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Abstract: The serotonin and kappa opioid receptor (KOR) systems are strongly implicated in disorders
of negative affect, such as anxiety and depression. KORs expressed on axon terminals inhibit the
release of neurotransmitters, including serotonin. The substantia nigra pars reticulata (SNr) is
involved in regulating affective behaviors. It receives the densest serotonergic innervation in the
brain and has high KOR expression; however, the influence of KORs on serotonin transmission in this
region is yet to be explored. Here, we used ex vivo fast-scan cyclic voltammetry (FSCV) to investigate
the effects of a KOR agonist, U50, 488 (U50), and a selective serotonin reuptake inhibitor, escitalopram,
on serotonin release and reuptake in the SNr. U50 alone reduced serotonin release and uptake, and
escitalopram alone augmented serotonin release and slowed reuptake, while pretreatment with U50
blunted both the release and uptake effects of escitalopram. Here, we show that the KOR influences
serotonin signaling in the SNr in multiple ways and short-term activation of the KOR alters serotonin
responses to escitalopram. These interactions between KORs and serotonin may contribute to the
complexity in the responses to treatments for disorders of negative affect. Ultimately, the KOR system
may prove to be a promising pharmacological target, alongside traditional antidepressant treatments.

Keywords: serotonin; kappa opioid receptor; substantia nigra pars reticulata; serotonin release;
serotonin uptake; serotonin transporter; fast-scan cyclic voltammetry; antidepressants; escitalopram;
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1. Introduction

Stress is widely considered to be one of the most common environmental risk factors
for an array of psychiatric disorders [1–3]. Stress exposure has been shown to contribute to
substance abuse, including triggering relapse in human and animal studies [4–7]. Addi-
tionally, a single traumatic stress exposure can be sufficient to cause depression or anxiety
disorders [8–10]. Brain stress responses can include neuroinflammation [11–14] and alter-
ations in key stress-related neuromodulators, such as the corticotropin-releasing hormone
(CRH) and dynorphin, as well as mood and emotion regulators, such as dopamine and
serotonin, to name a few [15,16]. To further complicate matters, in addition to changing
their activity with stress, many stress-responsive neurotransmitters influence each other.
For example, over the last decade, one cascade of events that occurs in response to stress has
been studied in detail. After forced-swim stress, CRH is increased in the central amygdala,
which then increases the activity of dynorphin neurons in multiple brain regions, and
in the nucleus accumbens, elevated dynorphin inhibits dopamine release [17–19]. The
sum of all these events produces a negative affective state in animals, which is known to
contribute to anxiety-like, depression-like and low-motivation behavioral outcomes [17,20].
However, despite extensive research into the pathophysiology that links stress and psy-
chiatric disorders, the circuitry and cellular mediators driving these interactions are not
fully understood, and such knowledge gaps may obscure potential avenues to improve
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treatments for these disorders. The main purpose of the work described herein is to provide
a better understanding of one specific interaction that is relatively understudied, between
the serotonin system and the dynorphin/kappa opioid receptor (KOR) system.

KORs have been heavily implicated in a variety of disorders, including anxiety, depres-
sion, addiction, and pain [18,21–27]. As such, KOR ligands for the treatment of numerous
disorders, such as pain and itch, are under development, including both newly synthesized
and naturally bioactive compounds [28–30]. In the central nervous system, the KOR is in-
volved in maladaptive stress responsivity, driving aversion, negative affect, and dysphoria
in pain and stress models. This is thought to be due to KORs, found on monoaminergic
neurons and axon terminals, which modulate dopamine, norepinephrine and serotonin
signaling [19,31,32]. KOR modulation of dopamine has been heavily studied and many of
the signaling pathways, as well as neurobiological and behavioral effects, are well known,
including how KOR signaling can sometimes be both a consequence and a cause of stress
exposure [33–35]. In particular, KOR inhibition of dopamine in the nucleus accumbens
has been a focus in the field, due to the region’s involvement in stress, emotion, reward
processing, and dysfunction in disorders of negative affect and addiction. Despite the sero-
tonin system also being associated with stress responses and strongly linked to depression
and anxiety disorders [36], our current knowledge of how the serotonin and KOR systems
are connected is rudimentary. Opposing effects of acute and chronic kappa activation on
serotonin activity have been observed [37,38]. Acute studies that examined direct KOR
activation found decreased serotonin release and uptake in the dorsal and ventral striatum,
similar to the effect of KOR activation on dopamine release in the ventral striatum [38].
Effects of short-term KOR activation on serotonin signaling have not yet been studied in
other brain regions. A thorough understanding of the interactions of the serotonin and
KOR systems throughout the brain may lead to better treatment options for disorders of
negative affect.

Serotonin and KOR expression converge in numerous brain regions, one of the most
substantial being the substantia nigra pars reticulata (SNr) [39]. The SNr is a part of the
basal ganglia, an interconnected group of subcortical nuclei that control movement, as well
as some cognitive and behavioral functions [39]. The SNr receives the densest serotonergic
innervation in the central nervous system, and in this region, serotonin modulates both
dopamine and GABA signaling [40]. SNr neurons travel to multiple brain regions and
are heavily interconnected with the striatum, which in turn provides inhibitory input to
the SNr via medium spiny neurons that express KORs and dopamine receptors [40]. The
importance of understanding how serotonin in this region can be altered by KOR signaling
is underscored by the fact that the SNr contains one of the greatest densities of KORs in
the brain [40]. Furthermore, the SNr has recently been linked to negative affect-related
behaviors, such as avoidance and drug reinstatement [41,42], highlighting the importance
of studying the impact of KORs on serotonin signaling in the region. While KORs have
been shown to modulate serotonin release and uptake in the striatum, their effects in the
SNr are unknown [43–45]. A better understanding of how KORs modulate serotonin in the
SNr may shed light on the role of this region in affective disorders.

In this study, we aimed to investigate whether KORs locally inhibit serotonin release
and uptake in a manner that is similar to that which has been shown for KOR regulation of
the dopamine system. A thorough understanding of the interactions between KORs and
the serotonin system may better explain the role of KORs in affective disorders, particularly
in the SNr, a region which may play a larger role in affective-related behaviors than
previously thought. Therefore, the objective of this study was to examine the effects of
acute KOR activation on serotonin release and uptake in this brain region, using fast-scan
cyclic voltammetry (FSCV) with brain slices that contained the SNr. We first verified the
measurement of serotonin in mouse brain slices using FSCV and isolated SERT activity
using a new mathematical model. The activation of KORs with the agonist U50, 488
(U50) dramatically slowed serotonin uptake in a dose-dependent manner, as measured
by the decreased maximal velocity of uptake through the serotonin transporter (SERT).
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It also decreased serotonin release in a dose-dependent manner, similar to the results
previously observed in the striatum. We documented the dynamic time-dependent changes
in serotonin release and uptake produced by the application of escitalopram, a selective
serotonin reuptake inhibitor (SSRI). The peak serotonin signal amplitude was immediately
increased by escitalopram, followed by a gradual decrease, but uptake was shown to
continuously decrease across the hour-long time course of the experiment. These dynamic
changes in serotonin release and uptake were fully or partially occluded when U50 was
pre-applied to the slice. These results indicate that, in the SNr, the KOR inhibits the release
and uptake of serotonin and reduces the efficacy of escitalopram. These findings underscore
the importance of exploring the role of the KOR in serotonin signaling, as it pertains to the
variability in antidepressant efficacy.

2. Results and Discussion
2.1. Ex Vivo Voltammetry Captures Dynamic Response of Serotonin to Escitalopram

Due to the dense innervation of serotonin in the SNr, we employed FSCV to measure
the effects of KOR activation on serotonin signaling. Serotonin signals measured with
FSCV can be distinguished based upon their characteristic oxidation peak at ~0.7 V [46,47].
They have also been established to have two distinct uptake mechanisms, which are
differentiated based on the slope at which the signal returns to the baseline following
stimulated release [48]. A “slow uptake” is attributable to uptake 1, or SERTs, which are
high-affinity, but low-efficiency, transporters. “Hybrid uptake” has components of both
uptake 1 and uptake 2, where uptake 2 is comprised of non-SERT monoamine transporters,
e.g., organic cation transporter-3 (OCT3), which have low affinity but high efficiency,
resulting in a faster uptake rate compared to uptake 1 [49]. In these experiments, both “slow”
and “hybrid” uptake rates were measured in the SNr, as shown from the representative
model traces in Figure 1. A third, “fast” uptake signal, which only includes uptake 2, has
also been reported in the literature, but was not observed in any of the data analyzed
herein [48]. The model presented in Figure 1 was initially described by Hashemi and
colleagues and has since been incorporated into The Analysis Kid, an open-access kinetic
modeling web application, which we used to determine SERT Vmax and Km (http://
analysis-kid.hashemilab.com/ (accessed 8 September 2022)) [48,50].

Figure 2 shows the dynamic changes in the release and uptake of serotonin caused
by bath application of the selective serotonin reuptake inhibitor escitalopram (1 µM); we
chose to highlight the baseline (blue), 20- (purple), 40- (pink), and 60-minute (light orange)
time points from the hour-long period in which we monitored serotonin, following the
application of escitalopram to the brain slice. In Figure 2A, the concentration of serotonin
over time in response to electrical stimulation in the ex vivo brain slices that contained the
SNr can be observed with the current vs. voltage traces shown in the inset. This cyclic
voltammogram (CV) can be used as a “fingerprint” for serotonin with the presence of
an oxidation peak at ~0.7 V [47]. Additionally, the changes in the signal amplitude and
uptake following the application of escitalopram support the identification of the signal as
serotonin [51].

The peak height was altered over time following escitalopram administration, with
a trend towards significance (p = 0.0658, f = 35.43). A dramatic increase in peak height
from the baseline was observed at the 20 min time point (baseline: 130.478 ± 27.692 nM;
20 min: 257.922 ± 41.780 nM; p = 0.0011). While the heights at the 40 and 60 min time points
significantly increased from the baseline (40 min: 213.818 ± 45.755 nM, p = 0.0072; 60 min:
175.065 ± 33.550 nM, p = 0.0365), the height at the 60 min time point reduced compared
to the 20 min time point (p = 0.0032) (Figure 2B). The increase in serotonin peak height
following escitalopram is a phenomenon that is not fully understood. Previously, our lab
has attributed an increase in peak height at the earlier time points to uptake inhibition, with
the subsequent decrease at the later time points being a result of autoreceptor activation in
response to the increase in extracellular levels at early time points, resulting in negative
feedback, and subsequent decreased peak height at later time points. This phenomenon is
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extremely similar to dopamine release following cocaine application, a process we have
extensively observed in our laboratory [52]. It has also been suggested that the increase in
dopamine peak height following cocaine is due to a synapsin-dependent mechanism that
increases exocytotic release [53]. As SERT has also been shown to interact with synapsin,
this presents an additional possible mechanism for the increase in serotonin peak height
following escitalopram [54,55]. Alternatively, previous studies that used ex vivo FSCV
in cultured serotonin neurons did not observe this phenomenon and postulated that it is
driven by factors within the non-serotonergic local environment (astrocytes, etc.), which
are present in vivo and in slices, but lacking in cultured serotonin neurons [56].
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Figure 1. Representative model traces of the hybrid (dark grey) and slow (blue) uptake signals are
shown. The portions of the curve associated with uptake 1 (SERTs) (green) and uptake 2 (non-SERTs)
(orange) are noted. The full model that describes the serotonin concentration as a function of release,
autoreceptors, and the two uptake mechanisms is included at the bottom of the figure.

We also found that escitalopram significantly slowed serotonin uptake. We observed
this effect using the above-mentioned model, which fit the uptake curve to generate SERT
Km and showed significant slowing over the 60 min, as shown by a one-way repeated
measure ANOVA (p = 0.0243, f = 10.61), followed by Tukey’s post hoc test, showing slowing
at each point from the baseline (baseline: 21.282 ± 5.244 nM; 20 min: 33.687 ± 7.178 nM,
p = 0.0163; 40 min: 54.618 ± 12.234 nM, p = 0.0396; 60 min: 77.411 ± 18.892 nM, p = 0.0463), as
well as slowing from 20 min (40 min p = 0.0573; 60 min p = 0.0643) (Figure 2D). Escitalopram
binds to the primary serotonin binding site of the SERT to competitively inhibit SERT
activity [57]. Blocking this binding site results in an apparent change to Km, the binding
affinity of the SERT for serotonin.

Studies have also shown that escitalopram decreases serotonin uptake via a sec-
ond mechanism, the internalization of SERT, which can be measured as a decrease in
Vmax [58,59]. We confirmed that SERT Vmax continuously slows at 20, 40 and 60 min com-
pared to the baseline (Figure 2C). An overall effect of time on the Vmax was found using a
one-way repeated measure ANOVA (p = 0.0007, f = 27.14), while a Tukey’s post hoc test
found that all the time points were significantly slower compared to the baseline (baseline:
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27.217 ± 3.558 nM/s; 20 min: 20.069 ± 2.701 nM/s, p = 0.0081; 40 min: 14.335 ± 2.574 nM/s,
p = 0.0080; 60 min: 7.847 ± 0.641 nM/s, p = 0.0039), with the 60 min time point being
significantly slower than the 20 min time point (p = 0.0099) and the 60 min time point being
slower (p = 0.0635) than the 40 min time point.
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Figure 2. The concentration vs. time traces for the baseline (blue), 20 min (purple), 40 min (pink), and
60 min (light orange) following escitalopram (1 µM) are shown in (A), with the corresponding cyclic
voltammograms in the inset. The peak height of the serotonin release is shown in (B) and the main
effect of time was trending towards significance (ANOVA, 0.1 > p > 0.05). Significant increases for
each time point are indicated on the graph (Tukey’s post hoc, * p < 0.05, ** p < 0.01). SERT Vmax for
each time point is shown in (C) and the main effect of time on Vmax was recorded (ANOVA, p < 0.001).
The significant effect of escitalopram on each time point is indicated on the graph (Tukey’s post hoc,
** p < 0.01). SERT Km also demonstrated the main effect of time (ANOVA, p < 0.05), with individual
time point differences shown in (D) (Tukey’s post hoc, * p < 0.05).

The dynamic changes to serotonin release and uptake when escitalopram is adminis-
tered to ex vivo brain slices are consistent with previous work using in vivo fast-scan cyclic
voltammetry, despite previously being reported to be exclusively observed using in vivo
voltammetry [51]. However, we show here that ex vivo slice voltammetry can successfully
capture these dynamic changes over time, indicating that these adaptations over time occur
at the terminal level, which is not disrupted by the slice preparation process.

2.2. KOR Activation Inhibits Serotonin Release and Uptake via SERTs

In Figure 3A, we demonstrated an inhibition of serotonin release in the SNr fol-
lowing the bath application of the KOR agonist, U50, causing the signals to decrease to
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74.568% ± 6.637 of the baseline signal at the highest U50 concentration (3 µM). A repeated
measures ANOVA revealed the main effect of the dose of U50 on the serotonin release
(p = 0.0217, f = 5.226). The activation of KORs has been shown to result in reduced neu-
rotransmitter release, due to terminal hyperpolarization via increased potassium channel
conductance [60]. Previous work demonstrated that this effect includes serotonin, as acute
activation of KORs reduced serotonin neuronal excitability in the dorsal raphe using whole-
cell voltage-clamp electrophysiology [37]. Additionally, microdialysis studies found that
U50 decreased serotonin in the dorsal raphe nucleus, median raphe nucleus, and nucleus
accumbens core [61].
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Figure 3. The percent baseline of the peak height following a concentration–response curve of U50
is shown in (A). The main effect of the concentration of U50 on the serotonin release (RM-ANOVA
* p < 0.05) is shown. The percent baseline of serotonin Vmax following a concentration–response curve
of U50 is shown in (B), with the main effect of the concentration of U50 (RM-ANOVA, *** p < 0.001).

The effect of kappa activation on SERT function has been reported to be dependent
on region, as well as short- or long-term, activation. While an increase in serotonin uptake
rate and SERT surface expression was reported in whole brain synaptosomes following
repeated KOR agonist administration [24], and also in the ventral striatum after long-term
KOR activation via repeated stress [62], short-term KOR activation in synaptosomes from
the dorsal and ventral striatum showed decreased SERT mediated uptake (Vmax) and SERT
surface expression [38]. Using the model developed by Hashemi and colleagues, we were
able to isolate SERT Vmax and recapitulate these findings in the SNr, following short-term
KOR activation for the first time [48]. Serotonin uptake, as measured by Vmax1 from the
model described above, was significantly decreased, to 30.811% ± 7.418 from the baseline
Vmax1 at the 3 µM concentration of U50. The main effect of the dose of U50 on serotonin
Vmax was confirmed using a repeated measures ANOVA (p = 0.0002, f = 34.84). (Figure 3B).

Similar to the serotonin release inhibition shown here, the inhibition of dopamine
release by KORs is well documented and often associated with dysphoria [18,25]. Our data
indicate that the regulation of serotonin by KORs in the SNr is two-fold, as the release of
serotonin and SERT function are inhibited following U50. We, therefore, postulate that
KOR modulation of serotonin contributes to dysphoria and negative affect. The recent
link between the SNr and negative affect-related behaviors, such as avoidance and drug
reinstatement [41,42], further supports this and highlights the significance of our findings
that KORs modulate serotonin signaling within the region.

2.3. Escitalopram Efficacy Altered by U50 Pretreatment

To further assess the impact of KOR activation on SERTs, escitalopram was applied
following the 3 µM concentration of U50, at the end of the concentration–response curve. In
Figure 4A, the 20 min (yellow), 40 min (light green), and 60 min (teal) time points following
escitalopram are highlighted and compared to the serotonin signal at the 3 µM dose of
U50 (orange), just prior to adding escitalopram. The presence of 3 µM U50 on the slice
markedly changed the impact escitalopram had on both the release and uptake of serotonin.
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The significant increase in peak height following escitalopram was noticeably absent in
the presence of U50 (baseline: 166.364 ± 39.108 nM; 20 min: 243.333 ± 59.735 nM; 40 min:
191.414 ± 45.817 nM; 60 min: 177.374 ± 70.008 nM; p = 0.2015, f = 2.889) (Figure 4B). While
the serotonin uptake still slowed, the dynamic response over time appeared to be lost
(baseline: 10.747 ± 2.326 nM/s; 20 min: 7.364 ± 0.629 nM/s; 40 min: 4.685 ± 0.896 nM/s;
60 min: 4.187 ± 0.633 nM/s). The only significant difference in Vmax was found at 60 min
compared to 20 min, as shown by a one-way repeated measure ANOVA, followed by a
Tukey’s post hoc test (p = 0.0189) (Figure 4C). The main effect of time on Km following esci-
talopram was observed using a one-way repeated measure ANOVA (p = 0.0081, f = 12.77);
however, a Tukey’s post hoc test did not reveal any significant differences between the
individual time points (baseline: 31.703 ± 10.211 nM; 20 min: 35.422 ± 8.962 nM; 40 min:
55.564 ± 14.544 nM; 60 min: 96.882 ± 30.817 nM). This indicated that the dynamic effect of
escitalopram on the apparent Km value was also blunted in the presence of KOR activation
(Figure 4D).
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the U50 pretreatment followed by escitalopram group at each ten-minute collection for an 
hour. An ANOVA, with time and group as factors, demonstrated the main effect of time (p = 
0.0235, f = 5.312), but no significant main effect of the groups (p = 0.9803, f = 0.0006357) (Figure 
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Figure 4. The concentration vs. time traces for the baseline (orange), 20 min (yellow), 40 min (light
green), and 60 min (teal) following escitalopram (1 µM) are shown in (A), with the corresponding
cyclic voltammograms in the inset. The peak height of the serotonin release is shown in (B), with no
significant effects found. SERT Vmax for each time point is shown in (C), with only one set of time
points being significantly different, as indicated on the graph (Tukey’s post hoc, * p < 0.05). SERT Km,
as shown in (D), demonstrated the main effect of time (ANOVA, p < 0.05).

To examine the effects of KOR activation on escitalopram-induced serotonin signals,
we initially compared raw serotonin peak heights for the escitalopram-alone group and
the U50 pretreatment followed by escitalopram group at each ten-minute collection for an
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hour. An ANOVA, with time and group as factors, demonstrated the main effect of time
(p = 0.0235, f = 5.312), but no significant main effect of the groups (p = 0.9803, f = 0.0006357)
(Figure 5A) was recorded. However, since the U50 pretreatment caused the peak height to
decrease from the original baseline, we examined the percent change with respect to the
last file collected prior to escitalopram application and found the groups to be significantly
different at the beginning of the time course, from 10 to 30 min (p = 0.0424, f = 5.267)
(Figure 5a).
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Figure 5. The effect of escitalopram on the peak height of serotonin release across all time points was
compared for the escitalopram-alone group (blue) and the U50 pretreatment followed by escitalopram
group (orange) in (A). Analyzing the last file before and following escitalopram application revealed
the significant effect of time (2-way ANOVA, p < 0.05). The inset (Aa) focuses on the percent change
in the first half of the time course and shows the significant effect of the groups (2-way ANOVA,
* p < 0.05). The effect of escitalopram on the Vmax of SERT across all time points was compared for the
two groups in (B). Analyzing the last file before and following escitalopram application revealed the
significant effect of time (2-way ANOVA, p = 0.0001) and the groups (2-way ANOVA, p < 0.05), along
with the interaction effect (2-way ANOVA, p < 0.01). The inset (Bb) focuses on the percent change in
the last half of the time course and shows a significant difference in the linear regression of the two
groups (* p < 0.05). The effect of escitalopram on the Km of SERT across all time points was compared
for the two groups in (C), with no significant differences found. (D) presents the changes in the peak
height of serotonin release and SERT Vmax as a 3-dimentional plot over the time course, following the
application of escitalopram for each group.

In Figure 5B, we also compared the Vmax raw values over the time courses and found
that they were dramatically different with regard to the groups (p = 0.0277, f = 6.425)
and time (p = 0.0001, f = 20.45) and also had a significant interaction effect (p = 0.0020,
f = 3.992). The substantial reduction in Vmax by U50 from the original baseline resulted
in the response to escitalopram to appear blunted (baseline: 32.019 ± 7.703 nM/s; U50:
10.7147 ± 2.326 nM/s; p = 0.0499). This blunted response was the most apparent at the
later time points, as shown by plotting the percent change in Vmax induced by escitalopram
(Figure 5b). A flattening of the curve at the 40–60 min time points can be observed with
a linear regression, such that the elevations, or intercepts, of the lines were significantly
different (p = 0.0283, f = 5.327). This indicates that the Vmax of the U50 pretreatment group
reached an asymptote after roughly 30 min, while the escitalopram-alone group was still
decreasing throughout the time course. Ultimately, the two groups appeared to converge at
a similar maximal reduction point in Vmax, indicating that U50 and escitalopram employ the
same mechanisms to reduce Vmax, and prior U50 treatment occluded some of escitalopram’s
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effects. Indeed, previous work has shown that both U50 and escitalopram cause a decrease
in SERT surface expression, which can be observed as a decrease in Vmax. However, the
asymptote for Vmax was not at zero, suggesting that a certain number of functional SERTs
are maintained at the surface of the membrane, regardless of the pharmacological insult.

The apparent Km significantly increased with escitalopram over time for both groups
(p = 0.0003, f = 17.20), and there was no difference between groups (p = 0.7464, f = 0.11)
(Figure 5C). This suggests that the change in the serotonin signal following U50 pretreat-
ment can be primarily attributed to the effect U50 has on the release of serotonin and
Vmax, and the relationship between the two can be observed throughout the time course in
Figure 5D.

These findings suggest that states of short-term enhanced KOR activation, such as
acute stress exposure, may result in the decreased efficacy of escitalopram. However,
previous examinations of the effects of pharmacological and behavioral activation of KOR
on SERT surface expression have proven to be heavily dependent on the cellular and
environmental context. The variation in previous findings suggests that the interactions
between the serotonin and kappa systems are complex, varying by short- and long-term
KOR stimulation, as well as the brain region being examined. For instance, long-term KOR
activation via repeated swim-stress exposure induced increased SERT expression in the
ventral striatum, but not the dorsal striatum, hippocampus, prefrontal cortex, amygdala, or
dorsal raphe [62]. Additionally, an increase in the serotonin uptake rate and SERT surface
expression was observed in whole brain synaptosomes following repeated KOR agonist
administration [24]. However, short-term KOR activation from direct application of a
KOR agonist onto synaptosomes from the dorsal and ventral striatum showed decreased
SERT-mediated uptake (Vmax) and SERT surface expression [38]. Due to the intricacy of the
KOR and serotonin interactions, we believe it is important to first understand the acute
effects of KOR stimulation on serotonin signaling. This study closely mirrors the work
by Ramamoorthy and colleagues, in that we also examine the acute application of a KOR
agonist to naïve animals [38]. A decrease in SERT surface expression would be understood
as a decrease in Vmax, as observed in previous studies [63]. Likewise, a decrease in SERT
surface expression explains the loss of dynamic changes in the uptake of serotonin when
escitalopram is applied, as the change in uptake following escitalopram is due, in part,
to the internalization of the transporter. A decrease in SERT surface expression would
occlude the subsequent SERT internalization caused by escitalopram. Although studies by
Chavkin and colleagues have shown long-term KOR stimulation to have opposite effects,
resulting in an increase in SERT efficiency [24,62], it is plausible to assume that the efficacy
of escitalopram will still be impacted. Future research that focuses on long-term KOR
activation, in combination with escitalopram administration, is necessary to determine the
extent to which SSRI efficacy may be altered, particularly in stress or depression models.
Nonetheless, these findings are an important step in fully understanding KOR/serotonin
interactions, particularly as they may alter the efficacy of SSRIs, such as escitalopram,
in individuals with augmented KOR function, which is likely to be highly comorbid for
those with depression and anxiety-related disorders. This line of research is particularly
important, as it may offer a new pharmacological target to be used in combination with
SSRIs to improve patient outcomes.

3. Materials and Methods
3.1. Animals

Male C57BL/6J mice (n = 5–7 per group, 6–12 weeks old, Jackson Laboratories) were
used for the experiments. All animals were subjected to a 12:12 light cycle (lights on at
0700) and given access to standard rodent chow and water ad libitum. All experiments
were performed during the animals’ light cycle. Animal care, handling, and experimental
protocols were approved by the Wake Forest School of Medicine Institutional Animal Care
and Use Committee and in accordance with all the National Institutes of Health Animal
Care Guidelines.
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3.2. Brain Slice Preparation

The animals were deeply anesthetized using isoflurane gas in an induction chamber,
prior to being rapidly decapitated. The brains were removed and placed into ice cold, pre-
oxygenated artificial cerebrospinal fluid (aCSF; 126 mM of NaCl, 2.5 mM of KCl, 1.2 mM of
NaH2PO4, 1.4 mM of CaCl2, 2.4 mM of MgCl2, 25 mM of NaHCO3, 11.0 mM of glucose and
0.4 mM of L-ascorbic acid) [64]. A vibratome (Leica Biosystems, Buffalo Grove, IL, USA)
was used to prepare the coronal brain slices (300 µm thick) that contained the SNr. The
brain slices were transferred to recording chambers and incubated at 32 ◦C in oxygenated
aCSF for at least one hour prior to the experiment.

3.3. Fast-Scan Cyclic Voltammetry

Carbon fiber microelectrodes (CFMs) were prepared in-house using glass capillaries
(1.2 mm × 0.68 mm, A-M Systems, Sequim, WA, USA) and carbon fibers (100–150 µm,
Goodfellow Corp., Berwyn, PA, USA) [64]. The CFMs were placed in close proximity to
a bipolar-stimulating electrode (Plastics One, Roanoke, VA, USA) on the surface of the
slices in the SNr. A serotonin-specific waveform (0.2 V to 1.0 V to −0.1 V to 0.2 V vs.
silver/silver chloride, 1000 Vs−1) was applied to the working electrode at a frequency of
10 Hz and changes in the current at the oxidation potential value for serotonin (~0.7 V)
were monitored. Each file had a duration of 20 s with stimulation (30 pulses, 30 Hz,
350 µA, 4 ms) applied to elicit serotonin release at 5 s, and a period of ten minutes was
allowed between stimulation trains [52]. All the files were collected and analyzed with
Demon Voltammetry and Analysis software [65]. Once a stable baseline was achieved, one
drug group was established, which consisted of slices that received a bath application of
1 µM of escitalopram oxalate (Sigma, Burlington, MA, USA), after which changes in the
serotonin signal were monitored for 60 min. In the second drug group, the slices received
a bath application of U50 (National Institute on Drug Abuse Drug Supply) according to
a half-log scale to generate a concentration–response curve (30 nM–3 µM, 40 min at each
dose) and following the last dose, 1 µM of escitalopram (60 min) was administered. The
electrodes were post-calibrated in a 3 µM solution of serotonin in aCSF, using a custom-built
flow-injection system. The calibration factors for over 50 electrodes were determined and
averaged together to generate the calibration factor.

3.4. Data Analysis and Statistics

Data were analyzed using the FSCV Analysis tool and two reuptake analyses within
The Analysis Kid web application. The terms used for the two reuptake analyses were
informed by those previously determined in the SNr by Hashemi and colleagues [66].
Statistical analysis and graph preparation of the µM release, Vmax, and Km were carried
out using GraphPad Prism (v.8, La Jolla, CA, USA). A one-way repeated measures analysis
of variance (ANOVA), followed by a Tukey post hoc analysis, were used to determine
differences in the release of serotonin, Vmax, and Km. In the case of excluded values within
a group, the data were instead fitted using a mixed model. To determine if the dose of U50
had a significant effect on the percent baseline of release or half-width, a repeated measures
ANOVA was applied. When comparing the escitalopram-alone and U50 pretreated with
escitalopram groups, a two-way ANOVA, with group and time as factors, was used to
determine the differences in the percent change in the release of serotonin or Vmax. In the
event of excluded values, a mixed model was instead applied. The Sidak’s post hoc test was
used to determine specific differences. Each group had 5–7 animals, with 1–2 slices used
from each animal. The signals that did not change when escitalopram was applied were
excluded, in addition to the signals in which a stimulation artifact exceeded the amplitude
of the signal at any point throughout the experiment.

4. Conclusions

These studies demonstrated that serotonin can be measured through ex vivo in slice
preparation and were capable of capturing the dynamic changes to both the release and



Int. J. Mol. Sci. 2023, 24, 2080 11 of 14

uptake of serotonin in response to escitalopram, which were previously thought to be
limited to in vivo studies using intact tissue. We also show for the first time that in the
SNr, serotonin release and uptake are modulated by KOR activation. Furthermore, KOR
activation results in changes to Vmax, which prevent the dynamic changes previously
observed in naïve tissue when escitalopram was applied to the slice. Previous studies
in other brain regions also observed a decrease in Vmax and confirmed a reduction in
SERT surface expression [38]. A decrease in surface SERTs following U50 explains why
escitalopram failed to decrease Vmax in the same manner as in naïve animals. These results
indicate that acute KOR activation has profound effects on serotonin uptake and can limit
the effectiveness of escitalopram. While these effects may be different during chronic
KOR activation, acute KOR activation states, such as stress or pain, can have significant
implications for people prescribed escitalopram or other antidepressants, as it may limit
their effectiveness. Modulation of serotonin via KORs may, in fact, provide a possible reason
for the variability in efficacy observed in patients who are prescribed antidepressants, and
ultimately provide a new pharmacological target to be used in combination with the
current treatment approaches. The findings we present herein lay the groundwork for
future studies to focus on the combined administration of KOR antagonists and SSRIs in
the case of acute KOR activation. Additionally, they highlight the importance of studying
KOR and serotonin interactions in the context of affective disorders and how they may
limit or alter SSRI efficacy.

Author Contributions: Conceptualization, A.M.W., K.M.H. and S.R.J.; Data curation, A.M.W. and
S.R.J.; Formal analysis, A.M.W.; Funding acquisition, A.M.W., K.M.H. and S.R.J.; Investigation,
A.M.W.; Methodology, A.M.W., K.M.H. and S.R.J.; Project administration, K.M.H. and S.R.J.; Re-
sources, A.M.W. and K.M.H.; Software, A.M.W.; Supervision, K.M.H. and S.R.J.; Validation, A.M.W.;
Visualization, A.M.W., K.M.H. and S.R.J.; Writing—original draft, A.M.W., K.M.H. and S.R.J.;
Writing—review and editing, A.M.W., K.M.H. and S.R.J. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Institute on Alcohol Abuse and Alcoholism,
under the grant numbers U01AA014091, P50AA026117 and T32AA007565, and the National Institute
on Drug Abuse, under the grant numbers R01DA048490 and R01DA054694.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care & Use Committee of Wake Forest University School of Medicine (protocol code A19-104
and approved 30 August 2019).

Data Availability Statement: The data presented in this study are openly available in the Open
Science Framework at osf.io/gnzvb.

Acknowledgments: The authors would like to thank the Hashemi lab for their help with technical
support in using their open access kinetic modeling web application, The Analysis Kid (http://
analysis-kid.hashemilab.com/ (accessed 8 September 2022)), which we used to model our data.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cohen, S.; Manuck, S.B. Stress, reactivity, and disease. Psychosom. Med. 1995, 57, 423–426. [CrossRef]
2. Cohen, S.; Gianaros, P.J.; Manuck, S.B. A Stage Model of Stress and Disease. Perspect. Psychol. Sci. 2016, 11, 456–463. [CrossRef]
3. Turner, A.I.; Smyth, N.; Hall, S.J.; Torres, S.J.; Hussein, M.; Jayasinghe, S.U.; Ball, K.; Clow, A.J. Psychological stress reactivity and

future health and disease outcomes: A systematic review of prospective evidence. Psychoneuroendocrinology 2020, 114, 104599.
[CrossRef]

4. Beardsley, P.M.; Howard, J.L.; Shelton, K.L.; Carroll, F.I. Differential effects of the novel kappa opioid receptor antagonist, JDTic,
on reinstatement of cocaine-seeking induced by footshock stressors vs cocaine primes and its antidepressant-like effects in rats.
Psychopharmacology 2005, 183, 118–126. [CrossRef]

5. Marchant, N.J.; Li, X.; Shaham, Y. Recent developments in animal models of drug relapse. Curr. Opin. Neurobiol. 2013, 23, 675–683.
[CrossRef]

6. Shaham, Y.; Stewart, J. Stress reinstates heroin-seeking in drug-free animals: An effect mimicking heroin, not withdrawal.
Psychopharmacology 1995, 119, 334–341. [CrossRef]

http://analysis-kid.hashemilab.com/
http://analysis-kid.hashemilab.com/
http://doi.org/10.1097/00006842-199509000-00002
http://doi.org/10.1177/1745691616646305
http://doi.org/10.1016/j.psyneuen.2020.104599
http://doi.org/10.1007/s00213-005-0167-4
http://doi.org/10.1016/j.conb.2013.01.003
http://doi.org/10.1007/BF02246300


Int. J. Mol. Sci. 2023, 24, 2080 12 of 14

7. Wee, S.; Koob, G.F. The role of the dynorphin-kappa opioid system in the reinforcing effects of drugs of abuse. Psychopharmacology
2010, 210, 121–135. [CrossRef]

8. Kendler, K.S.; Karkowski, L.M.; Prescott, C.A. Causal relationship between stressful life events and the onset of major depression.
Am. J. Psychiatry 1999, 156, 837–841. [CrossRef]

9. Kessler, R.C. The epidemiology of pure and comorbid generalized anxiety disorder: A review and evaluation of recent research.
Acta Psychiatr. Scand. Suppl. 2000, 102, 7–13. [CrossRef]

10. Pine, D.S.; Cohen, P.; Johnson, J.G.; Brook, J.S. Adolescent life events as predictors of adult depression. J. Affect. Disord. 2002, 68,
49–57. [CrossRef]

11. Hori, H.; Kim, Y. Inflammation and post-traumatic stress disorder. Psychiatry Clin. Neurosci. 2019, 73, 143–153. [CrossRef]
[PubMed]

12. Munhoz, C.D.; Garcia-Bueno, B.; Madrigal, J.L.; Lepsch, L.B.; Scavone, C.; Leza, J.C. Stress-induced neuroinflammation:
Mechanisms and new pharmacological targets. Braz. J. Med. Biol. Res. 2008, 41, 1037–1046. [CrossRef] [PubMed]

13. Garcia-Bueno, B.; Caso, J.R.; Leza, J.C. Stress as a neuroinflammatory condition in brain: Damaging and protective mechanisms.
Neurosci. Biobehav. Rev. 2008, 32, 1136–1151. [CrossRef] [PubMed]

14. Liu, Y.Z.; Wang, Y.X.; Jiang, C.L. Inflammation: The Common Pathway of Stress-Related Diseases. Front. Hum. Neurosci. 2017,
11, 316. [CrossRef]

15. Carrasco, G.A.; Van de Kar, L.D. Neuroendocrine pharmacology of stress. Eur. J. Pharmacol. 2003, 463, 235–272. [CrossRef]
16. Tsigos, C.; Chrousos, G.P. Hypothalamic-pituitary-adrenal axis, neuroendocrine factors and stress. J. Psychosom. Res. 2002, 53,

865–871. [CrossRef]
17. Koob, G.F.; Schulkin, J. Addiction and stress: An allostatic view. Neurosci. Biobehav. Rev. 2019, 106, 245–262. [CrossRef]
18. Land, B.B.; Bruchas, M.R.; Lemos, J.C.; Xu, M.; Melief, E.J.; Chavkin, C. The dysphoric component of stress is encoded by

activation of the dynorphin kappa-opioid system. J. Neurosci. 2008, 28, 407–414. [CrossRef]
19. Bruchas, M.R.; Land, B.B.; Chavkin, C. The dynorphin/kappa opioid system as a modulator of stress-induced and pro-addictive

behaviors. Brain Res. 2010, 1314, 44–55. [CrossRef]
20. Koob, G.F. Brain stress systems in the amygdala and addiction. Brain Res. 2009, 1293, 61–75. [CrossRef]
21. Liu, S.S.; Pickens, S.; Burma, N.E.; Ibarra-Lecue, I.; Yang, H.; Xue, L.; Cook, C.; Hakimian, J.K.; Severino, A.L.;

Lueptow, L.; et al. Kappa Opioid Receptors Drive a Tonic Aversive Component of Chronic Pain. J. Neurosci. 2019, 39,
4162–4178. [CrossRef] [PubMed]

22. Ragu Varman, D.; Jayanthi, L.D.; Ramamoorthy, S. Kappa Opioid Receptor Mediated Differential Regulation of Serotonin and
Dopamine Transporters in Mood and Substance Use Disorder. Handb. Exp. Pharmacol. 2022, 271, 97–112. [CrossRef]

23. Cahill, C.M.; Taylor, A.M.; Cook, C.; Ong, E.; Moron, J.A.; Evans, C.J. Does the kappa opioid receptor system contribute to pain
aversion? Front. Pharmacol. 2014, 5, 253. [CrossRef] [PubMed]

24. Bruchas, M.R.; Schindler, A.G.; Shankar, H.; Messinger, D.I.; Miyatake, M.; Land, B.B.; Lemos, J.C.; Hagan, C.E.; Neumaier, J.F.;
Quintana, A.; et al. Selective p38alpha MAPK deletion in serotonergic neurons produces stress resilience in models of depression
and addiction. Neuron 2011, 71, 498–511. [CrossRef] [PubMed]

25. Lalanne, L.; Ayranci, G.; Kieffer, B.L.; Lutz, P.E. The kappa opioid receptor: From addiction to depression, and back. Front.
Psychiatry 2014, 5, 170. [CrossRef]

26. Gutstein, H.B.; Mansour, A.; Watson, S.J.; Akil, H.; Fields, H.L. Mu and kappa opioid receptors in periaqueductal gray and rostral
ventromedial medulla. Neuroreport 1998, 9, 1777–1781. [CrossRef]

27. Winkler, C.W.; Hermes, S.M.; Chavkin, C.I.; Drake, C.T.; Morrison, S.F.; Aicher, S.A. Kappa opioid receptor (KOR) and GAD67
immunoreactivity are found in OFF and NEUTRAL cells in the rostral ventromedial medulla. J. Neurophysiol. 2006, 96, 3465–3473.
[CrossRef]

28. Stefanucci, A.; Iobbi, V.; Della Valle, A.; Scioli, G.; Pieretti, S.; Minosi, P.; Mirzaie, S.; Novellino, E.; Mollica, A. In Silico
Identification of Tripeptides as Lead Compounds for the Design of KOR Ligands. Molecules 2021, 26, 4767. [CrossRef]

29. Stefanucci, A.; Della Valle, A.; Scioli, G.; Marinaccio, L.; Pieretti, S.; Minosi, P.; Szucs, E.; Benyhe, S.; Masci, D.;
Tanguturi, P.; et al. Discovery of kappa Opioid Receptor (KOR)-Selective d-Tetrapeptides with Improved In Vivo Antinociceptive
Effect after Peripheral Administration. ACS Med. Chem. Lett. 2022, 13, 1707–1714. [CrossRef]

30. Brust, T.F.; Morgenweck, J.; Kim, S.A.; Rose, J.H.; Locke, J.L.; Schmid, C.L.; Zhou, L.; Stahl, E.L.; Cameron, M.D.; Scarry, S.M.; et al.
Biased agonists of the kappa opioid receptor suppress pain and itch without causing sedation or dysphoria. Sci. Signal. 2016,
9, ra117. [CrossRef]

31. Berger, B.; Rothmaier, A.K.; Wedekind, F.; Zentner, J.; Feuerstein, T.J.; Jackisch, R. Presynaptic opioid receptors on noradrenergic
and serotonergic neurons in the human as compared to the rat neocortex. Br. J. Pharmacol. 2006, 148, 795–806. [CrossRef]

32. Kalyuzhny, A.E.; Wessendorf, M.W. Serotonergic and GABAergic neurons in the medial rostral ventral medulla express kappa-
opioid receptor immunoreactivity. Neuroscience 1999, 90, 229–234. [CrossRef] [PubMed]

33. Abraham, A.D.; Fontaine, H.M.; Song, A.J.; Andrews, M.M.; Baird, M.A.; Kieffer, B.L.; Land, B.B.; Chavkin, C. kappa-Opioid
Receptor Activation in Dopamine Neurons Disrupts Behavioral Inhibition. Neuropsychopharmacol 2018, 43, 362–372. [CrossRef]
[PubMed]

http://doi.org/10.1007/s00213-010-1825-8
http://doi.org/10.1176/ajp.156.6.837
http://doi.org/10.1111/j.0065-1591.2000.acp29-02.x
http://doi.org/10.1016/S0165-0327(00)00331-1
http://doi.org/10.1111/pcn.12820
http://www.ncbi.nlm.nih.gov/pubmed/30653780
http://doi.org/10.1590/S0100-879X2008001200001
http://www.ncbi.nlm.nih.gov/pubmed/19148364
http://doi.org/10.1016/j.neubiorev.2008.04.001
http://www.ncbi.nlm.nih.gov/pubmed/18468686
http://doi.org/10.3389/fnhum.2017.00316
http://doi.org/10.1016/S0014-2999(03)01285-8
http://doi.org/10.1016/S0022-3999(02)00429-4
http://doi.org/10.1016/j.neubiorev.2018.09.008
http://doi.org/10.1523/JNEUROSCI.4458-07.2008
http://doi.org/10.1016/j.brainres.2009.08.062
http://doi.org/10.1016/j.brainres.2009.03.038
http://doi.org/10.1523/JNEUROSCI.0274-19.2019
http://www.ncbi.nlm.nih.gov/pubmed/30862664
http://doi.org/10.1007/164_2021_499
http://doi.org/10.3389/fphar.2014.00253
http://www.ncbi.nlm.nih.gov/pubmed/25452729
http://doi.org/10.1016/j.neuron.2011.06.011
http://www.ncbi.nlm.nih.gov/pubmed/21835346
http://doi.org/10.3389/fpsyt.2014.00170
http://doi.org/10.1097/00001756-199806010-00019
http://doi.org/10.1152/jn.00676.2006
http://doi.org/10.3390/molecules26164767
http://doi.org/10.1021/acsmedchemlett.2c00237
http://doi.org/10.1126/scisignal.aai8441
http://doi.org/10.1038/sj.bjp.0706782
http://doi.org/10.1016/S0306-4522(98)00376-5
http://www.ncbi.nlm.nih.gov/pubmed/10188949
http://doi.org/10.1038/npp.2017.133
http://www.ncbi.nlm.nih.gov/pubmed/28649993


Int. J. Mol. Sci. 2023, 24, 2080 13 of 14

34. Ehrich, J.M.; Messinger, D.I.; Knakal, C.R.; Kuhar, J.R.; Schattauer, S.S.; Bruchas, M.R.; Zweifel, L.S.; Kieffer, B.L.; Phillips, P.E.;
Chavkin, C. Kappa Opioid Receptor-Induced Aversion Requires p38 MAPK Activation in VTA Dopamine Neurons. J. Neurosci.
2015, 35, 12917–12931. [CrossRef] [PubMed]

35. Knoll, A.T.; Carlezon, W.A., Jr. Dynorphin, stress, and depression. Brain Res. 2010, 1314, 56–73. [CrossRef]
36. Pourhamzeh, M.; Moravej, F.G.; Arabi, M.; Shahriari, E.; Mehrabi, S.; Ward, R.; Ahadi, R.; Joghataei, M.T. The Roles of Serotonin

in Neuropsychiatric Disorders. Cell. Mol. Neurobiol. 2022, 42, 1671–1692. [CrossRef] [PubMed]
37. Lemos, J.C.; Roth, C.A.; Messinger, D.I.; Gill, H.K.; Phillips, P.E.; Chavkin, C. Repeated stress dysregulates kappa-opioid receptor

signaling in the dorsal raphe through a p38alpha MAPK-dependent mechanism. J. Neurosci. 2012, 32, 12325–12336. [CrossRef]
38. Sundaramurthy, S.; Annamalai, B.; Samuvel, D.J.; Shippenberg, T.S.; Jayanthi, L.D.; Ramamoorthy, S. Modulation of serotonin

transporter function by kappa-opioid receptor ligands. Neuropharmacology 2017, 113, 281–292. [CrossRef]
39. Di Giovanni, G.; Di Matteo, V.; Pierucci, M.; Benigno, A.; Esposito, E. Serotonin involvement in the basal ganglia pathophysiology:

Could the 5-HT2C receptor be a new target for therapeutic strategies? Curr. Med. Chem. 2006, 13, 3069–3081. [CrossRef]
40. Chen, C.; Willhouse, A.H.; Huang, P.; Ko, N.; Wang, Y.; Xu, B.; Huang, L.H.M.; Kieffer, B.; Barbe, M.F.; Liu-Chen, L.Y.

Characterization of a Knock-In Mouse Line Expressing a Fusion Protein of kappa Opioid Receptor Conjugated with tdTomato:
3-Dimensional Brain Imaging via CLARITY. eNeuro 2020, 7, ENEURO.0028-20.2020. [CrossRef]

41. Hormigo, S.; Vega-Flores, G.; Castro-Alamancos, M.A. Basal Ganglia Output Controls Active Avoidance Behavior. J. Neurosci.
2016, 36, 10274–10284. [CrossRef] [PubMed]

42. Zhang, L.; Meng, S.; Chen, W.; Chen, Y.; Huang, E.; Zhang, G.; Liang, Y.; Ding, Z.; Xue, Y.; Chen, Y.; et al. High-Frequency Deep
Brain Stimulation of the Substantia Nigra Pars Reticulata Facilitates Extinction and Prevents Reinstatement of Methamphetamine-
Induced Conditioned Place Preference. Front. Pharmacol. 2021, 12, 705813. [CrossRef] [PubMed]

43. Yamane, F.; Okazawa, H.; Blier, P.; Diksic, M. Reduction in serotonin synthesis following acute and chronic treatments with parox-
etine, a selective serotonin reuptake inhibitor, in rat brain: An autoradiographic study with alpha-[14C]methyl-L-tryptophan(2).
Biochem. Pharmacol. 2001, 62, 1481–1489. [CrossRef] [PubMed]

44. Chaouloff, F.; Berton, O.; Mormede, P. Serotonin and stress. Neuropsychopharmacol 1999, 21, 28S–32S. [CrossRef]
45. Muck-Seler, D.; Jevric-Causevic, A.; Diksic, M. Influence of fluoxetine on regional serotonin synthesis in the rat brain. J. Neurochem.

1996, 67, 2434–2442. [CrossRef]
46. Jackson, B.P.; Dietz, S.M.; Wightman, R.M. Fast-Scan Cyclic Voltammetry of 5-Hydroxytryptamine. Anal. Chem. 1995, 67,

1115–1120. [CrossRef]
47. Hashemi, P.; Dankoski, E.C.; Petrovic, J.; Keithley, R.B.; Wightman, R.M. Voltammetric detection of 5-hydroxytryptamine release

in the rat brain. Anal. Chem. 2009, 81, 9462–9471. [CrossRef]
48. Wood, K.M.; Zeqja, A.; Nijhout, H.F.; Reed, M.C.; Best, J.; Hashemi, P. Voltammetric and mathematical evidence for dual transport

mediation of serotonin clearance in vivo. J. Neurochem. 2014, 130, 351–359. [CrossRef]
49. Daws, L.C.; Montanez, S.; Owens, W.A.; Gould, G.G.; Frazer, A.; Toney, G.M.; Gerhardt, G.A. Transport mechanisms governing

serotonin clearance in vivo revealed by high-speed chronoamperometry. J. Neurosci. Methods 2005, 143, 49–62. [CrossRef]
50. Mena, S.; Dietsch, S.; Berger, S.N.; Witt, C.E.; Hashemi, P. Novel, User-Friendly Experimental and Analysis Strategies for Fast

Voltammetry: 1. The Analysis Kid for FSCV. ACS Meas. Sci. Au 2021, 1, 11–19. [CrossRef]
51. Wood, K.M.; Hashemi, P. Fast-scan cyclic voltammetry analysis of dynamic serotonin reponses to acute escitalopram. ACS Chem.

Neurosci. 2013, 4, 715–720. [CrossRef] [PubMed]
52. John, C.E.; Jones, S.R. Voltammetric characterization of the effect of monoamine uptake inhibitors and releasers on dopamine

and serotonin uptake in mouse caudate-putamen and substantia nigra slices. Neuropharmacology 2007, 52, 1596–1605. [CrossRef]
[PubMed]

53. Venton, B.J.; Seipel, A.T.; Phillips, P.E.; Wetsel, W.C.; Gitler, D.; Greengard, P.; Augustine, G.J.; Wightman, R.M. Cocaine increases
dopamine release by mobilization of a synapsin-dependent reserve pool. J Neurosci. 2006, 26, 3206–3209. [CrossRef]

54. Kile, B.M.; Guillot, T.S.; Venton, B.J.; Wetsel, W.C.; Augustine, G.J.; Wightman, R.M. Synapsins differentially control dopamine
and serotonin release. J. Neurosci. 2010, 30, 9762–9770. [CrossRef] [PubMed]

55. Tassan Mazzocco, M.; Guarnieri, F.C.; Monzani, E.; Benfenati, F.; Valtorta, F.; Comai, S. Dysfunction of the serotonergic system
in the brain of synapsin triple knockout mice is associated with behavioral abnormalities resembling synapsin-related human
pathologies. Prog. Neuropsychopharmacol. Biol. Psychiatry 2021, 105, 110135. [CrossRef] [PubMed]

56. Holmes, J.; Lau, T.; Saylor, R.; Fernandez-Novel, N.; Hersey, M.; Keen, D.; Hampel, L.; Horschitz, S.; Ladewig, J.; Parke, B.; et al.
Voltammetric Approach for Characterizing the Biophysical and Chemical Functionality of Human Induced Pluripotent Stem
Cell-Derived Serotonin Neurons. Anal. Chem. 2022, 94, 8847–8856. [CrossRef]

57. Zhong, H.; Haddjeri, N.; Sanchez, C. Escitalopram, an antidepressant with an allosteric effect at the serotonin transporter—A
review of current understanding of its mechanism of action. Psychopharmacology 2012, 219, 1–13. [CrossRef]

58. Lau, T.; Proissl, V.; Ziegler, J.; Schloss, P. Visualization of neurotransmitter uptake and release in serotonergic neurons. J. Neurosci.
Methods 2015, 241, 10–17. [CrossRef]

59. Lau, T.; Horschitz, S.; Berger, S.; Bartsch, D.; Schloss, P. Antidepressant-induced internalization of the serotonin transporter in
serotonergic neurons. FASEB J. 2008, 22, 1702–1714. [CrossRef]

60. Dhawan, B.N.; Cesselin, F.; Raghubir, R.; Reisine, T.; Bradley, P.B.; Portoghese, P.S.; Hamon, M. International Union of Pharmacol-
ogy. XII. Classification of opioid receptors. Pharmacol. Rev. 1996, 48, 567–592.

http://doi.org/10.1523/JNEUROSCI.2444-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26377476
http://doi.org/10.1016/j.brainres.2009.09.074
http://doi.org/10.1007/s10571-021-01064-9
http://www.ncbi.nlm.nih.gov/pubmed/33651238
http://doi.org/10.1523/JNEUROSCI.2053-12.2012
http://doi.org/10.1016/j.neuropharm.2016.10.011
http://doi.org/10.2174/092986706778521805
http://doi.org/10.1523/ENEURO.0028-20.2020
http://doi.org/10.1523/JNEUROSCI.1842-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27707965
http://doi.org/10.3389/fphar.2021.705813
http://www.ncbi.nlm.nih.gov/pubmed/34276387
http://doi.org/10.1016/S0006-2952(01)00798-5
http://www.ncbi.nlm.nih.gov/pubmed/11728384
http://doi.org/10.1016/S0893-133X(99)00008-1
http://doi.org/10.1046/j.1471-4159.1996.67062434.x
http://doi.org/10.1021/ac00102a015
http://doi.org/10.1021/ac9018846
http://doi.org/10.1111/jnc.12733
http://doi.org/10.1016/j.jneumeth.2004.09.011
http://doi.org/10.1021/acsmeasuresciau.1c00003
http://doi.org/10.1021/cn4000378
http://www.ncbi.nlm.nih.gov/pubmed/23597074
http://doi.org/10.1016/j.neuropharm.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17459426
http://doi.org/10.1523/JNEUROSCI.4901-04.2006
http://doi.org/10.1523/JNEUROSCI.2071-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20660258
http://doi.org/10.1016/j.pnpbp.2020.110135
http://www.ncbi.nlm.nih.gov/pubmed/33058959
http://doi.org/10.1021/acs.analchem.1c05082
http://doi.org/10.1007/s00213-011-2463-5
http://doi.org/10.1016/j.jneumeth.2014.12.009
http://doi.org/10.1096/fj.07-095471


Int. J. Mol. Sci. 2023, 24, 2080 14 of 14

61. Tao, R.; Auerbach, S.B. Opioid receptor subtypes differentially modulate serotonin efflux in the rat central nervous system.
J. Pharmacol. Exp. Ther. 2002, 303, 549–556. [CrossRef] [PubMed]

62. Schindler, A.G.; Messinger, D.I.; Smith, J.S.; Shankar, H.; Gustin, R.M.; Schattauer, S.S.; Lemos, J.C.; Chavkin, N.W.; Hagan, C.E.;
Neumaier, J.F.; et al. Stress produces aversion and potentiates cocaine reward by releasing endogenous dynorphins in the ventral
striatum to locally stimulate serotonin reuptake. J. Neurosci. 2012, 32, 17582–17596. [CrossRef] [PubMed]

63. Jorgensen, T.N.; Christensen, P.M.; Gether, U. Serotonin-induced down-regulation of cell surface serotonin transporter. Neurochem.
Int. 2014, 73, 107–112. [CrossRef] [PubMed]

64. Mauterer, M.I.; Estave, P.M.; Holleran, K.M.; Jones, S.R. Measurement of Dopamine Using Fast Scan Cyclic Voltammetry in
Rodent Brain Slices. Bio Protoc. 2018, 8, e2473. [CrossRef]

65. Yorgason, J.T.; Espana, R.A.; Jones, S.R. Demon voltammetry and analysis software: Analysis of cocaine-induced alterations in
dopamine signaling using multiple kinetic measures. J. Neurosci. Methods 2011, 202, 158–164. [CrossRef]

66. Abdalla, A.; West, A.; Jin, Y.; Saylor, R.A.; Qiang, B.; Pena, E.; Linden, D.J.; Nijhout, H.F.; Reed, M.C.; Best, J.; et al. Fast serotonin
voltammetry as a versatile tool for mapping dynamic tissue architecture: I. Responses at carbon fibers describe local tissue
physiology. J. Neurochem. 2020, 153, 33–50. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1124/jpet.102.037861
http://www.ncbi.nlm.nih.gov/pubmed/12388635
http://doi.org/10.1523/JNEUROSCI.3220-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23223282
http://doi.org/10.1016/j.neuint.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24462583
http://doi.org/10.21769/BioProtoc.2473
http://doi.org/10.1016/j.jneumeth.2011.03.001
http://doi.org/10.1111/jnc.14854

	Introduction 
	Results and Discussion 
	Ex Vivo Voltammetry Captures Dynamic Response of Serotonin to Escitalopram 
	KOR Activation Inhibits Serotonin Release and Uptake via SERTs 
	Escitalopram Efficacy Altered by U50 Pretreatment 

	Materials and Methods 
	Animals 
	Brain Slice Preparation 
	Fast-Scan Cyclic Voltammetry 
	Data Analysis and Statistics 

	Conclusions 
	References

