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Background—Selective serotonin reuptake inhibitors (SSRIs) are widely prescribed for mood 

and other disorders. However, their neural effects are difficult to study due to patient compliance 

and drug history variability, and rarely studied in those prescribed SSRIs for non-mood disorders. 

Here we evaluated SSRI effects on neural volumetrics in depressed and nondepressed monkeys.

Methods—42 socially-housed cynomolgus monkeys were randomized to treatment balanced on 

pretreatment depressive behavior and body weight. Monkeys were trained for oral administration 

of placebo or 20mg/kg sertraline HCl daily for 18 months and depressive and anxious behavior 

recorded. Volumes of neural regions of interest in depression were measured in magnetic 

resonance images and analyzed by 2 (depressed, nondepressed) × 2 (placebo, sertraline) ANOVA.

Results—Sertraline reduced anxiety (p=0.04) but not depressive behavior (p=0.43). Left 

Brodmann’s Area (BA)32 was smaller in depressed than nondepressed monkeys (main effect of 

depression: p<0.05). Sertraline and depression status interacted to affect volumes of left anterior 

cingulate cortex (ACC), left BA24, right hippocampus (HC), and right anterior HC (sertraline X 

depression interactions: all p’s < 0.05). In the Placebo group, depressed monkeys had smaller right 

anterior HC and left ACC than nondepressed monkeys. In nondepressed monkeys, sertraline 

reduced right HC volume, especially right anterior HC volume. In depressed monkeys sertraline 

increased left ACC volume. In nondepressed monkeys, sertraline reduced left BA24 volumes 

resulting in smaller BA24 volumes in nondepressed than sertraline-treated depressed monkeys.

Conclusions—These observations suggest that SSRIs may differentially affect neural structures 

in depressed and nondepressed individuals.
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1. Introduction

Depression is prevalent, debilitating, and nearly twice as common in women as men 

(Kessler et al., 2003). Volumetric differences in neural structures between depressed and 

nondepressed individuals, as measured via magnetic resonance imaging (MRI), are widely 

reported. Among the most commonly reported differences are reduced volumes of 

hippocampus (HC), amygdala, and cingulate cortex in depressed individuals, although there 

is some variability in these observations (Arnone, McIntosh, Ebmeier, Munafo, & Anderson, 

2012; Grieve, Korgaonkar, Koslow, Gordon, & Williams, 2013; Koolschijn, van Haren, 

Lensvelt-Mulders, Hulshoff Pol, & Kahn, 2009; McKinnon, Yucel, Nazarov, & MacQueen, 

2009; Neumeister et al., 2005; Y. I. Sheline, 1996; Y. I. Sheline, Sanghavi, Mintun, & Gado, 

1999; Tang et al., 2007). Factors such as age, sex, life stress history, number of bouts of 

depression, and medication history may contribute to this variability.

One potential mechanism through which antidepressant therapies promote remission is 

increased neurogenesis and synaptic connectivity through synaptogenesis and reorganization 

or reintegration of new neurons into depression neurocircuitry (Duman & Li, 2012; Mahar, 

Bambico, Mechawar, & Nobrega, 2014). A few studies suggest that neural volumes of major 

depressive disorder (MDD) patients that are medicated may differ from those who are 

unmedicated. In longitudinal studies following medication both no change and an increase in 
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hippocampal volume have been reported (Frodl et al., 2008; Vythilingam et al., 2004); and 

an increase in dorsolateral prefrontal cortex has been reported (Smith, Chen, Baxter, Fort, & 

Lane, 2013). In case-control studies increased volumes of neural regions associated with 

medication have been reported for the body of the hippocampus (Malykhin, Carter, Seres, & 

Coupland, 2010), and dentate gyrus (Huang et al., 2013), but an apparent decrease in white 

matter volume in the left dorsolateral prefrontal cortex and left putamen (Zeng et al., 2012).

Selective serotonin reuptake inhibitors (SSRIs), including sertraline HCl (Zoloft®), are the 

third most prescribed drug in the United States (Pratt, Brody, & Gu, 2011). Use of these 

medications has increased 400% over the past 15 years, in part because antidepressants are 

prescribed for a number of disorders other than depression (Pratt et al., 2011). It has been 

estimated that 11% of Americans over 12 years of age take antidepressant medication. 

Antidepressant usage is most common in middle-aged women (40–59 years of age) (Pratt et 

al., 2011). Over 60% of those taking antidepressants have taken it for two years or more 

(Mojtabai & Olfson, 2011; Pratt et al., 2011). In addition to depression, SSRIs are prescribed 

for bulimia (McElroy, Guerdjikova, Mori, & O'Melia, 2012), hot flashes (Shams et al., 

2014), obsessive compulsive disorder (Chouinard, 2006), stroke recovery (Mead et al., 

2012) and sexual dysfunction (Moreland & Makela, 2005). Although widely prescribed for 

disorders other than anxiety and depression, there are no studies of the effects of SSRI on 

brain volumes in individuals without psychiatric diagnoses. Thus, antidepressant effects on 

neural volumes in nonpsychiatric populations may have important implications for public 

health.

Studies evaluating neural changes following prolonged antidepressant use are difficult to do 

under controlled experimental conditions in human subjects because of difficulties with 

compliance to treatment, and complex drug histories. Here we report the evaluation of the 

effects of long term SSRI treatment on volumes of specific brain regions in adult female 

cynomolgus monkeys (Macaca fascicularis), a well-established nonhuman primate (NHP) 

model of depression (Shively & Willard, 2012; Willard & Shively, 2012). Briefly, 

depressive behavior in socially housed female cynomolgus monkeys occurs in captivity 

without experimental manipulation. Socially subordinate females are more likely than 

dominants to display depressive behavior; however not all subordinates display depressive 

behavior and some socially dominant animals do also (Shively & Willard, 2012; Willard & 

Shively, 2012). Behavioral depression in adult female cynomolgus macaques appears 

similar to human depression in physiological, neurobiological, and behavioral 

characteristics, including reduced body mass, hypothalamic-pituitary-adrenal axis 

perturbations, autonomic dysfunction, increased cardiovascular disease risk, reduced 

hippocampal volume, altered serotonergic function, decreased activity levels, and increased 

mortality (Shively & Willard, 2012; Willard & Shively, 2012). The menstrual cycles of 

cynomolgus macaques are similar to those of women in terms of length and hormonal 

fluctuations. Behaviorally depressed monkeys have low concentrations of ovarian steroids, 

with preserved menses (Shively & Willard, 2012; Willard & Shively, 2012). The macaque 

hippocampus (HC) more closely parallels the cellular organization and connectivity patterns 

of the human hippocampus than does that of the rat (Amaral & Lavenex, 2007), and 

macaques have complex and differentiated cortical areas, similar to those of human beings, 
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that are important in human depression (Carmichael, Clugnet, & Price, 1994; Machado, 

Snyder, Cherry, Lavenex, & Amaral, 2008). Our group has previously reported reduced 

anterior hippocampal volume in untreated, behaviorally depressed female cynomolgus 

macaques. Postmortem in vitro analysis (Willard, Friedman, Henkel, & Shively, 2009) and 

pre-mortem in vivo MRI measures (Willard, Daunais, Cline, & Shively, 2011) demonstrated 

region-specific reductions in hippocampal volume in depressed versus nondepressed 

females. The goal of the present study was to determine the effects of long-term treatment 

using a commonly prescribed antidepressant, sertraline HCl (Zoloft®), on the volume of 

depression–related neural regions in depressed and nondepressed NHPs. Examining the 

effects of sertraline in both depressed and nondepressed monkeys allowed us to test the 

hypothesis that sertraline treatment has differential effects on brain volumes depending on 

depression status.

2. Materials and Methods

2.1 Subjects

Forty-five adult, reproductive-aged female cynomolgus macaques were imported directly 

from Indonesia (Institut Pertanian Bogor, Bogor, Indonesia) and quarantined in single cages 

for one month. Following quarantine, the monkeys were housed in social groups of n = 4–5, 

in indoor pens (3.05m × 3.05m × 3.05m), in a climate-controlled building with outdoor 

exposure, 12/12 light/dark, and water ad libitum. All monkeys were fed a Western-like diet, 

designed to be similar to that consumed by some Americans, with 44% of calories from fat, 

and 0.29 mg/Cal cholesterol which is approximately equal to a human consumption of 500 

mg cholesterol/2000 calories (Groban, Kitzman, Register, & Shively, 2014; Shively, 

Register, Higley, & Willard, 2014). The monkeys were all of reproductive age, 

approximately 15.7 ± 0.3 years of age, estimated from dentition, which approximates a 

human age of about 45 years. Over the course of the 3.5 year study, three animals died of 

causes unrelated to the experiment resulting in a sample size of 42. MRI images were not 

available for one animal, leaving a final sample size of 41. All procedures involving 

primates were conducted using protocols approved by the Institutional Animal Care and Use 

Committee of Wake Forest University Health Sciences and were in compliance with all 

institutional, state, and federal laws for the usage of primates in laboratory settings.

2.2. Experimental Design

The monkeys lived in these stable social groups for 18 months, during which depressive 

behavior was recorded. At the end of the 18 months, the monkeys were assigned by social 

group to either placebo (n=20) or sertraline (n=21) treatment balanced on body weight 

(BW), body mass index (BMI) and the rate of depressive behavior during the pretreatment 

period using stratified randomization (Table 1). This approach provides balance on variables 

that were measured as well as those that were not measured, because these variables are 

correlated with many other physiological characteristics (Kernan, Viscoli, Makuch, Brass, & 

Horwitz, 1999; Lachin, Matts, & Wei, 1988). There was also no difference in the groups in 

total plasma cholesterol, high density lipoprotein cholesterol, quality of ovarian function, 

and age, all of which could affect brain morphometry (Shively, Register, Appt, & Clarkson, 

2015). The monkeys were treated with sertraline for 18 months.
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2.3. Oral Dosing

All monkeys were trained to comply with an oral dosing regimen. The monkeys were 

trained to exit their social group pens and enter a dosing cage where they were individually 

offered vehicle (vanilla pudding) orally from a metal dosing syringe. After consuming the 

vehicle, the monkeys were immediately released into their home cage. This initial dose 

training was completed in about two weeks. Following training, either 20 mg/kg sertraline 

HCl (Zoloft®) in vehicle, or vehicle alone (placebo) was administered orally daily at about 

08:00 am for 18 months. Sertraline was chosen as it has little effect on body weight, unlike 

some commonly prescribed SSRIs, which is important since dose was based on body weight 

(Beyazyuz, Albayrak, Egilmez, Albayrak, & Beyazyuz, 2013). The dose was recalculated 

for current body weight 10 times during the 18 month period. Dose compliance was tracked 

daily as per cent of dose accepted. Monkeys in the placebo group were 99.6% with 10,107 

doses; those in the sertraline group were 97.8% compliant with 11,262 doses.

2.4. Behavioral Observations

Behaviors indicative of depression and anxiety were recorded twice a week during 10-

minute focal observations for 12 months prior to treatment, and during the last 12 months of 

the 18 month treatment phase (~33.3 hours/monkey). As in previous studies, depressive 

behavior was defined as a slumped body posture (head lower than shoulders), with open 

eyes (to distinguish this behavior from rest), accompanied by a lack of responsiveness to 

environmental stimuli (Shively, Laber-Laird, & Anton, 1997). This behavior was easily 

recognizable (Figure 1A) and inter-rater reliability, determined biannually, was ≥ 0.92 

throughout the experiment. The average frequency/hour of depression during each phase 

was calculated from these observations. Examination of the distribution of rate of depression 

during the treatment phase revealed a bimodal distribution. Thus, we compared monkeys 

that exhibited depressive behavior an average of once or less per hour (n=24, 59%), with 

those that exhibited depressive behavior an average of more than once per hour (n=17, 

41%). In two previous studies rates of depression were 38% (Shively et al., 1997) and 42% 

(Shively et al., 2005); thus the distribution in the present study was consistent with previous 

work. Previous studies carried out over a 25 year period have demonstrated that monkeys 

classified using this definition of behavioral depression also have reduced body mass, 

hypothalamic-pituitary-adrenal axis perturbations, autonomic dysfunction, increased 

coronary artery disease, dyslipidemia, poor ovarian function, reduced hippocampal volume, 

altered central serotonergic function, decreased activity levels, and increased mortality 

compared to their nondepressed counterparts (Shively & Willard, 2012; Willard & Shively, 

2012).

The rate of self-directed behaviors including scratching and self-grooming was recorded as a 

behavioral indicator of anxiety (Coleman, Robertson, & Bethea, 2011; Maestripieri, Schino, 

Aureli, & Troisi, 1992; Schino, Perretta, Taglioni, Monaco, & Troisi, 1996; Shively et al., 

2015; Troisi, 2002; Troisi et al., 2000). Scratching was operationally defined as moving the 

fingertips repeatedly across the same skin area for a duration longer than one second, and 

self-grooming was defined as combing skin, hair, teeth or nails with hands.
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2.5. Anthropometrics

BW and trunk length were measured at the end of the pretreatment phase, and again after 16 

months of treatment. Body mass index (BMI) was estimated as the ratio of BW to the square 

of trunk length measured from the suprasternal notch to the pubic symphysis (kg/m2) 

(Shively, Register, & Clarkson, 2009).

2.6. Plasma and CSF Assays

Within a month of the treatment phase MRIs, four hours after their morning dose, the 

monkeys were sedated with 10–15 mg/kg ketamine HCl and blood samples were collected 

by femoral venipuncture for plasma sertraline and desmethylsertraline determinations. At 

the same time, and just prior to the onset of treatment, cerebrospinal fluid (CSF) samples 

were collected for determination of levels of the serotonin metabolite 5-hydroxyindole acetic 

acid (5-HIAA). CSF samples were collected by inserting a 22-gauge needle percutaneously 

into the cisterna magna space while the animal was sedated and restrained in lateral 

recumbency. Approximately 1.0–1.5 cc of spinal fluid was obtained and frozen at −70°C 

until metabolite determinations were made. These samples were collected less than 10 

minutes following sedation.

Plasma levels of sertraline and desmethylsertraline were analyzed by gas chromatography as 

previously described (NMS Labs, Willow Grove, PA) (26). CSF levels of 5-HIAA were 

analyzed using high-pressure liquid chromatography (HPLC) with electrochemical detection 

as previously described (Shively et al., 2007). All intra- and inter-assay coefficients of 

variation were <10%.

2.7. MRI Image Acquisition and Analysis

At the end of the treatment phase, and while daily dosing continued, T1-weighed (T1w) 

images were acquired in the monkeys while under isoflurane anesthesia in head restraint to 

minimize motion artifacts. Images were acquired on a 3.0T GE Scanner (General Electric; 

Milwaukee, Wisconsin) equipped with a Twin Speed Gradient Coil in Zoom Mode 

(maximum gradient strength 4G/cm and a slew rate of 150 mT/m/msec) using an 8 channel 

NHP receive only RF coil with a form factor specifically designed for NHP imaging. Axial 

high-resolution T1w structural scans with isotropic voxels were acquired with a 3D spoiled 

gradient echo (3DSPGR) inversion recovery sequence (inversion time (TI): 600 ms; echo 

time (TE): 2.9 ms; repetition time (TR): 13.6 ms; flip angle: 15 degrees; receiver bandwidth: 

31.25 kHz; in-plane matrix size: 256 × 256; field of view: 12.8 cm; in-plane resolution: 0.5 

mm; slice thickness: 0.5 mm; number of slices: 128; acquisition time: about 14 min). Proton 

density (PDw) and T2 weighted (T2w) images were acquired separately with a fast-spin 

echo-pulse sequence (TE: 15 ms/80 ms respectively; TR: 8.5 sec; echo-train length: 8; 

receiver bandwidth: 15.63 kHz; voxel size: 0.5 × 0.5 × 1.0 mm; field of view: 12.8 × 12.8 × 

6 cm; acquisition time for PDw and T2w images: about 16 min). T1w, T2w and PDw 

images were converted from DICOM to NIFTI format, and the T2w and PDw images were 

co-registered to the T1w image (Friston et al., 1995) allowing the images to be analyzed in a 

common native space.

Willard et al. Page 6

Neuropharmacology. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.8. Regions of Interest (ROI)

The volumes of 8 ROIs representing key components of depression neurocircuitry (Figure 

1B–F) were measured bilaterally (16 ROIs per monkey) for a total of 656 ROIs overall. All 

ROIs were measured on T1w images, and coregistered T2w and PDw images were viewed 

when delineating difficult boundaries. ROI anatomical boundaries were defined based on 

macaque neuroanatomy (Carmichael et al., 1994; Machado et al., 2008) with Brodmann’s 

areas (BA) in parentheses: whole HC, anterior and posterior HC, whole ACC, subgenual 

ventral ACC (BA25), dorsal ACC (BA24), rostral ACC (BA32), and amygdala. Whole, 

anterior and posterior HC ROIs were measured with boundaries defined as follows 

(Machado et al., 2008): Ventral/medial: white matter superior to parahippocampal cortex; 

Dorsal/lateral: temporal horn of the lateral ventricle; Anterior: 3rd slice posterior to optic 

chiasm; Posterior: fornix emerging from HC. The anterior HC was delineated from the 

posterior HC by the presence of the uncus, as in previous studies (Willard et al., 2011; 

Willard et al., 2009). Four ROIs were measured in the ACC representing the whole ACC, 

BA24 (dorsal ACC), BA25 (ventral subgenual ACC), and BA32 (rostral ACC) according to 

the following boundaries (Carmichael et al., 1994; Machado et al., 2008): Anterior: slice 

posterior to anterior-most slice in which the cingulate and rostral sulci are both visible; 

Posterior: area 25 - slice anterior to posterior-most image with rostral sulcus; area 24 - 

midpoint slice between anterior and posterior commissures; Ventral: fundus of rostral sulcus 

or fundus of corpus callosum sulcus; Dorsal: fundus of cingulate sulcus. The border 

between ROIs of BA24 and BA32 was delineated by a horizontal line drawn at the anterior-

most slice with the genu of the corpus callosum present, whereas the border between ROIs 

of BA32 and BA25 was delineated by a vertical line drawn midway through the genu of the 

corpus callosum. Amygdala ROI boundaries were defined as follows: Anterior: slice where 

optic chiasm begins. Posterior: HC starts to emerge and lateral ventricle begins to take a 

more vertical position. Medial: set as the entire area of gray matter proximal to the optic 

tract. Lateral: white matter of temporal lobe located laterally to the amygdala Dorsal: 

unspecified area horizontally in line with the superior temporal sulcus. Ventral: extend to the 

bottom of the brain image, excluding when the parahippocampal gyrus emerges (Carmichael 

et al., 1994).

Regions of interest (ROIs) were identified and manually segmented using contouring tools 

in MRIcro software (Rorden & Brett, 2000). ROI volumes were computed by adding voxels 

within the ROI from each slice and multiplying by the voxel volume (0.125 mm3). All 

regions were segmented in the coronal plane and volumes calculated using MRIcro software 

(Rorden & Brett, 2000). All subsequent brain region volumes were normalized whole brain 

volume. Intraobserver and interobserver reliability were ≥ 98% and those who measured 

ROIs were blinded to treatment.

2.9. Statistical Analysis

The levels of CSF 5-HIAA were compared between the pretreatment and treatment phase 

using paired t-test. Anxious and depressive behavior was analyzed using a 2 (pretreatment, 

treatment phase) × 2 (placebo, sertraline group) mixed-models analysis of variance. The 

remaining dependent variables were analyzed by a 2 (nondepressed, depressed) × 2 
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(placebo, sertraline) ANOVA. 2 × 2 interactions were further analyzed with Duncan’s post 

hoc tests. All statistics were two-sided tests, with the alpha level set at p ≤ 0.05.

3. Results

3.1. Characteristics of the Study Population at the Time of Randomization to Treatment, 
and During Treatment (Table 1)

Monkeys assigned to the placebo and sertraline treatment groups were similar in BW, BMI, 

and depressive behavior rate at the time of randomization and during the treatment phase. 

Monkeys that were classified as depressed during the pretreatment phase had significantly 

lower BW and BMI compared to non-depressed animals, as well as higher rates of 

depressive behavior at the time of randomization and during the treatment phase. There were 

no significant depression X sertraline interactions at baseline or during treatment (all p’s > 

0.10).

3.2. Circulating Levels of Sertraline and Desmethylsertraline and CSF Levels of 5-HIAA 
(Table 2A)

Circulating concentrations of sertraline and desmethylsertraline indicate that the drug was 

successfully delivered and metabolized. CSF 5-HIAA decreased significantly (p<0.000001) 

during sertraline treatment indicating that the drug crossed the blood brain barrier and 

affected central serotonergic function. The magnitude of the decrease in CSF 5-HIAA in the 

sertraline treated group were similar to those observed in patients treated with sertraline (Y. 

Sheline, Bardgett, & Csernansky, 1997).

3.3. Effects of Sertraline on Behavioral Indicators of Depression and Anxiety (Table 2B)

Sertraline had no effect on rates of depressive behavior (p=0.43), although it significantly 

reduced behavioral indicators of anxiety (p=0.04) as recently described (Shively et al., 

2015).

3.4. Regions of Interest Volumes

A complete list of means, SEMs, and statistical outcomes are presented in Table 3, and 

significant effects are graphed in Figures 2 and 3. There was no significant difference 

between depressed and non-depressed monkeys and no effect of sertraline treatment on 

whole brain volume.

Anterior Cingulate Cortex—In the left ACC, there was a significant sertraline X 

depression interaction (Figure 2A, p = 0.007). Post hoc tests suggested that in the placebo 

group, depressed monkeys had a smaller left ACC volume than nondepressed monkeys (post 

hoc p<0.05), and that in depressed monkeys, sertraline treatment resulted in larger left ACC 

volumes (post hoc p<0.05). The overall interaction in the left ACC appeared to be due in 

large part to effects on BA24 (Figure 2B, sertraline X depression interaction p= 0.009) but 

not on BA25 or BA32. In BA24 post hoc tests suggested that nondepressed monkeys treated 

with sertraline had smaller volumes than sertraline-treated depressed monkeys and placebo-

treated nondepressed monkeys (both post hoc p’s<0.05). In addition, the left BA32 was 

smaller in depressed than nondepressed monkeys (Figure 2C, main effect of depression p = 
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0.03). There were no significant main or interaction effects of sertraline or depression 

observed in the right ACC.

Hippocampus—There were no significant main or interaction effects of sertraline or 

depression observed in the left HC. In the right HC there was a significant sertraline X 

depression interaction (Figure 3A, p = 0.03). Post hoc tests suggested that among 

nondepressed monkeys, those treated with sertraline had smaller right HC volumes (p<0.05). 

This effect appeared to be largely due to a significant sertraline X depression interaction in 

the anterior HC (Figure 3B, p = 0.002). Post hoc tests suggested that placebo-treated 

nondepressed monkeys had larger right anterior HC volumes than placebo-treated depressed 

monkeys, and nondepressed monkeys treated with sertraline (both p’s<0.05). In the whole, 

left, and right amygdala there were no significant main or interaction effects of sertraline or 

depression.

4. Discussion and Conclusions

This is the first published study examining the effects of long term SSRI treatment on 

neuroanatomical structures associated with depression in a placebo-controlled randomized 

preclinical trial. An important characteristic of the trial was randomization, which controls 

for pretreatment individual differences. Another important strength of the trial design was 

the stratified assignment to treatment groups balanced on pretreatment characteristics 

including BW, BMI, and rates of depressive behavior. This design feature allowed the 

analysis of the effects of treatment on individuals that did and did not display depressive 

behavior. Since sertraline and other SSRIs are widely prescribed for disorders other than 

depression, the effects of sertraline on neural structures in nondepressed individuals may be 

as important as the effects in depressed individuals. Another key feature of this study was 

the use of subjects that were naïve to antidepressant treatment prior to the onset of the study. 

A number of other subject characteristics or parameters of the study that might affect brain 

volumetrics were also tightly controlled including sex, diet, other drug exposures, light/day 

cycles, housing, and treatment compliance. Plasma concentrations of sertraline and 

desmethylsertraline demonstrated that the drug was successfully delivered via oral dosing 

and metabolized, and CSF monoamine metabolite concentrations evidenced effects on the 

CNS similar to those observed in human beings (Y. Sheline et al., 1997).

This preclinical trial was further strengthened by the use of a well-established NHP model of 

depression. A series of 19 papers over 15 years from our laboratory has established many 

similarities between the behavioral biology of depression in this NHP model and that of 

depressed human beings, and have been reviewed (Shively & Willard, 2012; Willard & 

Shively, 2012). More recently, the model has begun to be studied in other laboratories 

(Camus et al., 2014; Hennessy, McCowan, Jiang, & Capitanio, 2014; Xu et al., 2015). 

Shared characteristics of depression in human beings and macaques include risk factors such 

as low social status (Shively et al., 1997), loss due to separation from family (Suomi, Eisele, 

Grady, & Harlow, 1975), temperament (Hennessy et al., 2014), and adverse early 

experiences (Seay, Hansen, & Harlow, 1962). Similar to human beings, depressed monkeys 

have low levels of activity (Camus et al., 2014; Shively et al., 2008; Xu et al., 2015), low 

levels of social interaction, and anhedonia (Shively et al., 2005). We have described 
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temporal patterns of depressive behavior (Shively et al., 2005). Over the course of a year we 

observed 3 general patterns of depressive behavior: One subgroup of monkeys rarely or 

never displayed depression (25% displayed depression in less than 25% of the months), one 

subgroup displayed depression intermittently (33% displayed depression in 25–74% of the 

months), and one subgroup displayed depression nearly all the time (42% displayed 

depression in 75% or more of the months). The number of months a monkey displays the 

depressed posture is highly correlated with the average time spent in, or frequency/hour of, 

the depressed posture throughout the phase (r = 0.84, p < 0.001) (Shively et al., 2005).

Depressive behavior in this NHP model is accompanied by many physiological 

characteristics which are shared with depressed human beings. These include perturbed 

HPA axis (Chilton et al., 2011; Shively, Musselman, & Willard, 2009; Shively, Williams, 

Laber-Laird, & Anton, 2002), increased cardiovascular disease (Shively & Clarkson, 2009), 

perturbed bone metabolism (Shively et al., 2005), high mortality (Shively et al., 2005), 

perturbed serotonin neurotransmission (Shively et al., 2006), and hippocampal atrophy 

(Willard et al., 2011; Willard et al., 2009) due to alterations in cell number and neuropil 

(Willard, Riddle, Forbes, & Shively, 2013), accompanied by altered expression of glial and 

synaptic markers (Willard, Hemby, Register, McIntosh, & Shively, 2014). But, for the 

purposes of this study, perhaps the most important trait shared by human and nonhuman 

primates, is the elaboration and differentiation of cortical areas important to human 

depression, such as Brodmann’s areas 24, 25, and 32, which are not well-represented in 

rodents or other animal models (Insel, 2007; Vogt et al., 2013). The use of this primate 

model allows a placebo-controlled long term randomized trial design in a preclinical model 

closely related to human beings, facilitating basic research to clinical translation.

Sertraline treatment resulted in a significant decrease in behavioral indices of anxiety 

between the pretreatment and treatment phases, analyzed using repeated measures (Shively 

et al., 2015). Sertraline is widely prescribed and has been shown to be efficacious for the 

treatment of anxiety disorders in people (Baldwin, Woods, Lawson, & Taylor, 2011; 

Sheehan & Kamijima, 2009). Sertraline also significantly decreased aggression and 

increased affiliative behaviors including grooming and sitting in physical contact in these 

monkeys, which were previously reported (Shively et al., 2014). Thus, sertraline treatment 

affected brain function, social, and mood-related behavior. The efficacy of sertraline and 

other SSRIs for depression has been questioned in part due to publication bias (Naudet et al., 

2013; Turner, Matthews, Linardatos, Tell, & Rosenthal, 2008). Reported remission rates 

vary from 28 to <50%, and it is thought that there is little difference in efficacy between 

second-generation antidepressants (Gartlehner et al., 2011; Trivedi et al., 2006). Due to the 

small reported effect sizes of SSRIs for depression, this study could not be powered to detect 

a decrease in depressive behavior.

Depression was also associated with differences in neural volumes. Depressed animals had 

smaller BA32 than nondepressed monkeys. This is a new observation from preclinical 

models as Brodmann’s areas have not previously been studied in a nonhuman primate model 

of depression and are not well differentiated in the rodent brain. In the placebo group, 

depressed monkeys had smaller left ACC volumes than nondepressed monkeys, which is 

also novel observation in this model that reflects observations made in depressed 
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patients(Arnone et al., 2012). Right anterior HC volumes were also reduced in depressed 

versus nondepressed monkeys in the placebo group. One of the most robust observations in 

major depressive disorder patients is reduced anterior hippocampal volume (Goodkind et al., 

2015).

Most importantly, the effects of sertraline treatment were different in depressed versus 

nondepressed individuals. In nondepressed monkeys, sertraline reduced right HC volume, 

mostly the right anterior HC which was reduced by 21%. In depressed monkeys sertraline 

increased left ACC volume. However, in nondepressed monkeys, sertraline reduced left 

BA24 volumes. This resulted in nondepressed monkeys having smaller BA24 volumes than 

depressed monkeys in the sertraline treated group. A large literature documents myriad 

differences in the anatomy and physiology of depressed versus nondepressed brains, thus 

perhaps it is not surprising that they respond differently to medications. This observation is 

important in light of the growing proportion of antidepressant prescriptions without a 

psychiatric diagnosis (Chouinard, 2006; McElroy et al., 2012; Mead et al., 2012; Mojtabai & 

Olfson, 2011; Moreland & Makela, 2005; Pratt et al., 2011; Shams et al., 2014).

These observations are made even more intriguing in light of sertraline effects on the 

cardiovascular system in depressed and nondepressed individuals in this same study. We 

measured the extent of atherosclerosis, a principal cause of myocardial infarction, in the 

coronary arteries of these NHPs. Coronary artery atherosclerosis was more extensive in 

depressed than nondepressed monkeys, and more extensive in those treated with sertraline 

than placebo. These effects were additive; thus coronary artery atherosclerosis was most 

extensive in sertraline-treated depressed animals (Shively et al., 2015).

Depression is twice as common in women than men suggesting a role for ovarian function. 

Previously, using histomorphometry, we observed that depressed females have smaller 

anterior HC (Willard et al., 2009). However, in a previous MRI study of ovariectomized 

monkeys, both the anterior and posterior HC were smaller in depressed versus nondepressed 

individuals suggesting that the presence of ovaries protected the posterior HC from atrophy 

(Willard et al., 2011). In that study there were no laterality effects of depression such as 

those observed in the study of intact females reported here (Willard et al., 2011). Thus, the 

presence of ovaries appears to contribute to bilateral asymmetry in depression in females. 

This observation adds to a growing body of evidence that the presence of ovaries may 

modify the neural characteristics of depression.

There were no effects of chronic sertraline treatment on amygdala volumes. However, this 

may be due to assessment of the amygdala as a whole rather than dividing the amygdala into 

subnuclei, which was beyond the limits of the resolution of manual segmentation. 

Alternatively, some amygdala differences may be functional but not morphologic; thus, they 

may not be apparent in structural analyses. The literature is mixed as to whether amygdala 

volumes are associated with depression in human studies (Keller et al., 2008; Mervaala et 

al., 2000; Tamburo et al., 2009; von Gunten, Fox, Cipolotti, & Ron, 2000; Xia et al., 2004).

Limitations in this study may include those imposed by the use of manual segmentation to 

delineate neural regions. Techniques such as automated segmentation allow for much finer 
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discrimination of gray versus white matter and anatomic bias. Using a combination of both 

manual and automated segmentation increases precision when measuring neural regions. 

Unfortunately, advancements in automated segmentation have been a challenge in animal 

models, due to a relative lack of MRI templates and digital atlases. As the quality and 

availability of templates and atlases increases, advanced analyses of the depression and drug 

effects on brain structure in primate models will be possible. In addition to advancements in 

segmenting techniques, these observations would be strengthened by pretreatment (baseline) 

MRIs. Randomization of subjects is used to control for preexperimental subject variation, 

thus mitigating the need for pretreatment values. Nonetheless, the availability of baseline 

volumes may increase power and precision. Finally, while the translational value of this 

model is compelling due to similarity to human beings in central nervous system structure 

and function, and characteristics of depression, the observations of different effects in 

nondepressed versus depressed brains needs to be confirmed in clinical studies.

In summary, a series of papers have described an extensive list of consequences of sertraline 

treatment, in an established NHP model, with physiologically relevant doses on anxiety, 

aggression, affiliation, the cardiovascular system, and serotonin neurotransmission, as well 

as the volumetric changes in neural areas critical to mood-related behavior and depressive 

disorders reported here. The data presented here suggest that the neural effects of SSRIs may 

be different in depressed subjects than in individuals prescribed these medications for 

disorders other than depression. Given the number of different disorders for which SSRIs 

are prescribed, these observations may have important implications for human health. 

Although these observations in NHPs are compelling, the clinical significance of differential 

effects of SSRIs on regional volumes needs to be further investigated in studies of patient 

populations. Volumetric differences in depressed versus nondepressed monkeys in HC and 

especially the ACC suggest this NHP model may be useful to assess efficacy of novel 

depression treatments.
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Highlights

• SSRI effects on neuroanatomy were evaluated in depressed and nondepressed 

monkeys.

• SSRIs reduced anxiety but did not affect depression.

• Neural areas associated with human depression were smaller in depressed 

monkeys.

• SSRIs differentially affected neural volumes in depressed vs. nondepressed 

monkeys.

• Anterior cingulate & hippocampal areas were smallest in SSRI-treated 

nondepressed.
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Figure 1. 
A. Monkey exhibiting depressive like behavior (left) and alert behavior (right). B–C. A 

structural MRI image of a monkey brain in the coronal plane, depicting the anterior 

hippocampus (HC) (B) in which the hippocampal head is present, and the posterior HC (C). 

D–F. Sagittal images of a monkey brain depicting the anterior cingulate cortical regions 

measured, including Brodmann’s area (BA)25 (D), BA32 (E), and BA24 (F). See text for 

detailed description of anatomical delineations.
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Figure 2. The Effects of Sertraline in the Anterior Cingulate Cortex (ACC) of Depressed and 
Nondepressed Monkeys
A–B. There were significant sertraline X depression interactions in (A) the left ACC, and 

(B) Brodmann’s area (BA)24 of the left ACC. In these regions, sertraline increased volumes 

in depressed monkeys and decreased volumes in nondepressed monkeys. C. There was a 

significant main effect of depression in BA32 of the left ACC; depressed monkeys had 

smaller BA32 volumes than nondepressed monkeys. D. No effects of depression or 
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sertraline were observed in BA25. Data are presented as average percent of total brain 

volume ± SEM. * p<0.05, Duncan’s post hoc test.
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Figure 3. The Effects of Sertraline in the Hippocampus (HC) of Depressed and Nondepressed 
Monkeys
A–B. There was a significant sertraline X depression interaction in the right HC (A), which 

appears to be driven by the same interaction in the anterior region of the right HC (B). 

Specifically, sertraline increased volume in depressed monkeys whereas in nondepressed 

monkeys sertraline decreased volume. C. No effects of depression or sertraline were 

observed in the right posterior HC. Data are presented as average percent of total brain 

volume ± SEM. * p<0.05, Duncan’s post hoc test.
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