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Memory and Hippocampal Synaptic Plasticity
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Serotonin (5-HT) deficiency occurs in a number of brain disorders that affect cognitive function. However, a direct causal relationship
between 5-HT hypo-transmission and memory and underlying mechanisms has not been established. We used mice with a constitutive
depletion of 5-HT brain levels (Pet/KO mice) to analyze the contribution of 5-HT to different forms of learing and memory. Pet/KO
mice exhibited a striking deficit in novel object recognition memory, a hippocampal-dependent task. No alterations were found in tasks for
social recognition, procedural leaming, or fear memory. Viral delivery of designer receptors exclusively activated by designer drugs was
used to selectively silence the activity of 5-HT neurons in the raphe. Inhibition of 5-HT neurons in the median raphe, but not the dorsal
raphe, was sufficient to impair object recognition in adult mice. In vivo electrophysiology in behaving mice showed that long-term
potentiation in the hippocampus of 5-HT-deficient mice was altered, and administration of the 5-HT | A agonist 8-OHDPAT rescued the
memory deficits. Our data suggest that hyposerotonergia selectively affects declarative hippocampal-dependent memory. Serotonergic
projections from the median raphe are necessary to regulate object memory and hippocampal synaptic plasticity processes, through an

inhibitory control mediated by 5-HT A receptors.

INTRODUCTION

Low levels of brain 5-HT, or hyposerotonergia, have long
been associated with the etiology of depression and anxiety-
related disorders (Heninger et al, 1996; Jacobsen et al, 2012).
The core symptomatology of these illnesses centers on mood
and emotional states; however, cognitive impairment in
attention and declarative memory are also prevalent
(Castaneda et al, 2008; Marazziti et al, 2010; Millan et al,
2012). 5-HT deficiency has also been reported in patients
with autism or with neurodegenerative brain disorders,
where cognitive deficits prevail (Geldenhuys and Van der
Schyf, 2011; Isoda et al, 2010; Kish et al, 2008; Scott and
Deneris, 2005; Temudo et al, 2009). Clinical studies showed
that enhancement of 5-HT levels by antidepressant treatment
can improve cognitive performance in depressed patients,
independently of any relief on other depressive symptoms
(Harmer, 2008; Schmitt et al, 2006). Moreover, acute trypto-
phan depletion, a pharmacological approach to lower 5-HT
levels temporarily applicable to both humans and rodents,
impairs declarative memory (Schmitt et al, 2006; Silber and
Schmitt, 2010). This evidence suggests that, independently of
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changes in mood and affective states, 5-HT deficiency could
be directly involved in memory impairment by mechanisms
that are still unclear.

5-HT is produced and released by cells located in the
midbrain median raphe (MnR) and dorsal raphe (DR) nuclei
(Imai et al, 1986; Jacobs and Azmitia, 1992). Through a
complex and extensive axonal arborization, serotonergic
neurons innervate the entire forebrain, including memory-
related areas such as the prefrontal and entorhinal/perirhinal
cortices, and the hippocampus (Imai et al, 1986; Muzerelle
et al, 2016). 5-HT receptor family includes 15 subtypes
widely expressed in the CNS that mediate 5-HT’s inhibitory
or excitatory signaling (Barnes and Sharp, 1999). A great
number of preclinical studies have focused on understanding
the role of specific 5-HT receptors in learning and memory
processing through the use of specific agonists or antagonists
drugs or the generation of knockout mouse lines (Buhot et al,
2000; Meneses, 1999). These studies have proved promising
in the generation of novel target candidates for the treatment
of cognitive decline (Millan et al, 2012); however, they do
not adequately model the complex processes that underlie
brain disorders, specifically the consequence of reducing
5-HT levels in the brain. Global changes in 5-HT brain
content are difficult to manipulate and assess in humans;
however, recent advances in mouse genetics allowed the
generation of mouse models of 5-HT deficiency, provid-
ing novel approaches to understand the role of 5-HT in
affective behaviors and anxiety (Fernandez and Gaspar, 2012;
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Mosienko et al, 2015). Studies using these tools demon-
strated that low levels of brain 5-HT are associated with
increased stress reactivity and fear memory, suggesting a
negative bias in information processing (Kiyasova et al, 2011;
Sachs et al, 2015). Despite this evidence, the causal link
between 5-HT deficiency and memory deficit, and under-
lying mechanisms are still unclear.

Here we used a hyposerotoninergic mouse model, the
Pet1KO mice (Hendricks et al, 2003), to characterize their
performance in different learning and memory tasks. We
report that these mice have a specific impairment in object
recognition memory but no deficits in other forms of
memory such as social recognition or procedural learning.
We further show that neural activity of 5-HT neurons is
necessary for object memory, as it is abolished by acute
silencing of the MnR neurons with designer receptors
exclusively activated by designer drugs (DREADDs). Finally,
we propose that this selective memory defect is linked to
altered synaptic mechanisms in the hippocampus, based on
in vivo recordings in Pet1KO mice that showed altered long-
term potentiation responses during the object recognition
task, and that 5-HT1A receptors are crucially involved in
these effects.

MATERIALS AND METHODS
Behavioral Experiments

Behavioral experiments were conducted using adult
(8-12 weeks) mice weighing 30-35g. For all experiments,
male mice were used, except for experiments in Figures 3
and 4, where male and female Sert“™ mice were used;
no differences in stereotactic coordinates or behavior were
observed between sexes. In all cases, animals were housed in
groups of four per cage (same sex) with free access to food
and water and maintained in a controlled environment
(20-23°C, 45-55% relative humidity) with a 12/12h light/
dark cycle (light on at 0800 hours). Animals did not undergo
more than one behavioral assay. In all cases, animals were
randomly allocated to experimental groups and experimenter
was blind to treatment and/or genotype.

Novel Object Recognition

Novel object recognition test (NORT) was conducted in a
Plexiglas arena (30 x 40 x 40 cm>). The first 2 days consisted
of 30 min habituation sessions to the empty arena. On day 3,
two identical objects were placed in the center of the arena
and animals were allowed to explore for 10 min (training
session). After 2 or 24 h, one object was replaced by a new
one (test session). New objects were different in shape and
color but made of the same material (plastic) and with
similar general dimensions. New objects and positioning of
new objects were counterbalanced through all experiments to
avoid bias. Sessions were videorecorded by a camera placed
on top of the arenas. Video tracking software (ViewPoint,
France) was used to quantify locomotor activity throughout
all sessions. Object exploration was scored by an experienced
observer considering exploration only when mice directed
their nose to the objects at a distance of no more than 2 cm
and/or touching/sniffing the object. When mice used the
object to prop themselves up to explore the environment or
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were accidently touching the object while headed in another
direction was not computed as object exploration. In order to
avoid the presence of olfactory trails, the objects and arenas
were always thoroughly cleaned with ethanol 70% solution in
between trials. Recognition index was computed as the time
exploring the novel object divided by the total time exploring
both objects and multiplied by 100.

In Vivo Field Excitatory Postsynaptic Potential (fEPSP)
Recordings

Experimental procedures used to record hippocampal fEPSP
in freely moving mice have been described in detail
elsewhere (Clarke et al, 2010; Gruart et al, 2006). Briefly,
adult male PetIKO or control littermates mice were
anesthetized with 0.8-1.5% isoflurane and implanted uni-
laterally with bipolar stimulating electrodes in the Schaffer
collateral pathway of the dorsal hippocampus (2 mm lateral
and 1.5 mm posterior to bregma, and 1-1.5mm from the
brain surface (Paxinos and Franklin, 2004)) and with a
recording electrode in the CAl stratum radiatum (1.2 mm
lateral and 2.2mm posterior to bregma and 1-1.5mm
from the brain surface). Electrodes were made of 50-pm
Teflon-coated tungsten wire (Advent Research Materials).
Electrode and ground wires were soldered to a four-pin
socket (RS Amidata) that was then fixed to the skull using
dental cement. Animals were allowed to recover from
surgery for 7 days before behavioral experiments began.

Object recognition was conducted essentially as described
above; except that, in order to prevent electrical noise, the
arena was inserted in a Faraday cage together with the
electrophysiology equipment. During habituation, training,
and test sessions, animals had their pin-sockets connected to
a wire suspended above the open-field arena, which allowed
us to activate and to record fEPSPs at the CA3-CAl synapse
while animals were performing the task. Before the
experiment was started, fEPSPs were evoked at the CAl
area by paired (40-ms interval) 100-ps, square, biphasic
(negative—positive) pulses applied to the right Schaffer
collaterals. Stimulus intensity ranged from 50 to 350 pA.
For each animal, the stimulus intensity was set at 30-40% of
the intensity necessary to evoke a maximum fEPSP response
(ie, well below the threshold for evoking a population spike)
and remained unchanged until the end of the experiment
(Gruart et al, 2006). For the first set of experiments, baseline
was obtained by recordings held on the last day of
habituation to the open field. Stimuli were applied every
20s for the first 5min of the session (20 min) to evoke
synaptic field potentials in the CAl. The average of these
values was considered baseline for data recorded 24h
thereafter. During training and test sessions, home-made
equipment was used to trigger hippocampal stimulation
every time mice approached one object or the other with
exploratory intentions (Clarke et al, 2010). In addition, a
5-min recording sessions were conducted 5h after the test
session was completed to measure experience-dependent
changes in synaptic strength.

For experiments involving externally induced LTP,
fEPSP baseline values were recorded for 15 min before LTP
induction. Each animal was then presented with a high-
frequency stimulation (HEFS) protocol consisting of five
200-Hz, 100-ms trains of pulses at a rate of one per second.
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This protocol was presented six times, at intervals of 1 min.
After HFS presentation, recordings of double-pulse stimula-
tion at Schaffer collaterals were conducted for another
60 min to evaluate whether the LTP protocol was effective.
On subsequent days, recordings were made for 30 min to
assess the persistence of LTP response. All data were stored
digitally on a computer through an analog/digital converter
(1401 Plus; CED, England), at a sampling frequency of
11-22kHz and with an amplitude resolution of 12 bits.
Evoked fEPSP amplitudes were analyzed offline using Spike
2 (CED). In all cases, fEPSPs were normalized and expressed
as the percentage of corresponding baseline.

In Vitro fEPSP Recordings

Coronal hippocampal slices (350 pm) were prepared from 6
to 8 weeks old male C57B6 mice using a vibratome (Microm
HM650V, Thermo Scientific) and placed in aCSF containing
(in mM): 11 glucose, 2.5 KCI, 26.2 NaHCO3, 1 NaH,PO,,
124 NaCl, 2 CaCl,, 2 MgCl, bubbled with a mixture of 95%
0,/5% CO, and allowed 1h to recover. fEPSPs were
recorded in the stratum radiatum of the CAl region with a
borosilicate glass pipettes filled with aCSF and stimuli
delivered to the Schaeffer Collateral Pathway by a bipolar
tungsten electrode (WPI, Germany). Slices were visualized in
a chamber on an Olympus BX51WTI upright microscope and
were perfused with the oxygenated aCSF at 31°C in the
continuous presence of 100 pM picrotoxin to block GA-
BAergic function. Stimuli were delivered at 0.1 Hz, and an
input-output curve was created at the beginning of the
recordings and stimulus was kept at 30-40% of maximal
response. The amplitude of the fEPSP was measured and
averaged baseline values were normalized to 100%; sub-
sequent values of the experiment were normalized to this
baseline average (one-minute bins). 8-OH-DPAT was
dissolved in water and added to the bath perfusate at a final
concentration of 100 nM.

Virus

The following replication-defective adeno-associated viruses
(AAV) were used: AAV8-hSyn-DIO-hM4D(Gi)-mCherry
(UNC Vector Core, University of North Carolina, USA);
AAV2/9-hSyn-eGFP-Cre-WPRE; and AAV2/9-hSyn-eGFP-
rBG (Penn Vector Core, University of Pennsylvania, USA).
The titration of these AAVs was within 10'2-10" viral
molecules/ml.

Viruses were injected in the MnR (—4.0 anterior/posterior
from bregma, — 1.2 medio/lateral, and — 5.0 dorso/ventral) or
the DR (+0.5 anterior/posterior from lambda, —0.8 medio/
lateral, and —3.2 dorso/ventral) at a volume of 300 nl.
Animals were given a 3 weeks’ recovery period to allow
sufficient expression.

RESULTS

Mice with Constitutive 5-HT Depletion Have Impaired
Object Recognition Memory

To determine whether brain 5-HT deficiency affects learning
and memory processes, we used Pet]KO mice that have an
80% depletion of brain 5-HT with no alterations of
peripheral 5-HT (Hendricks et al, 2003). Adult PetIKO
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and control littermates were subjected to the NORT. During
training session, animals spent a similar amount of time
exploring each object, yielding a recognition index of
approximately 50% in both control and PetIKO mice (two-
way ANOVA repeated-measures test phase x genotype,
P>0.9999, Figure la). During the test session performed
2 h after training, control mice showed a strong preference
for exploring the novel object (RI=68.9 +2.7%, Figure la),
while Pet1IKO mice explored equally both objects (RI=49.8
+3.5%, P<0.001, n=27 and 23 for control and Pet1KO,
respectively). Importantly, no significant differences were
observed in the total amount of time spent exploring objects
(20.87+2.36 s for control and 22.73+ 2.10s for PetlIKO
mice). In a different cohort of animals, object recognition
memory was assessed in a test session performed 24 h after
training. As before, Pet]KO mice did not show a significant
preference to explore the novel object during the test session
(Figure 1b, F;,,=3.717, P>0.05 training vs test, two-way
ANOVA repeated-measures and Bonferroni’s multiple
comparisons test). These results indicate that PetIKO mice
have long-lasting impaired novel object recognition memory
that can be detected as early as 2 h after training.

To determine whether 5-HT deficiency impairs other
forms of memory, further behavioral testing was conducted.
In a three-chamber social recognition test, control and
PetIKO mice spent significantly more time with a novel
mouse than a familiar one previously encountered during the
sociability phase, suggesting that social recognition is normal
(Figure 1c). In the operant conditioning task, mice learn to
associate a cue light and an operant response (nose poke)
with a reward (sugar pellet). Control and PetIKO showed an
increase in the number of nose pokes in the reinforced hole
vs the non-reinforced across session indicating normal
learning (Figure 1d). Conditioned fear memory extinction
is a form of learning in which the repeated exposure to the
conditioned stimulus results in an inhibition of conditioned
responses. Confirming our previous observations (Kiyasova
et al, 2011), we found that, after pairing a tone with a
footshock, PetIKO mice showed higher levels of freezing to
the presentation of the tone alone in a new context
(conditioned fear). However, extinction learning was not
altered as repeated tone presentations produced a significant
decrease in freezing behavior (extinction learning) in both
control and PetIKO mice (Figure le). Finally, motor
coordination and learning was evaluated in an accelerating
rotarod during 3 days of training. Again, control and Pet1IKO
mice exhibited normal motor learning, evidenced by the
longer latency to fall across the days of training (Figure 1f).
Altogether, these results show that beyond object recognition
5-HT-deficient mice perform normally in other tests,
suggesting that other memory systems are unaffected. In
addition, it reveals that brain regions involved in object
memory are a key target of cognitive defects resulting from
low levels of 5-HT.

Object Memory Impairment is Reversed by Increasing
Brain 5-HT Levels

Control and Pet1IKO mice were injected i.p. with saline or a
combination of 5-HTP (10 mg/kg) and benserazide (20 mg/kg)
30min before the training and test sessions of NORT
(Figure 2). The aromatic r-amino acid decarboxylase



(AADC) inhibitor benserazide, which does not cross the
blood-brain barrier, was used to prevent the 5-HT syndrome
induced by 5-HTP peripheral metabolism (Hedge et al,
1994). Thus 5-HTP is converted to 5-HT in the brain by
AADC, which is widely expressed in monoaminergic and
some non-monoaminergic neurons (Hokfelt et al, 1973).
5-HTP did not change object recognition in controls
(RI: 67.3+2.2%, vs 709+3.2% n=10 saline and n=16
5-HTP, Figure 2), whereas it significantly increased the
exploration of the novel object in Pet1KO mice (RL: 53.6 +
2.2% vs 69.0 +3.4%, F; 44=10.25 P<0.01, n=11 saline and
n=15 5-HTP, Figure 2). No changes were observed in the
total amount of time spent exploring the objects. These
results indicate that increasing extracellular levels of 5-HT in
the brain is sufficient to normalize object recognition
function in 5-HT-depleted mice.

Chemogenenetic Inhibition of MnR 5-HT Cells in
Adulthood is Sufficient to Impair Object Recognition

5-HT levels in object memory-related areas are tightly
regulated and depend on 5-HT neuron activity (Adell et al,
1993; McQuade and Sharp, 1997) in different raphe nuclei.
In particular, 5-HT in the DR send axonal projections to
cortical areas, whereas MnR neurons project to the hippo-
campus and septum (Muzerelle et al, 2016). Recent evidence
has shown that the discharge of serotonergic cells is time-
locked with specific cortical and hippocampal activity
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patterns (Kocsis et al, 2006; Wang et al, 2015). Therefore,
we examined the effects of blocking the activity of 5-HT
neurons in the two main 5-HT cells subnuclei, the MnR and
the DR. For this, we stereotaxically injected AAV-hSyn-DIO-
hM4D-mCherry to Sert“™ mice to selectively express the
inhibitory receptor hM4D in 5-HT neurons (Figure 3a,
Supplementary Figure S1). The hM4/CNO system has
the advantage of allowing for reversible inhibition of cell
activity (Rogan and Roth, 2011). We first confirmed that
this construct was able to silence 5-HT activity using
cell-attached recordings of raphe neurons in acute brain
slices from hM4D-expressing mice (Figure 3¢). Adding CNO
to the perfusate completely blocked cell firing in transduced
5-HT neurons, which were identified by the expression
of mCherry (n=7, Figure 3c); notably, CNO did not
affect the firing of non-transduced neurons. In a first set of

<

Figure I  Object recognition memory, but not other forms of memory, is
impaired in mice with low levels of brain 5-HT. (a) NORT was conducted
with a 2 h delay between the training and test sessions. Recognition index is
close to 50% during training sessions, indicating no bias toward any of
the objects and/or locations. During the test session, control mice showed
a significant preference for exploring the novel object (F4g=9.925,
P 20,00 training vs test and Fj4g=14.92, **P <000l control vs
Pet/KO mice, Bonferroni posttest, after two-way ANOVA repeated
measures), but Pet/KO failed to show this preference (n=27 and 23 for
control and Pet/KO). (b) Similarly, when the intertrial interval was set to
24 h, control mice showed a significant preference for exploring the novel
object (F15,=3717, #"P<000l training vs test, two-way ANOVA
repeated-measures and Bonferroni's multiple comparisons test). Instead,
Pet/KO did not show any significant differences in exploration of objects
(Fioo=1641,#¥*¥P<0.001 control vs Pet/ KO mice; F| 2, =3.717 training vs
test, P>0.05, two-way ANOVA repeated-measures and Bonferroni's
multiple comparisons test, n=13 control and || Pet/KO mice). (c) To
test conspecific recognition, mice placed in a three-chamber box; the graph
shows the total time spent exploring the familiar and novel mice. Control
and Pet/KO mice spent significantly more time with the novel mouse
compared with the familiar one (F| go =29.60, *P<0.05, **P <0.0| novel vs
familiar, and F| g0 =0.2622, P=0.6100 control vs Pet /KO, n=21/group). (d)
Performance of control and Pet/KO mice in operant conditioning. Nose
pokes on the cued hole are rewarded with sugar pellet delivery (at a fixed
ratio of five pokes for one sugar pellet), while pokes on sham hole has no
response. Number of nose pokes on each hole is measured across five
sessions during 5 consecutive days. The increase in the number of nose
pokes in the reinforced hole vs the non-reinforced one is a criterion for
validating the leaming of the task. Both control and Pet/KO showed normal
leaming (F) 15=2429, *P<0.05, *#P<00! rewarded vs sham holes in
control mice, n=10. F, 1g=12.36, *P<0.05, **P<0.0! rewarded vs sham
holes in Pet/KO mice, n=10. Two-way ANOVA followed by Bonferroni's
multiple comparison test). (e) Control and Pet /KO mice were submitted to
an auditory fear conditioning and extinction protocol. Four hours after
conditioning with 5 tone—footshock pairs, animals were placed in a different
context and a total of |6 tones (conditioned stimulus) were presented and
freezing behavior (conditioned response) quantified. Pet/ KO mice showed
higher levels of freezing to the presentation of the tone alone in a
new context. However, extinction leaming was not altered as repeated
tone presentations produced a significant decrease in freezing behavior
(extinction leamning) in both control and Pet/KO mice (Fjq 25¢=15.369,
*#P<0.05, *P<0.0! vs basal freezing response in control mice, n=9;
#P<005, *P<00! vs basal freezing response in Pet/KO mice, n=9.
Two-way ANOVA followed by Bonferroni's multiple comparison test).
(f) Control and Pet /KO mice showed similar motor learming on the rotarod
test. Latency to fall (in seconds) is shown across daily sessions. A significant
increment in the latency confirms the leaming of the task (Fy, 6= 19.46,
#P< 005 day | vs day 3 in control mice, n=5; ***P<0.001 day | vs day 3
in Pet/KO mice, n=5. Two-way ANOVA followed by Bonferroni's multiple
comparison test). All plots depict mean + SEM.
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Figure 2 Increasing 5-HT levels in the brain rescues memory impairment
in Pet/ KO mice. Animals were injected i.p. with saline or a combination of
5-HTP (10 mg/kg) and benserazide (20 mg/kg) 30 min before the training
and test sessions. Control mice did not show changes in object recogni-
tion after drug treatment (F, 4g=10.25, P>0.05, saline vs 5-HTP two-way
ANOVA and Bonferroni's multiple comparison test). Pet/KO treated with
saline showed object memory impairment (F| 45=6919, **P<001,
control vs Pet/KO mice), which was reversed by treatment with 5-HTP
(Fi. 4¢=1025 **P<00l, saline vs 5-HTP two-way ANOVA and
Bonferroni's multiple comparison test). Drug treatment did not affect the
total amount of time exploring the objects. Mice per group were as follows:
control: 16 for saline and 10 for 5-HTP; Pet/KO: || for saline and |5 for
5-HTP. All plots depict mean + SEM.

experiments, control and hM4D-expressing mice injected in
the MnR were subjected to NORT. CNO (0.5 mg/kg) or
saline were administered i.p. on the 2 habituation days and
30 min before the training and test sessions (Figure 3b). Two
weeks after, the same virus-transduced mice were used for a
second experiment of NORT, where saline-treated mice were
injected with CNO and vice versa. The results depicted in
Figure 3d show the recognition index of control and hM4D-
expressing mice after saline or CNO treatment. Control
mice’ performance in the NORT was not modified by either
treatment (Figure 3d, P>0.05, n=14 mice); however,
silencing 5-HT neurons in the MnR impaired object
memory as demonstrated by the effects of CNO injection
on the preference for the novel object in hM4D-expressing
mice (Figure 3d, two-way ANOVA repeated-measures
F) 35=22.84, **P<0.001 saline vs CNO in hM4D mice,
n=23). Importantly, memory impairment was not asso-
ciated with changes in the total amount of exploration of
objects (Figure 3d) or in ambulatory activity (Figure 3e).
Expression of hM4D in Sert“™ mice extended over the entire
rostro-caudal axis of the MnR (Supplementary Figure S2).
Expression outside the MnR was scarce owing to the lack of
Sert“"-expressing neurons outside the raphe in adults. In a
second cohort of mice, AAV injections in Sert“™ mice were
directed to the DR, and after recovery, mice were submitted
to the same NORT protocol. Inhibition of DR 5-HT neurons
did not affect object recognition memory (Figure 3f) nor
did it produce significant changes in ambulatory activity
(Figure 3g). Altogether, these results integrate the MnR
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serotonergic projections to the circuitry involved in object
recognition memory.

A second experimental strategy was used to chronically
deplete 5-HT from the MnR to corroborate our previous
results. VMAT2f/f mice were injected with AAV-eGFP-Cre
in the MnR to disrupt monoamine vesicular transporter
expression. In the absence of Vmat2, cytosolic 5-HT is
rapidly degraded and the result is a striking decrease in 5-HT
tissue levels (Narboux-Néme et al, 2011). Mice injected with
AAV-eGFP served as controls and showed normal levels
of preference for the novel object in the object recognition
task (Supplementary Figure S3). Cre-injected mice, instead,
showed no preference for the novel object, indicating
memory deficit (Supplementary Figure S3). This result
confirmed that depleting 5-HT in MnR neurons is sufficient
to impair object memory.

Timing of Chemogenetic Inhibition Shows Requirement
of 5-HT Cell Activity During Encoding and/or
Consolidation but not Retrieval of Object Memory

In order to test which phases of memory are affected by
5-HT cell inhibition, we used Sert“*® mice stereotaxically
injected, as described above, with AAV-hSyn-DIO-hM4D-
mCherry in the MnR. In a first experiment, mice subjected to
NORT were divided into saline and CNO groups, and
a single injection was given 30 min before the training
session (Figure 4a). Injection of CNO did not affect
exploration of objects in the training phase, but it completely
blocked preference for the novel object during the test
phase (Figure 4a, two-way ANOVA repeated-measures
Fi 51=39.95, **P<0.001 two-way ANOVA saline x CNO,
n=11 and 12 for saline and CNO, respectively).

A second experiment was conducted where CNO was
administered only before the test session (Figure 4b). In this
case, both the saline- and CNO-treated groups showed a
significant preference for exploring the novel object during
the test session (Figure 4b, two-way ANOVA repeated-
measures F; ,,=137.3, **P<0.001 two-way ANOVA
training x test, n = 11/group). This experiment indicated that
the activity of MnR 5-HT neurons is required during the
learning phase of NORT but not during memory retrieval.

LTP is Exaggerated in 5-HT-Deficient Mice

One of the main projection targets of MnR 5-HT neurons is
the hippocampus (Muzerelle et al, 2016; Vertes et al, 1999), a
structure involved in object recognition (Cohen et al, 2013).
To examine whether low brain levels of 5-HT could result in
abnormal synaptic function in this structure, we used
Pet]IKO mice in which the hippocampus is completely
depleted of 5-HT fibers (Kiyasova et al, 2011). Control and
Pet1IKO mice were implanted with electrodes to stimulate
and record the CA3 and CAl regions of the hippocampus,
respectively, while the animals perform the object recogni-
tion task. It was previously shown that NORT induces
changes in synaptic strength and that long-term potentiation
of this synapse is required to acquire object memory (Clarke
et al, 2010). Once recovered from surgery, mice were
subjected to NORT and fEPSPs were recorded during the
task. After establishing a baseline recording during the
second day of habituation, we evaluated changes in fEPSPs
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Figure 3 Chemogenetic inhibition of MnR 5-HT cells is sufficient to induce object recognition deficits in mice. (a) Injection of Sert" mice with AAV8S-
hSyn-DIO-hM4D(Gi)-mCherry into the MnR or the DR, (b) Protocol to remotely control the activity of 5-HT neurons during object recognition. CNO
(0.5 mg/kg) or saline were administered i.p. on each habituation day and 30 min before the training and test sessions. (c) The ability of the hM4D/CNO system
to inhibit the firing of 5-HT neurons was asserted using in vitro cell-attached recordings in brain slices from stereotaxically injected mice. In 5-HT neurons
(green) expressing hM4D-mCherry (red), bath application of CNO (10 uM) completely abolished cell discharge of action potential currents, while hM4D-
negative cells do not respond to CNO (representative current traces are shown at the bottom of the panel). (d) Control and hM4D-expressing mice injected
in the MnR were subjected to NORT. A representative image shows the expression of mCherry in the MnR of Sert™" mice (scale bar=200 pm). CNO
treatment significantly reduced preference for exploring the novel object in hM4D mice (F;, 35 =22.84, ***P<0.001 saline vs CNO hM4D mice n=23
Bonferroni posttest, after two-way ANOVA). Control mice did not show any changes in response to either saline or CNO treatments and performed
normally (P> 0.05, saline vs CNO control mice n= |4). The total amount of time exploring the objects did not change between groups. (e) Silencing of MnR
5-HT neurons with the hM4D/CNO system did not affect locomotor activity. (f) Control and hM4D-expressing mice injected in the DR were subjected to
NORT. A representative image shows the expression of mCherry in the DR of Sert™™ mice after AAV injection (scale bar=250 um). Inhibition of DR
serotonergic neurons did not affect object memory performance (F, |5 =0.1209, P=0.7329, for treatment after two-way ANOVA, n=9 and 8 mice for
control and hM4D, respectively) or total amount of time exploring the objects. (g) No effect on locomotor activity was observed after inhibition of 5-HT cells

in the DR with the hM4D/CNO system.

during the training and the test sessions and 5 h after NORT
was completed (Figure 5a). During training, no significant
changes were observed in the amplitude of the fEPSPs in
both control and PetIKO mice while exploring the objects
(Figure 5a). During memory retention test, assessed 2 h after
training, we observed a slight increase in fEPSP amplitude in
control mice (116.2+10.4%, n=10, P>0.05, vs baseline),
while this effect was more pronounced in PetIKO mice
(136.8 £5.8%, n=9, P<0.05, vs baseline, Figure 5a). Late
changes in synaptic strength were evaluated 5h after
completing the NORT. We observed a 30.6 +5.6% increase
in evoked fEPSP in control mice compared with baseline;
however, this effect was strikingly bigger in PetIKO mice
(179.5+10.5%, P<0.01 vs baseline and vs control mice,
Figure 5a). PetIKO mice with implanted electrodes fail to
show preference for the new object in the NORT, indicating

memory deficits (Figure 5a); implantation of electrodes did
not modify NORT performance in control mice. None of the
recorded changes in fEPSP was accompanied by a significant
alteration in the hippocampal theta or gamma rhythms,
indicating that all data were collected from similar alertness
states (Supplementary Figure S4).

LTP in CAl can be artificially induced by delivering HES
to the CA3 pathway, and we determined whether this form
of synaptic plasticity was also affected in hyposerotonergic
mice. After establishing a stable baseline, mice received one
session of HFS and fEPSP amplitude was monitored every
day for 4 days (Figure 5b). LTP in CA3-CAl synapses was
evident in control mice at day 1 immediately after HFS,
reaching approximately 90% increase in fEPSP amplitude
and slowly decreasing to baseline levels over the course of
4 days (Figure 5b). Instead, the same HFS protocol evoked
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Figure 4 Chemogenetic inhibition of MnR 5-HT cells affects encoding/
consolidation but not retrieval of object memory. (a) Sert™™® mice
stereotaxically injected with AAV-hSyn-DIO-hM4D-mCherry in the MnR
were used for NORT. CNO or saline were given ip. before the training
session, and a test session was conducted 24 h later. Saline-treated mice
showed a significant preference for exploring the novel object
(Fi, 21=2637, ***P <000l two-way ANOVA training xtest, n=11).
Injection of CNO did not affect exploration of objects on the training phase,
but it completely blocked preference for the novel object during the test
phase (F| 5, =39.95, **P <0001 two-way ANOVA saline x CNO, n=1|
and |2 for saline and CNO, respectively). (b) In a second experiment, mice
were given saline or CNO before the test session only. Both the saline and
CNO-treated groups showed a significant preference for exploring the
novel object during the test session (Figure 4B, F| 20=137.3, ***P<0.001
two-way ANOVA training * test, n= | |/group). In both cases, total time
exploring the objects were not changed. All plots depict mean + SEM.

higher levels of LTP in PetIKO mice reaching >150%
increase in fEPSP amplitude (Figure 5b); 3 days after HFS,
Pet]IKO mice still presented significant potentiation of
synaptic strength in the CA3-CAl synapse. These results
indicate that in PetIKO mice LTP mechanisms are altered,
likely at the postsynaptic levels as in vivo paired-pulse
facilitation, a presynaptic short-term potentiation, was
normal in these mice (Supplementary Figure S4). Overall
these results showed that mice with low brain 5-HT level
have exaggerated LTP in the hippocampus and in particular
enhanced excitatory responses in CAl neurons in response
to the stimulation of Schaffer collaterals.

Neuropsychopharmacology

5-HT1A Receptors Mediate Inhibitory Control Over the
CA3 — CAl Hippocampal Pathway

We hypothesized that 5-HT release in the hippocampus
participates in normal memory function through an inhi-
bitory control of CAl neurons. 5-HT1A receptor is one of
the main inhibitory receptors expressed in the hippocampus,
and a high intensity of 5-HT1A transcript can be observed
in the pyramidal neurons of the CA1 region (Figure 6a). We
tested the implication of this receptor in shaping the
response of the CA3-CAl hippocampal circuit on slice
preparations from wild-type mice. CAl-evoked fEPSP were
recorded in response to CA3 afferent stimulation (Figure 6a),
and changes in fEPSP amplitude were recorded while apply-
ing the 5-HT1A receptor agonist 8-OH-DPAT (100 nM) to
the bath. After a 10 min perfusion of the drug, we observed a
45% reduction in fEPSP amplitude compared with baseline
(Figure 6a). This effect was reversible as a 10 min wash-off
period was sufficient to return to baseline levels.

We then tested whether the inhibitory action of the
5-HT1A agonist, 8-OH-DPAT, on the CA3-CAl synapse
could normalize memory function induced by 5-HT
deficiency. PetlKO and control mice were injected with
8-OH-DPAT (0.5 mg/kg) or saline 30 min before the training
and test sessions of NORT (Figure 6b). Pet1KO mice treated
with 8-OH-DPAT showed a significant preference for
exploring the novel object while the saline-treated mice did
not (Figure 6b, P<0.05, n=14 in saline and 14 in 8-OH-
DPAT groups). Instead, 8-OH-DPAT was without effects in
control mice (Figure 6b, P>0.05, n=13/group). Drug
treatment did not affect the total amount of time exploring
the objects or the locomotor activity during the test
(Figure 6b).

DISCUSSION

The present results demonstrate a direct link between low
levels of brain 5-HT and a specific cognitive impairment in
object recognition, which is considered to be a rodent
equivalent of declarative memory in humans. We show that
neural activity of the medial rather than DR neurons is
required for this effect. In addition, activity of 5-HT MnR
neurons is required for encoding/consolidation but not for
recall of object memory. Finally, we uncover a cellular and
molecular target by showing that 5-HTIA receptors are
required to moderate the excitatory drive in the CA3-CA1l
neural circuit and that activation of 5-HT1A receptors is
sufficient to restore memory defects in hyposerotonergic
mice. Thus 5-HT has an important role in maintaining an
adequate signal-to-noise ratio in this hippocampal circuit, a
necessary condition for novel object learning.

Learning and memory function is a complex phenomenon
that is often categorized into different memory types, eg,
declarative vs non-declarative, which involve different brain
regions and/or physiological processes (Squire and Zola,
1996). Therefore, defining the precise nature of changes in
cognitive defects is challenging. We selected a series of beha-
vioral tasks that allowed us to test these different memory
systems and how they are affected by low brain levels of
5-HT. The object recognition test is a stress-free memory
task that is dependent on the hippocampus (Clarke et al,
2010; Cohen et al, 2013; Kinnavane et al, 2015; Manns and
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Figure 5 5-HT brain deficiency leads to exaggerated synaptic potentia-
tion of the CA3— CAl pathway in the hippocampus. (a) Electrode-
implanted control and Pet/KO mice were submitted to the NORT as
depicted. fEPSPs were recorded after stimulation of Schaffer collaterals
throughout the entire behavioral experiments. Baseline recordings were
obtained during the last habituation session (1), and changes in synaptic
strength were scored during object memory training (2), retention test (3),
and 5 h after completing the task (4). Representative fEPSP traces are shown
depicting baseline and posttest recordings for control and Pet/KO mice. No
changes in fEPSP amplitude were observed during training (2). During the
retention session conducted 2 h after (3), we observed a slight increase in
control mice (116.2+104%, *P>0.05, vs baseline), and this effect was
more pronounced in Pet/KO mice (136.8 +5.8%, *P<0.05, vs baseline).
Late changes in synaptic strength were evaluated 5h after completing
NORT (4). In control mice, LTP increased slightly (130.6 +5.6%, P<0.05, vs
baseline), while we observed a striking increase in LTP in Pet/KO mice
(|795 + 10.5%, FH263 =3357, #***P<00!| vs baseline; F3,\263 =12.18,
+++P<0.001 vs control mice, n=10 control and 9 Pet/KO). (b) In a
separate experiment, we followed the evolution of fEPSPs evoked in the
CAIl area after applying HFS to induce LTP. After establishing a stable
baseline, five 200- Hz, 100-ms trains of pulses at a rate of one per second
were applied, and this protocol was presented six times, at intervals of | min.
This protocol induced a long-lasting potentiation of fEPSPs in control mice,
reaching significant higher values during day | and the start of day 2
(**P <001 compared with baseline in control mice, n=10). Pet/KO mice
showed higher levels of potentiation throughout the experiment
(**P<001 compared with baseline in Pet/KO mice, n=9). All plots
depict mean + SEM.
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Eichenbaum, 2009), and we show here that it is impaired in
mice with 5-HT deficiency. It turn, these mice performed
normally when the task involved the recognition of a
conspecific. Social recognition is a unique form of memory
that utilizes distinct neural system than object recognition.
The emotional component of the task likely involves the
mesolimbic dopamine system and the neuropeptide systems
for oxytocin and vasopressin (Bielsky and Young, 2004).
Procedural memory systems such as those involved in
operant conditioning and motor learning are controlled by
the cerebral cortex, basal ganglia, and cerebellum (Balleine
et al, 2009; Hikosaka et al, 1999) and were not impaired in
PetIKO mice. Amygdala-dependent Pavlovian conditioning
has been previously shown to be present in hyposerotonergic
mice, including PetIKO mice, with a distinctive increase in
conditioned fear response phenotype (Dai et al, 2008;
Kiyasova et al, 2011). We show here that extinction of fear
memory is normal in these mice, a type of learning that is
highly dependent on the medial prefrontal cortex (Herry
et al, 2010). It seems paradoxical that PetIKO mice show
impairment in NORT but intact contextual learning as both
tasks are hippocampal dependent. It is likely that the
emotional valence of fear conditioning vs the neutral
stimulus presented during NORT have a role in this
divergence. Memory for emotional information is usually
better than memory for neutral information, a phenomenon
commonly called emotional enhancement of memory
(Phelps, 2004). Emotions can enhance the encoding and
consolidation of experiences, likely involving projections
from the amygdala to the hippocampus (LaBar and Cabeza,
2006; Phelps, 2004). In PetIKO mice, serotonergic projec-
tions to the amygdala are maintained and stress responses
are heightened (data not shown) likely contributing to the
enhancement storage of fear memories. Overall, this points
the specificity of the cognitive deficits that result from
reduced 5-HT transmission and pinpoints to the hippocam-
pal formation as a potential substrate. Visual recognition
memory, ie, the ability to distinguish novel from familiar
stimuli, is shared across species (Kinnavane et al, 2015;
Manns and Eichenbaum, 2009; Squire et al, 2007). Our
results are in accordance with previous studies showing that
decreasing 5-HT levels, with a hypotryptophan diet, causes
impaired memory in visual and verbal learning tasks in
healthy volunteers (Riedel et al, 1999; Silber and Schmitt,
2010), and object recognition in rodents (du Jardin et al,
2014; Lieben et al, 2004; Olivier et al, 2008). Interestingly
alteration of visual recognition memory is a key symptom of
mild cognitive impairment where it has been noted to be a
good predictor of Alzheimer’s disease (De Anna et al, 2014).
Visual memory is also impaired in patients suffering
from major depression and posttraumatic stress disorder
(Castaneda et al, 2008; Marazziti et al, 2010; Millan et al,
2012). This evidence, together with the results shown in this
study, suggest that 5-HT systems are directly involved in
normal memory function, specifically in delayed recognition
of familiar stimuli.

Serotonergic neurotransmission is very broadly distributed
in the brain complicating anatomo-functional correlates.
However, genetic approaches are now allowing teasing out
more precisely the contribution of different components of
the 5-HT systems. Recent studies have focused on the region-
selective contribution of 5-HT to anxiety and reward-related
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Figure 6 5-HTIA receptors exert inhibitory control over hippocampal CA3 — CAl synapse. (a) 5-HT 1A mRNA expression was detected using in situ
hybridization (blue signal is positive), showing strong expression in stratum pyramidale of the CAl region, where pyramidal neuron cell bodies are located. The
effect of the 5-HT | A agonist 8-OH-DPAT was tested on CAl-evoked EPSPs by stimulating CA3 fibers as depicted in the diagram. After a 20-min baseline,
8-OH-DPAT 100 nM was added to the perfusion bath and the amplitude of the EPSPs was recorded. 8-OH-DPAT exerted a strong inhibition of fEPSP
amplitude. Representative EPSP traces are shown on the right side. Plot depicts mean + SEM (n=4). (b) 8-OH-DPAT (0.5 mg/kg) was injected to control and
Pet KO mice 30 min before training and retention sessions of NORT. Pet /KO injected with saline showed object recognition impairment as compared with
control mice (F so=6.734, **P <001 control vs Pet KO in saline treated, Bonferroni posttest, after two-way ANOVA). Treatment with 8-OH-DPAT did not
affect the performance of control mice, but it restored preference for the novel object in Pet/ KO mice (F|s50=4.501, *P <0.05 saline vs 8-OH-DPAT in
Pet|KO mice, Bonferroni posttest, after two-way ANOVA). Drug treatment did not affect the total amount of time exploring the objects or the locomotor
activity during the test. Mice per group were as follows: control: |3 for saline and |3 for DPAT; Pet/KO: 14 for saline and 14 for DPAT. All plots depict
mean + SEM.

behaviors (Liu et al, 2014; McDevitt et al, 2014; Qi et al, inactivation of 5-HT neurons in the MnR led to deficits in
2014; Teissier et al, 2015). In the present study, we used =~ NORT performance. Furthermore, silencing before training
the chemogenetic tool DREADDS to interrogate the relative =~ but not before testing is effective in impairing object
contribution of 5-HT innervation to the main brain = memory. This provides two main conclusions: (1) that the

structures that has been implicated in object recognition, = MnR is directly linked to the control of object recognition
ie, the hippocampus and the entorhinal/perirhinal cortex  and (2) that the continuous activity of 5-HT neurons in the
which receive their 5-HT innervation from the MnR and DR,  MnR is necessary for memory encoding/consolidation but

respectively (Muzerelle et al, 2016). We found that only  not to retrieve of already formed memories. The former
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conclusion directly adds to our knowledge about the circuits
that participate and modulate object recognition memory
formation. The MnR has been previously linked with other
types of memory function (Babar et al, 2002; Ohmura et al,
2010; Wang et al, 2015), but its direct involvement in object
recognition has not been asserted, to the best of our
knowledge. Our results showed that pharmaco-genetic
inhibition of this subcortical pathway directly affects object
recognition in mice.

In the hippocampus, long-term synaptic strengthening in
CA3-CA1 pathway requires physiological and biochemical—
plastic—changes involving, primarily, glutamate AMPA and
NMDA receptors (Neves et al, 2008). 5-HT provides
neuromodulatory control over physiological hippocampal
circuits by altering homeostatic cell excitability and synaptic
strength (Cai et al, 2013; Costa et al, 2011; Dale et al, 2015;
Pugliese et al, 1998; Varga et al, 2009). Here we show that
constitutive lack of 5-HT, as modeled in PetIKO mice,
results in increased synaptic potentiation, which was difficult
to predict based on the expression of diverse 5-HT subtypes
in the hippocampus. This ‘hyperexcitability’ phenotype could
result from reduced inhibition of hippocampal circuits that
involves two different mechanisms: (i) inhibitory control of
pyramidal CA1 neurons by hyperpolarizing 5-HT1A recep-
tors or (ii) activation of excitatory 5-HT3 receptors expressed
primarily on GABAergic interneurons (Costa et al, 2011;
Freeman-Daniels et al, 2011; Pugliese et al, 1998; Varga et al,
2009). Although chemogenetic silencing of the MnR 5-HT
cells replicate the same memory impairment as observed in
Pet1KO, we cannot confirm that this manipulation led to the
same enhacement of hippocampal synaptic plasticity. How-
ever, a recent report that used simultaneous recordings in the
hippocampus and the MnR elegantly showed that firing
activity of 5-HT neurons readily inhibits ripple oscillations
(Wang et al, 2015). In this context, it is possible that 5-HT
deficiency results in an alteration of signal-to-noise ratio in
hippocampal neuronal circuits, resulting in excessive synap-
tic strengthening. LTP is generally viewed as a cellular
mechanism mediating memory storage; however, it has been
shown that enhanced LTP does not necessarily translates
into better memory performance. For example, genetic
deletion of synaptic proteins such as PSD-95, IRSp53, and
protein tyrosine phosphatase delta or of components of the
cAMP signaling cascade all result in a similar phenotype,
including impairment in hippocampus-dependent memory
and enhanced hippocampal LTP (Kim et al, 2009; Migaud
et al, 1998; Pineda et al, 2004; Uetani et al, 2000). Although
the mechanisms are not clear, current models support the
notion that learning and memory depends on synapse-
specific fluctuation in synaptic strength (Takeuchi et al,
2014). In this context, the non-specific strengthening of
synapses after subthreshold stimuli may occlude the correct
formation of memory engrams. Interestingly, we show here
that activation of 5-HT1A receptors with the agonist 8-OH-
DPAT inhibits CA3-CAl synaptic input, and pretreatment
with this drug is sufficient to rescue NORT memory
impairment in 5-HT-deficient mice. From these observa-
tions, we conclude that serotonergic inhibitory control over
the hippocampal formation is necessary for normal memory
function.

In human pathology, altered 5-HT neurotransmission can
result from multiple causes that are either inherited or
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acquired. Genetic variants of 5-HT-related genes have been
largely implicated in psychiatric disorders, such as depres-
sion or autism (Holmes, 2008; Jacobsen et al, 2012; Scott and
Deneris, 2005). In addition, reduced 5-HT transmission can
result from several neurodegenerative disorders, such as
Parkinson’s and Alzheimer’s disease (Chen et al, 1996; Javoy-
Agid et al, 1984; Lai et al, 2002; Qamhawi et al, 2015; Seidel
et al, 2015). Because these brain disorders have multiple
neuronal targets, it is then difficult to tease apart the specific
contribution of a given neuronal system to the observed
symptoms. Traditionally, reductions of 5-HT transmission
have been linked to the depressive and anxiety-related
symptoms and to impulsivity (Heninger et al, 1996; Jacobsen
et al, 2012; Winstanley et al, 2004). However, as clearly
indicated by our preclinical models, reduced 5-HT transmis-
sion has to be considered as a cause of altered declarative
memory function. Our study further outlines the fact that
similar cognitive defects result from different causes of 5-HT
depletion, either constitutive or acquired. Here life-long
depletion (Pet1KO mice) or depletion in adulthood (chronic
in VMAT2-flox mice or acute by chemogenetic inhibition) all
produced defects in novel object recognition, indicating that
this is not due to developmental or adaptive effect. Future
studies will address key aspects relating 5-HT deficiency,
depression, and cognitive performance; the use of preclinical
models, where the discrete role of 5-HT in different brain
regions can be dissected out, will provide a unique approach
to this enterprise (Fernandez and Gaspar, 2012; Mosienko
et al, 2015).
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