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Abstract

Studies of major depressive disorder (MDD) in postmortem brain tissue report enhanced binding 

to inhibitory serotonin-1A autoreceptors in midbrain dorsal raphe and reductions in length of 

axons expressing the serotonin transporter (SERT) in dorsolateral prefrontal cortex. The length 

density of axons expressing SERT in the orbitofrontal cortex (OFC) was determined in 18 subjects 

with MDD and 17 age-matched control subjects. A monoclonal antibody was used to 

*CORRESPONDING AUTHOR: Craig A. Stockmeier, Ph.D.; Department of Psychiatry and Human Behavior, University of 
Mississippi Medical Center, 2500 N. State Street, Jackson, MS, 39216, U.S.A., Telephone: 601-984-6675, Fax: 601-984-5899, 
cstockmeier@umc.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Contribution by Authors
Grazyna Rajkowska, Craig Stockmeier, Mark Austin and Jose Miguel-Hidalgo designed the study. Grazyna Rajkowska and Craig 
Stockmeier wrote the first draft of the manuscript, with assistance from Gouri Mahajan, Michael Griswold, Lavanya Challagundla, and 
Jose Miguel-Hidalgo. Beata Legutko assisted in designing the study and performed the immunohistochemistry. Gouri Mahajan 
supervised the immunohistochemistry and measured axon length density. Michael Griswold and Lavanya Challagundla performed the 
statistical analyses. Paul Albert and Mireille Daigle performed the genotyping. Grazyna Rajkowska and Craig Stockmeier, with 
assistance from David Steffens, Paul Albert, Randy Blakely, and Mark Austin, interpreted the data and wrote the manuscript. All 
authors contributed to the drafting of this manuscript and have approved its final form.

Disclosure
None of the authors have any actual, potential, or perceived financial, professional, or personal conflict of interest to declare. Financial 
support provided by the National Institutes of Health had no involvement in the study design, in the collection, analysis and 
interpretation of data, or in preparation of the manuscript.

HHS Public Access
Author manuscript
Neuroscience. Author manuscript; available in PMC 2018 September 17.

Published in final edited form as:
Neuroscience. 2017 September 17; 359: 30–39. doi:10.1016/j.neuroscience.2017.07.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immunohistochemically label the SERT in fixed sections of OFC. The 3-dimensional length 

density of SERT-immunoreactive (ir) axons in layer VI of OFC was estimated. The age of subjects 

with MDD was negatively correlated with SERT axon length (r=−0.77, p<0.0005). The significant 

effect of age persisted when removing four depressed subjects with an antidepressant medication 

present at the time of death, or when removing nine depressed subjects that had a recent 

prescription for an antidepressant medication. Neither gender, tissue pH, postmortem interval, 5-

HTTLPR genotype, time in fixative, nor death by suicide had a significant effect on axon length. 

The age-related decrease in SERT-ir axon length in MDD may reflect pathology of ascending 

axons passing through deep white matter hyperintensities. Greater length of axons expressing 

SERT in younger subjects with MDD may result in a significant deficit in serotonin availability in 

OFC.
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Introduction

Clinical and basic research implicates the serotonin neurotransmitter system in the 

pathophysiology and treatment of major depressive disorder (MDD). Extracellular serotonin 

levels are regulated by the serotonin transporter (SERT), which is located either on the cell 

membranes presynaptically or along axons (Zhou et al., 1998). Although the most widely 

used treatments for MDD inhibit the SERT, there is no consistent evidence for altered 

radioligand binding to the SERT in cerebral cortex in MDD, as determined in postmortem 

brain tissue or with neuroimaging (see review by Stockmeier, 2003; and meta-analyses by 

Gryglewski et al., 2014; Kambeitz and Howes, 2015).

The recent meta-analyses of neuroimaging studies in MDD by Gryglewski et al., (2014) and 

Kambeitz and Howes (2015) establish consistent decreases in SERT binding in subcortical 

regions but not in the frontal cortex. However, other studies note greater SERT binding in 

prefrontal cortical and subcortical regions in a subgroup of depressed patients with highly 

negativistic dysfunctional attitudes (Meyer et al., 2004) or a greater seasonal increase in 

SERT binding in patients with seasonal affective disorder (Tyrer et al., 2016a). In a 

comprehensive review of studies of neuroimaging in humans, rodent models, and 

neuroimmunology, Savitz and Drevets (2013) found support for the hypothesis that function 

at the SERT is increased in depression. Further, in neuroimaging studies, it appears that 

alterations in SERT binding are found only in subgroups of depressed patients and in 

discrete brain regions.

In contrast to studies examining living subjects with depression, research in postmortem 

tissues from younger suicide victims with MDD that were antidepressant drug-free shows a 

significant decrease in radioligand binding to SERT across all cortical layers in the 

orbitofrontal cortex (OFC) vs. normal control subjects (Underwood et al., 2012) or OFC and 

dorsolateral prefrontal cortex in subjects with MDD where no monoamine-related 

antidepressant drug was present at death (Mann et al., 2000). In an immunohistochemical 
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assessment of regional expression of SERT, there was a reduction in the overall length of 

axons immunoreactive for SERT in one layer only (VI) of the dorsolateral prefrontal cortex 

of suicide victims with MDD (Austin et al., 2002).

The present study was undertaken to test the hypothesis that the length of SERT 

immunoreactive (-ir) axons is lower in OFC in subjects with MDD, some of whom died by 

suicide. Orbitofrontal cortex was also selected as a region of interest in this study because of 

previous observations in OFC of reduced neuronal density and sizes in subjects with MDD 

(Rajkowska et al., 1999; Rajkowska et al., 2005; Underwood et al., 2012). In addition, there 

was a significant age-related decrease in neuronal density in OFC in subjects with MDD but 

not in control subjects (Rajkowska et al., 2005). Most subjects examined in the present study 

were the same as those studied in Rajkowska et al. (1999; 2005). The 5HTTLPR genotype 

was also assessed as there is evidence that the 5HTTLPR polymorphism affects SERT 

expression (Lesch et al., 1996). Older subjects with MDD have more frontal deep white 

matter hyperintensities than age- matched controls (Krishnan et al., 1988; Rabins et al., 

1991; O’Brien et al., 1996; Thomas et al., 2002; Tupler et al., 2002; van Agtmaal et al., 

2017). Increases with age in deep white matter hyperintensities in depression may induce 

pathology in ascending serotonergic axons from the midbrain raphe system projecting to the 

OFC.

Experimental Procedures

Human Subjects

The Declaration of Helsinki was adhered to for all experiments involving human subjects. 

The Institutional Review Boards of University Hospitals Case Medical Center, Cleveland, 

OH, and the University of Mississippi Medical Center approved the research protocol for 

recruitment of next-of-kin, collection of brain tissue, and informant-based interviews. The 

left orbitofrontal cortex was sampled from 17 psychiatrically-normal control subjects and 18 

age-matched subjects that met clinical criteria for MDD at autopsy at the Cuyahoga County 

Medical Examiner’s Office (Cleveland, OH). Informed consent was acquired from all 

legally-defined next-of-kin to permit tissue collection and informant-based retrospective 

diagnostic interviews. The Diagnostic and Statistical Manual of Mental Disorders (4th ed.)

(DSM-IV; APA, 1994) was administered regarding all subjects by a trained interviewer 

using the Structured Clinical Interview for DSM-IV Axis I Disorders (First et al., 1995), as 

described (Cobb et al., 2013). Consensus diagnosis with the aid of medical records was used 

to determine lifetime and recent Axis I psychopathology. Information on psychoactive 

substance use and history of medications was collected from informants and medical 

records. Head trauma, neurologic or neuropathological disease were exclusion criteria. 

Eighteen subjects met criteria for a lifetime diagnosis of MDD and 16 met criteria for a 

major depressive episode in the last month of life. Psychotic features were also present in 

two subjects with MDD. Four subjects with depression also experienced another Axis I 

disorder (Table 1). None of the control subjects ever met DSM-IV criteria for MDD or other 

disorders with the exception of the following: one subject was diagnosed with alcohol 

dependence 3 years prior to death and another was diagnosed with alcohol abuse at 30 years 

prior to death. These alcohol disorders were in full remission at the time of death. Suicide 
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was ruled the cause of death by the medical examiner for 8 of the 18 subjects with MDD, 

and all causes of death are noted in Table 1. The medical examiner’s office evaluated urine 

and blood for the evidence of psychotropic medications or psychoactive substances. A 

prescription for an antidepressant medication was written by a physician within the last 

month of life for 9 of the 18 subjects with MDD, however, an antidepressant or antipsychotic 

medication was detected postmortem in only four subjects (Table 1). Control and MDD 

subjects were matched as closely as possible for age and postmortem interval. Table 1 also 

include data regarding gender, tissue pH, storage time in formalin (TF), and the time tissue 

sections were stored in ethanol. Laboratory personnel were blinded to diagnosis and age-

matched pairs of coded control and depressed subjects were yoked for all subsequent assays 

and morphometric analyses.

Immunohistochemistry

The ventral portion of the left prefrontal cortex containing OFC (Uylings et al., 2010) was 

dissected at autopsy and fixed in 10% phosphate-buffered formalin. The blocks of tissue 

were then embedded in 12% celloidin as described (Rajkowska and Goldman-Rakic, 1995). 

Blocks were sectioned coronally at 40 µm, and sections of caudal OFC were stored in 70% 

ethanol. Three sections per subject located about 400 µm apart were selected for removal of 

celloidin and subsequent immunohistochemistry (Miguel-Hidalgo and Rajkowska, 1999). 

Three additional sections immediately adjacent to those selected for immunohistochemistry 

were stained for Nissl substance with cresyl violet acetate and used to delineate the borders 

of layer VI. Free floating sections were immunostained for axons expressing SERT using the 

SERT-51 monoclonal antibody (MAB Technologies, Stone Mountain, GA). Briefly, sections 

were incubated for 48 hours at 4°C with the primary SERT-51 anti-mouse monoclonal 

antibody at a dilution of 1:300. Binding of the primary antibody was detected with the 

biotinylated rabbit anti-mouse secondary antibody (dilution 1:200) according to the ABC 

method (Vectastain Universal Elite ABC kit-PK6200; Burlingame, CA) using 3′3′-
diaminobenzidine enhanced with nickel ammonium sulfate. SERT-immunolabeled sections 

were mounted on glass slides and cover-slipped. To minimize inter-assay variability in the 

intensity of staining, each experiment included yoked sections from age-and gender-matched 

MDD and control subjects. The specificity of the anti-SERT antibody was tested by 

performing parallel immunohistochemical assays where either the primary antibody or the 

secondary antibody was omitted. In both cases, immunoreactivity was absent.

Morphometric Analysis

Contours outlining the lateral, caudal OFC and its layer VI were drawn on the printed 

images of every SERT-ir tissue section using adjacent Nissl-stained sections as a guide. 

Caudal OFC was distinguished from surrounding cortical areas based on cytoarchitectonic 

criteria of Brodmann area 47 located on the medial orbital gyrus (Uylings et al., 2010; see 

Figure 1A in Rajkowska et al., 2005). The thickness of the entire ORB gray matter and of 

layer VI was measured on SERT-ir sections along a line perpendicular to the cortical surface 

at three selected levels in each subject. Outlines of layer VI were then traced in every SERT-

ir tissue section under the 20x objective of a Nikon microscope (E600) using 

StereoInvestigator software (version 11.03; MBF Bioscience, Williston, VT). The Optical 

Fractionator method of StereoInvestigator software was then used to estimate the length 
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density of SERT-ir axons. Length density (mm/mm3) was determined under a 40X oil 

objective (numerical aperture 1.0) by measuring the 3-dimensional length of the axon 

through the depth of the section within 21 to 35 3-dimensional virtual counting boxes (50 × 

50 × 15 µm) per section that were systematically and randomly superimposed on the contour 

of layer VI (Figure 1). Layer VI was chosen for analysis because Austin et al. (2002) 

showed a significant reduction in SERT-ir axon length in this particular layer of the 

prefrontal cortex in MDD. The length of axon segments from these sampling boxes was 

summated and expressed per total mm3 volume of tissue assessed, and then expressed as 

length density (mm axon length/mm3 of tissue). Values of average length density from three 

sections per brain were used for statistical analysis. The 3-dimensionally determined axon 

length density will be referred to as “axon length” for the remainder of this manuscript. The 

coefficient of error (mean ± S.D.) was 0.119 ± 0.001 for control subjects and 0.109 ± 0.001 

for subjects with MDD. The mean coefficient of error represents the mean of 35–37 

sampling frames per subject group.

5-HTTLPR genotyping

DNA was isolated from frozen right dorsolateral prefrontal cortex from the same subjects for 

genotyping using the QIAamp DNA mini kit (Qiagen, Hilden, Germany). Genotyping of 5-

HTTLPR was done using PCRx enhancer solution, 0.8 mM MgSO4, amplification buffer, 

200 µM dNTPs, 0.625U Platinum Taq PCRx polymerase (ThermoFisher Scientific, 

Waltham, MA) and 2 pmol of each respective PCR primers: forward, 5'-AAC GTG GGA 

GGC AGC AGA CAA CT-3' and reverse, 5'-GGG ATG CGG GGG AAT ACT GGT −3'. 

Cycling conditions were: 5 min at 94°C; 10 cycles of 94°C for 30 sec, 70°C – 0.5°C/cycle 

for 30 sec, 72°C for 30 sec; 30 cycles of 94°C for 30 sec, 65°C for 30 sec , 72°C for 30 sec; 

5 min at 72°C. The expected PCR products are 515-bp and 472-bp for the long or short 

form, respectively.

Statistical Analysis

The main goal of this study was to compare SERT-ir axon length between MDD and control 

subjects across age. Subject characteristics between cohorts (MDD vs control) were 

compared using student t-tests for continuous variables and chi-square tests for categorical 

variables. To examine differential effects of the depression group across age on SERT-ir 

axon length, linear regression models were fit with main effects of cohort, age (in years), 

and an interaction term between cohort and age. Adjusted models included potential 

confounders of gender, postmortem interval, months in fixative, days in ethanol, tissue pH, 

and section thickness, and were compared to unadjusted estimates. We additionally 

examined MDD effects across death by suicide by using similar models with a three-level 

categorical cohort definition of control, MDD-nonsuicide, and MDD-suicide. A sensitivity 

analysis to potential effects of antidepressant medications was also conducted by removing 

the 4 subjects with MDD that had an antidepressant medication present in blood at the time 

of death. Lowess smoother diagnostics indicated no strong departure from linearity 

assumptions in the regression models. The thickness of gray matter, either all 6 layers or 

layer VI, was compared between the two cohorts using analysis of covariance (ANCOVA) 

with age as the covariate. D’Agostino; & Pearson omnibus normality test confirmed that all 
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thickness- related values were normally distributed. Genotype frequencies for both cohorts 

were assessed using the Chi-squared test.

Results

There were no significant differences between the MDD and control cohorts in age (t=0.231, 

df=33, p>0.05), postmortem interval (t=0.349, df=33, p>0.05), or gender (t=0.511, df=33, 

p>0.05) (Table 1). However, the two cohorts were significantly different regarding time in 

fixative (t=2.455, df=33, p<0.05), time that sections were stored in ethanol (t=2.792, df=33, 

p<0.01), and tissue pH (t=2.436, df=33, p<0.05) (Table 1). To determine whether these 

variables influenced the main outcome of this study, correlations between each of the 

variables and the length of SERT-ir axons were investigated (Table 2). For either cohort, or a 

combined value for both cohorts, there were no significant Pearson correlations between the 

length of SERT-ir axons and postmortem interval, time in fixative, time in ethanol, or tissue 

pH (Table 2). However, for all subjects there was a significant negative correlation between 

SERT-ir axon length and age (r= −0.38, p<0.05). This negative correlation was driven by the 

subjects with MDD (r= −0.77, p<0.001; Figure 2A, triangles) and not by control subjects (r= 

−0.03, p>0.05; Figure 2A, circles).

The effects of potentially confounding variables on the overall effect of age were also 

examined. The association of age and SERT-ir axon length remained statistically significant 

(Unadjusted model: β= −19.386, 95% confidence intervals: −29.958, −8.815, p<0.001; 

Adjusted model: β= −21.465, 95% confidence intervals: −32.722, −10.207, p<0.005) when 

including gender, postmortem interval, tissue pH, time in formalin, time in ethanol, and 

section thickness into the model. To account for effect sizes, we examined the association of 

SERT-ir axon and a 10-year natural progression in age. For each 10 years of age, SERT-ir 

axon length is expected to decrease by −193.864 mm/mm3 (95%Confidence Intervals: 

−299.5836, −88.14504; p<0.005) for subjects with MDD versus −7.112 mm/mm3 

(95%Confidence Intervals: −106.6943, 92.47039; p>0.05) for control subjects.

Four depressed subjects had an antidepressant medication present in blood at the time of 

death. When these four subjects were removed from the overall statistical analysis, the 

results were highly comparable to the analysis including all subjects with MDD. There was a 

significant negative correlation between age and SERT-ir axon length that was driven by the 

subjects with MDD (r= −0.77, p<0.0005; Figure 2B, triangles) and not by control subjects 

(r= −0.03, p>0.05)(Figure 2B, circles). An analysis of covariance was also performed with 

age as the covariate, comparing nine depressed subjects with a recent antidepressant drug 

prescription vs. nine depressed subjects without a recent antidepressant drug prescription. 

SERT-ir axon length was not significantly different between these two groups (F (1,17) = 

3.734, p>0.05).

To determine whether the length of SERT-ir axons was different in those dying by suicide, 

cause of death was assessed in subjects with MDD. All values are mean ± S.E.M., unless 

otherwise noted. There was no significant difference (t=1.584, df=16, p>0.05) in the age of 

MDD dying by suicide (n=8; mean age was 49.9 ± 5.8) and MDD dying of other causes 

(n=10; 62.4 ± 5.3). There was no significant difference (t=1.001, df=16, p>0.05) in the mean 
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length of SERT-ir axons between subjects with MDD dying by suicide and subjects with 

MDD dying by other causes (1,600 ± 136 vs. 1,392 ± 150 mm/mm3, respectively). There 

was a significant negative correlation between SERT-ir axon length and age in MDD-non-

suicide (r= −0.813, p<0.005, Figure 3, closed triangles) but not in MDD-suicide (r= −0.668, 

p>0.05, Figure 3, open triangles). There was no significant correlation (r= 0.03, p>0.05) 

between SERT-ir axon length density and age in control subjects (Figure 3, circles). There 

was no difference between depressed subjects dying of suicide or dying of other causes in 

the significant association of age on SERT-ir axon length (β= −7.478, 95% confidence 

intervals: - 31.1142,16.15914, p>0.05).

Frequencies for the 5HTTLPR genotypes for both groups were in Hardy-Weinberg 

equilibrium (controls, p>0.05; Chi-squared = 0.2484, p>0.05; MDD, p>0.05, Chi-squared = 

0.0) and were not significantly different from each other (Chi-square = 0.3162, df=2; 

p>0.05). Analysis of SERT-ir axon length vs. number of 5-HTTLPR risk alleles revealed no 

significant correlation (r2<0.01; p>0.05) for either controls or MDD (Figure 4).

There was no significant difference in thickness of gray matter of the OFC (layers I-VI) 

between control (1.891 ± 0.086 mm, N=17) and depressed (1.98 ± 0.09 mm, N=18) subjects 

(ANCOVA, F(1,32)=0.455, p>0.05). Likewise, the thickness of layer VI was not 

significantly different between control (0.391 ± 0.016 mm) and depressed (0.41 ± 0.019 

mm) subjects (ANCOVA, F(1,32)=0.539, p>0.05). Finally, there was no significant 

correlation between overall thickness of gray matter and age, or thickness of layer VI and 

age in either cohort (data not shown).

Discussion

The length density of SERT-ir axons was examined in layer VI of the OFC in subjects with 

MDD and control subjects. There was a significant negative correlation between age and the 

length of SERT-ir axons in subjects with MDD but not in age-matched control subjects. The 

negative correlation between age and SERT-ir axon length persisted when removing the four 

depressed subjects in which a psychotropic medication was present at death, and for non-

suicide victims with MDD.

The origin of serotonergic axonal fibers in rodent, non-human primate, and human frontal 

cortex have been identified in the dorsal raphe nucleus and median raphe nuclei (Azmitia 

and Gannon, 1986; Wilson et al., 1989; Mamounas et al., 1991; Wilson and Molliver, 1991a; 

Zhou et al., 1998). The laminar distribution of axonal fibers is distinct in non-human primate 

and human association cortex, with beaded axons, from the median raphe nucleus, 

predominantly located in layer I, and fine axons, from the dorsal raphe nucleus, 

predominantly located in layers II-VI (Wilson and Moliver, 1991b; Raghanti et al., 2008). 

These axons can be labeled in their entirety with an antibody or with a radioligand to the 

serotonin transporter (Zhou et al., 1998). Thus, in the current study, the axons of layer VI of 

the OFC labeled with an antibody to SERT likely originated in the dorsal raphe nucleus and 

are so-called fine axonal fibers.
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In the present study, the greater length of likely fine SERT-ir axons in layer VI of OFC in 

younger subjects with MDD may be related to pathology at the cell bodies of origin in the 

brainstem. Underwood et al. (1999) noted a significantly greater number of serotonin 

neurons in the dorsal raphe nucleus in suicide victims, most of whom were younger and 

diagnosed with MDD. The greater number of serotonin neurons in younger depressed 

subjects might be responsible for the enhanced age-dependent length of SERT-ir axons in 

younger MDD noted in the present study. Greater SERT-ir axon length in younger subjects 

with MDD may provide more available serotonin transporters to remove serotonin from en 

passant and terminal bouton types of synapses and be a critical feature of the 

pathophysiology of MDD. The loss of serotonin or pathology in the serotonin-1B receptor 

can alter serotonergic innervation in various brain regions (Ase et al., 2001; Migliarini et al., 

2013). There is a strong depression-linked phenotype in a mutant mouse model of 

serotonergic hypofunction induced by overexpression of SERT in prefrontal cortex (Mouri et 

al., 2012). Expression of SERT is regulated by microRNA 135 (miR135). Knockdown of 

miR135a in serotonin neurons in the mouse brainstem raphe results in overexpression of 

mRNA and protein for SERT and anxiety-like behavior (Issler et al., 2014). Interestingly, 

levels of miR135a are significantly decreased in the dorsal raphe of suicide victims with 

affective disorder (Issler et al., 2014), suggesting there may be an overexpression of SERT in 

axonal projection areas such as orbitofrontal cortex that might contribute to altered SERT-ir 

axon length.

Additional cell pathological mechanisms may underlie the age-dependent changes noted in 

SERT-ir axon length in MDD. Other evidence of pathology of dorsal raphe neurons in 

younger subjects with MDD is provided by studies showing greater serotonin-1A 

autoreceptor binding in postmortem midbrain from suicide victims with MDD, suggesting 

that these neurons are under enhanced inhibitory control which may result in diminished 

release of serotonin into prefrontal cortex (Stockmeier et al., 1998; Boldrini et al., 2008). 

Thus, the combination of additional length of SERT-ir axons and the potential for decreased 

firing of midbrain serotonin cell bodies in younger subjects with MDD may result in a 

significant deficit in serotonin availability in OFC. As the disease presents in older subjects 

with MDD, the decrease in the length of SERT-ir axons in comparison to younger subjects 

with MDD may reflect pathology in the ascending serotonin axonal input to the prefrontal 

cortex. These axons ascending from serotonin cell bodies in the brainstem may be damaged 

in older depressed subjects as they pass through the internal capsule and corona radiata 

where enhanced deep white matter hyperintensities are localized in older subjects with 

depression and less so in age-matched control subjects (Krishnan et al., 1988; Rabins et al., 

1991; O’Brien et al., 1996; Thomas et al., 2002; Tupler et al., 2002; Hornung, 2003; van 

Agtmaal et al., 2017).

Mechanisms related to gene expression affecting the protein expression of SERT on axonal 

membranes in brain appear to be under the regulation of protein kinase C (Blakely et al., 

1998). With the SERT, activation of PKC results in the phosphorylation and endocytotic 

internalization of activity-dependent SERT from the plasma membrane, leading to a 

reduction in uptake of serotonin (Qian et al., 1997; Bauman et al., 2000). Decreased 

expression of PKC genes and proteins reported in prefrontal cortex of young suicide victims 

or younger subjects with MDD (Pandey et al., 2004; Kang et al., 2007; Shelton et al., 2009) 
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may diminish phosphorylation and sequestration of the SERT, increase expression of axonal 

SERT, and lead to enhanced expression of SERT-ir axons.

There is evidence that the 5-HTTLPR polymorphism affects SERT expression, as evidenced 

in lymphoblasts and cell lines (Lesch et al., 1996; Heils et al., 1996). Although our study 

was not powered to assess genetic influences on axon length, there was no difference 

between our two cohorts in frequency for the 5HTTLPR genotypes and there was no 

significant correlation between the number of risk alleles and SERT-ir axon length. While 

Du et al. (1999) noted a significantly higher frequency of the 5-HT transporter gene long (L) 

allele in depressed subjects dying by suicide, the data presented here confirm Mann et al. 

(2000), namely that the 5-HTTLPR genotypes do not contribute significantly to MDD status. 

Finally, although the sample size is insufficient to reliably assess genetic influences on axon 

length, the 5-HTTLPR genotypes do not significantly affect SERT-ir axon length in control 

or depressed subjects presented here.

In a previous study in the dorsolateral prefrontal cortex, Austin et al. (2002) noted a 

significant decrease in the length of SERT-ir axons in layer VI of suicide victims with a 

diagnosis of MDD, regardless of the presence of antidepressant medications at death. 

Differences between the Austin et al. (2002) study and the current study include the 

morphometric analysis (Austin et al.: two-dimensional assessment vs. current study: three-

dimensional), examining a different prefrontal cortical region (Austin et al.: dorsolateral 

prefrontal cortex vs. current study: OFC), death by suicide (Austin et al.: 12 of 12 vs. current 

study: 8 of 18) and subtype of depression with psychotic features (Austin et al.: 5 of 12 vs. 

current study: 2 of 18). While no single difference may account for the varying results 

between the two studies, a combination of all differences may have affected the results.

The relationship between age and SERT has been examined in human brain. One other study 

examined SERT-ir axon length in depression and did not observe a significant effect of age 

in either control or depressed subjects, (Austin et al., 2002). Several other studies of 

postmortem brain tissues have examined age and radioligand binding to SERT. There was no 

significant correlation between age and radioligand binding to SERT in midbrain raphe in 

control subjects or depressed subjects dying by suicide (Bligh-Glover et al., 2000). 

Likewise, neither Arango et al. (1995) nor Mann et al. (2000) detected age-related changes 

in radioligand binding to SERT in ventrolateral prefrontal cortex in control or depressed 

subjects or suicide victims. In PET studies, there was no significant correlation between age 

and binding to the SERT in OFC or frontal cortex of normal control subjects (Bose et al., 

2011; Selvaraj et al., 2011), while Cannon et al. (2007) noted no significant age by diagnosis 

correlation for SERT binding in the cingulate cortex for either normal controls or subjects 

with MDD. Thus, radioligand binding studies have not noted a significant correlation 

between SERT and age.

Chronic exposure to antidepressant medications may have a significant impact on markers 

for the serotonin transporter. In a wide-ranging study, Zhao et al. (2009) reported that 

following 14-day treatment with a variety of antidepressant drugs, including sertraline, 

protriptyline, reboxetine, venlafaxine, or phenelzine, only rats treated with sertraline 

experienced a reduction in SERT radioligand binding and protein expression in cerebral 
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cortex. Thus, it is unlikely that the age-related decrease in SERT-ir axon length reported in 

this study was due to treatment with an SSRI, particularly since axon length was greater in 

younger depressives than in controls, and only two of our subjects were taking sertraline at 

the time of death.

A decrease in OFC gray matter thickness in depression could structurally be related to an 

increase in SERT-ir axon length. However, in the present study there was no significant 

difference between control and MDD subjects in the thickness of overall OFC or of its layer 

VI, and there were no significant correlations between any measure of thickness of gray 

matter and age in either cohort. The lack of a decrease in OFC gray matter thickness here in 

postmortem tissue is consistent with a recent meta-analysis of MRI studies on over 1,300 

adults with MDD where no reductions were noted in gray matter in the left lateral 

orbitofrontal cortex (Schmaal et al., 2016).

It is not apparent why the present study noted a greater length of SERT-ir axons in OFC in 

younger subjects with MDD and decreased radioligand binding to the SERT is found in 

OFC in younger suicide victims with MDD (Underwood et al., 2012) or suicide victims 

without MDD (Mann et al., 2000). In contrast to studies of radioligand binding to SERT in 

postmortem OFC and other prefrontal cortex in depression, a meta-analysis of neuroimaging 

studies in living subjects with MDD reported no significant change in SERT binding in the 

frontal cortex (Gryglewski et al., 2014). However, intriguing PET studies note greater SERT 

binding in prefrontal cortical regions in a subgroup of depressed patients with more highly 

negativistic dysfunctional attitudes (Meyer et al., 2004) and a greater seasonal increase in 

SERT binding in patients with more severe symptoms of seasonal affective disorder which is 

reversible by light therapy (Tyrer et al., 2016a; b). However, a limitation of the present study 

is that negativistic dysfunctional attitudes cannot be extracted from the retrospective 

questionnaires used for psychopathology.

There are several other limitations to this study. Although the sample size is relatively small 

and only one brain region and one cortical layer was examined, the study was predicated 

upon a very similar study in dorsolateral prefrontal cortex (Austin et al., 2002). As a cross-

sectional study, we are not able to definitively comment on disease progression or the effect 

of age on SERT-ir axon length data collected only at the time of death. However, the effect 

of age on axon length in MDD is present for all depressed subjects, and for depressed 

subjects with no psychotropic drug in blood at the time of death. Furthermore, covarying for 

age, there was no significant difference between depressed subjects with or without a recent 

antidepressant prescription. There were also no significant correlations between a proxy of 

‘disease progression’ (i.e. age of onset of MDD, and the duration of MDD) and SERT-ir 

axon length. Another potential limitation is a lack of complete details on lifetime exposure 

to antidepressant medication. Such detailed medication histories and compliance records are 

rarely, if ever, available for studies of postmortem tissues in MDD. Another potential 

limitation includes the death by suicide of some but not all the subjects with MDD. Another 

potential drawback to the study is assessing psychiatric illness primarily by information 

collected from knowledgeable informants. Nevertheless, there is a high degree of agreement 

between diagnoses of MDD based on interviewing next-of-kin and diagnoses based on 

examination of living subjects (DeJong and Overholser, 2009). Finally, the use of fixed 
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tissues to measure the length density of fibers expressing the SERT protein does not allow 

determination of the level of SERT protein per se.

Conclusions

There was a significant diagnosis-by-age effect on SERT-ir axon length in subjects 

retrospectively diagnosed with MDD. The age of subjects with MDD was negatively 

correlated with SERT-ir axon length. The effect of age on SERT-ir axon length in MDD was 

not due to gender, postmortem interval, processing of tissue, death by suicide, 5HTTLPR 

genotype, and does not appear to be due to treatment with an antidepressant medication. The 

inverse relationship between age and SERT-ir axon length in MDD may reflect age-

dependent pathology of ascending axons passing to OFC through deep white matter 

hyperintensities. Greater length of axons expressing SERT in younger subjects with MDD, 

together with enhanced inhibitory tone on serotonin cell bodies in the dorsal raphe nucleus, 

may result in a significant deficit in serotonin availability in OFC in depression.
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• Axons expressing the serotonin transporter are examined in orbitofrontal 

cortex from subjects with major depressive disorder

• There was a significant diagnosis by age effect on axon length in subjects 

diagnosed with major depressive disorder

• Effect of age on axon length in MDD was not due to gender, death by suicide, 

or presence of antidepressant drug
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Figure 1. 
Photomicrograph of axons expressing the serotonin transporter (SERT) in layer VI of the 

orbitofrontal cortex as visible using the 40× objective of the microscope. The square located 

in the center of the image represents a 3-dimensional counting box. The 3-dimensional 

length density of all SERT-immunoreactive axons was determined within randomly initiated 

and systematically placed counting boxes. Scale bar = 10 µm.
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Figure 2. 
Correlation between age and serotonin transporter (SERT)-immunoreactive (ir) axon length 

in layer VI of the orbitofrontal cortex for control and depressed subjects. A) all control 

subjects (circles, N=17) and all subjects with major depressive disorder (MDD, triangles, 

N=18), and B) all control subjects (circles, N=17) and subjects with MDD without an 

antidepressant drug in postmortem toxicology (triangles, N=14). For (A), there was a 

significant negative correlation (r= −0.77, p<0.0005) between SERT-ir axon length and age 

in MDD; there was no significant correlation (r= 0.03, p>0.05) between SERT-ir axon length 

density and age in control subjects. For (B), there was a significant negative correlation (r= 
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−0.76, p<0.001) between SERT-ir axon length density and age in MDD; there was no 

significant correlation (r= 0.03, p>0.05) between SERT-ir axon length density and age in 

control subjects. Regression lines for control subjects are solid and those for MDD subjects 

are dashed. The 95 percent confidence intervals for the regression lines are shaded gray.
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Figure 3. 
Influence of suicide on correlation between age and serotonin transporter (SERT)- 

immunoreactive (ir) axon length density in layer VI of the orbitofrontal cortex for control 

and depressed subjects. All control subjects (N=17) are represented by circles and solid line, 

subjects with major depressive disorder dying by suicide (MDD, N=8) are represented by 

open triangles and short-dashed line, and subjects with MDD dying by other causes (N=10) 

are represented by closed triangles and long-dashed line. There was a significant negative 

correlation between SERT-ir axon length density and age in MDD-non-suicide (r= −0.813 

p<0.005) but not in MDD-suicide (r= −0.668 p>0.05). There was no significant correlation 

(r= 0.03, p>0.05) between SERT-ir axon length density and age in control subjects.
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Figure 4. 
Influence of 5-HTTLPR genotype on serotonin transporter (SERT)-immunoreactive (ir) 

axon length. Analysis of the effects of serotonin transporter genotypes (L/L, L/S, and S/S) 

on SERT-ir axon length density in layer VI of the orbitofrontal cortex of control subjects and 

subjects with major depressive disorder (MDD). Mean and S.E.M. values are presented.
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Table 1

Demographic and disease characteristics of control and MDD subjects.

Parameter Controls (n=17) MDD (n=18)

Age (years) (range) 55 ± 5 (27 – 86) 57 ± 4 (30 – 87)

Gender (F:M) 7:10 9:9

PMI (hrs) (range) 20 ± 1 (11 – 27) 20 ± 1 (10 – 26)

Tissue pH (range) 6.74 ± 0.05 (6.32 – 7.01) 6.57 ± 0.05 (6.24– 6.97)

TF (months) (range) 36 ± 7 (7 – 103) 19 ± 2 (7 – 43)

Time in Ethanol (years) (range) 11± 0.6 (7 – 14) 13 ± 0.4 (10 – 16)

Cause of death Cardiovascular disease n=13; asthma n=1; 
accidental electrocution n=1; homicide by firearm 
n=1; pulmonary thromboembolism n=1

Suicide n=8 (firearm n=2; CO poisoning n=2; 
hanging n=2; drowning n=1; drug overdose n=1 )

Other causes n=10 (cardiovascular disease n=7; 
pulmonary thromboembolism n=1; homicide by 
firearm n=1; undetermined n=1)

Psychiatric Diagnosis None (n=15) MDD (n=18)

Remote history of alcohol dependence (n=1) MDD plus alcohol dependence (n=2)

Remote history of alcohol abuse (n=1) MDD plus polysubstance dependence (n=2)

Duration of MDD (years) (range) Not applicable 16.8 ± 3.5 (0.17 – 50)

Antidepressant drug history None n=9

Postmortem toxicology None n=4 (amitriptyline n=1; nortriptyline n=1; sertraline 
n=2; chlorpromazine n=1)

Data represent the mean ± S.E.M. Abbreviations: CO - carbon monoxide; F - female; M - male; MDD - major depressive disorder; PMI - 
Postmortem interval; TF - Time in fixative;
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