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The function of the central nervous system neurotransmitter serotonin
(5-HT) contributes to individual differences in impulsive behavior in
humans and nonhuman primates. We investigated the relationship
between 5-HT function and behavioral responses to a novel social
scenario in marmosets. In the first study, marmosets (n 5 10) were
treated orally with fluoxetine HCl (FLX) or vehicle for two trial periods
and exposed to a novel conspecific for a 20-min trial following each
treatment. Levels of behavioral inhibition in response to a novel
conspecific were quantified. The animals exhibited less inhibition toward
the novel conspecific following the 14-day FLX treatment than they did
following the vehicle treatment. In the second study we first character-
ized the parameters of the marmoset peripheral 5-HT system and further
assessed the relationship between natural variation in peripheral 5-HT
and 5-HIAA levels with behavioral inhibition in response to a novel
conspecific (n 5 14). Individual peripheral 5-HT and 5-HIAA levels were
higher in animals that exhibited more inhibition in response toward the
stranger. We conclude that serotonergic influences play a role in
behavioral response to a novel conspecific in marmosets. Am. J. Primatol.
68:812–824, 2006. �c 2006 Wiley-Liss, Inc.
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INTRODUCTION

The monoamine neurotransmitter serotonin (5-HT) has been investigated as
an important neural underpinning of personality [Cloninger, 1986] and
temperament [Constantino & Murphy, 1996]. 5-HT measures and associated
behaviors are relatively stable within individuals, which is consistent with the
hypothesis that physiological substrates of characteristic behavior should be
consistent within individuals. For example, cerebrospinal fluid (CSF) 5-HT levels
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[Anderson et al., 2002], as well as levels of CSF 5-hydroxy-3-indoleacetic acid
(5-HIAA), a 5-HT metabolite, are stable within individuals over time (humans
[Asberg et al., 1976] and macaques [Higley & Linnoila, 1997; Anderson et al.,
2002]) and appear to be heritable [Higley & Linnoila, 1997]. Moreover, there is
clear evidence that variation in 5-HT function is associated with specific
behavioral repertoires. For instance, central 5-HT levels are inversely correlated
with repeated suicide attempts in humans [Asberg et al., 1976], human and
primate impulsive aggression [Higley et al., 1996; Roy et al., 1986], and primate
social impulsivity [Fairbanks et al., 2001].

Markers of peripheral 5-HT may also appear to be highly consistent (i.e.,
trait-like and with genetic underpinnings) and associated with impulsivity.
Platelet 5-HT, like central 5-HT, appears to be relatively stable within individuals
over time [Anderson et al., 2004a]. Platelet 5-HT is highly correlated between
mothers and newborns [Anderson et al., 2004b], and more strongly between
monozygotic twins than dizygotic twins [Meltzer & Arora, 1988], which suggests
that peripheral 5-HT function, like central 5-HT regulation, may be heritable.
Peripheral measures are also associated with trait-like behavior. ‘‘Melancholic’’
patients show lower whole-blood 5-HT levels than controls [Perez et al., 1998].
Platelet binding affinity for paroxetine is lower in children who exhibit cognitive
impulsivity than in others [Oades et al., 2002]. Boys rated as highly aggressive by
their parents exhibit lower rates of 5-HT uptake to platelets [Stadler et al., 2004],
and males with high life history aggression scores exhibit lower platelet 5-HT
[Goveas et al., 2004]. The association between peripheral measures of serotonin
function and behavior is likely a product of the correlation between central
measures of central and peripheral 5-HT function (humans [Strawn et al., 2002]
and macaques [Yan et al., 1993]), rather than peripheral action of 5-HT on
behavior.

Impulsivity is thought to be the principal behavioral correlate of low 5-HT
and 5-HIAA levels. Individuals with low 5-HT function have been shown to
engage in higher rates of aggression (humans [Roy et al., 1986] and primates
[Kyes et al., 1995]. Rhesus macaques with low 5-HT function display earlier
dispersal from their natal group than those with higher 5-HT function [Mehlman
et al., 1995]. These behaviors have been hypothesized to be attributable to a lack
of behavioral inhibition [Fairbanks, 2001; Mehlman et al., 1994]. Targeted
pharmacological manipulations have also borne out the relationship between the
5-HT system and behavioral inhibition. Men with a past history of conduct
disorder report reduced impulsive behavior following acute treatment with 5-HT
agonist fenfluramine [Cherek & Lane, 2000]. Selective serotonin reuptake
inhibitor (SSRI) fluoxetine HCl (FLX) treatment, along with the SSRIs
citalopram and paroxetine, has been shown to reduce impulsivity in pigeons
[Wolff & Leander, 2002], and vervets treated with FLX exhibited a less impulsive
response to intruder challenge [Fairbanks et al., 2001] than controls. It remains
unclear whether general impulsivity or lack of inhibition in a social domain is
most tightly linked with serotonin function in primates (including humans).

Behavioral inhibition may manifest itself in diverse ways within and between
individuals. Various measures have been used to measure behavioral inhibition in
human and animal models, such as novelty seeking and harm avoidance in
humans, and dispersal, number of wounds, violent aggression, and risky
locomotion in nonhuman primates [Cloninger, 1986; Higley et al., 1996; Mehlman
et al., 1994]. The nature of an individual’s response to an unfamiliar conspecific
(i.e., intruder challenge) has been used as a measure of primate ‘‘social’’
impulsivity [Fairbanks et al., 2001]. Social impulsivity has been thought to be a
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discrete domain of impulsive behavior [Fairbanks et al., 2001]. An individual’s
response to a novel conspecific (e.g., latency to approach, time spent in proximity
to, bouts of attempting aggression toward intruder) illustrates the individual’s
propensity for risk-taking vs. restraint within a social context. Inhibited vs.
impulsive behavior toward a novel conspecific may be considered to be opposite
ends of a spectrum of social impulsivity, which includes not only the presence or
absence of engagement of a novel conspecific but the quality of engagement
(which may include the motivation to approach or aggress, or to be social
or vigilant). In marmosets, threatening aggressive postures, such as anogenital
threatening, flattening ear flaps, vocalizing, and attacking the intruder’s cage,
have been used to represent initiation of confrontation toward a novel conspecific
[Cilia & Piper, 1997; Schaffner & French, 1997]. In the present study we assessed
the characteristics of approach and engagement of a novel conspecific, which have
been proposed to reflect individual differences in the spectrum of social inhibition/
impulsivity [Fairbanks, 2001].

We investigated the involvement of the serotonergic system with social
inhibition in a highly social, monogamous primate: the black tufted-ear marmoset
(Callithrix kuhlii). To accomplish this goal we pharmacologically manipulated the
system, characterized previously undocumented parameters of peripheral
monoamine function in marmosets, and measured markers of peripheral 5-HT
function. In the first study we conducted a repeated-measures, crossover-designed
experiment in which animals were exposed to a novel conspecific both under
control conditions and following FLX treatment (n 5 10). We predicted that if
the 5-HT system regulates social inhibition in marmosets, FLX treatment would
alter social inhibition in the presence of a novel conspecific. In the second study
we investigated whether natural variation in 5-HT function predicts variation in
social inhibition in the intruder challenge paradigm. To accomplish this goal we
validated an enzyme immunoassay to measure peripheral 5-HT and 5-HIAA in
marmosets. Peripheral 5-HT and 5-HIAA levels were quantified, and parameters
of peripheral 5-HT function in marmosets were evaluated. Finally, the relation-
ship between natural variation in peripheral 5-HT measures and behavior in
response to a novel conspecific was assessed.

MATERIALS AND METHODS: STUDY 1

Subjects

Ten marmosets (seven males and three females) were included in this study.
These animals were maintained in five previously established pairings (three
male–female pairs and two male–male pairs). The subjects’ ages ranged from 2 to
10 years. The animals were housed in large indoor enclosures (2.4� 1.6� 0.9 m),
fed once per day between 0600 and 1000 hr, and had access to water ad libitum.
Their diets were consistent in content for the duration of the study. While
olfactory and acoustic access to other marmosets was available, visual access was
restricted with the use of large pieces of opaque plastic suspended between the
cages. The animals were housed under a 12:12 hr light:dark cycle, and exposed
to artificial ultraviolet light once during each trial period.

Procedure

Design
With the use of a within-subjects, crossover design, the subjects were

administered oral FLX treatment and vehicle treatment (15 days for each
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treatment). Four animals received FLX first, and six animals received vehicle
first. Eight weeks elapsed between the experimental and control trials to prevent
carryover effects of FLX treatment. Previous studies have shown that FLX has a
halflife of 2–4 days, and its putative active metabolite, norfluoxetine, has a halflife
of 7–15 days [Altamura et al., 1994; Preskorn, 1994]. Eight weeks was determined
to be a conservative interval between trials. Basal blood draws were taken and
drawn again at 1- and/or 2-week intervals during the treatment and control trials.
Behavioral response to exposure to a novel conspecific occurred the afternoon
following the last oral dosage of the trial.

Drug treatment
During the experimental phase the marmosets were treated daily with FLX

(Eli Lilly, Indianapolis, IN) or vehicle over two 14-day trial periods. FLX was
ingested orally, in juice, at an approximate dose of 3 mg/kg. Oral ingestion is
effective in altering extracellular levels of 5-HT [Smith et al., 2000]. Pairs were
allowed ad libitum access to juice that contained enough FLX for both animals.
Juice alone was provided for animals as vehicle treatment during the control trial.
The duration of drinking of the treated juice was noted during daily 10-min
observations to ascertain that each animal likely ingested approximately half
of the treated juice.

Additionally, blood was drawn three times during the 2-week course of FLX
treatment (on trial days 1, 8, and 15) and twice during vehicle treatment (on trial
days 1 and 15), between 0900 and 1300 hr. The time of physical restraint prior to
sampling ranged from 1–5 min, and the time period from removal from the cage
to sampling ranged from 10 to 90 min. The details regarding blood processing
and assays are described below for study 2.

Novel conspecific trial
On trial day 15 the animals were removed from their home enclosures and

placed in novel cages (1.2� 0.8� 0.5 m) overnight. The cages contained familiar
items, such as branches and a nest tube. Following overnight social separation,
animals were exposed to a same-sex unfamiliar conspecific for a 20-min trial on
trial day 16. Lack of habituation to novel conspecific confrontation in marmosets
was described previously [Cilia & Piper, 1997]; however, the crossover design of
the present study controlled for potential carryover effects of repeated exposures
to a stranger. During social separation from pair-mate and novel conspecific
exposure the animals had auditory and olfactory, but not visual, access to the
other experimental subjects. The animals had access to food, juice, and water
ad libitum.

Exposure to a same-sex novel conspecific occurred between 0800 and 1200 hr.
The novel conspecific was brought into the room in a transport cage
(0.4 m� 0.4 m� 0.4 m) covered with an opaque cloth to obstruct pretrial visual
exposure. The transport cage was reinforced with metal wire mesh to prevent
tactile access between the subject and conspecific. At the beginning of the trial the
transport cage was attached to the temporary housing cage with a bungee cord.
Visual obstruction of the test paradigm from other animals in the room was
accomplished via partitions and cage positioning. The cloth was removed and the
timer was started. The time between cage attachment and trial initiation was
under 10 sec. For each 20-min trial the behavioral responses directed toward the
unfamiliar conspecific were recorded, including latency to approach and leave,
time spent in proximity, and bouts of directly facing (for definitions, see Table I).
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Furthermore, every 30 sec the absence or presence of locomotion, location in cage,
and head orientation toward the novel conspecific were noted. Head orientation
toward the novel conspecific that did not include a direct face or eye contact was
scored as ‘‘passive monitoring.’’ Marmosets that showed the following patterns
were considered to have lower social inhibition, based on previous studies of
primate social impulsivity [Fairbanks, 2001]: more time spent in zero proximity,
shorter latency to approach, less time spent in the area of the cage farthest away
from the stimulus animal, less time spent passively monitoring novel conspecific
presence, more bouts of directly facing, and longer duration of time before leaving
the novel conspecific following the initial approach.

Statistics
A repeated-measures analysis of variance (ANOVA) was used to assess

changes in behavior between FLX treatment and control conditions.

RESULTS: STUDY 1

Behavioral Response to Novel Conspecific

FLX treatment resulted in the differential expression of target behaviors
compared to control conditions (see Fig. 1). Animals treated with FLX spent less
time in the portion of the cage farthest from the intruder than under control
conditions (F (1,9) 5�10.88, Po.05). Passive monitoring (head orientation
toward intruder without directly facing) of the novel conspecific was lower in
FLX-treated animals than in controls (F (1,9) 5 9.18, Po.05). FLX-treated
animals directly faced the novel conspecific more frequently than controls
(F (1,9) 5 8.81, Po.05).

MATERIALS AND METHODS: STUDY 2

Subjects

Fourteen animals (nine adult males and five adult females, age range 5

2–10 years) were used in this study. These animals were maintained in five
previously established pairings (five male–female pairs and two male–male pairs).

TABLE I. Novel Conspecific Ethogram

Head orientation Time spent engaged in head orientation away from or toward
stimulus animal. The radius of an animal’s possible head
orientation was considered to be 3601. Head orientation toward
novel conspecific included head orientation within 1801 of the
stimulus animal.

Latency to approach Latency (seconds) to approach novel conspecific to within arm’s
reach of the animal for more than 1 second.

Latency to leave Latency to withdraw from out of arm’s reach of the novel conspecific
for more than 1 second.

Proximity The subject’s cage was considered to be divided into four equally
sized quadrants. Thus, subjects could maintain 5 degrees of
proximity to novel conspecific: zero proximity (contact would be
occurring if there were no barrier), in the closest quadrant,
second closest, third closest, and furthest quadrant of the cage.

Direct face Subject directs gaze directly at novel conspecific and does not desist
for more than 1 second.

816 / Kinnally et al.

Am. J. Primatol. DOI 10.1002/ajp



The marmosets were housed and maintained under conditions identical to those
in study 1.

Procedure

Design
The animals were exposed to a 15-day trial that included vehicle treatment

and blood draws, following which the animals were exposed to a novel conspecific
under conditions identical to the first study. Blood was collected on day 1 and
again on day 15, following social separation but prior to the novel conspecific trial,
which occurred on day 16. Behavioral observations targeting social inhibition
in response to a novel conspecific were conducted in a manner identical to that
described for study 1.

Blood collection
Blood was drawn from the femoral vein of awake animals and decanted into

EDTA-treated Vacutainerss. Blood was drawn on trial days 1 and 15 (prior to
social separation and novel conspecific trial) during control conditions, between
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Fig. 1. Mean bouts (7SEM) passive monitoring of the novel conspecific’s (HEADPLUS) tendency
to stay far away from the novel conspecific (FARPROX), and bouts of directly facing the novel
conspecific (FACE) under FLX or control conditions (n 5 10; �Po.05).

Marmoset Social Assertiveness and 5-HT / 817

Am. J. Primatol. DOI 10.1002/ajp



0900 and 1300 hr. The time of physical restraint prior to sampling ranged from 1
to 5 min, and the period of time from removal from the cage to sampling ranged
from 10 to 90 min. The preparation of blood included separation of plasma and
platelets from whole blood. The blood was centrifuged for 10 min at 200�g at
room temperature to obtain platelet-rich plasma (PRP). An aliquot of PRP was
added to phosphate-buffered saline (PBS) and centrifuged at 1500�g for 20 min
at 41C. The platelet pellet was resuspended in distilled water. The platelets were
counted from the PRP using an H-2000 Hematology Analyzer (Careside Inc.,
Culver City, CA).

5-HT and 5-HIAA assay validations
Assays were validated for the marmosets in two ways. First, whole blood from

study 1 was assayed to assess the assay’s sensitivity to peripheral response to drug
treatment. This was considered to be a biological validation of the assay, as
previous studies using high-performance liquid chromatography have shown that
peripheral serotonin is reduced in response to FLX treatment [Anderson et al.,
2004b; Blardi et al., 2002]. Second, parallelism to the standard curve was
assessed. Human 5-HT and 5-HIAA enzyme immunoassays were purchased
commercially (KMI Diagnostics, Minneapolis, MN) and the manufacturer’s
instructions were followed with a few alterations. Whole-blood and platelet
samples were added to enzyme-linked immunosorbent assay (ELISA) plates that
had been precoated with goat anti-rabbit IgG. 5-HT or 5-HIAA labeled with
biotin, and 5-HT or 5-HIAA antiserum were then added immediately to the plate.
The plates were sealed and incubated at 41C overnight. Following washing, an
antibiotin antibody was applied to the wells and incubated for 2 hr. Following
conjugation, substrate was added for colormetric analysis. The plates were read at
405 nm with an ELISA plate reader, using Biolinx software (Biolinx Technology
Co., Frankfurt, Germany).

Interassay variation was assessed with the use of both human serum pools
and marmoset samples. Intra-assay coefficients of variance (CVs) ranged from
0.00% to 12.00%. Interassay CVs (pools and repeated samples) ranged from 0%
to 42% in the 5-HT assays with a mean CV of 20%, and from 9% to 30% in
the 5-HIAA assays with a mean CV of 21%. To control for variability between
assays, individual samples from each condition were assayed on the same plate.

Statistics
Mean whole-blood 5-HT, platelet 5-HT, and platelet 5-HIAA (derived from

the two samples collected from individuals at the beginning and end of the control
trial period) were each determined to have unequal variances (Levene’s test for
equality of variances, Po.05), and were transformed for all analyses (log
transformation for whole-blood and platelet 5-HT and inverse transformation
for platelet 5-HIAA). Stability in the peripheral 5-HT and 5-HIAA measures was
calculated using Pearson’s correlation coefficients between sampling periods over
the control trial. To further assess stability in 5-HT over time, CVs for each
individual (except for one individual for which only one sample was available)
were calculated by dividing the standard deviation (SD) by the mean of an
individual’s total sample concentrations and multiplying by 100. Independent-
sample t-tests were conducted to assess the influence of sex, pair-mate sex, and
age on behavior and 5-HT measures. Pearson’s correlations were calculated
between transformed serotonin measures and behavioral variables.
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RESULTS: STUDY 2

5-HT and 5-HIAA Assay Validation

The samples collected in study 1 following FLX treatment showed reduced
whole-blood and platelet measures of 5-HT and 5-HIAA. Whole-blood 5-HT,
platelet 5-HT, and platelet 5-HIAA all decreased significantly following FLX
treatment (F-tests, all Po.05), which suggests that the assay was biologically
valid. Further, serial dilutions of marmoset whole-blood and platelet resuspen-
sions paralleled the 5-HT standard curve, and platelet resuspensions paralleled
the 5-HIAA standard curve. The lowest detectable values that could be
differentiated from zero were 0.03 ng/ml for the 5-HT assay, and 0.15 ng/ml for
the 5-HIAA assay. Cross-reactivity of 5-HIAA in the 5-HT assay was lower than
0.001%. Cross reactivity of 5-HT in the 5-HIAA assay was less than 0.01%.

Parameters of Marmoset Peripheral 5-HT Function

Stability of peripheral 5-HT over time
Individual whole-blood 5-HT was correlated between sampling days (i.e., days

1 and 15; r 5 .77, Po.01). Whole-blood 5-HT CVs of an individual between
sampling points ranged from 5% to 63%, with a mean CV of 28%.

Relationship of age, sex, and social housing condition to normal 5-HT function
Age was not significantly correlated with any measure, including behavioral

and serotonergic measures (Pearson correlations; all P4.05). Additionally, there
were no significant sex differences in 5-HT measures (t-tests; all P4.05) or
differences in subjects housed with a same-sex vs. opposite-sex partner (t-tests,
all P4.05).

Peripheral serotonin measures and behavioral response to the novel conspecific
Peripheral measures of serotonin function were correlated with the

expression of target behaviors (see Table II). Head orientation toward the novel
conspecific was higher in animals with higher platelet 5-HIAA, which was
reverse-scored due to transformation (r 5�.66, Po.05). Animals that spent more
time in zero proximity to the novel conspecific exhibited lower platelet 5-HT
(r 5�.72, Po.05). Latency to leave the novel conspecific was longer in animals
with lower platelet 5-HT (r 5�.78, Po.01), and the trend was the same for
platelet 5-HIAA, which was reverse-scored due to transformation (r 5 .53,
P 5 .06). Rates of directly facing the novel conspecific were higher in animals
with lower whole-blood 5-HT (r 5�.57, Po.05). Neither age nor sex was
associated with these behaviors (both P4.05).

TABLE II. Pearson Correlations Between Behavioral and Biological Measuresy

WB 5-HT PLA 5-HT PLA 5-HIAA

Passive monitor –0.48 0.32 –0.66��

Zero proximity –0.028 –0.72�� 0.22
Latency to leave 0.15 –0.79�� 0.53
Direct face –0.57� 0.17 –0.36

yMean biological measures were transformed for analysis. Platelet values are expressed as ug/106 platelets.
�Po0.01.
��Po0.05.
WB, whole blood; PLA, platelet.
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DISCUSSION

In the present study we established a relationship between function of the
serotonin system and social inhibition in marmosets, using both an experimental
paradigm and assessment of naturally occurring variation in serotonin function.
Serotonin measures showed a consistent relationship with inhibited behavior
toward novel conspecific in these two experiments, in which pharmacologically
altered neural serotonin function and naturally low peripheral 5-HT and 5-HIAA
levels were associated with similar behavioral profiles. For example, FLX-treated
animals and individuals with naturally low peripheral serotonin had one or more
of the following responses to a novel conspecific: more time spent as close as
possible to a stranger, less time spent as far as possible from a stranger, more
instances of directly facing a stranger, less time spent oriented toward a stranger
without making eye contact, and a longer latency to leave a stranger following the
initial approach–all of which indicate lower levels of inhibition. Thus 5-HT
function appears to be involved in social inhibition in response to a novel social
scenario in marmosets.

To fully investigate the relationship between natural variation in markers of
serotonin function and social inhibition, we first characterized the parameters of
naturally occurring peripheral serotonin function in marmosets. This study is the
first to successfully characterize peripheral 5-HT function in marmosets using a
less invasive method than is typically used in primates, which is ideal for
longitudinal in vivo experiments. We have described previously unknown
parameters of the marmoset serotonin system. Untreated subjects’ 5-HT levels
ranged from 500 to 4500 ng/ml in whole blood, and from 2 to 3400 ng/ml in
platelets. The range for 5-HIAA was 95–450 ng/ml in platelets. No significant
differences were detected between basal values in any peripheral 5-HT or 5-HIAA
measure between sexes, nor did any values vary by social housing condition or
age. Future studies may wish to employ a longitudinal design to confirm this lack
of age-related serotonin decline, which has been noted in other primate species.
Finally, the relative stability of whole-blood 5-HT over the control period suggests
that, as in other species, 5-HT levels may be consistent and therefore potentially
trait-like in marmosets.

The results presented here indicate that peripheral 5-HT activity in
marmosets mirrors brain 5-HT function, as has been shown in other species.
Molecular studies have highlighted the homology of the peripheral and central
5-HT systems by suggesting that genes that control 5-HT function act in tandem
in the central nervous system (CNS) and peripheral systems [Heinz et al., 1998;
Kaiser et al., 2002; Stoltenberg et al., 2002]. FLX acts by blocking the binding of
5-HT to its uptake sites (neurons [reviewed by Wong et al., 1995] and platelets
[Bourdeaux et al., 1998]). Thus, our finding of a peripheral decline in 5-HT and
5-HIAA levels with FLX treatment is in accordance with our hypothesis, as well
as with data from previous studies (rats [Bourdeaux et al., 1998], vervets
[Raleigh et al., 1991], and humans [Blardi et al., 2002]). The action of FLX on
peripheral measures of 5-HT and 5-HIAA concentrations in the predicted
direction in this study illustrates the utility of peripheral 5-HT and 5-HIAA
measures for psychopharmacological research. Further, the association of
naturally occurring high peripheral serotonin levels and inhibition in response
to a novel conspecific is in line with research that showed the same relationship
between central measures of serotonin function and impulsive behavior in
other primate species [Fairbanks et al., 2001; Heinz et al., 1998; Higley &
Linnoila, 1997].
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We used pharmacological manipulation of the 5-HT system to establish the
causal role of the serotonin system in behavioral response to a novel social
scenario. The animals were less socially inhibited following FLX treatment than
following vehicle treatment in the present study. The immediate action of FLX
is to block reuptake of serotonin to presynaptic neurons, which reduces 5-HT
turnover [Wong et al., 1995] but gives 5-HT a longer time frame in which to exert
its effects postsynaptically. Our results differ from previous findings, which
suggest that FLX treatment reduces impulsivity in other species (e.g., pigeons
[Wolff & Leander, 2002] and vervets [Fairbanks et al., 2001]). Our results may
reflect a distinction between the short- and long-term effects of FLX on the
serotonin system. FLX’s action to decrease impulsivity/aggression was previously
described following a course of treatment of 8 weeks or more [Fairbanks et al.,
2001], whereas the present study included a treatment trial of 14 days. In
addition to its known reuptake inhibition properties in the brain, long-term (Z3
weeks) FLX administration has other effects that have not yet been fully
characterized. These effects include desensitization of 5-HT1A receptors [Briley &
Moret, 1993] and increased 5-HT transporter translation in the brain [Hebert
et al., 2001], which alter the inclusive functioning of the CNS 5-HT system.
Indeed, it has been shown that there is a latency of SSRI action on depression
[Wong et al., 1995]. Short-term changes in the 5-HT system may actually
be associated with increased impulsivity in humans. Although one study showed
that FLX treatment reduced the rate of suicide in depressed patients overall
[Leon et al., 1999], in other studies high doses of FLX in the first month of
depression treatment increased the likelihood of patient suicide [Goldblatt &
Schatzberg, 1991; Jick et al., 1995]. It is possible that while FLX has long-term
behavioral inhibition properties, its immediate effects actually lead to decreased
behavioral inhibition.

To our knowledge, this is the first study to examine the relationship between
serotonin function and social inhibition in a monogamous nonhuman primate.
It may be hypothesized that the effect of FLX in increasing socially impulsive
behavior may reflect a species difference in serotonergic regulation and social
inhibition associated with the species’ mating and social systems. Indeed,
monogamous species were previously shown to differ from polygynous species
in terms of physiological responsivity to intruders [Mendoza & Mason, 1986].
Since the relationship between natural variation in 5-HT levels and social
inhibition in marmosets appears to be analogous to that in other primate species,
it is only the behavioral response to FLX challenge that distinguishes marmosets.
It may be that the architecture of the marmoset serotonergic system is such
that FLX alters global 5-HT function in a more immediate fashion compared
to other species, which may result in reduced serotonergic functioning in the
short term and an accompanying increase in impulsivity. If impulsivity critically
depends on the function of the 5-HT system in primates, then natural selection
may have sensitized the system to avoid behavioral correlates that were not
conducive to social structure maintenance in marmosets. Such maladaptive
behavioral variation may involve dispersal timing [Mehlman et al., 1995] and
social dominance acquisition [Fairbanks et al., 2004]. Marmoset reproductive
success has been hypothesized to depend on a cooperative breeding social system
[French & Schaffner, 1999] that is characterized by late dispersal (sibling-
assisting infant care) and breeding-pair dominance [reviewed by French, 1997].
Therefore, marmosets may necessarily have a lower baseline tendency for
impulsivity than other species, and an associated sensitization of the 5-HT
system.
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The present study provides evidence that monoamine function is associated
with social inhibition in marmosets. The causal pathway appears to originate with
serotonin function, since naturally low and pharmacologically altered peripheral
5-HT and 5-HIAA led to decreased behavioral inhibition. Future studies may
address the influence of these physiological and behavioral characteristics on
individual success in marmosets.

ACKNOWLEDGMENTS

We thank Elyssa Firbas and Jannelle DePuydt for their assistance in
collecting the specimens. Our veterinarian, Dr. Thomas Curro, provided excellent
care for the animals used in this study. Lauree Tilton-Weaver, Jeffrey E. Fite,
Michael Rukstalis, and Rosemary Strasser provided excellent advice on earlier
drafts of this manuscript.

REFERENCES

Altamura AC, Moro AR, Percudani M. 1994.
Clinical pharmacokinetics of fluoxetine.
Clin Pharmacokinet 26:201–214.

Anderson GM, Bennett AJ, Weld KP, Pushkas
JG, Ocame DM, Higley JD. 2002. Serotonin
in cisternal cerebrospinal fluid of rhesus
monkeys: basal levels and effects of sertra-
line administration. Psychopharmacology
161:95–99.

Anderson GM, Barr CS, Lindell S, Durham
AC, Shifrovich I, Higley JD. 2004a. Time
course of the effects of the serotonin-
selective reuptake inhibitor sertraline on
central and peripheral serotonin neuro-
chemistry in the rhesus monkey. Psycho-
pharmacology 178:339–346.

Anderson GM, Czarkowski K, Ravski N,
Epperson CN. 2004b. Platelet serotonin in
newborns and infants: ontogeny, heritabil-
ity, and effect of in utero exposure to
selective serotonin reuptake inhibitors.
Pediatr Res 56:418–422.

Asberg M, Thoren P, Traskman Bertilsson L,
Ringberger V. 1976. ‘‘Serotonin depression’’
–a biochemical subgroup within the affec-
tive disorders? Science 191:478–480.

Blardi P, De Lalla A, Leo A, Auteri A,
Iapichino S, Di Muro A, Dell’Erba A,
Castrogiovanni P. 2002. Serotonin and
fluoxetine levels in plasma and platelets
after fluoxetine treatment in depressive
patients. J Clin Psychopharmacol 22:
131–136.

Bourdeaux R, Desor D, Lehr P, Younos C,
Capolaghi B. 1998. Effects of fluoxetine and
norfluoxetine on 5-hydroxytryptamine me-
tabolism in blood platelets and brain after
administration to rats. J Pharm Pharmacol
50:1387–1392.

Briley M, Moret C. 1993. Neurobiological
mechanisms involved in antidepressant
therapies. Clin Neuropharmacol 16:
387–400.

Cherek D, Lane S. 2000. Fenfluramine
effects on impulsivity in a sample of
adults with and without history of con-
duct disorder. Psychopharmacology 152:
149–156.

Cilia J, Piper D. 1997. Marmoset conspecific
confrontation: an ethologically-based model
of anxiety. Pharmacol Biochem Behav
58:85–91.

Cloninger C. 1986. A unified biosocial theory
of personality and its role in the develop-
ment of anxiety states. Psychiatry Dev
4:167–226.

Constantino J, Murphy D. 1996. Monoamine
metabolites in ‘leftover’ newborn human
cerebrospinal fluid–a potential resource for
biobehavioral research. Psychiatry Res
65:129–142.

Fairbanks LA. 2001. Individual differences
in response to a stranger: social impulsivity
as a dimension of temperament in vervet
monkeys. J Comp Psychol 115:22–28.

Fairbanks LA, Melega WP, Jorgensen MJ,
Kaplan JR, McGuire MT. 2001. Social
impulsivity inversely associated with CSF
5-HIAA and fluoxetine exposure in vervet
monkeys. Neuropsychopharmacology 24:
370–378.

Fairbanks LA, Jorgensen MJ, Huff A, Blau K,
Hung YY, Mann JJ. 2004. Adolescent
impulsivity predicts adult dominance at-
tainment in male vervet monkeys. Am J
Primatol 64:1–17.

French JA. 1997. Proximate regulation of
singular breeding in callitrichid primates.
In: Solomon N, French J, editors. Coopera-
tive breeding in mammals. Cambridge:
Cambridge University Press. p 37–45.

French JA, Schaffner C. 1999. Contextual
influences on sociosexual behavior in mono-
gamous primates. In: Wallen K, Schneider
J, editors. Reproduction in context. Cam-
bridge: MIT Press. p 325–353.

822 / Kinnally et al.

Am. J. Primatol. DOI 10.1002/ajp



Goldblatt MJ, Schatzberg AF. 1991. Does
treatment with antidepressant medication
increase suicidal behavior? Int Clin Psycho-
pharmacol 6:219–226.

Goveas JS, Csernansky JG, Coccaro EF. 2004.
Platelet serotonin content correlates inver-
sely with life history of aggression in
personality-disordered subjects. Psychiatry
Res 126:23–32.

Hebert C, Habimana A, Elie R, Reader TA.
2001. Effects of chronic antidepressant
treatments on 5-HT and NA transporters
in rat brain: an autoradiographic study.
Neurochem Int 38:63–74.

Heinz A, Higley JD, Gorey JG, Saunders RC,
Jones DW, Hommer D, Zajicek K, Suomi SJ,
Lesch KP, Weinberger DR, Linnoila M.
1998. In vivo association between alcohol
intoxication, aggression, and serotonin
transporter availability in nonhuman pri-
mates. Am J Psychiatry 155:1023–1028.

Higley JD, Mehlman PD, Poland RE, Taub
DM, Vickers J, Suomi SJ, Linnoila M. 1996.
CSF testosterone and 5-HIAA correlate
with different types of aggressive behaviors.
Biol Psychiatry 40:1067–1082.

Higley JD, Linnoila M. 1997. Low central
nervous system serotonergic activity is
traitlike and correlates with impulsive
behavior. Ann N Y Acad Sci 836:39–56.

Jick SS, Dean AD, Jick H. 1995. Antidepres-
sants and suicide. Br Med J 310:215–218.

Kaiser R, Muller-Oerlinghausen B, Filler D,
Tremblay P-B, Berghofer A, Roots I, Brock-
moller J. 2002. Correlation between seroto-
nin uptake in human blood platelets with
the 44-bp polymorphism and the 17-bp
variable number of tandem repeat of the
serotonin transporter. Am J Med Genet
(Neuropsychiatric Genet) 114:323–328.

Kyes RC, Botchin MB, Kaplan JR, Manuck SB,
Mann JJ. 1995. Aggression and brain
serotonergic activity: response to slides in
male macaques. Physiol Behav 57:
205–208.

Leon AC, Keller MB, Warshaw MG, Mueller
TI, Solomon DA, Coryell W, Endicott J.
1999. Prospective study of fluoxetine
treatment and suicidal behavior in affec-
tively ill subjects. Am J Psychiatry 156:
195–201.

Mehlman PT, Higley JD, Faucher I, Lilly AA,
Taub DM, Vickers J, Suomi SJ, Linnoila M.
1994. Low CSF 5-HIAA concentrations and
severe aggression and impaired impulse
control in nonhuman primates. Am J
Psychiatry 151:1485–1491.

Mehlman PT, Higley JD, Faucher I, Lilly AA,
Taub DM, Vickers J, Suomi SJ, Linnoila M.
1995. Correlation of CSF 5-HIAA concen-
tration with sociality and the timing of
emigration in free-ranging primates. Am J
Psychiatry 152:907–913.

Meltzer HY, Arora RC. 1988. Genetic control
of serotonin uptake in blood platelets: a
twin study. Psychiatry Res 24:263–269.

Mendoza S, Mason W. 1986. Contrasting
responses to intruders and to involuntary
separation by monogamous and polygynous
New World primates. Physiol Behav 38:
795–801.

Oades RD, Slusarek M, Velling S, Bondy B.
2002. Serotonin platelet-transporter mea-
sures in childhood attention-deficit/hyper-
activity disorder (ADHD): clinical versus
experimental measures of impulsivity.
World J Biol Psychiatry 3:96–100.

Perez V, Bel N, Celada P, Ortiz J, Alvarez E,
Artigas F. 1998. Relationship between blood
serotonergic variables, melancholic traits,
and response to antidepressant treatments.
J Clin Psychopharmacol 18:222–230.

Preskorn S. 1994. Targeted pharmacotherapy
in depression management: comparative
pharmacokinetics of fluoxetine, paroxetine
and sertraline. Int J Psychopharmacol 9:
13–19.

Raleigh MJ, McGuire MT, Brammer GL,
Pollack DB, Yuwiler A. 1991. Serotonergic
mechanisms promote dominance acquisi-
tion in adult male vervet monkeys. Brain
Res 559:181–190.

Roy A, Virkkunen M, Guthrie S, Linnoila M.
1986. Indices of serotonin and glucose
metabolism in violent offenders, arsonists,
and alcoholics. Ann N Y Acad Sci 487:
202–220.

Schaffner C, French JA. 1997. Group size and
aggression: ‘‘recruitment incentives’’ in
a cooperatively breeding primate. Anim
Behav 54:171–180.

Smith TD, Kuczenski R, George-Friedman K,
Malley JD, Foote SL. 2000. In vivo micro
dialysis assessment of extracellular seroto-
nin and dopamine levels in awake monkeys
during sustained fluoxetine administration.
Synapse 38:460–470.

Stadler C, Schmeck K, Nowraty I, Muller WE,
Poustka F. 2004. Platelet 5-HT uptake in
boys with conduct disorder. Neuropsycho-
biology 50:244–251.

Stoltenberg SF, Twitchell GR, Hanna GL,
Cook EH, Fitzgerald HE, Zucker RA, Little
KY. 2002. Serotonin transporter promoter
polymorphism, peripheral indexes of
serotonin function, and personality mea-
sures in families with alcoholism. Am J Med
Genet (Neuropsychiatric Genet) 114:
230–234.

Strawn JR, Ekhator NN, Anthenelli RM,
Baker DG, Maxwell RA, Hill KK, Geracioti
TD. 2002. Intra- and inter-individual rela-
tionships between central and peripheral
serotonergic activity in humans: a serial
cerebrospinal fluid sampling study. Life Sci
71:1219–1225.

Marmoset Social Assertiveness and 5-HT / 823

Am. J. Primatol. DOI 10.1002/ajp



Wolff M, Leander J. 2002. Selective serotonin
reuptake inhibitors decrease impulsive be-
havior as measured by an adjusting delay
procedure in the pigeon. Neuropsychophar-
macology 27:421.

Wong DT, Bymaster FP, Engleman EA. 1995.
Prozac (fluoxetine, Lilly 110140), the first
selective serotonin uptake inhibitor and an

antidepressant drug: twenty years since its
first publication. Life Sci 57:411–441.

Yan D, Urano T, Pietraszek MH, Shimoyama
I, Uemura K, Kojima Y, Sakakibara K,
Serizawa K, Takada Y, Takada A. 1993.
Correlation between serotonergic measures
in cerebrospinal fluid and blood of subhu-
man primate. Life Sci 52:745–749.

824 / Kinnally et al.

Am. J. Primatol. DOI 10.1002/ajp


