
Copyright © 2019 LaClair et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: New Research | Cognition and Behavior

Sex differences in cognitive flexibility and
resting brain networks in middle-aged
marmosets

https://doi.org/10.1523/ENEURO.0154-19.2019

Cite as: eNeuro 2019; 10.1523/ENEURO.0154-19.2019

Received: 26 April 2019
Revised: 29 May 2019
Accepted: 18 June 2019

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



  

 1 

Full title: Sex differences in cognitive flexibility and resting brain networks in middle-aged marmosets 1 
Abbreviated title: Cognitive and neural sex differences in marmosets 2 

 3 
 4 

LaClair M. 1,2, Febo, M. 3,  Nephew, B. 4,7 ,  Gervais, N.J.5,6, Poirier, G.7, Workman, K.6 , Chumachenko, S. 7, 5 

Payne, L.7,  Moore, M.C.7, King, J.A.4,7  and Lacreuse, A.1,5,6 6 

1Neuroscience and Behavior Program, University of Massachusetts, Amherst, MA, 01003 7 
2Department of Psychology, Fairfield University, Fairfield, CT, 06824 8 
3 Department of Psychiatry, University of Florida, Gainsville, FL, 32610 9 
4 Worcester Polytechnic Institute, University of Massachusetts Medical School, Worcester, MA, 01655 10 
5 Center for Neuroendocrine Studies, University of Massachusetts, Amherst, MA, 01003 11 
6 Psychological and Brain Sciences, University of Massachusetts, Amherst, MA, 01003 12 
7 Center for Comparative Neuroimaging, University of Massachusetts Medical School, Worcester, MA, 01655 13 
 14 
Correspondence to: 15 
Matthew LaClair, Ph.D. 16 
Department of Psychology  17 
Bannow Science Center 18 
1073 North Benson Road  19 
Fairfield University  20 
Fairfield, CT 06824 21 
Phone: 203-254-4000 x2394 22 
Email: mlaclair@fairfield.edu 23 
 24 

Agnès Lacreuse, Ph.D.  25 
Department of Psychological and Brain Sciences 26 
Tobin Hall, 135 Hicks Way 27 
University of Massachusetts 28 
Amherst, MA 01003 29 
Phone: 413-545-2183 30 
Fax: 413-545-0996 31 
Email: alacreuse@psych.umass.edu32 

Number of figures: 14 33 
Number of tables: 2 34 
Number of words in Abstract: 250 35 
Number of words in Significance statement: 120 36 
Number of words in Introduction: 747 37 
Number of words in Discussion: 1697  38 
 39 
Acknowledgements:  We thank Dr. Afonso Silva for providing methodological details for the marmoset imaging 40 
helmets and cradle, Dr. Aline Sayer and the CRF for statistical consultation, Dr. Jeffrey French for the hormonal 41 
assays and Dr. Omar Touzani for providing methodological details regarding the Hill and Valley task.  We are 42 
grateful to the UMass Psychology Shop for building the apparatuses, to all the students who participated in data 43 
collection and to the excellent assistance of the UMass Animal Care staff.  44 
 45 
Conflict of Interest: The authors declare no conflicts of interest.   46 
 47 
Funding Sources: This study was supported by NIH grant AG 046266 to A. Lacreuse and by a dissertation fellowship 48 
from the UMass Center for Research on Families (CRF) to M. LaClair and by S10 OD018132 to J. King. Marcelo Febo 49 
acknowledges the support from the National High Magnetic Field Laboratory’s Advanced Magnetic Resonance 50 
Imaging & Spectroscopy (AMRIS) Facility (National Science Foundation Cooperative Agreement No. DMR-1157490 51 
and the State of Florida). 52 
 53 
 54 



  

 2 

ABSTRACT  55 
 56 

Sex differences in human cognitive performance are well characterized. However, the neural 57 

correlates of these differences remain elusive.  This issue may be clarified using nonhuman primates, for 58 

which sociocultural influences are minimized.  We used the marmoset (Callithrix jacchus) to investigate 59 

sex differences in two aspects of executive function: Reversal Learning and 60 

Intradimensional/Extradimensional (ID/ED) set shifting. Stress reactivity and motor function were also 61 

assessed. In agreement with human literature, females needed more trials than males to acquire the 62 

reversals.  No sex differences in ED set shifting or motivational measures were observed.  The findings 63 

suggest enhanced habit formation in females, perhaps due to striatal estrogenic effects. Both sexes 64 

showed increased urinary cortisol during social separation stressor, but females showed an earlier 65 

increase in cortisol and a greater increase in agitated locomotion, possibly indicating enhanced stress 66 

reactivity.  Independent of sex, basal cortisol predicted cognitive performance. No sex differences were 67 

found in motor performance.  Associations between brain networks and reversal learning performance 68 

were investigated using resting state fMRI.  Resting state functional connectivity analyses revealed sex 69 

differences in cognitive networks, with differences in overall neural network metrics and specific 70 

regions, including the prefrontal cortex, caudate, putamen, and nucleus accumbens.  Correlations 71 

between cognitive flexibility and neural connectivity indicate that sex differences in cognitive flexibility 72 

are related to sex-dependent patterns of resting brain networks.  Overall, our findings reveal sex 73 

differences in reversal learning, brain networks, and their relationship in the marmoset, positioning this 74 

species as an excellent model to investigate the biological basis of cognitive sex differences.  75 

 76 

 77 
  78 
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SIGNIFICANCE STATEMENT  79 

We examined sex differences in multiple outcomes (cognition, motor function, stress reactivity and 80 
resting state functional connectivity) in middle-aged marmosets.  We found that female marmosets had 81 
poorer reversal learning relative to males.  Resting state functional connectivity analyses revealed 82 
substantial sex differences in cognitive networks, with differences in both overall neural network 83 
metrics and specific regions, including the prefrontal cortex, caudate, putamen, and nucleus accumbens.  84 
Sex-dependent correlations between reversal learning and neural connectivity measures indicate that 85 
the sex difference in cognitive performance is related to sex-dependent patterns of resting brain 86 
networks.  Although these data are correlational and cannot determine causal effects, they are 87 
consistent with human resting state data, supporting the idea that cognitive sex differences have 88 
identifiable intrinsic neural correlates.    89 
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INTRODUCTION  90 
 91 
 Sex and gender differences in cognitive performance are an actively debated topic, both in the 92 

public domain and the scientific community.  The American Community Survey performed by the U.S. 93 

Census Bureau in 2011 found underrepresentation of women in Science, Technology, Engineering, and 94 

Math (STEM) fields, with men representing 74% and women 26% of STEM workers, despite women 95 

outperforming men overall in higher education (Flashman, 2013). With increased focus on gender 96 

disparities in STEM comes greater interest in the biological factors that impact sex-based differences in 97 

cognitive performance.   98 

In humans, sex differences in certain cognitive domains are well established (Kimura, 1999; 99 

Halpern, 2000; Hampson, 2002). Men outperform women on many spatial tasks, including mental 100 

spatial rotation (Voyer et al., 1995), while women outperform men on verbal tasks such as verbal 101 

fluency, (Heinzel et al., 2013) and verbal memory (Munro et al., 2012; Murre et al., 2013). However, sex 102 

differences in cognitive performance may not be as clear-cut as previous studies may have suggested, as 103 

culture and gender stereotypes are known to impact performance on selective cognitive measures 104 

(Levine et al., 2005; Lippa et al., 2010; Miller & Halpern, 2014).  Thus, sociological and biological 105 

influences are tightly intertwined in humans, highlighting the importance of studying appropriate animal 106 

models to understand the biological basis of cognitive sex differences.     107 

We examined cognitive sex differences in the marmoset, a small (300-500g) New World primate 108 

that is emerging as an attractive new primate model for neuroscience research (Miller, 2017; Okano et 109 

al., 2012; Prins et al., 2017).  Marmosets share with other primates a complex brain and behavior but, 110 

because of their small size, present a number of practical advantages as laboratory animals. They also 111 

have a relatively short lifespan of about 10 years, which is advantageous for developmental research. 112 

The marmoset has a lissencephalic brain approximately 5 times larger than the rat brain. Although it is 113 

12 times smaller than the rhesus monkey brain and 180 times smaller than the human brain (Solomon 114 
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and Rosa, 2014), brain organization is well conserved among the three primate species (Chaplin et al., 115 

2013).  Marmosets can successfully perform a range of prefrontal-dependent tasks (LaClair & Lacreuse, 116 

2016; Lacreuse et al., 2014; Miles, 1957; Ridley et al., 1981) and hippocampal-dependent tasks (Lacreuse 117 

et al., 2014).  Little is known about sex differences in cognition in this species. One study conducted in 118 

35 young marmosets (1-4 years old) found no sex difference in the performance of visual discriminations 119 

and reversal tasks (Takemoto et al., 2015).   120 

 The second goal of this research was to investigate the neural correlates of cognitive sex 121 

differences in the marmoset using resting state functional connectivity (rsFC) with functional magnetic 122 

resonance imaging (fMRI). rsFC exploits the fMRI signal to characterize temporally correlated 123 

fluctuations in neuronal activity when subjects are at rest.  In humans, variations in rsFC have been 124 

associated with differences in cognitive performance (Sala-Llonch et al., 2012; Zou et al., 2013). In 125 

addition, sex differences in cognition have been reported to be associated with sex differences in brain 126 

networks (Ingalhalikar et al., 2014; Satterthwaite et al., 2015; Tunç et al., 2016).  Marmosets can be 127 

trained to undergo conscious neuroimaging with minimal acclimation (Liu et al., 2013). Several studies 128 

have revealed four higher-order functional connectivity networks in marmosets that are similar to those 129 

found in humans (Belcher et al., 2013, 2016); however, the effects of sex on functional connectivity have 130 

not yet been examined in this species.  131 

 As in prior marmoset resting state fMRI studies (e.g., Liu et al., 2019) our objective was twofold: 132 

(1) determine the organization of global functional connectivity in male and female marmosets and (2) 133 

determine the relationship between cognitive behaviors and metrics reflecting functional connectivity 134 

patterns brain-wide. Our rationale for this approach was that cognitive behaviors investigated here 135 

emerge from neural activity and functional interactions of many distributed brain areas. Using network 136 

science metrics offers a unique way to test this hypothesis, which involves a broad number of brain 137 
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regions. However, we should note that we did not have a priori predictions on the role of specific ROIs in 138 

the OFC/Striatum. 139 

 The present study compared the performance of middle-aged male and female marmosets (~5 140 

years of age) on tasks of executive function, including cognitive flexibility and attentional set shifting. To 141 

obtain a comprehensive understanding of factors impacting cognitive performance, we also investigated 142 

sex differences in motor performance and stress reactivity.  Following behavioral tasks, monkeys were 143 

scanned for rsFC to investigate sex differences in brain networks and their potential relationship to 144 

cognitive function.   145 

 146 

MATERIALS AND METHODS 147 

Subjects 148 

 Twenty-eight marmosets ranging from 4 to 6 years old were used for this study (14 females, 149 

mean age = 4.81 years; 14 males, mean age = 5.10). All marmosets were housed in male/female pairs at 150 

the University of Massachusetts, Amherst and maintained under a 12:12 light/dark cycle (lights on at 151 

7:30AM) at an ambient temperature of 80 F with a relative humidity of 50%.  The pairs were housed in 152 

steel mesh cages (101 x 76.2 x 78.7 cm) equipped with perches, hammock, nest boxes and branches to 153 

encourage species-typical behaviors.  Male marmosets were vasectomized in adulthood, prior to the 154 

start of the study, to avoid pregnancy. The characteristics of the marmosets and the tests they 155 

performed can be seen in Table 1.  The monkeys were fed a daily diet of fresh food including fruits, 156 

vegetables, nuts and seeds, various breads, and ZuPreem marmoset food. Fruit and nuts were provided 157 

twice daily up until 2 hours before and immediately after cognitive testing and water was available ad 158 

libitum. The monkeys were provided with daily enrichment, including foraging tubes and a variety of 159 

toys. The animals were cared for in accordance with the guidelines published in the Guide for the Care 160 

and Use of Laboratory Animals, 8th edition (2011). The studies were approved by the Institutional 161 
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Animal Care and Use Committee of the University of Massachusetts Amherst and the University of 162 

Massachusetts Medical School, Worcester.  163 

 164 

General Procedure 165 

 Monkeys received comprehensive assessments of cognitive function, stress reactivity and motor 166 

function. The details regarding each assessment are provided below. Monkeys were trained on cognitive 167 

tasks 5 days per week, with training spanning several months. Tests of motor function were conducted 168 

concurrently at times when the monkeys were not engaged in cognitive testing. The social separation 169 

task was conducted on a single day during which monkeys were not engaged in any other task.     170 

 171 

Cognitive Assessments 172 

 Monkeys were tested on the Cambridge Neuropsychological Test Automated Battery (CANTAB), 173 

an automated cognitive testing battery used with humans (Robbins et al., 1994), and NHPs, including 174 

marmosets (Roberts et al., 1988; Spinelli et al., 2004). 175 

Testing Apparatus: The nonhuman primate version of the CANTAB (Monkey CANTAB Intellistation with 176 

Liquid Reward, Model 80951A) consisted of a touch screen panel (37.78 cm) in a stainless-steel frame 177 

(56 x 38 x 30 cm) using an Intel based 1.6 GHz CPU operating system.  A stainless-steel sipper tube in the 178 

middle of the screen delivered the reward (banana milkshake) via a peristaltic pump, at a rate of 0.2 ml 179 

per second.     180 

Procedure:  To encourage participation, food and water were removed from the animals’ cages 2 hours 181 

prior to testing and replaced in the cage no later than 5 hours after removal.  For testing, marmosets 182 

voluntarily entered a transport box (34.1 x 20.65 x 30.8 cm) made of clear Plexiglass attached to the 183 

front of their homecage.  This set-up allowed the focal animal to have visual, auditory, and olfactory 184 

access to their partner, as well as other animals in the colony.  The CANTAB was positioned against the 185 
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meshed front (2.5 x 2.5 cm openings) of the transport box, so animals could reach through to touch the 186 

screen and lick the reward from the sipper tube.  Experimenters loaded CANTAB testing programs 187 

remotely from a desktop computer located outside of the marmoset housing rooms.   188 

CANTAB training: We followed the procedures described by Roberts et al. (1988) and Pearce et al. 189 

(1998) for stages of tone-reinforcement associations and touch-training. Monkeys were trained to lick 190 

the milkshake from the spout, to associate a tone (41 Hz) with reward delivery (5 sec), to touch the 191 

screen, touch a large static square at the center of the screen and touch smaller squares appearing 192 

successively at random locations on the screen, before being presented with the first pair of stimuli.  193 

Simple Reversal Learning: The marmosets were presented with a total of three pairs of stimuli depicted 194 

in Figure 1A. The first pair of stimuli consisted of a blue triangle and a white line. The second pair 195 

consisted either of 2 different white lines or two different pink shapes (the order of presentation of pairs 196 

2 and 3 was counterbalanced between monkeys). For each pair, monkeys had to perform a simple 197 

discrimination (SD), followed by a simple reversal (SR).  The two stimuli appeared in any position on the 198 

touch screen.  Animals began with SD, pair 1 and were given a total of 40 trials a day, 5 days a week, to 199 

learn the stimulus/reward contingencies (for example, blue triangle always rewarded).  Once animals 200 

reached a 90% correct criterion out of 40 consecutive trials, the stimulus/reward contingencies were 201 

reversed (e.g., the white line was now rewarded; SR pair 1).  When the 90% accuracy criterion was 202 

reached on the SR, the marmoset moved on to a new stimulus pair (i.e., SD pair 2) .  The number of trials 203 

to reach the 90% learning criterion (TTC) were recorded, with fewer trials reflecting faster learning of 204 

the stimulus/reward contingencies.  In addition, the number of omissions (trials on which the monkey 205 

made no choice) and the response times (RT) on each trial were recorded as an index of motivation. To 206 

facilitate analyses between reversal learning performance and resting state functional connectivity 207 

(RSFC), a composite of performance, the Reversal Index RI was computed for each monkey by dividing 208 

the mean TTC across the 3 reversals (SR1, SR2, SR3) by the mean TTC on the 3 simple discriminations 209 
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(SD1, SD2, SD3). This composite score reflected how many more trials the monkey had needed to 210 

perform the reversals relative to pre-reversal discriminations, with a higher ratio reflecting poorer 211 

performance. As noted early by Rumbaugh & Jeeves, (1966) such a ratio provides a better measure of 212 

reversal learning per se, by overcoming individual differences (in perception, anxiety, motor function) in 213 

discrimination abilities.   214 

Intradimensional Extradimensional Set Shifting (ID/ED): For the ID/ED, the marmosets were again 215 

presented with a total of three pairs of stimuli, however, each was a compound stimulus, consisting of a 216 

shape dimension and a line dimension, overlaid on top of one another (see Figure 1B). For the first 217 

discrimination (CD1) animals were given the exact same stimulus/reward contingencies as SR3 (e.g., 218 

same shapes and same rewarded stimulus as SR3), but with the addition of an extraneous dimension 219 

(lines) that they needed to ignore. It was followed by a reversal (CR1) in which they had to select the 220 

alternate shape of the pair.  Animals were given 40 trials per day and were required to reach a 90% 221 

accuracy criterion to move on to the next stage of testing.  222 

Intra-dimensional Shift (Pair 2): the second pair of stimuli was made from new stimuli, but the target 223 

dimension (e.g., shape) from CD1/CR1 continued to apply and the other dimension (lines) was to be 224 

ignored.    225 

Extra-dimensional Shift (Pair 3): the final pair were new stimuli, but this time monkeys had to switch 226 

from using the previous target dimension (e.g., shape), to using the alternate dimension (e.g., line) as 227 

the target.   228 

Statistical Analysis 229 

For Simple Reversal Learning, the TTC, errors to criterion, omissions, RT and RI were analyzed using a 230 

mixed Analysis of Variance (ANOVA) with Sex as a between subjects factor and Pair Number (Pair 1, Pair 231 

2, Pair 3) and Test Type (SD, SR) as within subjects factors. The same analysis was used for the ID/ED 232 

shifting task, with the TTC, errors to criterion, omissions and RT as variables. 233 
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Social Separation  234 

In NHPs that form social bonds, mate separation can trigger robust hypothalamic-pituitary- 235 

adrenals (HPA) activation and behavioral indications of stress (Cross et al., 2004). Social separation has 236 

been used as a stressor in a number of NHP species, including the marmoset.  We used the procedure 237 

described by French et al. (2007).  Following urine collection (see below), the focal animal entered a 238 

transport box and was immediately transferred from its colony room to a similar cage in an empty room.  239 

Separated animals had access to food and water ad libitum. Animals were reunited with their cage 240 

mates at 15:30, after 7 hours had elapsed.  No cognitive testing occurred for the animal undergoing 241 

social separation on the day of separation.     242 

Behavioral Observations 243 

 Behavior was video-recorded with a SONY Handycam (HDD 2000x digital zoom) video camera 244 

provided with 0.45x wide angle lens.  Animals were video-recorded at baseline (BL, 30 min prior to 245 

separation, 8:30AM), throughout the separation period (Sep), and 24 hours post-separation (Post-Sep, 246 

the day following separation, 8:30AM).  Behavior was scored from the video recordings using an interval 247 

schedule of 15 seconds, with behaviors occurring 0-20 times within a 5-minute behavioral sample.  All 248 

experimenters achieved 90% interrater reliability on behavioral observations prior to scoring videos. 249 

Behaviors included measures of locomotion, sociality, and aggression, adapted from an extensive 250 

ethogram developed for the marmoset (Stevenson, 1977).  Behavior during the separation was scored 251 

as follows: t1 (first 5 min after experimenter left separation room), t2 (5 min sample 3.5 hours after start 252 

of separation), and t3 (final 5 min sample of the 7 hour separation).  Behaviors from the 3 time points 253 

were then averaged to create an overall separation score.  254 

Urine Collection and Assays 255 

 Urine samples were collected to assess cortisol levels in each animal immediately prior to 256 

separation (BL) and the morning following separation (post-Sep), using a method described by Saltzman 257 
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et al. (2004).  Briefly, animals entered the transport box at 7:30, a few minutes after the lights turned 258 

on, and remained there until they urinated or until 30 min had elapsed.  During the 7-hour separation, 259 

experimenters entered the separation room once each hour and collected any available urine from a 260 

catch pan underneath the animal’s cage.   Urine was pipetted into 1.5 ml vials, spun for five minutes and 261 

then frozen at -20oC. The Endocrine BioServices Assay Lab at the University of Omaha, NE, USA, 262 

performed all urinary cortisol assays. Because of the variability in urine availability, urine samples were 263 

grouped as follows: averaged samples from hours 1 and 2 of separation (Onset), averaged samples from 264 

hours 3, 4 and 5 (Mid), and averaged samples from hours 5 and 6 (End). However, because too few urine 265 

samples were available in the first two hours of the separation period, only the samples from the Mid 266 

and End periods were included in the analyses. 267 

Statistical analysis 268 

 Behavior and urinary cortisol were analyzed using a mixed ANOVA with Sex as a between 269 

subjects factor and Test Phase as a within subjects factor.  The analysis of behaviors focused on 270 

locomotor behaviors, as locomotion is a useful indicator of stress, previously shown to be altered by 271 

social separation in marmosets (Johnson et al., 1996). We recorded instances of agitated locomotion 272 

(defined as an animal moving more than one step in a directed plane, with an exaggerated gait, 273 

sometimes accompanied by piloerection, with tail extended or arched) and calm locomotion (defined as 274 

animal moving more than one step in a directed plane with a relaxed gait), with increased agitated 275 

locomotion being indicative of increased stress (Badihi et al., 2008).  Correlations between behavior and 276 

change in cortisol from baseline to End (change = End-BL) were also performed.  277 

Motor Task 278 

 To assess motor function, we used the Hill and Valley task, a measure of fine motor ability that 279 

has previously been used in marmosets, especially in models of stroke and Parkinson’s disease 280 

(Eslamboli et al., 2003; Marshall et al., 2003; Bihel et al., 2010; Phillips et al., 2017).  It assesses motor 281 
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function in each limb as well as perceptual spatial impairment. The monkeys were tested in their 282 

housing room. As for the cognitive tasks, monkeys voluntarily entered a transport box attached to their 283 

home cage to access the Hill or Valley apparatus, securely attached to the front of the box via a Plexiglas 284 

screen (Figure 2). Each apparatus had two 5-step (9 x 9 x 3 mm) staircases, either rising away from a 285 

central opening (Valley), or from two lateral openings (Hill).  The monkeys had to reach through these 286 

openings, using either their right or left hand, to retrieve one of the mini dehydrated marshmallows (6 287 

mm diameter) placed in the middle of each step. In the Valley version, the central vertical slot (7.7 x 2 288 

cm) allowed the marmoset to use its left hand to reach the reward located on its right, or the right hand 289 

to reach the reward located on its left (contralateral hemifield to hand used). In the Hill version, entry 290 

was through two lateral slots (7.4 x 2 cm) on the side of each stair so that the monkey had to use its 291 

right hand to retrieve the rewards on the right stairs and the left hand to retrieve the rewards on the left 292 

stairs (ipsilateral hemifield to hand used).   293 

Marmosets were trained on the Hill and Valley apparatus until they successfully retrieved a 294 

marshmallow from each step with each hand. If the marmoset failed to perform the task after 10 295 

attempts, it was excluded from the task.  For testing, marmosets were given a maximum of 5 minutes to 296 

retrieve all 5 marshmallows from one staircase of the apparatus. Each marmoset received 4 conditions 297 

(Hill Left, Hill Right, Valley Left, Valley Right) per session, one session per day, and performed a total of 3 298 

testing sessions.  The order of the Hill and Valley conditions was randomized (half received Hill first, half 299 

Valley first) and alternated each test day. If the marmoset failed to retrieve the 5 marshmallows within 300 

the 5-min time limit, the test session was rerun the following day. Marmosets received 1 point for 301 

retrieving the marshmallow on the 1st step, 2 points for retrieving from the 2nd step, and so on, for a 302 

maximal accuracy score of 15 points per hand.  Marmosets lost 1 point each time a marshmallow was 303 

dropped.  The Time to retrieval from the first reaching through the opening until retrieval of the last 304 

marshmallow was recorded for each condition. 305 
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Hand preference 306 

Because hand preference had the potential to affect the ability of each hand, we determined 307 

the hand preference of each marmoset using a simple hand reaching task. Monkeys performed 50 308 

reaches through the central slot of the Valley apparatus to reach a mini marshmallow placed 7.7 X 2 cm 309 

from the slot. The number of Left and Right hand reaches was recorded. Any trials in which the 310 

marmoset used both hands were excluded. For each subject, a handedness index (HI) was determined 311 

by subtracting the number of left-handed responses from the number of right-handed responses and 312 

dividing by the total number of responses (Hopkins, 1999). HI values ranged from −1.0 to 1.0, with the 313 

absolute value representing the strength of the preference. The positive values indicated a right-hand 314 

bias while the negative values indicated a left-hand bias.  315 

Statistical analysis 316 

Mixed measures ANOVAs were performed on the Time to retrieval and accuracy scores, with 317 

Sex as between subjects factor and Hand used as a within subjects factor, and HI as a covariate.  318 

 319 

Resting State Functional Connectivity 320 

We used the state-of-the-art technique developed by Dr. Afonso Silva (Silva et al., 2011), to 321 

image awake marmosets without the use of anesthetic.  Each animal wore a sleeveless jacket (Lomir 322 

Biomedical, Inc), which attached to a semi-cylindrical plastic cover made of Lexan, restricting anterior or 323 

posterior movement but allowing the animal to move its arms, legs, and tail freely.  The plastic cover 324 

was attached to the back of the marmoset’s jacket using plastic cable ties. The monkey laid in a prone, 325 

sphinx position, in the MRI bed, which consisted of a 111-mm cylindrical tube. The cover was secured to 326 

the bed by screwing nylon thumb screws into the bars on the bed. Each marmoset wore an 327 

individualized helmet adapted to their skull to support the head and prevent movement while providing 328 

comfort.   329 
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Acclimation 330 

 Prior to imaging sessions, animals were acclimated to the bed restraint device, noise related to imaging, 331 

and the helmet, following the procedures detailed in Silva et al. (2011).  The entire acclimation period 332 

took between 4-6 weeks for each animal, with acclimation occurring 4-5 days a week.  333 

fMRI data acquisition 334 

The monkeys were scanned at the Center for Comparative Neuroimaging at the University of 335 

Massachusetts Medical School. Following 1 hour acclimation to the neuroimaging room, marmosets 336 

were placed in jackets, positioned in the MR bed, and imaged using a custom head coil as described in 337 

Silva et al. (2011). Imaging was carried out on a high-field MRI system. The system incorporated a 338 

4.7T/40cm horizontal magnet (Oxford, UK) equipped with 450 mT/m magnetic field gradients and a 20-339 

G/cm magnetic field gradient insert (inner diameter = 11.5 cm; Bruker, Germany) with a digital interface 340 

to Bruker console, run by Paravision 6. Field map measurements allowed the estimation of the magnetic 341 

field inhomogeneity and shimming. For each marmoset, anatomical images were obtained using rapid 342 

acquisition relaxation enhanced (T2 Turbo RARE) sequence with TR (relaxation time) = 2892.968 ms, 343 

RARE factor = 8, TE (echo time) = 36 ms, resolution matrix = 256×256, FOV (field of view) = 45 mm×45 344 

mm, slice number = 25, slice thickness = 1.1 mm.  Functional images were acquired using echo-planar 345 

imaging (EPI) with the same FOV and slice thickness, TR=1691.038ms, TE=26.523 ms, flip angle=90°, and 346 

resolution matrix=128×128, for 11.27 min (400 repetitions). All monkeys were scanned within 3 months 347 

of cognitive testing. 348 

Resting State Functional Connectivity Image Processing 349 

 Brain masks were first generated using FMRIB Software Library’s (FSL) Brain Extraction Tool 350 

(BET) (Smith, 2002) on anatomical scans and masks were then manually adjusted with the help of 351 

ITKSNAP (www.itksnap.org). The masks outlining the brain were used to remove non-brain voxels. The 352 

cropped brain images were aligned with a Marmoset brain template (Liu et al., 2018) using the FSL linear  353 
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registration program FLIRT (Jenkinson et al., 2002). Registration matrices for each subject were saved 354 

and used to subsequently transform functional datasets into atlas space for preprocessing and analysis. 355 

Aside from Subject-to-Atlas registration, which used FSL FLIRT, postprocessing steps were carried out 356 

using Analysis of Functional NeuroImages (AFNI) (Cox, 1996). AFNI’s 3dDespike was used to remove time 357 

series spikes and this was followed by slice timing correction using 3dTshift. Motion correction was 358 

carried out using 3dvolreg, after which functional scans were aligned with the Marmoset template using 359 

FLIRT. Time series from motion estimates and from areas with cerebrospinal fluid (CSF ventricles) and 360 

white matter were used as regressors. AFNI’s 3dTproject was used for the removal of motion-related, 361 

CSF and white matter signals, spatial blurring (0.8 mm FWHM), and wholebrain voxel-wise bandpass 362 

filtering between 0.01-0.1Hz.  363 

 Time series fMRI signals from postprocessed scans were extracted from each region of interest 364 

(ROI) based on the atlas-guided seed location (122 bilateral placed seed regions included for 244 total 365 

ROI). Time series for each voxel were averaged per ROI seed, exported as text files and used voxel-wise 366 

cross correlations were carried out to create correlation coefficient (Pearson r) maps using AFNI 367 

3dTcorr1D (Colon-Perez et al., 2016).  Composite functional connectivity maps were generated using 368 

AFNI 3dTtest++ for cortical and subcortical seed regions to determine differences between male and 369 

female marmosets (p<0.01). In addition, Pearson r coefficients per all ROI pairs were subjected to a 370 

voxel-wise z-transformation and exported for network analyses in MATLAB (MathWorks).   371 

Network analyses 372 

We calculated basic graph theory metrics to assess the topology of functional connectivity 373 

networks. Resting state fMRI data were analyzed using Brain Connectivity Toolbox for MATLAB (Rubinov 374 

and Sporns, 2010). Symmetrical connectivity graphs with a total 29,646 matrix entries were first 375 

organized in MATLAB (graph size = n(n-1)/2, where n is the number of nodes represented in the graph, 376 

or 244 ROI). The z-score values of the graphs were thresholded at various levels (1,5,10,15,20%) for each 377 
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subject to create matrices with equal densities prior to network metric assessments. Matrix z-values 378 

were normalized by the highest z-score, such that all matrices had edge weight values ranging from 0 to 379 

1. Node strength (sum of edge weights), clustering coefficient (the degree to which nodes cluster 380 

together in groups), average shortest path length (the potential for communication between pairs of 381 

structures), modularity (the degree to which the network may be subdivided into clearly delineated 382 

groups or communities), and small worldness (the degree to which functional brain networks deviate 383 

from randomly connected networks) were calculated for weighted or unweighted graphs (Newman, 384 

2003; Newman and Girvan, 2004; Boccaletti et al., 2006; Saramäki et al., 2007; Humphries and Gurney, 385 

2008).   386 

The small world index was determined by comparing marmoset functional connectivity 387 

networks to an average of ten null hypothesis networks per monkey (Watts and Strogatz, 1998). Thus, 388 

the ratio for clustering coefficients and path lengths of marmoset brain relative to null networks were 389 

calculated. The ratio of clustering coefficients is known as γ, which for a small world network is larger 390 

than 1 (Humphries and Gurney, 2008). The ratio of average path length is referred to as λ, which for a 391 

small world network is close to 1. The small world (sw) parameter is the ratio of γ/λ, with a sw > 1 392 

indicative of small world topology (typical of real world networks) and sw ~ 1 indicative of a random 393 

network (Erdös and Rényi, 1960). Brain networks were visualized using BrainNet (Xia et al., 2013). The 394 

3D networks were generated with undirected edges weights Eundir ≥ 0.2. In these brain networks (or 395 

marmoset brain connectomes), the node size and color were scaled by the node strength, and edges 396 

were scaled by z-scores. 397 

 398 

RESULTS 399 

Cognitive Tasks 400 

Simple Reversal Learning 401 
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Twenty-two monkeys (11 females, mean age = 5.05 years, SEM = 0.18; 11 males, mean age = 402 

4.69, SEM = 0.14) completed the Simple Reversal Learning task (means for TTC, sessions, omissions, 403 

errors, and response latencies for each sex, Table 2).  A significant interaction between Sex and Test 404 

Type (F (1, 19) = 7.93, p = .01, partial η2 = .29) revealed that females needed more trials (M = 496.66, 405 

SEM = 53.17) than males (M = 401.22, SEM = 53.17) to reach criterion on the SRs, but not on the SDs 406 

(Males: m = 235.16, SEM = 31.46, Females: m = 213.33, SEM = 31.46, Figure 3). A marginal Sex X Test 407 

Type X Pair Number (F (1.26, 23.88) = 3.00, p = .088, partial η2 = .14) suggested that females were 408 

especially impaired for the more complex pairs, pair 2 and pair 3.  RI was significantly greater in females 409 

than in males (t (20) =−3.44, p <.01), reflecting poorer performance of the females in the reversals, 410 

relative to the pre-reversal discriminations. 411 

Errors to Criterion 412 

 A significant effect of Test Type (F (1, 20) = 120.80, p < .001, partial η2 = .86) indicates that 413 

animals made significantly more errors during SR trials than during SD trials.  A marginal Sex X Test Type 414 

effect (F (1, 20) = 4.02, p = .059, partial η2 = .17) indicates that effect of Test Type was larger in females 415 

than in males.  A follow up ANOVA was performed examining only the more complex pairs 2 and 3, on 416 

which females needed more trials to reach criterion.  When pair 1 was removed from the analysis, a 417 

significant Sex X Test Type interaction was found (F (1, 20) = 6.14, p = .02, partial η2 = .24) again 418 

indicating that females were more affected by the SR trials in terms of errors than males.  419 

Omissions and response times  420 

 Monkeys omitted more trials during SRs (m = 366.02, SE = 64.59) than during SDs (m = 154.39, 421 

SEM = 25.17), as indicated by a significant main effect of Test Type (F (1, 19) = 5.87, p = .03, partial η2 = 422 

.24). There was also a significant effect of Test Number (F (2, 38) = 3.19, p = .05, partial η2 = .14), 423 

indicating that monkeys omitted more trials for Pair 3 (m = 463.91, SEM = 50.01) and 2 (m = 386.48, SEM 424 

= 36.88) than Pair 1 (m = 159.39, SEM = 15.48).  Importantly, Sex did not affect the omissions (F(1, 19) = 425 
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.48, p = .50, partial η2 = .02 ) and there were no significant Sex X Test Type (F(1, 19) = .01, p = .91, partial 426 

η2 = .001) or Sex X Test Number (F (1, 38) = .007, p = .99, partial η2  < .001) interactions.  427 

 In terms of RT, there were no significant effects of Sex (F(1, 20) = .02, p = .89, partial η2 = .001), 428 

Sex X Test Number (F(1, 20) = .03, p = .972, partial η2 = .001), Sex X Test Type (F(1, 20) = .13, p = .72, 429 

partial η2 = .006, or Sex X Test Number X Test Type (F(1, 20) = .4, p = .67, partial η2 =.02).  430 

ID/ED  431 

Seventeen out of the 22 original marmosets completed the ID/ED (10 females, mean age = 5.10 432 

years, SD = 0.71; 7 males, mean age = 4.97 years, SD = 0.32, means for TTC, sessions, omissions, 433 

errors, and response latencies for each sex, Table 2).  A significant Test Type X Pair Number 434 

interaction (F(2, 28) = 8.11, p = .002, partial η2 = .37) indicated that animals needed significantly more 435 

trials for CRs on pair 1 and pair 3. A significant interaction between Sex and Pair Number (F(2, 28) = 3.84, 436 

p = .03, partial η2 = .22) revealed that females needed more trials to reach criterion than males on pair 1 437 

(Females: m = 752.32, SEM = 88.81; Males: m = 433.4, SEM = 106.2; t(15) = 2.37, p = .03) and pair 2 438 

(Females: m = 691.20, SEM = 53.07; Males: m = 434.93, SEM = 63.45, t(15) = 2.49, p = .03) but not on 439 

pair 3 (Females: m = 906.04, SEM = 161.32; Males: m = 1212.46, SEM = 192.90, t(15) = .94, p = .36).  440 

Finally, a marginal Sex X Test Type X Pair Number (F(2, 28) = 2.58, p = .093, partial η2 = .16) suggested 441 

that females were particularly impaired on CR2 (ID reversal; Females: m = 785.33, SEM = 81.90; Males: 442 

m = 458.52, SEM = 97.93, p = .02; Figure 4), and tended to perform more poorly than males on CR1 443 

(Compound reversal; Females: m = 1094.87, SEM = 130.38; Males: m = 673.33, SEM = 155.91, p = .057).   444 

Errors to Criterion 445 

There was a significant effect of Test Type (F(1, 14) = 64.37, p < .001, partial η2 = .82) with 446 

animals making more errors during the CRs than the CDs. There was also a significant effect of Pair 447 

Number (F(2, 28) = 21.17, p < .001, partial η2 = .60), with animals making more errors on Pair 3 (ED 448 

shift/reversal) than on Pair 1 (Compound discrimination/reversal) or Pair 2 (ID shift/reversal). The effect 449 
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of Sex (F(1, 14) =  1.91, p = .12, partial η2 = .16), Sex X Test Type (F(1, 14) = .78, p =.39, partial η2 = .05), 450 

Sex X Pair Number (F(2, 28) = 2.35, p = .11, partial η2 = .14) or Sex X Pair Number X Test Type interactions 451 

(F(2, 28) = .40, p = .68, partial η2 = .03) were not significant.   452 

Omissions and RTs 453 

 There was a significant main effect of Test Type (F(1, 14) = 9.45, p = .008, partial η2 = .40) 454 

indicating monkeys omitted more trials on CRs (m = 356.51, SEM = 68.25) than on CDs (m = 228.33, SEM 455 

= 52.76).  There was also a significant effect of Pair Number (F(2, 28) = 6.47, p = .005 partial η2 =.32) with 456 

animals omitting more trials on Pair 3 (m = 357.29, SEM = 68.37) than on Pair 1 (m = 229.99, SEM = 457 

50.73).  Sex had no effect on omissions (F(1, 14) = .14, p = .72, partial η2 = .01) and there were no 458 

significant Sex X Test Type (F(1, 14) = 2.77, p = .12, partial η2 = .17) or Sex X Pair Number (F(1, 14) = 2.23, 459 

p = .13, partial η2 = .14) interactions.  460 

 In terms of RT, there were no significant effects of Sex (F(1, 14) = .012, p = .91, partial η2 = .001) 461 

and no significant Sex X Pair Number interactions (F(2, 28) = 2.05, p = .15, partial η2 = .13).  Unlike RT for 462 

the Reversals, a marginally significant Sex X Test Type interaction was found (F(1, 14) = 3.33, p = .09, 463 

partial η2 = .19).  Follow up comparisons indicated that males had significantly longer RT on initial 464 

discriminations (m = 2458.72 ms, SEM = 186.22 ms) than on reversal trials (m = 2154.47 ms, SEM = 465 

174.95 ms, p = .02).  Importantly, males and females did not significantly differ on RT on the initial 466 

discriminations (p = .65) or the reversal trials (p = .49).  Finally, there were no significant Sex X Pair 467 

number X Test Type interactions (F(2, 28) = .65, p = .53, partial η2 = .04).  468 

 469 

Social Separation Task 470 

 Behavior   471 

 Twenty-eight monkeys (14 females, mean age = 4.94 years, SD = 0.68; 14 males, mean age = 472 

4.73 years, SD = 0.52) completed the Social Separation Task. For agitated locomotion, there was a 473 
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marginally significant Sex X Test Phase interaction (F(2, 28) = 3.04, p = .06, partial η2 = .18). Follow-up t-474 

tests showed that females exhibited greater agitated locomotion during Sep than BL (p = .02) or Post-475 

Sep (p = .06). Males’ agitated locomotor behavior was unaffected by the social separation (all p’s > .05; 476 

Figure 5B).  Sex did not affect calm locomotion, but there was an effect of Test Phase (F(2, 28) = 4.86, p 477 

= .015, partial η2 = .26), with a decrease in calm locomotion from BL to Sep (p = .022) in both sexes 478 

(Figure 5A).  479 

Cortisol levels  480 

 Test Phase had a significant effect on urinary cortisol levels (F (3, 30) = 9.63, p < .001, partial η2 = 481 

.49), with an increase in cortisol from BL to t2 (p = .003) and from BL to t3 (p = .006) and a return to BL 482 

levels of cortisol by the Post-Sep phase (p = .06; Figure 6). To further investigate the relationship 483 

between Sex and Test Phase, paired samples t-test were used to compare BL to t2, t3, and Post-Sep 484 

cortisol levels in females and males.  A Bonferroni correction was used to correct for multiple 485 

comparisons.  For females, cortisol levels significantly increased from BL to t2 (t(5) = 3.81, p = .013) and 486 

t3 (t(9) = 3.39, p = .008), but returned to BL levels by the Post-Sep cortisol measurement (t(11) = .77, p = 487 

.459).  In males, the increase in cortisol was delayed, with levels being similar to BL at t2 (t(6) = 2.04, p = 488 

.087), significantly increased from BL at T3 (t(13) = 4.77, p < .001) and not significantly different from BL 489 

at Post-Sep (t(13) = 1.82, p = .092). 490 

Stress and Cognitive Interactions 491 

 RI was not significantly correlated with change in cortisol from BL to t2 (r(8) = -.004, p = .99), or 492 

change in cortisol from BL to t3 (r(18) = -.12, p = .61).  RI was also not significantly correlated with 493 

change in agitated locomotion from BL to t1 (r(19) = .22, p = .35), from BL to t2 (r(19) = .12, p = .60), or 494 

from BL to t3 (r(19) = .25, p = .27). Interestingly, independent of sex,  RI was significantly correlated with 495 

basal cortisol (r(20)=.47, p = .026).  496 

 497 
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Hill and Valley task 498 

 Twenty-one monkeys (11 females and 10 males) completed the Hill and Valley task. The 499 

strength of the lateral bias (HI) did not differ between left and right handed individuals (independent t 500 

test, t(13) = -1.41, p = .18).  We examined the effects of Sex and Hand Use on the latencies to complete 501 

the tests as well as test scores, with HI as a covariate. For the latencies, there were no significant effects 502 

of Hand Use (F(1, 18) = .19, p = .67, partial η2 = .01), Sex (F(1, 18) = .12, p = .73, partial η2 = .007), and no 503 

significant Sex X Hand Use interaction (F(1, 18) = .218, p = .64, partial η2 = .012).  For the score, there 504 

were no significant effects of Hand Use (F(1, 18) = .31, p = .59, partial η2 = .02), Sex (F(1, 18) = .45, p = 505 

.51, partial η2 = .02), and no significant Sex X Hand Use interaction (F(1, 18) = 2.79, p = .11, partial η2 = 506 

.31).  507 

  508 

Resting State Functional Connectivity 509 

Eighteen animals with cognitive data (9 female, mean age = 6.12 years, SD = 0.73; 9 male, mean 510 

age = 5.88, SD = 0.57 years) were imaged, all within 3 months of cognitive testing.  Three-dimensional 511 

functional network maps of the marmoset monkey brain revealed higher clustering in the males relative 512 

to females (Figure 7), and functional network metrics indicated a greater clustering coefficient  in males 513 

than females (p<0.05, Figure 8).  Network node strength was positively correlated with the reversal 514 

index (RI) in females and negatively correlated in males, with a greater RI reflecting poorer reversal 515 

performance.  Linear regression between RI and several network measures (strength, path length, 516 

clustering, modularity, small worldness) indicated a positive correlation between node strength and RI in 517 

females, suggesting that greater node strength is associated with worse reversal performance in 518 

females. Similar to females, only node strength covaried with RI values in males, however, this 519 

correlation was negative (Figure 9), indicating that greater node strength in males is associated with 520 

better reversal performance. Node strength in the medial prefrontal cortex (area 24) and the caudate 521 
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nucleus was greater in male marmosets (p<0.05, Figure 10). Functional network strength (but not node 522 

degree) in the medial prefrontal cortex and the caudate nucleus was positively correlated with RI in 523 

females and negatively correlated in males (Figure 11). Seed based functional connectivity values in 524 

multiple medial prefrontal cortex subdivisions (p<0.05, Figures 12, 14) and the caudate, putamen, and 525 

NAc (p <0.05, Figures 13, 14) indicate that males have greater functional connectivity with these regions 526 

than females. 527 

 528 

DISCUSSION 529 

We tested female and male marmosets on two executive function tasks: Simple Reversal 530 

Learning, a measure of cognitive flexibility, and the ID/ED, a measure of attentional set shifting.  In 531 

Simple Reversal Learning, females performed more poorly than males in acquiring the reversals, 532 

especially for Pair 2 and Pair 3, which used stimuli (two shapes or two lines) that were more difficult to 533 

differentiate than those of Pair 1 (shape vs. line), as evidenced by an increase in both the number of 534 

trials necessary to reach learning criteria and the number of errors. Consistent with these findings, 535 

females also needed more trials to reach learning criterion on the reversal portions of the ID/ED, 536 

particularly on Pair 1 and Pair 2 reversals which required them to perform reversals without a change in 537 

attentional set. However, females performed similar to males on the ID or ED shifts.  These findings 538 

point to a deficit of females specific to reversal learning, independent of a deficit in attentional set 539 

shifting.  We ruled out motivation as a main contributor of this sex difference, as there was no sex 540 

difference in the number of trials the animals omitted or RT.  Additionally, monkeys’ motor skills in the 541 

Hill and Valley were similar between males and females, thus it is unlikely that sex differences in 542 

cognitive performance were due to differences in motor ability.    543 

 We found a significant female deficit on reversal learning. This female deficit was specific to 544 

reversal acquisition and to the pairs that were most difficult to discriminate because the stimuli shared 545 
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similar features (e.g. 2 lines of the same color).  This finding is in agreement with human literature, 546 

which finds a male advantage in reversal learning in both children (Overman, 2004) and adults (Evans 547 

and Hampson, 2015). Interestingly, no sex difference was found in the first pair of stimuli, which 548 

involved discriminating between two stimuli with clearly different features, a shape and a line of 549 

different colors.  This suggests that sex differences in reversal learning are sensitive to perceptual 550 

complexity, with the male advantage emerging only when the reinforcement contingencies involve 551 

discriminating among stimuli sharing similar features. 552 

  In the ID/ED task, marmosets needed more trials to acquire the ED than the ID. This finding is in 553 

agreement with previous studies, which have asserted that a shift within the same attentional set (ID 554 

shift) is acquired more rapidly than a shift to a new attentional set (ED shift) (Owen et al., 1991; Dias et 555 

al., 1996).  However, no sex difference was found in the ability to perform the ID or ED.   556 

 There is ample evidence that reversal learning and attentional set shifting are controlled by 557 

anatomically discrete brain regions.  Two brain regions seem to be critical to reversal learning: the OFC  558 

and the striatum (Izquierdo et al., 2017, for review).  Functional imaging studies in humans have shown 559 

increased activation in the OFC during reversal learning paradigms (Nagahama et al., 2001; Cools et al., 560 

2002; Ghahremani et al., 2010) and studies in NHPs have shown that lesions to the OFC cause 561 

disruptions in reversal, but not in the initial stimulus-reward associations (Izquierdo, 2004; Machado & 562 

Bachevalier, 2007).  Dias et al. (1996) compared the performance of marmosets with OFC lesions, 563 

animals with lesions to the dorsolateral PFC (DLPFC), and sham-lesioned animals.  Marmosets with OFC 564 

lesions showed impairments in reversal learning, but ED set shifting remained intact, while animals with 565 

DLPFC lesions showed opposite deficits. A similar pattern has been shown in rodent research, with 566 

lesions to the OFC impairing reversal learning but leaving attentional set shifting intact (McAlonan and 567 

Brown, 2003).  In addition to the OFC, the striatum, which receives strong projections from the OFC, 568 

significantly contributes to reversal learning. Lesions to the medial striatum (Clarke et al., 2008) or 569 
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dopaminergic depletion within the caudate (Clarke et al., 2011) cause impairments in reversal learning 570 

in the marmoset. Furthermore, a recent study found that infusion of the GABA A agonist muscimol into 571 

the putamen led to impairments in reversal acquisition, while leaving simple discrimination unchanged 572 

(Jackson et al., 2018).   573 

 Based on these findings, it is likely that the observed sex difference in reversal acquisition 574 

reflects differences at the OFC/striatum level.   The OFC has been implicated in the encoding of the 575 

associative value of a reward and is critical for updating this value for future decisions (Haber and 576 

Knutson, 2010). In contrast, the dorsal striatum mediates the acquisition and expression of habitual 577 

behavior, when the stimulus-response associations become automatized and less sensitive to the 578 

outcome (Fernandez-Ruiz et al., 2001; Miyachi et al., 2002; Graybiel and Grafton, 2015). This region of 579 

the striatum is also highly sensitive to estrogens (Di Paolo et al., 1985; Korol et al., 2004; Shams et al., 580 

2016). In a prior study, we reported that estradiol (E2) replacement impairs reversal acquisition in 581 

ovariectomized female marmosets (Lacreuse et al., 2014), consistent with a detrimental effect of E2 on 582 

the dopaminergic striatal system.  A recent study demonstrated that female rats engage in habitual 583 

behavior more rapidly than male rats during operant responding (Schoenberg et al., 2018).   Based on 584 

these findings and the literature reviewed above, one interpretation of our results is that female 585 

marmosets may engage in habitual behavior earlier and/or to a greater extent than male marmosets 586 

while learning stimulus-response contingencies, impairing their ability to flexibly respond to new 587 

contingencies during reversal. The female impairment is most likely driven by effects of estrogens on the 588 

striatal dopaminergic system. Accordingly, one would expect reversal learning performance to vary with 589 

cycling endogenous E2 levels in female marmosets, as found for other striatal-dependent tasks in 590 

rodents (Becker et al., 1987). The specific mechanisms underlying these effects will have to be 591 

determined in future studies.  592 
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We examined whether stress reactivity to temporary social separation differed between males 593 

and females. While both sexes responded to the social stressor with decreased calm locomotion and an 594 

increase in cortisol, females, but not males, exhibited a significant increase in agitated locomotion 595 

during the stressor compared to baseline. In addition, the increase in cortisol levels occurred earlier in 596 

the separation for females than males. The significance of these findings is not entirely clear, but could 597 

reflect a delayed response to social stress in males.  Basal cortisol was positively correlated with RI, 598 

indicating that increased basal cortisol was associated with poorer reversal performance for both sexes. 599 

This finding, consistent with human data (Comijs et al., 2010; Kalmijn et al., 1998; Lee et al., 2007), 600 

suggests that basal cortisol could be a marker for future age-related cognitive decline (Beluche et al., 601 

2010; Ennis et al., 2017; Greendale et al.,  2000; Pietrzak et al., 2017). Our ongoing longitudinal studies 602 

will determine the validity of this hypothesis. 603 

Marmosets exhibit diurnal fluctuations in cortisol, with peak levels  in the morning (9AM-10AM) 604 

and decreasing throughout the day (Smith and French, 1997; Cross et al., 2004).  In our animals, peak 605 

cortisol for females occurred at between 12PM-2PM and between 2PM-4PM for males, indicating that 606 

the pattern of cortisol increase was likely do to social separation paradigm and not attributable to 607 

normal diurnal cortisol fluctuations.   608 

Important novel findings from the neuroimaging work indicate that (1) rsFC also revealed 609 

significant sex differences in connectivity patterns and activity strength and (2) rsFC patterns were 610 

differentially related to cognitive flexibility in males vs. females. Specifically, male brains exhibited 611 

higher clustering of functional networks than females, had greater node strength in the medial PFC and 612 

the caudate nucleus, and greater functional connectivity than females in frontal cortical and striatal 613 

circuits. Interestingly, network strength was associated with better reversal performance in males, but 614 

worse reversal performance in females.   615 
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Prefrontal cortical circuits and striatal circuits have been identified as regions critical for reversal 616 

learning in marmosets (Clarke et al., 2005; Jackson et al., 2019; Rygula et al., 2010) with several 617 

neurotransmitters, including serotonin (Clarke et al., 2005), dopamine (Clarke et al., 2011), GABA 618 

(Jackson et al., 2019) and glutamate + glutamine Glx (Lacreuse et al., 2018) influencing cognitive 619 

performance.  All these neurotransmitters are influenced by sex hormones (Barth et al., 2015) and at 620 

least one study reported a sex-dependent effect of Glx on reversal learning performance in marmosets 621 

(Lacreuse et al, 2018).  In addition, these neurotransmitters (Lurie et al., 2018) as well as sex hormones 622 

(Arélin et al., 2015) also influence the architecture of functional connectivity networks.  Human studies 623 

have suggested that sex differences in cognition are represented at the neural level by sex differences in 624 

the brain connectome (Gong et al., 2011; Ingalhalikar et al., 2014; Ritchie et al., 2018; Satterthwaite et 625 

al., 2015; Tunç et al., 2016).  However, some data have been inconsistent (e.g. Satterthwaite et al., 2015 626 

vs. Tunc et al., 2016) and criticized for over-interpretation (Joel and Tarrasch, 2014). Animal studies, 627 

which minimize sociocultural influences on network activity and cognitive performance, may help clarify 628 

these relationships.  It is important to note that the relationship between reversal learning and rsFC is 629 

correlational, and as such, causation cannot be asserted with our current data.   However, as resting 630 

state network activation has been shown to reflect task-evoked activity in multiple studies (Mennes et 631 

al., 2010; Kannurpatti et al., 2012; Zou et al., 2013), it is likely that the male pattern of connectivity in 632 

our study represents a pattern that is more advantageous for reversal learning.  Future studies should 633 

determine the potential role of sex hormones and neurotransmitters in shaping the functional 634 

connectome in males and females.  635 

In summary, we found that female marmosets had poorer reversal learning relative to males.  636 

Resting state functional connectivity analyses revealed substantial sex differences in cognitive networks, 637 

with differences in both overall neural network metrics and specific regions, including the prefrontal 638 

cortex, caudate, putamen, and nucleus accumbens.  Sex-dependent correlations between reversal 639 
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learning and neural connectivity measures suggest that to sex-dependent patterns of resting brain 640 

networks may contribute to the sex difference in reversal learning.  Although our data are correlational 641 

and cannot determine causal effects, they are consistent with human resting state data in supporting 642 

the idea that sex differences in cognitive performance have identifiable intrinsic neural correlates (de 643 

Lacy et al, 2019).  Because of its relatively short lifespan, the marmoset should be particularly helpful in 644 

furthering our understanding of the dynamics of sex differences in cognition and associated brain 645 

networks across the lifespan. 646 
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Table Legends 936 

Table 1. Characteristics of study subjects: Sex, Date of Birth, and Age at Test.  N/A indicates animal did 937 

not complete test 938 

 939 

Table 2. Mean TTC, sessions, omissions, errors, and response latencies for each sex 940 

 941 

Figure Legends 942 

Figure 1. Examples of stimuli from Simple Reversal Learning (A) and from the ID/ED (B) 943 

 944 

Figure 2. Picture of the Hill and Valley apparatus 945 

 946 

Figure 3. Mean trials to criterion + SEM on the Simple Reversal learning task in males and females; 947 

*significantly different at p<0.05 (two tailed t-test); examples of stimuli shown above 948 

 949 

Figure 4. Mean trials to criterion + SEM on the ID/ED in males and females; *significantly different at 950 

p<0.05 (two tailed t-test) (# indicates marginal significance (p = .057)); examples of stimuli shown above 951 

 952 

Figure 5. Behaviors before, during, and after separation (means + SEM). A. Calm locomotion B. Agitated 953 

locomotion  954 

 955 

Figure 6. Urinary cortisol (mean + SEM) before, during, and the morning following separation in males 956 

and females; *significantly different at p<0.05 (two tailed t-test) 957 

 958 
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Figure 7. Three-dimensional functional network maps of the Marmoset monkey brain display increased 959 

clustering in the males relative to females. Shown are sagittal, coronal and axial views of nodes 960 

(spheres) and edges (connecting lines) overlaid onto a 3D atlas map shell. Maps are thresholded at z>0.2 961 

and maps represent the top 10% of connections (density k =0.10). The matrices below are mean 962 

functional connectivity matrices for male and female brains and their randomly rewired versions with 963 

the same density and edge weights and randomly assigned connections.  964 

 965 

Figure 8. Functional network metrics indicate that males have a greater clustering coefficient than 966 

females. *significantly different at p<0.05 (two tailed t-test). Filled circles represent female data, and 967 

empty squares represent males. Empty circles and filled squares represent the same metrics calculated 968 

for random networks with the same density and edge weights.  969 

 970 

Figure 9. Functional network strength is positively correlated with cognitive performance in females and 971 

negatively correlated in males. a) Linear regression between reversal index (RI) and several network 972 

measures (strength, path length, clustering, modularity, small worldness) indicates a positive correlation 973 

between only node strength and RI. b) Similar to females, only node strength covaries with RI values. 974 

However, in males this is observed as a negative correlation. k values represent different connectivity 975 

density thresholds.  976 

 977 

Figure 10. Medial prefrontal cortex (area 24) and caudate nucleus exhibit greater node strength in male 978 

marmosets compared to females. *significantly different at p<0.05 (two tailed t-test).  979 

 980 
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Figure 11. Functional network strength (and not node degree) in medial prefrontal cortex and caudate 981 

nucleus is positively correlated with cognitive reversal learning in females, and negatively correlated in 982 

males.  983 

 984 

Figure 12. Seed based functional connectivity in various medial prefrontal cortex subdivisions indicates 985 

that males have greater functional connectivity with these regions than females. Maps represent mean 986 

functional connectivity across all animals within each group, thresholded by statistical t values (t>2.3, 987 

p<0.05).  988 

 989 

Figure 13. Seed based functional connectivity in caudate nucleus, putamen and nucleus accumbens 990 

indicates that males have greater functional connectivity with these regions than females. Maps 991 

represent mean functional connectivity across all animals within each group, thresholded by statistical t 992 

values (t>2.3, p<0.05).  993 

 994 

Figure 14. Greater functional connectivity in frontal cortical and striatal circuits of male Marmosets 995 

compared to females. Seed regions are indicated above the plots. *significantly different at p<0.05 (two 996 

tailed t-test). Filled circles represent female data and empty squares represent males. Area 8a is located 997 

in the dorsolateral prefrontal cortex and A6D in the premotor cortex. Pu, putamen; Sep, septum. 998 

 999 



 

 1 

 

Animal 
ID Sex DOB 

Age at Start 
of Cognitive 

Testing  

Age at 
Social 

Separation 

Age at 
Motor 

Testing 

Age at 
rsFC 

Imaging 

02 Female 9/16/10 5.82 5.52 5.49 6.52 
04 Female 9/16/10 5.32 5.59 5.41 6.56 
06 Female 7/5/11 4.93 4.67 4.68 5.64 
08 Female 1/4/10 6.05 6.16 6.09 7.32 
10 Female 7/5/11 4.52 4.81 N/A 5.93 
12 Female 3/22/11 4.82 5.01 4.95 5.76 
14 Female 11/23/11 4.12 4.36 4.26 N/A 
15 Female 1/18/11 4.99 5.21 5.14 6.45 
17 Female 4/2/12 4.21 4.01 4.07 5.53 
19 Female 1/6/12 4.78 4.25 4.35 N/A 
21 Female 11/18/11 4.72 4.71 4.47 5.61 
23 Female 4/28/12 4.08 3.96 3.96 5.13 
26 Female 3/18/12 4.41 4.34 4.44 5.70 
28 Female 3/28/12 4.55 4.34 N/A N/A 
01 Male 6/1/11 4.64 4.87 4.78 5.82 
03 Male 6/18/10 5.56 5.73 5.72 6.81 
05 Male 5/1/11 4.69 4.86 4.84 5.81 
07 Male 9/3/09 6.86 6.51 6.48 7.65 
09 Male 8/20/10 5.52 5.57 5.52 6.80 
11 Male 10/28/10 5.21 5.39 5.27 6.15 
13 Male 11/28/11 4.65 4.64 N/A N/A 
16 Male 5/13/12 3.96 3.92 N/A 5.13 
18 Male 5/10/11 5.30 4.93 5.01 6.42 
20 Male 4/8/11 5.21 5.04 5.05 N/A 
22 Male 6/4/11 5.01 4.88 4.93 6.07 
24 Male 11/9/11 4.77 4.41 4.42 5.59 
25 Male 8/4/11 N/A 5.06 N/A N/A 
27 Male 9/28/11 5.03 4.81 4.92 6.17 



 

 1 

 Reversal Learning  
SD1 SR1 SD2 SR2 SD3 SR3 

Sex Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 

TTC 
Male 114.71 28.13 245.68 35.06 256.11 61.04 466.18 81.08 334.64 62.76 491.79 64.43 
Female  73.28 11.50 203.85 23.42 241.71 32.75 581.92 50.46 325.00 55.78 704.21 113.37 

Sessions 
Male 7.91 2.22 17.27 2.76 11.00 3.00 19.55 3.05 13.45 2.49 22.27 4.64 
Female 3.64 0.68 15.82 2.72 11.00 1.46 21.91 2.51 12.18 2.27 27.09 5.15 

Omissions 
Male 139.91 49.01 371.82 92.81 189.64 66.85 350.82 98.29 219.45 58.02 465.64 175.87 
Female 57.36 10.43 355.91 122.89 149.00 40.18 265.36 60.76 171.00 53.12 386.55 172.72 

Errors 
Male 54.09 14.10 141.36 19.69 82.73 17.89 203.82 36.77 115.45 22.77 234.91 29.49 
Female  21.45 5.66 114.82 12.17 80.36 10.26 263.09 23.51 106.36 20.85 304.27 49.62 

Response 
Latencies 

(ms)  

Male 3654.42 189.63 3340.06 136.84 2935.33 210.35 2847.08 188.39 2780.91 154.99 2714.02 204.92 

Female  3532.97 215.84 3382.48 155.75 2937.11 87.55 2778.18 147.96 2761.57 185.61 2747.72 178.55 

ID/ED Set Shifting  
CD1 CR1 CD2 CR2 CD3 CR3 

Sex Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 

TTC 
Male 193.47 81.81 673.33 155.91 411.33 73.60 458.52 97.93 789.53 180.24 1593.51 230.80 
Female  409.77 68.42 1094.87 130.38 597.07 61.55 785.33 81.90 679.43 150.73 1132.65 192.42 

Sessions 
Male 14.30 4.14 38.60 9.01 17.78 3.60 29.88 10.67 30.86 13.09 48.33 16.39 
Female 14.27 2.22 36.91 4.75 26.18 5.05 29.18 5.07 20.90 5.34 33.70 8.28 

Omissions 
Male 134.27 104.44 261.93 124.83 99.38 102.53 494.05 175.71 407.92 152.46 483.29 134.51 
Female 221.91 87.35 301.85 104.39 303.94 85.75 262.56 146.94 202.56 127.50 335.40 112.49 

Errors 
Male 49.88 32.74 312.72 75.41 154.31 31.04 215.45 49.25 294.30 67.28 608.58 123.24 
Female  145.68 27.38 513.80 63.08 233.48 25.96 377.79 41.18 246.99 56.27 533.39 103.06 

Response 
Latencies 

(ms) 

Male 2776.09 330.47 2242.17 228.37 2255.34 208.17 2330.28 191.18 2315.74 162.22 1972.86 148.37 

Female  2322.95 330.47 2297.16 191.07 2379.70 174.16 2333.36 159.97 2348.26 135.73 2269.30 124.14 
 






























