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Introduction
Psychiatric disorders are often accompanied by symptoms of 
cognitive impairment that contribute significantly to the degree 
of disability and further impair the quality of life associated with 
these conditions. In patients suffering from major depressive dis-
order (MDD), several symptoms of cognitive dysfunction are 
frequently reported (Millan et al., 2012). Cognitive dysfunction 
ranges across a broad spectrum of domains, such as attention, 
memory (several subdomains, including working, episodic, and 
semantic memory), psychomotor speed, and executive function 
(Millan et al., 2012). Moreover, these symptoms often persist as 
residual symptoms in remitted patients (Conradi et  al., 2011). 
Since cognitive dysfunction is one of the most common residual 
symptoms of MDD, it follows that currently used antidepressants 
do not offer adequate therapeutic efficacy and that there is a need 
for new treatment options (McClintock et al., 2011).

The biological substrate for the modulation of cognitive 
function is complex and involves multiple neuromodulators and 
neurotransmitters (Millan et  al., 2012). Whereas the role of 
serotonin (5-HT) in MDD has been extensively studied and is 
generally accepted, there is less understanding with regard to 
how 5-HT interacts with cognitive processing (Cowen and 
Sherwood, 2013). The preclinical literature provides support 
for the notion that serotonergic modulation of glutamate neuro-
transmission, which is essential for cognitive processing, may 
be important for the beneficial effects of 5-HT on cognition 
(Pehrson and Sanchez, 2013).

5-HT exerts its neuromodulatory actions by activating various 
5-HT receptor subtypes. However, not all serotonergic receptors 
have enhancing effects on cognition. The activation of 5-HT2A, 
5-HT4 and 5-HT1A receptors has positive effects on memory and 
cognitive functioning in animal studies (Buhot et  al., 2000; 
Meneses, 2003). In contrast, the activation of 5-HT3 receptors 
has been shown to impair memory retention in rats (Hong and 
Meneses, 1996). Furthermore, 5-HT3 receptor antagonists exhibit 
memory-enhancing properties in a number of preclinical cogni-
tive models (Arnsten et al., 1997; Brambilla et al., 1993; Fontana 
et  al., 1995; Pitsikas and Borsini, 1996; Pitsikas et  al., 1994). 
Similarly, antagonism of 5-HT7 receptors has been shown to be 
beneficial for memory function (Horiguchi et al., 2011; Horisawa 
et al., 2011; McLean et al., 2009; Meneses, 2003). Thus, accumu-
lating evidence from animal models suggests that 5-HT receptors 
are involved in both the enhancement and inhibition of cognitive 
processes.
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Vortioxetine, an antidepressant with a multimodal mechanism 
of action (Adell, 2010; Alvarez et al., 2012), has recently been 
approved for the treatment of MDD. In vitro studies using cell 
lines expressing cloned human receptors or the 5-HT transporter 
(SERT) have demonstrated that vortioxetine is a 5-HT3A (Ki=3.7 
nM), 5-HT7 (Ki=19 nM) and 5-HT1D (Ki=54 nM) receptor antag-
onist, 5-HT1B receptor partial agonist (Ki=33 nM; IA 55%), 
5-HT1A receptor agonist (Ki=15 nM) and inhibitor of the 5-HT 
transporter (SERT; Ki=1.6 nM (Bang-Andersen et  al., 2011; 
Westrich et al., 2012). In rodent studies, vortioxetine has shown 
positive effects against cognitive dysfunction (Du Jardin et al., 
2013; Jensen et al., 2013; Mørk et al., 2013). For example, vorti-
oxetine improves acquisition and retention of contextual fear 
memory and object recognition memory in rats (Mørk et  al., 
2013). More important, in clinical studies of MDD patients, vor-
tioxetine has shown positive effects in several cognitive domains 
compared to placebo (Katona et al., 2012; McIntyre et al., 2013). 
Since the individual 5-HT receptor activities of vortioxetine have 
the potential to modulate glutamate neurotransmission and cog-
nition, we have hypothesized that vortioxetine’s multimodal 
action will result in enhanced glutamate transmission and thus 
improve cognitive function (Pehrson and Sanchez, 2013). The 
aim of the present study was to test this hypothesis by studying 
the effects of vortioxetine on the function of glutamatergic 
pyramidal cells and on synaptic plasticity in rat hippocampal 
slices, and on the strength of theta oscillations in awake rats.

In the hippocampus, 5-HT exerts net inhibitory effects on 
pyramidal cells by hyperpolarizing their membrane potential and 
potentiating gamma-aminobutyric acid (GABA) transmission 
measured as an increase in spontaneous inhibitory post-synaptic 
currents (sIPSCs) (Passani et al., 1994; Ropert and Guy, 1991; 
Shen and Andrade, 1998; Turner et al., 2004). Furthermore, the 
enhancing effect of 5-HT on sIPSCs largely depends on the acti-
vation of 5-HT3 receptors on GABAergic inhibitory interneurons 
(McMahon and Kauer, 1997; Turner et al., 2004). Since vortiox-
etine is a potent 5-HT3 receptor antagonist, we hypothesized that 
vortioxetine would counteract the 5-HT-induced increase of sIP-
SCs and disinhibit pyramidal cell output. Enhancement of 
pyramidal cell activity would translate into increased synaptic 
plasticity and stronger theta firing of pyramidal cells. Furthermore, 
we hypothesized that such effects would not be observed with 
selective 5-HT reuptake inhibitors (SSRIs).

Materials and methods

Hippocampal brain slice preparation

Experiments were performed in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals and were approved by Lundbeck’s Institutional Care 
and Use Committee (IACUC). All efforts were made to minimize 
the number of animals used and their suffering. Hippocampal 
slices were prepared from male Sprague Dawley rats (2–3 weeks 
old for patch-clamp recordings and 4–5 weeks old for LTP 
recordings). Animals were decapitated and their brains were 
quickly removed and placed in ice-cold high Mg2+/low Ca2+ arti-
ficial cerebral spinal fluid (aCSF) containing (in mM): 119 NaCl, 
2.5 KCl, 1 Na2HPO4, 26.2 NaHCO3, 0.5 CaCl2, 7 MgCl2, and 11 
glucose, aerated with 95% O2 / 5% CO2, pH 7.25–7.35. The 
brains were blocked and glued onto the stage of a vibratome 
(VT1200S, Leica Microsystems Inc., Bannockburn, Illinois, 

USA). Horizontal or transverse hippocampal slices (300–350 μm 
in thickness) were then cut and incubated in the regular oxygen-
ated aCSF containing (in mM): 119 NaCl, 2.5 KCl, 1 Na2HPO4, 
26 NaHCO3, 2.5 CaCl2, 1.3 MgCl2, and 11 glucose at 35oC for 
the first 60 min and then transferred to room temperature prior to 
recordings.

Whole cell patch-clamp recordings

sIPSCs and miniature inhibitory post-synaptic currents (mIPSCs) 
were recorded from CA1 pyramidal cells in the voltage-clamp 
mode. Patch pipettes (3–4 MΩ) were pulled from thick-walled 
borosilicate glass tubing (outer diameter: 1.5 mm, inner diameter: 
0.75 mm; Sutter Instrument, Novato, California, USA) and filled 
with a solution containing (in mM): 110 CsCl2, 10 NaCl, 5 MgCl2 
0.6 ethylene glycol tetraacetic acid (EGTA), 40 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 5 QX-314·Cl, 2 
MgATP, and 0.2 Na2GTP, pH adjusted to 7.3 with CsOH. The 
osmolarity was adjusted to 290 mOsm with sucrose. sIPSCs 
were pharmacologically isolated by adding the N-methyl-D-
aspartate (NMDA) receptor antagonist D-(-)-2-amino-5-
phosphonopentanoic acid (D-AP5, 50 µM) and the 
α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
/ kainate receptor antagonist 6,7-dinitroquinoxaline-2,3-dione 
(DNQX, 10 µM) to aCSF. mIPSCs were further isolated by add-
ing tetrodotoxin (TTX) to aCSF. Recordings were acquired using 
a Multiclamp amplifier 700B and the pClamp 10 software pack-
age (Molecular Devices, Sunnyvale, California, USA). Signals 
were digitized at 5 kHz and filtered at 2 kHz. CA1 pyramidal cells 
were voltage-clamped at –70 mV. Access resistance was moni-
tored throughout the experiments. Neurons whose series resist-
ance changed by >15% were excluded from the analyses.

Following drug treatments, frequency and amplitude of 
sIPCSs were normalized to pre-drug baseline levels using the fol-
lowing formula:

sIPSC Freq Amp sIPSC Freq Amp

sIPSC F
HT baseline

baseline

5− −( / ) ( / )

( rreq Amp
%

/ )
×100

Statistical analyses were performed using either Student’s 
t-test, one-way analysis of variance (ANOVA) or Kolmogorov-
Smirnov (K-S) test. Results were considered significant at 
p<0.05. Figures were made using GraphPad Prism (GraphPad 
Software, San Diego, California, USA) and Adobe Illustrator 
software (Adobe Systems Incorporated, San Jose, California, 
USA) packages.

LTP recordings

LTP was recorded in hippocampal slices using extracellular field 
potential recordings. The stimulating electrode consisting of a bipo-
lar concentric tungsten electrode (FHC Inc., Bowdoin, Maine, USA) 
was placed at the level of the Schaeffer collateral fibers. The record-
ing electrode consisting of a glass pipette filled with aCSF was 
placed at the level of the CA1 stratum radiatum. The aCSF was simi-
lar in composition to the one used in whole-cell patch recordings 
except that Ca2+ and Mg2+ concentrations were 2 mM. A 20 min 
baseline was recorded once every minute at an intensity that evoked 
a response of ∼35% of the maximum evoked response. LTP was 
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induced using one theta-burst stimulation (TBS) consisting of four 
trains of four pulses at 100 Hz separated by 200 ms. LTP was 
recorded for one hour after induction and expressed as percentage of 
baseline responses. Data were acquired with pClamp software 
(Molecular Devices, Sunnyvale, California, USA) at a sampling rate 
of 10 kHz and low-pass filtered at 1 kHz. Data were analyzed with 
pClamp software (Molecular Devices, Sunnyvale, California, USA). 
Statistical analysis was performed using a two-way ANOVA with 
repeated measures. Results were considered significant at p<0.05.

In vivo electroencephalography (EEG) 
recordings

Theta rhythms were recorded in freely-moving Sprague Dawley 
male rats (250–300 g) with EEG electrodes. Animals were indi-
vidually housed under a 12 h light/dark (06:00–18:00) cycle and 
temperature (21±2°C) and humidity (60±10%) control with chow 
and water ad libitum. The drugs were dosed three hours into the 
light cycle (09:00–10:00). A multi-day Latin square, cross-over 
design was used (n=9 rats per condition). Stainless-steel screw 
electrodes for EEG recordings and wire electrodes for electromyo-
graphic (EMG) recordings of dorsal neck muscles were implanted 
in each animal under anesthesia as previously described (Bastlund 
et al., 2004; Vogel et al., 2002). Bipolar (differential) EEG ground 
screw electrodes (size #00-80) were placed in each hemisphere 
supradural, approximately 2.0 mm anterior and 2.0 mm lateral to 
Bregma for frontal cortical EEG recordings. Electrodes were con-
nected to a sterile multi-channel telemetric device (TL10M3-F50-
EEE; Data Sciences International (DSI), St Paul, Minnesota, USA) 
that was implanted subcutaneously on the flank. These transmitters 
also digitally monitored locomotor activity counts that were used 
in sleep staging. Locomotor activity counts were calculated using 
Dataquest A.R.T software (DSI, St. Paul, Minnesota, USA) as a 
function of alterations in transmitter signal strength as the animal 
moved through the receptive field of the receiver located beneath 
the animals’ home cage. EEG and EMG signals were recorded 
using Dataquest A.R.T software (DSI, St. Paul, Minnesota, USA) 
at a sampling rate of 500 Hz. Artifacts were removed from the data 
and sleep stages assigned manually for every 10-second epoch 
using EEG, EMG, and locomotor activity counts by conventional 
methods. Data were classified as active wake, quiet wake, slow 
wave sleep, and paradoxical or rapid eye movement (REM) sleep 
(Parmentier-Batteur et al., 2012). All data were scored into these 
stages; however, only active wake data is shown in this paper, 
since we believe this is the only relevant stage in which cognitive 
load occurs (Maire et  al., 2013). Active wake data were further 
analyzed using Microsoft Excel (Microsoft Corporation, Seattle, 
WA). The relative theta power (4–8 Hz) in each 15 min bin per 
treatment group was averaged and plotted against time from  
0 to 180 min post dose. The percent change in theta power from 
baseline was calculated from the pre- (15–75 min before) and post- 
(45–90 min after) dose averages using the formula:

MeanPost MeanPre

MeanPre
%

−
×100

where each animal served as its own control. An ANOVA with 
Fisher’s least significant difference (LSD) post-hoc test (Statistica, 
Cary, North Carolina, USA) was used to determine differences. 
Results were considered significant at p<0.05.

Chemicals and drugs

All chemicals and drugs were obtained from Sigma (St. Louis, 
Missouri, USA) unless otherwise noted. Stock solutions were 
made in either water or DMSO at 1000-fold their final concentra-
tion and stored at –20°C. D-AP5, DNQX, QX-314 bromide and 
m-chlorophenylbiguanide hydrochloride (m-CPBG) were pur-
chased from Tocris Bioscience (Ellisville, Missouri, USA). 
Vortioxetine and escitalopram were synthesized at H Lundbeck 
A/S (Copenhagen, Denmark). For whole-cell patch recordings, 
5-HT (100 µM) and m-CPBG (20 µM) were focally applied to 
the brain slice surface via a fast speed perfusion system (ALA 
Scientific Instruments, Farmingdale, New York, USA). 5-HT 
solution was made fresh before each experiment and co-applied 
with 50 µM ascorbic acid to decrease oxidization. Vortioxetine 
(20 µM) and escitalopram (10 µM) were added directly to aCSF 
and applied via a bath perfusion system. For in vivo EEG record-
ings, vehicle, vortioxetine, escitalopram were dissolved in 20% 
aqueous ß-cyclodextrin and administered subcutaneously (s.c.) 
in a volume of 2.0 mL/kg.

Results

5-HT enhances spontaneous GABAergic 
transmission in hippocampal slices

Consistent with published results, local application of 5-HT sig-
nificantly increased sIPSCs recorded from CA1 pyramidal cells 
(Figure 1(a1)). Approximately 85% of cells responded to 5-HT 
with a burst-like enhancement in sIPSC frequency and ampli-
tude. Only those cells were included in the analysis of this study 
(n=24 cells). The effect of 5-HT was always transient and lasted 
for ~60 s (Figures 1(a1)–(a3)). Because of rapid desensitization, 
5-HT was applied focally onto the surface of the slice via a fast 
speed perfusion system. Although fast desensitizing, 5-HT 
responses were repeatable after a 3–5 min washout (data not 
shown). Frequency and amplitude analyses for 60 s of recordings 
for 10 representative cells following 5-HT application are shown 
in Figures 1(a2) and 1(a3). Peak 5-HT response was observed 
within the first 15 s, during which sIPSC frequency and ampli-
tude were increased by 301±34% and 261±26%, respectively 
(n=24 cells).

In contrast to the prominent effect noted with sIPSCs, 5-HT 
had no effect on mIPSCs recorded from CA1 pyramidal neu-
rons in the presence of 1 µM TTX (Figure 1(b1)). The responses 
elicited from 5-HT on sIPSCs and mIPSCs recorded from the 
same cell are shown in Figures 1(a1) and 1(b1). Note that 
despite a strong enhancement of sIPSCs, there was no change in 
mIPSCs after 5-HT application. The lack of effect of 5-HT on 
mIPSCs was observed for all recorded neurons (n=4, Figures 
1(b2) and 1(b3)).

Vortioxetine, but not escitalopram, blocks 
the 5-HT-induced increase in sIPSC frequency 
and amplitude

The effect of vortioxetine was only studied in cells that responded 
to 5-HT. In these cells, bath application of 20 µM vortioxetine did 
not affect baseline sIPSCs (n=15, data not shown), but largely 
suppressed the 5-HT-mediated increase in sIPSC frequency and 
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amplitude (Figure 2, p<0.05 for both, paired Student’s t-test). 
Vortioxetine required at least 15 min of application to achieve its 
maximal effect, which lasted for >30 min. We never observed a 
complete wash-out of the vortioxetine response, most likely due 
to the fact that vortioxetine is >99% protein bound in rat brain tis-
sue (Sanchez et al., 2014) and thus is probably difficult to wash-
out. The inhibitory effect of vortioxetine on sIPSCs was observed 
in 14 of the 15 cells tested (Figures 2(b1) and 2(c1)). To control 

for a possible desensitization of 5-HT response, vortioxetine was 
applied after the third application of 5-HT to a subset of cells. 
Under these conditions, vortioxetine still fully inhibited 5-HT 
responses, indicating that desensitization could not explain the 
inhibitory effect seen with vortioxetine (n=3, data not shown).

Averaged cumulative probability distributions for inter-event 
interval and amplitude of sIPSCs for 5-HT alone and 
5-HT+vortioxetine conditions are shown in Figures 2(b2) and 

Figure 1.  Serotonin (5-HT) increased frequency and amplitude of spontaneous inhibitory post-synaptic currents (sIPSCs), but not miniature 
inhibitory post-synaptic currents (mIPSCs), recorded from hippocampal CA1 pyramidal cells. (a1), (b1) Representative traces of sIPSCs (a1) and 
mIPSCs (b1) recorded from a CA1 pyramidal cell before and after local application of 5-HT (100 µM for 500 ms). mIPSCs were recorded in the 
presence of 1 µM tetrodotoxin (TTX). (a2), (a3) Serotonin (5-HT) transiently increased the frequency ((a2), ****p<0.001, **p=0.0078, *p=0.0361, 
one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test vs baseline) and amplitude ((a3), ****p<0.001, *p=0.0235, one-way 
ANOVA with Dunnett’s multiple comparisons test vs baseline) of sIPSCs. The largest increase was observed in the first 15 s after 5-HT application 
and the response to 5-HT was largely desensitized after 60 s. Bars represent the mean±standard error of the mean (SEM) of recordings from 10 cells. 
(b2), (b3) 5-HT had no effect on mIPSC frequency (b2) or amplitude (b3) (p>0.05, paired Student’s t-test). Bars represent the mean±SEM of 60 s 
recordings from four cells.
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2(c2). In 14 of 15 cells, there was a significant shift to lower 
frequencies in the distribution of sIPSCs (i.e. longer inter-event 
intervals), and in 13 of 15 cells, there was a significant shift of 
sIPSC amplitudes to smaller values in the presence of vortioxe-
tine (p<0.05, K-S test). Thus, vortioxetine had a potent blocking 
effect on the 5-HT-induced increase in sIPSCs.

In contrast to vortioxetine, escitalopram did not inhibit the 
5-HT-mediated increase in sIPSCs in any of the cells tested 
(Figure 3, n=6). In two of six cells, escitalopram slightly 
enhanced 5-HT-induced sIPSCs, but in the remaining four 
cells, there was no change in 5-HT response. Overall, escitalo-
pram had no significant effect on the frequency and amplitude 
of 5-HT responses (Figures 3(a2) and 3(a3), p>0.05, paired 
Student’s t-test).

Finally, we investigated the interaction between vortiox-
etine and the 5-HT3 receptor agonist m-CPBG (Figure 4). In 
68% (11/16) of examined cells, local application of 

m-CPBG (20 µM) produced a transient increase in sIPCSs 
in a manner similar to that of 5-HT, suggesting that 5-HT3 
receptors were involved in the 5-HT response (Figure 
4(a1)). However, in most of the responding cells (9/11) the 
effect of m-CPBG was not repeatable after various (3–25 
min) application intervals (Figure 4(a1), compare left and 
right panels). Even after a 25 min wash-out, there was a 
significant difference in response between the first and sec-
ond applications of m-CPBG (Figures 4(a2) and 4(a3)). 
Due to this long-lasting desensitization of m-CPBG 
responses, the effect of vortioxetine was tested in a sepa-
rate set of cells (Figures 4(b1)–4(b3), n=9). A 20–30 min 
pretreatment with vortioxetine (20 µM) blocked m-CPBG 
response in all recorded neurons. In the presence of vorti-
oxetine, the effect of the first application of m-CPBG on 
both sIPSC frequency and amplitude was significantly 
attenuated (Figures 4(b2) and 4(b3), p<0.05 for both, 

Figure 2.  Vortioxetine blocked the serotonin (5-HT)-induced increase in spontaneous inhibitory post-synaptic currents (sIPSCs).
(a) Representative sIPSCs recorded from a CA1 pyramidal neuron in response to 5-HT before (left) and after 15 min application of 20 µM vortioxetine (right). (b1), 
(c1) Vortioxetine blocked the 5-HT induced increase in sIPSC frequency ((b1), **p=0.0073, paired Student’s t-test) and amplitude ((c1), **p=0.0066, paired Student’s 
t-test). Frequency and amplitude were normalized to the mean value during the 30 s of recordings prior to 5-HT application. Bars represent the mean±standard error 
of the mean (SEM) of sIPSCs from 15 cells. (b2), (c2) Averaged cumulative probability plots of sIPSC inter-event interval (b2) and amplitude (c2) for 5-HT alone and 
5-HT+vortioxetine. Data for these graphs were derived from 60 s of continuous recordings. Each data point represents the mean from 15 cells. Vortioxetine significantly 
increased the inter-event interval time in 14/15 cells and shifted amplitudes of sIPSCs to lower values in 13/15 cells after 5-HT application (p<0.05, Kolmogorov-Smirnov 
(K-S) test).
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unpaired Student’s t-test). Thus, vortioxetine blocked 
5-HT and m-CPBG responses in a similar manner, sug-
gesting that 5-HT3 receptor antagonism contributed to its 
inhibitory effect.

Vortioxetine, but not escitalopram, 
potentiates theta burst LTP in hippocampal 
slices

LTP was induced by stimulating the Schaeffer collateral fibers 
with a single train of theta-burst stimulation (TBS), as 
described in the Materials and Methods section. Following 
TBS, there was a long-lasting increase in the slope of the field 
excitatory post-synaptic potentials (fEPSPs) (Figure 5). The 
average LTP in vehicle-treated slices 60 min after TBS was 
125±7% (n=17 slices from 12 animals). Perfusion of hip-
pocampal slices with 20 µM vortioxetine for 30 min prior to 
TBS significantly increased the magnitude of LTP without 
affecting baseline transmission (Figure 5, p=0.0017, two-way 
ANOVA F(2,38)=7.548). The average LTP in vortioxetine-
treated slices 60 min after TBS was 154±9% (n=14 slices from 
nine rats). In contrast, 10 µM escitalopram had no effect on 
LTP (Figure 5). The average LTP in escitalopram-treated 
slices 60 min after TBS was 127±5% (n=5 slices from four 
animals), which was very similar to the magnitude of LTP in 
vehicle-treated slices.

Vortioxetine, but not escitalopram, increases 
frontal cortical theta power in in vivo EEG 
recordings
Vortioxetine (tested at 0.1, 1.0, 3.0, 5.0 and 10 mg/kg, s.c.) 
produced a significant dose-response effect on frontal cortical 
theta power during the active wake state in EEG recordings 
(Figure 6; Leiser et al., 2014). The effect was observed in the 
relative theta power following treatment (Figure 6(a1)). To 
quantify this effect, theta power was compared pre- (15–75 
min before) and post- (45–90 min after) dose using each rat as 
its own control and plotted as a percent change. The 45–90 min 
time bin was chosen to ensure that sample EEG data were 
taken when the drug was onboard and the data were not con-
found by behavioral change due to dosing. There was a signifi-
cant treatment effect in theta power during this time (Figure 
6(a2), p=0.00062, one-way ANOVA F(14,113)=2.9964). At 5.0 
and 10 mg/kg, vortioxetine significantly increased theta 
(p<0.05, post-dose vs vehicle, LSD post-hoc comparison). In 
contrast, escitalopram (2.0 mg/kg, s.c.) had no effect on theta 
power (Figure 6(a2)).

Hippocampal theta power and frequency can increase with 
locomotion. Therefore, the Pearson correlation coefficient (r) 
was used to measure the association of theta power to locomotor 
activity counts. The r-values were calculated from 0–180 min 
post dose from every 10 s bin comparing relative power vs activ-
ity counts for each recording. The mean and standard deviation 

Figure 3.  Escitalopram had no effect on serotonin (5-HT) increase of spontaneous inhibitory post-synaptic currents (sIPSCs). (a1) Representative 
sIPSCs recorded from a CA1 pyramidal neuron in response to 5-HT before (left) and after 15 min perfusion with 10 µM escitalopram (right). (a2), (a3) 
Escitalopram did not change the 5-HT response on sIPSC frequency (a2) or amplitude (a3) (p>0.05, paired Student’s t-test). Frequency and amplitude 
were normalized to the mean value during the 30 s of recordings prior to 5-HT application. Bar graphs represent the mean±standard error of the mean 
(SEM) from six cells.
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(SD) of the r-values for every treatment are shown in Table 1. 
There was no correlation between theta power and locomotor 
activity counts suggesting that the increase of theta by vortioxe-
tine was not driven by an increase locomotion.

Discussion
In the present study, we used electrophysiological techniques to 
examine the effects of vortioxetine in the hippocampus and 

frontal cortex. We confirmed that local application of 5-HT 
increased the amplitude and frequency of sIPSCs recorded from 
CA1 pyramidal cells. This effect was reproduced by the 5-HT3 
receptor agonist m-CPBG, suggesting that the effect involved the 
5-HT3 receptor stimulation of GABAergic interneurons. 
Vortioxetine blocked the 5-HT- and mCPBG-induced increases 
in GABA transmission. Furthermore, vortioxetine enhanced 
theta-burst LTP in hippocampal slices and increased theta 
rhythms during active wake, most likely through antagonism of 

Figure 4.  The serotonin (5-HT)3 receptor agonist m-chlorophenylbiguanide hydrochloride (m-CPBG) transiently increased spontaneous inhibitory 
post-synaptic currents (sIPSCs) and vortioxetine blocked the m-CPBG effect. (a1) Representative sIPSCs recorded from a CA1 pyramidal neuron 
in response to two applications of the 5-HT3 receptor agonist m-CPBG. In most of the responding cells, the effect of m-CPBG was not repeatable 
after various application intervals (compare right and left traces). (a2), (a3) The second application of m-CPBG did not induce the same increase 
in sIPSC frequency ((a2), *p=0.031, paired Student’s t-test) or amplitude ((a3), *p=0.024, paired Student’s t-test) as the first application. Bar 
graphs represent the mean±standard error of the mean (SEM) from 11 cells. Because of strong desensitization of m-CPBG responses, the effect 
of vortioxetine was tested in a separate set of cells. (b1) Representative sIPSCs recorded from a CA1 pyramidal neuron in response to m-CPBG in 
the presence of 20 µM vortioxetine. (b2), (b3) Pre-treatment with vortioxetine blocked the m-CPBG increase in sIPSC frequency ((b2), *p=0.034, 
unpaired Student’s t-test) and amplitude ((b3), *p=0.028, unpaired Student’s t-test). Frequency and amplitude were normalized to the mean value 
during the 30 s of recordings prior to 5-HT application. Bar graphs represent the mean±SEM from 11 cells for the m-CPBG only condition and from 
nine cells for the m-CPBG + vortioxetine condition.
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5-HT3 receptors. By comparison, the SSRI escitalopram had no 
effect on the 5-HT-mediated increase in GABA transmission, 
LTP, or in vivo theta oscillations.

Vortioxetine blocks 5-HT enhancement of 
GABA transmission

5-HT is known to modulate the activity of interneurons and to 
increase GABA transmission across multiple brain regions, 
including the hippocampus, cerebral cortex, amygdala, thalamus, 
and striatum (Chen et  al., 2008; Deng and Lei, 2008; Koyama 
et  al., 2000; Monckton and McCormick, 2002; Passani et  al., 
1994; Ropert and Guy, 1991; Shen and Andrade, 1998; Tan et al., 
2004; Turner et  al., 2004; West et  al., 2009; Zhou and Hablitz, 
1999). In the hippocampus, 5-HT exerts inhibitory effects on 
pyramidal cells’ function by hyperpolarizing their membrane 
potential and increasing GABA transmission (Passani et al., 1994; 
Ropert and Guy, 1991; Shen and Andrade, 1998; Turner et  al., 
2004). Our results confirmed the enhancing effect of 5-HT on 
spontaneous GABA release. Application of 5-HT in our experi-
ments produced a burst-like increase in the frequency and ampli-
tude of sIPSCs recorded from CA1 pyramidal cells. The goal of 
this study was to investigate the effect of 5-HT and vortioxetine 
on GABA transmission and we therefore only focused on the 
effect of 5-HT on GABA release. We did not observe hyperpolari-
zation of pyramidal cells in response to 5-HT. This was expected, 
because the experiments were done in the voltage-clamp mode 
with a cesium-based patch solution. The hyperpolarizing effect of 
5-HT is mainly mediated by 5-HT1A and 5-HT1B receptors and 
occurs through an increase in potassium conductance (Andrade 
and Nicoll, 1987; Beck et al., 1985; Chaput et al., 1990; Monckton 

and McCormick, 2002). Since our internal patch-solution con-
tained cesium which blocks potassium channels, it precluded 
hyperpolarization of pyramidal cells by 5-HT.

Vortioxetine blocked the 5-HT-induced increase in sIPSCs. 
Vortioxetine was tested at 20 µM, which in the rat is several fold 
higher than the Ki(s) for each of its receptors, to ensure that vor-
tioxetine binding to all its targets in brain slices was saturated. 
This includes binding to rat 5-HT1A receptors to which vortioxe-
tine binds with a Ki of 230 nM compared to a Ki of 15 nM at the 
human 5-HT1A receptor (Mørk et al., 2012). Given vortioxetine’s 
multimodal mechanism of action, we next investigated which 
receptor subtypes were responsible for the blocking effect of vor-
tioxetine on 5-HT responses.

Based on findings reported in the literature (Passani et  al., 
1994; Piguet and Galvan, 1994; Ropert and Guy, 1991; Turner 
et al., 2004) and fast desensitization of 5-HT responses observed 
in our experiments, we hypothesized that 5-HT3 receptor antago-
nism played a significant role in vortioxetine’s effect. 5-HT3 
receptor agonists have been shown to depolarize hippocampal 
interneurons (Kawa, 1994; McMahon and Kauer, 1997). 
Furthermore, the enhancing effect of 5-HT on GABA transmis-
sion can be blocked by the 5-HT3 receptor antagonists DAU 6215 
(Passani et  al., 1994) and tropisetron (Dorostkar and Boehm, 
2007; Ropert and Guy, 1991; Turner et al., 2004) and mimicked 
by the 5-HT3 receptor agonists 2-methyl-5-HT (although it also 
activates 5-HT2 receptors (Passani et al., 1994; Ropert and Guy, 
1991)) and m-CPBG (Turner et  al., 2004; Zhou and Hablitz, 
1999). In our experiments, local application of m-CPBG pro-
duced an increase in sIPSCs that was very similar to the effect of 
5-HT. Vortioxetine blocked the m-CPBG-induced enhancement 
of sIPSCs in all cells tested, suggesting that 5-HT3 receptor 
antagonism is important in mediating the effect of vortioxetine.

Figure 5.  Vortioxetine enhanced theta burst long-term potentiation (LTP) in hippocampal slices.
Representative traces of field excitatory post-synaptic potential (fEPSP) recordings from vehicle-treated, vortioxetine-treated and escitalopram-treated slices are shown 
on top of the graph. Each trace is the mean of five sweeps taken either immediately before (dashed line marked with (1) or 50 min after (solid line marked with (2)) 
theta-burst stimulation (TBS). TBS, marked with an arrow in the time course graph, induced a long-lasting increase in the slopes of fEPSPs. For each time point, fEPSP 
slopes were calculated from either vehicle-treated (n=17 slices from 12 animals), vortioxetine-treated (n=14 from nine animals) or escitalopram-treated slices (n=5 slices 
from four animals) and expressed as % of baseline. Data are shown as the mean±standard error of the mean (SEM). Perfusion of hippocampal slices with vortioxetine 
for 30 min prior to TBS increased LTP without affecting baseline transmission (p=0.0017 vortioxetine vs vehicle, two-way analysis of variance (ANOVA) F(2,38)=7.548)). 
Escitalopram had no effect on LTP (p>0.05).
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Although we have shown that the 5-HT3 receptor antagonism 
is involved in the response of vortioxetine, a contribution from 
vortioxetine’s other receptor activities cannot be ruled out. 
Vortioxetine’s 5-HT7 receptor antagonism is of particular interest 
here, because the activation of 5-HT7 receptors can enhance 
GABA release in the CA1 area of the hippocampus (Tokarski 
et al., 2011). At the same time, it is unlikely that SERT inhibition 
had a role in the vortioxetine response. An equivalent concentra-
tion of the SSRI, escitalopram (10 µM for escitalopram and 20 
µM for vortioxetine) had no effect on the 5-HT-mediated increase 
in GABA transmission. Escitalopram was tested at half the con-
centration of vortioxetine since it has a higher affinity for the 
SERT (Ki=1.1nM for escitalopram vs 1.6 nM for vortioxetine, 
(Mørk et al., 2012; Owens et al., 2001). In conclusion, additional 
studies are needed to elucidate which targets of vortioxetine apart 
from 5-HT3 receptors might be involved in its inhibitory effect.

Figure 6.  Vortioxetine increased frontal cortical theta power in in vivo electroencephalography (EEG) recordings. (a1) Total relative theta power are 
shown for each treatment for every 15 min from 0–180 min postdose. A treatment effect was observed for vortioxetine (VOR), but not escitalopram 
(p=0.0226, one-way analysis of variance (ANOVA) F(65,497)=1.4180). (a2) Pharmacologically-induced changes in EEG recordings were quantified by 
averaging the 10 s bins constituting 15–75 min before (baseline) and 45–90 min post-drug treatment. Theta power was expressed as the percentage 
change from baseline. Bar graphs represent the mean±standard error of the mean (SEM) (n=9 rats per condition). A negative value indicates a decrease 
in EEG power from baseline. Vortioxetine at 5.0 and 10 mg/kg significantly increased theta power (*p<0.05, post-dose versus vehicle, one-way analysis 
of variance (ANOVA)  with least significant difference (LSD) post-hoc comparison). Escitalopram at 2.0 mg/kg had no effect on theta power.

Table 1.  The association of theta power to locomotor activity counts.

Pearson r Mean SD

Vehicle 0.2348 0.0943
VOR 0.1 0.2913 0.0821
VOR 1 0.2411 0.1079
VOR 3 0.1712 0.1106
VOR 5 0.1488 0.0967
VOR 10 0.0746 0.0804
ESC 0.1834 0.0744

ESC: escitalopram; VOR: vortioxetine.
There was no correlation between theta power and locomotor activity counts in 
electroencephalography (EEG) recordings for any treatment. The mean and  
standard deviation (SD) of Pearson correlation coefficient (r) are shown. The 
r-values were calculated comparing relative theta power vs activity count from 
0–180 min for each recording.
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Interestingly, the blocking effect of vortioxetine was more 
complete on m-CPBG responses than on 5-HT responses. This 
could be explained by the fact that although 5-HT3 receptors are 
largely involved in the action of 5-HT on GABA release, they are 
not the only receptor subtype engaged in this effect. Activation of 
5-HT6, 5-HT7, and in particular 5-HT2A/5-HT2C receptors has 
been shown to result in increased GABA transmission in hip-
pocampal slices (Piguet and Galvan, 1994; Shen and Andrade, 
1998; Tokarski et al., 2011; West et al., 2009). Since vortioxetine 
has low affinity for 5-HT2A/2C and 5-HT6 receptors (Bang-
Andersen et  al., 2011), it is expected that its block of 5-HT 
responses would not be complete. However, vortioxetine still sig-
nificantly attenuated the effect of 5-HT on sIPSCs, suggesting 
that its multimodal profile was sufficient to counteract the 5-HT 
enhancement of GABA transmission.

Vortioxetine enhances LTP in hippocampal slices

5-HT is known to decrease hippocampal LTP, in part by prolong-
ing the GABAB receptor-mediated inhibition of pyramidal cells 
during the LTP induction phase and thereby decreasing the depo-
larization of pyramidal cells (Corradetti et  al., 1992; Passani 
et al., 1994; Staubli and Otaky, 1994). 5-HT3 receptor antagonists 
can reverse this inhibitory effect and potentiate LTP in brain 
slices and in vivo (Corradetti et  al., 1992; Maeda et  al., 1994; 
Passani et  al., 1994; Staubli and Otaky, 1994; Staubli and Xu, 
1995). In the present study vortioxetine significantly increased 
the magnitude of theta-burst LTP in the CA1 area of the hip-
pocampus, which is consistent with vortioxetine reversing the 
5-HT inhibition of pyramidal cells and the fact that the strength 
of LTP is controlled by the degree of excitation of pyramidal cells 
during theta burst stimulation (Arai and Lynch, 1992; Wigstrom 
and Gustafsson, 1983).

It is interesting to note that although SSRIs have been shown 
to inhibit hippocampal LTP in vivo (Mnie-Filali et  al., 2006), 
escitalopram had no effect on LTP in hippocampal slices in our 
study. This discrepancy might be explained by the low endoge-
nous tone of 5-HT in hippocampal brain slices which may not be 
sufficient to observe an effect of SERT blockade. However, our 
LTP result with vortioxetine and the study by Maeda et al. (1994) 
showing facilitating effects of 5-HT3 antagonists on synaptic 
plasticity in hippocampal slices suggest that the amount of 5-HT 
released in hippocampal brain slices during high-frequency stim-
ulation is sufficient to at least activate 5-HT3 receptors.

Vortioxetine increases theta power in in vivo 
EEG recordings

Theta oscillations are predominantly driven via hippocampal 
entorhinal-cortical projections (Young and McNaughton, 2009) 
and have been linked to cognitive functions in preclinical as well 
as clinical studies (Basar et  al., 2000; Caplan et  al., 2001; 
Klimesch, 1999; Raghavachari et  al., 2001, 2006). Moreover, 
pyramidal cells tend to fire in theta bursts during learning (Berger 
et al., 1983; Otto et al., 1991). Interestingly, the 5-HT3 receptor 
antagonist ondansetron has been shown to increase theta oscilla-
tions in vivo in freely moving rats (Staubli and Xu, 1995).

Our EEG data obtained using implantable telemetry devices 
showed that vortioxetine at 5.0 and 10 mg/kg significantly 

increased theta power during active wake. In contrast, escitalo-
pram did not change theta power. This further differentiates vor-
tioxetine from SSRIs and highlights a significant role of one or 
more of vortioxetine’s receptor activities. It is important to note 
that vortioxetine did not have an effect on theta oscillations at the 
lower doses (0.1, 1.0 and 3.0 mg/kg). At these doses, vortioxetine 
has been reported to have full occupancy at 5-HT3 receptors, but 
little to no occupancy at 5-HT1A and 5-HT7 receptors (Pehrson 
and Sanchez, 2013). At 5.0 and 10 mg/kg vortioxetine is expected 
to have ~30–40% occupancy at 5HT1A and 5-HT7 receptors, 
~50–80% occupancy at 5-HT1B receptors and full occupancy at 
5-HT3 receptors and the SERT (Pehrson and Sanchez, 2013). 
Thus, a synergistic effect of 5-HT3 and 5-HT7 receptor antago-
nism, 5-HT1A receptor agonism and 5HT1B receptor partial ago-
nism may be required for the enhancing effect of vortioxetine on 
theta oscillations in vivo. Further studies are needed to under-
stand the complex functional interaction between vortioxetine’s 
multiple receptor activities.

Preclinical and clinical data suggest that theta rhythms tend to 
increase during memory tasks, especially during encoding (Basar 
et al., 2000; Klimesch, 1999). Furthermore, an increase in theta is 
correlated with improved performance in working memory tests 
in humans (Caplan et al., 2001; Raghavachari et al., 2001, 2006). 
Therefore, the facilitating effect of vortioxetine on theta power 
may contribute to its memory-enhancing properties observed in 
pre-clinical rat models (Du Jardin et al., 2013; Jensen et al., 2013; 
Mørk et al., 2013) and in the clinic (Katona et al., 2012; McIntyre 
et al., 2013).

Conclusions

We have shown that vortioxetine decreased the 5-HT-induced 
inhibitory drive of pyramidal cells and enhanced theta rhythms 
and hippocampal LTP, at least in part by antagonism at 5-HT3 
receptors. The data also indicate that vortioxetine activity at other 
receptors is likely to be important. Vortioxetine distinguished 
itself from the SSRI escitalopram, which showed no effect on any 
of these measures. Given the central role of the hippocampus in 
the regulation of cognitive functions and the enhancing effects of 
vortioxetine on synaptic activity in the hippocampus, our results 
may provide a cellular correlate to the observed preclinical and 
clinical effects of vortioxetine on cognition.
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