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Abstract 

Sensory processing sensitivity (SPS) is a trait defined by sensory information processing, 

emotional reactions, and susceptibility to overstimulation. Individuals scoring high on this 

trait are differentially susceptible to positive and negative environments. In this study, 22 rats 

were selected on extremes on the SPS trait. High and low SPS-like rats either underwent 

cocaine self-administration trials or remained drug naïve. After a training period, where rats 

had access to self-administration boxes for 1 hour per day, long access exposure trials began, 

where they were allowed to self-administer cocaine for 6 hours per day. Social interaction and 

memory was scored before drug exposure, after training, and after long access exposure to the 

drug. High SPS animals show a greater escalation in cocaine intake compared to low SPS 

animals, and show more social and less non-social behaviour on the social interaction test. 

After long access exposure to cocaine, rats show more non-social behaviour compared to 

naïve rats. This study provides a deeper insight into the nature of addiction in susceptible 

individuals.   
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Cocaine self-administration and social behaviour in extremes of the sensory 

processing sensitivity trait in rats 

 

Substance use is a serious problem, which comes with many health consequences, as 

well as serious implications on mental health. Cocaine in particular is the second most 

frequently used illegal drug (Karila et al., 2014), with approximately 14-21 million users per 

year worldwide (Pomara et al., 2012), and is the drug most often associated with hospital 

visits in the U.S. (Drug Abuse Warning Network, 2013). Cocaine users have a high 

psychiatric comorbidity (Falck et al., 2004; González-Saiz et al., 2014; Martínez-Gras et al., 

2016), and an increased severity of these disorders (Ford et al., 2009). Users are at a high risk 

for developing cocaine use disorder, as one in six users will develop dependence (Anthony et 

al., 1994). 

It is difficult to determine why some people develop this dependency, while others do 

not. Several genetic risk factors have been implied (Hiroi et al., 1997; Crabbe, 2002; Chao & 

Nestler, 2004), as well as environmental factors, such as low socioeconomic class and poor 

parental support (Volkow & Li, 2005). Genetic factors contribute to the formation of 

differentially susceptible individuals, who are more vulnerable to the beneficial and adverse 

effects of their environment (Belsky, 1997). Susceptibility differences to drug use have been 

found in rodents as well (Piazza et al., 1989; Crabbe et al., 1994; Piazza et al., 2000).  

Sensory processing sensitivity (SPS) is a trait that identifies this vulnerability. It is 

conceptualized as a reflection of responding to the environment to a greater or lesser extent 

(Aron & Aron, 1997), where individuals with a higher SPS respond more sensitively to the 

environment. They are characterized by a greater awareness of environmental subtleties, 

deeper sensory information processing, stronger emotional reactions, and enhanced 

susceptibility to overstimulation (Homberg et al., 2016).  

Individuals who belong to this vulnerable phenotype benefit more from attachment-

based interventions. In a study by Bakermans-Kranenburg et al. (2008), parents were 

videotaped during daily situations at home, after which feedback was provided to stimulate 

sensitive interaction skills. Children were differentially susceptible to intervention effects, 

dependent on the presence of the 7-repeat DRD4 allele. Cortisol production lowered in 

response to the intervention only in children with this polymorphism. Similarly, high SPS 

predicts a reduction in depression symptoms following a resiliency programme, whereas low 

SPS individuals did not show a change (Pluess & Boniwell, 2015). Additionally, quality of 

childcare predicts social functioning for children with high levels of negative emotionality, 
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but not for non-difficult children (Pluess & Belsky, 2009). Aron and Aron (1997) further 

investigated highly sensitive people who recalled either troubled or happy childhoods. Those 

who recalled troubled childhoods were more introverted and emotional than the happy 

childhood group (Aron & Aron, 1997).  

Abusive substances can be self-administered as a way to cope with such stress after 

adverse environmental circumstances (Wills & Hirky, 1996; Sinha, 2001; Goeders, 2003). 

Stress exposure in animals has been found to enhance drug self-administration (Zorrilla et al., 

2014) and can reinstate drug-seeking behaviour after abstinence (Ahmed & Koob, 1997). It 

has been hypothesized that stress is not a necessary or sufficient trigger for cocaine use 

(Matthews et al., 2001; Furnari et al., 2015), but in interaction with a vulnerable phenotype 

and drug exposure it may lead to the development of addiction (Deroche-Gamonet et al., 

2004).  

Highly anxious people are more likely to use drugs as a coping mechanism (Lejuez et 

al., 2008). In fact, a strong relationship between drug use and trait anxiety has been 

established (Taylor & Del Pilar, 1992; O'Leary et al., 2000; Dixon et al., 2014; Ipser et al., 

2015; Lai et al., 2015). However, it is difficult to study behavioural traits as a predictor for 

addiction in human studies, as traits could have predisposed an individual for use, but they 

could also be a consequence of the prolonged substance intake. In animal models of addiction, 

subjects can be controlled for such confounding variables present in human studies. Animal 

studies are thus vital to study addiction. 

In rats, emotional reactions are often assessed with the elevated plus maze. During this 

test, rats are placed on a maze, consisting of four arms, of which two open and two closed. 

The duration on the arms is taken as a measure of conflict between exploration and anxiety. 

An increase in open arm activity reflects the tendency to explore, while an increase in activity 

on closed arms reflects anxious behaviour (Walf & Frye, 2007). These findings are confirmed 

by studies on anxiolytic drugs, which increase the percentage of entries and time spent in 

open arms (Pellow & File, 1986; Hogg, 1996). In contrast, administration of anxiogenic 

compounds enhance the tendency to stay in the closed arms. Rats that spend relatively much 

time on closed arms, and thus show high anxiety-like behaviour, show an increased 

motivation to self-administer cocaine (Homberg et al., 2002; Homberg et al., 2004a) , and 

more readily escalate cocaine intake (Dilleen et al., 2012).  

Further animal research into cocaine addiction conveys a link between substance use 

and an enhanced susceptibility to the environment (Arenas et al., 2018). This trait can be 

objectively measured using the prepulse inhibition (PPI) of the startle response, a 
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phenomenon in which a weaker pre-stimulus inhibits the reaction to a stronger stimulus 

(Swerdlow et al., 1992). PPI measures the level of sensorimotor gating, the process of 

filtering out redundant information. If sensorimotor gating is impaired, incoming stimuli are 

filtered less, and the PPI is decreased, as can be seen in schizophrenia patients (Braff et al., 

1978). Mice with a lower PPI initially show a lower preference for cocaine, but once 

conditioned with a higher dose, display a strong preference (Arenas et al., 2018) 

A behaviour that has not yet been studied in connection to substance use, but is related 

to the vulnerable endophenotype SPS, is sensory information processing, which is reflected in 

the conditioned freezing response. Conditioned freezing during extinction measures the 

memory to an aversive cue. After being conditioned to prepare for a shock following a sound, 

the rat will freeze when hearing the cue. Danger strengthens memory, by increasing activation 

of the amygdala (Whalen et al., 2004), which is necessary for the formation and consolidation 

of a danger memory trace (Keifer et al., 2015).  

Anxiety and sensorimotor gating exert their influences on social behaviour. Rats with 

low prepulse inhibition were found to spend less time in social interaction (Goktalay et al., 

2014), compared to rats with higher gating. Anxiogenic-like behaviour is reflected by 

decreased time spent in social behaviour (File & Hyde, 1978; File & Seth, 2003). Using a rat 

model for animals on high anxious behaviour (HAB) and low anxious behaviour (LAB) 

(Landgraf & Wigger, 2002), HAB rats were found to spent less time in active social 

interaction compared to their counterparts (Henniger et al., 2000). Conversely, Ramos et al. 

(1997) did not find a significant correlation between anxiety and social behaviour.  

Additionally, rats show differential social behaviour after psychostimulant 

administration. In a study done by Šlamberová et al. (2015), rats were given either 

amphetamines, cocaine, MDMA or saline. After acute cocaine administration, rats displayed 

less social interaction compared to the control group (Šlamberová et al., 2015). Social play 

behaviour is also suppressed by cocaine use (Achterberg et al., 2014). 

Furthermore, environment plays a key role in the development of addiction. 

Environmental enrichment is provided in a spatial or social form, aimed at enhancing sensory, 

cognitive, and motor functions (Rosenzweig, 1966). A number of studies have demonstrated 

the effectiveness of environmental enrichment during abstinence in reducing the risks of 

relapse (Solinas et al., 2008; Thiel et al., 2009; Chauvet et al., 2012; Ewing & Ranaldi, 2018), 

and as protection against the development of drug addiction (Solinas et al., 2009). Early and 

adolescent social isolation on the other hand increases the motivation to self-administer 

cocaine (Baarendse et al., 2014; Fosnocht et al., 2019). 
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The effects on environment on social behaviour are evident as well. Environmental 

and social enrichment enhances social memory in rats (Branchi et al., 2006; Toyoshima et al., 

2018), whereas social isolation impairs social recognition (Kogan et al., 2000; Kentrop et al., 

2018). This study will investigate social behaviour and cocaine addiction in a neutral 

environment, and will serve as a control for social isolation or an enriched environment in 

further studies. 

Concluding, this research aims to investigate emotional reaction, enhanced 

susceptibility and sensory information processing as predictors of cocaine self-administration 

in rats, in order to determine whether sensitive rats are more likely to develop an addiction. 

Furthermore, this study will aim to answer how low and high SPS rats socially interact with 

conspecifics and how this behaviour is influenced by cocaine use and withdrawal. 

 

Methods 

Animals 

55 adult male Wistar rats were acquired from Charles River Laboratories. Rats were 

weaned at PND 21 and group-housed two per cage in a temperature- and humidity-controlled 

room, and maintained a reverse 12-12 light-dark cycle with the lights off at 8:00 A.M. Food 

and water were available ad libitum, except during self-administration. Experiments were 

performed during dark period, to facilitate behavioural experiments and cocaine self-

administration training. A buddy rat was paired with one of the test rats, to prevent solitary 

housing. During the creation of the social environment (see figure 1), rat pairings were 

rearranged, so that high and low SPS rats were paired with intermediate SPS rats.  

 All experimental procedures were performed under a project license from the Central 

Committee for Animal Experiments of the Radboud University Nijmegen Medical Centre.  

 

SPS selection procedure 

Rats were selected on the sensory processing sensitivity-like trait by means of three 

behavioural tests. Emotional responses were measured by the elevated plus maze, awareness 

of subtle stimuli was determined by means of prepulse inhibition, and processing of sensory 

information was evaluated with conditioned freezing.  
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Elevated plus maze 

Anxiety-like behaviour is measured by means of exploration of an elevated plus-

shaped maze. Procedure was adapted from Peeters et al. (2018). Rats were habituated to the 

room for at least 1 hour before taking the test. The rats were placed in the center of the maze 

and were allowed to explore the maze for 5 minutes. The apparatus consists of four elevated 

arms, of which two are open (100 x 100 cm) and two enclosed by black walls (100 x 100 cm, 

40 cm height). Between subjects, the maze was cleaned with 70% ethanol.  

The trajectories were recorded and number of entries into open and closed arms, and 

time spent in each arm was calculated by in-house software. Software recognized the center of 

gravity (COG) of the rat, and calculated the presence on the open or closed arms based on the 

COG, or the four paw criterium (COG > 10 cm). More time spent on exploring the open arms 

versus the closed arms indicated lower anxiety-like behaviour. 

 

Prepulse inhibition 

Procedure was adapted from Homberg et al. (2011). Animals were habituated to the 

testing room for at least one hour. Rats were placed into a Plexiglas tube (8.2 cm diameter, 25 

cm length), and put in the acoustic startle chamber, with an accelerometer mounted beneath 

the tube. Each session started with 5 minutes acclimatization in 70 dB background noise, 

followed by ten blocks of 5 trials of a 120 dB startle stimulus, no stimulus condition, and pre-

pulse startle stimuli of 3, 5 or 10 dB above background (70 dB).  Between subjects, the tubes 

were cleaned with 70% ethanol. 

The percent decrease in the maximum of the startle response to each prepulse intensity 

was calculated as 𝑃𝑃𝐼% = 1 − 
𝑠𝑡𝑎𝑟𝑡𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒

𝑏𝑎𝑠𝑎𝑙 𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒
∗ 100.  The average of the PPI% for al 

pre-pulse stimuli and the basal startle amplitude was taken into analysis. 
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Figure 1: Experimental timeline. After division of animals into high, low, and intermediate SPS, high 

and low SPS rats were separated into a cocaine or drug naïve  group. Both were administered the 

social interaction and three chamber test at three time points. Only the cocaine group was subjected 

to the self-administration trials. The drug naïve  group was placed in self-administration chambers, 

but not given cocaine injections before brain collection. Intermediate SPS rats were housed with high 

or low SPS rats, and used as stranger rats in social interaction and social memory test.  

Selection SPS animals (high/low/intermediate) 

Ranking SPS animals  

Social interaction test & social memory test 
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Naïve  

IV surgery 
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Conditioned freezing response 

Procedure to assess the conditioned freezing response was adapted from Schipper et 

al. (2017). Freezing response was tested in three phases on consecutive days. On each day, 

rats were habituated to the testing room for at least one hour. On the first day, rats were given 

a habituation trial, in which they were placed inside a Medassociates chamber (30.5 x 24.1 x 

21 cm, model VFC-008) for 10 minutes. In the second phase, conditioning trials were applied 

in the same chamber. After a 2 minute habituation period, a 30 second 85dB 2.8 kHZ stimulus 

co-termimated with a 1 second 0.6 mA shock, followed by a 1 minute inter-trial interval. In 

total, 5 tone-shock pairings were administered.  

The extinction phase started with a 2 minute habituation period, after which 24 20 

second presentations of 85 dB 2.8 kHZ auditory stimuli were presented, with an inter-stimulus 

interval of 10 seconds. Extinction was analyzed by measuring the time spent freezing per trial, 

and averaging the amount of freezing for trials 1, 4, 8, 12, 16, 20, and 24. The amount of 

freezing within 20 seconds was calculated for each trial. Between subjects, the apparatus was 

cleaned with 70% ethanol. 

 

SPS ranking procedure 

Rats were ranked on the variable SPS, based on scores of the elevated plus maze, 

prepulse inhibition test (PPI% and basal startle amplitude) and conditioned freezing. Ranks of 

these four parameters were averaged into a final rank. Rats ranking in the top 25% were 

labelled as high SPS, while the bottom 25% was labelled low SPS.  

Less exploration on the open arm of the plus maze indicates a strong emotional 

response, and thus a higher sensitivity. Rats were ranked on their scores of the COG and the 4 

paw criterium (COG > 10 cm). The score for these two parameters were ranked, where the 

highest percentage distance traveled on open arms / distance traveled on closed arms had the 

lowest SPS rank. The ranks for the 4 paw criterium and COG were averaged into one rank for 

emotional reaction. 

An increased prepulse inhibition and acoustic startle indicates a greater awareness of 

subtle stimuli. Ranks for PPI % and basal startle amplitude were calculated. The rat scoring 

highest for each got the highest SPS rank for each parameter separately. The two ranks were 

both taken into the analysis. 

Lastly, the amount of freezing was measured. During freezing, animals scan the 

environment for new aversive cues; it is a measure of a deeper processing of sensory 

information. The amount of freezing within the 24 20 second trials were calculated for trials 
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1, 4, 8, 12, 16, 20, and 24. The average freezing time was taken over these trials, and ranked, 

where a higher amount of freezing indicated a higher SPS rank. 

 

Creation social environment 

After SPS selection, high and low SPS rats were paired with intermediate SPS rats, 

and the remaining intermediate SPS rats were paired with each other. Rats continued to be 

housed in pairs in a Makrolon Eurostandard type III cage, which contained a shelter. Further 

research will investigate the interacting factor of environment and compare either an enriched 

environment or social isolation against the control environment, i.e. this study. 

 

Social tests 

Both social memory and social interaction test were performed before and after 

cocaine self-administration training (1 hour / session), and after the long access trials (6 hours 

/ session). Only high and low SPS rats were tested.  

 

Social memory test 

The social memory test is used as a measure for sociability and social novelty. The 

following procedure was adapted from Manfré et al. (2018). Behaviour was assessed in three 

connected Phenotyper 4500 arenas (45 x 45 cm), consisting of one central arena and two 

lateral ones. The lateral arenas contained a wire mesh cup, in which rats were placed during 

the social interaction part of the test (see fig 2.) 

All animals were habituated to the room an hour before starting the test. The test rat 

(high or low SPS) was placed into the central arena and was free to explore the arenas alone 

for 5 minutes in order to habituate. After being taken out for 5 minutes, a stranger rat 

(intermediate SPS) rat was placed in the wire mesh box in one of two lateral arenas, and the 

test rat was again placed in the middle arena. The test rat was then taken out for 5 minutes. 

Then, a novel stranger rat (intermediate SPS) was placed in the other mesh wire box in the 

other lateral arena, and the test rat (high/low SPS) was placed into the central arena.  

Placement of familiar and novel rats was randomized between left and right side. 

Testing of a test rat with a cagemate as a familiar or novel rat was avoided. Test rat, familiar 

rat and novel rat pairings were novel for all three social preference tests. The arenas and cages 

were wiped with 70% ethanol between test subjects. 

Time spent in each arena and time spent exploring the wire mesh cages were analyzed 

with Ethovision XT (Noldus et al., 2001). The parameters measured were time spent in all 
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chambers, time spent in close proximity to the familiar and novel rats (sniffing), and total 

distance moved during habituation, first and second interaction. The parameter used for 

analysis was ratio sniffing novel rat / sniffing familiar rat during the second interaction. 

 

 

Figure 2: Social memory procedure. The test rat is first habituated to the chambers for 5 

minutes. A stranger rat (intermediate SPS) is then placed in a wire mesh cup in one of the 

lateral chambers, and the test rat (high/low SPS) is again introduced. After the first social 

interaction, another novel rat (intermediate SPS) is placed into the other cup in the other 

lateral chamber, for the second social interaction. Between trials, the test rat is placed in its 

own cage for 5 minutes. 

 

Social interaction test 

The social interaction test is used to observe the interaction between two animals. Two 

unfamiliar rats of the same group were placed in a Phenotyper 4500 cage (dimensions 45 cm 

x 45 cm), and were allowed to move freely for 10 minutes. Behaviour was recorded and 

scored on social contact (animal establishes contact with part of its body to the other anima’s 

body part), social interest (animal approaches or follows other animal), non-social behaviour 

(animal moves away from other animal or performs individual actions) and passive behaviour 

Habituation (5 min) Inter-trial (5 min) Social interaction (10 min) 

Social interaction (10 min) Inter-trial (5 min) 
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(animal receives social contact from other animal, without participating in social contact 

intself). Behaviours were adapted from (Rodríguez-Arias et al., 1998; Šlamberová et al., 

2015; Manfré et al., 2018) and scored using BORIS software (Friard & Gamba, 2016).  

The chamber was wiped with 70% ethanol between subjects.  

 

Surgery 

13 high and 12 low SPS rats were implanted with a catheter in the right jugular vein. 

Before surgery, rats received locally applied subcutaneous injections of lidocaine (4 mg/kg) 

and bupivacaine (1mg/kg). General anaesthesia was induced with 5% isoflurane, and 

maintained with 2% isoflurane. A catheter was connected to a mesh, which was implanted 

subcutaneously underneath the shoulder blades. To prevent blockage, catheters were flushed 

daily with 0.2ml 50 USP heparinized saline, as well as 35mg Cefazolin. When not in use, a 

plastic seal and aluminium cap was placed on the cannula.  

After surgery, carprofen (5mg/kg) was administered subcutaneously. Rats were given 

at least seven days to recover from surgery, in which they were monitored for weight and 

behaviour. Catheters were flushed daily with 50 USP heparin in 0.2ml saline until endpoint. 

Three rats did not recover from surgery. 

 Humane endpoint was reached when cannula was obstructed or when body weight 

dropped below 85% of the pre-surgery weight for three consecutive days during recovery. No 

animals reached the requirements for this humane endpoint. 

 

Drugs 

Cocaine was provided by National Institute on Drug Abuse (NIDA), Rockville, MD, 

and was dissolved in 0.9% saline. 

 

Cocaine self-administration 

Of the 22 rats with implanted catheters, 10 rats were cocaine naïve, of which 5 high 

and 5 low SPS. 12 rats were in the cocaine self-administration group, of which 7 high and 5 

low SPS. 

 

Self-administration chambers 

Cocaine self-administration was performed in standard operant chambers (28x26x20 

cm), equipped with a swivel system, allowing rats to move freely during self-administration 

sessions. Drugs were delivered by a 15 rpm syringe pump (Razel Scientific Instruments). 
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Each operant chamber contained an active and an inactive response lever, which were 

presented at the start of a session. A press of the active lever delivered cocaine (0.5 

mg/kg/infusion), followed by a light above the lever for 20 seconds, indicating a time-out 

period. A press on the inactive lever had no consequence. The chambers were cleaned with 

70% ethanol between sessions. 

 

Training 

After at least 7 days of recovery from surgery, rats were allowed access to cocaine via 

a fixed ratio 1 lever press response for 1 hour a day. Training was performed for 13 days. 

Non-contingent (experimenter delivered) cocaine administration and/or shaping was applied 

when rats had a response rate lower than five in the first hour.  

 

Long access 

After training, social interaction and three chamber preference test was performed 

again, after which the long access self-administration phase started. Procedure was adapted 

from Verheij et al. (2018) and Ahmed and Koob (1998). Rats were allowed access to cocaine 

for 6 hours per day, for 21 days. Manual infusions occurred when rats received less than 5 

infusions within the first hour, and when less than 10 infusions were administered within 2 

hours. 

 

Progressive ratio 

Directly after the long access trials, rats were subjected to a progressive ratio schedule 

for two days, to determine the breaking point, e.g. the maximum effort a rat will exert to 

receive a cocaine infusion (Richardson & Roberts, 1996).  

 

Reinstatement 

Social interaction and three chamber test were taken again after the PR self-

administration schedule. Because biomarkers in brain and blood would be analyzed, 

compulsive drug use had to be reinstated. Rats in the cocaine group were allowed access to 

the self-administration chambers for 6 hours per day, on a FR1 schedule, for 7 additional 

days. 
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Control 

After division of low and high SPS rats in the cocaine and drug naïve group, both 

groups underwent a catheter placement surgery.  

To control for transport, rats in the drug naïve  group were taken into the self-

administration rooms, together with the cocaine group. During the reinstatement period, rats 

in the drug naïve  group were placed in the operant chambers for 30 minutes. The light cue 

was presented was at 5, 10, and 20 minutes 

 

Biomarkers  

Blood was collected via a tail cut one day after creation of social environment. 24 

hours after the latest cocaine infusion, all rats were decapitated and their brains and trunk 

blood collected. Blood and several stress-related brain regions will be analyzed for mRNA 

and protein levels of biomarkers known to be involved in SPS (Licht et al., 2011), molecules 

of the dopamine and noradrenaline system (Chen et al., 2011; Todd et al., 2015), and mRNA 

and protein levels of the GABA and glutamate system (Craige et al., 2015; Filip et al., 2015; 

Froger-Colléaux & Castagné, 2016). These results will be discussed in further research. 

 

Statistics 

Drug self-administration was analyzed using a repeated measures ANOVA with the 

factors SPS-levels (low/high) and self-administration sessions. An ANOVA for each time 

point (before drug exposure, after cocaine training, and after long access exposure to cocaine) 

was performed for social memory with the factors SPS-level and drug exposure (cocaine or 

naïve) on sniffing behaviour. A repeated measures ANOVA of SPS-level, drug exposure and 

time points (before drug exposure, after cocaine training, and after long access exposure to 

cocaine) was then performed to analyse the effect over time. This repeated measures ANOVA 

was also done for the social interaction effect, for each behaviour (social, interest, non-social 

and passive behaviour). An ANOVA for each time point and each behaviour of social 

interaction was performed for social interaction, with the factors SPS-level and drug. 

Correlations were analyzed using the point-biserial correlation option of the Pearson test in 

SPSS. Statistical analyses were conducted with IBM SPSS Statistics version 23.  
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Results 

SPS level predicts increase of cocaine self-administration  

Long access cocaine self-administration increases over time (within-subjects session 

effect: F(20,180) = 2.370, p = 0.001), and this increase is dependent on SPS level (within-

subjects SPS x session effect: F(20,180) = 1.728, p = 0.032; between-subjects SPS effect: 

F(1,9) = 2.57, p = 0.143; see figure 3). A post-hoc analysis per session reveals higher cocaine 

administration for high SPS compared to low SPS for session 15 (F(1,9) = 8.042, p = 0.02), 

16 (F(1,9) = 7.787, p = 0.021), 17 (F(1,9) = 6.948, p = 0.027). In session 18, a p-value of 

0.057 was found between high and low SPS (F(1,9) = 4.776).  

 

 

Figure 3. Cocaine self-administration intake during long access exposure. High SPS rats show a 

greater escalation of cocaine intake compared to low SPS rats (p = 0.032). Between session 15 and 17 

high SPS rats show a significantly higher cocaine intake compared to low SPS rats (p < 0.05). In 

session 18, a p-value of 0.057 is found between the two groups.   

 

Effect of cocaine addiction on social memory 

A p-value of 0.06 was found after cocaine training (SPS x cocaine exposure 

interaction effect: F(1, 17) = 4.048), using the sniffing of novel rat / sniffing familiar rat ratio 

during the second social interaction as a measure for social memory (see figure 5). No 

interaction effect was found before cocaine training (F(1,17) = 0.381, p = 0.545) and after 

long access to cocaine (Lga) (F(1,17) = 1.436, p = 0.247). No main effects for drug exposure 

(before cocaine: F(1,17) = 0.29, p = 0.597; after cocaine training: F(1,17) = 2.287, p = 0.149; 

after Lga: F(1,17) = 0.061, p = 0.807) and SPS (before cocaine: F(1,17) = 1.340, p = 0.263; 
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after cocaine training: F(1,17) = 2.084, p = 0.167; after Lga: F(1,17) = 0.042, p = 0.840) were 

found for all time points. 

A repeated measures ANOVA revealed no significant session effect within-subjects 

effect for social memory scores (session effect: F(2,34) = 1.7, p = 0.198). 

 

 

Figure 4. Ratio of time spent sniffing the novel rat versus the familiar rat during the second 

social interaction of the social memory test is displayed. An interaction effect (SPS-level and 

drug) on social memory with a p-value of 0.06 is found only after training.  

 

Effect of cocaine addiction on social interaction  

The social interaction test was at three time points: before drug exposure, after cocaine 

training, and after long access to cocaine. Behaviours that were tested for effects were social, 

interest, non-social, and passive behaviour. 

 

Social behaviour 

No SPS x treatment interaction effect was found after training (SPS x interaction 

effect: F(1,17) = 0.364, p = 0.554) and after long access exposure (SPS x interaction effect: 
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F(1,17) = 0.498, p = 0.490). However, this was the case before drug exposure, when no 

treatment difference was present yet (SPS x interaction effect: F(1,17) = 6.271, p = 0.023). 

High SPS animals showed more social behaviour (SPS effect: F(1,17) = 16.45, p = 

0.001) compared to their low SPS counterparts before drug exposure (see figure 5A). No main 

SPS effect after cocaine training (SPS effect: F(1,17) = 0.341, p = 0.567) and after long access 

exposure (SPS effect: F(1,17) = 3.231, p = 0.09) was found. 

 Drug naïve rats showed no difference on the social behaviour compared to rats who 

underwent cocaine self-administration before drug exposure, (drug exposure effect: F(1,17) = 

0.033, p = 0.859), after cocaine training (drug exposure effect: F(1,17) = 0.000, p = 0.998), 

and after Lga (drug exposure effect: F(1,17) = 1.594, p = 0.224). 

After performing a repeated measured ANOVA (social interaction test x SPS x drug 

exposure), a session effect was present for each behaviour (session effect: F(2,34) = 37.922, p 

= 0.000; see figure 6A). 

 

Interest behaviour 

No SPS x drug exposure interaction effect was found after training (F(1,17) = 0.371, p 

= 0.550) and after Lga (F(1,17) = 2.433, p = 0.137). However, this was the case before drug 

exposure, when no drug exposure difference was present yet (F(1,17) = 7.963, p = 0.012.  

No difference was found between high and low SPS-like animals before drug 

exposure (SPS effect: F(1,17) = 0.255, p = 0.620) and after cocaine training (SPS effect: 

F(1,17) = 2.399, p = 0.14). After long access exposure, high SPS animals showed less interest 

behaviour compared to low SPS animals (SPS effect: F(1,17) = 6.051, p = 0.025). 

No drug exposure effect in interest behaviour was found for before drug exposure, 

(drug exposure effect: F(1,17) = 0.064, p = 0.803), after cocaine training (drug exposure 

effect: F(1,17) = 0.202, p = 0.659) and after Lga (drug exposure effect: F(1,17) = 2.218, p = 

0.155) .  

After performing a repeated measured ANOVA (social interaction test x SPS x drug 

exposure), a session effect was present for each behaviour (session effect: F(2,34) = 5.874, p 

= 0.006; see figure 6B). 

 

Non-social behaviour 

No SPS x drug exposure interaction effect was found before cocaine exposure (F(1,17) 

= 1.887, p = 0.187), after training (F(1,17) = 1.408, p = 0.252) and after long access exposure 

(F(1,17) = 0.580, p = 0.457; see figure 5D).  
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High SPS animals showed less non-social behaviour (SPS effect: F(1, 17) = 23.823, p 

= 0.000), compared to their low SPS counterparts before drug exposure (see figure 5B). No 

main SPS effect after cocaine training (SPS effect: F(1,17) = 0.528, p = 0.477) and after long 

access exposure (SPS effect: F(1,17) = 0.308, p = 0.586) was found. 

 No drug exposure effect was found for before drug exposure (drug exposure effect: 

F(1,17) = 1.954, p = 0.180). After cocaine training, naïve rats showed no difference in non-

social behaviour compared to rats who underwent cocaine self-administration (drug exposure 

effect: F(1,17) = 0.202, p = 0.659). Rats after being exposed to cocaine (Lga) showed more 

non-social behaviour compared to naïve rats (drug exposure effect: F(1,17) = 5.606, p = 0.03; 

see figure 5C). 

After performing a repeated measured ANOVA (social interaction test x SPS x drug 

exposure), a session effect was present (session effect: F(2,34) = 36.714, p = 0.000; see figure 

6C). 

 

Passive behaviour 

No SPS x drug exposure interaction effect was found before drug exposure (F(1,17) = 

3.168, p = 0.093), after training (F(1,17) = 0.056, p = 0.815) and after Lga (F(1,17) = 0.042, p 

= 0.830).  

No difference was found between high and low SPS-like animals before drug 

exposure (SPS effect: F(1,17) = 3.463, p = 0.08), after cocaine training (SPS effect: F(1,17) = 

0.361, p = 0.581), and after long access cocaine exposure (SPS effect: F(1,17) = 1.725, p = 

0.206). 

 No main effect of drug exposure was found before drug exposure (F(1,17) = 0.545, p = 

0.470), drug training (F(1,17) = 0.99, p = 0.757), and after long access drug exposure (F(1,17) 

= 2.801, p = 0.112).  

After performing a repeated measured ANOVA (social interaction test x SPS x drug 

exposure), a session effect was present (session effect: F(2,34) = 0.000; see figure 6D). 
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Figure 5. Percentage of time spent performing a behaviour on the social interaction test. (A) 

High SPS-like rats perform more social behaviour than low SPS-like rats before drug 

exposure (F(1,17) = 16.45, p = 0.001). (B) High SPS animals show less non-social behaviour 

than low SPS animals (F(1,17) = 28.823, p = 0.000). (C) After being exposed to cocaine, rats 

show an increase in non-social behaviour (F(1,17) = 5.606, p =0.03). (D) No interaction 

effect on non-social behaviour was present for SPS x drug exposure (F(,17) = 0.580, p = 

0.457). 
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Figure 6. Percentage of time spent performing a behaviour on the social interaction test, over 

time points. (A) Percentage of time spent performing social behaviour decreases significantly 

over time points (p = 0.000). (B) Interest behaviour increases after sessions (p = 0.006). (C) 

Non-social behaviour increases over time (p = 0.000). (D) Passive behaviour behaviour 

increases over time (p = 0.000). 

 

Validation SPS selection criteria 

A Pearson analysis revealed that of the SPS selection criteria, exploration on elevated 

plus maze (4 paw and center of gravity criterium), basal startle amplitude correlated 

significantly with SPS rank. Prepulse inhibition and conditioned freezing showed a 

correlation of 0.36 (p = 0.08) and 0.30 (p = 0.14) respectively with SPS rank, but did not 

correlate with exploration and startle reflex (see table 1). 

 Only the social memory and interaction scores before drug exposure, but not after, 

were correlated with any SPS criteria. Social memory scores correlated only with prepulse 

inhibition scores, not with any other selection criteria or SPS rank.  
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 Of the social interaction scores, social, passive, and non-social behaviour significantly 

correlated with exploration on the elevated plus maze, whereas interest behaviour showed a p-

value of 0.08 for the correlation with exploration. Social and non-social behaviour further 

correlated with basal startle amplitude and SPS rank. Prepulse inhibition correlated with none 

of the social interaction scores. Conditioned freezing behaviour showed a correlation of 0.37 

(p = 0.08) and -0.38 (p = 0.07) with interest and non-social behaviour respectively. 

No significant correlations between total self-administration over long access exposure 

and SPS criteria and scores on social interaction and memory were found. SPS rank correlated 

with cocaine intake. Of the selection criteria for SPS, exploration on elevated plus maze (4 

paw criterium) and basal startle reflex showed a correlation of -0.53 (p = 0.09) and 0.57 (p = 

0.06) with cocaine intake respectively. 

 

 

 EPM  

(4 PAW) 

EPM  

(COG) 

BASAL 

STARTLE 

PPI FREEZING SPS  

RANK 

 r p r p r p r p r p r p 

EPM (4 PAW)   0,98 0,00 -0,49 0,01 0,05 0,82 -0,12 0,56 -0,64 0,00 

EPM (COG)     -0,49 0,01 0,03 0,89 -0,13 0,53 -0,67 0,00 

BASAL 

STARTLE  

      0,13 0,54 0,19 0,36 0,66 0,00 

PPI         -0,22 0,29 0,36 0,08 

FREEZING           0,30 0,14 

             

SOCIAL 

MEMORY 

(BEFORE COC) 

0,04 0,86 0,03 0,88 -0,13 0,55 -0,66 0,00 0,26 0,26 -0,22 0,29 

             

SOCIAL 

INTERACTION 

(BEFORE COC)  

            

SOCIAL  -0,59 0,00 -0,62 0,00 0,41 0,05 0,16 0,45 0,00 0,99 0,61 0,00 

INTEREST  0,36 0,08 0,36 0,08 -0,20 0,35 -0,12 0,59 0,37 0,08 -0,07 0,74 

NON-SOCIAL  0,49 0,02 0,49 0,02 -0,40 0,06 -0,21 0,32 -0,38 0,07 -0,70 0,00 

PASSIVE  0,44 0,03 0,49 0,02 -0,28 0,19 -0,04 0,84 0,26 0,22 -0,36 0,84 
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Table 1. Correlations of SPS selection criteria exploration on elevated plus maze (EPM) 4 

paw and center of gravity (COG) criterium, basal startle amplitude, prepulse inhibition (PPI) 

and freezing with each other and social memory and interaction test.  

 

 

 SELF-ADMINISTRATION TOTAL (OVER LONG ACCESS) 

 Correlation (r) p-value (p) 

EPM (4 PAW) -0,53 0,09 

EPM (COG) -0,49 0,12 

BASAL STARTLE  0,57 0,06 

PPI -0,03 0,92 

FREEZING -0,05 0,88 

SPS RANK 0,60 0,05 

   

SOCIAL MEMORY   

BEFORE COCAINE -0,29 0,39 

AFTER COCAINE TRAINING -0,14 0,69 

AFTER LONG ACCESS 0,06 0,87 

   

SOCIAL INTERACTION    

BEFORE COCAINE   

SOCIAL  -0,20 0,56 

INTEREST  0,36 0,28 

NON-SOCIAL  -0,10 0,77 

PASSIVE  0,44 0,18 

AFTER COCAINE TRAINING   

SOCIAL  0,11 0,76 

INTEREST  0,53 0,10 

NON-SOCIAL  0,04 0,90 

PASSIVE  0,46 0,16 

AFTER LONG ACCESS   

SOCIAL  0,17 0,62 

INTEREST  -0,28 0,40 

NON-SOCIAL  0,04 0,92 

PASSIVE  -0,37 0,26 
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Table 2. Correlations with p-values of total rewards obtained during self-administrations 

sessions during long access with SPS selection criteria exploration on elevated plus maze 

(EPM) 4 paw and center of gravity (COG) criterium, basal startle amplitude, prepulse 

inhibition (PPI) and freezing. No significant correlations between scores on the social 

interaction or memory test and cocaine intake were found.  

 

Discussion 

The main objective of the present study was to assess the predictive value of 

behavioural measures sensory information processing, emotional reaction and enhanced 

susceptibility to overstimulation, to identify the vulnerable phenotype sensory processing 

sensitivity on cocaine self-administration, and determine how social behaviour changes over 

time as a function of SPS and cocaine intake. This research shows that high SPS-like animals 

show a greater escalation in cocaine self-administration compared to low SPS-like animals 

(see figure 3). High SPS animals show more social behaviour compared to their low SPS 

counterparts (see figure 5A), and this difference remains stable after cocaine exposure. The 

drug increases non-social behaviour (see figure 5C). Cocaine has a decreasing effect on social 

memory in low SPS animals, but not in high SPS animals (see figure 4).  

 

Sensory processing sensitivity and cocaine self-administration 

High SPS animals show a greater escalation in cocaine intake over long access self-

administration compared to low SPS animals. Post-hoc analysis reveals differences between 

the groups between sessions 15-18, where high SPS animals show a higher motivation for 

cocaine. Figure 3 shows an escalation of cocaine intake when animals were exposed to self-

administration for 6 hours per day. This change in hedonic set point reflects a transition of 

drug use to drug addiction (Ahmed & Koob, 1998). High SPS animals show a higher sensory 

information processing, more emotional reactions, and an enhanced susceptibility to 

overstimulation, compared to low SPS animals. Animals who show more emotional reactions 

and an enhanced susceptibility to overstimulation show an increased intake in cocaine 

(Henniger et al., 2000; File & Seth, 2003; Goktalay et al., 2014). In humans, SPS correlates 

with a wide range of psychological problems, such as depression, anxiety (Liss et al., 2008) 

and poor social skills (Neal et al., 2002; Liss et al., 2008), which are known risk factors for 
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substance abuse (Guo et al., 2001; Swendsen et al., 2010). Based on these studies, a higher 

cocaine intake for high SPS animals was expected. 

While the overall SPS rank significantly correlates with cocaine intake (see table 2), of 

the single SPS measures, only basal startle amplitude and exploration on the elevated plus 

maze show moderate correlations with self-administration. Rats that show more emotional 

reactions on the elevated plus maze have been found to show an increased motivation to self-

administer cocaine (Homberg et al., 2002; Homberg et al., 2004b) and express higher 

rewarding effects of cocaine (Pelloux et al., 2009). High-anxiety rats display high startle  

amplitudes (Uvnäs-Moberg et al., 1999), an association which is found in this study as well 

(see table 2). Conversely, Wheeler et al. (2017) show opposite results, with low startle rats 

showing increased cocaine intake. While Wheeler et al. (2017) used self-administration as a 

model for addiction, the drug access of the rats is limited to 2 hours per day, and tested a new 

concentration when the number of responses was stabilized. Ahmed and Koob (1998) 

demonstrated that in short access (1 hour) self-administration, cocaine intake remains stable 

over time, whereas addiction is characterized by an escalation in intake. The study by 

Wheeler et al. (2017) might thus reveal the acute effects of cocaine in the system, instead of 

chronic cocaine addiction.  

Enhanced susceptibility to overstimulation, measured by the PPI, was expected to 

have a predicting value on cocaine intake, as mice with a lower PPI show a lower sensitivity 

to the conditioned rewarding effects of cocaine (Arenas et al., 2018). Low PPI animals are 

less sensitive to conditioned place preference (CPP) effects at low cocaine doses, but more 

sensitive compared to their high PPI counterparts at higher doses. High PPI animals on the 

other hand have a lower, but stable sensitivity (Arenas et al., 2018). No correlation was found 

between PPI and cocaine intake during long access, corroborating these findings. Animals 

with a lower sensorimotor gating show a differential susceptibility, whereas the more 

inhibiting group does not, leading to a zero correlation between PPI and cocaine intake. 

Startle reflex and PPI are not associated (see table 2), and measure different features 

(Swerdlow et al., 2001). 

The amount of conditioned freezing was not found to be a predicting value for cocaine 

addiction (see table 2). This may be an indication that this behavioural measure cannot be 

fully conceptualized as sensory information processing. Moreover, conditioned arousal and 

sensory information processing are both regulated by the amygdala, but are two distinct 

processes (Kapp et al., 1992). Freezing may thus reflect arousal above sensory information 
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processing. Alternatively, the non-significant weak relationship may be due to limited power. 

An increased number of subjects will have to provide more evidence. 

 

Social interaction 

The social interaction test was scored on four behavioural measures: social contact, 

interest behaviour, non-social behaviour, and passive behaviour. These measures were 

adapted from Manfré et al. (2018), in which social interaction was scored by the following 

behaviours: nape attacking, pinning, social contact, allogrooming, approaching, following, 

moving away and solitary. The number of behavioural measures was reduced, to eliminate 

behaviours of low occurrence, and integrate behaviours which could not be distinguished 

from each other from the used camera angle (e.g. social nose contact vs allogrooming and 

approaching vs following). A second scoring was applied for one time point, to see whether 

dividing the behaviours into multiple behaviours would give a clearer insight, but this was 

found to give similar results. For the goal of this study, the four measures provided enough 

insight. Passive behaviour is a behavioural measure not yet quantified in other studies, but 

taken into account, because of the high occurrence. Since this behaviour produced no effects, 

and the fact that the behaviour reflects the behaviour of the conspecific, it is recommended to 

not score this in further studies.  

High SPS animals show less exploration and high anxiety-like behaviour (see table 1). 

These rats show more emotional reactions and have an enhanced susceptibility to 

overstimulation, which are predictive of less time spent in social interaction (File & Hyde, 

1978; File & Seth, 2003; Goktalay et al., 2014). It was therefore hypothesized that these 

animals show less social behaviour on the social interaction test. Contrary to this hypothesis, 

high SPS animals show more social behaviour and less non-social behaviours compared to 

low SPS animals before cocaine exposure (see figure 5A). Likewise, research in humans 

suggests that highly sensitive people view social situations as rewarding and positive, instead 

of emotional (Acevedo et al., 2014). In response to positive social stimuli, greater SPS scores 

were associated with stronger activations in VTA, implicated in reward processing (Acevedo 

et al., 2014). In these people, not limbic emotional processes, but higher executive 

functioning processes are engaged during social stimuli. This provides support for the finding 

that SPS is related to heightened responsivity to positive environments.    
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Animals exposed to long access drug self-administration showed more non-social 

behaviour than naïve rats (see figure 5C). This finding is consistent with other research, where 

rats displayed less social interaction (Šlamberová et al., 2015) and less social play behaviour 

(Achterberg et al., 2014) after cocaine administration. Simultaneous increases of dopamine, 

serotonin and noradrenaline underlie this inhibitory effect (Achterberg et al., 2014). One 

possible explanation is that a high dose of cocaine may have an anxiogenic effect, depending 

on the anxiety-like behaviour of the rat, as proposed by Rogerio and Takahashi (1992). This 

appears to be the case for acute and chronic cocaine administration and withdrawal (Yang et 

al., 1992; Sarnyai et al., 1995; Basso et al., 1999). Contrasting these findings, a study by 

Stoker and Markou (2011) found no anxiety-like behaviour during withdrawal from chronic 

cocaine. The effect is unlikely to be fully explained by the anxiogenic properties of cocaine, 

as the anxiolytic drug diazepam increases social exploration, but reduces social play. A 

second possibility is that the rewarding value of social play (Vanderschuren et al., 2016) is 

overshadowed by the value of cocaine. However, cocaine and social pairings produce equal 

CPP, and an even greater CPP if cocaine interacts with a social context (Thiel et al., 2008), 

indicating that there is no direct competition. Furthermore, when rats are presented with 

mutually exclusive choices between social interaction and the drug to which the rat was 

addicted, the operant social reward eliminated drug self-administration (Lemos et al., 2020). 

Because the social interaction test is taken two weeks after the last cocaine infusion, 

rats are in withdrawal, and may suffer from post-cocaine anhedonia (Markou & Koob, 1991). 

Anhedonia reflects a reward deficit, lowering the rewarding value of social interaction. Post-

cocaine anhedonia could therefore underlie the absence of social interest during cocaine 

withdrawal. Another possible contributor is cocaine-induced locomotion. An association 

between high locomotion and low social interaction (Tikal & Benesová, 1975) could 

modulate the non-social effect of cocaine. Locomotion is increased in days following cocaine 

use (Perrine et al., 2015), and may thus contribute to the non-social behaviour displayed on 

rats following chronic self-administration. 

No difference in SPS level in social interaction was found after cocaine training (see 

figure 6), where animals only had drug access for 1 hour per day. When rats have had access 

to cocaine self-administration for 1 hour per day, abstinence has no effect on further cocaine 

intake, while long access rats make a complete recovery to previous cocaine intake (Ahmed & 

Koob, 1998). The long access rats show a transition from drug intake to drug addiction. An 

addiction is not formed in rats with short access, as can be seen in the rats in this study after 
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receiving cocaine training. Because the social interaction test was performed two weeks after 

the last infusion, no acute effects of cocaine were present.  

 

Social memory 

For the social memory test, no differences were found on SPS and drug exposure 

level. A p-value of 0.06 for the SPS x drug exposure interaction effect was found was found 

after training, where cocaine-treated animals showed a lower social memory than drug naïve  

animals, but only in the low SPS group (see figure 4). Low SPS animals seem to be more 

susceptible for the acute negative memory effects of cocaine, whereas high SPS animals are 

not affected. This is consistent with findings that SERT KO rats, a rat model related to high 

SPS phenotype (Homberg et al., 2016), show no decrease in cognitive flexibility following 

chronic cocaine self-administration for 1-hour sessions (Nonkes et al., 2013). 

Immediate cocaine withdrawal (3 days) is paired with increased LTP in the prefrontal 

cortex (Huang et al., 2006) and CA1 region of the hippocampus (Thompson et al., 2004), 

which possesses social memory engram. Long-term cocaine withdrawal however, is 

associated with memory and learning impairments (Thompson et al., 2004; Ladrón de 

Guevara-Miranda et al., 2017). Notably, cocaine withdrawal from long access exposure had 

no influence on social memory of low and high SPS rats. If there are any memory 

impairments, the effects are not strong enough to impact social memory.  

Outcomes on the social memory test did not change over sessions, indicating that a 

habituation effect of the three chamber test was not present. 

 

Limitations and future research 

Animal research allows control over environmental factors and is a way to manipulate 

variables. Several known genetic markers underlying the SPS phenotype are known. A 

number of genes within the dopamine system were found to contribute significantly to 

variability in the SPS trait (Chen et al., 2011).  Furthermore, an association between SPS and 

the serotonin transporter-linked polymorphic region (5-HTTLPR) is established, where high 

SPS in human subjects was related to the s/s allele (Licht et al., 2011). The 5-HTTLPR 

polymorphism is absent in the rat serotonin transporter gene, but SERT KO rats show 

similarities to the human s-allele carrier (Houwing et al., 2017). SERT KO rats show 
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avoidance on open arm on the elevated plus maze (Kalueff et al., 2007), that high SPS rats in 

this research also display. However, it is unclear whether a SPS rat model can be 

conceptualized based on three behavioural measures, representing the three factors of SPS. 

Freezing in particular does not correlate with other measures of SPS. The startle reflex does 

contribute to SPS level, but may already be represented by the anxiety-like behaviour on the 

elevated plus maze.   

 The primary limitation regards the number of subjects in this study. Of the 12 rats who 

received cocaine infusions, five were low SPS and seven were high SPS. For further studies, 

it is recommended to select a higher sample size, for increased power. A secondary limitation 

involves the effect over session of the social interaction test. A decrease in social behaviour  

(see figure 5A) and increase in non-social behaviour (see figure 5C) can be explained by the 

acute and chronic effects of cocaine. Alternatively, this effect can be explained by 

habituation. It may be possible that social novelty decreases as rats perform the test for a 

second and third time. Because the social interaction test was taken directly after the social 

memory test, rats may have habituated to social interaction and not view it as rewarding as 

before. This habituation effect over time is not present for social memory, where cocaine was 

not found to effect social memory scores.  

The present results provide support for the hypothesis that SPS influences cocaine 

intake, but further research with larger groups is needed to provide conclusive evidence. High 

SPS animals show more social behaviour compared to their low SPS counterparts, and this 

difference remains stable after cocaine exposure, while non-social behaviour increases after 

cocaine exposure. Cocaine has a decreasing effect on social memory in low SPS animals, but 

not in high SPS animals. Future research will focus on the protective versus harmful role of 

social isolation versus social enrichment in cocaine addiction in SPS rats, and its role on 

social behaviour.  
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