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ABSTRACT 

Social isolation predominantly occurs in elderly people and it is strongly associated with 

cognitive decline. However, the mechanisms that produce isolation-related cognitive 

dysfunction during aging remain unclear. Here we evaluated the cognitive, 

electropgysiologial and morphological effects of short- (4 weeks) and long-term (12 

weeks) social isolation in aged male Wistar rats. Long-term but not short-term social 

isolation increased the plasma corticosterone levels and impaired spatial memory in the 

Morris water maze. Moreover, isolated animals displayed dampened hippocampal long-

term potentiation (LTP) in vivo, both in the dentate gyrus (DG) and CA1, as well as a 

specific reduction in the volume of the stratum oriens and spine density in CA1. 

Interestingly, social isolation induced a transient increase in hippocampal basic fibroblast 

growth factor (FGF2), while fibroblast growth factor receptor 1 (FGFR1) levels only 

increased after long-term isolation. Importantly, sub-chronic systemic administration of 

FGL, a synthetic peptide that activates FGFR1, rescued spatial memory in long-term 

isolated rats. These findings provide new insights into the neurobiological mechanisms 

underlying the detrimental effects on memory of chronic social isolation in the aged. 

 

 

 

 

 

 

 

 

1. INTRODUCTION 
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In humans, social relationships are not only critical for physical well-being, but also for 

mental health (Cacioppo et al., 2010; Nicholson, 2012). In fact, social isolation is 

considered a stressful situation that can cause deterioration in an individual’s 

psychological and physical health (House et al., 1988; Cacioppo et al., 2015). Indeed, 

social isolation is associated with an increased risk of morbidity and mortality (Berkman 

and Syme, 1979; Eng et al., 2002; Steptoe et al., 2013; Holwerda et al., 2016). Although 

it can occur in any period of life, social isolation is particularly prevalent in old age, 

reaching 40% in community-dwelling elderly people (Smith and Hirdes, 2009; 

Nicholson, 2012). Several epidemiological studies have indicated that social relationships 

and social support are protective factors for cognitive decline (Seeman et al., 2001; Barnes 

et al., 2004; Fratiglioni et al., 2004), whereas social isolation and/or a feeling of loneliness 

are related to age associated cognitive decline and the onset of dementia (Bassuk et al., 

1999; Fratiglioni et al., 2000; Zunzunegui et al., 2003; Holwerda et al., 2014). 

Social interactions in non-human primates and other social mammals are known to 

critically affect behavior (Welch and Welch, 1965; Valzelli, 1973). However, preclinical 

studies investigating the effects of social isolation on behavior have mainly focused on 

isolation during rearing, which leads to profound neurobiological and behavioral 

alterations if prolonged, these resembling some of the core symptoms of schizophrenia 

and that are reproduced in “isolation syndrome” (Hall, 1998; Martin and Brown, 2010). 

However, when social isolation takes place in adulthood, distinct behavioral, 

physiological and neuroendocrine changes have been described, depending on the length 

of isolation, the species and gender (Cruces et al., 2014; Arakawa, 2017). Elevated blood 

pressure and increased hypothalamic-pituitary-axis (HPA) activity are common effects of 

the social isolation of adult animals (Hall, 1998; Hawkley et al., 2012; Martin and Brown, 

2010; Cacioppo et al., 2015), along with aggressiveness, enhanced anxiety and 
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depressive-like behavior (Martin and Brown 2010; Cruces et al., 2014). Together, these 

behavioral and neurobiological alterations support the view that social isolation can be 

considered a psychosocial stress. 

Our current understanding of the effects of social isolation in hippocampal dependent 

tasks is largely based on studies of weaned or juvenile animals deprived of social contact, 

although the results obtained have been quite consistent relative to the gender, species 

and protocols used (Wongwitdecha and Marsden, 1996; Schrijver et al., 2002; Hellemans 

et al., 2004; Chida et al., 2006; Ibi et al., 2008; Pisu et al., 2011; Cruces et al., 2014; 

Oliveras et al., 2016; Arakawa, 2017). Strikingly, only three studies into long-term social 

isolation have focused on aged laboratory animals, studying how ageing influences spatial 

learning and memory. Accordingly, it appears that spatial learning and memory in the 

Morris water maze (MWM) deteriorates in isolated rodents (Arranz et al., 2009; Kumar 

et al., 2011; Huang et al., 2015). However, the neurobiological events that underlie the 

deleterious effects on cognitive function provoked by social isolation in aged adults 

remain largely unknown. 

To investigate the effects of social isolation on spatial learning and memory, we evaluated 

how short (STI) and long-term social isolation (LTI) affects the performance of aged male 

Wistar rats in the MWM. Accordingly, we found that LTI, but not STI impaired spatial 

memory. To better understand the temporal dynamics of the changes induced by chronic 

social isolation in hippocampal structure and function, we assessed different parameters 

in these animals: 1) volume of the DG, CA3 and CA1 hippocampal sub-regions; 2) spine 

density on DG granule cells and CA1 pyramidal neurons; 3) hippocampal LTP in vivo, a 

mode of synaptic plasticity thought to be crucial for learning and memory (Bliss and 

Collingridge, 1993); and 4) the hippocampal changes in neural cell adhesion molecule 

(NCAM), PSA-NCAM, FGF2 and FGR1. In addition, we evaluated whether systemic 
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administration of FGL, a synthetic NCAM mimetic peptide that activates FGFR1 

(Neiiendam et al., 2004; Chen et al., 2010), could efficiently reverse the memory 

impairment induced by social isolation. 

 

2. MATERIALS AND METHODS 

2.1. Animals 

Adult male Wistar rats (Harlan, France) were purchased at 3 months of age and kept pair-

housed in transparent Plexiglas cages on a 12-hour light/dark cycle. When the animals 

reached 18 months of age, a group of rats was housed individually in shadow boxes for 

12 weeks (to avoid visual contact with con-specifics: long-term isolation- LTI). Another 

group of rats was housed individually at 20 months of age for 4 weeks (short-term 

isolation-STI), while control animals remained in groups of three pair-housed in 

transparent Plexiglas cages. All animals were weighed weekly. Immediately after 

sacrifice adrenal glands of animals´ were weighed and corticosterone levels measured. 

All animal protocols were approved by the Committee of Ethics of the Universidad 

Nacional de Educación a Distancia (UNED) following the “Principles of laboratory 

animal care”, and were carried out in accordance to the European Union Directive 

(2010/63/EU). 

 

2.2. Experimental designs 

2.2.1. Experiment 1. Effects of short- and long-term social isolation on spatial 

learning and memory in the Morris Water Maze 

At 21 months of age, the spatial learning and memory abilities of STI (n= 10) and LTI 

(n=10) animals, as well as those of the control rats (n=10), were evaluated in the Morris 

water maze. The animals were coded with random numbers without following a specific 
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sequence for the experimental group to ensure that the observers were blind to the 

experimental conditions. 

 

2.2.2. Morris Water Maze 

The water maze was a black circular pool (2 m diameter, 45 cm high) filled with water 

(30 cm depth, at 24±1 °C) and divided into four virtual quadrants of equal size, with a 

hidden escape platform placed in the middle of the target quadrant. The testing room 

contained numerous spatial cues. The acquisition phase was divided into 3 training 

sessions (day 1–3), 90s trials per day, with a 60s inter-trial interval. Each training session 

consisted of four trials (90s), using four different starting positions, distributed equally 

around the perimeter of the maze (north, south, east and west). Each rat was placed in the 

water facing the tank’s wall at one of the four designated starting points. A 60s probe 

memory session (day 4) was performed 24 h after the last trial of the learning period, 

during which the platform was not present. The trials and test were performed during the 

light period (09:00–15:00 h) to avoid the influence of circadian hormonal fluctuations. 

Since performance in the water maze may be influenced by other non-spatial learning 

factors, such as the sensory, motivational, emotional or motor behavior of the subjects, 

the rat’s swimming speed was recorded. In addition, after the memory probe trial the 

animals were tested with a visible platform in the water maze, in which no spatial learning 

is involved. The behavioral data were acquired and analyzed using an automated tracking 

system (Ethovision, Noldus Wageningen, The Netherlands).  

 

2.2.3. Blood Sampling: Plasma corticosterone measurement 
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Blood samples were obtained by the tail nick procedure, within 2 min of the animals being 

taken from the animal room. Plasma corticosterone levels were measured by ELISA with 

a sensitivity of 2.5 ng/mL (DRG Instruments GmbH, Germany). 

 

2.2.4. Experiment 2. Effects of short- and long-term social isolation on hippocampal 

volume and on the spine density on hippocampal neurons 

The effects of chronic social isolation on dorsal hippocampal volume were evaluated in 

animals trained in the MWM. Due to technical problems with the perfusion/fixation 

procedure in some cases, the final number of animals used in Figure 3 were Control n=7, 

STI n=10 and LTI n=6. Spine density in hippocampal granule cells and CA1 pyramidal 

neurons was assessed in a total of 7 animals per group. The animals were transcardially 

perfused with phosphate buffer followed by 4% paraformaldehyde (PFA: 0.1M, pH 7.4) 

and their brain were extracted and fixed again for 48 h in 4% PFA. Subsequently, the 

brains were cryoprotected in graded sucrose solutions (10%, 20%, 30%) for a total of 48 

h. Stereological analysis of hippocampal volume and estimates of spine density were 

performed on serial vibratome brain sections.  

For all morphological, electrophysiological and biochemical experiments, the 

experimenter was blind to the experimental condition. 

 

2.2.5. Stereological analysis of hippocampal volume  

Serial coronal vibratome sections (40 µm, every 10th section: Leica VT1000S) were 

stained with cresyl violet. The volume of the different dorsal hippocampal sub-regions 

(granular and molecular layer of Dentate Gyrus (DG), and radiatum, pyramidal and 

oriens layers of CA1, CA2 and CA3) was quantified stereologically, distinguishing each 

sub-region under a light microscope (Leica DRIV microscope equipped with a Optronics 
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MicroFire digital camera) according to the rat brain atlas (Paxinos and Watson, 2007). 

The volume was calculated with the assistance of StereoInvestigator software 

(MicroBrightField Inc., Williston, VT, USA), according to Cavalieri’s estimator. 

 

2.2.6. Neuronal injection and the measurement of dendritic spine density 

Hippocampal neurons in the CA1 and DG area of freshly obtained coronal brain 

vibratome sections (150 µm: Leica VT1000S) were individually injected with Alexa 594 

(Invitrogen, Eugene, OR) by passing a steady hyperpolarizing current through the 

electrode (-0.5 to -1.0 nA). The current was applied until the distal tips of each neuron 

fluoresced brightly, with images obtained on a confocal microscope (Zeiss LSM510 

Meta). In each animal, 1 dendrite of 5 different stratum oriens pyramidal neurons was 

scanned from the CA1 (n=105 neurons) and from the somas of DG granular cells in the 

molecular layer (n=110 neurons). Dendritic spine density was determined by tracing the 

image of the dendrites acquired in three dimensions with Neurolucida, version 9 

(MicroBrightField Inc., Williston, VT, USA) software. All protusions were considered to 

be spines, applying no correction factors to the spine counts. The reconstructed data were 

exported to Neurolucida Explorer, version 8 (MicroBrightField Inc., Williston, VT, USA) 

to analyze quantitatively and the spines were also analyzed in function of their distance 

from their origin (Sholl analysis). 

 

2.2.7. Experiment 3. Effects of short- and long-term social isolation on hippocampal 

LTP induction in vivo 

To investigate whether social isolation altered hippocampal synaptic plasticity, 21-

month-old STI (n= 8) or LTI (n= 6) rats, and their controls (n=6), were anesthetized with 

urethane (1.6 g/kg i.p.), and LTP induction was studied in the DG and CA1 in vivo. 
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Animals were placed in a Kopf stereotaxic device in which the surgical procedures and 

recordings could be performed. The electrodes were introduced into the DG (−3.3 mm 

posterior, 2.0 mm lateral and 3.5 mm deep, relative to Bregma) and to the perforant 

pathway fibers (-3.3 mm posterior, 0.5 mm lateral and 4.0 mm deep) for the stimulating 

electrode), and into the CA1 (−3.3 mm posterior, 1.5 mm lateral and 3.0 mm deep) where 

the recording electrode activated the Schaffer collaterals pathway (-3.3 posterior, 3.0 mm 

lateral, 3.5 mm deep) for the stimulating electrode. Field potentials were obtained using 

nichrome macroelectrodes (<1 MΩ, 120 µm thick) and the perforant pathway was 

stimulated with a bipolar electrode (World Precision Instruments). The intensity was set 

to double the threshold intensity in order to elicit a response (10-50 µA). 

The experimental protocol consisted of a control period of 10 min to ensure stable activity 

when the stimulation pathway was stimulated at 0.5 Hz. To induce LTP, a tetanic 

stimulation was delivered as three stimulation trains of 100 Hz during 500 ms, each 

separated by 2 seconds. Subsequently, the pathway was again stimulated at 0.5 Hz for 30 

minutes and the average evoked field potential was calculated every minute (30 stimuli). 

The slope of the evoked field potential was measured and plotted considering 100% the 

mean slope during the control period. 

 

2.2.8. Experiment 4. Effects of social isolation in aged rats on synaptic proteins in 

the hippocampus 

The effects of social isolation on synaptic proteins were evaluated in 21-month-old 

control rats (n=15) or those previously submitted to STI (n=14) or LTI (n= 6). Animals 

were sacrificed by decapitation, and hippocampal brain tissues were collected to obtain 

homogenates and synaptosomes as described previously (Carlin et al. 1980). The amount 
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of protein was quantified by the Bradford method. The main NCAM isoforms were 

measured in Western blots, and PSA-NCAM, FGF2 and FGFR1 by ELISA.  

 

2.2.9. Quantification of NCAM isoforms in Western blots 

The three major NCAM isoforms were measured in Western Blots of crude synaptosomal 

preparations: NCAM120, NCAM140 and NCAM180. Hippocampal synaptosomal 

samples from each rat were incubated overnight at room temperature with Endo-N 

(AbCys) to selectively cleave the polysialic acid (PSA) moiety of NCAM and the resolved 

synaptosomes were probed in immunoblots with a polyclonal rabbit anti-rat NCAM 

antiserum (1:15,000) (a generous gift from Prof. Elisabeth Bock, University of 

Copenhagen, Denmark: Rasmussen et al., 1982) and an optimized protocol for western 

blotting published by Pereda-Pérez et al., (2013). The protein concentrations in each 

sample were estimated by the Bradford method. As loading controls, all blots were 

reprobed with a β-actin antibody and the signal for each band of interest was normalized 

to that of β-actin. The images were analyzed using NIH Image J software. 

 

2.2.10. ELISA 

Enzyme-linked immunoabsorbent assays (ELISA) were used to quantify the PSA-NCAM 

(AbCys Eurobio, France), FGF2 (NeoBiolab, Massachusetts, USA) and FGFR1 levels 

(Elabscience, Wuhan, P.R.C.) in the hippocampus. 

 

2.2.11. Experiment 5. Effects of systemic FGL treatment on spatial learning and 

memory after long-term social isolation at aging 

To investigate whether the spatial memory impairment induced by long-term social 

isolation in aged animals can be reversed by central FGFR1 activation, 21-month-old 
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male Wistar rats previously submitted to long-term isolation (or pair-housed as controls) 

were systemically injected with FGL, an agonist of FGFR1 that can cross the blood brain 

barrier (Neiiendam et al., 2004; Secher et al., 2006). In the twelve days before and during 

the training in the Morris water maze, all the animals received sub-chronic treatment with 

subcutaneous injections of FGL (6.6 mg/kg b.w.) or the vehicle alone (10mM L-histidine 

and 30 mg/mL D mannitol adjusted to pH6) every two days. This peptide has been 

demonstrated to penetrate the brain after systemic administration and to remain detectable 

in cerebrospinal fluid (CSF) for up to 5 hours (Secher et al., 2006; Turner et al., 2018).   

 

2.2.12. Statistical Analysis 

The data were analyzed using SPSS version 22 Generalized linear models (McCulloch 

and Searle 2001). We performed the statistical analyses using a generalized linear model 

and generalized estimating equations due to the particular flexibility of those tests 

regarding the type of distribution and covariance structure (McCulloch and Searle, 2001; 

Hardin and Hilbe, 2003). When statistically significant interaction was found, additional 

pairwise comparisons (Bonferroni sequential adjustment) were made and the method of 

estimation used was the maximum likelihood (ML). Normality distribution and identity 

as a link function was always used. In all cases, the significance of the effects was 

determined with the Wald X2 statistic. The data are presented as mean ± SEM and the 

statistical significance was set at p<0.05. 

 

3. RESULTS 

3.1. Effect of social isolation on body weight gain, morning plasma corticosterone 

levels and relative adrenal gland weight 
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There were significant differences in body weight gain between control and isolated 

animals, with group (Wald X2 (2) = 10.28, p= 0.006), time (Wald X2 (11) = 281.76, 

p<0.001) and interaction effects (Wald X2 (22) = 238.36, p < 0.001: Figure 1A). Morning 

plasma corticosterone levels were significantly higher in the LTI animals compared to 

controls (group effect Wald X2 (2) = 8.02, p =0.018: (Figure 1C), and the relative adrenal 

gland weight (adrenal glands to body weight ratio) was also significantly different 

between the two groups (Wald X2 (2) = 112.46, p=0.002). Indeed, the adrenal glands were 

heavier in LTI animals than in the controls animals (p=0.001: Figure 1B). 

 

3.2. Long–term social isolation impairs spatial memory in the Morris water maze 

We examined the spatial learning abilities of the animals in the MWM. During the 

acquisition phase, the controls as well as STI and LTI rats progressively learnt the location 

of the platform as the training proceeded (trial and group x trial effect Wald X2 (11) = 

148.84, p < 0.001; Wald X2 (22) = 55.52, p < 0.001, respectively: Figure 2A). Compared 

to controls, STI rats needed more time to reach the hidden platform in trials 3 (p=0.051) 

and 5 (p =0.047). We observed no significant differences in swimming speed between the 

control, STI and LTI rats (Wald X2 (2) = 0.110, p = 0.951). In addition, we tested the 

animals with a visible platform in order to exclude any effects on sensory, motivational, 

emotional or motor functions. Again, we failed to detect any significant differences in 

escape latency of a visible platform among the control (23.2 ± 2.5s), STI (24.1 ±3.2s) and 

LTI rats (22.8 ± 3.8s) (Wald Wald X2 (2) = 0.29, p = 0.834). 

In the probe trial, compared to controls, the LTI, but not the STI rats, spent less time in 

the target quadrant where the platform had been located previously on the training days 

(Wald X2 (2) = 12.11, p= 0.002: Figure 2B).  
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In addition, we tested the animals in a visible platform in order to exclude sensory, 

motivational, emotional, or motor functions. There were no significant differences in 

escape latency in a visible platform among controls (23.2 ± 2.5s), STI (24.1 ± 3.2s) and 

LTI rats (22.8 ± 3.8s) (Wald X2 (2) = 0.29, p = 0.834).  

 

3.3. Hippocampal volume changes after chronic social isolation 

We investigated whether social isolation affected the volume of each sub-region in the 

dorsal hippocampus. A detailed analysis of the CA1 hippocampal volume showed a group 

effect in the stratum oriens of CA1 (Wald X2 (2) = 12.01, p=0.002), with a significant 

decrease in volume STI (p=0.007) and LTI (p=0.001) rats relative to the controls (Figure 

3A). A tendency towards a lower volume in the CA1 pyramidal layer relative to the 

controls was found in LTI rats (p=0.076). Conversely, there were no significant 

differences between the groups in the other hippocampal areas analyzed: CA2, CA3 and 

DG (p> 0.05: Figure 3 B, C and D). 

 

3.4. Social isolation alters spine density in the DG and CA1 

A Sholl analysis of the spine density on the DG granular cells showed significant effects 

for group, distance and group x distance interaction (Wald X2 (2) = 9.32, p=0.009; Wald 

X2 (14) = 2.032x108, p<0.001; Wald X2 (14)= 309.74 p=0.001, respectively) but not for 

the group x distance interaction. Further analysis indicated a decrease in spine density in 

the STI and LTI rats compared to the controls (p=0.005: Figure 4A). 

There were significant differences across the groups in the total spine density in the 

proximal zone of the dendritic tree of granule cells (Wald X2 (2) = 6.72, p =0.035). When 

compared to the controls, there was a decrease in total spine density in both STI (p=0.02) 

and LTI rats (p =0.034 (Figure 4B). Significant differences were also found between 
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groups in the total spine density in the distal zone (Wald X2 (2) = 9.65, p < 0.005). 

Compared to the controls, there was a decrease in total spine density in the STI (p =0.026) 

and LTI rats (p =0.030: Figure 4C). In addition, there were significant differences in 

average total spine density across groups (Wald X2 (2) = 12.08, p =0.002: Figure 4E). 

Further analysis indicated there was a decrease in the average total spine density in the 

STI (p=0.004) and LTI rats (p =0.002) relative to the controls. 

A Sholl analysis of spine density in the stratum oriens of CA1 (Figure 4F) showed 

significant effects for group and distance qnd group x distance (Wald X2 (12) = 1470.96, 

p< 0.001, Wald X2 (17) = 40.46, p =0.001 respectively), but not for the group x distance 

interaction. Further analysis showed a decrease in spine density in the LTI rats compared 

to controls (p=0.039). No significant differences were found in STI rats compared with 

the controls. Moreover, there did no appear to be differences in the average total spine 

density in the stratum oriens of CA1 between the three experimental groups (Wald X2 (2) 

= 4.04, p =0.133: Figure 4G). 

 

3.5. Activity related plasticity changes induced by social isolation  

To explore whether social isolation affected LTP induction in the DG in vivo, we 

compared the field excitatory postsynaptic potential (fEPSP) slope in STI and LTI rats 

with that in control animals. As a result, we found that each group of animals had similar 

basal synaptic transmission (control 1.8±0.61, STI: 2.4±0.3 and LTI: 2.1±0.3 mV/ms.; p 

=0.483 and p= 0.613 respectively vs control). However, a group effect was evident for 

(fEPSP) slope (Wald X2 (2) = 15.50, p < 0.001; Figure 5A) and the LTI rats had a 

significantly lower LTP than the control animals (p < 0.01: Figure 5B). In the CA1, the 

analysis of fEPSPs after high frequency stimulation of Schaffer collaterals indicated 
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significant differences between the groups (Wald X2 (2) = 21.38, p <0.001: Figure 5C). 

Again, LTI rats had a slower fEPSP than the control rats (p <0.001: Figure 5D). 

 

3.6. Effects of social isolation on learning and memory related proteins in the 

hippocampus  

In hippocampal crude synaptosomes there were no significant differences in the main 

NCAM isoforms between the groups (NCAM 180 kDa, Wald X2 (2) = 0.24, p =0.888; 

NCAM 140 kDa, Wald X2 (2) = 2.26, p =0.323; NCAM 120 kDa, Wald X2 (2) = 0.46, p 

= 0.795: Figure 6A). However, there was a significant reduction in the synaptic PSA-

NCAM content in the hippocampus in rats subjected to LTI (Wald X2 (2) = 11.96, 

p=0.003: Figure 6B). Given that FGFR1 (Reuss and von Bohlen und Halbach 2003) is 

involved in hippocampal synaptic plasticity and memory consolidation (Zhao et al. 2007) 

and that FGF2 is abundantly expressed in the hippocampus, we decided to investigate 

their hippocampal levels. There were significant differences between the groups in terms 

of the hippocampal FGF2 levels (Wald X2 (2) = 6.46, p =0.039), whereby STI rats had 

more FGF2 than the group-housed animals (p =0.037; Figure 6C). In addition, LTI rats 

had elevated levels of FGFR1 in the hippocampus (Wald X2 (2) = 7.02, p =0.03: Figure 

6D).  

 

3.7. FGL treatment reverses the impairment in spatial memory induced by long-

term social isolation  

To investigate whether FGFR1 activation might be able to revert the impact of long-term 

isolation on spatial abilities, we administered FGL after 3 months of isolation. During 

systemic FGL treatment, significant differences in body weight gain were detected 

between control (4.0  0.6 g) and isolated (0.4 0.7 g) animals (Wald X2 (1) = 13.51, p< 
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0.001), with no effect of FGL treatment (Wald X2 (1) = 0.04, p = 0.839) or any interaction 

effect (Wald X2 (1) = 0.68, p = 0.794). An analysis of the latency to find the platform 

during the acquisition phase in the MWM after long-term social isolation indicated the 

existence of significant differences in the trial and (trial x group) interaction (Wald X2 

(11) = 93.92, Wald X2 (31) = 3750.86, respectively: p < 0.001). Further analysis revealed 

that LTI rats that received FGL needed more time to find the hidden platform in trial 5 

than the control rats that received the vehicle alone (p=0.008). The LTI rats that received 

the vehicle alone dislayed a tendency to need more time to find the hidden platform than 

control rats that received FGL in trial 11 (p = 0.060: Figure 7A) and than LTI rats that 

received FGL in trial 12 (p=0.073).  

A statistical analysis of spatial memory abilities of the four groups of animals revealed a 

significant group effect (Wald X2 (3) = 18.47, p <0.001: Figure 7B). The LTI rats that 

received the vehicle alone spent less time in the target quadrant than their control 

counterparts (p = 0.001) or the control+FGL (p < 0.001) and LTI+FGL rats (p =0.003). 

Therefore, these results indicate that FGL treatment reverted the spatial memory deficits 

in LTI animals. 

In order to study whether FGL affects the stress response of isolated animals, plasma 

corticosterone levels were measured two days after completion of the cognitive 

evaluation. Morning plasma corticosterone levels did not differ between LTI animals 

treated with FGL (74.9 ±10.1 ng/ml; p=0.810) or the vehicle alone (77.2 ±11.4 ng/ml). In 

addition, the relative adrenal gland weight was similar in LTI rats injected with FGL and 

in those that received the vehicle alone (0.101 ±0.070 mg/g b.w. and 0.106 ±0.061 mg/g 

b.w., respectively, p=0.748).  

 

4. DISCUSSION 
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Our study reveals that aged animals submitted to LTI, but not STI, develop deficits in 

spatial memory. This cognitive dysfunction may be related to the impaired in vivo 

hippocampal LTP, and the loss of dendritic spines on DG granule cells and CA1 

pyramidal neurons. Although chronic social isolation did not appear to modify the main 

NCAM isoforms in the hippocampus, it decreased the PSA-NCAM at synapses, and it 

transiently increased the FGF2 and FGFR1 content. Finally, systemic administration of 

FGL, a synthetic peptide that activates FGFR1 (Neiiendam et al., 2004), appeared to be 

an effective pharmacological treatment to recover spatial cognition in LTI animals. 

While the body weight gain in aged rats submitted to either 4 or 12 weeks of social 

isolation was weaker than in control animals, the relative weight of the adrenal gland and 

the plasma corticosterone levels only increased in LTI animals. Loss of body weight, 

elevated blood pressure and enhanced HPA activity are frequently observed after 

separation of an animal from its conspecifics (Castro and Matt, 1997; Hall, 1998; Martin 

and Brown, 2010; Garrido et al., 2012; Hawkley et al., 2012; Zlatković and Filipović, 

2012; Cacioppo et al., 2015). Indeed, these physiological and endocrine effects of social 

isolation are consistent with the effects produced by chronic stress (Daniels-Severs et al., 

1973; Sapolsky et al., 1986) and in fact, social isolation is considered a stressful event in 

animals and humans (Grant et al., 2009; Cacioppo et al., 2015). Unlike other types of 

“active” stress (e.g., restraint stress, foot shock, learned helplessness or social defeat), 

social isolation can be considered a “passive” stress. Chronic exposure of adult male rats 

to “active” stress and social isolation frequently provokes anxiety- and depression-like 

behavior, and cognitive impairment (Cruces et al., 2014; Krishan et al., 2007). In addition, 

prolonged exposure to “active” stress and social isolation increases the number of cells 

that express c-Fos in many brain regions, including the hippocampus, medial prefrontal 

cortex, striatum and amygdala (Westenbroek et al., 2003; Stanisavljević et al., 2018). 
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However, some aspects of the neural response differ between these two types of stress. 

Thus, depression and anxiety-like symptoms induced by long term social isolation of 

adult mice and rats are mediated by a downregulation of CREB that dampens nucleus 

accumbens excitability, whereas active stressors upregulate CREB activity in this brain 

region (Carlezon et al., 2005; Wallace et al., 2006; Wilkinson et al., 2009). Here, we also 

observed slower acquisition of spatial learning in STI animals and impaired spatial 

memory after LTI. What underlies the effects of chronic social isolation on spatial 

abilities is not clear, although these effects do appear to be influenced by gender, species, 

length of isolation and whether rodents are isolated at weaning (Wongwitdecha and 

Marsden, 1996b; Hellemans et al., 2004; Chida et al., 2006; Ibi et al., 2008; Pisu et al., 

2011; for review see Arakawa, 2017) or in adulthood (Coudereau et al., 1997; Moragrega 

et al. 2003; Chen et al., 2016). To our knowledge, only three studies have investigated the 

spatial learning of animals submitted to social isolation in old age. As such, isolated aged 

female mice acquired spatial learning more slowly (Arranz et al., 2009) and spatial 

memory was impaired in male aged APP/PS1 mice (Huang et al., 2015), a transgenic 

model of Alzheimer´s disease and long-term isolated male rats (Kumar et al., 2011). 

Interestingly, social isolation in elderly people has already been associated with poorer 

cognitive function (Shankar et al., 2013; Cacioppo and Cacioppo, 2014). 

Since spatial navigation is highly dependent on correct hippocampal function, particularly 

the dorsal part (Wiener, et al., 1989; for rev. see Stranger et al., 2014), we investigated 

the structural and functional changes in the dorsal hippocampus of socially isolated aged 

animals. After 4 weeks of social isolation, spine density was reduced on granule cells of 

the DG, but not on CA1 pyramidal neurons, while LTP was not affected in vivo. When 

social isolation persisted for 12 weeks, spine loss was evident in both the DG and CA1, 

together with dampened LTP in these two hippocampal areas. Similarly, important 
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structural neuroplastic changes have been reported in the hippocampus of animals after 

chronic stress, including dendritic atrophy, reduced spine density and neurogenesis, and 

impaired LTP (Sousa et al., 2000; Pham et al., 2003; Joëls et al., 2004). While there is 

strong evidence of reduced spine density in hippocampal neurons of animals isolated 

post-weaning (Silva-Gómez et al., 2003), only two studies reported that chronic social 

isolation in adulthood reduces hippocampal volume in mice and degus (Pereda-Pérez et 

al., 2013; Huang et al., 2015). Chronic stress can affect structural plasticity differently in 

distinct brain structures, including the hippocampus, frontal cortex and amygdala 

(McEwen, 2000). The hippocampus is critical for declarative memory in humans (Squire 

and Zola-Morgan, 1991; Eichenbaum, 2000) and spatial memory in rodents (Morris et 

al., 1982), and it seems to be especially vulnerable to prolonged exposure to stress. Thus, 

a decrease in hippocampal volume was witnessed in patients suffering from stress-related 

psychiatric disorders, which was associated with memory deficits (Bremner et al., 1995; 

Shin et al., 2004). In addition, the expression of molecules involved in synaptic plasticity 

like NCAM and its polysialylated PSA-NCAM is also altered after chronic stress (Venero 

et al., 2002) or LTI (Pereda-Pérez et al., 2013). 

It is well known that chronically stressed animals undergo dendritic atrophy and a loss of 

dendritic spines in the CA1 and CA3 areas (McEwen, 1999; Sousa et al., 2000), as well 

as impaired LTP in all hippocampal areas (Pavlides et al., 2002; Alfarez et al., 2003; for 

review see Fa et al., 2014). Interestingly, these morphological and electrophysiological 

changes in the hippocampus of chronically stressed animals seem to be associated with 

the deficits in spatial learning and memory tasks (Luine et al., 1994; Sandi et al., 2003; 

Rahman et al., 2016). Moreover, these stress-induced cognitive and plastic changes were 

reversed by treatment with an inhibitor of corticosterone synthesis or an antagonist of the 

glucocorticoid receptor (Krugers et al., 2006; Kvarta et al., 2015). Therefore, the decrease 
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that we observed in spine density in the DG and CA1, together with the impaired LTP in 

these hippocampal areas after LTI, might be related to the impaired spatial memory 

evident in LTI aged animals. It was previously shown that long-term potentiation (LTP) 

in the CA1 region of hippocampal slices was impaired in LTI aged male rats but not in 

isolated-aged animals that were maintained under an exercise regime, nor in 

environmentally-enriched paired-housed animals (Kumar et al., 2012). Moreover, spatial 

memory in the MWM was impaired in isolated animals.  

Social isolation in aging induced a decrease in synaptic PSA-NCAM in the hippocampus 

of LTI but not STI animals. This reduction in hippocampal PSA-NCAM was not 

paralleled by a decrease in any of the main NCAM isoforms. We recently observed a 

similar drop in the hippocampal PSA-NCAM content in the female adult degus subjected 

to LTI (Pereda-Pérez et al., 2013). By contrast, an increase in hippocampal PSA-NCAM 

was also reported in young-adult male rats after STI (Djordjevic et al., 2012). These 

discrepancies in the polysialation state of NCAM in the hippocampus after social isolation 

may be related to the timing of social isolation and the age of the animals, particularly 

given that there is much less hippocampal PSA-NCAM in older rats than in young or 

adult animals (Regan and Fox, 1995; Seki, 2002). 

While there was more hippocampal FGFR1 in LTI animals, the elevation of FGF2 in STI 

but not LTI animals may reflect a compensatory mechanism to dampen the detrimental 

effects of social isolation on spatial memory. FGF2 is expressed abundantly in the 

hippocampus and it has the highest binding affinity to FGFR1 (Reuss and von Bohlen 

und Halbach, 2003), a receptor involved in hippocampal synaptic plasticity and memory 

consolidation (Zhao et al., 2007). Here, we found that systemic administration of FGL, a 

synthetic NCAM mimetic peptide that activates FGFR1 (Neiiendam et al., 2004) and 

penetrates the brain after systemic administration (Secher et al., 2006; Turner et al., 2018), 
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rescues cognitive function in LTI animals. We previously demonstrated that FGL can 

improve the cognitive performance of adult and old rats through a mechanism that 

involves hippocampal FGFR1 phosphorylation, PKC activation and the facilitation of 

AMPA receptor delivery to synapses (Cambon et al., 2004; Borcel et al., 2008), 

provoking an increase in AMPAR-mediated synaptic transmission (Knafo et al., 2012). 

In addition, FGL administration facilitates the induction and maintenance of in vivo 

synaptic plasticity in the DG (Dallérac et al., 2011). Furthermore, in aged rats, FGL 

treatment attenuates the impaired hippocampal LTP (Downer et al., 2010), and increases 

the ratio mushroom to thin spines in the middle molecular layer of the dentate gyrus 

(Popov et al., 2008). Therefore, sub-chronic administration of FGL can initiate a cascade 

of biochemical, electrophysiological and morphological events within neurons, which 

ultimately rescue spatial memory in aged isolated animals. 

 

Overall, our data show that the cognitive function of aged animals is vulnerable to the 

deleterious effects of social isolation, and it defines some of the neurobiological 

mechanisms that produce this effect. In addition, we provide evidence that FGL may be 

a viable pharmacological agent to reverse the cognitive impairment induced by long-term 

social isolation. 

 

Acknowledgements and disclosures 

This work was supported by a grant from the Spanish Ministry of Science and Innovation 

(SAF2009-09129 and AGL2014-56464-C3-2-R to C.V.). I.P.P. was the recipient of a 

PhD fellowship from the UNED. 

We acknowledge Luis Carrillo, Gonzalo Moreno and Ana Cámara for their technical 

assistance. We thank ENKAM Pharmaceuticals for generously providing FGL peptide.  



 22 

The authors report no biomedical financial interests or potential conflicts of interest. 

 

REFERENCES 

Alfarez DN, Joëls M, Krugers HJ. Chronic unpredictable stress impairs long-term 

potentiation in rat hippocampal CA1 area and dentate gyrus in vitro. Eur J Neurosci 

2003;17(9):1928–34.  

Arakawa H. Ethological approach to social isolation effects in behavioral studies of 

laboratory rodents. Behav Brain Res 2017;341:98–108.  

Arranz L, Giménez-Llort L, De Castro NM, Baeza I, De la Fuente M. Social isolation 

during old age worsens cognitive, behavioral and immune impairment. Rev Esp Geriatr 

Gerontol 2009;44(3):137–42.  

Barnes LL, Mendes de Leon CF, Wilson RS, Bienias JL, Evans DA. Social resources and 

cognitive decline in a population of older african americans and whites. Neurology 

2004;63(12):2322–26.  

Bassuk SS, Glass TA, Berkman LF. Social Disengagement and incident cognitive decline 

in community-dwelling elderly persons. Ann Intern Med 1999;131(3):165–73.  

Berkman LF, Syme SL. Social networks, host resistance, and mortality: a nine-year 

follow-up study of alameda county residents. Am J Epidemiol 1979;109(2):186–204.  

Bliss TV, Collingridge GL. A synaptic model of memory: long-term potentiation in the 

hippocampus. Nature 1993;361(6407):31–9.  

Borcel, E, Pérez-Alvarez L, Herrero AI, Brionne T, Varea E, Berezin V, Bock E, Sandi 

C, Venero C. Chronic stress in adulthood followed by intermittent stress impairs spatial 

memory and the survival of newborn hippocampal cells in aging animals: prevention by 

FGL, a peptide mimetic of neural cell adhesion molecule. Behav Pharmacol 2008;19(1): 

41–9.  



 23 

Bremner JD, Randall P, Scott TM, Bronen RA, Seibyl JP, Southwick SM, Delaney RC, 

McCarthy G, Charney DS, Innis RB. MRI-based measurement of hippocampal volume 

in patients with combat-related posttraumatic stress disorder. Am J Psychiatry 

1995;152(7):973–81.  

Cacioppo JT, Cacioppo S. Older adults reporting social isolation or loneliness show 

poorer cognitive function 4 years later. Evid Based Nurs 2014;7(2):59-60. 

Cacioppo JT, Cacioppo S, Capitanio JP, Cole SW. The neuroendocrinology of social 

isolation. Annu Rev Psychol 2015;66(1):733–67.  

Cacioppo JT, Hawkley LC, Thisted RA. Perceived social isolation makes me sad: 5-year 

cross-lagged analyses of loneliness and depressive symptomatology in the chicago health, 

aging, and social relations study. Psychol Aging 2010;25(2):453–63.  

Cambon, K, Hansen SM, Venero C, Herrero AI, Skibo G, Berezin V, Bock E, Sandi C. 

A synthetic neural cell adhesion molecule mimetic peptide promotes synaptogenesis, 

enhances presynaptic function, and facilitates memory consolidation. J Neurosci 

2004;24(17):4197–204.  

Carlezon WA J, Duman RS, Nestler EJ. The many faces of CREB. Trends Neurosci 

2005;28(8):436-45. 

Carlin RK, Grab DJ, Cohen RS, Siekevitz P. Isolation and characterization of 

postsynaptic densities from various brain regions: enrichment of different types of 

postsynaptic densities. J Cell Biol 1980;86(3):831–45.  

Castro WL, Matt KS. Neuroendocrine correlates of separation stress in the siberian dwarf 

hamster (Phodopus sungorus). Physiol Behav 1997;61(4):477–84.  

Chen Y, Li S, Berezin V, Bock E. The fibroblast growth factor receptor (FGFR) agonist 

FGF1 and the neural cell adhesion molecule-derived peptide FGL activate FGFR 

substrate 2alpha differently. J Neurosci Res 2010;88(9):1882-89. 



 24 

Chen W, An D, Xu H, Cheng X, Wang S, Yu W, Yu D, Zhao D, Sun Y, Deng W, Tang 

Y, Yin S. Effects of social isolation and re-socialization on cognition and ADAR1 (p110) 

expression in mice. 2016; PeerJ 4:e2306.  

Chida Y, Sudo N, Mori J, Kubo C. Social isolation stress impairs passive avoidance 

learning in Senescence-Accelerated Mouse (SAM). Brain Res 2006;1067(1): 201–8.  

Coudereau JP Debray M, Monier C, Bourre JM, Frances H. Isolation impairs place 

preference conditioning to morphine but not aversive learning in mice. 

Psychopharmacology 1997;130(2):117–23.  

Cruces J, Venero C, Pereda-Pérez I, and De la Fuente M. A Higher anxiety state in old 

rats after social isolation is associated to an impairment of the immune response. J 

Neuroimmunol 2014;277(1–2):18–25.  

Daniels-Severs A, Goodwin A, Keil LC, Vernikos-Danellis J. Effect of chronic crowding 

and cold on the pituitary-adrenal system: responsiveness to an acute stimulus during 

chronic stress. Pharmacology 1973;9(6): 348–56.  

Dallérac G1, Zerwas M, Novikova T, Callu D, Leblanc-Veyrac P, Bock E, Berezin V, 

Rampon C, Doyère V. The neural cell adhesion molecule-derived peptide FGL facilitates 

long-term plasticity in the dentate gyrus in vivo. Learn Mem 2011;18(5):306-13. 

Djordjevic J, Djordjevic A, Adzic M, Radojcic MB. Effects of chronic social isolation on 

wistar rat behavior and brain plasticity markers. Neuropsychobiology 2012;66(2): 112–

19.  

Downer EJ, Cowley TR, Lyons A, Mills KH, Berezin V, Bock E, Lynch MA. A novel 

anti-inflammatory role of NCAM-derived mimetic peptide, FGL. Neurobiol Aging 

2010;31(1):118-28.  

Eichenbaum H. A Cortical-hippocampal system for declarative memory. Nat Rev 

Neurosci 2000;1(1):41–50.  



 25 

Eng PM, Rimm EB, Fitzmaurice G, Kawachi I. Social ties and change in social ties in 

relation to subsequent total and cause-specific mortality and coronary heart disease 

incidence in men. Am J Epidemiol 2002;155(8):700–9. 

Fa M, Xia L, Anunu R, Kehat O, Kriebel M, Volkmer H, Richter-Levin G. Stress 

modulation of hippocampal activity-spotlight on the dentate gyrus. Neurobiol Learn Mem 

2014;112:53-60. 

Foster PP, Rosenblatt KP, Kuljiš RO. Exercise-induced cognitive plasticity, implications 

for mild cognitive impairment and Alzheimer's disease. Front Neurol 2011;6;2:28.  

Fratiglioni L, Wang HX, Ericsson K, Maytan M, Winblad B. Influence of social network 

on occurrence of dementia: a community-based longitudinal study. Lancet  

2000;355(9212):1315–19.  

Fratiglioni L, Paillard-Borg S, Winblad B. An active and socially integrated lifestyle in 

late life might protect against dementia. Lancet Neurol 2004;3(6):343–53.  

Garrido P, De Blas M, Giné E, Santos Á, Mora F. Aging impairs the control of prefrontal 

cortex on the release of corticosterone in response to stress and on memory consolidation. 

Neurobiol Aging 2012;33(4):827.e1-827.e9.  

Gómez-Pinilla F, Dao L, So V. Physical exercise induces FGF-2 and its mRNA in the 

hippocampus. Brain Res 1997;764(1-2):1-8. 

Gómez-Pinilla F, So V, Kesslak JP. Spatial learning and physical activity contribute to 

the induction of fibroblast growth factor: neural substrates for increased cognition 

associated with exercise. Neuroscience 1998;85(1):53-61. 

Grant N, Hamer M, Steptoe A. Social isolation and stress-related cardiovascular, lipid, 

and cortisol responses. Ann Behav Med 2009;37(1):29–37. 

Hall FS. Social deprivation of neonatal, adolescent, and adult rats has distinct 

neurochemical and behavioral consequences. Crit Rev Neurobiol 1998;12(1–2):129–62.  



 26 

Hardin JW, Hilbe JM. Generalized Estimating Equations. 2nd Ed. Chapman & Hall/CRC. 

2003. 

Hawkley LC, Cole SW, Capitanio JP, Norman GJ, Cacioppo JT. Effects of social 

isolation on glucocorticoid regulation in social mammals. Horm Behav 2012;62(3): 314–

23. 

Hellemans KG, Benge LC, Olmstead MC. Adolescent enrichment partially reverses the 

social isolation syndrome. Brain Res Dev Brain Res 2004;150(2):103–15.  

Holwerda TJ, Deeg DJ, Beekman AT, van Tilburg TG, Stek ML, Jonker C, Schoevrs RA. 

Feelings of loneliness, but not social isolation, predict dementia onset: results from the 

Amsterdam Study of the Elderly. J Neurol Neurosurg Psychiatry 2014;85(2):135–42.  

Holwerda TJ, van Tilburg TG, Deeg DJ, Schutter N, Van R, Dekker J, Stek ML, Beekman 

AT, Schoevers RA. Impact of loneliness and depression on mortality: results from the 

Longitudinal Ageing Study Amsterdam. Br J Psychiatry 2016;209(2):127–34.  

House JS, Landis KR, Umberson D. Social relationships and health. Science 

1988;241(4865):540–45.  

Huang H, Wang L, Cao M, Marshall C, Gao J, Xiao N, Hu G, Xiao M. Isolation housing 

exacerbates alzheimer’s disease-like pathophysiology in aged APP/PS1 mice. Int J 

Neuropsychopharmacol 2015;18(7): pyu116.  

Ibi D, akuma K, Koike H, Mizoguchi H, Tsuritani K, Kuwahara Y, Kamei H, Nagai T, 

Yoneda Y, Nabeshima T, Yamada K. Social isolation rearing-induced impairment of the 

hippocampal neurogenesis is associated with deficits in spatial memory and emotion-

related behaviors in juvenile mice. J Neurochem 2008;105(3):921–32.  

Joëls M, Karst H, Alfarez D, Heine VM, Qin Y, van Riel E, Verkuyl M, Lucassen PJ, 

Krugers HJ. Effects of chronic stress on structure and cell function in rat hippocampus 

and hypothalamus. Stress  2014;7(4):221–31.  



 27 

Krugers HJ, Goltstein PM, van der Linden S, Joëls M. Blockade of glucocorticoid 

receptors rapidly restores hippocampal CA1 synaptic plasticity after exposure to chronic 

stress. Eur J Neurosci 2016;23:3051–55. 

Kvarta MD, Bradbrook KE, Dantrassy HM, Bailey AM, Thompson SM. Corticosterone 

mediates the synaptic and behavioral effects of chronic stress at rat hippocampal 

temporoammonic synapses J Neurophysiol 2015;114(3):1713-24. 

Knafo S, Venero C, Sánchez-Puelles C, Pereda-Peréz I, Franco A, Sandi C, Suárez LM, 

Solís JM, Alonso-Nanclares L, Martín ED, Merino-Serrais P, Borcel E, Li S, Chen Y, 

Gonzalez-Soriano J, Berezin V, Bock E, Defelipe J, Esteban JA. Facilitation of AMPA 

receptor synaptic delivery as a molecular mechanism for cognitive enhancement. PLoS 

Biol 2012;10(2): e1001262.  

Luine, V, Villegas M, Martinez C, McEwen BS. Repeated stress causes reversible 

impairments of spatial memory performance. Brain Res 1994;639(1):167–70.  

Martin AL, Brown RE. The lonely mouse: verification of a separation-induced model of 

depression in female mice. Behav Brain Res 2010;207(1):196–207.  

McCulloch CE, Searle SR. Generalized, linear, and mixed models. Hoboken, NJ, USA: 

John Wiley & Sons, Inc. 2001 

McEwen BS. Stress and hippocampal plasticity. Annu Rev Neurosci 1999;22:105–22.  

McEwen BS. Effects of adverse experiences for brain structure and function. Biol 

Psychiatry 2000;48(8):721–31.  

Moragrega I, Carrasco MC, Vicens P, Redolat R. Spatial learning in male mice with 

different levels of aggressiveness: effects of housing conditions and nicotine 

administration. Behav Brain Res 2003;147(1–2):1–8.  

Morris RG, Garrud P, Rawlins JN, O’Keefe J. Place navigation impaired in rats with 

hippocampal lesions. Nature 1982;297(5868):681–83.  



 28 

Neiiendam JL, Køhler LB, Christensen C, Li S, Pedersen MV, Ditlevsen DK, Kornum 

MK, Kiselyov VV, Berezin V, Bock E. An NCAM-derived FGF-receptor agonist, the 

FGL-peptide, induces neurite outgrowth and neuronal survival in primary rat neurons. J 

Neurochem 2004;91(4):920-35. 

Nicholson NR. A review of social isolation: an important but underassessed condition in 

older adults.  J Prim Prev 2012;33(2–3):137–52.  

Oliveras I, Sánchez-González A, Piludu MA, Gerboles C, Río-Álamos C, Tobeña A, 

Fernández-Teruel A. Divergent effects of isolation rearing on prepulse inhibition, 

activity, anxiety and hippocampal-dependent memory in roman high- and low-avoidance 

rats: a putative model of schizophrenia-relevant features. Behav Brain Res 2016;314: 6–

15.  

Pavlides C, Nivón LG, McEwen BS. Effects of chronic stress on hippocampal long-term 

potentiation. Hippocampus 2002;12(2): 245–57.  

Paxinos G, Watson CR. The rat brain in stereotaxic coordinates. 6th ed. Elsevier. 2007 

Pereda-Pérez I, Popović N, Otalora BB, Popović M, Madrid JA, Rol MA, Venero C. 

Long-term social isolation in the adulthood results in ca1 shrinkage and cognitive 

impairment. Neurobiol Learn Mem 2013;106: 31–9.  

Pham K, Nacher J, Hof PR, McEwen BS. Repeated restraint stress suppresses 

neurogenesis and induces biphasic PSA-NCAM expression in the adult rat dentate gyrus. 

Eur J Neurosci 2003;17(4): 879–86. 

Pisu MG, Dore R, Mostallino MC, Loi M, Pibiri F, Mameli R, Cadeddu R, Secci PP, 

Serra M. Down-regulation of hippocampal bdnf and arc associated with improvement in 

aversive spatial memory performance in socially isolated rats. Behav Brain Res 

2011;222(1):73–80.  

Rahman MM, Callaghan CK, Kerskens CM, Chattarji S, O'Mara SM. Early hippocampal 



 29 

volume loss as a marker of eventual memory deficits caused by repeated stress. Sci Rep 

2016;6(1):29127.  

Rasmussen S, Ramlau J, Axelsen NH, Bock E. Purification of the synaptic membrane 

glycoprotein D2 from rat brain. Stand J lmmunol 1982;15:179-85. 

Regan CM, Fox GB. Polysialylation as a regulator of neural plasticity in rodent learning 

and aging. Neurochem Res 1995;20(5):593–8.  

Reuss B, von Bohlen und Halbach O. Fibroblast growth factors and their receptors in the 

central nervous system. Cell Tissue Res 2003; 313(2):139–57.  

Sandi C., Davies HA, Cordero MI, Rodriguez JJ, Popov VI, Stewart MG. Rapid reversal 

of stress induced loss of synapses in CA3 of rat hippocampus following water maze 

training. Eur J Neurosci 2003;17(11):2447–56.  

Sapolsky RM, Lewys CK, McEwen BS. The neuroendocrinology of stress and aging: the 

glucocorticoid cascade hypothesis. Endocr Rev 1986;7(3):284–301.  

Schrijver NC, Bahr NI, Weiss IC, Würbel H. Dissociable effects of isolation rearing and 

environmental enrichment on exploration, spatial learning and HPA activity in adult rats. 

Pharmacol Biochem Behav 2002;73(1):209–24.  

Secher T, Novitskaia V, Berezin V, Bock E, Glenthøj B, Klementiev B. A neural cell 

adhesion molecule-derived fibroblast growth factor receptor agonist, the FGL-peptide, 

promotes early postnatal sensorimotor development and enhances social memory 

retention. Neuroscience 2006;141(3):1289-99. 

Seeman TE, Lusignolo TM, Albert M, Berkman L. Social relationships, social support, 

and patterns of cognitive aging in healthy, high-functioning older adults: macarthur 

studies of successful aging. Health Psychol 2001;20(4): 243–55.  

Seki T. Expression patterns of immature neuronal markers PSA-NCAM, CRMP-4 and 

NeuroD in the hippocampus of young adult and aged rodents. J Neurosci Res 



 30 

2002;70(3):327–34.  

Shankar A, Hamer M, McMunn A, Steptoe A. Social Isolation and Loneliness: 

Relationships with Cognitive Function during 4 Years of Follow-up in the English 

Longitudinal Study of Ageing. Psychosom Med 2013;75(2):161–70.  

Shin PS, Heckers S, Krangel TS, Macklin ML, Orr SP, Lasko N, Segal E, Makris N, 

Richert K, Levering J, Schacter DL, Alpert NM, Fischman AJ, Pitman RK, Rauch SL. 

Hippocampal function in posttraumatic stress disorder. Hippocampus 2004;14(3):292–

300. 

Seo JH, Yu JH, Suh H, Kim MS, Cho SR. Fibroblast growth factor-2 induced by enriched 

environment enhances angiogenesis and motor function in chronic hypoxic-ischemic 

brain injury. PLoS One. 2013; 30;8(9):e74405.  

Silva-Gomez AB, Rojas D, Juárez I, Flores G. Decreased dendritic spine density on 

prefrontal cortical and hippocampal pyramidal neurons in postweaning social isolation 

rats. Brain Res 2003;983:128–36 

Smith TF, Hirdes JP. Predicting social isolation among Geriatric Psychiatry Patients. Int 

Psychogeriatr 2009;21(1):50–9.  

Sousa N, Lukoyanov NV, Madeira MD, Almeida OF, Paula-Barbosa MM. 

Reorganization of the morphology of hippocampal neurites and synapses after stress-

induced damage correlates with behavioral improvement. Neuroscience 2000;97(2): 253–

66.  

Squire LR, Zola-Morgan S. The medial temporal lobe memory system. Science 1991; 

253(5026);1380–86.  

Stanisavljević A, Perić I, Gass P, Inta D, Lang UE, Borgwardt S, Filipović D. Brain 

Sub/Region-Specific Effects of Olanzapine on c-Fos Expression of Chronically Socially 

Isolated Rats. Neuroscience. 2018;396:46-65.  



 31 

Steptoe A, Shankar A, Demakakos P, Wardle J. Social isolation, loneliness, and all-cause 

mortality in older men and women. Proc Nat Acad Sci 2013;110(15):5797–801.  

Strange BA, Witter MP, Lein ES, Moser EI. Functional organization of the hippocampal 

longitudinal axis. Nat Rev Neurosci 2014;15:655–69 

Turner CA, Lyons DM, Buckmaster CL, Aurbach EL, Watson SJ, Schatzberg AF, Akil 

H. Neural cell adhesion molecule peptide mimetics modulate emotionality: 

pharmacokinetic and behavioral studies in rats and non-human primates. 

Neuropsychopharmacology 2018. doi: 10.1038/s41386-018-0052-6. 

Valzelli L. The ‘isolation syndrome’ in Mice. Psychopharmacologia 1973;31(4):305–20.  

Venero C, Tilling T, Hermans-Borgmeyer I, Schmidt R, Schachner M, Sandi C. Chronic 

stress induces opposite changes in the mRNA expression of the cell adhesion molecules 

ncam and L1. Neuroscience 2002;115(4):1211–19.  

Wallace DL, Han MH, Graham DL, Green TA, Vialou V, Iñiguez SD, Cao JL, Kirk A, 

Chakravarty S, Kumar A, Krishnan V, Neve RL, Cooper DC, Bolaños CA, Barrot M, 

McClung CA, Nestler EJ. CREB regulation of nucleus accumbens excitability mediates 

social isolation-induced behavioral deficits. Nat Neurosci 2009; 12(2):200-9 

Welch BL, Welch AS. Effect of grouping on the level of brain norepinephrine in white 

swiss mice. Life Sci 1965;4(9):1011–18.  

Wiener SI, Paul CA, Eichenbaum H. Spatial and behavioral correlates of hippocampal 

neuronal activity. J Neurosci 1989;9(8):2737–63.  

Wilkinson MB1, Xiao G, Kumar A, LaPlant Q, Renthal W, Sikder D, Kodadek TJ, 

Nestler EJ. Imipramine treatment and resiliency exhibit similar chromatin regulation in 

the mouse nucleus accumbens in depression models. J Neurosci 2009;29(24):7820-32 

Wongwitdecha N, Marsden CA. Effects of social isolation rearing on learning in the 

Morris water maze. Brain Res 1996a;715(1–2):119–24.  



 32 

Wongwitdecha N, Marsden CA. Social isolation increases aggressive behaviour and 

alters the effects of diazepam in the rat social interaction test. Behav Brain Res 

1996b;75(1–2):27–32.  

Zhao M, Li D, Shimazu K, Zhou YX, Lu B, Deng CX. Fibroblast growth factor receptor-

1 is required for long-term potentiation, memory consolidation, and neurogenesis. Biol 

Psychiatry 2007;62(5):381–90.  

Zlatković J, Filipović D. Bax and B-eell-lymphoma 2 mediate proapoptotic signaling 

following chronic isolation stress in rat brain. Neuroscience 2012;223:238–45.  

Zunzunegui, MV, Alvarado BE, Del Ser T, Otero A. Social networks, social integration, 

and social engagement determine cognitive decline in community-dwelling spanish older 

adults. J Gerontol B Psychol Sci Soc Sci 2003;58(2): S93–100.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure Legends 
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Figure 1. Effects of social isolation on body weight gain, morning plasma 

corticosterone levels and relative adrenal gland weight. (A) Body weight gain (%). 

(B) Relative adrenal gland weight. C) Morning plasma corticosterone levels at sacrifice. 

Mean and SEM are shown (10 animals per group). *p<0.05 STI vs control group; 

@p<0.05, @@p<0.01 LTI vs control group. 

 

Figure 2. Effects of short and long-term social isolation on spatial learning and 

memory abilities in the Morris water maze.  (A) Spatial training-escape latency.  (B) 

Transfer memory test. 

Means and SEM are shown (10 animals per group). *p<0.05 LTI vs control group; @@ 

p<0.01 LTI vs control group. 

 

Figure 3. Hippocampal volume changes after chronic social isolation. Dorsal 

hippocampal volume in CA1 (A), CA2 (B), CA3 (C) and DG (D). 

Mean and SEM are shown. Control n=7, STI n=10 and LTI n=6. *p<0.05 STI vs control 

group, @@p<0.01 LTI vs control group. 

 

Figure 4. Effects of short- and long-term social isolation on spine density in granule 

cells and in CA1 pyramidal neurons of the hippocampus. Sholl analysis showing spine 

density as a function of distance from the soma of granule cells DG (A, B, C) and CA1 

pyramidal neurons (F). (E, G) Total spine density in DG and CA1 neurons, respectively. 

(D) Representative diagram of a granule cell of the hippocampus indicating the proximal 

and distal zones in the dendritic tree. 

Means and SEM are shown. In DG, Control n = 7, STI n = 6, LTI n = 5 animals. In CA1, 

Control n = 7, STI n = 6 and LTI n = 7. *p<0.05 STI vs control group; **p<0.01 STI vs 

control group; ***p<0.001 STI vs control group; @@ p<0.01 LTI vs control group; @@@ 

p<0.001 LTI vs control group; @ p<0.05 LTI vs control group. 
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Figure 5. Effect of short and long-term social isolation on in vivo LTP induction in 

the hippocampus. (A) LTP induction in DG region; Vertical arrow indicates the 

application of a stimulation train at the perforant pathway. Control n = 8, STI n= 5, LTI 

n =5 animals. (B) Representative EPSP slope average for CA1 region calculated during 

the 10 first minutes (basal activity; gray trace) and during the 10 last minutes of recording 

(black trace) Control n = 7, STI n= 6, LTI n =5 animals. (C) Mean % fEPSP, calculated 

during the 10 last minutes of recording, respect to basal activity in DG; black bar shows 

data from control animals, red bar from short-term isolation and blue bar from long-term 

isolation. (D-F) Same plots as in (A-C) by LTP induction in CA1 region.  

Means and SEM are shown. @@p<0.01 and @@@ p<0.001 LTI vs. control group.  

 

Figure 6. Effects of social isolation on learning and memory related proteins in the 

hippocampus. (A) Effects of chronic social isolation on protein levels of the three major 

NCAM isoforms (NCAM-120, -140, and -180) in hippocampal synaptosomes. Levels of 

PSA-NCAM (B), FGF2 (C) and FGFR1 (D) in hippocampal homogenates. 

Means and SEM are shown. Control n = 15, STI n = 14, LTI n = 6. *p<0.05 STI vs control 

group; @ p<0.05; @@ p<0.01 LTI vs control group. 

 

Figure 7. FGL treatment reverses the impairment in spatial memory induced by 

long-term social isolation. MWM performance of vehicle injected undisturbed animals 

(Control-vehicle), FGL treated-undisturbed animals (Control-FGL), animals exposed to 

long-term social isolation plus FGL treatment (isolated-FGL) or vehicle injection 

(isolated-vehicle).  (A) Training scape latency. (B) Transfer memory test. 

Means and SEM are shown. Control n = 9, Control FGL n = 9, LTI Vehicle n = 9 and LTI FGL 

n = 8. 

**p<0.001, @@p<0.01 LTI-vehicle vs control-vehicle group; ## p<0.01 LTI+FGL vs 

control+vehicle group; aaap<0.001 LTI+vehicle vs control+FGL; bbp<0.01 LTI vehicle 

vs LTI+FGL. 


