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Inflammation-Induced Histamine Impairs the Capacity of
Escitalopram to Increase Hippocampal Extracellular
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Commonly prescribed selective serotonin reuptake inhibitors (SSRIs) inhibit the serotonin transporter to correct a presumed deficit
in extracellular serotonin signaling during depression. These agents bring clinical relief to many who take them; however, a signifi-
cant and growing number of individuals are resistant to SSRIs. There is emerging evidence that inflammation plays a significant
role in the clinical variability of SSRIs, though how SSRIs and inflammation intersect with synaptic serotonin modulation remains
unknown. In this work, we use fast in vivo serotonin measurement tools to investigate the nexus between serotonin, inflammation,
and SSRIs. Upon acute systemic lipopolysaccharide (LPS) administration in male and female mice, we find robust decreases in
extracellular serotonin in the mouse hippocampus. We show that these decreased serotonin levels are supported by increased hista-
mine activity (because of inflammation), acting on inhibitory histamine H3 heteroreceptors on serotonin terminals. Importantly,
under LPS-induced histamine increase, the ability of escitalopram to augment extracellular serotonin is impaired because of an off-
target action of escitalopram to inhibit histamine reuptake. Finally, we show that a functional decrease in histamine synthesis
boosts the ability of escitalopram to increase extracellular serotonin levels following LPS. This work reveals a profound effect of
inflammation on brain chemistry, specifically the rapidity of inflammation-induced decreased extracellular serotonin, and points
the spotlight at a potentially critical player in the pathology of depression, histamine. The serotonin/histamine homeostasis thus,
may be a crucial new avenue in improving serotonin-based treatments for depression.
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Significance Statement

Acute LPS-induced inflammation (1) increases CNS histamine, (2) decreases CNS serotonin (via inhibitory histamine recep-
tors), and (3) prevents a selective serotonin reuptake inhibitor (SSRI) from effectively increasing extracellular serotonin. A
targeted depletion of histamine recovers SSRI-induced increases in extracellular hippocampal serotonin.
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Introduction

Selective serotonin reuptake inhibitors (SSRIs) are some of the most
widely prescribed pharmaceutical agents (Pratt et al., 2017; also see
https://www.mayoclinic.org/diseases-conditions/depression/in-
depth/ssris/art-20044825). The underlying premise supporting
SSRI pharmacotherapy is the serotonin hypothesis of depression
(Belmaker and Agam, 2008; Krishnan and Nestler, 2008). The postu-
late here is that extracellular serotonin levels are reduced during
depression, especially in the hippocampus (Sheline et al, 1996;
Nestler et al., 2002; Stockmeier et al., 2004), and by inhibiting the se-
rotonin transporter (SERT), the extracellular levels of this
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monoamine can be restored. Because of the difficulties in measuring
serotonin, the community has not reached accord on the serotoner-
gic basis for depression and SSRIs exhibit variable clinical efficacy
(Artigas et al., 2018). Thus, SSRIs have lost popularity in the research
community, and recent work has targeted other means to treat
depression including the use of ketamine, psychedelics, electrocon-
vulsive therapy, vagus nerve stimulation, and deep brain stimulation
(Mayberg et al., 2005; Lisanby, 2007; Shelton et al., 2010; Andrade,
2015; Carhart-Harris et al., 2016).

There are, however, interesting associations between depres-
sion and inflammation that may reinvigorate interests in SSRIs.
The comorbidity between inflammation and depression is now
well accepted (Dantzer et al., 2011; Miller and Raison, 2016). The
critical questions here are how does inflammation affect sero-
tonin neurochemistry and how does this effect intersect with
SSRI therapy?

In this study, we use unique electrochemical tools, developed
in our laboratory, for studying in vivo serotonin neurochemistry
during acute inflammation [lipopolysaccharide (LPS) injection].
We focus the serotonin work on the hippocampus, a dynamic
region known to mediate mood and antidepressant response
(Malberg et al., 2000; Campbell and MacQueen, 2004; Stockmeier
et al., 2004). We found rapid and robust decreases in extracellular
hippocampal serotonin (using fast-scan controlled adsorption vol-
tammetry (FSCAV) for basal serotonin levels) in response to intra-
peritoneal LPS injection. There were no apparent rapid changes in
the functionality of the serotonin release/reuptake system via
measurements of evoked serotonin with fast-scan cyclic voltam-
metry (FSCV). In attempting to reverse diminished extracellular
serotonin levels via treatment with the SSRI escitalopram (ESCIT),
we found that the ability of ESCIT to increase serotonin levels was
blunted in LPS-injected animals relative to saline-treated controls,
an effect that we found to be SERT independent. The decreased
extracellular serotonin in the inflammatory state was supported by
increased brain histamine acting via presynaptic histamine type 3
heteroceptors (H3Rs) on serotonergic terminals. We show that the
reduced capability of ESCIT to increase serotonin after LPS likely
lies in its capacity for also inhibiting histamine reuptake. As such,
we show that by dual pharmacological targeting of the serotoner-
gic and histaminergic systems, extracellular serotonin levels can be
restored to pre-LPS levels. Our work implies, on a fundamental
chemical level, that it is not yet time to give up on SSRI therapy,
particularly in the context of elevated inflammation, but rather to
consider this treatment in tandem with agents that block the abil-
ity of histamine to diminish serotonin release.

Materials and Methods

Chemicals and reagents

Electrodes were calibrated in serotonin solutions of 10, 25, 50, 100 nm
made from serotonin hydrochloride (Sigma-Aldrich) dissolved in Tris
buffer [15 nm H,NC(CH,OH), HCI, 140 mm NaCl, 3.25 mm KCI, 1.2
mu CaCl,, 1.25 mm NaH,PO4-H,0, 1.2 mm MgCl,, and 2.0 mm Na,SOy;
Sigma-Aldrich]. Escitalopram oxalate (>98 mg/kg HPLC; Sigma-
Aldrich) at 10mg/kg, lipopolysaccharide (catalog #0111:B4; Sigma-
Aldrich) at 0.2 or 1mg/kg, a-fluoromethylhistidine dihydrochloride
(Toronto Research Chemicals) at 20 mg/kg, GBR 12909 (Sigma-Aldrich)
at 15mg/kg, desipramine hydrochloride (Sigma-Aldrich) at 15mg/kg,
citalopram hydrobromide (Sigma-Aldrich) at 5 mg/kg, sertraline hydro-
chloride (Sigma-Aldrich) at 10 mg/kg, and decynium-22 (D-22; Sigma-
Aldrich) at 0.1 mg/kg were individually dissolved in sterile saline (0.9%
NaCl solution, Hospira) and administered via intraperitoneal injections
at a volume of 5 ml/kg per animal.
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Electrode fabrication

Serotonin and histamine were analyzed using carbon fiber microelectro-
des (CFMs) fabricated as previously described (Hashemi et al., 2009;
Wood and Hashemi, 2013; Wood et al., 2014). Carbon fibers (7 pm;
Goodfellow) were aspirated into glass capillaries (internal diameter, 0.4
mm; outer diameter, 0.6 mm; A-M Systems). A carbon-glass seal was
created using a vertical pipette puller (Narishige). The exposed carbon
fiber was then trimmed to 150 pm and silver paint was used to adhere
the electrode to a connection pin. Last, Nafion was electroplated onto
the electrode as previously described (Hashemi et al., 2009).

Animal and surgical procedures

Animal procedures and protocols were in accordance with regulations of
the Institutional Animal Care and Use Committee at the University of
South Carolina, operating with accreditation from the Association for
Assessment and Accreditation of Laboratory Animal Care. Male and
female C57BL/6] mice (age, 6-12 weeks; weight, 18-30 g; The Jackson
Laboratory) were group housed, with ad libitum access to food and
water, and were kept on a 12 h light/dark cycle (lights off at 7:00 A.M.,
lights on at 7:00 P.M.). Additionally, male and female SERT Met 172
knock-in mice on a 129S6/S4 background were backcrossed with
C57BL/6] mice and wild-type (WT) mice [C57 mice with 129 WT SERT
gene (Ile172)], 6-20 weeks of age, were also used for these studies
(Nackenoff et al., 2016).

Stereotaxic surgery in the CA2 region of the hippocampus and the pos-
terior hypothalamus was performed as previously described (Samaranayake
et al,, 2015, 2016; Saylor et al., 2019; Abdalla et al., 2020).

Surgery was performed following an intraperitoneal injection of 25%
w/v urethane (7 ul/g body weight; Sigma-Aldrich), dissolved in 0.9%
NaCl solution (Hospira) to maintain and induce anesthesia. Mouse body
temperature was maintained using a heating pad (Braintree Scientific).
Stereotaxic surgery (David Kopf Instruments) was performed, and all
coordinates were measured in reference to bregma.

Hippocampus. A Nafion CFM was lowered into the CA2 region [se-
rotonin: anteroposterior (AP), —2.91 mm; mediolateral (ML), +3.35
mm; dorsoventral (DV), —2.5 to —3.0 mm; Paxinos and Franklin,
2013)] and stimulating electrode (insulated stainless steel: diameter: 0.2
mm, untwisted; Plastics One) was placed into the medial forebrain bun-
dle (serotonin: AP, —1.58 mm; ML, +1.00 mm; DV, —4.8 mm; Paxinos
and Franklin, 2013).

Posterior hypothalamus. A Nafion CFM was lowered into the poste-
rior hypothalamus (histamine: AP, —2.45 mm; ML, +0.50 mm; DV,
—5.45 to —5.55 mm) and a stimulating electrode was placed into the
medial forebrain bundle (histamine: AP, —1.07 mm; ML, +1.10 mmy;
DV, —5.00 mm; Paxinos and Franklin, 2013).

An 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 contra-
lateral hemisphere.

Voltammetric methods and analysis

FSCV and FSCAV were performed while mice were anesthetized using a
potentiostat (Dagan), WCCV 3.06 software (Knowmad Technologies),
and headstage (either Dagan or Pine Research Instruments). Serotonin
and histamine were analyzed using CFMs, as previously described
(Hashemi et al.,, 2009; Wood and Hashemi, 2013; Wood et al., 2014;
Samaranayake et al., 2015, 2016). For FSCV, the “Jackson” waveform
(Jackson et al., 1995) was used in the hippocampus (scanning from 0.2-
1.0 to —0.1 to 0.2 V at 1000 V/s, and the dual serotonin/histamine wave-
form was used in the posterior hypothalamus (scanning from —0.5 to
—0.7 to 1.1 to —0.5 V at 600 V/s; Samaranayake et al., 2015; 2016).
Serotonin or histamine release was evoked using a biphasic stimulation
applied through a linear constant current stimulus isolator (model NL800OA
Neurolog, Medical Systems) with 60 Hz, 360 PA each, 2 ms in width and 2 s
in length. After FSCV in vivo experiments, ~5 V was applied to the CFM
to lesion tissue for histology. FSCAV experiments followed the collection of
control FSCV files, as in prior work (Abdalla et al., 2017). Post-experiment
calibrations, in vitro, were completed for each electrode. WCCV software
was used for postanalyses. Previously established calibration factors were
used for serotonin FSCV (49.5* 10.2 nA/um) and histamine FSCV
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Figure 1. Bland—Altman plot. Representation of the differences hetween pairs of samples

and their means for baseline serotonin FSCAV measurements in control and thioperamide-
administered animals (Fig. 7). The blue represents the mean value of the differences. The
red dashed lines represent the 95% confidence limits of the limits of agreement.

(histamine: 2.825 nA/pM; serotonin: 11 nA/nM). For FSCAV analysis fol-
lowing reapplication of the serotonin waveform, the third cyclic voltammo-
gram (CV) was selected for quantification and the peak, at between ~0.4
and 0.85 V, was integrated to determine the charge (in picocoulombs). Each
CV was integrated manually and baseline shifts and drifts were manually
corrected.

Mathematical modeling was via a previous model for histamine cells
in MATLAB (Best et al., 2017).

Experimental design and statistics analyses

For FSCV data, four current-time curves were collected and averaged
for each animal to establish a control response. The averages for each
individual animal were then combined with those of the other animals
in the group to determine an overall group average. We previously
reported that a power analysis reccommended a minimum # size of 3.5
(rounded to 4) and maintained the animal exclusion criteria [i.e., outliers
(via Grubbs’ test) and animals that did not survive the experimental par-
adigm; Saylor et al., 2019]. The SEM was calculated using the average
response of each animal (n = # animals). For FSCV, significance was
determined between two points with a paired two-tailed Student’s ¢ test
as (p < 0.05).

For FSCAV data, both parametric and nonparametric approaches
were taken to compare the extracellular hippocampal serotonin concen-
trations for the different treatment conditions.

Bland-Altman plots for the first 30 data points (0-30 min) were used
to evaluate the reproducibility between control measurements and treat-
ment measurements. No proportional or systematic errors are detected
between control and treatment measurements (see Figs. 54, 7, 10A,D).
A shift of the serotonin baseline is perceived between the control (blue
trace) and LPS treatment (red trace) in Figures 5A and 10D. These con-
centrations are within physiological levels of serotonin concentration in
the hippocampus (Abdalla et al., 2020). A representation of the Bland-
Altman plot for the baseline (0-30 min) data points between control and
thioperamide (H3R antagonist) administration measurements (see Fig.
7) can be seen in Figure 1.

Significance among stationary differences in serotonin concentration
were determined with a two-tailed Student’s ¢ test at 95% confidence.
The ¢ tests were performed between two points of the time series to con-
firm the first point at which a serotonin concentration change is statisti-
cally significant (see Fig. 5A). The f tests between stationary groups of
points were also used to certify a change in concentration after treatment
or saline injection (see Figs. 54, 7, 10D).

The Pearson product-moment correlation coefficient was also used
to measure the linear correlation between serotonin concentration
increase following ESCIT and a-fluoromethylhistidine dihydrochloride
(FMH; a suicide inhibitor of histidine decarboxylase) administration
(see Fig. 10A). Before to its use, the data were visually analyzed to check
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Figure 2. Histogram of ESCIT and FMH differences in the time series. Representation of
the frequency of occurrence of differences between serotonin concentrations followed by
FMH or ESCIT administration. The blue shaded bars represent the number of time series
encountered within a concentration difference interval. The blue vertical line represents the
mean of differences, and the red dashed lines, the 95% confidence interval. We can see that
the mean of the differences is close to 0.

for outliers that could give a false sense of relationship between the time
series. Any possible outlier was discarded (via Grubbs’ test). A high posi-
tive linear correlation was found between the increase of serotonin fol-
lowing ESCIT and FMH administration. A Student’s ¢ test was used to
certify that the linear correlation is different from zero (r=0.97,
p<<0.001). This means that both serotonin time series increase in
tandem.

The distribution of the differences between time points following
ESCIT and FMH administration (see Fig. 10A) was also visualized to
have a mean of ~0 and Gaussian shape. An example of the histogram
visualization can be seen in Figure 2. The differences between time
points were tested not to be significantly different from zero (W
statistic = 764.0, p =0.27, Wilcoxon signed-rank test). In this case, non-
parametric tests were preferred to avoid assuming a normal distribution
of samples.

Regression analysis was used to model the rate of change of extracel-
lular hippocampal serotonin after drug treatment and saline control
injection. Significance of a change in the slope of the fitted linear regres-
sion was determined with a two-tailed Student’s t test to determine
whether the slope differs remarkably from zero. All control saline injec-
tions fail to provide enough evidence of a change in serotonin concentra-
tion over time compared with baseline (see Figs. 54, 7, 10A4,D).
Following LPS and thioperamide administration (see Figs. 5, 7, respec-
tively), the slope of the fitted linear regression was tested to be signifi-
cantly lower than zero. Following ESCIT administration (see Figs. 5,
10D), the slope of the fitted linear regression was tested to be signifi-
cantly higher than zero. The slopes of the regression lines for ESCIT
administration (60-120 min) were also tested to be significantly different
between control and LPS injection. An example of this regression analy-
sis can be seen in Figure 3. See Figure 10D for analysis using a one-way
ANOVA with Tukey’s post hoc test to compare the slopes of each period
(all values available in Table 1).

Results

Systemic LPS decreases extracellular hippocampal serotonin
levels

To test whether an acute, systemic injection of LPS affects extrac-
ellular serotonin, we applied the following two techniques devel-
oped in our laboratory: FSCV for subsecond measurements of
evoked release; and FSCAV for minute to minute measurements
of extracellular levels, as determined by a preconcentration step
that allows several seconds for adsorption of serotonin in the
extracellular fluid (ECF) to come into equilibrium with the sur-
face of a CFM (Abdalla et al., 2020). FSCV was used to isolate an
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Figure 3.  Regression analysis plots. A-C, Each panel shows the experimental FSCAV time

series for LPS treatment between 30 and 60 min (4), LPS + ESCIT treatment between 60
and 120 min (B), and saline plus ESCIT treatment between 60 and 120 min (C). A linear
regression is fitted to each time series. The 95% prediction limits and confidence limits of
the linear regression are also represented. The coefficient of determination (R2) and the slope
SEM are also calculated. The ¢t statistic for the slope of the regression fit is calculated and
proved to be significantly different from a slope of zero for all drug treatments.

evoked serotonin release event in the CA2 region of an anesthe-
tized mouse hippocampus. We focused our studies on this do-
main because of the implied involvement of this brain region in
depression and antidepressant action (Sheline et al., 1996;
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Nestler et al., 2002; Stockmeier et al., 2004), and we used male
and female mice because we had previously shown no significant
sex differences in control or ESCIT responses between the sexes
(Saylor et al., 2019). LPS (1 mg/kg) was administered intraperito-
neal (i.p.), and the serotonin signal was re-evaluated 5 min there-
after and again at 10 min time intervals up to 60 min. There is
near perfect agreement in evoked serotonin between the pre-LPS
and post-LPS treatment (these data are not normalized and are
shown in Fig. 4).

In two different cohorts of mice, FSCAV was used to measure
extracellular serotonin levels in the same region (Fig. 5). The ba-
sal values between cohorts were not significantly different. In the
first cohort (Fig. 5, blue trace), which is an average of 10 mice,
the first 30 data points were used to generate a baseline value. At
30 min, saline was given intraperitoneally, and the values at 55-
60 min (26-30 min post-saline administration) were not signifi-
cantly different from the baseline values (63.68*3.00 vs
63.64 = 3.16 nM; to)=2.26, p=0.92, paired ¢ test). At 60 min,
these mice received ESCIT (10 mg/kg, i.p.), and shortly thereafter
the serotonin levels increased; the first point at which this
increase was significant was at 7min (26-30 min post-saline
administration: 63.64 £3.16 vs 65.11 =3.51 nwm; tg) =226,
p=0.013, paired t test). In the second cohort (Fig. 5, red trace),
we generated a baseline in the same way and administered LPS
(0.2mg/kg, i.p.) instead of saline at 30 min. LPS administration
rapidly induced a decrease in serotonin. We fit each trace with
linear regressions between 30 and 60 min, and found that only
the LPS treatment induced significant changes from baseline se-
rotonin levels (Fig. 5: saline/blue: slope=0.005 %+ 0.01 nm/min;
t2s) = 0.39, p = 0.69; LPS/pink: slope = —0.35 * 0.03 nM/min; fg)
= —13.39, p <0.0001, slope t test). The first point at which this
LPS-induced decrease was significant was at 5min (57.93 = 1.37
to vs 54.43 = 2.17 nM; tg)=2.26, p=0.043, paired ¢ test) with
progressively larger reductions ensuing. At 60 min, these mice
were given ESCIT (10 mg/kg, i.p.). ESCIT produced an increase
in serotonin that was first significant at 9 min (26-30 min post-
LPS administration: 46.91 = 1.48 vs 51.94 * 3.17 nm; () =2.26,
p=0.040, paired t test). At 55-60 min post-ESCIT administra-
tion, the extracellular serotonin levels in LPS mice were
62.27 = 3.01 nu; this level is significantly lower than post-ESCIT
administration in the saline-treated mice (90.10 = 4.43 nwm;
t9) =2.26, p=0.0009, two-sample ¢ test). Further, the rate of increase
following ESCIT was significantly lower in LPS-treated animals
(control, slope=0.48 = 0.01 nm/min; LPS, slope=0.23 = 0.05 nm/
min; #sg) = —4.90, p < 0.0001, two-sample ¢ test). At 120 min, we
saw no difference in electrically evoked serotonin release between
the two cohorts (Ampp.: 50.66 £ 12.97 vs 39.47 + 1249 nwm;
taz) =2.18, p=0.55, two-sample ¢ test), nor did we detect a change
in the serotonin clearance rate [half-life (¢,/,) for descending phase
after peak; #;,,: 10.70 £2.36 s, 11.30 = 2.19 s; p=0.86, t(12)=2.18,
two-sample ¢ test; Fig. 5C].

Brain histamine rapidly increases on systemic LPS injection

In asking which mechanisms might mediate LPS-induced reduc-
tion in serotonin, we focused in on histamine. While much is
known about histamine as a mediator of inflammation in the pe-
riphery, there is almost no information about histamine in the
brain during inflammation. The reason that we hypothesized his-
tamine to play an important role here is because of a known his-
tamine/serotonin homeostasis. For example, histamine elevates
cell surface SERT expression and diminishes evoked 5-hydroxy-
tryptamine (5-HT) release via H3Rs (Schlicker et al, 1988;
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Table 1. Analysis of slope across treatment groups
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Group LSMEAN slope ~ LSMEAN number
Baseline1 0.01752433 1
Baseline2 0.02800934 2
Baseline3 0.03261000 3
ESCIT 0.48186300 4
ESCIT + FMH 0.70005750 5
LPS+ESCIT 0.22998300 6
LPS —0.35329600 7
LPS + FMH —0.45018750 8
Saline 0.00547758 9
LSMEAN for effect group
[Pr > |t] for HO: LSMean(i) = LSMean(j)
(dependent variable: slope)]
i
1 2 3 4 5 6 7 8 9
1 1.0000 1.0000  <<0.0001 <<0.0001 0.0286  <<0.0001 <0.0001 1.0000
2 1.0000 1.0000  <<0.0001 <<0.0001 0.0453  <<0.0001 <<0.0001 1.0000
3 1.0000 1.0000 <0.0001 <0.0001 0.3019 0.0005 0.0002 1.0000
4 <<0.0001 <0.0001 <0.0001 0.1861 0.0042  <<0.0001 <0.0001 <0.0001
5 <<0.0001 <<0.0001 <<0.0001 0.1861 <<0.0001 <<0.0001 <<0.0001 <<0.0001
6 0.0286 0.0453 0.3019 0.0042  <<0.0001 <<0.0001 <0.0001 0.0164
7 <<0.0001 <0.0001 0.0005  <<0.0001 <0.0001 <<0.0001 0.9582  <<0.0001
8 <<0.0001 <<0.0001 0.0002  <<0.0001 <<0.0001 <<0.0001 0.9582 <<0.0001
9 1.0000 1.0000 1.0000  <<0.0001 <<0.0001 0.0164  <<0.0001 <<0.0001
A one-way ANOVA with Tukey's post hoc analysis to compare the slopes of each period for the data presented in Figure 100. LSMEAN, Least-squares mean.
—~ 4 al., 2016). Simultaneous FSCV measurements of hypothalamic
% histamine and serotonin were performed (Fig. 6A). The interpre-
0 tation of the dual histamine/serotonin color plot can be found in
sl Control detail in a previous study (Samaranayake et al., 2016); in brief,
= 1.0 mg kg™ LPS the horizontal lines on the color plot denote the peak histamine
= and serotonin oxidation peaks, and the amplitude of this peak
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° Figure 6, B and C. Histamine was modestly but not significantly
$ increased within 5min following LPS injection (1.0 mg/kg, i.p.;
=1 Fig. 6B; Ampa 5.80 + 1.67 to 8.77 + 3.27 uns ty=2.77, p =
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Time 10 s

Figure 4.  Evoked hippocampal serotonin after LPS. Evoked serotonin pre-LPS administra-
tion (gray) and post-LPS administration (1.0 mg/kg, ip.; shown in garnet; n=>5).
Stimulation is marked by a green box at 5-7 s. The error (==SEM) is shown as shadows
around the traces.

Threlfell et al., 2004; Samaranayake et al., 2016; Annamalai et al.,
2020).

We have a well established model for evoking serotonin in
the CA2 region of the hippocampus, used above (Saylor et al.,
2019; Abdalla et al., 2020). Our model for histamine/serotonin
modulation is in the posterior hypothalamus (Samaranayake
et al,, 2015, 2016) because this experiment allows us to evoke his-
tamine and not serotonin, such that the modulatory effects of his-
tamine on serotonin can be observed in the absence of stimulated
serotonin. This effect is not accessible in the hippocampus since
the stimulation evokes serotonin release. It is not possible to
directly compare these two brain regions; thus, we use the hypo-
thalamus data to create and test hypotheses in the hippocampus.

We tested whether the decrease in extracellular serotonin
post-LPS administration was because of increased extracellular
histamine (shown previously to be a function of H3R activation;
Schlicker et al., 1988; Threlfell et al., 2004; Samaranayake et

0.14, paired ¢ test). Serotonin levels were modestly but not signif-
icantly inhibited (Amp,,,: 42.00 = 13.33 to 51.38 = 18.66 nm;
twy=2.77, p=0.21, paired ¢ test). A lower dose showed similar,
but insignificant, trends (Fig. 6C).

We used an alternative method, outside of LPS, to pharmaco-
logically alter histamine and assess the resultant effects on sero-
tonin. We previously showed using FSCV that thioperamide, an
H3R antagonist, increased evoked extracellular histamine levels
that paralleled a larger decrease in extracellular serotonin in the
hypothalamus. Here we used FSCAV to monitor extracellular se-
rotonin levels after thioperamide. Baseline serotonin was meas-
ured for 30 min before the administration of either thioperamide
(green; Fig. 7A) or saline (blue; Fig. 7A). Following thioperamide
administration, we observed that extracellular serotonin levels
were significantly reduced compared with saline controls (con-
trol regression: slope=0.005* 0.014 nm/min; f4=0.39, p=
0.69; post-thioperamide administration regression: slope =
—0.27 *+0.022 nm/min, fog = —12.48, p<0.0001, slope ¢
test). This decrease in serotonin was first significantly different
from control values at 8 min post-thioperamide administration
(control, 64.11 = 1.80 nv; 8 min post-thioperamide administra-
tion, 61.23 == 1.95 nM; t(4) 2.78, p = 0.038, paired ¢ test).

SSRIs inhibit reuptake of hypothalamic histamine
To investigate the nexus of histamine, serotonin, and SSRI treat-
ment, we tested the effects of monoamine transport inhibitors on



Hersey etal.  Inflammation Mediates Escitalopram Effects

J. Neurosci., July 28, 2021 - 41(30):6564—6577 - 6569

B Current (nA)
B =]

>
<
2
A g
2.
100 1
0.2V~
OSALINE + ESCIT =0.482x + 35.274 =
90 + ©OLPS + ESCIT y=0.482x + 35 o C = Post Saline + Escit
e
__ 80 A g
H] 2
c (<]
= 5
£ D, Control
c 70 A H
2 ey
o O
3 BRRSRRSS
60 1 m%ww Post LPS + Escit
50 (o) y = 0.231x + 35.819 <>r. >
t’o S Rz =0.962 (&] Q
Saline or LPS_’ N <« ESCIT =0. N (7]
(0.2mg kg™") (10 mg kg™) w v Control
40 T T T r r :
0 20 40 60 100 120 —
Time (min) Time 30 s
Figure 5. Evoked and extracellular hippocampal serotonin after LPS and SSRI administration. A, Extracellular hippocampal serotonin FSCAV measurements after administration of LPS

(0.2mg/kg, i.p.; n=10; shown in pink) and vehicle control (intraperitoneal saline; n=10; shown in blue). ESCIT was administered to each treatment group (10 mg/kg, i.p., n =10 both). A
Student’s ¢ test was used to determine the first time a drug treatment induced statistically significant changes in serotonin (p << 0.05). A gold dotted line denotes the first time point at which
LPS produced decreased serotonin compared with averaged control (serotonin; pink *). A gray dotted line denotes the first time point that saline- and LPS-treated groups showed significant
effects of ESCIT on serotonin compared with the last time point (59 min) before ESCIT was administered (blue and pink *, respectively). Regression analysis of FSCAV data are shown in Figure
3. B, An example serotonin FSCV color plot with a green serotonin event shown at 0.7 V and confirmed with the extracted cyclic voltammogram (shown in white). €, Evoked FSCV serotonin
release before (control, shown in gray) and after saline + ESCIT or LPS + ESCIT administration and 120 min of FSCAV data collection (n = 8 saline, shown in blue; n =6 LPS, shown in pink).
Stimulation is marked by a green box at 5-7 s. Error (2=SEM) is shown in lighter colored error bars around the traces.

histamine reuptake (under control conditions). In Figure 8,
we measured hypothalamic histamine (control, blue) and
then pharmacologically inhibited the following transporter
proteins (post-drug administration, green): dopamine trans-
porters (DATs), SERTs, and norepinephrine transporters
(NETs) with the following agents (intraperitoneal; n=5
each): GBR 12909 (DAT inhibitor, 15 mg/kg); desipramine
(NET inhibitor, 15mg/kg); escitalopram (SERT inhibitor,
10 mg/kg); citalopram (SERT inhibitor, 5 mg/kg); and sertra-
line (SERT inhibitor, 10 mg/kg). We found that, in all cases
except DAT inhibition, there was slowing of the rate of hista-
mine reuptake that peaked at 60 min.

We next turned toward organic cation transporters (OCT's)
and plasma membrane monoamine transporters (PMATS),
which were inhibited with decynium-22 (OCT and PMAT inhib-
itor, 0.1 mg/kg), providing evidence that this agent also increased
the clearance of histamine.

Instead of looking at simple t;,, here, we took a more sophis-
ticated kinetic approach. We used a previously developed mathe-
matical model for histamine dynamics (Best et al., 2017) to
investigate how physiological parameters could be adjusted to
best capture curves for ESCIT, citalopram, sertraline, and decy-
nium-22. In all four cases, we found that the major parameter
change was a 50% reduction in the transport of extracellular his-
tamine back into the cell consistent with the inhibition of hista-
mine reuptake. Model curves (dashed lines) are compared with
experimental curves (solid lines) in Figure 9. DAT inhibition had
no effect on the histamine signal and the curve post-NET

inhibition trends toward a slower reuptake, but this effect was
not significant.

To further narrow down which transporters are the largest
contributor to histamine reuptake, we used the SERT Met172
mouse. This mouse bears a single amino acid substitution
(Tle172 is encoded in humans and mice and here is converted to
Met172) that impairs the binding of high-affinity antagonists,
such as the SSRIs, without impacting serotonin uptake activity
or in vivo serotonin clearance (Fig. 8B; Henry et al, 2006;
Nackenoff, 2016; Nackenoff et al.,, 2016; Simmler and Blakely,
2019). In Figure 8C, we show the effects of ESCIT on changes in
extracellular serotonin and histamine using this mouse. In
Figure 8C, i and ii, we monitored the effects of ESCIT admin-
istration on extracellular hippocampal serotonin levels and
confirmed previous findings that ESCIT is ineffective at
blocking serotonin clearance in Met172 mice (Nackenoff et
al., 2016). In wild-type mice, ESCIT induced an increase in
amplitude of hippocampal serotonin release (Amp.x:
29.19 = 4.25 to 63.30 = 5.33 nM; f(3)=3.18, p=0.008, paired
t test) and a slowing of clearance (t;,,: 1.50 =0.07 to
7.98 £ 1.67 s; t(3y=3.18, p=0.03, paired ¢ test) after 50 min.
Conversely, in Figure 8C, iii and iv, ESCIT administration
still inhibited histamine clearance in Met172 mice in a man-
ner comparable to that of wild-type mice. Neither curve has
a trajectory of return to baseline within 30 seconds. These
data effectively rule out a role for SERT in histamine clear-
ance or in the actions of SSRIs to potentiate extracellular
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histamine levels but nonetheless show that SSRIs inhibit
histamine reuptake.

Inhibition of histamine synthesis increases the ability of
ESCIT to increase serotonin during LPS treatment

Given that SSRIs inhibit the clearance of histamine (Fig. 8) and
that histamine inhibits serotonin release (Figs. 6, 7), we sought to
decrease extracellular histamine and observe the resulting effects
on serotonin. We achieved this reduction via FMH (20 mg/kg,
i.p.), a suicide inhibitor of histidine decarboxylase. In Figure 10B,
we show, 50 min post-FMH administration, a decrease in evoked
hypothalamic histamine release (from 9.36 = 2.19 to 6.4 = 1.40
uM; £z =3.18, p=0.08, paired ¢ test). Although FMH diminished
the reduction observed for serotonin levels, this change was not
significant (from 42.79 = 6.25 to 38.6 = 12.00 nm; f(3)=3.18,
p=0.59, paired ¢ test). FSCAV was used to observe the effect of
FMH on extracellular hippocampal serotonin levels (Fig.
10A). We observed that FMH induced an increase in basal
serotonin level that was indistinguishable from ESCIT
administration (10 mg/kg, i.p.) despite this agent not affect-
ing stimulated serotonin release/reuptake as does ESCIT
(Pearson’s correlation =0.97; t(sg)=30.38, p <0.0001, one-
sample ¢ test; Fig. 10C). In Figure 10D, we show the data
from Figure 5 (ESCIT injection to saline- or LPS-treated
animals), here compared with another cohort (purple),
where combined ESCIT and FMH treatment was given to
LPS-treated animals. Basal serotonin levels following
LPS can be restored to control levels post-ESCIT adminis-
tration with this dual treatment (ESCIT and FMH; from
61.44 +2.06 to 87.91 = 2.72 nm; t(3)=3.18, p=0.008, paired
t test; control average vs average of 55-60 min post ESCIT
and FMH). An ANOVA (F(g,63)=42.01, mean squared error
=0.81, p<0.0001) with Tukey’s post hoc analysis of the
slopes through each treatment period revealed that LPS-
treated mice given ESCIT and FMH showed extracellular
serotonin increases statistically different from those of
LPS-treated mice given ESCIT alone (ESCIT + FMH:

slope=0.70 = 0.03 nm/min; ESCIT: slope=0.23 % 0.05 nm/
min; p <0.0001, Tukey’s post hoc test) and similar to those
of saline-treated mice given ESCIT (ESCIT + FMH:
slope =0.70 = 0.03 nm/min; ESCIT: slope=0.48 = 0.01 nm/
min; p=0.1861, Tukey’s post hoc test).

Discussion

Extracellular serotonin is lower after systemic LPS
Inflammation (chronic and acute) and depression are comorbid
(Konsman et al.,, 2002; Schiepers et al., 2005; Steptoe, 2006;
Dantzer et al., 2008, 2011; Kim et al,, 2016; Miller and Raison,
2016; Kohler et al., 2017). In this work, we asked how inflamma-
tion mediates the fundamental brain chemistry underlying
depression phenotypes. As a starting point, we used an acute
inflammatory challenge (LPS; O’Connor et al., 2009; Zhu et al,,
2010). LPS increases proinflammatory cytokines, inducing sick-
ness-like behavior akin to depressive-like phenotypes (O’Connor
et al., 2009; Zhu et al., 2010). LPS does not cross the blood-brain
barrier (BBB), but immune reactions to this molecule may
impair BBB integrity (Varatharaj and Galea, 2017), activate the
vagus nerve (Borovikova et al, 2000; Meneses et al., 2016;
Somann et al.,, 2019), and drive inflammatory responses on the
vascular endothelium (Murray et al., 2011).

Because of the implication of the involvement of serotonin in
depression, we focused our work on this modulator (Asberg et
al., 1976a,b; Owens and Nemeroff, 1994). FSCV-evoked meas-
urements test the functionality of the system via synthesis, pack-
aging, autoreceptor control of release, and reuptake (Wood et al.,
2014). LPS did not alter the FSCV signal showing that none of
these parameters was altered (Fig. 4). Our findings contrast with
work indicating that the inflammatory cytokines IL-18 and
TNF-« elevate SERT activity and that LPS increases SERT-medi-
ated serotonin clearance (Zhu et al., 2006, 2010). The electrical
stimulations used in FSCV release much less serotonin (10 nm)
than the clearance measurements in chronoamperometry experi-
ments (600 nm). Thus, the two findings are difficult to compare
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since different reuptake mechanisms may be recruited in a con-
centration-dependent manner.

Given no change in evoked serotonin, we turned to FSCAV to
investigate LPS regulation of ambient extracellular serotonin and
found a rapid decrease in serotonin after LPS (Fig. 5). Importantly,
the time frame of our FSCAV study (serotonin falls significantly
within 5min) agrees with previous work showing that SERT activ-
ity increases rapidly in response to LPS in vivo (Zhu et al,, 2010).
Thirty minutes after LPS or saline, ESCIT was administered. As
previously seen in the saline group, ESCIT rapidly increased sero-
tonin levels. Interestingly, in LPS-treated mice, the increase in sero-
tonin post-ESCIT administration was neither as fast nor as large.
This finding implies LPS-induced inflammation impairs the
capacity of ESCIT to increase extracellular serotonin.

During acute inflammation, extracellular serotonin levels are
decreased as a function of increased brain histamine
Histamine is a well known chemical mediator of inflammation
(Rocklin, 1976; Schwartz et al., 1980) and in the brain is found in
microglia, mast cells (Esposito et al., 2001; Rocha et al., 2014),
and neurons where it is thought to be a neuromodulator
(Watanabe et al., 1983; Panula et al., 1984). Significant to this
work is that histamine inversely modulates serotonin via inhibi-
tory H3 heteroreceptors on serotonin terminals (Schlicker et al.,
1988; Threlfell et al., 2004; Samaranayake et al., 2016). Thus, we
asked here “is the LPS-induced decrease in extracellular sero-
tonin because of histamine immunomodulation?”

We previously developed an FSCV method to simultane-
ously measure serotonin and histamine in the posterior
hypothalamus (histamine cell body region) and found that
evoked histamine resulted in H3R-mediated inhibition of se-
rotonin (Samaranayake et al., 2016). The significance of this
model is that histamine is evoked but serotonin is not, so
that the effects of histamine on resting serotonin can be eval-
uated. Here we used this model to investigate the effects of
LPS on this histamine/serotonin regulation. We found that
the amplitude of evoked histamine tended to increase follow-
ing higher-dose LPS (1mg/kg) but not lower-dose LPS
(0.2 mg/kg; Fig. 6). This result is difficult to reconcile because a
low LPS dose significantly decreases extracellular serotonin levels
(Fig. 5). However, FSCV only measures evoked histamine and,
since we do not yet have the capacity to measure basal histamine,
we do not know about the effect of LPS on glial and mast cell his-
tamine. It is possible that low-dose LPS also increases basal hista-
mine, and this effect accounts for decreased extracellular levels of
serotonin at low LPS dose.

We previously showed that histamine-induced serotonin in-
hibition was attenuated by the H3R antagonist thioperamide
(Samaranayake et al., 2016). We have found no evidence that thi-
operamide acts as an agonist on serotonin autoreceptors; thus,
we are confident to attribute the effects of thioperamide on sero-
tonin to histamine. This challenge is a complicated one to inter-
pret since H3 autoreceptors on histamine neurons inhibit
histamine (increasing serotonin) and H3 heteroreceptors on se-
rotonin terminals inhibit serotonin (Fig. 7B). Therefore, H3R
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inhibition has contradictory effects on serotonin. This competi-
tion was dose dependent, and at high doses (50 mg/kg) inhibitory
effects of histamine on H3 heteroreceptors were dominant
(Samaranayake et al., 2016). Here we extend this notion to
extracellular serotonin where histamine release is not evoked
(Fig. 7). We used high-dose (50 mg/kg) thioperamide and
observed that extracellular serotonin decreased after intraperito-
neal LPS injection, showing that the decrease in extracellular se-
rotonin is conserved in the absence of histamine stimulation,
possibly a reflection of inflammatory cytokine-mediated stimula-
tion of SERT activity (Zhu et al, 2006, 2010). Recently,
Annamalai et al. (2020) presented evidence that histamine, acting
on H3Rs increases SERT phosphorylation and trafficking, which
may synergize with inflammatory cytokine-mediated actions to

elevate SERT activity. A further point is that thioperamide has af-
finity for inhibitory H4Rs on glia and mast cells (Nakamura et
al., 2000), which could also contribute to decreased serotonin as
a function of increased basal histamine (Fig. 5).

Thus, we have strong evidence pointing toward a role for hista-
mine in decreasing extracellular serotonin after LPS. This finding
does not explain the diminished effectiveness of ESCIT in raising
extracellular serotonin levels in LPS-treated animals, opening an
investigative window for SSRIs to change histamine dynamics.

SSRIs inhibit histamine reuptake, blunting their ability to
increase serotonin levels

While there is evidence for histamine uptake into synaptosomes
(Barnes and Hough, 2002; Sakurai et al., 2006) and astrocytes
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two cases.

(Huszti, 1998, 2003), a histamine-specific transporter has not
been identified (Hough, 1988; Brown et al, 2001).
Histamine inactivation is thought to be via histamine N-
methyltransferase (HNMT; White, 1960; Schayer and Reily, 1973;
Pollard et al., 1974; Takemura et al., 1994). Because HNMT is exclu-
sively expressed intracellularly (Nishibori et al., 2000), so there must
be a membrane transport mechanism for histamine. Indeed, in our
2016 article (Samaranayake et al., 2016), where we first described
the dual histamine/serotonin measurement, when mathematically
describing the responses, our models necessitated an active reuptake
term to fit the histamine curves.

Monoamine transporters have been described as promiscuous
because they are not fully selective for their intended monoamine
(Daws, 2009). We pharmacologically tested whether the inhibition
of other monoamine transporters affected histamine reuptake. We
inhibited SERTs (with three different agents), DATs, and NETs,
and found that SERT and NET inhibition slowed the clearance of
histamine. Next, we turned toward OCTs and PMATs. OCT's and
PMATS are low-affinity transporters with the notable ability to non-
selectively transport biogenic amines (Engel et al., 2004; Koepsell et
al., 2007), which are expressed at high levels in the CA2 region of
the hippocampus (Amphoux et al., 2006; Dahlin et al., 2007; Gasser
et al., 2009). Work, including that by Gasser et al. (2006), has shown
that the OCT's and PMATS reuptake histamine (and other mono-
amines) with varying affinities (Amphoux et al., 2006; Baganz et al.,
2008; Horton et al, 2013). Our results concur in showing that
OCT/PMAT inhibition with D-22 also slowed the clearance of his-
tamine in vivo. These results do not definitively identify which
transporter is responsible for histamine reuptake because the differ-
ent agents have affinity for the different monoamine transporters
(Daws, 2009), but of these agents, all that have potential antidepres-
sant activity (sertraline, ESCIT, citalopram, desipramine, and D-22)
inhibit histamine reuptake (Hyttel, 1994; Fraser-Spears et al., 2019).

To narrow down a histamine reuptake transporter, we used a
transgenic model, the SERT Met172. SERT Met172 mice are a

C Sertraline 10 mg kg™

Modeled transporter data. Each panel shows the experimental curves (solid lines) and model predictions (dashed
lines) both pre-drug and post-drug administration for three different SSRIs and decynium-22. The main difference between the
pre-drug and post-drug administration model curves was a 50% decrease in the reuptake of histamine from the extracellular
space into the histamine varicosity. In the cases of escitalopram and decynium-22, the uptake into glial cells was also partially
blocked, which is consistent with the fact that the post-drug administration experimental curves are higher and flatter in those
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genetic knock-in mice with a single
amino acid substitution making them
insensitive to a number of SSRIs
including ESCIT (Henry et al., 2006;
Nackenoff et al, 2016; Simmler and
Blakely, 2019). A model that impedes
the binding of antagonists of SERT
transporter without impairing SERT
function is arguably more physiologi-
cally relevant than a SERT knock-out
mouse (Henry et al., 2006; Thompson
et al, 2011). Using this mouse, we
observed that ESCIT no longer antag-
onized serotonin reuptake (Nackenoff
et al., 2016); however, ESCIT slowed
histamine clearance even more
strongly than in wild types, suggesting
that a transporter other than SERT,
which now the more concentrated
ESCIT has affinity for (Owens et al,
2001), dictates ESCIT-sensitive hista-
mine clearance. Moreover, a NET-
specific tricyclic antidepressant (desi-
pramine) with little SERT activity also
delayed histamine clearance. Given
the ability of the OCT/PMAT inhibi-
tor decynium-22 to diminish evoked
histamine clearance, it seems likely
that SERT-independent effects of
SSRIs and the tricyclic antidepressant may be mediated by one of
these transporters and sheds light on another.

Acute SSRI injections (used here) do not reflect the clinical
SSRI regime where the agents are released steadily over a longer,
chronic time period. We address here that human serum levels
of SSRIs, administered under clinical regime, were found to be
lower than the ICs, values of SSRIs toward PMATs and OCT's
(Zhou et al, 2007; Haenisch et al., 2012). SSRIs were thus
hypothesized not to act on PMATS at clinical doses (Zhou et al.,
2007). However, serum drug levels may not mirror ECF drug
levels because of the complex diffusion profile of agents across
the blood-brain barrier (O’Brien et al, 2012; Hladky and
Barrand, 2014; Vendel et al.,, 2019). In the brain, much of the
SSRI is bound to (and thus concentrated around) SERTS; thus, a
steep concentration gradient likely exists between the ECF and
the serum. Therefore, it is difficult to ascertain whether SSRIs are
active at PMATs from human serum SSRI concentrations.
Nonetheless, during inflammation, where increased histamine
levels are already contributing to decreased serotonin levels,
drugs that inhibit histamine clearance will counteract the
intended action of the antidepressant (to elevate extracellular se-
rotonin by reducing serotonin inactivation) and exacerbate the
inflammatory process, which may contribute to depression. We
next tested this hypothesis by reducing histamine synthesis dur-
ing LPS treatment.

Dual pharmacological targeting of serotonin and histamine
restores SSRI chemical efficacy during acute inflammation
We chose to globally lower histamine levels by inhibiting hista-
mine synthesis at the molecular level via FMH, a suicide inhibi-
tor of histidine decarboxylase. Many studies have shown that this
agent can dramatically decrease both peripheral and CNS hista-
mine rapidly following peripheral administration (Garbarg et
al., 1980; Maeyama et al,, 1982; Watanabe et al., 1990). We
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each). Additional statistical analyses are found in Figure 2 and Table 1.

confirmed that evoked hypothalamic histamine release is blunted
following the administration of FMH (Fig. 10B). Thus, to test our
hypothesis that during LPS treatment SSRIs induced increases in
histamine counteract SSRI-induced increases in serotonin, we co-
administered ESCIT with FMH with or without LPS administration

(Fig. 10D). We found, strikingly, that FMH fully reversed the LPS-
induced deficits in the ability of ESCIT to increase serotonin levels.
Importantly, FMH administration under noninflammatory condi-
tions serves to increase serotonin levels at the same rate as ESCIT
despite its completely different mode of action (Fig. 104,C).
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This neurochemical finding must be put into a behavioral
context to draw physiologically relevant conclusions. However,
we suggest that histamine may be a key player in SSRI action that
has thus far not been adequately appreciated. Some studies have
suggested a role for histamine in antidepressant treatment
(Kanof and Greengard, 1978; Munari et al., 2015), and, in this
work, we further probed this connection and solidified a link
between histamine and serotonin during acute LPS-induced
inflammation (Knigge et al., 1994; Munari et al.,, 2015). Our
work supports the ability of histamine to modulate extracellular
serotonin levels in the hippocampus in vivo (note that the effects
may be region dependent) and in addition to the target of ESCIT
action, is an important factor to consider both in relation to the
understanding of serotonergic changes in depression, and for
improving the clinical efficacy of existing SSRIs.
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