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Depression is a highly prevalent psychiatric disorder, impacting females at a rate roughly
twice that of males. This disparity has become the focus of many studies which
are working to determine if there are environmental or biological underpinnings to
depression pathology. The biology of depression is not well understood, but experts
agree that a key neurotransmitter of interest is serotonin. Most research on basic
serotonin neurochemistry, by us and others, has predominantly focused on male
models. Thus, it is now critical to include female models to decipher possible
fundamental differences between the sexes that may underlie this disorder. In this
paper, we seek to determine any such differences using fast-scan cyclic voltammetry
(FSCV) and fast-scan controlled adsorption voltammetry. These techniques allow us
to probe the serotonergic system via measurement of evoked and ambient serotonin
at carbon fiber microelectrodes (CFMs). Our data reveal no statistical differences,
in the hippocampus, in female serotonin chemistry during the different stages of the
estrous cycle compared to the mean female response. Furthermore, no difference
was observed in evoked serotonin release and reuptake, nor ambient extracellular
serotonin levels between male and female mice. We applied a previously developed
mathematical model that fits our serotonin signals as a function of several synaptic
processes that control the extracellular levels of this transmitter. We used the model to
study potential system differences between males and females. One hypothesis brought
fourth, that female mice exhibit tighter autoreceptor control of serotonin, is validated via
literature and methiothepin challenge. We postulate that this tight regulation may act
as a control mechanism against changes in the serotonin signal mediated by estrogen
spikes. Importantly, this safety mechanism has no consequence for acutely administered
escitalopram’s (ESCIT’s) ability to increase extracellular serotonin between the sexes.
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In vivo Serotonin Dynamics

This work demonstrates little fundamental differences in in vivo hippocampal serotonin
between the sexes, bar control mechanisms in female mice that can be observed under
extraneous circumstances. We thus highlight the importance of considering sex as a
biological factor in determining pharmacodynamics for personalized medical treatments
that involve targeting serotonin receptors.

Keywords: serotonin, hippocampus, SSRI, FSCV, FSCAV, sex, depression

INTRODUCTION

Clinical depression is more than twice as prevalent in adult
females than males (Weissman and Klerman, 1977; Kessler
et al., 1993; Hankin et al., 1998; Cyranowski et al., 2000;
Piccinelli and Wilkinson, 2000; Grigoriadis and Robinson,
2007) and antidepressants exert varying degrees of efficacy
by sex (Frackiewicz et al, 2000; Sramek and Cutler, 2011).
Interestingly, most studies show this sex-dependent increased
risk of depression only emerges post-puberty (Anderson et al,
1987; McGee et al., 1992; Nolen-Hoeksema and Girgus, 1994).
This disparity in adult depression rates has been explained
via environmentally induced (i.e., societal stress) or innate
(fundamental biology) phenomena (Sullivan et al., 2000; Eley
et al., 2004). The idea that there are inherent biological
underpinnings to depression is well-debated and hypotheses that
have been brought forth over the years have not had unanimous
acceptance (Asberg et al., 1976a,b; Owens and Nemeroft, 1994).
Historically, preclinical and basic research has not encompassed
both sexes equally, with a strong bias toward male models. This
approach was formed under the preconception that the estrous
cycle confounds experimental data, however, as stated in NOT-
OD-15-102 in 2015, “An overreliance on male animals and cells
may obscure understanding of key sex influences on health
processes and outcomes” (National Institutes of Health, 2015).
Henceforth, there is a strong emphasis on including male and
female mice in all basic and preclinical studies.

We are in a good position to study intrinsic neurochemical
differences that may drive depression and antidepressant actions
in male and female animal models since we can monitor sub-
second changes in serotonin in real time, in vivo. Serotonin
is a well-established transmitter of interest to depression and
antidepressant activity in both sexes (Piccinelli and Wilkinson,
2000; Sramek and Cutler, 2011). We monitor serotonin
dynamics in vivo using voltammetric techniques, fast-scan
cyclic voltammetry (FSCV) and fast-scan controlled adsorption
voltammetry (FSCAV) at carbon fiber microelectrodes (CFMs).
FSCV enables the in vivo monitoring of the release and reuptake
of serotonin on a sub-second timescale (Hashemi et al., 2009;
Wood and Hashemi, 2013; Wood et al., 2014) and FSCAV
quantifies ambient serotonin concentrations on the order of tens
of seconds (Abdalla et al., 2017).

In this article, we study the in vivo serotonin chemistry in
the CA2 region of the hippocampus of male and female mice.
We chose to start this study with the hippocampus because
of this brain region’s heavy association with depression and
antidepressant actions. For example, decreased hippocampal
volume is found in human and animal models of depression

(Magarinos and McEwen, 1995; Sheline et al., 1996; Bremner
et al, 2000; Videbech and Ravnkilde, 2004). Furthermore,
selective serotonin reuptake inhibitors (SSRIs) are shown to
change hippocampal architecture via neurogenesis (Czeh et al.,
2001; Malberg and Duman, 2003; Jayatissa et al, 2006).
In our cohort of female mice, statistical differences are not
found in serotonin signals between the overall female mean
and the different stages of the estrous cycle. Importantly,
evoked serotonin release, reuptake, and ambient serotonin
in 23 female (all cycle stages) and 23 male mice are
not statistically different. Potential functional differences are
investigated by mathematically modeling the averaged male and
female responses as a measure of several synaptic processes that
regulate extracellular serotonin. Specifically, the evoked signal
in male mice is postulated to have higher input and the signal
in female mice is hypothesized to undergo tighter autoreceptor
control. We provide validation of the model’s autoreceptor
hypothesis in female mice via administration of methiothepin,
a non-selective serotonin receptor antagonist with high affinity
for the serotonin autoreceptors. We put forth that this stronger
autoreceptor control may act as a safety mechanism against
serotonin-mediating estrogen spikes. To understand whether
these autoreceptor effects are consequential for SSRI response, we
compare administration of acute doses of the SSRI, escitalopram
(ESCIT) to male and female cohorts of mice, some of which are
pretreated with methiothepin. The percent change in serotonin
reuptake is less dramatic across all doses of ESCIT in females but
this effect is independent of autoreceptor antagonism.

In summary, serotonin chemistry, in the hippocampus, during
the different stages of the estrous cycle is not different from the
mean in female mice and the control evoked release, reuptake,
and ambient serotonin are not statistically different between
the sexes. On the microanalysis level, differences in serotonin
regulation between male and female mice may lie, in part,
in autoreceptor regulation. This finding is especially useful
when considering pharmacodynamics for personalized medical
treatments that involve serotonin receptors.

MATERIALS AND METHODS

Chemicals and Reagents

Calibration solutions were prepared by dissolving serotonin
hydrochloride (Sigma-Aldrich Co., St. Louis, MO, United States)
in Tris buffer to produce solution concentration of 10, 25, 50,
and 100 nM. Tris buffer consisted of: 15 mM H,NC(CH,OH),
HCI, 140 mM NaCl, 3.25 mM KCl, 1.2 mM CaCl,, 1.25 mM
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NaH,P0O4.H,0, 1.2 mM MgCl,, and 2.0 mM Na,SO4 (Sigma-
Aldrich Co., St. Louis, MO, United States) in deionized water
and pH adjusted to 7.4. ESCIT oxalate (>98, HPLC) (3, 10, or
30 mg kg™ ') from Sigma-Aldrich (St. Louis, MO, United States)
and methiothepin mesylate salt (>98, HPLC) also from Sigma-
Aldrich (St. Louis, MO, United States) were individually
dissolved in sterile saline (Hospira, Lake Forest, IL, United States)
and administered via intraperitoneal (i.p.) injection at a volume
of 5.0 ml kg~ ! of animal weight. Liquion (LQ-1105, 5% by weight
Nafion™) was purchased from Ion Power Solutions (New Castle,
DE, United States).

Electrode Fabrication

Voltammetric analysis of serotonin was performed as described
previously (Hashemi et al., 2009; Wood and Hashemi, 2013;
Wood et al., 2014). Briefly, CFMs were constructed by aspirating
7 wm carbon fibers (Goodfellow Corporation, Coraopolis,
PA, United States) into glass capillaries (0.4 mm internal
diameter, 0.6 mm outer diameter, AM Systems, Carlsborg, WA,
United States). A vertical pipette puller (Narishige Group, Tokyo,
Japan) was employed to create a carbon-glass seal. Subsequently,
the exposed carbon fiber was cut to 150 pwm and silver paint was
used to forge an electrical connection to a connection pin. Finally,
electrodes were electrodeposited with Nafion™ as described
previously (Hashemi et al., 2009).

Animal and Surgical Procedures

All animal procedures and protocols were performed in
accordance with regulations of the Institutional Animal Care
and Use Committee (IACUC) at the University of South
Carolina, which operates with accreditation from the Association
for Assessment and Accreditation of Laboratory Animal
Care (AAALAC). Male and female C57BL/6] mice (Jackson
Laboratory, Bar Harbor, ME, United States), 6-12 weeks old and
weighing 18-25 g, were group housed, had constant access to
food and water, and were kept on a 12 h light/dark cycle (lights off
at 7:00 and on at 19:00). We chose to include mice from this broad
age range since we found no statistical differences in mice aged
6-8 and 9-12 weeks (Supplementary Figure S1). Female mice
were selected at random, without regard to their estrous cycle.
In the estrous cycle experiments, vaginal smears were collected
after the conclusion of the experiment and cycle determine
according to Caligioni (Supplementary Figure S2) (Caligioni,
2009). Estrous cycle determination was limited to a single-day
cell analysis at the end of the neurochemical analysis in order to
limit stress to the animal that would likely alter FSCV/ESCAV
serotonergic responses. To induce and maintain anesthesia,
25% w/v urethane [Sigma-Aldrich Co., dissolved in 0.9% NaCl
solution (Hospira)] was injected i.p. (7 pl/g of body weight).
Mouse body temperature was maintained using a heating pad
(Braintree Scientific, Braintree, MA, United States). Stereotaxic
surgery (David Kopf Instruments, Tujunga, CA, United States)
was performed, and all coordinates were taken in reference to
bregma. A Nafion™-modified CEM was lowered into the CA2
region of the hippocampus (AP: —2.91, ML: +3.35, DV: —2.5
to —3.0) (Franklin, 2013) or into the medial prefrontal cortex
(mPFC) (AP: +1.7, ML: —0.2, DV: —2.2 to —2.9) (Franklin, 2013)

and adjusted in the dorsal/ventral plane until a serotonin
signal was observed. A stimulating electrode (insulated stainless
steel, diameter: 0.2 mm, untwisted, Plastics One, Roanoke, VA,
United States) was placed into the medial forebrain bundle
(AP: —1.58, ML: +1.00, DV: —4.8) (Franklin, 2013) and a pseudo
Ag/AgCl reference electrode, created by electroplating chloride
(30 sin 0.1 M HCl at 5 V) onto a silver wire, was placed into the
contralateral hemisphere.

Data Collection
FSCV and FSCAV were performed using a Dagan potentiostat
(Dagan Corporation, Minneapolis, NM, United States), WCCV
3.06 software (Knowmad Technologies LLC, Tucson, AZ,
United States) and either a Dagan or Pine Research headstage
(Pine Research Instrumentation, Durham, NC, United States).
For FSCV collection, the “Jackson” serotonin waveform (Jackson
et al, 1995) was applied to the electrode at a scan rate of
1000 V s~! and at a frequency of 10 Hz. To evoke serotonin
release, a biphasic stimulation was applied through a linear
constant current stimulus isolator (NL800A Neurolog, Medical
Systems Corp, Great Neck, NY, United States) with the following
parameters: 60 Hz, 360 LA each, 2 ms in width, and 2 s in length.
Upon completion of data collection, a high voltage was applied
to the working electrode to lesion the tissue surrounding the
electrode for electrode placement verification using histology.
For basal experiments, control evoked files were collected
followed by the methodology being switched to FSCAV. For
FSCAV collection, the serotonin waveform was applied at 100 Hz
for 2 s, followed by a period of controlled adsorption where
the potential was held at 0.2 V for 10 s, lastly the serotonin
waveform was reapplied at 100 Hz, as described in Abdalla et al.
(2017). Thirty files (at one file per minute) were collected as
control files. Following control files, an i.p. injection of saline was
administered and 30 more files of FSCAV were collected. Animals
were then administered ESCIT (10 mg kg~') i.p. and 60 files
post-ESCIT were collected. The system was then switched back
to traditional FSCV and four post-basal stimulation files were
collected. Electrodes were then removed and underwent a post
calibration in which 10 files were collected with the electrode in
solutions of 10, 25, 50, and 100 nM solutions of serotonin. A dose
response was also conducted using FSCV, as previously described,
in which male and female mice were administered either 3, 10, or
30 mg kg~ ! ESCIT and four control files averaged together were
then compared with stimulated release 30 min post-ESCIT.

Data Analysis and Statistics

Digital filtering (zero phase, Butterworth, 5 kHz low-pass)
was accomplished within the WCCV software. For FSCV
analysis, signals were smoothed using WCCV software, the cyclic
voltammogram (CV) taken for serotonin identification, and the
current vs. time (IT) trace extracted to visualize the release and
reuptake of serotonin. Four evoked events, with 10 min between
each event, were averaged for each individual mouse to establish
a control evoked signal. A previously established calibration
factor (49.5 & 10.2 nA/uM) was used to convert current into
concentration. For FSCAV analysis, the third CV after the
reapplication of the waveform was selected for quantification, and
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the peak occurring approximately between 0.4 and 0.85 V was
integrated to determine the charge value (pC). Post calibrations
of each electrode, plotting charge (pC) vs. [serotonin] (nM), were
used to determine basal concentration.

For FSCV data, four IT curves were averaged for each animal
to establish a control. The average for each individual animal
was then combined with the other animals in the group to
determine an overall group average. The standard error of the
mean (SEM) was calculated using the average IT for each animal
(n = # animals). To determine significance between two points,
a two-tailed student’s t-test was utilized (p < 0.05).

To determine the t;/,, a code was custom written in excel to
fit the reuptake component of the curve and calculate the time
taken to reach half of the maximum amplitude. The number
of files with a concentration of less than zero was used to
quantify the “dip” below baseline, associated with autoreceptors,
which will be covered in more detail below. Determination of
the percent reuptake change following ESCIT is explained in
Section “Modeling.”

Data were excluded based on the criteria outlined herein. For
all experiments, the evoked signal CV was compared to well-
established in vivo and in vitro serotonin CVs and signals in
which the CVs did not contain the characteristic serotonin redox
peaks were excluded. Animals which did not survive the full
experiment or whose drug injection did not elicit a response
were removed. Signals which did not return to baseline or were
otherwise unstable, as well as those which were outside the
normal range, as determined by a Q-test, were removed. Data
which contained a peak resulting from the stimulation electrode
touching the skull that masked, delayed, or minimized the
serotonin response (stimulation glitch) were excluded. According
to these criteria, 10 animals were excluded, which accounts for 8%
of the total number of animals used. All other data were included
and all raw evoked data are shown in Figure 2.

To determine the number of animals required for observing
significant differences in serotonin signals, we employed a power
analysis (Charan and Kantharia, 2013). The following formula
was used to calculate a quantitative endpoint for the sample size
required to compare two groups.

Sample size = 2 SD? (2%/2 + 7P)?/d?

The pooled standard deviation from the sample data was 0.83
and Cohen’s d was calculated as 1.76. The Z*/? term was 1.96
(from Z table) as a type 1 error of 5% and the 7P was 0.842
(from Z table) at 80% power. This power analysis resulted in a
n = 3.5. The sample size corrected for exclusion was calculated
using n = 3.5 and a percent loss of animals as 8%, showing that
about 3.8 animals were required.

Modeling
A previously presented mathematical model was used to model
the average male and female evoked responses:

ds()]
dt

Vmaxl [S(t)] _
kml + [S(t)]

6 VmaXZ[S(t)]
kmz + [S(®)]

=R(#t)(1 — A()) — a

S(t) is the concentration of serotonin in the extracellular
space, R(t) is the release rate of the serotonin neurons in
the hippocampus near the electrode that rises briefly after
stimulation and then returns to baseline, and A(f) represents the
strength of the autoreceptor effect caused by rising serotonin
in the extracellular space [the higher A(f) the more serotonin
release is inhibited] (Wood et al., 2014). The first negative term
represents reuptake resulting from Uptake 1 transporters, the
serotonin transporters (SERTs), with Viayg = 19.25 nM s~Vand
Kmi = 5 nM. The second term represents reuptake via Uptake
2 transporters [dopamine transporters (DATs), norepinephrine
transporters (NETs), and organic cation transporters (OCTs)]
with Vima = 780 nM s™! and K2 = 170 nM. We modeled
and discussed Uptake 1 and Uptake 2 in detail previously (Wood
et al., 2014). Briefly, Uptake 1 is high affinity but low efficiency
serotonin transport (Shaskan and Snyder, 1970) while Uptake 2 is
low affinity, high efficiency serotonin transport (Daws et al., 2013;
Horton et al., 2013). Thus, at serotonin concentrations well above
the basal level, Uptake 2 is primarily responsible for serotonin
removal from the extracellular space, but low concentrations,
closer to the steady state, Uptake 2 has little effect on reuptake
of serotonin. For the purpose of our simulations, we assume the
basal steady state is 60 nM, roughly the mean of measured basal
levels (see below), and the parameter beta decreases from 0.05
above 82 nM linearly to zero at 62 nM, reflecting the properties
of Uptake 2. In some simulations, the concentration cutoffs 82
and 62 nM are slightly varied to fit the experimental data. In all
our simulations, o = 1.

We believe that stimulation of the MFB causes antidromic
spikes that stimulate the dorsal raphe nucleus (DRN). The
increased firing of DRN neurons increases the release rate, R(t),
in the hippocampus. Before stimulation, we assume that R(¢) is
a constant, Ry, chosen so that the basal steady state is 60 nM.
After stimulation, R(t) rises linearly for 1 s followed by decay
back to Ry linearly over 2 s. This value can be varied to reflect
the different release rates produced by slight differences in the
stimulation of the MFB. The parameter r scales how high above
Ry the release rate goes, with r = 1 indicating an increase of release
rate of 40 nM s~!. We previously showed that the autoreceptor
effects are long-lasting (up to 30 s) and continue after both R(t)
and S(#) have returned to baseline (Wood et al., 2014). This longer
lasting autoreceptor effect drives the serotonin concentration
below baseline after most stimulations.

The model was further used to calculate estimates of the
percentage decrease of Vyaxo caused by different doses of ESCIT
in male mice and female mice (Figure 4). These calculations
were carried out assuming that most of the initial decrease of
serotonin in the extracellular space is caused by the Uptake
2 transporters. This assumption is supported by our previous
work (Wood et al., 2014). The experimental data give us the
evoked serotonin response before ESCIT (control curve) and the
evoked serotonin response 30 min following the administration
of ESCIT (dose curve). As the Ky, of Uptake 2 is known, the
control signal was used to calculate the value of the effective
Vmaxz for the control signal. The process was repeated for the
ESCIT signal to calculate the effective Va0 for the ESCIT signal.
Figure 4 reports the percentage change from our estimate of
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Vmaxz for control to our estimate of Vinax2 30 min following the
administration of ESCIT.

RESULTS

Serotonin During the Different
Stages of the Estrous Cycle

Evoked and basal serotonin was measured during each stage of
the estrous cycle in the CA2 region of the hippocampus in female
mice (images verifying stage of cycle are in Supplementary
Figure S2). The basal serotonin concentrations were added to
the respective animals’ evoked response and are displayed in the
colored traces in Figure 1 for each stage of the estrous cycle
(n = 3-4). The gray traces in Figure 1 are the averaged female
responses (blinded for stage of estrous cycle, n = 10). When
comparing the data from each stage of the cycle to the average,
we found no significant differences in evoked release amplitude
and t1/, of serotonin clearance (table in Figure 1).

Evoked and Basal Serotonin in
Male and Female Mice

Evoked serotonin was measured in male and female mice
(regardless estrous cycle stage). Results are shown in Figure 2
where Figure 2A shows the average serotonin concentration
([serotonin]) vs. time traces in male and female mice and
Figure 2B shows the raw data of each individual making up the
averages shown in Figure 2A. The results of FSCAV experiments
in male and female mice are seen in Figure 2C. The values for the
maximum amplitude of serotonin release, the t;/, of serotonin
clearance, and the average ambient [serotonin] are in the table
in Figure 2C (middle). These results demonstrate no significant
difference in the evoked release amplitude (35.0 £ 3.3 nM in
males and 32.2 & 4.3 nM in females, p = 0.61, two-tailed student’s
t-test), ti/2 of serotonin clearance (2.1 £ 0.2 s in males and
2.1 & 0.2 s in females and p = 0.93, two-tailed student’s t-test),
or average ambient serotonin levels [62.5 £ 1.8 nM in males and

60.4 £ 1.8 nM in females (p = 0.43, two-tailed student’s ¢-test)].
To determine if these results are specific to the hippocampus, we
explored an additional brain region, the mPFC (Supplementary
Figure S$3). No statistical difference was found in this region
between the male and female mice.

Mathematically Modeling Male and

Female Serotonin Signals

Figure 3 shows the results of fitting the averaged male and female
serotonin responses with a model that we previously developed
that captures experimental data in the context of the synaptic
mechanisms that control extracellular serotonin. In these animals
that we reported evoked release, ambient serotonin data were
not available. Thus, to give basis to the model, an average
concentration from a subset of mice in this work (60 nM) was
added, arbitrarily, to each signal. The amplitude of the signal
in male mice was higher than in the female mice, which was
modeled via a larger input term to the terminal (r = 0.54 in males,
r = 0.43 in females). Additionally, there was a larger dip below
baseline after stimulation in female mice, which was modeled
via a larger value for the autoreceptor term in the model. We
described this autoreceptor phenomenon at length previously
(Wood et al., 2014).

Serotonin Response to ESCIT

An acute ESCIT dose, was administered via i.p. injection, to
male and female mice, separately at 3, 10, and 30 mg kg~! and
the evoked and basal serotonin responses were monitored in
separate cohorts of mice per dose. The evoked responses, seen in
Figure 4, are shown for each dose along with the percent change
in reuptake. At every dose, the female mice had a lower percent
change in reuptake compared to the males.

The basal, steady-state serotonin concentration response to
ESCIT is shown in Figure 5 in male and female mice. Control
files were collected for 30 min, after saline injection, files were
taken for 30 min, finally ESCIT was administered and files
were taken for an additional hour. Serotonin was not altered

10 T Estrus Metestrus Diestrus Proestrus
s
5
5
=
o
°
@
2
30L Time (30 s)
Amp,...| 95.7 nM 0.86 86.5 nM 0.46 81.7 nM 0.19 92.7 nM 0.96
o 16s 0.23 24s 0.74 24s 0.69 1.80 0.48

FIGURE 1 | Serotonin signals, incorporating respective basal levels, from each of the four estrous cycles in female mice are shown. The average from female mice in
the estrus (red, n = 4), metestrus (yellow, n = 4), diestrus (green, n = 3), and proestrus (purple, n = 3) stages are shown. A table showing the average amplitude and
ty 2 for each stage of the female mouse cycle along with the p-value resulting from a two-tailed t-test is seen below. Significance was defined as p < 0.05.
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FIGURE 2 | (A) The average evoked serotonin for male mice (blue, n = 23) and female mice (red, n = 23) with SEM shown in a lighter shade around each. Serotonin
was evoked via a short stimulation (yellow bar). (B) The average basal serotonin concentration found in male (n = 17, shown in blue) and female (red, n = 18) animals
is shown, along with the SEM of each. (C) The table details male and female average maximum evoked [serotonin] amplitude, the average t; 2 of serotonin
clearance and the average basal [serotonin]. (D) The raw data for each individual mouse used to generate the average evoked serotonin signal are shown in varying
shades of blue (male) and red (female). Significance was defined as p < 0.05.

A Male B Female
1000
= = Model “ Model
T
£ - :
c = Experimental Experimental
5
°
@
(2
60

Time (30 s)

FIGURE 3 | The average experimental serotonin signal from male (A) and female (B) mice is shown plotted with the modeled serotonin signal. An average basal
value of 60 nM has been incorporated into the male and female responses.

by saline, while roughly 10 min after ESCIT, the signal rose
~43-46%. This represented a significant change in serotonin DISCUSSION

in both sexes (p < 0.01, two-tailed student’s t-test) but no . .
significant difference between the two sexes (p = 0.96, two-tailed Control Serotonin Chemistry Is Not

student’s t-test). Likewise, the basal serotonin concentrations Slgnlflcantly Different Between the

before and after ESCIT were not significantly different between Sexes in the Hippocampus
males and females (p = 0.244 and p = 0.220, respectively, two-  The possible inherent biological underpinnings of depression are
tailed student’s ¢-test). not well understood and hypotheses that have been brought forth

Frontiers in Neuroscience | www.frontiersin.org 6 April 2019 | Volume 13 | Article 362


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Saylor et al.

In vivo Serotonin Dynamics

— Male Female
é £ [100
~ T
2
o 2
E &
o SN
- Time 30s
o
wv —
w % 100
e )
[
o 2
o
E £
o 9
(o]

=

w30 Min post
ESCIT

Percent Decrease of Uptake

30 mg kg ESCIT
[Serotonin] (nM)

Control

Control === 30 min post

ESCIT

3 mg kg™ 48% 23%
10 mg kg' 76% 50%
30 mg kg™’ 86% 80%
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shown (n = 4 for each). A lighter color is shown to indicate control release and
a darker shade is used to denote response 30 min following i.p. ESCIT
administration (3, 10, and 30 mg kg~ "). The table lists percent decrease of
reuptake in males and females at the three doses.

over the years have not had unanimous recognition. It is well
established that alterations in serotonin chemistry likely underlie
the behavioral phenotypes of depression (Asberg et al., 1976a,b;
Owens and Nemeroff, 1994; Stockmeier, 2003). We are in a good
position to investigate the chemistry of the serotonin system from
a fundamental perspective. Our techniques, FSCV and FSCAY,
allow us to probe the essence of synaptic release and reuptake
of serotonin via the many parallel systems that regulate this
transmitters’ extracellular concentration.

There is a belief that neurochemistry in female rodents is
intrinsically more variable due to the estrous cycle (Beery and
Zucker, 2011). Accordingly, the majority of studies on serotonin’s
role in depression and antidepressant effects (including our own)
have so far only been in male mice (Borsini and Meli, 1988;
Stahl, 1998; Wood and Hashemi, 2013; Abdalla et al., 2017). Here,
we perform the first FSCV serotonin measurements in female
mice and investigate whether the different stages of the estrous
cycle alter the characteristics of serotonin neurochemistry. The
estrous cycle in rodents is approximately 4-5 days long and
is divided into four stages: proestrus, estrus, metestrus, and
diestrus. These stages can be determined through looking at
the difference in cell types in a vaginal smear under a standard

light microscope and correlating those differences to the stage of
estrous cycle (Caligioni, 2009; Byers et al., 2012) (Supplementary
Figure S2). The phase of the estrous cycle for each female mouse
was recorded and the responses of the mice in each respective
cycle were averaged. Figure 1 shows that none of the averaged
responses between the cycles differ statistically from the mean
of 10 females blinded for stage of cycle. Estrogen is thought to
modulate serotonin (Biegon et al., 1980; Rubinow et al., 1998),
although it is unclear to which extent this phenomenon extends
during the different stages of the cycle (Gundlah et al., 1998;
Maswood et al., 1999; Bethea et al., 2002) Overall, our data
do not have enough significance to support this notion in the
hippocampus. Additional data from male and female mice in
the mPFC (Supplementary Figure S3) also show no significant
differences between the sexes. An important caveat here is that,
while the hippocampus and mPFC are brain regions heavily
implicated in depression and antidepressant actions (Goldapple
et al., 2004; Kodama et al., 2004; Drevets et al., 2008), our study
has not included other brain regions thought to be important
in the pathology depression, which may show differences. An
additional point of note is the age range of animals used here since
there is evidence that depression rates vary with age (Anderson
et al.,, 1987; McGee et al., 1992; Hankin et al., 1998; Piccinelli and
Wilkinson, 2000). We utilized a broad age range (6-12 weeks)
to maximize potential observable differences. In Supplementary
Figure S1, we found no statistical differences between young
adult (6-8 week old) and adult (9-12 week old) mice.

Scientists have found a variety of sex differences in rodents
related to serotonin including: metabolism (Curzon and Bridges,
1970; Rosecrans, 1970; Kennett et al., 1986), synthesis (Nishizawa
et al., 1997), receptor binding (Fischette et al, 1983; Arango
et al, 1995; Parsey et al, 2002; Jovanovic et al, 2008),
transporter functions (McQueen et al., 1997; Jovanovic et al.,
2008), extracellular levels (Gundlah et al, 1998), and many
other processes (Biegon et al., 1980; Rubinow et al, 1998;
Dominguez et al., 2003). However, parallel studies have found
little to no differences in other aspects of the serotonin system
(Rosecrans, 1970; Kunimura et al., 2015). This incongruity
makes it very difficult to ascertain whether the serotonin system
plays a fundamental role in the disparity of depression between
male and females.

In Figure 2A, we see that evoked release and reuptake of
serotonin is remarkably reproducible in male vs. female mice.
A point of note is the high precision of these experimental data.
These data (Figure 2D) are essentially raw data (two analysis
steps include smoothing the data and conversion of current to
concentration). These data are highly reproducible, in contrast to
other chemical data that often needs to be normalized and shown
as a % change from baseline (Kaminska et al., 2018; Wojcieszak
et al., 2018). Also, compared to dopamine voltammetry studies,
where significant heterogeneity manifests as “hotspots” of
dopamine activity (May and Wightman, 1989; Wightman et al.,
2007), these serotonin data are much more uniform.

In Figure 2B, in the interest of scientific transparency,
we purposefully show all of our raw data that were used to
generate the average curves illustrated in the bottom panel. The
SEM of the maximum amplitude of the average female curve is
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another 30 min of basal serotonin data was collected. At the gray bar, escitalopram (ESCIT, 10 mg kg~ ') was administered and 60 min of basal serotonin data was

collection. SEM is shown as a lighter bar behind.

4.3 nM. This small error is in accordance with our long-standing
hypothesis that the serotonin system is a profoundly regulated
one (Hashemi et al., 2009; Wood et al., 2014). Standard statistics
showed no difference in the amplitude or ¢/, and of evoked
release nor in basal [serotonin] (Figure 2). These statistical
findings emphasize both the high reproducibility of our data and
the tightly controlled in vivo serotonin system. To summarize
these data: there are no statistical differences between the stages
of the cycle and the mean in females. Critically, the averaged
responses between male and female mice are not different in the
CA2 region of the hippocampus.

Modeling Serotonin Signals Reveals

Potential Regulation Differences

We previously developed a model that deconstructs the chemical
signal as a function of the many synaptic processes that control
extracellular serotonin. Thus, modeling the experimental data
can provide specific information about the components of system
(Wood et al,, 2014). As a starting point, we fit the averaged male
and averaged female experimental data; the model hypothesized
two differences between the male and female evoked response.
First, the evoked response in males necessitated a larger model
input term to the terminal. Second, a stronger autoreceptor term
was necessary to model the female data. This finding is insightful
but requires further verification since the model was based on
the average, and not individual data. To further verify these
notions, we hypothesized potential biochemical processes that
underlie the findings.

Larger Model Input Term to the Terminal in Males
To model the experimental data, a larger input term was required
in male mice to fit the larger amplitude of evoked serotonin

release. We hypothesize three biochemical reasons for this larger
input. First, a higher amplitude response could be the result of
more axons. However, in most investigations, there have not been
significant differences found in the number of serotonin axons
between male and female mice (Jitsuki et al., 2009; Kunimura
et al., 2015; Rajkowska et al., 2017). Second, we postulate that
axons in male mice have a lower stimulation threshold than in
female mice. The literature has come to no consensus on this
front (Yang et al., 2015; Strupp-Levitsky et al., 2016). Third, we
put forth that more vesicular serotonin is released in response
to stimulation in male mice. This could be a result of a variety
of changes within the synapse ranging from vesicle number,
Ca’* dependent vesicular release, amount of serotonin released
with each vesicle fusion, or catabolism of released serotonin;
again these possibilities remain inconclusive based on current
literature (Mermelstein et al., 1996; Nishizawa et al., 1997;
Rehavi et al., 1998).

Larger Model Autoreceptor Term in Females

Previously, we showed that the dip below baseline after
stimulation was a fall in serotonin levels (Wood et al., 2014).
We modeled and pharmacologically verified that this decrease
in ambient serotonin level was due to prolonged autoreceptor
control. In these data, the model captured a larger dip below
baseline in females by necessitating a larger autoreceptor term.
We postulate that this is a function of a higher density of, or
higher functionality of autoreceptors in females. A significant
amount of current research suggests sex may affect quantity and
function of autoreceptors (Jones and Lucki, 2005; Goswami et al.,
2010; Goel et al., 2014). Jones and Lucki (2005), in particular,
determined that 5HT1B autoreceptor knockout mice exhibited
a sex-dependent increase in baseline hippocampal serotonin
present only in females. Goswami et al. (2010) found increased
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levels of 5SHT1D autoreceptor mRNA in serotonin neurons in the
dorsal raphe of females with major depressive disorder compared
to control females, a trend that did not persist in male subjects.

The literature does not enable verification of the model’s
two hypotheses, yet it is important to verify whether these
fundamental differences in serotonin chemistry exist in the
context of depression and/or antidepressant efficacy in males vs.
females. As a pharmacological means to verify these hypotheses,
we study acute methiothepin (non-selective serotonin receptor
antagonist, with high affinity for the autoreceptors) and
ESCIT administration.

Escitalopram Induces Differences in
Serotonin Uptake but Not Basal

Concentrations Between Sexes

With the increasing global rate of depression, the issue of
antidepressant efficacy is brought to the forefront. SSRIs have
been shown to have different effects in male and female patients in
clinical trials (Kornstein et al., 2000; Khan et al., 2005). In rodents,
SSRIs have differential effects by sex. For example, male and
female rodents respond differently in the forced swim test (FST)
(Cryan et al., 2002; Drossopoulou et al., 2004; Petit-Demouliere
et al,, 2005; Bogdanova et al., 2013). The FST is a behavioral test;
among other uses, it has been used to screen for antidepressant
efficacy after acute i.p. SSRI injections in naive animals (Borsini
and Meli, 1988; Willner, 1990).

In the context of antidepressant effects in male vs. female mice,
we sought to test the two hypotheses brought forth by the model
by adhering to the traditional SSRI screening procedure (acute
SSRI i.p. injection). The first hypothesis was that there is a higher
input to the serotonin terminals in male mice resulting in higher
amplitude of evoked release. For the hypothesis to hold, this
amplitude difference is expected to persist after SSRI. We used
three different doses of ESCIT and presented averaged control
evoked responses (1 = 4 animals) and the averaged responses
30 min after SSRI administration. ESCIT administration slowed
the reuptake of serotonin, as predicted by the mechanism of
action of this agent. Notably, following ESCIT, there was a
systematic increase in the signal amplitude; however, there was
no consistency in amplitude change between the doses in the two
sexes. Specifically, at 30 mg kg~!, the female ESCIT response
amplitude is higher than that of the males. This finding nullifies
the model’s first hypothesis, since the higher amplitude in males
did not persist across all doses.

In addressing the second hypothesis brought forth by our
model, that there is stronger autoreceptor regulation in females,
we found that acute ESCIT was less effective at decreasing the
rate of serotonin reuptake at all doses in female mice. We propose
that this phenomenon could be due to increased functionality of
the serotonin autoreceptors, a notion supported in the literature
(Jones and Lucki, 2005; Goswami et al., 2010; Goel et al., 2014).
Increased autoreceptor activity could counteract SERT-mediated
effects of the SSRI, especially since 5SHT1-B autoreceptors are
G-protein coupled to the SERTs and have previously been
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FIGURE 6 | Control stimulated 5HT is shown in black for (A) males (n = 4) and (B) females (n = 4) and 30 min following 0.1 mg kg~ methiothepin (methio) are
shown for (A) males (n = 4) in blue and (B) females (n = 4) in red. Post methiothepin pretreatment ESCIT (10 mg kg~"') response is shown for (C) males in blue and
(D) females in red. These are normalized to ESCIT responses seen in Figure 4, shown in gray for (C) males and (D) females.
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found to mediate serotonin reuptake (Montanez et al.,, 2014).
A potential rationale for increased autoreceptor control in female
mice is the modulation of serotonin by estrogen in the brain
(Biegon et al., 1980; Lu et al., 1999; Bethea et al., 2002; Abraham
et al., 2003; Sheng et al., 2004; Cornil et al., 2006; Barth et al,,
2015; Kunimura et al., 2015), a complex relationship previously
examined in in-depth reviews (Rubinow et al., 1998; Borrow and
Cameron, 2014). Estrogen is thought to modulate serotonin in
both male and female mice on both a slower, ambient level as well
as rapid, transient effects which can alter intracellular signaling
(Abraham et al.,, 2003; Cornil et al., 2006). The rapid changes
in estrogen are more commonly associated with female models
(Hansel and Convey, 1983). To protect against these “spikes”
in estrogen, we propose the stronger activity of autoreceptors
in female mice serve as a control mechanism. High levels
of extracellular serotonin are neurotoxic (Boyer and Shannon,
2005). In accordance with this, other researchers have found
increased density of 5SHT1 autoreceptors and a higher rate of
serotonin turnover in female vs. male mice, mediated by estrogen
(Biegon et al., 1980; Carlsson et al., 1985). To test this notion,
we pretreated male and female mice with methiothepine (0.1 mg
kg~!) before ESCIT administration (Figures 6A,B). We were
limited to using this small methiothepin dose because when
administered with SSRI, receptor antagonists induce the fatal
serotonin syndrome pathology. Statistically, we found that the
“dip” below baseline, that we previously attributed to serotonin
autoreceptors (Wood et al., 2014), is diminished in both sexes,
but to a larger extent in female mice (191 £ 13 data points
in the controls to 64.8 & 45 files after methiothepin treatment,
p = 0.048). This could point toward the fact that the female
serotonin signal is under greater autoreceptor control since the
same dose creates a larger effect (less of a correction is needed to
prevent the “dip” in males). While these data are good evidence
for stronger autoreceptor regulation in females, we find no effects
of methiothepin pretreatment on the #;/, of the ESCIT response
(Figures 6C,D where responses are normalized from animals
with and without methiothepin treatment). We thus reject the
notion that autoreceptors are responsible for the lesser effect of
ESCIT on the reuptake curve of serotonin in female mice. Other
hypotheses that may account for this sex specific response to
acute SSRI include metabolic effects (Curzon and Bridges, 1970;
Rosecrans, 1970; Kennett et al., 1986), SERT trafficking (Malison
et al., 1998; Joensuu et al., 2007), or promiscuous reuptake by
other monoamine transporters (Fox et al., 2008; Daws, 2009).
These effects will be the focus of future studies.

It is, however, important to note that the large electrical
stimulations necessary to collect FSCV files cause aphysiological
serotonin release. The stimulation allows us to test the nuances
of the regulation of the serotonin system; however, it is unlikely
that endogenous serotonin levels would spike to the levels we
observe in our evoked experiments. Thus, we measured the
ambient hippocampal serotonin response to ESCIT in male and
female mice using FSCAV. We selected the intermediary dose
of 10 mg kg~!, administered acutely. Interestingly, following
administration of ESCIT, basal serotonin increased in both
male and female mice with no detectable differences between
the sexes (Figure 4).

Taken together, these data suggest that sex-mediated
differences in serotonin reuptake following ESCIT in the context
of stronger autoreceptor control in females is present only in
response to the large electrical stimulation used with FSCV.
This aphysiological stimulation allows us to delve into the fine
biochemical differences that may exist within the synapse of
male and female mice. These differences are in place to protect
against potential variation in modulation between the sexes but
are only activated under unusual circumstances. Therefore, on
a physiological level, ESCIT appears to have consistent effects
across the sex lines in mice.

CONCLUSION

No distinction was found between the different stages of the
estrous cycle, in the hippocampus, in female mice. Furthermore,
the average male and female control serotonin signals and
ambient levels were not significantly different from each other.
Modeling the average male and female serotonin evoked signals
revealed a larger autoreceptor effect in female mice, which was
confirmed via methiothepin administration. It is important to
note that these autoreceptor differences may only be visible
under aphysiological conditions (such as electrical stimulation or
disease). Nonetheless, we showed that autoreceptor effects were
not responsible for our finding that acute SSRI are lesser able to
slow reuptake in female mice. Therefore, while there is evidence
that under physiological conditions, there are no differences
in hippocampal serotonin; the data presented here emphasize
considering sex as an important biological factor when evaluating
disease states and personalized treatment options.

ETHICS STATEMENT

This study was carried out in accordance with the recommen-
dations of Institutional Animal Care and Use Committee
(IACUC) at the University of South Carolina, which operates
with accreditation from the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC). The
protocol was approved by IACUC.

AUTHOR CONTRIBUTIONS

RS, MH, AB, and SB contributed to the collection of the data
presented in this paper. MH, PH, AW, RS, MR, JB, and FN
participated in writing the manuscript. MH, AW, and PH each
worked on data processing and analysis. AW and MH created the
figures and completed the necessary statistics for the data. MR,
JB, and FN carried out the mathematical modeling of the data.

FUNDING

This work was supported by the National Institutes of Health
ROIMH106563 (PH).

Frontiers in Neuroscience | www.frontiersin.org

April 2019 | Volume 13 | Article 362


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Saylor et al.

In vivo Serotonin Dynamics

ACKNOWLEDGMENTS

The authors would like to acknowledge the other
members of the Hashemi lab for their support in
various aspects including electrode fabrication, experimental
assistance, and input to constructive discussions. The
authors would also like to thank Jan Ostermann for
help with data analysis and Edsel Pena for help with
statistical analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2019.00362/full#supplementary-material

REFERENCES

Abdalla, A., Atcherley, C. W., Pathirathna, P., Samaranayake, S., Qiang, B.,
Pena, E., et al. (2017). In vivo ambient serotonin measurements at carbon-
fiber microelectrodes. Anal. Chem. 89, 9703-9711. doi: 10.1021/acs.analchem.
7b01257

Abraham, I. M., Han, S. K,, Todman, M. G., Korach, K. S., and Herbison,
A. E. (2003). Estrogen receptor beta mediates rapid estrogen actions on
gonadotropin-releasing hormone neurons in vivo. J. Neurosci. 23, 5771-5777.
doi: 10.1523/JNEUROSCI.23-13-05771.2003

Anderson, J. C., Williams, S., Mcgee, R., and Silva, P. A. (1987). DSM-III
disorders in preadolescent children. Prevalence in a large sample from the
general population. Arch. Gen. Psychiatry 44, 69-76. doi: 10.1001/archpsyc.
1987.01800130081010

Arango, V., Underwood, M. D., Gubbi, A. V., and Mann, J. J. (1995). Localized
alterations in pre- and postsynaptic serotonin binding sites in the ventrolateral
prefrontal cortex of suicide victims. Brain Res. 688, 121-133. doi: 10.1016/0006-
8993(95)00523-S

Asberg, M., Thoren, P., Traskman, L., Bertilsson, L., and Ringberger, V. (1976a).
“Serotonin depression”-a biochemical subgroup within the affective disorders?
Science 191, 478-480.

Asberg, M., Traskman, L., and Thoren, P. (1976b). 5-HIAA in the cerebrospinal
fluid. a biochemical suicide predictor? Arch. Gen. Psychiatry 33,1193-1197.
Barth, C. Villringer, A., and Sacher, J. (2015). affect
neurotransmitters and shape the adult female brain during hormonal

transition periods. Front. Neurosci. 9:37. doi: 10.3389/fnins.2015.00037

Beery, A. K., and Zucker, I. (2011). Sex bias in neuroscience and biomedical
research. Neurosci. Biobehav. Rev. 35, 565-572. doi: 10.1016/j.neubiorev.2010.
07.002

Bethea, C. L., Lu, N. Z., Gundlah, C., and Streicher, J. M. (2002). Diverse actions
of ovarian steroids in the serotonin neural system. Front. Neuroendocrinol. 23,
41-100. doi: 10.1006/frne.2001.0225

Biegon, A., Bercovitz, H., and Samuel, D. (1980). Serotonin receptor concentration
during the estrous cycle of the rat. Brain Res. 187, 221-225. doi: 10.1016/0006-
8993(80)90509-0

Bogdanova, O. V., Kanekar, S., D’anci, K. E., and Renshaw, P. F. (2013). Factors
influencing behavior in the forced swim test. Physiol. Behav. 118, 227-239.
doi: 10.1016/j.physbeh.2013.05.012

Borrow, A. P., and Cameron, N. M. (2014). Estrogenic mediation of serotonergic
and neurotrophic systems: implications for female mood disorders. Prog.
Neuropsychopharmacol. Biol. Psychiatry 54, 13-25. doi: 10.1016/j.pnpbp.2014.
05.009

Borsini, F., and Meli, A. (1988). Is the forced swimming test a suitable model for
revealing antidepressant activity? Psychopharmacology 94, 147-160.

Boyer, E. W., and Shannon, M. (2005). The serotonin syndrome. N. Engl. ]. Med.
352, 1112-1120. doi: 10.1056/NEJMra041867

Sex hormones

FIGURE S1 | (A) The raw data for evoked serotonin response in young adult mice
(aged 6-8 weeks, n = (11 females, 3 males) = 14 mice total) and (B) adult mice
(aged 9-12 weeks, n = (3 females, 5 males) = 8 mice total) are shown in purple
and green respectively. (C) A table with the average maximum amplitude and t1 2
are shown, neither of which are statistically between the two age groups.

FIGURE S2 | A representative cell sample pictomicrograph is shown for each of
the estrous cycles: (A) estrus, (B) metestrus, (C) diestrus, and (D) proestrus.
Estrus contains anucleated cornified cells, metestrus contains cornified, nucleated
epithelial cells, and leukocytes, diestrus contains leukocytes and proestrus
contains nucleated epithelial cells. Methods and analysis were completed as
described in Caligioni, 2009.

FIGURE S3 | Female (red) serotonin responses (n = 5) in the medial prefrontal
cortex (MPFC) are compared to previously reported male (blue) serotonin
response (n = 20). Error bars for every tenth file are shown in similar corresponding
colors. The wide error bar range results from single and double peak signals being
averaged together as well as the low n size in the case of the females.
Nonetheless, the error bars suggest that there is no difference in male and female
serotonin signals in the mPFC.

Bremner, J. D., Narayan, M., Anderson, E. R., Staib, L. H., Miller, H. L., and
Charney, D. S. (2000). Hippocampal volume reduction in major depression.
Am. J. Psychiatry 157, 115-118. doi: 10.1176/ajp.157.1.115

Byers, S. L., Wiles, M. V., Dunn, S. L., and Taft, R. A. (2012). Mouse estrous cycle
identification tool and images. PLoS One 7:€35538. doi: 10.1371/journal.pone.
0035538

Caligioni, C. S. (2009). Assessing reproductive status/stages in mice. Curr. Protoc.
Neurosci. 48, A.41.1-A.41.8. doi: 10.1002/0471142301.nsa04is48

Carlsson, M., Svensson, K., Eriksson, E., and Carlsson, A. (1985). Rat brain
serotonin: biochemical and functional evidence for a sex difference. J. Neural.
Transm. 63, 297-313. doi: 10.1007/BF01252033

Charan, J., and Kantharia, N. D. (2013). How to calculate sample size in animal
studies? J. Pharmacol. Pharmacother. 4, 303-306. doi: 10.4103/0976-500X.
119726

Cornil, C. A,, Ball, G. F., and Balthazart, J. (2006). Functional significance of the
rapid regulation of brain estrogen action: where do the estrogens come from?
Brain Res. 1126, 2-26. doi: 10.1016/j.brainres.2006.07.098

Cryan, J. F., Markou, A., and Lucki, I. (2002). Assessing antidepressant activity
in rodents: recent developments and future needs. Trends Pharmacol. Sci. 23,
238-245. doi: 10.1016/S0165-6147(02)02017-5

Curzon, G., and Bridges, P. K. (1970). Tryptophan metabolism in depression.
J. Neurol. Neurosurg. Psychiatry 33, 698-704. doi: 10.1136/jnnp.33.5.698

Cyranowski, J. M., Frank, E., Young, E., and Shear, M. K. (2000). Adolescent onset
of the gender difference in lifetime rates of major depression: a theoretical
model. Arch. Gen. Psychiatry 57, 21-27. doi: 10.1001/archpsyc.57.1.21

Czeh, B., Michaelis, T., Watanabe, T., Frahm, J., De Biurrun, G., Van Kampen, M.,
et al. (2001). Stress-induced changes in cerebral metabolites, hippocampal
volume, and cell proliferation are prevented by antidepressant treatment with
tianeptine. Proc. Natl. Acad. Sci. U.S.A. 98, 12796-12801. doi: 10.1073/pnas.
211427898

Daws, L. C. (2009). Unfaithful neurotransmitter transporters: focus on serotonin
uptake and implications for antidepressant efficacy. Pharmacol. Ther. 121,
89-99. doi: 10.1016/j.pharmthera.2008.10.004

Daws, L. C., Koek, W., and Mitchell, N. C. (2013). Revisiting serotonin reuptake
inhibitors and the therapeutic potential of “uptake-2” in psychiatric disorders.
ACS Chem. Neurosci. 4, 16-21. doi: 10.1021/cn3001872

Dominguez, R., Cruz-Morales, S. E., Carvalho, M. C., Xavier, M., and Brandao,
M. L. (2003). Sex differences in serotonergic activity in dorsal and median raphe
nucleus. Physiol. Behav. 80, 203-210. doi: 10.1016/j.physbeh.2003.07.012

Drevets, W. C,, Price, J. L., and Furey, M. L. (2008). Brain structural and functional
abnormalities in mood disorders: implications for neurocircuitry models of
depression. Brain Struct. Funct. 213, 93-118. doi: 10.1007/s00429-008-0189-x

Drossopoulou, G., Antoniou, K., Kitraki, E., Papathanasiou, G., Papalexi, E.,
Dalla, C., et al. (2004). Sex differences in behavioral, neurochemical and
neuroendocrine effects induced by the forced swim test in rats. Neuroscience
126, 849-857. doi: 10.1016/j.neuroscience.2004.04.044

Frontiers in Neuroscience | www.frontiersin.org

April 2019 | Volume 13 | Article 362


https://www.frontiersin.org/articles/10.3389/fnins.2019.00362/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2019.00362/full#supplementary-material
https://doi.org/10.1021/acs.analchem.7b01257
https://doi.org/10.1021/acs.analchem.7b01257
https://doi.org/10.1523/JNEUROSCI.23-13-05771.2003
https://doi.org/10.1001/archpsyc.1987.01800130081010
https://doi.org/10.1001/archpsyc.1987.01800130081010
https://doi.org/10.1016/0006-8993(95)00523-S
https://doi.org/10.1016/0006-8993(95)00523-S
https://doi.org/10.3389/fnins.2015.00037
https://doi.org/10.1016/j.neubiorev.2010.07.002
https://doi.org/10.1016/j.neubiorev.2010.07.002
https://doi.org/10.1006/frne.2001.0225
https://doi.org/10.1016/0006-8993(80)90509-0
https://doi.org/10.1016/0006-8993(80)90509-0
https://doi.org/10.1016/j.physbeh.2013.05.012
https://doi.org/10.1016/j.pnpbp.2014.05.009
https://doi.org/10.1016/j.pnpbp.2014.05.009
https://doi.org/10.1056/NEJMra041867
https://doi.org/10.1176/ajp.157.1.115
https://doi.org/10.1371/journal.pone.0035538
https://doi.org/10.1371/journal.pone.0035538
https://doi.org/10.1002/0471142301.nsa04is48
https://doi.org/10.1007/BF01252033
https://doi.org/10.4103/0976-500X.119726
https://doi.org/10.4103/0976-500X.119726
https://doi.org/10.1016/j.brainres.2006.07.098
https://doi.org/10.1016/S0165-6147(02)02017-5
https://doi.org/10.1136/jnnp.33.5.698
https://doi.org/10.1001/archpsyc.57.1.21
https://doi.org/10.1073/pnas.211427898
https://doi.org/10.1073/pnas.211427898
https://doi.org/10.1016/j.pharmthera.2008.10.004
https://doi.org/10.1021/cn3001872
https://doi.org/10.1016/j.physbeh.2003.07.012
https://doi.org/10.1007/s00429-008-0189-x
https://doi.org/10.1016/j.neuroscience.2004.04.044
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Saylor et al.

In vivo Serotonin Dynamics

Eley, T. C., Sugden, K., Corsico, A., Gregory, A. M., Sham, P., Mcguffin, P., et al.
(2004). Gene-environment interaction analysis of serotonin system markers
with adolescent depression. Mol. Psychiatry 9, 908-915. doi: 10.1038/sj.mp.
4001546

Fischette, C. T., Biegon, A., and Mcewen, B. S. (1983). Sex differences in serotonin
1 receptor binding in rat brain. Science 222, 333-335. doi: 10.1126/science.
6623080

Fox, M. A, Jensen, C. L., French, H. T., Stein, A. R,, Huang, S. J., Tolliver,
T. J., et al. (2008). Neurochemical, behavioral, and physiological effects of
pharmacologically enhanced serotonin levels in serotonin transporter (SERT)-
deficient mice. Psychopharmacology 201, 203-218. doi: 10.1007/s00213-008-
1268-7

Frackiewicz, E. J., Sramek, J. J., and Cutler, N. R. (2000). Gender differences
in depression and antidepressant pharmacokinetics and adverse events. Ann.
Pharmacother. 34, 80-88. doi: 10.1345/aph.18465

Franklin, K. (2013). Paxinos and Franklins The mouse brain in stereotaxic
coordinates, 4th edn. Cambridge: Academic Press.

Goel, N., Innala, L., and Viau, V. (2014). Sex differences in serotonin (5-HT) 1A
receptor regulation of HPA axis and dorsal raphe responses to acute restraint.
Psychoneuroendocrinology 40, 232-241. doi: 10.1016/j.psyneuen.2013.11.020

Goldapple, K., Segal, Z., Garson, C., Lau, M., Bieling, P., Kennedy, S., et al. (2004).
Modulation of cortical-limbic pathways in major depression: treatment-specific
effects of cognitive behavior therapy. Arch. Gen. Psychiatry 61, 34-41. doi:
10.1001/archpsyc.61.1.34

Goswami, D. B., May, W. L., Stockmeier, C. A., and Austin, M. C. (2010).
Transcriptional expression of serotonergic regulators in laser-captured
microdissected dorsal raphe neurons of subjects with major depressive disorder:
sex-specific differences. J. Neurochem. 112, 397-409. doi: 10.1111/j.1471-4159.
2009.06462.x

Grigoriadis, S., and Robinson, G. E. (2007). Gender issues in depression. Ann. Clin.
Psychiatry 19, 247-255. doi: 10.1080/10401230701653294

Gundlah, C., Simon, L. D., and Auerbach, S. B. (1998). Differences in hypothalamic
serotonin between estrous phases and gender: an in vivo microdialysis study.
Brain Res. 785, 91-96. doi: 10.1016/S0006-8993(97)01391-7

Hankin, B. L., Abramson, L. Y., Moffitt, T. E.,, Silva, P. A., Mcgee, R., and
Angell, K. E. (1998). Development of depression from preadolescence to
young adulthood: emerging gender differences in a 10-year longitudinal study.
J. Abnorm. Psychol. 107, 128-140. doi: 10.1037/0021-843X.107.1.128

Hansel, W., and Convey, E. M. (1983). Physiology of the estrous cycle. J. Anim. Sci.
57(Suppl. 2), 404-424.

Hashemi, P., Dankoski, E. C., Petrovic, J., Keithley, R. B., and Wightman, R. M.
(2009). Voltammetric detection of 5-hydroxytryptamine release in the rat brain.
Anal. Chem. 81, 9462-9471. doi: 10.1021/ac9018846

Horton, R. E., Apple, D. M., Owens, W. A,, Baganz, N. L., Cano, S., Mitchell, N. C,,
etal. (2013). Decynium-22 enhances SSRI-induced antidepressant-like effects in
mice: uncovering novel targets to treat depression. J. Neurosci. 33, 10534-10543.
doi: 10.1523/JNEUROSCI.5687-11.2013

Jackson, B. P., Dietz, S. M., and Wightman, R. M. (1995). Fast-scan cyclic
voltammetry of 5-hydroxytryptamine. Anal. Chem. 67, 1115-1120. doi: 10.
1021/ac00102a015

Jayatissa, M. N., Bisgaard, C., Tingstrom, A., Papp, M., and Wiborg, O. (2006).
Hippocampal cytogenesis correlates to escitalopram-mediated recovery in a
chronic mild stress rat model of depression. Neuropsychopharmacology 31,
2395-2404. doi: 10.1038/sj.npp.1301041

Jitsuki, S., Kimura, F., Funabashi, T., Takahashi, T., and Mitsushima, D. (2009).
Sex-specific 24-h profile of extracellular serotonin levels in the medial prefrontal
cortex. Brain Res. 1260, 30-37. doi: 10.1016/j.brainres.2008.12.084

Joensuu, M., Tolmunen, T., Saarinen, P. 1., Tiihonen, J., Kuikka, J., Ahola, P.,
etal. (2007). Reduced midbrain serotonin transporter availability in drug-naive
patients with depression measured by SERT-specific [(123)I] nor-beta-CIT
SPECT imaging. Psychiatry Res. 154, 125-131. doi: 10.1016/j.pscychresns.2006.
08.001

Jones, M. D., and Lucki, I. (2005). Sex differences in the regulation of
serotonergic transmission and behavior in 5-HT receptor knockout mice.
Neuropsychopharmacology 30, 1039-1047. doi: 10.1038/sj.npp.1300664

Jovanovic, H., Lundberg, J., Karlsson, P., Cerin, A., Saijo, T., Varrone, A., et al.
(2008). Sex differences in the serotonin 1A receptor and serotonin transporter
binding in the human brain measured by PET. Neuroimage 39, 1408-1419.
doi: 10.1016/j.neuroimage.2007.10.016

Kaminska, K., Gorska, A., Noworyta-Sokolowska, K., Wojtas, A., Rogoz, Z., and
Golembiowska, K. (2018). The effect of chronic co-treatment with risperidone
and novel antidepressant drugs on the dopamine and serotonin levels in the
rats frontal cortex. Pharmacol. Rep. 70, 1023-1031. doi: 10.1016/j.pharep.2018.
04.009

Kennett, G. A., Chaouloff, F., Marcou, M., and Curzon, G. (1986). Female rats are
more vulnerable than males in an animal model of depression: the possible role
of serotonin. Brain Res. 382, 416-421. doi: 10.1016/0006-8993(86)91355-7

Kessler, R. C., Mcgonagle, K. A, Swartz, M., Blazer, D. G., and Nelson, C. B. (1993).
Sex and depression in the national comorbidity survey. i: lifetime prevalence,
chronicity and recurrence. J. Affect. Disord. 29, 85-96. doi: 10.1016/0165-
0327(93)90026-G

Khan, A., Brodhead, A. E., Schwartz, K. A., Kolts, R. L., and Brown, W. A. (2005).
Sex differences in antidepressant response in recent antidepressant clinical
trials. J. Clin. Psychopharmacol. 25, 318-324. doi: 10.1097/01.jcp.0000168879.
03169.ce

Kodama, M., Fujioka, T., and Duman, R. S. (2004). Chronic olanzapine or
fluoxetine administration increases cell proliferation in hippocampus and
prefrontal cortex of adult rat. Biol. Psychiatry 56, 570-580. doi: 10.1016/j.
biopsych.2004.07.008

Kornstein, S. G., Schatzberg, A. F., Thase, M. E., Yonkers, K. A., Mccullough,
J. P., Keitner, G. L, et al. (2000). Gender differences in treatment response
to sertraline versus imipramine in chronic depression. Am. J. Psychiatry 157,
1445-1452. doi: 10.1176/appi.ajp.157.9.1445

Kunimura, Y., Iwata, K., Iijima, N., Kobayashi, M., and Ozawa, H. (2015).
Effect of sex steroid hormones on the number of serotonergic neurons in rat
dorsal raphe nucleus. Neurosci. Lett. 594, 127-132. doi: 10.1016/j.neulet.2015.
03.060

Lu, N. Z,, Shlaes, T. A., Gundlah, C., Dziennis, S. E., Lyle, R. E., and Bethea,
C. L. (1999). Ovarian steroid action on tryptophan hydroxylase protein and
serotonin compared to localization of ovarian steroid receptors in midbrain of
guinea pigs. Endocrine 11, 257-267. doi: 10.1385/ENDO:11:3:257

Magarinos, A. M., and McEwen, B. S. (1995). Stress-induced atrophy of apical
dendrites of hippocampal CA3c neurons: involvement of glucocorticoid
secretion and excitatory amino acid receptors. Neuroscience 69, 89-98. doi:
10.1016/0306-4522(95)00259-L

Malberg, J. E., and Duman, R. S. (2003). Cell proliferation in adult hippocampus
is decreased by inescapable stress: reversal by fluoxetine treatment.
Neuropsychopharmacology 28, 1562-1571. doi: 10.1038/sj.npp.1300234

Malison, R. T., Price, L. H., Berman, R., Van Dyck, C. H., Pelton, G. H,,
Carpenter, L., et al. (1998). Reduced brain serotonin transporter availability
in major depression as measured by [123I]-2 beta-carbomethoxy-3 beta-(4-
iodophenyl)tropane and single photon emission computed tomography. Biol.
Psychiatry 44, 1090-1098. doi: 10.1016/S0006-3223(98)00272-8

Maswood, S., Truitt, W., Hotema, M., Caldarola-Pastuszka, M., and Uphouse, L.
(1999). Estrous cycle modulation of extracellular serotonin in mediobasal
hypothalamus: role of the serotonin transporter and terminal autoreceptors.
Brain Res. 831, 146-154. doi: 10.1016/S0006-8993(99)01439-0

May, L. J., and Wightman, R. M. (1989). Heterogeneity of stimulated dopamine
overflow within rat striatum as observed with in vivo voltammetry. Brain Res.
487, 311-320. doi: 10.1016/0006-8993(89)90835-4

McGee, R., Feehan, M., Williams, S., and Anderson, J. (1992). DSM-III disorders
from age 11 to age 15 years. J. Am. Acad. Child Adolesc. Psychiatry 31, 50-59.
doi: 10.1097/00004583-199201000- 00009

McQueen, J. K., Wilson, H., and Fink, G. (1997). Estradiol-17 beta increases
serotonin transporter (SERT) mRNA levels and the density of SERT-binding
sites in female rat brain. Brain Res. Mol. Brain Res. 45, 13-23. doi: 10.1016/
S0169-328X(96)00233- 1

Mermelstein, P. G., Becker, J. B., and Surmeier, D. J. (1996). Estradiol reduces
calcium currents in rat neostriatal neurons via a membrane receptor.
J. Neurosci. 16, 595-604. doi: 10.1523/JNEUROSCI.16-02-00595.1996

Montanez, S., Munn, J. L., Owens, W. A., Horton, R. E., and Daws, L. C. (2014).
5-HT1B receptor modulation of the serotonin transporter in vivo: studies using
KO mice. Neurochem. Int. 73, 127-131. doi: 10.1016/j.neuint.2013.11.004

National Institutes of Health (2015). Consideration of Sex as a Biological Variable
in NIH-Funded Research: NOT-OD-15-102. Available at: https://grants.nih.gov/
grants/guide/notice-files/not-od-15-102.html (accessed November 11, 2018).

Nishizawa, S., Benkelfat, C., Young, S. N., Leyton, M., Mzengeza, S., De
Montigny, C,, et al. (1997). Differences between males and females in rates of

Frontiers in Neuroscience | www.frontiersin.org

April 2019 | Volume 13 | Article 362


https://doi.org/10.1038/sj.mp.4001546
https://doi.org/10.1038/sj.mp.4001546
https://doi.org/10.1126/science.6623080
https://doi.org/10.1126/science.6623080
https://doi.org/10.1007/s00213-008-1268-7
https://doi.org/10.1007/s00213-008-1268-7
https://doi.org/10.1345/aph.18465
https://doi.org/10.1016/j.psyneuen.2013.11.020
https://doi.org/10.1001/archpsyc.61.1.34
https://doi.org/10.1001/archpsyc.61.1.34
https://doi.org/10.1111/j.1471-4159.2009.06462.x
https://doi.org/10.1111/j.1471-4159.2009.06462.x
https://doi.org/10.1080/10401230701653294
https://doi.org/10.1016/S0006-8993(97)01391-7
https://doi.org/10.1037/0021-843X.107.1.128
https://doi.org/10.1021/ac9018846
https://doi.org/10.1523/JNEUROSCI.5687-11.2013
https://doi.org/10.1021/ac00102a015
https://doi.org/10.1021/ac00102a015
https://doi.org/10.1038/sj.npp.1301041
https://doi.org/10.1016/j.brainres.2008.12.084
https://doi.org/10.1016/j.pscychresns.2006.08.001
https://doi.org/10.1016/j.pscychresns.2006.08.001
https://doi.org/10.1038/sj.npp.1300664
https://doi.org/10.1016/j.neuroimage.2007.10.016
https://doi.org/10.1016/j.pharep.2018.04.009
https://doi.org/10.1016/j.pharep.2018.04.009
https://doi.org/10.1016/0006-8993(86)91355-7
https://doi.org/10.1016/0165-0327(93)90026-G
https://doi.org/10.1016/0165-0327(93)90026-G
https://doi.org/10.1097/01.jcp.0000168879.03169.ce
https://doi.org/10.1097/01.jcp.0000168879.03169.ce
https://doi.org/10.1016/j.biopsych.2004.07.008
https://doi.org/10.1016/j.biopsych.2004.07.008
https://doi.org/10.1176/appi.ajp.157.9.1445
https://doi.org/10.1016/j.neulet.2015.03.060
https://doi.org/10.1016/j.neulet.2015.03.060
https://doi.org/10.1385/ENDO:11:3:257
https://doi.org/10.1016/0306-4522(95)00259-L
https://doi.org/10.1016/0306-4522(95)00259-L
https://doi.org/10.1038/sj.npp.1300234
https://doi.org/10.1016/S0006-3223(98)00272-8
https://doi.org/10.1016/S0006-8993(99)01439-0
https://doi.org/10.1016/0006-8993(89)90835-4
https://doi.org/10.1097/00004583-199201000-00009
https://doi.org/10.1016/S0169-328X(96)00233-1
https://doi.org/10.1016/S0169-328X(96)00233-1
https://doi.org/10.1523/JNEUROSCI.16-02-00595.1996
https://doi.org/10.1016/j.neuint.2013.11.004
https://grants.nih.gov/grants/guide/notice-files/not-od-15-102.html
https://grants.nih.gov/grants/guide/notice-files/not-od-15-102.html
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Saylor et al.

In vivo Serotonin Dynamics

serotonin synthesis in human brain. Proc. Natl. Acad. Sci. U.S.A. 94, 5308-5313.
doi: 10.1073/pnas.94.10.5308

Nolen-Hoeksema, S., and Girgus, J. S. (1994). The emergence of gender differences
in depression during adolescence. Psychol. Bull. 115, 424-443. doi: 10.1037/
0033-2909.115.3.424

Owens, M. J., and Nemeroff, C. B. (1994). Role of serotonin in the pathophysiology
of depression: focus on the serotonin transporter. Clin. Chem. 40, 288-295.

Parsey, R. V., Oquendo, M. A., Simpson, N. R., Ogden, R. T., Van Heertum, R,,
Arango, V., et al. (2002). Effects of sex, age, and aggressive traits in man on
brain serotonin 5-HT1A receptor binding potential measured by PET using [C-
11JWAY-100635. Brain Res. 954, 173-182. doi: 10.1016/S0006-8993(02)03243-2

Petit-Demouliere, B., Chenu, F., and Bourin, M. (2005). Forced swimming test in
mice: a review of antidepressant activity. Psychopharmacology 177, 245-255.
doi: 10.1007/500213-004-2048-7

Piccinelli, M., and Wilkinson, G. (2000). Gender differences in depression. Crit.
Rev. Br. ]. Psychiatry 177, 486-492. doi: 10.1192/bjp.177.6.486

Rajkowska, G., Mahajan, G., Legutko, B., Challagundla, L., Griswold, M., Albert,
P. R, et al. (2017). Length of axons expressing the serotonin transporter in
orbitofrontal cortex is lower with age in depression. Neuroscience 359, 30-39.
doi: 10.1016/j.neuroscience.2017.07.006

Rehavi, M., Goldin, M., Roz, N., and Weizman, A. (1998). Regulation of rat brain
vesicular monoamine transporter by chronic treatment with ovarian hormones.
Brain Res. Mol. Brain Res. 57, 31-37. doi: 10.1016/S0169-328X(98)00058-8

Rosecrans, J. A. (1970). Differences in brain area 5-hydroxytryptamine turnover
and rearing behavior in rats and mice of both sexes. Eur. J. Pharmacol. 9,
379-382. doi: 10.1016/0014-2999(70)90239-6

Rubinow, D. R., Schmidt, P. J.,, and Roca, C. A. (1998). Estrogen-serotonin
interactions: implications for affective regulation. Biol. Psychiatry 44, 839-850.
doi: 10.1016/S0006-3223(98)00162-0

Shaskan, E. G., and Snyder, S. H. (1970). Kinetics of serotonin accumulation into
slices from rat brain: relationship to catecholamine uptake. J. Pharmacol. Exp.
Ther. 175, 404-418.

Sheline, Y. I, Wang, P. W., Gado, M. H., Csernansky, J. G., and Vannier, M. W.
(1996). Hippocampal atrophy in recurrent major depression. Proc. Natl. Acad.
Sci. U.S.A. 93, 3908-3913. doi: 10.1073/pnas.93.9.3908

Sheng, Z., Kawano, J., Yanai, A., Fujinaga, R, Tanaka, M., Watanabe, Y., et al.
(2004). Expression of estrogen receptors (alpha, beta) and androgen receptor
in serotonin neurons of the rat and mouse dorsal raphe nuclei; sex and species
differences. Neurosci. Res. 49, 185-196. doi: 10.1016/j.neures.2004.02.011

Sramek, J. J., and Cutler, N. R. (2011). The impact of gender on antidepressants.
Curr. Top Behav. Neurosci. 8, 231-249. doi: 10.1007/7854_2010_118

Stahl, S. M. (1998). Mechanism of action of serotonin selective reuptake inhibitors.
serotonin receptors and pathways mediate therapeutic effects and side effects.
J. Affect. Disord. 51, 215-235. doi: 10.1016/S0165-0327(98)00221-3

Stockmeier, C. A. (2003). Involvement of serotonin in depression: evidence from
postmortem and imaging studies of serotonin receptors and the serotonin
transporter. J. Psychiatr. Res. 37, 357-373. doi: 10.1016/50022-3956(03)00050- 5

Strupp-Levitsky, M., Miller, J. M., Rubin-Falcone, H., Zanderigo, F., Milak,
M. S., Sullivan, G., et al. (2016). Lack of association between the serotonin
transporter and serotonin 1A receptor: an in vivo PET imaging study in healthy
adults. Psychiatry Res. Neuroimag. 255, 81-86. doi: 10.1016/j.pscychresns.2016.
08.002

Sullivan, P. F., Neale, M. C., and Kendler, K. S. (2000). Genetic epidemiology of
major depression: review and meta-analysis. Am. J. Psychiatry 157, 1552-1562.
doi: 10.1176/appi.ajp.157.10.1552

Videbech, P., and Ravnkilde, B. (2004). Hippocampal volume and depression:
a meta-analysis of MRI studies. Am. J. Psychiatry 161, 1957-1966. doi: 10.1176/
appi.ajp.161.11.1957

Weissman, M. M., and Klerman, G. L. (1977). Sex differences and the epidemiology
of depression. Arch. Gen. Psychiatry 34, 98-111. doi: 10.1001/archpsyc.1977.
01770130100011

Wightman, R. M., Heien, M. L., Wassum, K. M., Sombers, L. A., Aragona,
B. J., Khan, A. S, et al. (2007). Dopamine release is heterogeneous within
microenvironments of the rat nucleus accumbens. Eur. J. Neurosci. 26,
2046-2054. doi: 10.1111/j.1460-9568.2007.05772.x

Willner, P. (1990). Animal models of depression: an overview. Pharmacol. Ther. 45,
425-455. doi: 10.1016/0163-7258(90)90076-E

Wojcieszak, J., Andrzejczak, D., Wojtas, A., Golembiowska, K., and Zawilska,
J. B. (2018). Methcathinone and 3-fluoromethcathinone stimulate spontaneous
horizontal locomotor activity in mice and elevate extracellular dopamine and
serotonin levels in the mouse striatum. Neurotox. Res. 35, 594-605. doi: 10.
1007/s12640-018-9973-4

Wood, K. M., and Hashemi, P. (2013). Fast-scan cyclic voltammetry analysis of
dynamic serotonin reponses to acute escitalopram. ACS Chem. Neurosci. 4,
715-720. doi: 10.1021/cn4000378

Wood, K. M., Zegja, A., Nijhout, H. F., Reed, M. C,, Best, J., and Hashemi, P.
(2014). Voltammetric and mathematical evidence for dual transport mediation
of serotonin clearance in vivo. J. Neurochem. 130, 351-359. doi: 10.1111/jnc.
12733

Yang, H., Sampson, M. M., Senturk, D., and Andrews, A. M. (2015). Sex- and SERT-
mediated differences in stimulated serotonin revealed by fast microdialysis. ACS
Chem. Neurosci. 6, 1487-1501. doi: 10.1021/acschemneuro.5b00132

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Saylor, Hersey, West, Buchanan, Berger, Nijhout, Reed, Best and
Hashemi. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

13

April 2019 | Volume 13 | Article 362


https://doi.org/10.1073/pnas.94.10.5308
https://doi.org/10.1037/0033-2909.115.3.424
https://doi.org/10.1037/0033-2909.115.3.424
https://doi.org/10.1016/S0006-8993(02)03243-2
https://doi.org/10.1007/s00213-004-2048-7
https://doi.org/10.1192/bjp.177.6.486
https://doi.org/10.1016/j.neuroscience.2017.07.006
https://doi.org/10.1016/S0169-328X(98)00058-8
https://doi.org/10.1016/0014-2999(70)90239-6
https://doi.org/10.1016/S0006-3223(98)00162-0
https://doi.org/10.1073/pnas.93.9.3908
https://doi.org/10.1016/j.neures.2004.02.011
https://doi.org/10.1007/7854_2010_118
https://doi.org/10.1016/S0165-0327(98)00221-3
https://doi.org/10.1016/S0022-3956(03)00050-5
https://doi.org/10.1016/j.pscychresns.2016.08.002
https://doi.org/10.1016/j.pscychresns.2016.08.002
https://doi.org/10.1176/appi.ajp.157.10.1552
https://doi.org/10.1176/appi.ajp.161.11.1957
https://doi.org/10.1176/appi.ajp.161.11.1957
https://doi.org/10.1001/archpsyc.1977.01770130100011
https://doi.org/10.1001/archpsyc.1977.01770130100011
https://doi.org/10.1111/j.1460-9568.2007.05772.x
https://doi.org/10.1016/0163-7258(90)90076-E
https://doi.org/10.1007/s12640-018-9973-4
https://doi.org/10.1007/s12640-018-9973-4
https://doi.org/10.1021/cn4000378
https://doi.org/10.1111/jnc.12733
https://doi.org/10.1111/jnc.12733
https://doi.org/10.1021/acschemneuro.5b00132
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	In vivo Hippocampal Serotonin Dynamics in Male and FemaleMice: Determining Effects ofAcute Escitalopram Using FastScan Cyclic Voltammetry
	Introduction
	Materials and Methods
	Chemicals and Reagents
	Electrode Fabrication
	Animal and Surgical Procedures
	Data Collection
	Data Analysis and Statistics
	Modeling

	Results
	Serotonin During the Different Stages of the Estrous Cycle
	Evoked and Basal Serotonin in Male and Female Mice
	Mathematically Modeling Male and Female Serotonin Signals
	Serotonin Response to ESCIT

	Discussion
	Control Serotonin Chemistry Is Not Significantly Different Between the Sexes in the Hippocampus
	Modeling Serotonin Signals Reveals Potential Regulation Differences
	Larger Model Input Term to the Terminal in Males
	Larger Model Autoreceptor Term in Females

	Escitalopram Induces Differences in Serotonin Uptake but Not Basal Concentrations Between Sexes

	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


