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Abstract
Anxiety disorders, depression and animal models of vulnerability to a depression-like syndrome have
been associated with dysregulation of serotonergic systems in the brain. To evaluate the effects of
early life experience, adverse experiences during adulthood, and potential interactions between these
factors on serotonin transporter (slc6a4) mRNA expression, we investigated in rats the effects of
maternal separation (180 min/day from days 2–14 of life; MS180), neonatal handing (15 min/day
from days 2–14 of life; MS15), or normal animal facility rearing control conditions (AFR) with or
without subsequent exposure to adult social defeat on slc6a4 mRNA expression in the dorsal raphe
nucleus (DR) and caudal linear nucleus. At the level of specific subdivisions of the DR, there were
no differences in slc6a4 mRNA expression between MS15 and AFR rats. Among rats exposed to a
novel cage control condition, increased slc6a4 mRNA expression was observed in the dorsal part of
the DR in MS180 rats, relative to AFR control rats. In contrast, MS180 rats exposed to social defeat
as adults had increased slc6a4 mRNA expression throughout the DR compared to both MS15 and
AFR controls. Social defeat increased slc6a4 mRNA expression, but only in MS180 rats and only
in the “lateral wings” of the DR. Overall these data demonstrate that early life experience and stressful
experience during adulthood interact to determine slc6a4 mRNA expression. These data support the
hypothesis that early life experience and major stressful life events contribute to dysregulation of
serotonergic systems in stress-related neuropsychiatric disorders.
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1. Introduction
Genetic influences and adverse experience, either during early life or during adulthood,
contribute to the vulnerability of individuals to anxiety and affective disorders (Caspi et al,
2003; Hettema et al, 2006; Kendler et al, 2004; Kendler et al, 2005; McCauley et al, 1997;
Teicher et al, 2006). One mechanism through which these factors may influence vulnerability
to stress-related neuropsychiatric disorders is through effects on brainstem monoaminergic
systems, including serotonergic systems (Canli and Lesch, 2007; Owens and Nemeroff,
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1994). Indeed, the low-expressing s allele of a serotonin transporter-linked polymorphic region
(5-HTTLPR) has been associated with increased vulnerability to anxiety and depression
following exposure to major stressful life events during adulthood (Caspi et al, 2003; Grabe et
al, 2005), although a recent meta-analysis has challenged this view (Risch et al, 2009).
Furthermore, depressed subjects reporting childhood abuse have lower serotonin transporter
binding than non-abused depressed subjects (Miller et al, 2009). Together, these data suggest
that genetic influences, adverse early life experiences, and major stressful events during
adulthood contribute to vulnerability to depression and the associated changes in serotonergic
systems during adulthood.

Exposure of rats to prolonged periods of maternal separation during the neonatal period has
been suggested as an animal model of vulnerability to development of anxiety states and a
depression-like syndrome (Hall, 1998; Ladd et al, 2000; Plotsky et al, 1998; Willner, 1990).
Although the mechanisms involved in the effects of adverse early life experience on subsequent
vulnerability to anxiety states and a depression-like syndrome in rats are not clear, adverse
early life experiences have been shown to alter serotonergic systems within the brain, including
altered stress-induced serotonergic neurotransmission during adulthood (Daniels et al, 2004;
Gartside et al, 2003; van Riel et al, 2004), and altered responsiveness of serotonergic neuronal
firing rates to selective serotonin reuptake inhibitors (Arborelius et al, 2004). In contrast,
exposure of rats to short periods of neonatal maternal separation (MS15 procedure) has been
suggested as an animal model of resilience to stress and stress-related pathology, effects that
are dependent on epigenetic programming and altered limbic serotonergic function (Meaney
and Szyf, 2005; Smythe et al, 1994). Recent studies in human suicides confirm that childhood
abuse alters epigenetic regulation of stress-related genes, including the gene encoding the
glucocorticoid receptor (McGowan et al, 2009).

Evidence suggests that allelic variants of the gene (solute carrier family 6 (neurotransmitter
transporter, serotonin), member 4, slc6a4) encoding the serotonin transporter may be genetic
predictors of anxiety (for review, see Hariri and Holmes, 2006; Hu et al, 2006; Lesch et al,
1996; Ozaki et al, 2003), and affective disorders (Caspi et al, 2003; Hoefgen et al, 2005; Ogilvie
et al, 1996; Rotondo et al, 2002), genetic predictors of suicide risk among depressed patients
(Caspi et al, 2003), as well as genetic predictors of responses to antidepressant treatment (Smits
et al, 2004; Yu et al, 2002).

Although it is clear that genetic influences can alter slc6a4 expression and that allelic variants
of slc6a4 are associated with anxiety and affective disorders, it is unknown if interactions
between adverse early life experience or stressful experience during adulthood, important
vulnerability factors for anxiety disorders and depression, can alter slc6a4 expression.

We hypothesized that early life experience and subsequent stressful experience during
adulthood interact to regulate slc6a4 mRNA expression in serotonergic neurons. In order to
test this hypothesis, we studied potential interactions between different early life experience
and stressful experience (exposure to social defeat or a novel cage control condition) during
adulthood on slc6a4 mRNA expression in rats.

2. Results
Analysis at the level of the DR

Analysis of slc6a4 mRNA expression across all 48 subregions of the DR studied (see Figure
1 for details) in each rat, using multifactor ANOVA with repeated measures, revealed
significant interactions among early life experience, social defeat, and brain region
(F(94, 1316) = 1.73; P < 0.001). Early life experience had a strong main effect on slc6a4 mRNA
expression (F(2, 28) = 10.30; P < 0.001) as evidenced by the mean slc6a4 mRNA expression

Gardner et al. Page 2

Brain Res. Author manuscript; available in PMC 2010 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



across all 48 subregions of the DR in rats exposed to either novel cage control conditions or
social defeat as adults (Figure 2A; one-way ANOVA, F(2,32) = 7.75, P = 0.002). Analysis of
slc6a4 mRNA expression without consideration of adult experience indicated that slc6a4
mRNA expression was increased 43% in MS180 rats relative to MS15 rats, and increased 34%
in MS180 rats relative to AFR control rats. In contrast, analysis without consideration of
differences in early life experience indicated that rats exposed to social defeat had comparable
levels of slc6a4 mRNA expression across all 48 subregions of the DR relative to rats exposed
to a novel cage (Figure 2B). This suggested that any effects of social defeat were evident only
in rats with specific early life experience, only in specific subregions of the DR, or both.
Collapsing the data for all 48 subregions of the DR indicated that MS180 rats exposed to social
defeat, but not MS180 rats exposed to a novel cage, had higher slc6a4 mRNA expression
relative to AFR and MS15 rats (Figure 2C). Among rats exposed to social defeat, the mean
slc6a4 mRNA expression in all 48 subregions of the DR in MS180 rats was 65% higher than
in MS15 rats and 58% higher than in AFR rats.

Analysis at the level of subdivisions of the DR
Serotonergic neurons in the DR are topographically organized, such that different subdivisions
of the DR receive different afferents (Peyron et al, 1998), and give rise to unique patterns of
efferents (Lowry et al, 2008a). Therefore, we analyzed slc6a4 mRNA expression in each of
the major subdivisions of the DR and the CLi; this analysis, ignoring differences between the
rostrocaudal levels of each subdivision, revealed that the effects of early life experience and
social defeat were dependent on the specific subdivision of the DR studied (Figure 3;
F(94, 1316) = 1.73; P < 0.001). Among either rats exposed to a novel cage control condition or
rats exposed to social defeat, there were no differences in slc6a4 mRNA expression in MS15
rats, compared to AFR rats. In contrast, differences in slc6a4 mRNA expression in MS15 or
AFR rats relative to MS180 rats were observed in several subdivisions of the DR and CLi,
predominantly in rats exposed to social defeat. Among rats exposed to a novel cage control
condition, slc6a4 mRNA expression was higher in MS180 rats, compared to AFR control rats,
but only in the dorsal part of the DR (DRD; Figure 3A). In rats exposed to social defeat,
however, slc6a4 mRNA expression was higher in MS180 rats, compared to either MS15 or
AFR rats, in all subdivisions excluding the interfascicular part of the DR (DRI). Percent
changes in slc6a4 mRNA expression within subdivisions of the DR and the CLi, due to early
life experience, are reported in Table 1.

Social defeat increased slc6a4 mRNA expression, but this effect was only significant in the
right DRVL/VLPAG, or the combined right and left DRVL/VLPAG, and only in MS180 rats
(Figure 3D, 3G). The comparison of slc6a4 mRNA expression in the left DRVL/VLPAG in
MS180 rats exposed to a novel cage relative to MS180 rats exposed to social defeat approached
statistical significance (P = 0.082). Percent changes in slc6a4 mRNA expression within
subdivisions of the DR and the CLi, due to social defeat, are presented in Table 2. Together,
these data suggest that the effects of social defeat, by itself, to increase slc6a4 mRNA
expression were greatest in the DRVL/VLPAG region and furthermore that the effects of social
defeat in the DRVL/VLPAG were only observed in MS180 rats. Indeed, when the mean
slc6a4 mRNA expression was considered for the combined left and right DRVL, slc6a4 mRNA
expression was higher in rats exposed to social defeat compared to rats exposed to the novel
cage control condition, and this effect was only observed in MS180 rats (Figure 3G).

Analysis at the level of different rostrocaudal levels of subdivisions of the DR
In addition to anatomical and functional differences among different subdivisions of the DR,
there is anatomical and functional heterogeneity along the rostrocaudal axis of the DR (Abrams
et al, 2004; Imai et al, 1986; Lowry et al, 2005; Lowry et al, 2008a). Separate analysis of the
effects of early life experience and social defeat on slc6a4 mRNA expression at specific
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rostrocaudal levels of each of the major subdivisions of the DR revealed effects of early life
experience and social defeat that were limited to specific rostrocaudal levels of the midbrain
raphe complex (Figure 4, 5).

Among rats exposed to novel cage control conditions, increases in slc6a4 mRNA expression
were observed in the rostral part of the DRD and DRV of MS180 rats and AFR rats, relative
to MS15 rats (Figure 4, 5). Together, these data suggest that early life experience had modest
effects on slc6a4 mRNA expression within subregions of the DR and CLi in rats exposed to a
novel cage control condition as adults.

Effects of early life experience on slc6a4 mRNA expression were more widespread in rats
subsequently exposed to social defeat, with effects at specific rostrocaudal levels of all
subdivisions of the DR (DRD, DRV, left and right DRVL/VLPAG region, DRI) and CLi
studied (Figure 4, 5). Within the DRD, among rats exposed to social defeat, rats exposed to
maternal separation during early life had increases in slc6a4 mRNA expression, compared to
either AFR control rats or MS15 rats, that were largely restricted to the mid-rostrocaudal DRD
(Figure 4B). In contrast, MS15 rats had decreased slc6a4 mRNA expression, compared to AFR
control rats, at one level of the mid-rostrocaudal DRD. Thus, maternal separation increased,
while neonatal handling (MS15 condition) decreased, slc6a4 mRNA expression within the
mid-rostrocaudal DR.

Within the DRV, among rats exposed to social defeat, rats exposed to maternal separation
during early life had increases in slc6a4 mRNA expression, compared to MS15 rats, that were
restricted to the mid-rostrocaudal DRV; meanwhile, increases in slc6a4 mRNA expression in
MS180 rats, compared to AFR control rats, were restricted to the rostral DRV (Figure 4D, 5).
In contrast, MS15 rats had decreased slc6a4 mRNA expression, compared to AFR control rats,
within the mid-rostrocaudal DRV (Figure 4D). Thus, maternal separation increased slc6a4
mRNA expression while neonatal handling (MS15 condition) decreased slc6a4 mRNA
expression within the rostral and mid-rostrocaudal DRV, respectively.

Within the DRVL/VLPAG region, among rats exposed to social defeat, maternal separation
increased slc6a4 mRNA expression, relative to MS15 rats, in the left and right mid-rostrocaudal
DRVL/VLPAG regions, and increased slc6a4 mRNA expression, relative to AFR control rats,
in the most rostral pole of the right DRVL/VLPAG region (Figure 4G, 4H, 5). Thus, the most
evident effects of early life experience on slc6a4 mRNA expression within the DRVL/VLPAG
region were the effects of maternal separation to increase slc6a4 mRNA expression, relative
to MS15 rats and AFR control rats, within the mid-rostrocaudal and rostral DRVL/VLPAG
regions, respectively.

Within the DRI, among rats exposed to social defeat, rats exposed to maternal separation had
elevated slc6a4 mRNA expression, relative to MS15 rats, within the rostral DRI, and relative
to AFR control rats, within the mid-caudal DR (Figure 4J). Finally, within the CLi, among rats
exposed to social defeat, rats exposed to maternal separation had increased slc6a4 mRNA
expression compared to either MS15 or AFR control rats (Figure 5). Thus, within both the DRI
and CLi, analysis of specific rostrocaudal levels suggests that maternal separation generally
results in an increase in slc6a4 mRNA expression, relative to MS15 rats and AFR control rats.

Social defeat decreased slc6a4 mRNA expression in specific rostrocaudal regions of the DRV
of MS15 and AFR rats, relative to MS15 and AFR rats exposed to a novel cage control
condition, and these effects were only observed in the mid-rostrocaudal and rostral section of
the DRV.
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3. Discussion
An interaction between adverse early life experience and stress during adulthood led to
increased slc6a4 mRNA expression in the DR. In addition, exposure to social defeat during
adulthood, compared to exposure to a novel cage control condition, increased slc6a4 mRNA
expression, but only in MS180 rats and only in the DRVL/VLPAG region. Analysis of specific
rostrocaudal levels of each major subdivision of the DR revealed effects of early life experience
and social defeat at specific rostrocaudal levels of several subdivisions, consistent with an
anatomic and functional heterogeneity within the DR. These data suggest that adverse early
life experience results in vulnerability to stress-induced increases in slc6a4 mRNA expression.
These changes in slc6a4 mRNA expression may alter subsequent responses to aversive stimuli,
but this will need to be determined experimentally.

Although we have not included behavioral analysis in this study, in a previous study conducted
using rats from the same litters, tested under the same conditions (Gardner et al, 2005), MS180
rats displayed a higher ratio of passive-submissive behaviors (passive genital sniff, genital
sniff, sniffing bedding, freezing, sideways submission, and full submission) versus proactive
coping behaviors (attack, upright defensive behavior, rearing, and escape) compared with
either MS15 or AFR rats, based on the frequencies or durations of behaviors during defeat.
Consistent with these findings, based on analysis of the duration of behaviors, MS180 rats
responded with more passive–submissive behavior and less proactive coping behavior
compared with either MS15 or AFR rats. As serotonergic systems are thought to contribute to
regulation of defensive behavior (Deakin and Graeff, 1991; Graeff et al, 1996), the differential
vulnerability of MS180 rats to stress-induced effects on DR serotonergic systems may
contribute to these behavioral differences.

Rats exposed to maternal separation followed by exposure to a novel cage control condition
during adulthood had slc6a4 mRNA expression levels in the DR that were equivalent to levels
in MS15 and AFR control rats. This suggests that baseline levels of slc6a4 mRNA expression
were equivalent among the groups of rats with different early life experience. These findings
are consistent with a previous study demonstrating that there are no differences in slc6a4
binding or mRNA expression in adult MS15 and MS180 rats (Arborelius et al, 2004). However,
these findings conflict with another report that slc6a4 mRNA expression is lower in rats
exposed to maternal separation, compared to non-handled control rats under baseline
conditions (Lee et al, 2007). These differences may be due to differences in the strain of rat
used, differences in the methods for maternal separation, differences in housing conditions
during adulthood, or the fact that rats in the current study were exposed to a novel cage control
condition. The novel cage was located in the same room where social defeat occurred, out of
sight of the social defeat cage; however, rats exposed to the novel cage control condition would
have been exposed to any auditory or olfactory stimuli, including ultrasonic vocalizations,
which itself may have been stressful.

Although previous studies (Arborelius et al, 2004), and the current study, have found no
differences between MS15 and MS180 rats with respect to slc6a4 mRNA expression or
serotonin transporter binding in the DR (Arborelius et al, 2004), or limbic forebrain structures
(Vicentic et al, 2006), MS15 and MS180 rats differ in their responsiveness of DR serotonergic
neuronal firing rates to the selective serotonin reuptake inhibitor citalopram (Arborelius et al,
2004). Since baseline firing rates of DR serotonergic neurons in MS15 and MS180 rats do not
differ (Arborelius et al, 2004), differential sensitivity to citalopram might occur if tryptophan
hydroxylase activity and serotonin release was elevated in MS180 rats. Consistent with this
possibility, we have found in a previous study that MS180 rats have increased tryptophan
hydroxylase 2 (tph2) mRNA expression in the DR, relative to MS15 rats (Gardner et al,
2009).
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An interaction between adverse early life experience and stress during adulthood led to
increased slc6a4 mRNA expression within specific subdivisions of the DR. Among rats
exposed to a novel cage control condition, slc6a4 mRNA expression was for the most part
equivalent in MS15, AFR, and MS180 rats. In contrast, all regions, excluding the DRI, had
increased slc6a4 mRNA expression in MS180 rats compared to MS15 or AFR rats when rats
were exposed to social defeat. One region, the DRD, responded with increased slc6a4 mRNA
expression in MS180 rats exposed to either a novel cage control condition, or social defeat.
This region also selectively responded to social defeat with increased c-Fos expression in
serotonergic neurons, in MS15, AFR, and MS180 rats (Gardner et al, 2005), suggesting that
this region is uniquely activated by social defeat. The DRD has been associated with facilitation
of stress- or anxiety-related responses (Lowry et al, 2005; Lowry et al, 2008b; Maier and
Watkins, 2005), and it is therefore possible that differences in slc6a4 mRNA expression among
the different early life experience treatment groups are absent under baseline conditions, but
the mild stress of exposure to a novel cage increased slc6a4 mRNA expression in the DRD of
MS180 rats, but not in MS15 or AFR control rats. Future studies will be required to resolve
this issue.

Among rats exposed to social defeat, MS180 rats, compared to rats exposed to neonatal
handling (MS15 condition) or AFR control conditions, had increased slc6a4 mRNA expression
in the mid-rostrocaudal part of the DRD. The mid-rostrocaudal and caudal parts of the DRD
region are selectively activated following exposure of rats to a number of stress- and anxiety-
related stimuli (Abrams et al, 2005; Lowry et al, 2005; Lowry et al, 2008b; Lowry et al,
2008a; Lowry and Hale, 2009; Staub et al, 2005; Staub et al, 2006), including social defeat
(Gardner et al, 2005) and give rise to a dense innervation of the amygdala (Abrams et al,
2005). Human imaging studies reveal that the number of low-expressing s alleles of the
serotonin transporter (5-HTT)-linked polymorphic region (5-HTTLPR) is positively correlated
with activation of the amygdala in response to exposure to aversive, but not non-aversive
pictures (Hariri and Holmes, 2006; Heinz et al, 2005), as well as to uncertain, presumably
stressful, stimuli (Heinz et al, 2007). Studies in mice suggest that developmental influences
could account for these differences and for vulnerability to psychiatric disorders in individuals
with low-expressing slc6a4 promoter alleles (Ansorge et al, 2004). Here we demonstrate
something quite different, that stressful experiences during adulthood can increase slc6a4
mRNA expression, at least in vulnerable individuals. The functional consequences of this
increased expression, in amygdala circuits for example, would be dependent on the functional
expression of the serotonin transporter protein and its cellular trafficking. If the serotonin
transporter is preferentially trafficked to dendrites, then we would predict that serotonergic
neurotransmission would be increased (due to decreased negative feedback at 5-HT1A
autoreceptors). In contrast, if the serotonin transporter is preferentially trafficked to axon
terminals, then we would predict that serotonergic neurotransmission would be decreased (due
to more rapid clearance of 5-HT from synaptic sites) at a time point consistent with trafficking
of serotonin transporter protein to the axon terminals. Future studies are required to determine
the specific outcomes. Nevertheless, our studies provide evidence for increased stress-
sensitivity of rats previously exposed to maternal separation, as measured by changes in gene
expression.

Our data suggest that main effects of stress to increase slc6a4 mRNA expression were only
observed in MS180 rats, and only in the DRVL/VLPAG region. The mechanisms underlying
the regional specificity of the effects of stress are not certain, but may be related to alterations
of context-dependent, specific afferent input to this region. The developmentally dependent,
regionally specific effects of stress on slc6a4 mRNA expression, may be due to activation of
specific neural circuits by social defeat, which are known to include the DRVL/VLPAG region
(Gardner et al, 2005; Martinez et al, 1998; Matsuda et al, 1996; Miczek et al, 2004; Nikulina
et al, 1998). The DRVL/VLPAG region plays an important role in passive emotional coping
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responses to different inescapable, stress-related stimuli, including social defeat (Johnson et
al, 2005; Keay and Bandler, 2001). These stimuli often induce hypotension and bradycardia,
responses associated with a passive emotional coping response consisting of disengagement
from the environment and behavioral quiescence (Keay and Bandler, 2001). These functional
properties of the DRVL/VLPAG region are consistent with the shift toward a passive-
submissive behavioral response to social defeat in MS180 rats (Gardner et al, 2005). The
DRVL/VLPAG region receives direct input from the prefrontal cortex in rats (Peyron et al,
1998) and the medial, orbito-insular, and cingulate/dorsomedial convexity prefrontocortical
areas in primates (Keay and Bandler, 2001). Differential input from these regions regulating
emotional behavior is one mechanism that may account for the site-specific effects of stress
on slc6a4 mRNA expression.

It is possible that brainstem afferents to the DR also contribute to the selective actions of adverse
early life experience and social defeat stress on slc6a4 mRNA expression in subpopulations
of serotonergic neurons. A number of excellent studies have evaluated brainstem inputs to the
DR (Braz et al, 2009; Lee et al, 2005; Lee et al, 2003; Peyron et al, 1996; Sakai et al, 1977).
Included among caudal brainstem afferents to the DR are the brainstem catecholaminergic
systems, which play an excitatory role in regulation of serotonergic neuronal firing rates
(Vandermaelen and Aghajanian, 1983). Recently, studies by Braz and colleagues (2009),
confirmed that A1, A2, A5, A6 (locus coeruleus), and A7 noradrenergic cells specifically
innervate DR serotonergic neurons. A few studies have analyzed brainstem catecholamine
afferents to specific subdivisions of the DR (Lee et al, 2005; Lee et al, 2003; Peyron et al,
1996). These studies reveal that the DRVL/VLPAG region (the “lateral wings” of the DR) has
a comparable innervation by the A5 and A6 cell groups, but together with the rostral DRD, is
selectively innervated by the rostral (C1 adrenergic cell group) and caudal (A1 noradrenergic
cell group) ventrolateral medulla, and the A2 cell group in the commissural part of the nucleus
of the solitary tract (Peyron et al, 1996). These findings are consistent with a high density of
phenylethanolamine-N-methyltransferase- (PNMT) and dopamine-β-hydroxylase- (DBH)
immunoreactive fibers specifically within the rostral dorsal part of the DR and the lateral wings
of the DR (Herbert and Saper, 1992), and the finding that stress-induced noradrenaline release
is elevated in MS180 rats (Liu et al, 2000). Thus, social defeat-induced activation of the C1,
A1, and A2 catecholaminergic cell groups could contribute to the selective stress-induced
activation of serotonergic neurons in the DRVL/VLPAG region in MS180 rats.

Previous studies suggest that repeated social defeat may induce a more widespread increase in
slc6a4 mRNA expression in the midbrain raphe nuclei. Increased slc6a4 mRNA expression
was evident in losers of aggressive encounters in mice exposed to chronic (10 days) social
defeat, relative to either winners of the aggressive encounters or single housed controls, using
brain microdissection and reverse transcription polymerase chain reaction (RT-PCR)
(Filipenko et al, 2002). Similarly, chronic stress (5 days), but not acute stress, has been found
to increase slc6a4 mRNA expression in the midbrain raphe nuclei of male and female rats using
brain microdissection and northern blot (Pare et al, 1999). Together, these findings suggest
that the overall trend for chronic stress-induced changes in slc6a4 mRNA expression during
adulthood is an increase in expression. In addition, treatment of mice with interferon-α, which,
like chronic stress, is known to have psychiatric consequences including depression in human
patients (Raison et al, 2006), also increases slc6a4 mRNA expression (Morikawa et al,
1998). In contrast, repeated exposure to electroconvulsive shock (Shen et al, 2001), which has
antidepressant effects in humans, or chronic treatment with the antidepressants imipramine,
fluoxetine, or tianeptine (Kuroda et al, 1994; Lesch et al, 1993), decreases slc6a4 mRNA
expression in the rat midbrain raphe complex. The findings with antidepressant drug treatment
are not consistent, however, as other studies have found that antidepressants either increase
slc6a4 mRNA expression (Lopez et al, 1994) or have no effect (Burnet et al, 1994; Koed and
Linnet, 1997; Linnet et al, 1995; Spurlock et al, 1994). However, the latter studies measured
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slc6a4 mRNA expression in whole brain homogenates using multiprobe oligonucleotide
solution hybridization (Spurlock et al, 1994), midbrain homogenates using northern blot (Koed
and Linnet, 1997; Linnet et al, 1995), or undefined regions of the midbrain raphe complex
using in situ hybridization histochemistry (Burnet et al, 1994), and therefore would not have
detected regional differences in slc6a4 mRNA expression.

Social defeat decreased slc6a4 mRNA expression in specific rostrocaudal regions of the DRV
of MS15 and AFR rats, relative to MS15 and AFR rats exposed to a novel cage control
condition, and these effects were only observed in the mid-rostrocaudal and rostral sections of
the DRV. The consequences of a stress-induced decrease in slc6a4 mRNA expression in the
mid-rostrocaudal and rostral sections of the DRV are unclear, but may alter subsequent social
behavior (see below). Elevations in slc6a4 mRNA expression in MS180 rats exposed to social
defeat, relative to AFR and MS15 rats exposed to social defeat, were also restricted to the mid-
rostrocaudal and rostral section of the DRV. As with the DRVL/VLPAG regions discussed
above, the mechanisms underlying the regional specificity of the effects of stress and early life
experience in the DRV are not certain, but may be related to alterations of context-dependent,
specific afferent input to this region. The DRV is selectively innervated by the lateral orbital
cortex, and medial and lateral parts of the preoptic area (Peyron et al, 1998). Activation of the
lateral orbital cortex has been described following psychosocial and aggressive encounters in
rats, and pyramidal cell activation in the lateral orbital cortex, together with the infralimbic,
medial orbital, and agranular insular parts of the prefrontal cortex, predicts over 95% of
variation in attack counts in general and violent attacks in particular (Halasz et al, 2006).
Meanwhile, neural responses during response inhibition in behavioral impulsivity tasks were
most prominent in the right lateral orbitofrontal cortex in human studies using functional
magnetic resonance imaging (fMRI) (Horn et al, 2003). Consequently, activation of a lateral
orbital cortex-DR pathway may be associated with the shift toward a passive-submissive
emotional coping strategy in MS180 rats (Gardner et al, 2005). Consistent with these findings,
a selective activation of the rostral part of the DRV has been described in losers in a resident-
intruder paradigm in Syrian hamsters (Cooper et al, 2009). As with the lateral orbital cortex,
the medial preoptic area is involved in regulation of inter-male aggressive behavior in rodents
(Simon et al, 1998). The innervation of the medial preoptic area in turn arises predominantly
from the rostral DRV, suggesting that these regions may have reciprocal projections (Rizvi et
al, 1992), and that the rostral DRV may play a particularly important role in serotonergic
regulation of aggressive behavior. Thus, activation of neural circuits involved in regulation of
behavior during psychosocial and aggressive encounters may account for the site-specific
effects of social defeat on slc6a4 mRNA expression within the rostral DRV observed in the
present study. This could explain why other anxiety- or stress-related stimuli, such as
anxiogenic drugs (Abrams et al, 2005), anxiety-related neuropeptides (Staub et al, 2005; Staub
et al, 2006), inescapable shock (Grahn et al, 1999), and hypercapnia (Johnson et al, 2005), do
not appear to activate the rostral DRV.

It is currently unclear if slc6a4 mRNA expression is increased, decreased, or normal in human
depressed patients. Initial studies found no differences in slc6a4 mRNA expression in
depressed suicides and controls (Little et al, 1997). One study has found that slc6a4 mRNA
expression per cell is increased in depressed suicide patients (Arango et al, 2001). However,
in the same study, there were 54% fewer DR neurons expressing slc6a4 mRNA, suggesting
that some serotonergic neurons, but not others, have elevated slc6a4 mRNA expression in
depressed patients. Several studies have measured brainstem serotonin transporter availability
in depressed patients. Initial imaging studies demonstrated decreased brainstem serotonin
transporter availability in depressed patients as measured by [123I]-2β-carbomethoxy-3β-(4-
iodophenyl)tropane ([123I]-β-CIT) or [123I]-nor-β-CIT and single photon emission computed
tomography (SPECT) (Joensuu et al, 2007; Lehto et al, 2006; Malison and et al., 1998).
However, a subsequent study using ([123I]-β-CIT) and SPECT combined with magnetic
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resonance imaging (MRI) found that the decrease in serotonin transporter availability was
restricted to females, localized within the diencephalon, and not present at all in the midbrain
(Staley et al, 2006). Meanwhile, using positron emission tomography (PET), Ichimiya and
colleagues (2002) confirmed that there was no difference in the serotonin transporter binding
potential in the midbrain of depressed patients compared with healthy controls, but revealed
increased binding potential in the thalamus. Thus, there are reports of decreases, increases, or
no change in serotonin transporter binding potential in depressed patients, depending on the
area of interest. Taken together, it remains possible that slc6a4 mRNA expression is increased
in a subpopulation of serotonergic neurons in depressed patients (Arango et al, 2001), similar
to findings with tph2 mRNA expression in depressed patients (Bach-Mizrachi et al, 2008),
which would be consistent with the present study.

In summary, an interaction between adverse early life experience and a stressful social defeat
encounter during adulthood increased slc6a4 mRNA expression in the DR. Among rats
exposed to social defeat, MS180 rats had increased slc6a4 mRNA expression compared to
either MS15 or AFR control rats in all subdivisions of the DR studied, excluding the DRI.
Social defeat increased slc6a4 mRNA expression, but only in the DRVL/VLPAG region, and
only in rats exposed to adverse early life experiences (MS180 rats). Conversely, social defeat
decreased slc6a4 mRNA expression, but only in the DRV and only in AFR and MS15 rats.
Interactions among early life experience, stressful experiences during adulthood, and brain
region in the transcriptional regulation of slc6a4 mRNA expression may explain some of the
conflicting findings related to alterations in slc6a4 mRNA expression in depressed patients, as
well as alterations in slc6a4 mRNA expression following antidepressant treatment in rats.
These data are consistent with the hypothesis that early life experience interacts with stressful
life events during adulthood to alter slc6a4 gene expression in subpopulations of serotonergic
neurons. In addition, these data are consistent with the hypothesis that, in addition to genetic
influences, early life experiences and major stressful life events interact to determine individual
differences in slc6a4 gene expression in humans, as well as the vulnerability to stress-related
psychiatric disorders.

4. Experimental Procedure
Animals

All animal care was conducted in accordance with the guidelines of the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (N.I.H. Publication No. 85-23) and
approved by the Emory University Institutional Animal Care and Use Committee. Timed-
pregnant Long Evans Crl:(LE)BR rats (Charles River, Portage, MI, USA) arrived at the Emory
University vivarium on gestational day 12. Upon arrival, dams were individually housed and
maintained on a 12:12 light dark cycle (lights on at 0700 h) with food and water available ad
libitum.

Maternal separation
The animal care and maternal separation procedures used have been described in detail
previously (Gardner et al, 2005; Huot et al, 2001; Plotsky and Meaney, 1993). The rats in this
study belonged to the same cohort as rats used to determine the effect of early life experience
and social defeat on behavior and c-Fos expression in serotonergic neurons in the midbrain
raphe complex, and specific methods for animal handling and social defeat have been described
(Gardner et al, 2005). Briefly, the day of birth was designated as postnatal day 0 (PND0). On
PND2, dams were removed from their maternity cages to adjacent cages. There was a total of
72 male rat pups; 36 of which were used for behavioral analysis and immunohistochemical
studies (Gardner et al, 2005) and 36 of which were used for in situ hybridization histochemistry
studies; all rats were exposed to the same social defeat paradigm (see below). Female pups
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were culled from litters and male pups were pooled and standardized to foster litters consisting
of eight rat pups each (9 foster litters in total). Previous studies using the MS15/MS180 rat
models (PND 2–14) have used unmanipulated litters (Daniels et al, 2004; Jaworski et al,
2005; Vicentic et al, 2006), foster litters with male:female ratios of 1:1 (Boccia and Pedersen,
2001), litters culled to male:female ratios of 3:1 (Giachino et al, 2007; Huot et al, 2001;
Lippmann et al, 2007), or male-only foster litters (Arborelius et al, 2004; Huot et al, 2002;
Kalinichev et al, 2001; Kalinichev et al, 2002; McNamara et al, 2002; Plotsky et al, 2005). We
chose to use male-only foster litters as studies using male-only foster litters have demonstrated
that adult MS180 rats, although they have increased sensitivity to the inhibitory effect of the
selective serotonin-reuptake inhibitor citalopram on the neuronal firing rates of serotonergic
neurons, do not have altered numbers of serotonin transporter binding sites or altered slc6a4
mRNA expression within the DR, relative to MS15 rats (Arborelius et al, 2004).

The 9 foster litters were randomly assigned to one of three rearing conditions: (1) MS180—
daily 180-min period of maternal separation from PND2 to 14 inclusive (“maternal
separation”), (2) MS15—daily 15-min period of maternal separation from PND2 to 14
inclusive (“neonatal handling”), and (3) animal facility rearing (AFR) controls—handling of
pups twice a week during routine cage changes.

Protocols involving manipulation of the pups took place between 0800 and 1200 h daily. During
separation, each dam was removed from its maternity cage and placed into an identical cage
until the end of the separation period. Pups were then removed as complete foster litters from
the nest, placed into an empty cage and transferred to an incubator in an adjacent room. The
incubator was maintained at 32 ± 0.5 °C from PND2-PND5 and 30 ± 0.5 °C from PND6-
PND14. At the end of the separation period, foster litters were returned to their maternity cages,
followed by reunion with the dams. Bedding in the transfer cages and incubator was never
changed. During PND4 PND14, half of the bedding in the maternity cages was changed once
a week while the pups and dams were out of the cage. During PND15-PND18 foster litters
were not disturbed. Beginning on PND18, bedding was completely changed twice a week.
Pups were weaned on PND21, housed with their foster litter mates until PND30, then, using
a completely randomized design, pair housed throughout adulthood with a member of the same
early life treatment group. Of the 12 pairs of rats available for each early life experience
treatment group, 6 pairs of rats were randomly selected for immunohistochemical and
behavioral studies (Gardner et al, 2005) and 6 pairs were used for in situ hybridization studies
described in this paper. Two days prior to the experiment adult rats were separated and
individually housed.

Social Defeat
Procedures for the social defeat paradigm have been described previously (Gardner et al,
2005). For the social defeat protocol, at 10 weeks of age, half of the individually housed rats
from each early life treatment group were randomly assigned to a novel cage control group;
the other half were assigned to a social defeat group. Resident males were heavier and older
than the male test subjects (intruders). Bedding in the resident cage was left unchanged the
week prior to the experiment. The resident female was removed from the resident cage 15 min
prior to the experiment. The social defeat paradigm consisted of both a pre-defeat phase and a
defeat phase, each lasting 10 min (Martinez et al, 1998). During the pre-defeat phase, the
resident’s cage (59.4 cm length × 30.8 cm width × 22.9 cm height) was fitted with a perforated
poly(methyl methacrylate) (PMMA; Plexiglas®) plate to divide the length of the cage into a
small (1/3) and a large (2/3) compartment with the resident in the large compartment, which
prevented physical contact but allowed the rats to see and smell each other. Immediately
following the initial 10 min pre-defeat phase, the Plexiglas® divide was removed and the rats
were allowed to interact for 10 min. Control rats were placed in a clean novel cage (1042
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cm3 floor space, identical to the home cage) for 20 min in the experimental room, out of visual
sight of the resident’s cage, during the social defeat. Experiments were completed within the
first 6 h of the light phase.

Behavior was recorded to confirm that all intruder rats were defeated during the social defeat
exposure. Unfortunately, the recorded behavior of 7 rats (2 MS15 rats, 4 AFR rats, and 1 MS180
rat) was lost due to unrecoverable damage to a video tape. Among the remaining rats in the
study, the resident male rat always attacked the intruder and the intruder always displayed full
submission (the intruder lies on its back with its belly exposed to the resident; 10 of 11 rats)
or sideways submission (the intruder crouches below the resident and turns to expose part of
its belly; 9 of 11 rats) during the 10 min period; there were no group differences in the
frequencies or durations of full submission, sideways submission, or attack behavior. These
behavioral findings are consistent with a previous study of rats from the same litters exposed
to the same behavioral paradigm, which found no group differences among full submission,
sideways submission, or attack behavior (Gardner et al, 2005).

Tissue collection and sectioning
Following exposure to a novel cage control condition or to the social defeat protocol, rats were
returned to their home cages and transferred back into the housing room for 4 h. Rats were
then anesthetized with sodium pentobarbital (Fatal Plus, Vortech Pharmaceuticals Dearborn,
MI, USA), transferred to a procedure room, and rapidly decapitated. We selected a 4 h survival
period as we have shown previously that stress-induced increases in brain mRNA expression
are evident at this time point (Harbuz et al, 1993; Harbuz and Lightman, 1989). The brains
were removed, frozen using powdered dry ice and stored at −80 °C. Tissue sections (12 μm)
were prepared using a cryostat and thaw-mounted onto gelatin-coated glass slides; after
dehydrating slides for 2–3 min on a hotplate (40 oC) slides were stored at −80 °C until use.
Alternate sets of seven sections were mounted on glass slides. One set of alternate sections
from each rat was used for analysis; in other words, measurements were taken from one section
every 84 μm from each rat throughout the rostrocaudal extent of the midbrain raphe complex
analyzed (Figure 6). The brain was always blocked, mounted, and sectioned, and sections
placed onto the slides in the same manner, ensuring the right and left hand sides of the brain
were correctly placed.

Oligonucleotide probe preparation
Every seventh section (tissue cut at 12 μm) was used for in situ hybridization histochemistry
to quantify slc6a4 mRNA expression. A 50 base oligonucleotide probe complementary to bases
207–256 (previously reported as bases 77–126 (Fujita et al, 1993; Hansen and Mikkelsen,
1998), based on the published sequence of the rat serotonin transporter cDNA clone (Blakely
et al, 1991)) of slc6a4 mRNA (Rattus norvegicus solute carrier family 6 (neurotransmitter
transporter, serotonin), member 4 (slc6a4), mRNA GenBank Accession no., NM_013034.3)
was used (5′-
ACAGCGGACAGGGCAGAGCCTAGCCAAATATCCAATGGGTACTCTGCAGT-3′).
The complimentary base sequence of the synthetic oligonucleotide probe was 5′-
ACTGCAGAGTACCCATTGGATATTTGGCTAGGCTCTGCCCTGTCCGCTGT-3′.). No
hybridization was detected using sense probes. The specificity of the oligonucleotide probe
used for detection of slc6a4 mRNA expression has been confirmed previously (Fujita et al,
1993; Hansen and Mikkelsen, 1998). In addition, evaluation of the targeted mRNA sequence
with the basic local alignment search tool (BLASTR) of National Center for Biotechnology
Information (NCBI) databases indicated that the targeted mRNA sequence does not show any
significant similarity with mRNAs other than the corresponding target in the rat genome.
Antisense and sense (control) probes were labeled at the 3′ end with [α-35S]-labeled
deoxyadenosine 5′-triphosphate (dATP, NEN, Brussels, Belgium) using terminal
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deoxynucleotidyl transferase (25 U/μl, Roche Molecular Biochemicals, Burgess Hill, UK).
Briefly, autoclaved HPLC-grade water (28 μl), 10 μl 5x TdT tailing buffer, 5 μl CoCl2, 1 μl
oligonucleotide (5 μM), 5 μl [35S]-dATP and 25 U TdT were added to two 1.5 μl eppendorf
tubes labeled sense and antisense and then mixed and incubated for 1 h at 37 °C in a water
bath. This procedure was predicted to add approximately 15 bases per probe. Unincorporated
[35S]-dATP was removed using the QIAquick nucleotide removal kit (Quiagen, Crawley, UK).

Semi-quantitative in situ hybridization histochemistry
In situ hybridization histochemistry was performed as described previously (Harbuz et al,
1993; Harbuz and Lightman, 1989). All control and experimental sections were hybridized in
the same hybridization reaction. Before hybridization, slides were equilibrated to room
temperature and then immersed in 4% paraformaldehyde in 0.05 M phosphate buffered saline
(PBS) for 10 min. Following two washes in 0.05 M PBS, slides were placed into freshly
prepared 0.25% acetic anhydride in 0.9% NaCl containing 0.1 M triethanolamine (TEA) for
10 min. Sections were then dehydrated through a graded series of alcohols, delipidated in
chloroform, rehydrated through a second series of alcohols, and then allowed to air dry.

Oligonucleotide probe hybridization solution (50% formamide, 20 × standard saline citrate
(SSC), 25 mg/ml yeast tRNA, 10 mg/ml sheared salmon sperm DNA, 50X Denhardt’s solution,
50% dextran sulphate, 10 mM dithiothreitol (DTT) and 1 × 105 cpm total radiolabeled probe)
was placed on each slide (90 μl), covered with parafilm coverslips, and incubated overnight in
a humidified 37 °C chamber. The next day coverslips were removed in 1X SSC and each slide
was washed with agitation 4 × 15 sec in 1X SSC. Slides were then put through 4 × 15 min
washes in 1X SSC at 55 °C in a shaking water bath, 1X SSC at room temperature for 2 × 30
min and then briefly (1–2 sec) in distilled water at room temperature. Slides were allowed to
air dry and were then apposed to autoradiography film (Hyperfilm-MP, GE Healthcare UK,
Ltd, Little Chalfont, UK) for 2 weeks.

Imaging and densitometry of in situ hybridization autoradiograms
Autoradiographic images of the probe bound to slc6a4 mRNA together with 14C-labeled
standards (to compensate for the non-linear response of the film to radioactivity) were
measured using a computer-assisted image analysis system. Analysis was performed on a
Macintosh computer using the public domain NIH Image program (developed at the U.S.
National Institutes of Health and available on the Internet at
http://rsb.info.nih.gov/nih-image/). Measurements were taken by an observer (KLG) blind to
the treatment of each rat. Each subdivision of the DR, or the CLi, was outlined and a
measurement of the density × area of each DR subdivision was taken using the threshold
function, which was constant throughout the analysis. All slides from the entire study were
apposed to a single film, allowing us to use a single set of 14C-labeled standards. Rostrocaudal
levels of the DR were determined by comparing the image of the tissue section with illustrations
in a stereotaxic atlas of the rat brain (Paxinos and Watson, 1998) and with atlases of tryptophan
hydroxylase immunostaining (Abrams et al, 2004) and serotonin transporter mRNA expression
(Lowry et al, 2008a) (Figure 5) in rat brain. At each anatomical level, raphe nuclei were further
subdivided according to the descriptions of a stereotaxic atlas of the rat brain (Paxinos and
Watson, 1998).

Statistics
To determine the effects of and potential interactions among early life experience, social defeat,
and brain region on slc6a4 mRNA expression, a single multifactor ANOVA with repeated
measures was used with early life experience and social defeat as between-subjects factors and
brain region as a within-subjects factor. A total of 48 different brain regions were studied from
the rostral (−7.66 mm Bregma) to caudal DR (−8.59 mm Bregma). The following subdivisions
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of the DR were studied at the following rostrocaudal levels: caudal linear nucleus (CLi; −7.66
mm Bregma), dorsal raphe nucleus, dorsal part (DRD; −7.75, −7.83, −7.92, −8.00, −8.08,
−8.17, −8.25, −8.34, −8.42, −8.50, −8.59 mm Bregma), dorsal raphe nucleus, interfascicular
part (DRI; −8.25, −8.34, −8.42, −8.50, −8.59 mm Bregma), dorsal raphe nucleus, ventral part
(DRV; −7.66, −7.75, −7.83, −7.92, −8.00, −8.08, −8.17, −8.25, −8.34, −8.42, −8.50, −8.59 mm
Bregma), left dorsal raphe nucleus, ventrolateral part/ventrolateral periaqueductal gray region
(left DRVL/VLPAG region or “lateral wings”; −7.83, −7.92, −8.00, −8.08, −8.17, −8.25, −8.34,
−8.42, −8.50 mm Bregma), right DRVL/VLPAG region (−7.83, −7.92, −8.00, −8.08, −8.17,
−8.25, −8.34, −8.42, −8.50 mm Bregma).

The mean slc6a4 mRNA expression in each subdivision (including all rostrocaudal levels) for
each rat was also calculated as the mean slc6a4 mRNA expression (density × area) for each
subdivision and analyzed as described above. Finally, the mean slc6a4 mRNA expression in
all subdivisions (including all rostrocaudal levels of all subdivisions) for each rat was also
calculated as the mean slc6a4 mRNA expression (density × area) of the DR. The mean
slc6a4 mRNA expression values were then analyzed using two-factor ANOVA using early life
experience and social defeat as between-subjects factors.

Two rats were removed from analysis due to missing data. Prior to the multifactor ANOVA
with repeated measures, missing values (10.1% of the 1728 total data points) were replaced
using the Petersen method (Petersen, 1985). These replacement values were used for the
multifactor ANOVA with repeated measures only. If the multifactor ANOVA with repeated
measures indicated an effect of early life experience, social defeat, or interactions among these
factors and brain region, the topographical distribution of the effect was determined using
Fisher’s Protected Least Significant Difference (LSD) tests. All statistics were performed using
SPSS (Version 16 for Windows, SPSS Inc., Chicago, IL, USA).
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Abbreviations
5-HT 5-hydroxytryptamine; serotonin

5-HTT serotonin transporter

AFR animal facility rearing

ANOVA analysis of variance

CLi caudal linear nucleus of the raphe

DR dorsal raphe nucleus

DRD dorsal raphe nucleus, dorsal part

DRI dorsal raphe nucleus, interfascicular part

DRV dorsal raphe nucleus, ventral part

DRVL dorsal raphe nucleus, ventrolateral part
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MS15 neonatal handling, separation from the dam for 15 min/day from postnatal day
2–14

MS180 maternal separation, separation from the dam for 180 min/day from postnatal day
2–14

PND postnatal day

VLPAG ventrolateral periaqueductal gray region
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Figure 1.
Atlas of rat slc6a4 mRNA expression in the midbrain raphe complex (84 μm intervals) used
for analysis of subregions of the DR with a high level of neuroanatomical resolution.
Photographs are autoradiographic images of slc6a4 mRNA expression as indicated by in situ
hybridization histochemistry. The levels chosen for analysis ranged from −7.664 mm Bregma
(designated Level 6) though −8.588 mm Bregma (designated Level −5). Abbreviations; CLi,
caudal linear nucleus of the raphe; DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe
nucleus, interfascicular part; DRV, dorsal raphe nucleus, ventral part; DRVL, dorsal raphe
nucleus, ventrolateral part; VLPAG, ventrolateral periaqueductal gray. Scale bar, 1 mm.
Adapted from Lowry CA, Evans AK, Gasser PJ, Hale MW, Staub DR, Shekhar A (2008)
Topographic organization and chemoarchitecture of the dorsal raphe nucleus and the median
raphe nucleus. In: Serotonin and Sleep: Molecular, Functional and Clinical Aspects. J.M.
Monti, S.R. Pandi-Perumal, B.L. Jacobs, and D.J. Nutt, Eds. Birkhauser Verlag AG, Basel,
Switzerland, pp. 25–67. ISBN: 978-3-7643-8560-6, with permission.
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Figure 2.
Early life experience and social defeat during adulthood interact to alter slc6a4 mRNA
expression in adult midbrain serotonergic neurons. A) Mean slc6a4 mRNA expression levels
in MS15, AFR, and MS180 rats, regardless of adult experience, based on the mean expression
levels in forty-eight subdivisions of the DR. B) Mean slc6a4 mRNA expression levels in adult
rats exposed to a novel cage (control condition) or social defeat, regardless of early life
experience, based on the mean expression levels in forty-eight subdivisions of the DR. C) Mean
slc6a4 mRNA expression levels in MS15, AFR, and MS180 rats exposed to a novel cage
control condition (control, left) or social defeat (right) as adults. Slc6a4 mRNA expression was
measured 4 h following exposure to a novel cage control condition or to social defeat. **P <
0.01, comparison of MS15 and MS180 groups. bP < 0.01, comparison of AFR and MS180
groups. Data are illustrated as means + SEM.
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Figure 3.
Effects of social defeat on slc6a4 mRNA expression in specific subdivisions of the DR are
dependent on early life experience. Graphs illustrate the effects of early life experience and
social defeat on slc6a4 mRNA expression in each of the major subdivisions of the DR and the
CLi. Data are collapsed across the rostrocaudal extent of each subdivision. A) DRD; B) DRV;
C) left DRVL/VLPAG; D) right DRVL/VLPAG; E) DRI; F) CLi; G) combined left and right
DRVL/VLPAG. For abbreviations, see Figure 1 legend. *P < 0.05, **P < 0.01, ***P < 0.001,
comparison of MS15 and MS180 groups. aP < 0.05, bP < 0.01, comparison of AFR and MS180
groups. §P < 0.05, comparison of control and social defeat groups within the same early life
experience treatment group. Data are illustrated as means + SEM.
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Figure 4.
Early life experience and social defeat during adulthood interact to regulate slc6a4 mRNA
expression at specific rostrocaudal levels of subdivisions of the DR. Each graph illustrates the
mean slc6a4 mRNA expression levels throughout the rostrocaudal extent of a different
subdivision of the DR in MS15 and MS180 rats exposed to a novel cage control condition
(control, left) or social defeat (right) as adults. A) DRD; B) DRV; C) left DRVL/VLPAG; D)
right DRVL/VLPAG; E) CLi and DRI). For abbreviations, see Figure 1 legend. +P < 0.05, +
+P < 0.01, +++P < 0.001, comparison of MS15 and AFR groups. *P < 0.05, **P < 0.01,
comparison of MS15 and MS180 groups. aP < 0.05, bP < 0.01, cP < 0.001, comparison of AFR
and MS180 groups. §P < 0.05, §§P < 0.01, comparison of control and social defeat groups
within the same early life experience treatment group at the same rostrocaudal level. Data are
illustrated as means ± SEM.
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Figure 5.
Social defeat increases slc6a4 mRNA expression in the DRVL/VLPAG region 4 h following
exposure to the social defeat paradigm, but only in MS180 rats. Autoradiographic images
illustrate slc6a4 mRNA expression at three anatomical levels (rostral, −7.832; mid-
rostrocaudal, −8.084; and caudal, −8.336 mm Bregma) from each treatment group including
rats exposed to control and social defeat conditions among MS15, AFR, and MS180 rats. In
each panel, the DR is at the top and the median raphe nucleus and supralemniscal cell group
(B9) are at the bottom. Slc6a4 mRNA expression within the DRVL/VLPAG region is indicated
by a line in the social defeat images for MS15, AFR and MS180 at the midrostrocaudal
anatomical level. Scale bar, 1 mm.
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Figure 6.
Schematic illustration of a midline sagittal section of the rat brainstem showing the subdivisions
of the dorsal raphe nucleus (DR) and the caudal linear nucleus (CLi) that were selected for
analysis (adapted from Paxinos and Watson, 1998). Red shading indicates regions of the DR
and CLi containing slc6a4 mRNA expression. The full sagittal section is shown in the top right
corner for reference; the box shows the area illustrated in the main figure. Dashed vertical lines
correspond to the rostrocaudal levels selected for analysis, illustrated in Figure 1.
Abbreviations: 3, oculomotor nucleus; CLi, caudal linear nucleus; DRC, dorsal raphe nucleus,
caudal part; DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe nucleus, interfascicular
part; DRV, dorsal raphe nucleus, ventral part; DTgP, dorsal tegmental nucleus, pericentral part;
IPA, interpeduncular nucleus, apical subnucleus; IPC, interpeduncular nucleus, caudal
subnucleus; IPR, interpeduncular nucleus, rostral subnucleus; mlf, medial longitudinal
fasciculus; MnR, median raphe nucleus; PnR, pontine raphe nucleus; vAq, ventral surface of
the cerebral aqueduct, v4V, ventral surface of the 4th ventricle; xscp, decussation of the superior
cerebellar peduncle. Scale bar, 1mm.
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Table 1

Percent changes in slc6a4 mRNA expression due to early life experience in subdivisions of the DR and CLi.

MS15 vs AFR MS180 vs MS15 MS180 vs AFR

DRD CO +6.9 +28.9 +37.8a
SD −10.2 +65.6** +48.7b

DRV CO −9.5 +13.8 +3.1
SD −1.8 +56.1** +53.3b

DRVL left CO −19.0 +36.5 +10.7
SD −10.7 +116.9** +93.8b

DRVL right CO −7.7 +4.4 −3.6
SD −12.5 +136.7** +107.1b

DRI CO −1.3 +93.9 +91.4
SD −19.3 +41.3 +14.1

CLI CO +124.0 −30.8 +55.1
SD +56.9 +130.6* +261.9b

DRVL CO −14.4 +20.9 +3.6
SD −11.5 +123.9*** +98.1b

*
p < 0.05,

**
p < 0.01,

***
p < 0.001,

a
p < 0.05,

b
p < 0.05; for full analysis see figure 3.
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Table 2

Percent changes in slc6a4 mRNA expression due to social defeat in subdivisions of the DR and CLi.

SD vs CO
MS15 AFR MS180

DRD −15.8 +0.3 +8.2
DRV −12.7 −19.6 +19.6
DRVL left −16.8 −24.5 +32.2
DRVL right −29.7 −25.8 +59.4§
DRI +10.5 +35.1 −19.5
CLI −56.9 −38.5 +43.6
DRVL −22.7 −25.2 +43. 2§

§
p < 0.05; for full analysis see figure 3.
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