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Abstract 

Several cytokines and chemokines are now known to play normal physiological roles in the brain where they act 

as key regulators of communication between neurons, glia and microglia. In particular, cytokines and 

chemokines can affect cardinal cellular and molecular processes of hippocampal-dependent long-term memory 

consolidation including synaptic plasticity, synaptic scaling and neurogenesis. The chemokine, CX3CL1 

(fractalkine), has been shown to modulate synaptic transmission and long-term potentiation (LTP) in the CA1 

pyramidal cell layer of the hippocampus. Here, we confirm widespread expression of CX3CL1 on mature neurons 

in the adult rat hippocampus. We report an up-regulation in CX3CL1 protein expression in the CA1, CA3 and 

dentate gyrus of the rat hippocampus 2 h after spatial learning in the water maze task. Moreover, the same 

temporal increase in CX3CL1 was evident following long-term potentiation-inducing theta-burst stimulation in 

the dentate gyrus. At physiologically relevant concentrations, CX3CL1 inhibited LTP maintenance in the dentate 

gyrus. This attenuation in dentate LTP was lost in the presence of GABAA receptor/chloride channel antagonism. 

CX3CL1 also had opposing actions on glutamate-mediated rise in intracellular calcium in hippocampal 

organotypic slice cultures in the presence and absence of GABAA receptor/chloride channel blockade. Using 

primary dissociated hippocampal cultures, we established that CX3CL1 reduces glutamate-mediated intracellular 

calcium rises in both neurons and glia in a dose dependent manner. In conclusion, CX3CL1 is up-regulated in the 

hippocampus during a brief temporal window following spatial learning the purpose of which may be to 

regulate glutamate-mediated neurotransmission tone. Our data supports a possible role for this chemokine in 

the protective plasticity process of synaptic scaling.  

 

 

Running title: CX3CL1 is regulated during LTP and spatial learning. 
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Introduction 
 

While higher inflammatory and pathophysiological levels of cytokines are implicated in a range of 

neuropsychiatric and neurodegeneration diseases, it is now equally evident that, within the central nervous 

system (CNS), cytokines, including the chemoattractant cytokines (chemokines), mediate physiological signalling 

functions far beyond and independent of their traditional roles in inflammation and disease (Rothwell and 

Hopkins, 1995; Hopkins and Rothwell, 1995; Reichenberg et al., 2001; Pollmächer et al., 2002; Wilson et al., 

2002; Adler and Rogers, 2005; Adler et al., 2006; McAfoose and Baune, 2009; Hoshiko, et al. 2012; Williamson 

and Bilbo, 2013). In particular, pro-inflammatory cytokines such as interleukin (IL)-1, IL-6 and tumour necrosis 

factor alpha (TNF-α) have all been implicated in cardinal cellular and molecular processes of long-term 

hippocampal-dependent memory consolidation including synaptic plasticity, synaptic scaling and neurogenesis 

(Malenka and Bear, 2004; Bruel-Jungerman et al., 2007a; Bruel-Jungerman et al., 2007b; Turrigiano, 2007; Baier 

et al. 2009; McAfoose and Baune, 2009; Bachstetter, et al. 2011; Ben Menachem-Zidon et al., 2011; Yirmiya and 

Goshen 2011; del Rey et al. 2013; Gemma and Bachstetter, 2013). For example, at physiological levels, IL-1 

promotes long-term potentiation (LTP), a widely employed electrophysiological model of memory-associated 

synaptic plasticity, whereas IL-6 appears to exert inhibitory influences on excessive excitation during LTP 

maintenance (Li et al., 1997; Coogan et al., 1999; Ross et al., 2003; Balschun et al., 2004). Interestingly, 

production of both IL-1 and IL-6 is increased following LTP induction, further supporting a role for cytokines in 

modulating memory-associated synaptic plasticity and network-protective synaptic scaling (Schneider et al., 

1998; Jankowsky et al., 2000). Our aim in the current study was to assess the effects of the chemokine, CX3CL1, 

also known as neurotactin or fractalkine, on hippocampal-dependent synaptic plasticity processes such as 

spatial memory and LTP. CX3CL1 is highly expressed on hippocampal neurons in the post-natal and adult rat and 

declines in old age which has been linked to cognitive decline in rodents (Lyons et al., 2009). In this study, we 

investigated if CX3CL1 plays a normal physiological role in hippocampal-dependent synaptic plasticity.  

 

Several chemokines are widely expressed throughout the CNS during development and throughout life where 

they have been shown to play diverse roles in cell migration and differentiation (Lu et al., 2002), regulation of 

cellular communication in the adult brain (Tran and Miller, 2003) and neuroprotection (Araujo and Cotman, 

1993; Meucci et al., 1998; Robinson et al., 1998; Bruno et al., 2000; Limatola et al., 2000; Hatori et al., 2002; 

Deiva et al., 2004; Krathwohl and Kaiser, 2004; Limatola et al., 2005; Catalano et al. 2013; Shepherd et al. 2013). 

CX3CL1 is the only member of the chemokine δ subfamily (Rostene et al., 2007). Most other chemokines bind 

several G protein-coupled receptors to mediate their activities and so CX3CL1 is unusual in that it appears to 

bind only one receptor, the Gi protein-coupled receptor, CX3CR1 (Allen et al., 2007). The full-length molecule is 

also larger than most other chemokines, containing approximately 373 amino acid residues compared to the 

more common 70–80 amino acid size. The 95 kDa full-length protein is a type I transmembrane protein 



consisting of a 76-amino acid N-terminal chemokine domain, a 241-amino acid glycosylated mucin-like stalk, an 

18-amino acid transmembrane region and an intracellular C-terminal domain. The approximately 70 kDa soluble 

N-terminal chemokine domain can be released from the full-length protein via the action of several 

metalloproteinases such as cathepsin S, ADAM10 and ADAM17 (TACE: TNF-α-converting enzyme) in both the 

periphery and central nervous systems (Garton et al., 2001; Hundhausen et al., 2003; Clark et al., 2007; Cook et 

al. 2010; Jones et al. 2013). Unlike most chemokines, CX3CL1 is constitutively expressed in the CNS with 

particularly high levels in hippocampal neurons (Harrison et al., 1998). CX3CR1, the only known receptor for 

CX3CL1, is expressed predominantly on microglia in the mouse CNS (Cardona et al. 2006). The cell type 

expression pattern of CX3CR1 in the CNS remains controversial, however, since several studies report CX3CR1 

expression on neurons in vitro as well as in brain regions including the hippocampus, Raphe nucleus, nucleus of 

the solitary tract (NTS) and paraventricular nucleus (PVN) of the hypothalamus in rats (Meucci et al., 1998; 

Maciejewski-Lenoir et al., 1999; Meucci et al., 2000; Hatori et al., 2002; Hughes et al., 2002; Tarozzo et al. 2003; 

Verge et al., 2004; Limatola et al., 2005; Zhuang et al., 2007; Heinisch and Kirby, 2009; Ruchaya et al. 2012; 

Ruchaya et al. 2014).  

 

The high basal level of CX3CL1 mRNA and protein expression in the hippocampus is suggestive of a physiological, 

non-inflammatory function. Indeed, there is mounting evidence which implicates both CX3CL1 and its receptor, 

CX3CR1, in synaptic plasticity and neuromodulation (Bertollini et al., 2006; Ragozzino et al., 2006; Piccinin et al., 

2010; Maggi et al., 2011; Rogers et al., 2011; Roseti et al., 2013; Scianni et al., 2013). For example, CX3CL1 has 

been shown to reduce spontaneous glutamate release and post-synaptic glutamate currents (Meucci et al., 

1998; Limatola et al., 2005). The latter effect has been linked to increased intracellular calcium and 

dephosphorylation of the GluR1 AMPA receptor subunit (Ragozzino et al., 2006). These synaptic effects are 

consistent with a direct action of CX3CL1 on neurons most likely exerted through the CX3CR1 receptor, which is 

reportedly expressed on the dendrites of hippocampal neurons (Meucci et al., 2000; Limatola et al., 2005). 

Overall, previous studies indicate a predominantly inhibitory role for CX3CL1, perhaps as a component of 

neuroprotective synaptic scaling mechanisms necessary for hippocampal memory-associated synaptic plasticity 

processes (Bertollini et al., 2006; Turrigiano, 2008; Piccinin et al., 2010). Consistent with this hypothesis, 

ADAM17-mediated increase in soluble CX3CL1 is observed in multiple settings of glutamatergic 

neurotransmission where the chemokine is suggested to perform a neuroprotective function (Chapman et al., 

2000; Tsou et al., 2001; Erichsen et al., 2004; Limatola et al., 2005; Ragozzino et al., 2006; Lauro et al., 2010; 

Pabon et al., 2011). At levels reached during inflammatory conditions, CX3CL1 signalling has previously been 

associated with activation of pro-survival and anti-apoptotic pathways through phosphorylation of molecules 

such as Akt, as well as activation of MAP kinases such as p-38 and Erk1/2 (p44/42) (Maciejewski-Lenoir et al., 

1999; Meucci et al., 2000; Cambien et al., 2001; Deiva et al., 2004; Klosowska et al., 2009; Lyons et al., 2009). 

 

In the present study, we investigated if CX3CL1 expression is actively regulated in the hippocampus during a 

normal spatial learning event and also after the induction of LTP. We demonstrate the ability of physiological 



levels of CX3CL1 to inhibit the maintenance of LTP and the importance of dentate gyrus GABAergic 

neurotransmission to facilitating this attenuation of hippocampal synaptic plasticity. Finally, we provide 

evidence that the effects of CX3CL1 on synaptic plasticity may relate to suppression of glutamate-mediated 

calcium influx, particularly in hippocampal neurons.  

 

 

Materials and Methods 

 

Animal maintenance and behavioural assessment 

Postnatal day 80 male Wistar rats (330-380g) were used for behavioural studies and were obtained from the 

Biomedical Facility at University College Dublin, Ireland. All experimental procedures were approved by the 

Animal Research Ethics Committee of the Biomedical Facility at UCD and were carried out by individuals who 

held the appropriate license issued by the Minister for Health and Children. Animals were housed in groups of 4 

and given ad libitum access to food and water. The experimental room was kept on a 12 h light/dark cycle at 22 

± 2°C. The behaviour of each animal was assessed in an open field apparatus (620 mm long, 620 mm wide and 

150 mm high) both 48 h and 24 h prior to commencement of training. The base of the open field box was 

demarcated into an 8 x 8 grid. The animals’ locomotion, rearing and grooming behaviour was monitored over a 

5 min period and deemed normal prior to water maze training (data not shown). Their weights were also 

recorded immediately following the open field. Behavioural assessment was conducted in a quiet room under 

low-level red light illumination. 

 

Water maze training 

On postnatal day 80, animals were trained in the Morris water maze spatial learning task. Briefly, the water 

maze apparatus consists of a large circular pool (150 cm diameter, 80 cm deep) and a hidden platform (11 cm 

diameter). Both were constructed from black polyvinyl plastic, offering no intramaze visual cues that may help 

guide escape behaviour. The platform was submerged 1.5 cm below the water surface (temperature 26 ± 1°C) 

and positioned 30 cm from the edge of the maze wall. The platform remained in the same position throughout 

the training session. The experimental room contained several extra-maze visual cues. The rat was lowered into 

the water facing the wall of the maze (30 cm high) at one of three locations which were alternated with each 

trial. Trials lasted a maximum of 90 s and the length of time taken for the rat to find the hidden platform was 

recorded. Rats failing to find the platform within the 90 s were placed on it for 10 s and allowed orient 

themselves. The training session consisted of 5 trials with an inter-trial interval of 300 s. Each trained animal 

was assigned a corresponding passive control animal that spent the same lengths of time swimming in the pool, 

minus the platform. After training, the rats were dried-off and placed back into their home cages. They were 

then killed by cervical dislocation at specific time-points post-training, i.e. 1, 2 or 3 h after commencement of 

the third trial. Brains used for immunofluorescent labelling procedures were quickly dissected out, covered in 



OCT (optimal cutting temperature compound, Agar Scientific) and snap frozen in n-hexane cooled to –80oC with 

CO2. 

 

Immunofluorescent labelling of hippocampal CX3CL1 

Coronal cryosections of whole brain were taken at –3.3 mm with respect to Bregma in order to examine the 

dorsal hippocampus (Paxinos and Watson, 2005). The 12 μm sections were adhered to glass slides coated with 

poly-L-lysine. Sections were fixed in 70% ethanol for 25 min and then washed in phosphate-buffered saline 

(PBS). Sections were then incubated for 18 h at room temperature in primary antibody solution. The primary 

antibodies used were: 1) AF537 (R&D Systems; 1:250 dilution), a goat IgG polyclonal antibody that labels 

recombinant rat CX3CL1 and; 2) MAB377 (Millipore; 1:500 dilution), a mouse IgG monoclonal antibody that 

detects the neuronal marker NeuN. The primary antibody solution consisted of 1% bovine serum albumin (BSA) 

and 1% normal rabbit serum in PBS. Following two 10 min washes in PBS, sections were incubated for 3 h with a 

rabbit anti-goat IgG secondary antibody conjugated to FITC (Sigma; 1:1000 dilution) which detected the CX3CL1 

antibody. The NeuN primary antibody was detected by a rabbit anti-mouse IgG TRITC-labelled secondary 

antibody (Sigma; 1:1000 dilution). Where applicable, nuclei were visualised using either propidium iodide or 

Hoechst 33258 (Invitrogen). Sections were mounted in Citifluor glycerol PBS solution (Agar Scientific), cover-

slipped and stored in darkness at 4°C until imaged. To minimize any potential confounder effects from the 

immunohistochemical technique, trained sections were prepared, stained and imaged at the same time as their 

relevant passive control. 

 

Acute hippocampal slice preparation and fEPSP recording 

Post-natal day 21–25 male Wistar rats (60–100 g) were obtained from the Biomedical Facility, University College 

Dublin, Ireland. All experimental procedures were approved by the Animal Research Ethics Committee of the 

Biomedical Facility at UCD. Animals were anaesthetised using isoflurane (Abbott Laboratories Ireland Ltd.) and 

decapitated by guillotine. The brain was rapidly removed and placed into ice-cold artificial cerebro-spinal fluid 

(aCSF) bubbled with 95% O2 and 5% CO2 (aCSF composition: 120mM NaCl, 26mM NaHCO3, 1.25mM NaH2PO4, 

2.5mM KCl, 2mM MgSO4·7H20, 2mM CaCl2 and 10mM D-glucose). This high magnesium aCSF facilitates slice 

viability and recovery through greater NMDA receptor blockade. Transverse hippocampal slices (400 μm) were 

cut from both hemispheres using a vibroslice (Campden Instruments). They were then transferred to a 

submerged incubation chamber containing bubbled, room temperature aCSF and allowed to recover for 90 min. 

Following this recovery period, slices were transferred to a recording chamber perfused with aCSF at a flow rate 

of 4–5 ml/min at 31 ± 0.5°C. The composition of aCSF used for recording was a modified version of that used 

during slice recovery, i.e. the MgSO4·7H20 content was reduced to 1.3 mM to decrease NMDA receptor 

blockade and facilitate LTP induction. Extracellular field excitatory post-synaptic potentials (fEPSPs) were 

elicited by stimulation of the medial perforant path of the dentate gyrus by a monopolar glass electrode at a 

frequency of 0.05 Hz. Responses were recorded using a glass electrode placed in the middle third of the 

molecular layer and stimulus strength was adjusted to give a response 35% of maximal. The effect of 500 pM 



rCX3CL1 (recombinant rat CX3CL1, Peprotech EC) on LTP in the dentate gyrus was investigated both in the 

presence and absence of 100 μM of the GABAA receptor/chloride channel inhibitor, picrotoxin (Sigma-Aldrich). 

Stable baseline recordings were made for at least 20 min prior to application of drugs. LTP was induced by 

theta-burst stimulation (TBS) consisting of 8 trains (40 msec duration) of 8 pulses at 200 Hz with 2 s intervals 

between trains and at a stimulus strength corresponding to 70% of maximal. Following TBS, the stimulus 

voltage was returned to that of baseline levels and fEPSPs were recorded every 20 s for a further 60 min. 

 

Freezing of hippocampal slices for immunostaining 

Slices were coated in OCT (optimal cutting temperature compound, Agar UK) and snap-frozen in n-hexane 

cooled to –80°C with compressed CO2. Hippocampal slices were cryosectioned into 12 μm sections that were 

adhered to glass slides and immunofluorescently stained for CX3CL1 (as above). Nuclei were counterstained 

with propidium iodide. 

 

Preparation of organotypic hippocampal slice cultures 

Organotypic hippocampal cultures were prepared according to Stoppini et al. (1991). Briefly, post-natal day 7 

male Wistar rats were decapitated without anaesthetic and their brains quickly dissected out and placed into 

ice-cold Earle’s balanced salt solution (EBSS) for 1 min. Both hippocampi were removed and cut into 400 μm 

slices using a McIlwain tissue chopper. Slices were separated and arranged onto organotypic inserts (3 per 

insert, Millicell PICMORG50). The inserts were housed in standard 6-well cell culture plates which were kept in 

an incubator at 35°C and 5% CO2 in air. The slices were grown using an interface method with 1 ml organotypic 

medium supplying the under-surface of the slice. The organotypic medium consisted of 50% minimum essential 

medium (MEM, Gibco), 25% Earle’s balanced salt solution (EBSS, Gibco), 25% heat-inactivated horse serum 

(Sigma) and supplemented with 2 mM glutamine, 28 mM D-glucose, 100 U/ml penicillin/streptomycin and 25 

mM HEPES. The first medium change was conducted 24 h following slice preparation with subsequent medium 

changes occurring every 2 days. Slices were maintained for 21 days in vitro (DIV) prior to experimentation. 

 

Confocal microscopy 

All confocal images used for quantitative analysis of immunofluorescence (12-bit; 1024 x 1024 pixels) were 

captured using a 40X/0.8W water-dipping lens (Zeiss Achroplan). Images of hippocampal sections from water 

maze-trained animals were captured from three defined regions of the hippocampus, i.e. CA1, CA3, and the 

apex of the dentate gyrus (DG). Images taken from acute slice preparations were captured from the upper 

(unstimulated) and lower (TBS-stimulated) blades of the DG. The specific areas of the hippocampal neuronal 

circuit captured were kept consistent between sections. Three sections from each rat brain and acute 

hippocampal slice were used for analysis. 

 

Image analysis 



Image analysis was conducted using EBImage; a package for the R programming environment (Pau et al., 2010). 

Analysis of the combined nuclear and surrounding cell soma expression of CX3CL1 fluorescence was calculated 

for every cell in each image. Briefly, taking the dentate gyrus confocal image in supplemental figure 1 as a 

typical example, the red, green and blue channels were first separated for each image and every pixel within 

the images (1024 x 1024) was assigned an intensity value between 0 and 1. Using the blue channel as a nuclear 

reference, size and fluorescence intensity thresholds were set in order to select only those pixels likely to 

represent Hoechst-labelled nuclei. The nuclei were then ‘dilated’ using morphological kernel expansion. This 

step allowed the designation of a soma region surrounding each nucleus. A distance map was then generated 

for the image which calculates the distance of each foreground pixel (white) to the nearest background pixel 

(black). The watershed segmentation algorithm is then employed which accurately separates clusters of nuclei 

that are very close together, or touching, into individual cells. Minimum distance between objects and 

minimum radius criteria are written into the analysis scripts which further refines object separation. CX3CL1 

immunofluorescence is calculated for every cell as the average pixel fluorescence intensity. 

 

Live-cell calcium imaging in organotypic slices and primary hippocampal cultures 

At 21 days in vitro, organotypic hippocampal cultures were prepared for calcium imaging experiments by 

transferring inserts to room-temperature BSS (buffered salt solution) composed of 130 mM NaCl, 5.4 mM KCl, 

1.8 mM CaCl2, 2 mM MgSO4, 5.5 mM D-glucose and 20 mM HEPES, pH 7.3. The insert membranes were cut 

using a scalpel and individual slices were transferred to 35 mm Petri dishes containing 2 ml of 3 μM fluo-4 AM 

calcium indicator (Invitrogen) in BSS and allowed incubate in the dark for 30 min. Similarly, cover-slips 

containing mixed neuronal-glial cultures were individually transferred to standard 6-well plates, containing 3 

μM fluo-4 AM in BSS, for 20 min. 

 

Time-series calcium imaging experiments in organotypic slices were conducted in the CA1 pyramidal cell layer of 

the hippocampus using an upright LSM V Pascal confocal microscope (Zeiss). The field of view on the 10X water 

immersion lens was halved allowing us to monitor calcium responses at a rate of 2 frames per second. We 

measured baseline calcium levels in the first 20 s (i.e. average of 40 frames). After 20 s a solution of glutamate 

(30 μM) in BSS was washed onto the slice and filled the slice chamber. This glutamate solution remained in the 

chamber for 105 s. The calcium response of each cell over the 125 s time-course was calculated using EBImage 

software. The concentrations of rCX3CL1 (500 pM for 15 min) and picrotoxin (100 μM for 15 min) used for live-

cell calcium imaging experiments in organotypic slices was the same as those used in acute slice 

electrophysiology experiments. 

 

For live-cell calcium imaging experiments in primary mixed neuron-glial cultures, cells were loaded with 3 μM 

fluo-4 AM calcium indicator (Invitrogen) in BSS as above, and were then transferred to a custom-built imaging 

chamber containing fresh BSS. The imaging chamber allowed for wash-in/out of CX3CL1 and glutamate solutions 

(Pickering et al., 2008). Experiments were conducted at room temperature using an upright LSM V Pascal 



confocal microscope and a 10X/0.3W Ph1 water-dipping lens so as to capture several hundred cells per 

experiment. Time-series confocal images were captured at frame-rate of 1 Hz. Cells were pre-treated for 15 min 

with either 500 pM or 2 nM rCX3CL1. Baseline calcium levels for every cell were monitored for 20 s prior to a 30 

µM glutamate exposure. This glutamate solution remained in the chamber for 90 s before being washed out 

with fresh BSS solution and frames were captured for a further 40 s. The calcium response of each cell was 

calculated every second for 150 s using EBImage software.  

 

Statistical analysis 

All raw data was imported into GraphPad Prism 6 software where statistical analyses were performed. Kruskal-

Wallis non-parametric analysis of variance (ANOVA) tests were performed in conjunction with Dunn’s multiple 

comparisons post-hoc analyses in order to determine statistical significance (p < 0.01) for: 1) CX3CL1 regulation 

post-spatial learning in rats; 2) CX3CL1 regulation post-theta burst stimulation in acute hippocampal slices and; 

3) glutamate-mediated calcium responses in primary mixed neuron-glial cell cultures. One-way analysis of 

variance (ANOVA) tests were performed in conjunction with Bonferroni post-hoc analyses in order to determine 

statistical significance (p < 0.05) for: 1) the reduction in swim-times during water maze training; and 2) the 

effect of rCX3CL1 on LTP and paired pulse ratio. Mann–Whitney U tests were performed in order to determine 

statistical significance (p < 0.001) for the effects of rCX3CL1 and picrotoxin on glutamate-mediated calcium 

responses in organotypic hippocampal slice cultures. The relationship between NeuN expression and CX3CL1 

expression in the rat hippocampus was analysed by Pearson correlation and linear regression. 

 

 

Results 

 

CX3CL1 is highly expressed by neuronal cell types in the adult rat hippocampus 

We characterized the expression and distribution of CX3CL1 in the rat dorsal hippocampus using 

immunofluorescence. CX3CL1 expression was predominately restricted to the glutamatergic pyramidal and 

granule neurons of the hippocampus (Figure 1A). At higher magnification, it is clear that CX3CL1 expression co-

localises with the neuronal marker NeuN in CA1 and CA3 pyramidal neurons (Figure 1B and C; yellow 

arrowheads), dentate granule cells (Figure 1D) and presumptive interneurons outside the primary cell layers in 

all three hippocampal subfields (Figure 1B, C and D; white arrowheads). In all cases, the chemokine appears to 

be predominantly expressed on the plasma membrane of the cell soma. We assigned expression intensity 

values for NeuN and CX3CL1 to each cell in the image dataset (see Supplemental Figure 1 for image analysis 

method) and then analysed the relationship between expression of the mature neuronal marker, NeuN, and 

CX3CL1 by Pearson correlation in each sub-region of the hippocampus. A high degree of correlation was evident 

between CX3CL1 and NeuN expression in all three regions of the hippocampus (Figure 1E). The CA3 region 

showed the strongest linear regression coefficients of determination for correlation between CX3CL1 and NeuN 



expression (r2 = 0.70, p < 0.05). These data confirm previous reports that mature NeuN+ hippocampal neurons 

in the adult rat hippocampus express high levels of CX3CL1 under naïve resting conditions.  

 

CX3CL1 is up-regulated 2 h post-spatial learning in the rat hippocampus 

Rats were trained in a 5-trial water maze session (n = 12 in total; n = 4 per time point) and the latencies to find 

the platform were recorded. Latency-to-platform times decreased significantly (one-way ANOVA, p < 0.001) 

over the 5 trials of the training session indicating that the animals acquired the task (Figure 2A). We quantified 

CX3CL1 expression in the hippocampus of these rats using immunofluorescence. Total CX3CL1 expression was 

very similar in trained and passive animals 1 h following training in all hippocampal regions (Figure 2B, C and D). 

At the 2 h time-point, CX3CL1 expression was significantly higher in trained animals compared to passive 

controls in all three hippocampal regions analysed (Kruskal-Wallis ANOVA, Dunn’s multiple comparisons post-

hoc test, p < 0.001). At the 3 h time-point in the DG, CX3CL1 expression in trained animals again matched that of 

passive controls, highlighting the temporal specificity and transient nature of the 2 h up-regulation in dentate 

granule cells of rats that learned the spatial task. In the CA3, however, there was a significant, training-specific 

down-regulation in CX3CL1 expression whereas levels of CX3CL1 remained elevated in the CA1 region of trained 

animals compared to passive control counterparts at the 3 h time-point (Kruskal-Wallis ANOVA, Dunn’s multiple 

comparisons post-hoc test, p < 0.01). It should be noted that passive control animals exhibited an up-regulation 

in CX3CL1 at the 2 h post-swim time-point indicating that, in addition to the learning-specific regulations 

described above, this chemokine is also responsive to the general stressors associated with the paradigm. 

 

CX3CL1 is up-regulated 2 h post-theta burst stimulation in dentate granule neurons 

After measuring a learning-specific up-regulation in CX3CL1 in pyramidal and dentate granule neurons 2 h post-

water maze-training, we next asked whether CX3CL1 is up-regulated after LTP-inducing theta-burst stimulation 

(TBS) in acute hippocampal slices. TBS was delivered to the medial perforant path of the lower dentate gyrus 

blade, as illustrated in Figure 3A. LTP was induced and recorded for 2 h, after which slices were snap-frozen. 

CX3CL1 expression on stimulated dentate granule cells was compared to that on neurons located in the upper 

unstimulated blade (US) of the DG (Figure 3A). LTP-inducing TBS resulted in an up-regulation in CX3CL1 

expression after 2 h on the stimulated DG blade compared to the upper unstimulated DG blade (Figure 3B). No 

such difference between upper and lower blades was observed in time-matched control slices which received 

no stimulation.  

 

Effects of CX3CL1 on LTP in the dentate gyrus depends on inhibitory tone and GABAA receptors 

We investigated a possible functional role for CX3CL1 up-regulation in modulating synaptic transmission during 

memory-associated synaptic plasticity. Previous studies have shown that CX3CL1 inhibits LTP and mimics long-

term depression (LTD) at the CA3–CA1 synapses in acute hippocampal slices (Bertollini et al., 2006; Ragozzino et 

al., 2006; Maggi et al., 2009). Given that we observed memory-associated increases in CX3CL1 levels in CA1, CA3 

and DG regions of the hippocampus following spatial learning, we next asked what effect CX3CL1 exerts on LTP 



in the dentate granule cell synaptic field. Pre-treatment with CX3CL1 (500 pM) significantly reduced induction 

and completely prevented maintenance of LTP in the DG (Figure 4A). 

 

Consistent with previous work on pyramidal hippocampal neurons (Ragozzino et al. 2006), the paired-pulse 

ratio of DG neuron responses evoked by two successive stimuli (50 ms apart) was unaffected by CX3CL1 

treatment either at baseline or following TBS (Figure 4B). While not ruling out a presynaptic contribution, these 

data support a post-synaptic action for CX3CL1-mediated inhibition of field excitatory post-synaptic potential 

(fEPSP) amplitude in the DG following TBS. 

 

Recent evidence has shown that CX3CL1 reduces the activity of serotonergic neurons in the Raphe nucleus 

through enhanced GABAA receptor-mediated inhibition (Heinisch and Kirby, 2009). We next investigated if 

CX3CL1-mediated control of glutamatergic neuroplasticity in the hippocampal dentate gyrus requires GABAergic 

inhibitory transmission. LTP was induced in the presence of GABAA receptor/chloride channel blocker picrotoxin 

(100 μM) using the same TBS protocol as in Figure 4A. As expected, the degree of potentiation of fEPSP 

amplitude was substantially greater in the presence of GABAA receptor blockade (117 ± 5% versus 200 ± 3% of 

baseline average in first 10 min post-TBS in the absence and presence of picrotoxin, respectively; Figure 4A and 

C) (Arima-Yoshida et al., 2011). Interestingly, CX3CL1 did not prevent LTP in the presence of picrotoxin (Figure 

4C). In fact, when picrotoxin was present, the magnitude of LTP was enhanced by CX3CL1 during the initial 20 

min following the TBS (p < 0.05). CX3CL1 again had no effect on paired-pulse depression in the presence of 

picrotoxin (Figure 4D) suggesting a post-synaptic action for CX3CL1-mediated short-term enhancement of fEPSP 

amplitude following TBS. 

 

Effects of CX3CL1 on glutamate-induced calcium responses in the hippocampus requires GABAA receptor 

activation 

Long-term potentiation of excitatory synaptic transmission in the hippocampus is heavily dependent on post-

synaptic intracellular calcium rise (Bliss and Collingridge, 1993). We next assessed if CX3CL1 exerts differential 

effects on glutamate-induced intracellular calcium rise in the presence and absence of GABAA receptor 

blockade. Live-cell calcium imaging was performed in organotypic hippocampal slice cultures pre-treated with 

CX3CL1 (500 pM) and/or picrotoxin (100 µM) for 15 min. Slices were then exposed to glutamate (30 µM) and 

intracellular calcium was monitored for 1 min 45 s in the CA1 pyramidal cell layer of the hippocampus. Pre-

treatment with CX3CL1 prior to glutamate application resulted in an attenuated intracellular calcium rise in cells 

in the CA1 region of organotypic slice cultures (Figure 4E). While the peak amplitude of the calcium response in 

CX3CL1-treated slices was not different than in controls (Supplemental Figure 2A), the total calcium entry in the 

60 s post-glutamate exposure was reduced, as calculated by the area under the curve (AUC) in Figure 4E. In 

contrast, in the presence of GABAA receptor/chloride channel blockade, CX3CL1 enhanced glutamate-induced 

calcium influx as measured by area under the curve (Figure 4F) or peak intracellular calcium (Supplemental 

Figure 2B). These findings are consistent with the opposing actions of CX3CL1 on LTP studies in the presence and 



absence of picrotoxin. They suggest that neuronal responses to CX3CL1 can vary depending on the balance 

between excitation and inhibition in the hippocampal network. Therefore, during periods of enhanced 

excitatory activity in the hippocampus, CX3CL1 may act as a neuroprotective dampener of excessive 

glutamatergic neurotransmission and this action appears to be dependent on GABA-mediated inhibition. 

 

CX3CL1 inhibits glutamate-induced calcium dynamics in both neurons and glial cell types 

In order to assess if physiological concentrations of CX3CL1 exert equivalent effects on glutamate-induced 

calcium responses in both neurons and non-neuronal cell populations, we used hippocampal mixed cell culture 

preparation. Primary hippocampal cells were pre-treated with CX3CL1 (500 pM or 2 nM) for 15 min prior to 

glutamate (30 µM) challenge. Importantly, we have shown previously that using this mixed hippocampal cell 

culture preparation, we can discriminate between neurons and non-neuronal cells based on the shapes of their 

respective glutamate-mediated calcium response curves (Pickering et al., 2008). This allowed us to 

simultaneously evaluate the effects of different concentrations of CX3CL1 on intracellular calcium dynamics in 

neurons and non-neuronal cells following glutamate exposure (Figure 5A–C). This method of distinguishing 

between neurons and non-neuron cell types was shown to be as accurate as traditional methods of 

immunocytochemistry staining for neuronal and glial cell markers (NeuN and GFAP, respectively) (Pickering et 

al., 2008). Neurons were identified by their substantial and prolonged increase of intracellular calcium following 

glutamate administration while non-neurons exhibited a sharp rise and fall back to plateaux (Figure 5D and E, 

respectively). In non-neuronal cells, both low (500 pM) and higher (2 nM) physiologically-relevant 

concentrations of CX3CL1 attenuated glutamate-induced calcium influx, in a dose-dependent manner (Kruskal-

Wallis ANOVA, Dunn’s multiple comparisons post-hoc test, p < 0.05; Figure 5E and G). In neurons, however, the 

lower concentration of CX3CL1 (500 pM) had little or no effect on glutamate-induced calcium influx (Figure 5D 

and F; Supplemental Figure 2C). Pre-treatment of hippocampal cultures with a higher concentration (2 nM) of 

CX3CL1 caused a substantial attenuation of glutamate-mediated calcium responses in neurons (Kruskal-Wallis 

ANOVA, Dunn’s multiple comparisons post-hoc test, p < 0.001; Figure 5D and F), in addition to causing further 

dose-dependent attenuations in calcium influx in non-neuronal cell types (Figure 5E and G; Supplemental Figure 

2D). The differential responses of CX3CL1 on neurons and non-neurons at the lower concentration (500 pM) 

may relate to variations in absolute levels of CX3CR1 receptor expression on distinct cell populations in the 

hippocampus. 

 

 

Discussion 

CX3CL1 is among an increasing number of cytokines and chemokines implicated in both normal functions and 

pathophysiological conditions of the brain (White and Greaves, 2012; Mattison et al., 2013; Wu et al., 2013; 

Sheridan and Murphy, 2013; Briones et al., 2014). In the present study, we identified a transient up-regulation 

of CX3CL1 production in the hippocampus 2 h following spatial learning or induction of LTP. Importantly, these 



up-regulations were specific to either the memory encoding process or the theta-burst stimulation since the up-

regulations measured were compared directly to swim-matched passive controls or unstimulated dentate 

granule cells, respectively. In addition, we did observe a 2 h up-regulation in CX3CL1 in the passive control group 

of animals, indicating that this chemokine may also be responsive to stress and anxiogenic environmental 

conditions. However, the significant training-specific up-regulations in CX3CL1, over and above those measured 

in passive control animals at the 2 h time-point, implicate CX3CL1 in memory-related synaptic plasticity in the 

hippocampus. The enhanced glutamate neurotransmission and resultant increase in hippocampal neuronal 

activity associated with both spatial memory formation and LTP are the most likely drivers of the production of 

CX3CL1 in our studies. CX3CL1 has been reportedly up-regulated in several settings of augmented glutamatergic 

transmission where the chemokine is clearly protective against excitotoxic cell death (Tong et al., 2000; Tarozzo 

et al., 2002; Limatola et al., 2005; Cipriani et al., 2011; Briones et al., 2014). Moreover, both CX3CL1 and its 

receptor, CX3CR1, have been shown to be up-regulated in hippocampal neurons after pilocarpine-induced 

status epilepticus (Yeo et al., 2011), a condition characterised by excessive glutamatergic excitation. 

Interestingly, 3 h post-learning, we observed opposing regulations in CX3CL1 in the CA1 and CA3 pyramidal cell 

layers. This may relate to distinct plasticity mechanisms and/or distinct functions of these hippocampal 

subregions during spatial memory tasks (Hunsaker and Kesner, 2008; Rolls, 2010). Overall, the abundance and 

expression pattern of CX3CL1 make the chemokine ideally suited for sensing hippocampal glutamate tone. Our 

data supports a possible role for CX3CL1 in homeostatic mechanisms of synaptic scaling during memory-

associated synaptic plasticity. 

 

Previous studies have reported that CX3CL1 inhibits LTP and induces LTD-like effects in the CA1 region of the 

hippocampus (Bertollini et al., 2006; Ragozzino et al., 2006; Maggi et al., 2009). We found a matching inhibitory 

action of CX3CL1 on LTP in the dentate gyrus. These observations are in good agreement with CX3CL1-mediated 

inhibition of glutamatergic synaptic activity of hippocampal neurons (Ragozzino et al., 2006). CX3CL1-mediated 

regulation of glutamate transmission has been shown to be due to its post-synaptic effects on neurons and 

involves the dephosphorylation of the GluR1 AMPA receptor subunit on serine 845, a mechanism reminiscent of 

long-term depression (LTD) (Ragozzino et al., 2006). LTD can play vital roles in the context of memory-

associated synaptic plasticity including synaptic scaling and enhanced signal-to-noise ratio mechanisms. 

 

The GABAA receptor/chloride channel blocker, picrotoxin, used in the current studies would decrease GABAergic 

inhibitory transmission promoting depolarization in some cells with corresponding increases in intracellular 

calcium (Antonucci et al., 2012). Thus, the current work suggests GABAA receptor/chloride channel activity 

within the hippocampal neuronal network must be intact for CX3CL1 to attenuate glutamatergic 

nuerotransmission or LTP. This situation is remarkably similar to that described for CX3CL1 inhibition of 

serotonergic neurons of the Raphe nucleus (Heinisch and Kirby, 2009). While this effect may relate to basal 

inhibitory tone, CX3CL1 could actually be enhancing GABAA receptor function. For example, CX3CL1 enhances 

phosphorylation and activation of Akt in neurons and this serine/threonine kinase has been associated with 



phosphorylation of the GABAA beta2 receptor subunit, a modification that enhances activity of the receptor 

(Meucci et al., 2000; Wang et al., 2003). Moreover, several signalling systems can enhance GABA-mediated 

inhibition through promotion of rapid insertion of GABAA receptors into the post-synaptic plasma membrane 

(Wan et al., 1997; Nusser et al., 1998; Mizoguchi et al., 2003; Jovanovic et al., 2004).  

 

When discussing potential mechanisms by which CX3CL1 influences neurons we must to mindful of the 

inconsistencies in the literature with regard to the expression of the CX3CR1 receptor by neurons (Meucci et al., 

1998; Maciejewski-Lenoir et al., 1999; Jung et al., 2000; Meucci et al., 2000; Hatori et al., 2002; Hughes et al., 

2002; Tarozzo et al. 2003; Deiva et al., 2004; Verge et al., 2004; Limatola et al., 2005; Cardona et al. 2006; 

Zhuang et al., 2007; Heinisch and Kirby, 2009; Ruchaya et al. 2012; Ruchaya et al. 2014). The consensus from 

work with the CX3CR1-/- -GFP knock-in mouse (Cardona et al. 2006) suggests that CX3CR1 expression is restricted 

to microglial cells in the CNS under naïve conditions in vivo. Studies of CX3CR1 expression in rats, however, have 

found evidence of receptor expression on neuronal cell types in various brain regions (Heinisch and Kirby, 2009; 

Ruchaya et al. 2012; Ruchaya et al. 2014). Here, we report rapid modulatory effects of CX3CL1 on neuronal 

events in hippocampal tissue. Our data does not conclusively support a direct action of CX3CL1 on neurons and 

we cannot discount the possibility that the effects we see on LTP and calcium influx in neuronal cell types 

happen as a consequence of CX3CL1-mediated activation of CX3CR1 solely on microglial cell types. If this is true, 

however, the ability of microglia to rapidly regulate multiple hippocampal memory-associated synaptic plasticity 

processes may be much more extensive than traditionally thought. The evidence from rats that CX3CR1 is 

expressed on hippocampal neuron allows the possibility that, as is the case for CX3CL1-mediated regulation of 

serotonergic neurons of the dorsal Raphe, glutamatergic neuron-derived CX3CL1 may act in an 

autocrine/paracrine fashion in the hippocampus during periods of synaptic plasticity to regulate glutamate-

mediated neurotransmission tone. 

 

While previous studies have shown that CX3CL1 causes an increase in intracellular calcium in neurons and other 

cell types (Oh et al., 2002; Deiva et al., 2004; Ragozzino et al., 2006) this effect of CX3CL1 becomes apparent at 

concentrations of 25 nM and higher (Oh et al., 2002; Deiva et al., 2004), well above the levels we investigated 

here and we observed no such increase in intracellular calcium. At a concentration of 2 nM, in both neurons and 

non-neurons, CX3CL1 pre-incubation suppressed glutamate-mediated rises in intracellular calcium levels. These 

data are in good agreement with previous findings of a protective effect of inflammatory levels of CX3CL1 

against glutamate excitotoxicity and glutamate NMDA receptor activation, in particular (Meucci et al., 1998; 

Deiva et al., 2004; Limatola et al., 2005), although, unlike the current work, the latter effect was linked to 

increased intracellular calcium (Ragozzino et al., 2006). Calcium oscillations in both neuronal and non-neuronal 

cells are important for cellular growth, migration and synaptic structural refinement (Katz and Shatz 1996; 

Komuro and Rakic 1998; Spitzer et al., 2000). Thus, the dampening of such signalling by CX3CL1 is suggestive of a 

role in stability of network connectivity and activity. Overall, the current data along with information in the 

published literature reveal that a role for CX3CL1 in control of glutamate-mediated excitatory neurotransmission 



during excitotoxic events can be extended to situations of synaptic plasticity required for normal functions such 

as memory formation. 

 

An increasing number of chemokines exhibit extensive regulation across a range of situations where neuronal 

plasticity is involved; including memory-associated functional plasticity, protective plasticity in the setting of 

ischaemia and maladaptive plasticity such as that underpinning neuropathic pain (Adler et al., 2006; Rostene et 

al., 2007; McAfoose and Baune, 2009; Old and Malcangio, 2012). Specifically, the role for CX3CL1 in control of 

hippocampus and Raphe activity suggests that infection-, inflammation- and/or chronic disease-associated 

increases in the chemokine could contribute to reduced hippocampal and Raphe output, alterations that could, 

in turn, precipitate depressed mood and heightened anxiety among other disorders of brain function (Meltzer, 

1990; Bast, 2011; Small et al., 2011). The extensive expression of CX3CL1 on neurons in the adult hippocampus 

and CX3CL1 up-regulation post-spatial learning supports a direct role for CX3CL1 in memory-associated synaptic 

plasticity. To better understand the role of CX3CL1 up-regulation following learning it will be important to assess 

the consequences of blocking such chemokine signalling on learning and memory function. 

 

 

Acknowledgements: This work was supported by a research cluster award from Science Foundation 

Ireland (03/IN3/B403C and 07/IN.1/B1322). AW is part of the MolCellBiol Programme, funded under the 

Programme for Research in Third-Level Institutions and co-funded under the European Regional Development 

Fund. 

 



 

References: 

 

Adler, M.W., Geller, E.B., Chen, X., and Rogers, T.J. (2006) Viewing chemokines as a third major system of 

communication in the brain. AAPS. J. 7: E865–870. doi: 10.1208/aapsj070484 

 

Adler, M.W., and Rogers, T.J. (2005) Are chemokines the third major system in the brain? J. Leukoc. Biol. 78: 

1204–1209. doi: 10.1189/jlb.0405222 

 

Allen, S.J., Crown, S.E., and Handel, T.M. (2007) Chemokine: receptor structure, interactions, and antagonism. 

Annu. Rev. Immunol. 25: 787–820. doi: 10.1146/annurev.immunol.24.021605.090529 

 

Antonucci, F., Alpár, A., Kacza, J., Caleo, M., Verderio, C., Giani, A., Martens. H., Chaudhry, F.A., Allegra, M., 

Grosche, J., Michalski, D., Erck, C., Hoffmann, A., Harkany, T., Matteoli, M., and Härtig, W. (2012) Cracking down 

on inhibition: selective removal of GABAergic interneurons from hippocampal networks. J. Neurosci. 32: 1989–

2001. doi: 10.1523/JNEUROSCI.2720-11.2012 

 

Araujo, D.M., and Cotman, C.W. (1993) Trophic effects of interleukin-4, -7 and -8 on hippocampal neuronal 

cultures: potential involvement of glial-derived factors. Brain Res. 600: 49–55. doi: 10.1016/0006-

8993(93)90400-H 

 

Arima-Yoshida, F., Watabe, A.M., and Manabe, T. (2011) The mechanisms of the strong inhibitory modulation of 

long-term potentiation in the rat dentate gyrus. Eur. J. Neurosci. 33: 1637–1646. doi: 10.1111/j.1460-

9568.2011.07657.x 

 

Bachstetter, A.D., Morganti, J.M., Jernberg, J., Schlunk, A., Mitchell, S.H., Brewster, K.W., Hudson, C.E., Cole, 

M.J., Harrison, J.K., Bickford, P.C., and Gemma, C. (2011) Fractalkine and CX3CR1 regulate hippocampal 

neurogenesis in adult and aged rats. Neurobiol. Aging. 32: 2030–2044. doi: 

10.1016/j.neurobiolaging.2009.11.022 

 

Baier, P.C., May, U., Scheller, J., Rose-John, S., and Schiffelholz, T. (2009) Impaired hippocampus-dependent and 

-independent learning in IL-6 deficient mice. Behav. Brain Res. 200: 192–196. doi: 10.1016/j.bbr.2009.01.013 

 

Balschun, D., Wetzel, W., Del Rey, A., Pitossi, F., Schneider, H., Zuschratter, W., and Besedovsky, H.O. (2004) 

Interleukin-6: a cytokine to forget. FASEB J. 18: 1788–1790. doi: 10.1096/fj.04-1625fje 

 



Bast, T. (2011) The hippocampal learning-behavior translation and the functional significance of hippocampal 

dysfunction in schizophrenia. Curr. Opin. Neurobiol. 21: 492–501. doi: 10.1016/j.conb.2011.01.003 

 

Ben Menachem-Zidon, O., Avital, A., Ben-Menahem, Y., Goshen, I., Kreisel, T., Shmueli, E.M., Segal, M., Ben Hur, 

T., and Yirmiya, R. (2011) Astrocytes support hippocampal-dependent memory and long-term potentiation via 

interleukin-1 signaling. Brain Behav. Immun. 25: 1008–1016. doi: 10.1016/j.bbi.2010.11.007 

 

Bertollini, C., Ragozzino, D., Gross, C., Limatola, C., and Eusebi, F. (2006) Fractalkine/CX3CL1 depresses central 

synaptic transmission in mouse hippocampal slices. Neuropharmacology 51: 816–821. doi: 

10.1016/j.neuropharm.2006.05.027 

 

Bliss, T.V.P., and Collingridge, G.L. (1993) A synaptic model of memory: long term potentiation and the 

hippocampus. Nature 361: 31–39. doi: 10.1038/361031a0  

 

Briones, T.L., Woods, J., and Wadowska, M. (2014) Chronic neuroinflammation and cognitive impairment 

following transient global cerebral ischemia: role of fractalkine/CX3CR1 signaling. J. Neuroinflammation 11: 13. 

doi: 10.1186/1742-2094-11-13 

 

Bruel-Jungerman, E., Davis, S., and Laroche, S. (2007a) Brain plasticity mechanisms and memory: a party of four. 

Neuroscientist 13: 492–505. doi: 10.1177/1073858407302725 

 

Bruel-Jungerman, E., Rampon, C., and Laroche, S. (2007b) Adult hippocampal neurogenesis, synaptic plasticity 

and memory: facts and hypotheses. Rev. Neurosci. 18: 93–114. doi: 10.1515/REVNEURO.2007.18.2.93 

 

Bruno, V., Copani, A., Besong, G., Scoto, G., and Nicoletti, F. (2000) Neuroprotective activity of chemokines 

against N-methyl-D-aspartate or beta-amyloid-induced toxicity in culture. Eur. J. Pharmacol. 399: 117–121. doi: 

10.1016/S0014-2999(00)00367-8 

 

Cambien, B., Pomeranz, M., Schmid-Antomarchi, H., Millet, M.A., Breittmayer, V., Rossi, B., and Schmid-Alliana, 

A. (2001) Signal transduction pathways involved in soluble fractalkine-induced monocytic cell adhesion. Blood 

97: 2031–2037. doi: 10.1182/blood.V97.7.2031  

 

Cardona, A.E., Pioro, E.P., Sasse, M.E., Kostenko, V., Cardona, S.M., Dijkstra, I.M., Huang, D., Kidd, G., 

Dombrowski, S., Dutta, R., Lee, J.C., Cook, D.N., Jung, S., Lira, S.A., Littman, D.R., and Ransohoff, R.M. (2006) 

Control of microglial neurotoxicity by the fractalkine receptor. Nat. Neurosci. 9: 917–924. doi: 10.1038/nn1715  

 



Catalano, M., Lauro, C., Cipriani, R., Chece, G., Ponzetta, A., Di Angelantonio, S., Ragozzino, D., and Limatola, C. 

(2013) CX3CL1 protects neurons against excitotoxicity enhancing GLT-1 activity on astrocytes. J. Neuroimmunol. 

263: 75–82. doi: 10.1016/j.jneuroim.2013.07.020 

 

Chapman, G.A., Moores, K., Harrison, D., Campbell, C.A., Stewart, B.R., and Strijbos, P.J. (2000) Fractalkine 

cleavage from neuronal membranes represents an acute event in the inflammatory response to excitotoxic 

brain damage. J. Neurosci. 20: RC87(1–5). 

 

Cipriani, R., Villa, P., Chece, G., Lauro, C., Paladini, A., Micotti, E., Perego, C., De Simoni, M.G., Fredholm, B.B., 

Eusebi, F., and Limatola, C. (2011) CX3CL1 is neuroprotective in permanent focal cerebral ischemia in rodents. J. 

Neurosci. 31: 16327–16335. doi: 10.1523/JNEUROSCI.3611-11.2011 

 

Clark, A.K., Yip, P.K., Grist, J., Gentry, C., Staniland, A.A., Marchand, F., Dehvari, M., Wotherspoon, G., Winter, J., 

Ullah, J., Bevan, S., and Malcangio, M. (2007) Inhibition of spinal microglial cathepsin S for the reversal of 

neuropathic pain. Proc. Natl. Acad. Sci. USA. 104: 10655-10660. doi: 10.1073/pnas.0610811104 

 

Coogan, A.N., O'Neill, L.A., and O'Connor, J.J. (1999) The P38 mitogen-activated protein kinase inhibitor 

SB203580 antagonizes the inhibitory effects of interleukin-1beta on long-term potentiation in the rat dentate 

gyrus in vitro. Neuroscience 93: 57–69. doi: 10.1016/S0306-4522(99)00100-1 

 

Cook, A., Hippensteel, R., Shimizu, S., Nicolai, J., Fatatis, A., and Meucci, O. (2010) Interactions between 

chemokines: regulation of fractalkine/CX3CL1 homeostasis by SDF/CXCL12 in cortical neurons. J. Biol. Chem. 

285: 10563–10571. doi: 10.1074/jbc.M109.035477  

 

Deiva, K., Geeraerts, T., Salim, H., Leclerc, P., Héry, C., Hugel, B., Freyssinet, J.M., and Tardieu, M. (2004) 

Fractalkine reduces N-methyl-d-aspartate-induced calcium flux and apoptosis in human neurons through 

extracellular signal-regulated kinase activation. Eur. J. Neurosci. 20: 3222–3232. doi: 10.1111/j.1460-

9568.2004.03800.x 

 

del Rey, A., Balschun, D., Wetzel, W., Randolf, A., and Besedovsky, H.O. (2013) A cytokine network involving 

brain-borne IL-1β, IL-1ra, IL-18, IL-6, and TNFα operates during long-term potentiation and learning. Brain 

Behav. Immun. 33: 15–23. doi: 10.1016/j.bbi.2013.05.011 

 

Erichsen, D., Lopez, A.L., Peng, H., Niemann, D., Williams, C., Bauer, M., Morgello, S., Cotter, R.L., Ryan, L.A., 

Ghorpade, A., Gendelman, H.E., and Zheng, J. (2003) Neuronal injury regulates fractalkine: relevance for HIV-1 

associated dementia. J. Neuroimmunol. 138: 144-155. doi: 10.1016/S0165-5728(03)00117-6  

 



Garton, K.J., Gough, P.J., Blobel, C.P., Murphy, G., Greaves, D.R., Dempsey, P.J., and Raines, E.W. (2001) Tumor 

necrosis factor-α-converting enzyme (ADAM17) mediates the cleavage and shedding of fractalkine (CX3CL1). J. 

Biol. Chem. 276: 37993–38001. doi: 10.1074/jbc.M106434200 

 

Gemma, C., and Bachstetter, A.D. (2013) The role of microglia in adult hippocampal neurogenesis. Front. Cell. 

Neurosci. 7: 229. doi: 10.3389/fncel.2013.00229 

 

Harrison, J.K., Jiang, Y., Chen, S., Xia, Y., Maciejewski, D., McNamara, R.K., Streit, W.J., Salafranca, M.N., 

Adhikari, S., Thompson, D.A., Botti, P., Bacon, K.B., and Feng, L. (1998) Role for neuronally derived fractalkine in 

mediating interactions between neurons and CX3CR1-expressing microglia. Proc. Natl. Acad. Sci. USA 95: 10896–

10901. doi: 10.1073/pnas.95.18.10896 

 

Hatori, K., Nagai, A., Heisel, R., Ryu, J.K., and Kim, S.U. (2002) Fractalkine and fractalkine receptors in human 

neurons and glial cells. J. Neurosci. Res. 69: 418–426. doi: 10.1002/jnr.10304 

 

Heinisch, S., and Kirby, L.G. (2009) Fractalkine/CX3CL1 enhances GABA synaptic activity at serotonin neurons in 

the rat dorsal raphe nucleus. Neuroscience 164: 1210–1223. doi: 10.1016/j.neuroscience.2009.08.075 

 

Hopkins, S.J., and Rothwell, N.J. (1995) Cytokines and the nervous system. I: Expression and recognition. Trends 

Neurosci. 18: 83–88. doi: 10.1016/0166-2236(95)80029-2 

 

Hoshiko, M., Arnoux, I., Avignone, E., Yamamoto, N., Audinat, E. (2012) Deficiency of the microglial receptor 

CX3CR1 impairs postnatal functional development of thalamocortical synapses in the barrel cortex. J. Neurosci. 

32: 15106–15111. doi: 10.1523/JNEUROSCI.1167-12.2012 

 

Hughes, P.M., Botham, M.S., Frentzel, S., Mir, A., and Perry, V.H. (2002) Expression of fractalkine (CX3CL1) and 

its receptor, CX3CR1, during acute and chronic inflammation in the rodent CNS. Glia 37: 314–327. doi: 

10.1002/glia.10037 

 

Hundhausen, C., Misztela, D., Berkhout, T.A., Broadway, N., Saftig, P., Reiss, K., Hartmann, D., Fahrenholz, F., 

Postina, R., Matthews, V., Kallen, K.J., Rose-John, S., and Ludwig, A. (2003) The disintegrin-like 

metalloproteinase ADAM10 is involved in constitutive cleavage of CX3CL1 (fractalkine) and regulates CX3CL1-

mediated cell-cell adhesion. Blood 102: 1186–1195. doi: 10.1182/blood-2002-12-3775 

 

Hunsaker, M.R., and Kesner, R.P. (2008) Evaluating the differential roles of the dorsal dentate gyrus, dorsal CA3, 

and dorsal CA1 during a temporal ordering for spatial locations task. Hippocampus 18: 955–964. doi: 

10.1002/hipo.20455 



 

Jankowsky, J.L., Derrick, B.E., and Patterson, P.H. (2000) Cytokine responses to LTP induction in the rat 

hippocampus: a comparison of in vitro and in vivo techniques. Learn. Mem. 7: 400–412. doi: 10.1101/lm.32600 

 

Jones, B.A., Riegsecker, S., Rahman, A., Beamer, M., Aboualaiwi, W., Khuder, S.A., and Ahmed, S. (2013) Role of 

ADAM-17, p38 MAPK, cathepsins, and the proteasome pathway in the synthesis and shedding of 

fractalkine/CX3CL1 in rheumatoid arthritis. Arthritis Rheum. 65: 2814–2825. doi: 10.1002/art.38095 

 

Jovanovic, J.N., Thomas, P., Kittler, J.T., Smart, T.G., and Moss, S.J. (2004) Brain-derived neurotrophic factor 

modulates fast synaptic inhibition by regulating GABA(A) receptor phosphorylation, activity, and cell-surface 

stability. J. Neurosci. 24: 522–530. doi: 10.1523/JNEUROSCI.3606-03.2004 

 

Jung, S., Aliberti, J., Graemmel, P., Sunshine, M.J., Kreutzberg, G.W., Sher, A., and Littman, D.R. (2000) Analysis 

of fractalkine receptor CX(3)CR1 function by targeted deletion and green fluorescent protein reporter gene 

insertion. Mol. Cell. Biol. 20: 4106–4114. doi: 10.1128/MCB.20.11.4106-4114.2000 

 

Katz, L.C., and Shatz, C.J. (1996) Synaptic activity and the construction of cortical circuits. Science 274: 1133–

1138. doi: 10.1126/science.274.5290.1133  

 

Klosowska, K., Volin, M.V., Huynh, N., Chong, K.K., Halloran, M.M., and Woods, J.M. (2009) Fractalkine functions 

as a chemoattractant for osteoarthritis synovial fibroblasts and stimulates phosphorylation of mitogen-

activated protein kinases and Akt. Clin. Exp. Immunol. 156: 312–319. doi: 10.1111/j.1365-2249.2009.03903.x 

 

Komuro, H., and Rakic, O. (1998) Orchestration of neuronal migration by activity of ion channels, 

neurotransmitter receptors, and intracellular Ca2 fluctuations. J Neurobiol 37:110–130. doi: 10.1002/(SICI)1097-

4695(199810)37:13.3.CO;2-Q  

 

Krathwohl, M.D., and Kaiser, J.L. (2004) Chemokines promote quiescence and survival of human neural 

progenitor cells. Stem Cells 22: 109–118. doi: 10.1634/stemcells.22-1-109 

 

Lauro, C., Cipriani, R., Catalano, M., Trettel, F., Chece, G., Brusadin, V., Antonilli, L., van Rooijen, N., Eusebi F., 

Fredholm B.B, and Limatola C. (2010) Adenosine A1 receptors and microglial cells mediate CX3CL1-induced 

protection of hippocampal neurons against Glu-induced death. Neuropsychopharmacology 35: 1550–1559. doi: 

10.1038/npp.2010.26 

 

Li, A.J., Katafuchi, T., Oda, S., Hori, T., and Oomura, Y. (1997) Interleukin-6 inhibits long-term potentiation in rat 

hippocampal slices. Brain Res. 748: 30–38. doi: 10.1016/S0006-308993(96)01283-8 



 

Limatola, C., Ciotti, M.T., Mercanti, D., Vacca, F., Ragozzino, D., Giovannelli, A., Santoni, A., Eusebi, F., and 

Miledi, R. (2000) The chemokine growth-related gene product beta protects rat cerebellar granule cells from 

apoptotic cell death through alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors. Proc. Natl. 

Acad. Sci. USA 97: 6197–6201. doi: 10.1073/pnas.090105997 

 

Limatola, C., Lauro, C., Catalano, M., Ciotti, M.T., Bertollini, C., Di Angelantonio, S., Ragozzino, D., and Eusebi, F. 

(2005) Chemokine CX3CL1 protects rat hippocampal neurons against glutamate-mediated excitotoxicity. J. 

Neuroimmunol. 166: 19–28. doi: 10.1016/j.jneuroim.2005.03.023  

 

Lu, M., Grove, E.A., and Miller, R.J. (2002) Abnormal development of the hippocampal dentate gyrus in mice 

lacking the CXCR4 chemokine receptor. Proc. Natl. Acad. Sci. USA 99: 7090–7095. doi: 10.1073/pnas.092013799 

 

Lyons, A., Lynch, M.A, Downer, J.E., Hanley, R., O’Sullivan, B.J, Smith , A., and Lynch, A.M. (2009) Fractalkine-

induced activation of the phosphatidylinositol-3 kinase pathway attenuates microglial activation in vivo and in 

vitro. Journal of Neurochemistry 110: 1547-1556. doi: 10.1111/j.1471-4159.2009.06253 

 

Maciejewski-Lenoir, D., Chen, S., Feng, L., Maki, R., and Bacon, K.B. (1999) Characterization of fractalkine in rat 

brain cells: migratory and activation signals for CX3CR1-expressing microglia. J. Immunol. 163: 1628–1635. 

 

Maggi, L., Scianni, M., Branchi, I., D’Andrea, I., Lauro, C., and Limatola, C. (2011) CX3CR1 deficiency alters 

hippocampal-dependent plasticity phenomena blunting the effects of enriched environment. Front. Cell. 

Neurosci. 5: 1–10. doi: 10.3389/fncel.2011.00022 

 

Maggi, L., Trettel, F., Scianni, M., Bertollini, C., Eusebi, F., Fredholm, B.B., and Limatola, C. (2009) LTP 

impairment by fractalkine/CX3CL1 in mouse hippocampus is mediated through the activity of adenosine 

receptor type 3 (A3R). J. Neuroimmunol. 215: 36-42. doi: 10.1016/j.jneuroim.2009.07.016 

 

Malenka, R.C., and Bear, M.F. (2004) LTP and LTD: an embarrassment of riches. Neuron 44: 5–21. doi: 

10.1016/j.neuron.2004.09.012 

 

Mattison, H.A., Nie, H., Gao, H., Zhou, H., Hong, J.S., and Zhang, J. (2013) Suppressed pro-inflammatory 

response of microglia in CX3CR1 knockout mice. J. Neuroimmunol. 257: 110–115. doi: 

10.1016/j.jneuroim.2013.02.008 

 

McAfoose, J., and Baune, B.T. (2009) Evidence for a cytokine model of cognitive function. Neurosci. Biobehav. 

Rev. 33: 355–366. doi: 10.1016/j.neubiorev.2008.10.005 



 

Meltzer, H.Y. (1990) Role of serotonin in depression. Ann. N. Y. Acad. Sci. 600: 486–499. doi: 10.1111/j.1749-

6632.1990.tb16904.x 

 

Meucci, O., Fatatis, A., Simen, A.A., Bushell, T.J., Gray, P.W., and Miller, R.J. (1998) Chemokines regulate 

hippocampal neuronal signaling and gp120 neurotoxicity. Proc. Natl. Acad. Sci. USA 95: 14500–14505. doi: 

10.1073/pnas.95.24.14500 

 

Meucci, O., Fatatis, A., Simen, A.A., and Miller, R.J. (2000) Expression of CX3CR1 chemokine receptors on 

neurons and their role in neuronal survival. Proc. Natl. Acad. Sci. USA 97: 8075–8080. doi: 

10.1073/pnas.090017497 

 

Mizoguchi, Y., Kanematsu, T., Hirata, M., and Nabekura, J. (2003) A rapid increase in the total number of cell 

surface functional GABAA receptors induced by brain-derived neurotrophic factor in rat visual cortex. J. Biol. 

Chem. 278: 44097–44102. doi: 10.1074/jbc.M305872200 

 

Nusser, Z., Hajos, N., Somogyi, P., and Mody, I. (1998) Increased number of synaptic GABA(A) receptors 

underlies potentiation at hippocampal inhibitory synapses. Nature 395: 172–177. doi: 10.1038/25999 

 

Oh, S.B., Endoh, T., Simen, A.A., Ren, D., and Miller, R.J. (2002) Regulation of calcium currents by chemokines 

and their receptors. J. Neuroimmunol. 123: 66–75. doi: 10.1016/S0165-5728(01)00485-4  

 

Old, E.A., and Malcangio, M. (2012) Chemokine mediated neuron-glia communication and aberrant signalling in 

neuropathic pain states. Curr. Opin. Pharmacol. 12: 67–73. doi: 10.1016/j.coph.2011.10.015 

 

Pabon, M.M., Bachstetter, A.D., Hudson, C.E., Gemma, C., and Bickford, P.C. (2011) CX3CL1 reduces 

neurotoxicity and microglial activation in a rat model of Parkinson's disease. J. Neuroinflammation. 8: 9. doi: 

10.1186/1742-2094-8-9 

 

Pau, G., Fuchs, F., Sklyar, O., Boutros, M., and Huber, W. (2010) EBImage – an R package for image processing 

with applications to cellular phenotypes. Bioinformatics 26: 979–981. doi: 10.1093/bioinformatics/btq046  

 

Paxinos, G., and Watson, C. (2005) The rat brain in stereotaxic coordinates, 5th ed. San Diego, CA: Elsevier 

Academic Press. 

 

Piccinin, S., Di Angelantonio, S., Piccioni, A., Volpini, R., Cristalli, G., Fredholm, B.B., Limatola, C., Eusebi, F., and 

Ragozzino, D. (2010) CX3CL1-induced modulation at CA1 synapses reveals multiple mechanisms of EPSC 



modulation involving adenosine receptor subtypes. J. Neuroimmunol. 27: 85–92. doi: 

10.1016/j.jneuroim.2010.05.012 

 

Pickering, M., Pickering, B.W., Murphy, K.J., and O'Connor, J.J. (2008) Discrimination of cell types in mixed 

cortical culture using calcium imaging: a comparison to immunocytochemical labeling. J. Neurosci. Methods 173: 

27–33. doi: 10.1016/j.jneumeth.2008.05.014 

 

Pollmächer, T., Haack, M., Schuld, A., Reichenberg, A., and Yirmiya, R. (2002) Low levels of circulating 

inflammatory cytokines – do they affect human brain functions? Brain Behav. Immun. 16: 525–532. doi: 

10.1016/S0889-1591(02)00004-1 

 

Ragozzino, D., di Angelantonio, S., Trettel, F., Bertollini, C., Maggi, L., Gross, C., Charo, I.F., Limatola, C., and 

Eusebi, F. (2006) Chemokine fractalkine/CX3CL1 negatively modulates active glutamatergic synapses in rat 

hippocampal neurons. J. Neurosci. 26: 10488–10498. doi: 10.1523/JNEUROSCI.3192-06.2006 

 

Reichenberg, A., Yirmiya, R., Schuld, A., Kraus, T., Haack, M., Morag, A., and Pollmächer, T. (2001) Cytokine-

associated emotional and cognitive disturbances in humans. Arch. Gen. Psychiatry 58: 445–452. doi: 

10.1001/archpsyc.58.5.445 

 

Robinson, S., Tani, M., Strieter, R.M., Ransohoff, R.M., and Miller, R.H. (1998) The chemokine growth-regulated 

oncogene-alpha promotes spinal cord oligodendrocyte precursor proliferation. J. Neurosci. 18: 10457–10463. 

 

Rogers, J.T., Morganti, J.M., Bachstetter, A.D., Hudson, C.E., Peters, M.M., Grimmig, B.A., Weeber, E.J., Bickford, 

P.C., and Gemma, C. (2011) CX3CR1 deficiency leads to impairment of hippocampal cognitive function and 

synaptic plasticity. J. Neurosci. 31: 16241–16250. doi: 10.1523/JNEUROSCI.3667-11.2011 

 

Rolls, E.T. (2010) A computational theory of episodic memory formation in the hippocampus. Behav. Brain Res. 

215: 180–196. doi: 10.1016/j.bbr.2010.03.027 

 

Roseti, C., Fucile, S., Lauro, C., Martinello, K., Bertollini, C., Esposito, V., Mascia, A., Catalano, M., Aronica, E., 

Limatola, C., and Palma, E. (2013) Fractalkine/CX3CL1 modulates GABAA currents in human temporal lobe 

epilepsy. Epilepsia. 54: 1834–1844. doi: 10.1111/epi.12354 

 

Ross, F.M., Allan, S.M., Rothwell, N.J., and Verkhratsky, A. (2003) A dual role for interleukin-1 in LTP in mouse 

hippocampal slices. J. Neuroimmunol. 144: 61–67. doi: 10.1016/j.jneuroim.2003.08.030 

 



Rostene, W., Kitabgi, P., and Parsadaniantz, S.M. (2007) Chemokines: a new class of neuromodulator? Nat. Rev. 

Neurosci. 8: 895–903. doi:10.1038/nrn2255 

 

Rothwell, N.J., and Hopkins, S.J. (1995) Cytokines and the nervous system II: Actions and mechanisms of action. 

Trends Neurosci. 8: 130–136. doi: 10.1016/0166-2236(95)93890-A 

 

Ruchaya, P.J., Paton, J.F., Murphy, D., and Yao, S.T. (2012) A cardiovascular role for fractalkine and its cognate 

receptor, CX3CR1, in the rat nucleus of the solitary tract. Neuroscience 209: 119–127. doi: 

10.1016/j.neuroscience.2012.02.018 

 

Ruchaya, P.J., Antunes, V.R., Paton, J.F.R., Murphy, D., and Yao, S.T. (2014) The cardiovascular actions of 

fractalkine/CX3CL1 in the hypothalamic paraventricular nucleus are attenuated in rats with heart failure. Exp. 

Physiol. 99: 111–122. doi: 10.1113/expphysiol.2013.075432  

 

Schneider, H., Pitossi, F., Balschun, D., Wagner, A., del Rey, A., and Besedovsky, H.O. (1998) A neuromodulatory 

role of interleukin-1beta in the hippocampus. Proc. Natl. Acad. Sci. USA 95: 7778–7783. doi: 

10.1073/pnas.95.13.7778 

 

Scianni, M., Antonilli, L., Chece, G., Cristalli, G., Di Castro, M.A., Limatola, C., and Maggi, L. (2013) Fractalkine 

(CX3CL1) enhances hippocampal N-methyl-D-aspartate receptor (NMDAR) function via D-serine and adenosine 

receptor type A2 (A2AR) activity. J. Neuroinflammation 10: 108. doi: 10.1186/1742-2094-10-108. 

 

Shepherd, A.J., Loo, L., and Mohapatra, D.P. (2013) Chemokine co-receptor CCR5/CXCR4-dependent modulation 

of Kv2.1 channel confers acute neuroprotection to HIV-1 glycoprotein gp120 exposure. PLoS One 8: e76698. doi: 

10.1371/journal.pone.0076698 

 

Sheridan, G.K., and Murphy, K.J. (2013) Neuron-glia crosstalk in health and disease: fractalkine and CX3CR1 take 

centre stage. Open Biol. 3: 130181. doi: 10.1098/rsob.130181 

 

Small, S.A., Schobel, S.A., Buxton, R.B., Witter, M.P., and Barnes, C.A. (2011) A pathophysiological framework of 

hippocampal dysfunction in ageing and disease. Nat. Rev. Neurosci. 12: 585–601. doi: 10.1038/nrn3085 

 

Spitzer, N.C., Lautermilch, N.J., Smith, R.D., and Gomez, T.M. (2000) Coding of neuronal differentiation by 

calcium transients. BioEssays 22: 811–817. doi: 10.1002/1521-1878(200009)22:9<811::AID-BIES6>3.0.CO;2-G  

 

Stoppini, L., Buchs, P.A., and Muller, D. (1991) A simple method for organotypic cultures of nervous tissue. J. 

Neurosci. Methods 37: 173–182.  



 

Sui, L., Wang, J., and Li, B.M. (2008) Role of the phosphoinositide 3-kinase-Akt-mammalian target of the 

rapamycin signaling pathway in long-term potentiation and trace fear conditioning memory in rat medial 

prefrontal cortex. Learn. Mem. 15: 762–776. doi: 10.1101/lm.1067808 

 

Tarozzo, G., Bortolazzi, S., Crochemore, C., Chen, S.C., Lira, A.S., Abrams, J.S., and Beltramo, M. (2003) 

Fractalkine protein localization and gene expression in mouse brain. J. Neurosci. Res. 73: 81–88. doi: 

10.1002/jnr.10645 

 

Tarozzo, G., Campanella, M., Ghiani, M., Bulfone, A., and Beltramo, M. (2002) Expression of fractalkine and its 

receptor, CX3CR1, in response to ischaemia-reperfusion brain injury in the rat. Eur. J. Neurosci. 15:1663–1668. 

doi: 10.1046/j.1460-9568.2002.02007.x 

 

Tong, N., Perry, S.W., Zhang, Q., James, H.J., Guo, H., Brooks, A., Bal, H., Kinnear, S.A., Fine, S., Epstein, L.G., 

Dairaghi, D., Schall, T.J., Gendelman, H.E., Dewhurst, S., Sharer, L.R., and Gelbard, H.A. (2000) Neuronal 

fractalkine expression in HIV-1 encephalitis: roles for macrophage recruitment and neuroprotection in the 

central nervous system. J. Immunol. 164: 1333–1339. doi: 10.4049/jimmunol.164.3.1333  

 

Tran, P.B., and Miller, R.J. (2003) Chemokine receptors: signposts to brain development and disease. Nat. Rev. 

Neurosci. 4: 444–455. doi: 10.1038/nrn1116 

 

Tsou, C.L., Haskell, C.A., and Charo, I.F. (2001) Tumor necrosis factor-alpha-converting enzyme mediates the 

inducible cleavage of fractalkine. J. Biol. Chem. 276: 44622–44626. doi: 10.1074/jbc.M107327200 

 

Turrigiano, G. (2007) Homeostatic signaling: the positive side of negative feedback. Curr. Opin. Neurobiol. 17: 

318–324. doi: 10.1016/j.conb.2007.04.004 

 

Turrigiano, G.G. (2008) The self-tuning neuron: synaptic scaling of excitatory synapses. Cell 135: 422–435. doi: 

10.1016/j.cell.2008.10.008 

 

Verge, G.M., Milligan, E.D., Maier, S.F., Watkins, L.R., Naeve, G.S., and Foster, A.C. (2004) Fractalkine (CX3CL1) 

and fractalkine receptor (CX3CR1) distribution in spinal cord and dorsal root ganglia under basal and 

neuropathic pain conditions. Eur. J. Neurosci. 20: 1150–1160. doi: 10.1111/j.1460-9568.2004.03593.x 

 

Wan, Q., Xiong, Z.G., Man, H.Y., Ackerley, C.A., Braunton, J., Lu, W.Y., Becker, L.E., MacDonald, J.F., and Wang, 

Y.T. (1997) Recruitment of functional GABA(A) receptors to postsynaptic domains by insulin. Nature 388: 686–

690. 



 

Wang, Q., Liu, L., Pei, L., Ju, W., Ahmadian, G., Lu, J., Wang, Y., Liu, F., and Wang, Y.T. (2003) Control of synaptic 

strength, a novel function of Akt. Neuron 38: 915–928. doi: 10.1016/S0896-6273(03)00356-8 

 

White, G.E., and Greaves, D.R. (2012) Fractalkine: A Survivor's Guide: Chemokines as Anti-apoptotic Mediators. 

Arterioscler. Thromb. Vasc. Biol. 32: 589–594. doi: 10.1161/ATVBAHA.111.237412 

 

Williamson, L.L., and Bilbo, S.D. (2013) Chemokines and the hippocampus: a new perspective on hippocampal 

plasticity and vulnerability. Brain Behav. Immun. 30: 186–194. doi: 10.1016/j.bbi.2013.01.077. 

 

Wilson, C.J., Finch, C.E., and Cohen, H.J. (2002) Cytokines and cognition – the case for a head-to-toe 

inflammatory paradigm. J. Am. Geriatr. Soc. 50: 2041–2056. doi: 10.1046/j.1532-5415.2002.50619.x 

 

Wu, J., Bie, B., Yang, H., Xu, J.J., Brown, D.L., and Naguibemail, M. (2013) Suppression of central chemokine 

fractalkine receptor signaling alleviates amyloid-induced memory deficiency. Neurobiol. Aging 34: 2843–2852. 

doi: 10.1016/j.neurobiolaging.2013.06.003 

 

Yeo, S.I., Kim, J.E., Ryu, H.J., Seo, C.H., Lee, B.C., Choi, I.G., Kim, D.S., and Kang, T.C. (2011) The roles of 

fractalkine/CX3CR1 system in neuronal death following pilocarpine-induced status epilepticus. J. Neuroimmunol. 

234: 93–102. doi: 10.1016/j.jneuroim.2011.03.005 

 

Yirmiya, R., and Goshen, I. (2011) Immune modulation of learning, memory, neural plasticity and neurogenesis. 

Brain Behav. Immun. 25: 181–213. doi: 10.1016/j.bbi.2010.10.015 

 

Zhuang, Z.Y., Kawasaki, Y., Tan, P.H., Wen, Y.R., Huang, J., and Ji, R.R. (2007) Role of the CX3CR1/p38 MAPK 

pathway in spinal microglia for the development of neuropathic pain following nerve injury-induced cleavage of 

fractalkine. Brain Behav. Immun. 21: 642–651. doi: 10.1016/j.bbi.2006.11.003 

 



 

Figure legends 

 

Figure 1: Expression of CX3CL1 in the CA1, CA3 and dentate gyrus (DG) of the rat hippocampus. (A) Basal levels 

of CX3CL1 expression in the rat dorsal hippocampus. Green: CX3CL1; Red: propidium iodide-stained nuclei. Scale 

bar = 200 μm. (B–D) CA1, CA3 and dentate gyrus regions of the hippocampus, respectively, showing CX3CL1 

(green), NeuN (red) and Hoechst (blue) expression. White arrowheads: interneurons; yellow arrowheads: CA 

pyramidal neurons. (E) Relationship between CX3CL1 and NeuN expression. Each dot represents a single cell. 

Linear regression analyses (red lines) appear on each plot with corresponding r2 values indicated. Linear 

regression p values < 0.05 for CA1, CA3 and dentate gyrus regions of the hippocampus. 

 

Figure 2: Temporal changes in CX3CL1 expression in the rat hippocampus post-spatial learning measured by 

immunofluorescence. (A) Graph shows the average latency-to-platform times for rats trained in a single session 

(5 trials) of the water maze task (n = 12). (B–D) Box plots represent the distributions of fluorescence intensity 

values for CX3CL1 protein expression in CA1, CA3 and DG cells at 1, 2 and 3 h post-water maze training, 

compared to passive control animals. Changes in CX3CL1 expression were analysed using Kruskal-Wallis ANOVA 

and Dunn’s multiple comparisons post-hoc tests; p < 0.01. There were 4 rats per time-point and 3 hippocampal 

sections analysed per animal. The numbers of cells analysed per hippocampal region were as follows: CA1: 

1116–1201 cells; CA3: 1090–1247 cells; DG: 2888–3455 cells. The numbers of cells analysed per time-point 

were: 1 h: 11,526 cells; 2 h: 10,355 cells; 3 h: 10,867 cells.  

 

Figure 3: CX3CL1 expression increases 2 h following theta-burst stimulation-induced LTP in the dentate gyrus 

of acute hippocampal slices. (A) Schematic diagram illustrating the position of stimulating and recording 

electrodes in hippocampal LTP experiments. Electrodes were always placed in the medial molecular layer of the 

lower blade of the dentate gyrus approximately 100–200 μm apart. US: Unstimulated DG blade. TBS: theta-

burst stimulated blade. (B) Box plots showing the distribution of CX3CL1 fluorescence intensities in the upper 

and lower blades of the DG in stimulated slices and time-matched control slices. Asterisk indicates significant 

difference from the US blade (Kruskal-Wallis ANOVA and Dunn’s multiple comparisons post-hoc tests; p < 

0.001).  

 

Figure 4: Differential effects of CX3CL1 on long-term potentiation (LTP) in the dentate gyrus and glutamate-

induced intracellular calcium rise in the CA1, in the presence and absence of GABAA/chloride receptor 

blockade. (A) Shows the effect of the chemokine domain of CX3CL1 on LTP in acute hippocampal slices as 

measured by augmented field EPSP magnitude  in the dentate gyrus following theta-burst stimulation (TBS: 8 x 

8 x 200 Hz). CX3CL1 inhibited dentate LTP in both the early and late phases post-TBS (i.e. 20–40 min and 40–80 

min, respectively; one-way ANOVA; p < 0.05, indicated by an asterisk; n = 8 slices per group). CX3CL1 (500 pM) 



was present for the duration of the time period shown. (B) Shows the paired-pulse ratio between the first and 

second stimulations (50 msec interval) in the LTP experiment in A. (C) Shows the effect of CX3CL1 on dentate 

LTP in acute hippocampal slices as measured by augmented field EPSP magnitude following TBS in the presence 

of picrotoxin (100 μM). CX3CL1 (500 pM) and picrotoxin were present for the duration of the time period 

shown. CX3CL1 enhanced early LTP (one-way ANOVA; p < 0.05, indicated by an asterisk; n = 8 slices per group) 

while having no effect on late LTP. (D) Shows the paired-pulse ratio between the first and second stimulations 

(50 msec interval) in the LTP experiment in C. (E) Shows the effect of CX3CL1 on glutamate-induced calcium 

influx in the CA1 region of organotypic hippocampal slices cultured for 21 DIV. Pre-treatment of slice cultures 

with CX3CL1 (500 pM) for 15 min prior to glutamate exposure reduced calcium influx in the CA1 region (Mann–

Whitney U-test; p < 0.001). Box plot inset shows the area under the curve (AUC) for the whole experimental 

time-course. CX3CL1 (500 pM) was present for the duration of the time period shown. (F) Shows the effect of 

CX3CL1 on glutamate-induced calcium influx in the CA1 region of organotypic hippocampal slices in the presence 

of picrotoxin. Pre-treatment of slice cultures with CX3CL1 (500 pM) and picrotoxin (100 µM) versus picrotoxin 

alone (control) for 15 min prior to glutamate exposure enhanced calcium influx in the CA1 region (Mann–

Whitney U-test; p < 0.001). Box plot inset shows the area under the curve (AUC) for the whole experimental 

time-course. CX3CL1 (500 pM) and/or picrotoxin (100 µM) were present for the duration of the time period 

shown.  

 

Figure 5: Effect of CX3CL1 on glutamate-induced calcium dynamics in neurons and glia. (A–C) Representative 

images of intracellular calcium [Ca2+]i levels in mixed neuron-glial primary hippocampal cultures before and 

after 30 µM glutamate exposure. Control cells (A) were untreated prior to glutamate exposure. Treated cells 

were exposed to either (B) 500 pM or (C) 2 nM CX3CL1 for 15 min. Scale bar = 200 μm. (D–E) Shows the time-

course of the [Ca2+]i response to glutamate in neurons (D) and non-neuronal cells (E). Cells were treated for 15 

min with either 500 pM (blue circles) or 2 nM (green circles) CX3CL1 for 15 min prior to 30 µM glutamate 

exposure. Untreated control time-course is represented by black circles. Relative changes in [Ca2+]i were 

calculated for each cell at each time point as f/f0, where f is the [Ca2+]i fluorescence in each frame and f0 is the 

average baseline fluorescence per cell, calculated 20 s prior to glutamate addition. Primary hippocampal cell 

cultures were divided into neurons (138, 171 and 101 cells for control, 500 pM and 2 nM CX3CL1-treated cells, 

respectively) and non-neuronal (432, 726 and 604 cells for control, 500 pM and 2 nM CX3CL1-treated cells, 

respectively) cell populations based on their [Ca2+]i response to 30 μM glutamate (Pickering et al., 2008). (F–G) 

Quantification of the calcium imaging time-courses in D and E. 500 pM CX3CL1 attenuates glutamate-induced 

[Ca2+]i increases in non-neuronal cell types (Kruskal-Wallis ANOVA and Dunn’s multiple comparisons post-hoc 

tests; p < 0.05), but has no significant effect on [Ca2+]i response in neurons. Pre-treatment of hippocampal cell 

cultures for 15 min with 2 nM CX3CL1, however, significantly attenuates glutamate-induced [Ca2+]i influx in both 

non-neuronal cells and in neurons (Kruskal-Wallis ANOVA and Dunn’s multiple comparisons post-hoc tests; p < 

0.001). The results represent combined data from 5–6 individual cover-slips per treatment group and from two 

separate cell culturing days. 



 

Supplemental Figure 1: Image analysis automation using EBImage software. (A) 40X magnification of the apex 

of the hippocampal dentate gyrus. Green: CX3CL1; Red: NeuN and Blue: Hoechst. Scale bar = 50 μm. (B) Hoechst 

channel alone. Stains cell nuclei. (C) NeuN channel alone. Labels neuronal cell bodies. (D) CX3CL1 channel alone. 

Labels CX3CL1 protein on dentate granule cells. (E) The blue fluorescence intensity was thresholded in order to 

select only Hoechst-stained nuclei (white). (F) Using a morphological kernel expansion algorithm, nuclei were 

dilated to select a cell soma region surrounding each nucleus. (G) A distance map was generated which 

calculates the distance each foreground (white) pixel is from the nearest background (black) pixel. (H) The 

watershed segmentation algorithm was then employed in order to separate all cell bodies from one another. 

The varying shades of grey in the image denote separated cells.  

 

Supplemental Figure 2: Effect of CX3CL1 on the peak glutamate-induced calcium response in organotypic slice 

cultures and mixed hippocampal cell cultures. (A) Shows the effect of CX3CL1 on glutamate-induced calcium 

influx in the CA1 region of organotypic hippocampal slices cultured for 21 DIV. Pre-treatment of slice cultures 

with CX3CL1 (500 pM) for 15 min prior to glutamate (30 μM) exposure had no effect on the peak Ca2+ 

fluorescence intensity achieved by each cell (Mann–Whitney U test; p < 0.001). (B) Shows the effect of CX3CL1 

on glutamate-induced calcium influx in the CA1 region of organotypic hippocampal slices in the presence of 

picrotoxin. Pre-treatment of slice cultures with CX3CL1 (500 pM) and picrotoxin (100 μM) versus picrotoxin 

alone (control) for 15 min prior to glutamate (30 μM) exposure enhanced the peak Ca2+ fluorescence intensity 

achieved by each cell (Mann–Whitney U test; p < 0.001). (C) Shows the effect of CX3CL1 (500 pM and 2 nM) on 

glutamate-induced calcium influx in neuronal cell types within mixed hippocampal cell cultures. Pre-treatment 

of primary hippocampal cell cultures with the lower dose of CX3CL1 (500 pM) for 15 min prior to glutamate (30 

μM) exposure had no effect on the peak Ca2+ fluorescence intensity achieved by each neuronal cell (Kruskal-

Wallis ANOVA and Dunn’s multiple comparisons post-hoc tests; p < 0.001). The higher dose of CX3CL1 (2 nM), 

however, attenuated the peak Ca2+ fluorescence intensity achieved by neurons in response to glutamate 

application. (D) Shows the effect of CX3CL1 (500 pM and 2 nM) on glutamate-induced calcium influx in non-

neuronal cell types within mixed hippocampal cell cultures. Pre-treatment of primary hippocampal cell cultures 

with the lower dose of CX3CL1 (500 pM) for 15 min prior to glutamate (30 μM) exposure had no effect on the 

peak Ca2+ fluorescence intensity achieved by each non-neuronal cell (Kruskal-Wallis ANOVA and Dunn’s multiple 

comparisons post-hoc tests; p < 0.001). The higher dose of CX3CL1 (2 nM), however, attenuated the peak Ca2+ 

fluorescence intensity achieved by each non-neuronal cell in response to glutamate application. 
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