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Abstract 
 
Dopamine (DA) signaling is central in hypothesized causal paths linking the influence of social and 

environmental variables with cognition, behavior and affective states, including vulnerability to drug 

dependence. Here, we study whether change in one’s social rank induces DA and norepinephrine (NE) 

changes using a novel pig model with a social-ranking-and-re-ranking protocol to investigate social context 

influences on catecholamine concentrations in cerebrospinal fluid (CSF) and blood. For two weeks, 16 

recently weaned male piglets were socially housed in four groups, with video-recordings for social rank 

assessments (α, β, γ, and δ); CSF and blood were obtained from these stable social groups. Next, all four α 

were housed together, as were all four β, etc., again with video recording for blinded social ranking.  CSF 

and blood samples were collected at three time points: prior to initial social housing, following social 

housing and following re-organization. Regression analyses disclosed a positive relationship between 

changes in social rank and post-rank change in CSF levels of DA; one unit increase of social rank predicted a 

17.4 pg/ml increase in CSF dopamine concentrations (95% CI= 1.2, 33.7). Compared to piglets with 

downward shifts in ranks (i.e., high-to-low), piglets with upward shifts (i.e., low-to-high) had a statistically 

significant greater increase in CSF DA levels. No relationship was observed for CSF NE or blood 

concentrations of DA or NE at any phase of this experiment. This work, using a novel pig model, adds new 

evidence on alteration of the brain dopaminergic system induced by social rank change. 
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1. Introduction 

Social status is a central facet in humans, one of the few consistent and strong predictors of health and 

disease, such that it has been named a ‘fundamental cause of diseases’ (Link and Phelan, 1995; Marmot, 

2005). In humans, living in economically disadvantaged communities, being bullied, and abrupt downward 

shifts in social rank (e.g., becoming unemployed and economic misfortune) have well-documented 

associations with the occurrence of dopamine-mediated disturbance, including alcohol and drug 

dependence (Dohrenwend et al., 1992; Hemmingsson et al., 1999; Nobile et al., 2007). Nonetheless, human 

studies have a limited capability to disclose hypothesized molecular mechanisms for the effects of social 

rank on the course of alcohol and drug dependence due to ethical considerations in humans. 

 

Studies in nonhuman primates have provided important evidence on social rank altering the central 

nervous system at a molecular level and predisposing individuals with lower social rank to higher risks of 

alcohol and drug problems compared to those with higher social rank (Crowley et al., 1992, 1974; Czoty et 

al., 2005; Morgan et al., 2002). Using positron emission tomography to assess pre-social housing dopamine 

(DA) D2/D3 receptor availability (sometimes referred to as binding potential), a series of studies have 

suggested that social rank influences the rates of cocaine self-administration, across a wide range of doses, 

via alterations of DA D2/D3 receptor binding potential. When initially tested, cocaine served as a reinforcer 

in subordinate monkeys, but not in dominant monkeys (Morgan et al., 2002), and following extensive 

cocaine exposure, when the conditions were changed to a cocaine-food choice paradigm, subordinate 

monkeys were still more sensitive to cocaine than dominant monkeys (Czoty et al., 2005). An implicated 

underlying mechanism involves the acquisition of a higher social rank serving the same function as an 

alternative reinforcer to cocaine and altering DA D2/D3 receptor availability and perhaps activity of 

endogenous DA such that exogenously administered cocaine did not initially function as a reinforcer 

(Morgan et al., 2002) and subsequently attenuating cocaine reinforcement (Nader and Woolverton, 1991).  
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The initial differences in D2/D3 receptor binding potentials between dominant and subordinate monkeys 

were no longer apparent after extensive cocaine self-administration histories (Czoty et al., 2004). 

Importantly for the present study, during abstinence from cocaine, differences in D2/D3 receptor binding 

potentials re-emerged, with dominant animals having significantly higher receptor availability compared to 

subordinate monkeys (Czoty et al., 2004), suggesting that D2/D3 receptor availability is malleable with 

orderly changes observable following environmental and pharmacological manipulations. Similarly, in 

female monkeys, D2/D3 receptor availability changed in dominant monkeys when placed in social groups 

and returned to baseline when monkeys were again individually housed (Michael A. Nader et al., 2012).   

 

Social rank in humans is often in a dynamic change throughout one’s lifetime (e.g., ascents or drops in 

popularity, academic or work performance, athletic competence, etc.). However, it remains to be 

determined whether changes in social status (rank) can result in changes in the brain DA system in humans 

and influence DA-mediated behaviors, such as drug abuse. Moreover, whereas previous nonhuman 

primate studies have shown that D2/D3 receptor availability is not different in monkeys prior to social 

housing (i.e., not a trait marker; Morgan et al, 2002; Nader et al, 2012b), other unobserved heterogeneities 

may account for the relationship between social rank and the dopaminergic system (e.g., early 

environment, aggression, novelty-seeking, etc.; Morgan et al, 2000; Tung et al, 2011). More definitive 

evidence can be secured in a crossover ranking-and-re-ranking research design. In the crossover design, the 

focal point is the change in social rank within each individual, and therefore minimizes between-subject 

variations. Whether changes in social rank can influence DA neurotransmission in drug-naïve individuals 

has not yet been determined and may be a better model of social fluctuations that occur prior to initial 

drug exposure that could influence vulnerability to substance abuse. 
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In this report, we describe a novel crossover ranking-and-re-ranking experiment in domestic pigs (Sus 

Scrofa), a potentially suitable species with a recently annotated genome, DA system and other brain 

analogies to nonhuman and human primates, and existing drug self-administration lines of research 

(Gieling et al., 2011). The central hypothesis is that post-ranking brain DA level will increase with each unit 

increase of social rank at re-ranking.  

 

2. Results 

Initial Social Rank Determinations: Pre-social housing CSF concentrations are shown in Table 1. Baseline 

weight or catecholamine concentrations in blood or CSF did not predict the first social rank (regression 

coefficient = -0.002 to 0.195; all p-value > 0.09; Table 2). In addition, body weight was not associated with 

CSF or plasma measures of DA and NE at baseline (correlation coefficient ρ=-0.50 for CSF DA, p=0.085; ρ= -

0.28 for CSF NE, p=0.362; ρ= 0.39 for plasma NE, p=0.139; ρ= -0.18 for plasma epinephrine, p=0.509; ρ= 

0.03 for plasma DA, p=0.928). After stable social groups were established (Day 14), the initial social rank 

was associated with smaller increases in CSF and blood NE concentrations (CSF NE: regression coefficient=-

125.7pg/ml, 95% CI= -241.1, -10.3, p=0.039, n=9; blood NE: regression coefficient=-139.8pg/ml, 95% CI= -

276.9, -2.7, p=0.046, n=14). The initial social rank was not associated with changes in either CSF or blood 

DA concentrations (CSF DA: regression coefficient=24.0 pg/ml, 95% CI= -11.0, 59.0, p=0.149, n=9; blood DA: 

regression coefficient=6.0pg/ml, 95% CI= -19.2, 31.2, p=0.613, n=14). 

 

Social Reorganization: After the two rounds of ranking, four piglets stayed at the same social rank (e.g., the 

α that stays α in the all-α group and the β that stays β in the all- β group), six piglets had an increase in their 

social ranks (i.e., three with an one unit increase: δ to γ, γ to β, and β to α; two with a two-unit increase: δ 

to β, and γ to α; one with a three-unit increase: δ to α), and six piglets had decreased social ranks.  
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According to the joint test for skewness and kurtosis, no evidence was found for a non-normal distribution 

for changes in CSF and blood catecholamine levels as well as changes in social rank (p-values= 0.13 to 0.93 

for various catecholamines and p-value=0.96 for changes in social rank, see Table 2).  

 

According to linear regression estimates, there was a statistically significant positive relationship between 

changes in post-ranking CSF DA concentrations with changes in social rank (Table 3 and Fig. 2, Panel 1; 

β=17.4 pg/ml, 95% CI=1.2, 33.7). That is, for every one-unit increase in social rank, there was a mean 

increase of 17.4 pg/ml in the CSF DA concentrations. In contrast, no such relationship was found for CSF NE 

(Fig. 2, Panel 2) or blood DA or NE levels (Fig. 2, Panels 3 and 4; β=10.2 pg/ml, 95% CI= -113.4, 133.7 for CSF 

NE; β=-7.1 pg/ml, 95% CI= -31.3, 17.2 for blood DA, see Table 3). Statistical inference remains the same 

when including the pig with extreme blood catecholamine measures.  

 

Exploratory analysis on differences in post-rank changes in catecholamine levels across high-and-low-rank 

groups revealed potential moderation by initial social rank (Table 4). Compared to piglets with downward 

shifts in ranks (i.e., high-to-low), piglets with upward shifts (i.e., low-to-high) had a statistically significant 

greater boost in CSF DA levels. No other comparisons showed statistically significant changes in CSF or 

blood catecholamines when compared to piglets with upward shifts in social rank. 

 

3. Discussion 

In this study, we report findings from an experiment in domestic pigs using a novel social-ranking-and-re-

ranking design. Piglets were randomly selected from different litters which should control for any effect of 

pre-experiment ranking; neither pre-social-housing catecholamine concentrations in CSF or blood nor body 

weight predicted their initial social rank. Following social reorganization, we found evidence that changes in 

social rank induced changes in the brain dopaminergic system in a relatively short timeframe (Greene and 
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Faull, 1989). More specifically, increases in social rank were associated with larger increases in CSF levels of 

DA. In contrast, no changes were observed for NE in CSF and blood or in blood DA levels as a result of 

changes in social rank, highlighting the specificity of social rank to the brain dopaminergic system.  

 

Previous studies have shown that enriched or deprived environments can modulate developmental 

trajectories of DA levels, alcohol consumption, as well as aggressive and other socially maladaptive 

behaviors in nonhuman primates and rats (Bowling et al., 1993; Clarke et al., 1996; Harlow and 

Zimmermann, 1959; J D Higley et al., 1991). Findings from the present study extend previous research on 

social environment and DA-mediated changes in behavior and shed new light on the underlying mechanism 

for how social environment can modify an individual’s vulnerability to drug problems. An ascendance in 

social rank creates an enriched environment for the individual and can serve as a reinforcer; in contract, a 

decline in social rank creates a deprived environment and can be a stressor (Czoty et al, 2004; Koob and Le 

Moal, 1997; Volkow et al, 1999; Nader et al, 2012a). Both of these processes can induce changes to the 

dopaminergic system and play central roles in drug-use-related behaviors and other behavioral outcomes 

(Koob and Volkow, 2010; M A Nader et al., 2012; Volkow and Morales, 2015). In addition, according to our 

exploratory analysis, the largest effects are found for those who had an upward shift in social rank (i.e., 

low-to-high). This result is in line with findings from a previous study in nonhuman primates showing 

increased D2/D3 receptor availability in the caudate nucleus and putamen among individuals with initial 

low ranks before regrouping, compared to previously dominant monkeys (Czoty et al, under review). Taken 

together, these results suggest that the dopaminergic system is responsive to rewarding experiences in a 

relatively short time frame.    

 

In this study, CSF DA levels increased for all but one piglet after the second round of ranking. Possible 

reasons for these increases include changes in the DA system associated with the development of piglets 
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and changes induced by social interaction, in general, independent of social rank (Kanitz et al., 2009, 2004). 

These increases in DA are also consistent with a PET imaging study in individually housed adolescent 

monkeys showing age-dependent changes in D2/D3 receptor measures (Gill et al., 2012). Future studies 

using a similar experimental design in adult pigs will be able to elucidate the mechanisms mediating these 

DA changes. Nonetheless, we found greater increase in extracellular DA availability among piglets with 

increased social rank compared to those with decreased social rank. Such a finding is in line with work 

involving socially housed male and female cynomolgus monkeys (Morgan et al., 2002; Riddick et al., 2009). 

The brain DA neurotransmitter system is under a delicate balance between dopamine release, reuptake, 

and metabolism (Musacchio J. M., 2013). Built upon findings in this study, it is our premise that research 

that can identify changes in DA release and reuptake in specific brain regions will provide important details 

about the underlying mechanistic pathways associated with many human diseases. Replication with other 

mammalian and non-mammalian species with functional monoamine systems in the brain will help assess 

the reproducibility of these results (Dahlbom et al., 2012; Hall et al., 2004; Kabelik et al., 2014). In this initial 

study, we focused on the brain dopaminergic system. Future studies using systematic biology approaches 

will enrich our understanding of the effects of social ranks. Here we show the feasibility of a social rank pig 

model. In order to provide more definitive evidence for drug use, a drug self-administration component will 

be necessary. 

 

A major outcome from this study was data showing that the pig is a suitable species to study social 

enrichment, social stress and the central nervous system function. Social stress is common in humans and 

has been linked to various mental and behavioral outcomes (Björkqvist, 2001; Mantsch et al., 2016). 

Nonetheless, definitive evidence for a causal relationship and its underlying mechanisms is hampered by 

limitations in human research. For research on the course of alcohol- and drug-related problems, there are 

additional restrictions about providing psychoactive drugs to drug-naïve people. While pig models have 
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been underutilized in biomedical research (Broom, 2010; Gieling et al., 2011), results from the present 

study show that the pig model has the potential to fill gaps in our knowledge for the following reasons: 1) 

pigs are social animals that resemble humans in certain facets of their behavioral repertoire, and there are 

developmental, anatomic, chemical, and structural similarities between pig and human brains (Broom, 

2010; Gieling et al., 2011); and 2) pig models have advantages in cost and accessibility over nonhuman 

primate models, and have advantages in the ability to study nuances of complex social behaviors over 

rodent models. In addition, pigs grow into adults at a faster pace than nonhuman primates, which provide a 

good opportunity to study the effects of childhood or adolescent events on consequences during the 

adulthood.  

 

The main limitation of the study is missing data due to unsuccessful CSF sample collections. However, it is 

worth noting that success in obtaining CSF samples was not associated with CSF DA levels or changes in 

social rank. In this initial study, we only included just-weaned male piglets. Generalization of these findings 

to females or adults is premature (J. D. Higley et al., 1991). 

 

4. Experimental Procedures and Statistical Analysis 

4.1 Experimental Procedures 

The subjects were 16 just-weaned experimentally naïve male piglets (Sus scrofa), 21 days old. Throughout 

the experiment, all piglets were fed regularly, and water was available ad libitum. Animal housing, handling 

and all experimental procedures were performed in accordance with the 2011 National Research 

Council Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research and were 

approved by the Animal Care and Use Committee of Michigan State University.  
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The experiment utilized a crossover rank-and-re-rank design. During phase I of the experiment (days 1 to 

14), 16 just-weaned piglets from different litters were randomly assigned to social groups of four piglets 

after being stratified by weight at baseline to avoid potential confounding by initial weight (see Figure 1). In 

each of the four groups, there was one dominant- (the α), one subordinate- (the δ), and two intermediate- 

(β and γ) ranked piglets. Piglets were housed together for two weeks during Phase I of the experiment (i.e., 

the initial post-weaning social ranking phase). During Phase II of the experiment (the re-rank phase, days 15 

to 28), the four piglets with the same rank from each of the four initial groups (i.e., the four α pigs, β pigs, γ 

pigs and δ pigs) were placed together on the 15th day of the experiment in order to form new social 

hierarchies.  

 

Social Rank Determinations: During the entire experiment, pig behaviors were recorded using an overhead 

video camera with GeoVision 1480 software. Continuous behavioral sampling was used to collect the 

following agonistic interaction data during the first 48 hours of each round of group formation (i.e., the first 

48 hours during Phase I and Phase II): identification of the piglet who initiated the interaction; the piglets 

that were involved in the interaction; offensive (e.g., bites, head thrusts, chase, threat, and replacement) 

and defensive (e.g., freeze, avoidance, and flight) behaviors. To establish social hierarchy, agonistic 

behaviors occur most frequently during the first 48 hours; once social hierarchy is established, it remains 

stable for the rest of the study phase. The outcome of the interaction from each pair in the group was 

calculated as a win or loss. The data were placed in a matrix based on the number of wins a specific piglet 

had against another piglet. From the matrix, the total wins and losses for each piglet were tabulated and a 

ratio of wins to losses was calculated for each piglet. The piglet with the highest ratio was assigned the 

highest ranking (dominant or ), and the piglet with the lowest ratio was assigned the lowest ranking 

(subordinate or δ) and the remaining two piglets were designated intermediate rankings (β and γ). The 

same scoring procedure was used in Phase II to determine new social rankings.  
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Biomarker Assessments: Weight, CSF and blood samples were collected from all 16 piglets at the time of 

weaning (i.e., day one before social housing with piglets from other litters, baseline), at day 15 (i.e., after 

the first round of ranking and right before the second round of ranking), and day 28 (i.e., after the second 

round of ranking) of the experiment. In this study, our focus is the effects of social rank instead of the initial 

agonistic behaviors which are required to the establishment of social rank. Agonistic behaviors usually 

subside after 48 hours once social ranks are established. We collected CSF and blood samples after two 

weeks of social housing in order to eliminate any potential confounding effects due to agonistic behaviors 

and to assess catecholamine concentrations in stable social groups.  

 

Blood samples were collected from the ear vein without sedation using K2-EDTA as an anticoagulant, and 

the samples were inverted several times to ensure adequate mixing of blood and anticoagulant. After the 

collection of blood samples, pigs were anesthetized using ketamine (20 mg/kg, xylazine) and midazolam 

(0.4 mg/kg). Cerebrospinal fluid (CSF) samples were collected from the atlanto-occipital space and stored at 

-80°C until analyzed. Blood samples were kept on ice during sample collection and centrifuged to harvest 

plasma afterwards. Plasma was stored at -80°C until analyzed and underwent catecholamine extraction 

procedure. Briefly, 100 µl of plasma was mixed with 7 mg of activated alumina, 0.4 ml of 2M Tris and 0.5M 

EDTA PH 8.1, and 15 µl of internal standard (3,4-Dihydroxybenzylamine). The mixture was spun on a vortex 

for 20 min to attach the catecholamines to the alumina. After washing the alumina, catecholamines were 

eluted from the alumina with 100 µl of 0.2M Acetic Acid.  The concentration of DA, NE and epinephrine 

were determined by high performance liquid chromatography with electrochemical detection and 

expressed as pg/ml. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2020. ; https://doi.org/10.1101/2020.08.06.239780doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.06.239780
http://creativecommons.org/licenses/by-nc-nd/4.0/


CSF samples were successfully collected from eight pigs at both time points after the first and second social 

ranking, and blood samples were successfully collected from 15 pigs at both time points. Whether CSF 

sample collection was successful or not was not associated with CSF dopamine or norepinephrine levels at 

all three time points or changes in social ranks (odds ratio=1.0 for all measures; all p>0.35). One pig was 

excluded from the main analysis due to extreme values in blood catecholamine levels. CSF samples were 

not collected after the second round of ranking for this pig and therefore, it was not included in the CSF 

analysis. 

 

4.2 Statistical analysis 

First, we tested the normality of data using a joint test for skewness and kurtosis (Royston, 1991). CSF 

epinephrine concentrations were too low to be detected by high performance liquid chromatography, and 

therefore could not be analyzed. Linear regression was used to estimate whether baseline weight and 

catecholamine levels predicted the first social rank. A dominant rank was coded “4”, and a subordinate 

rank was coded “1” with intermediate ranks coded “2” and “3”. The change in social rank between the two 

rounds of ranking was calculated by subtracting the rank during the first ranking from the rank during the 

second ranking. Therefore, a positive number indicates an increase in social, a negative number represents 

a drop in social rank, and “0” indicates no change in social rank. Similarly, changes in catecholamine levels 

were calculated by subtracting the catecholamine measures after the first ranking from the measures after 

the second ranking. Scatterplots were used to graph changes in catecholamine levels against changes in 

social rank. Linear regression was used to estimate post-rank changes in catecholamine levels associated 

with changes in social ranks. In order to explore potential moderation by initial social rank, we categorized 

piglets into four groups:  low rank becoming high rank (n=3 for CSF measures, n=4 for blood measures); low 

rank remaining low rank (n=2 for CSF measures, n=4 for blood measures), high rank becoming low rank 

(n=2 for CSF measures, n=4 for blood measures), and high rank remaining high rank (n=1 for CSF measures, 
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n=3 for blood measures). In this exploratory analysis, αs and βs were treated as high ranks; δs and γs are 

treated as low ranks. Linear regression was used to estimate differences in post-rank changes in 

catecholamine levels across these groups.  
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Figure legend 

Figure 1. Depiction of study design 

Figure 2. Scatter plots showing the relationship of changes in catecholamines (pg/ml) and changes in 

social rank in pigs. Panel 1. Cerebrospinal fluid dopamine level (n=8). Panel 2. Cerebrospinal fluid 

norepinephrine level (n=8). Panel 3. Blood dopamine level (n=14). Panel 4. Blood norepinephrine level 

(n=14). The y-axes show changes in catecholamines and x-axes are changes in social rank.  

n, numbers of cases for which sample collection was successful in both occasions.  
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Weaned male piglets (21 days old) of approximate body weight from 
different litters were housed together (total 16 piglets = 4 piglets/group). 
Collect CSF, blood and saliva from all piglets at baseline 

Group 1 
α1 
β1 
γ1 
δ1 

  
Collect CSF, blood and saliva from all piglets on day 15.  

Group 2 
α2 
β2 
γ2 
δ2 

  

House αs, βs, γs and δs from the group 1-4 together for 2 weeks to form 
a new social order 

Record and merge behavioral data for the first 48 hours after mixing and 
housing and determine the social rank (t2) 

Group αs 
New α1 
New β1 
New γ1 
New δ1 

 

Group βs 
New α2 
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New γ2 
New δ2 

 

Group γs 
New α3 
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New γ3 
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New α4 
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Collect CSF, blood and saliva from all piglets on day 28 

Figure 1. Depiction of study design 

Record behavioral data for the first 48 hours after mixing and housing and 
determine the social rank (t1) 

Group 3 
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Group 4 
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Table 1. Results of linear regression (β) for baseline weight and catecholamine 
levels predicting the first social rank in pigs. 

Molecule n 
Baseline level  

mean (s.d.)  β 95% CI p 

Weight (lb) 16 14.7 (0.7) 0.195       -0.722, 1.112 0.656 

CSF DA (pg/ml) 13 48.9 (39.6) -0.010 -0.028, 0.007 0.217 

CSF NE (pg/ml) 13 275.6 (120.5) 0.005 -0.001, 0.010 0.093 

Blood DA (pg/ml) 16 101.1 (39.7) <0.001 -0.001,<0.001 0.492 

Blood NE (pg/ml) 16 923.9 (1026.6) -0.002 -0.016, 0.012 0.731 

Blood EPI (pg/ml) 16 71.6 (46.7) 0.001 -0.016, 0.018 0.909 

n, numbers of cases for which sample collection was succesful at baseline. DA, 
dopamine; NE, norepinephrine; EPI, epinephrine; s.d., standard deviation. 
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Table 2. Description of post-ranking changes in catecholamines and normality 
test. 

Molecule n 
Mean change 

(s.d.) Skewness* Kurtosis* Joint test* 

CSF DA (pg/ml) 8 48.5 (38.3) 0.736 0.864 0.931 

CSF NE (pg/ml) 8 51.4 (199.0) 0.410 0.494 0.524 

Blood DA (pg/ml) 14 68.7 (58.3) 0.468 0.863 0.746 

Blood NE (pg/ml) 14 113.0 (190.4) 0.880 0.053 0.130 

Blood EPI (pg/ml) 14 -5.1 (16.8) 0.343 0.945 0.607 

n, numbers of cases for which sample collection was succesful at baseline. DA, 
dopamine; NE, norepinephrine; EPI, epinephrine; s.d., standard deviation. 
* p values for the test for skewness, kurtosis, and a joint chi-square test. 
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Table 3. Estimated regression coefficients (β) linking 
changes in the levels of catecholamines in cerebrospinal 
fluid (CSF) and blood with one unit change in social ranks 
following social re-ranking. 

Molecules n β 95% CI 

CSF DA (pg/ml) 8 17.4 1.2, 33.7 

CSF NE (pg/ml) 8 10.2 -113.4, 133.7 

Blood DA (pg/ml) 14 -7.1 -31.3, 17.2 

Blood NE (pg/ml) 14 -50.3 -124.2, 23.6 

Blood EPI (pg/ml) 14 -1.2 -8.5, 6.2 

n, numbers of cases for which sample collection was 
successful in both occasions. DA, dopamine; NE, 
norepinephrine; EPI, epinephrine.  
Bold font indicates statistical signifcance at 0.05 level. 
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Table 4. Estimated regression coefficients (β) linking changes in the levels of 
catecholamines in cerebrospinal fluid (CSF) and blood with change in social ranks 
stratified by initial social rank (reference= low-to-high). 

  low-to-low high-to-low high-to-high 

Molecules n β 95% CI β 95% CI β 95% CI 

CSF DA (pg/ml) 8 -52.0 -119.4,15.4 -67.5 -134.9,-0.1 -69.0 -154.3,16.3 

CSF NE (pg/ml) 8 -162.5 -765.7,440.7 50.0 -553.2,653.2 -20.0 -783.1,743.1 

Blood DA (pg/ml) 14 -57.3 -135.3,20.8 42.5 -41.8,126.8 20.8 -63.5,105.1 

Blood NE (pg/ml) 14 29.3 -277.7,336.2 217.0 -114.5,548.5 56.7 -274.9,388.2 

Blood EPI (pg/ml) 14 -18.5 -39.4,2.4 4.5 -21.1,30.1 12.7 -9.9,35.3 

n, numbers of cases for which sample collection was successful in both occasions. DA, 
dopamine; NE, norepinephrine; EPI, epinephrine.  
Bold font indicates statistical signifcance at 0.05 level. 
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Figure 2. Scatter plots for changes in catecholamine (pg/ml) associated with changes in social rank in pigs.  

Panel 1. Cerebrospinal fluid dopamine level (n=8) Panel 2. Cerebrospinal fluid norepinephrine level (n=8) 

  
Panel 3. Blood dopamine level (n=14) Panel 4. Blood norepinephrine level (n=14) 

  
The y-axes show changes in catecholamines and x-axes are changes in social rank. n, numbers of cases for which sample collection was 
successful in both occasions.  
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