGF sig-

nalling in other disorders may be repurposed to slow or even halt

accumulation of disability.
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