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ABSTRACT: Long-term synaptic plasticity, represented by long-term
depression (LTD) and long-term potentiation (LTP) comprise cellular
processes that enable memory. Neuromodulators such as serotonin
regulate hippocampal function, and the 5-HT4-receptor contributes
to processes underlying cognition. It was previously shown that in
the CA1-region, 5-HT4-receptors regulate the frequency-response
relationship of synaptic plasticity: patterned afferent stimulation that
has no effect on synaptic strength (i.e., a hm-frequency), will result
in LTP or LTD, when given in the presence of a 5-HT4-agonist, or
antagonist, respectively. Here, we show that in the dentate gyrus
(DG) and CA3 regions of freely behaving rats, pharmacological
manipulations of 5-HT4-receptors do not influence responses gener-
ated at hm-frequencies, but activation of 5-HT4-receptors prevents
persistent LTD in mossy fiber (mf)-CA3, or perforant path-DG synap-
ses. Furthermore, the regulation by 5-HT4-receptors of LTP is sub-
field-specific: 5-HT4-receptor-activation prevents mf-CA3-LTP, but
does not strongly affect DG-potentiation. These data suggest that 5-
HT4-receptor activation prioritises information encoding by means of
LTP in the DG and CA1 regions, and suppresses persistent informa-
tion storage in mf-CA3 synapses. Thus, 5-HT4-receptors serve to
shape information storage across the hippocampal circuitry and spec-
ify the nature of experience-dependent encoding. VC 2016 The Authors
Hippocampus Published by Wiley Periodicals, Inc.
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INTRODUCTION

Serotonin (5-hydroxytryptamine, 5-HT) is involved
in a broad spectrum of physiological (Buhot, 1997)
and pathological (Reynolds et al., 1995) processes.
Fourteen 5-HT-receptor subtypes have been identified
(Barnes and Sharp, 1999). The 5-HT4-receptor is par-
ticularly interesting, as it has been implicated in the
enhancement of cognition (Fontana et al., 1997; Ken-
nett et al., 1997; Marchetti-Gauthier et al., 1997;
Meneses and Hong, 1997; Meneses, 1998; Hille
et al., 2008). Strikingly, patients suffering from Alz-
heimer’s disease undergo a substantial loss of hippo-
campal 5-HT4-receptors (Reynolds et al., 1995), and
inhibition of 5-HT4-receptors leads to impairments of
olfactory associative memory (Marchetti et al., 2000),
an ability that is markedly impaired in Alzheimer’s
disease (Nordin and Murphy, 1998; Conti et al.,
2013). Moreover, in healthy humans low selective
serotonin reuptake inhibitor (SSRI) doses improve
memory, whereas high doses impair it (Dumont et al.,
2005). Notably, recent studies suggest a role for 5-
HT4-receptor expression as a neural marker for learn-
ing and memory (Manuel-Apolinar et al., 2005; Mad-
sen et al., 2011; Meneses, 2015), and revealed an
inverse correlation of 5-HT4-receptor expression with
memory performance in humans (Haahr et al., 2013).
Conversely, activation of 5-HT4-results in dendritic
spine growth after a learning-event, that is not evident
in na€ıve rodents (Marchetti et al., 2004; Restivo
et al., 2008) and augments learning and memory in
rodents (Lamirault and Simon, 2001; Lelong et al.,
2001; Bockaert et al., 2004, 2011; King et al., 2008)
and primates (Terry et al., 1998). The physiological
mechanisms underlying the regulation by 5-HT4-
receptor of learning and memory processes are cur-
rently unclear, however.

Long-term hippocampus-dependent memory is
tightly linked to persistent forms of synaptic plasticity
such as long-term potentiation (LTP) (Kemp and
Manahan-Vaughan, 2004; Malenka and Bear, 2004;
Whitlock et al., 2006; Lynch et al., 2007; Nabavi
et al., 2014; Lynch and Baudry, 2015) and long-term
depression (LTD) (Etkin et al., 2006; Kemp and
Manahan-Vaughan, 2004, 2007; Goh and Manahan-
Vaughan, 2013a). Strikingly, the degree of activation
of the 5-HT4-receptor has a profound influence on
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the ability of CA1 synapses to express synaptic plasticity
(Kemp and Manahan-Vaughan, 2005). Low, or blocked activity
results in the strengthening of weak synaptic depression into
persistent LTD, whereas activation of the receptor results in
strengthening of weak synaptic potentiation into persistent LTP
(Kemp and Manahan-Vaughan, 2005). Moreover, afferent
stimulation in frequency ranges that correspond to um (Bien-
enstock et al., 1982; Dudek and Bear, 1993), that can be con-
sidered to be ambiguous, as they are too fast to induce lasting
LTD and too slow to induce lasting LTP, result in LTD if 5-
HT4-receptors are antagonised and LTP if 5-HT4-receptors are
activated (Kemp and Manahan-Vaughan, 2005). These findings
indicate that the 5-HT4-receptor exhibits frequency-dependent
properties, thereby regulating the direction of change of synap-
tic strength. Given the distinct functional roles of LTP and
LTD in spatial memory (Kemp and Manahan-Vaughan, 2004,
2007, 2008; Etkin et al., 2006; Hagena and Manahan-
Vaughan, 2011; Goh and Manahan-Vaughan, 2012a), 5-HT4-
receptors may thus also influence the encoding and content of
information stored. In line with this, it has been reported that
in the CA1 region, 5-HT4-receptor activation prevents
learning-induced facilitation of LTD (Kemp and Manahan-
Vaughan, 2004), and activation of 5-HT4-receptors prevents
depotentiation of LTP in both CA1 and dentate gyrus (DG)
(Kulla and Manahan-Vaughan, 2002). This suggests that 5-
HT4-receptors may serve to prioritise synaptic encoding
through LTP, at the expense of LTD.

Here, we examined the role of the 5-HT4-receptor in synap-
tic plasticity at perforant path-dentate gyrus synapses and mf-
CA3 synapses of freely behaving adult rats. We observed that
in the DG, using ligand doses that do not affect basal synaptic
transmission, receptor activation prevents LTD (>24 h),
whereas LTP is insensitive to 5-HT4-receptor manipulation. In
contrast, in mf-CA3 synapses, receptor activation prevents
both, LTP and LTD. In the CA1 region, 5-HT4-activation pro-
motes LTP and prevents LTD (Kemp and Manahan-Vaughan,
2004). Together, these data suggest that 5-HT4-receptors play a
pivotal role in regulating synaptic information encoding in the
hippocampus. When activated, this receptor will drive hippo-
campal synapses towards favouring synaptic encoding through
LTP, and suppress persistent encoding at mossy fiber synapses,
and thus strongly influence the content and encoding of stored
information.

MATERIALS AND METHODS

Surgery

Seven-to eight week old male Wistar rats (Charles River,
Germany) were prepared as described previously (Manahan-
Vaughan and Reymann, 1997; Hagena and Manahan-Vaughan,
2011). Briefly, under sodium pentobarbital anaesthesia (52 mg/
kg, i.p., Merial, Halbermoos, Germany), animals underwent
implantation of a monopolar recording and a bipolar stimula-

tion electrode. A cannula was implanted into the lateral cere-
bral ventricle that was ipsilateral to electrode placements
(0.5 mm posterior to bregma, 1.6 mm lateral to the midline;
size: 5.6 mm length, 0.8 mm diameter, 4.5 mm depth).

For DG recordings, the stimulation electrode was implanted
into the medial perforant path (6.9 mm posterior to bregma
and 4.1 mm lateral to the midline) and a recording electrode
was placed in the granule cell layer of the DG (3.1 mm poste-
rior to bregma and 1.9 mm lateral to the midline). The correct
placement of the electrodes was verified using electrophysiologi-
cal criteria that distinguish medial perforant path-DG poten-
tials from lateral perforant path-DG potentials (Abraham &
McNaughton, 1984). For mossy fiber (mf)-CA3 recordings, a
bipolar stimulation electrode was implanted at coordinates cor-
responding to mf projections (3.5 mm posterior to bregma and
2.5 mm lateral to the midline) and a recording electrode was
placed above the CA3 pyramidal layer of the dorsal hippocam-
pus (3.0 mm posterior to bregma and 3.2 mm lateral to the
midline). After surgery, the animals were housed in single
cages. Animals were treated pre- and postoperatively with the
analgesic Meloxicam (“Metacam,” 0.2 mg/kg, i.p., Boehringer
Ingelheim, Ingelheim am Rhein, Germany), and the skull inci-
sion was treated both with local anaesthetic (lidocaine) and a
topical antibiotic. The animals were allowed 7–10 days to
recover from surgery before experiments were conducted. Post-
mortem histological analysis was also conducted to verify cor-
rect electrode placement.

Measurement of Evoked Potentials

The field excitatory post-synaptic potential (fEPSP) slope
was employed as a measure of excitatory synaptic transmission
in the CA3 region, and was detected from maximal slope
through the five steepest points obtained on the first negative
deflection of the potential. To assess synaptic activity in the
DG, analysis of both the population spike (PS) amplitude and
fEPSP slope was conducted. PS amplitude was measured from
the peak of the first positive deflection of the potential to the
peak of the subsequent negative deflection. The fEPSP was
measured as the maximal slope through the five steepest points
obtained on the first positive deflection of the potential.

To obtain these measurements, an evoked response was gen-
erated by stimulating at low frequency (0.025 Hz) with single
biphasic square wave pulses of 0.2 ms duration per half wave,
generated by a constant current isolation unit. On the morning
of each experiment, by means of input/output curve (evalua-
tion of evoked responses elicited by increasing stimulation in
steps from 100 to 900 mA) the maximum response was found,
and during experiments, all potentials employed as baseline cri-
teria were evoked at a stimulus intensity that produced 40% of
this maximum. For each time-point measured during the
experiments, five records of evoked responses were averaged.
The first six time-points recorded at 5 min interval were used
as baseline and all time-points were calculated as a percentage
of the average of these six points.
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Since, in the DG experiments, the changes in fEPSP corre-
sponded with changes in PS amplitude, fEPSP data are shown
in Figure 1 only. Cortical EEG was continuously monitored
throughout the experiments. Here, no disturbances were identi-
fied as being provoked by the experimental protocols.

LTP in the CA3 region was evoked using high-frequency stim-
ulation (HFS, four trains with 100 pulses at 100 Hz). This pro-
tocol induces robust LTP in this structure that lasts for over 24 h
(Manahan-Vaughan et al., 1998; Hagena and Manahan-Vaughan,
2012). In the DG, LTP was evoked using a higher frequency of

HFS (200 Hz given as 10 bursts of 15 pulses, with an interburst
interval of 10s) (Manahan-Vaughan et al., 1998). Short-term
potentiation (STP) was evoked using three bursts of 15 pulses at
200 Hz with an interburst interval of 10s (wHFS) (Manahan-
Vaughan and Reymann, 1996). Low-frequency stimulation (LFS)
at 1 Hz was used to evoked LTD (900 pulses), whereas 1 Hz
stimulation given 600 times (wLFS) was applied to induce STD
(Klausnitzer et al., 2004). To test the effect of afferent stimula-
tion at Hm frequencies, 10 Hz LFS comprising 450 pulses at 10
Hz, or 5 Hz stimulation (450 pulses) was used.

Following HFS or LFS, three recordings at 5 min intervals
were made, following recordings at 15 min intervals until 4 h
had elapsed. A further 1 h of recordings were made 24 h later.

Pharmacological Treatment

The 5-HT4-receptor agonist 1-[4-Amino-5-chloro-2-methoxy-
phenyl]-3-[1-butyl-4- piperidinyl]-1-propanone; RS67333 and the
5-HT4-receptor antagonist 1-[4-Amino-5-chloro-2-(3,5-dimethox-
yphenyl)methyloxy]-3-[1-[2-methylsulphonylamino]ethyl]piperi-
din-4-yl]propan-1-one; RS39604 (Biotrend, Germany) were
dissolved in double-distilled water. Thirty minutes prior to, or
2 h after LFS or HFS, a volume of 5 ml was injected via the
implanted cannula over a period of 5 min. Animals in control
experiments received 0.9% NaCl. Strain-dependent differences in
the sensitivity of neurotransmitter receptors to pharmacological
manipulation have been reported (Manahan-Vaughan and Brau-
newell, 2005). Furthermore, intrastrain differences (Hilgers et al.,
1985) impact on the robustness of synaptic plasticity that is eli-
cited by equivalent experimental conditions (Ranson et al., 2012).
In a previous study we reported that intracerebral application of
10 mg of RS67333 reduces fEPSPs evoked by test-pulse stimula-
tion in Wistar rats of the Sch€onwalde substrain. Here, we chose to
use the same dose of agonist in Charles River Wistar rats, because
it had no effect on PS or fEPSP profiles in the current study
(Fig. 1). In a previous study we showed that intracerebral applica-
tion of 25mg of the antagonist RS39604 significantly prevents the
effects of RS67333 on synaptic transmission in the DG, but that

FIGURE 1. 5-HT4-receptor ligands neither affect basal synaptic
transmission at perforant path-DG synapses, nor at mossy fiber syn-
apses in vivo. (A) and (B) Test-pulse stimulation in vehicle-injected
animals showed no change in evoked responses. Injection of
RS67333 (10 mg) or RS39604 (50 mg), had no effect on test-pulses
recorded for 24 h at perforant path-DG and mf–CA3 synapses,
respectively. The time-point of vehicle/ligand treatment is indicated
by the arrow. Line breaks indicate change in time scale. (C), Ana-
logs represent perforant path responses recorded during an control
experiment (upper traces), in an experiment in which RS67333 was
injected (middle traces) and in an experiment in which RS39604
was injected (bottom traces). Traces were taken pre-stimulation (i),
5 min post-stimulation (ii) and 24 h post-stimulation (iii). Vertical
scale bar: 2 mV, horizontal scale bar: 8 ms. (D), Analogs represent
mossy fiber responses that were taken during an control experiment
(upper traces), in an experiment in which RS67333 was injected
(middle traces) and in an experiment in which RS39604 was
injected (bottom traces). Traces were taken pre-stimulation (i), 5
min post-stimulation (ii) and 24 h post-stimulation (iii). Vertical
scale bar: 2 mV, horizontal scale bar: 8 ms.
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50 mg of the agonist is required to facilitate STD into LTD in
the CA1 region in vivo (Kemp and Manahan-Vaughan, 2005).
Here, we chose to use the dose of 50 mg, so that we could com-
pare effects between the DG and CA3 regions.

Data Analysis

The results were expressed as the mean percentage 6 stan-
dard error of the mean (S.E.M.). For analysis of differences
between groups (between factor), a two-way, or factorial analy-
sis of variance (ANOVA) with repeated measures was applied.
Statistical differences between individual time-points were
assessed using a post-hoc Student’s t-test. The level of signifi-
cance was set at P< 0.05.

RESULTS

5-HT4-Receptor Ligands Have No Effect on Basal
Synaptic Transmission at Perforant Path-Dentate
Gyrus, or at Mossy Fiber Synapses In Vivo

In order to exclude that possible effects of 5-HT4-receptor
ligands on synaptic plasticity were mediated by direct effects
on excitability, we assessed basal synaptic transmission. Neither
the 5-HT4-agonist, RS67333 (10 mg, n 5 6), nor the antago-
nist RS39604 (50 mg, n 5 6), affected field excitatory postsy-
naptic potentials (fEPSPs) evoked by test-pulse stimulation at
perforant path-DG synapses compared to vehicle-treated con-
trols (n 5 6).

(ANOVA; fEPSP slope F2,15 5 0.16, not significant (NS);
interaction effect: F44,330 5 0.81, NS; PS amplitude: F2,15 5 1.90,
NS; interaction effect: F44,330 5 0.77, NS; Figs. 1A,C).

Similarly, using the same ligand doses, no effect of the same
doses of the agonist (n 5 4), or the antagonist (n 5 4) was
observed with regard to basal synaptic transmission of the
mossy fibers compared to animals that received vehicle (n 5 4),
(ANOVA: F2,8 5 1.15, NS; interaction effect: F44,176 5 1.1,
NS; Figs. 1B,D).

Agonist Activation of 5-HT4-Receptors Prevents
Dentate Gyrus LTD, Does Not Affect Weak
Potentiation (< 2 h) and Curtails LTP (> 24 h)
In Vivo

In the DG of control animals (n 5 7), LFS of perforant path
(pp)-DG synapses at 1 Hz (900 pulses) resulted in robust LTD
that lasted for at least 24 h in vehicle-treated animals (Figs.
2A–C). Treatment with the 5-HT4-receptor agonist, RS67333
(10 mg, n 5 7), significantly impaired LTD (PS amplitude:
F1,12 5 22.15; P< 0.01; interaction effect: F22,264 5 2.09;
P< 0.01; fEPSP slope: F1,12 5 11.87; P< 0.01; interaction
effect: F22,264 5 0.84, NS; Figs. 2A–C).

In a previous study, we reported that the same dose of
RS67333 alters the maintenance of weak potentiation in the
DG of freely behaving rats, such that a robust form of LTP

results that lasts for over 24 h (Kulla and Manahan-Vaughan,
2002). Here, we explored if weaker forms of LTP are sensitive
to agonist activation of 5-HT4-receptors using the same agonist
and dose. We observed that potentiation that lasts for ca. 2 h
is unaffected by 5-HT4-receptor activation (n 5 6) (PS ampli-
tude: F1,10 5 0.14, NS; interaction effect: F22,220 5 0.61, NS;
fEPSP slope: F1,10 5 0.84, NS; interaction effect:
F22,220 5 1.60; P< 0.05, compared to vehicle–treated controls,
n 5 6; Figs. 2D,F). We also assessed the effect of the agonist
on a more robust form of LTP that persisted for over 24 h.
Here, similar to previous findings (Kulla and Manahan-
Vaughan, 2002), the persistency of LTP was significantly cur-
tailed by 5-HT4-receptor activation (n 5 7) (PS amplitude:
F1,12 5 7.55; P< 0.05; interaction effect: F22,264 5 1.79;
P< 0.05; fEPSP slope: F1,12 5 8.04; P< 0.05; interaction
effect: F22,264 5 1.74; P< 0.05, compared to vehicle–treated
controls, n 5 7; Figs. 2D,G).

Antagonism of 5-HT4-Receptors Strengthens
Weak Synaptic Depression in the Dentate Gyrus
But Has No Effect on Weak Potentiation

We observed that activation of 5-HT4-receptors prevented
LTD but not LTP (< 4 h) in pp-DG synapses. Therefore, we
explored whether synaptic plasticity in this hippocampal sub-
field is affected by antagonism of these receptors. We induced
short-term depression (STD) in vehicle–treated animals (n 5 9)
by giving 1 Hz weak LFS (wLFS) at 600 pulses (Figs. 3A,D).
Short-term depression was sustained for ca. 60 min compared
to test-pulse stimulated controls (n 5 9) (PS amplitude:
F1,16 5 56.93; P< 0.001; interaction effect: F5,80 5 2.39;
P< 0.05; fEPSP slope: F1,16 5 7.69; P< 0.05; interaction
effect: F5,80 5 0.77, NS). Treatment with the 5-HT4-receptor
antagonist, RS39604 (50 mg, n 5 9), strengthened the synaptic
depression such that 24 h after wLFS, LTD was still evident
(PS amplitude: F1,16 5 31.67; P< 0.001; interaction effect:
F22,352 5 4.06; P< 0.01; fEPSP slope: F1,16 5 6.98; P< 0.05;
interaction effect: F22,352 5 2.24; P< 0.01; Figs. 3A,D).

We then tested effects on persistent LTP in pp-DG synapses
that lasts for over 24 h. Here, no change in the profile of LTP
was seen when the 5-HT4-receptor antagonist (50 mg, n 5 6)
was applied (PS amplitude: F1,10 5 0.54, NS; interaction effect
F1,22 5 1.29, NS; fEPSP slope: F1,10 5 3.96, NS; interaction
effect: F1,22 5 1.12, NS; Figures 3B,E compared to vehicle-
treated controls, n 5 6).

Similarly, weak potentiation that lasted for ca. 2 h in con-
trols (n 5 6) was unaffected by the antagonist (50 mg, n 5 6)
(ANOVA: PS amplitude: F1,10 5 4.0, NS; interaction effect:
F22,220 5 0.68, NS; fEPSP slope: F1,10 5 0.35, NS; interaction
effect: F22,220 5 1.61; P< 0.05; Figs. 3C,F).

5-HT4 Receptor Activation in the DG Has No
Effect on Established LTD But Curtails
Established LTP

Neurotransmitter receptors that couple to adenylyl cyclase
(AC), such as dopaminergic receptors, have been reported to
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modulate late phases of LTP (Frey et al., 1989, 1990).
Although typically, effects are most potent when a ligand of,
e.g., dopamine receptors is present during the tetanus Frey
et al., 1991), there are suggestions that the modulation of the
cAMP/PKA-dependent cascade through AC-coupled neuro-

transmitter receptors may influence late associative processing
that contributes to the stabilisation of plasticity phenomena
(Sajikumar and Frey, 2004). Therefore, having observed that 5-
HT4 receptor activation in the DG (prior to, and during,
HFS) significantly prevents late LTP (LTP> 24 h), but does

FIGURE 2. Agonist activation of 5-HT4-receptors prevents
dentate gyrus LTD and curtails LTP (>24 h), but does not affect
short-term potentiation in the DG. (A) and (B) Low-frequency
stimulation (LFS, 900 pulses at 1 Hz) resulted in LTD that lasted
for over 24 h in the DG of vehicle-injected animals. Application
of RS67333 (50 mg), 30 min prior to stimulation led to a signifi-
cant inhibition of both LTD of (A) the PS and of (B) the field
excitatory postsynaptic potential (fEPSP). The time-points of vehi-
cle/agonist treatment, and of LFS are indicated by the arrows.
Line breaks indicate change in time scale. (C) Left traces show
analogs recorded (i) 5 min pre-LFS, (ii) 5 min post-LFS and (iii)
24 h post-LFS from a control animal. Right traces show analogs
recorded at the same time-points from an animal that received
RS67333. Vertical scale bar: 2 mV, horizontal scale bar: 8 msec.
(D) Weak high-frequency stimulation (wHFS, 3 bursts of 200 Hz)
resulted in STP in vehicle-injected animals. RS67333 had no effect

on STP. (E) The stronger high-frequency stimulation (HFS) proto-
col comprising 200 Hz, given 10 times, resulted in a robust form
of LTP that lasted for over 24 h. Application of RS67333 curtailed
LTP compared to vehicle-treated controls, although potentiation
was still evident for almost 4 h after HFS. The time-points of
vehicle/agonist treatment, and of wHFS/HFS application are indi-
cated by the arrows. Line breaks indicate change in time scale. (F)
Analog traces were recorded (i) 5 min pre-wHFS, (ii) 5 min post-
wHFS and (iii) 24 h post-wHFS from an animal that received
vehicle (left traces) and from an animal that received RS67333
(right traces). Vertical scale bar: 2 mV, horizontal scale bar: 8
msec. (G) Analog traces were recorded (i) 5 min pre-HFS, (ii) 5
min post-HFS and (iii) 24 h post-HFS from an animal that
received vehicle (left traces) and from an animal that received
RS67333 (right traces). Vertical scale bar: 2 mV, horizontal scale
bar: 8 msec.
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not affect weak potentiation (LTP< 2 h) (Fig. 2), we explored
whether agonist activation of 5-HT4 receptors has any effect
on established LTP and LTD.

Thus, we applied the 5-HT4 receptor after LTP or LTD had
stabilised. The stimulation protocols used were those that elicit
LTP, or LTD, that last for over 24 h. The 5-HT4 agonist
RS67333 (10 mg) was injected 2 h after HFS (n 5 5) or LFS
(n 5 6). Compared to vehicle-injected controls, LTD was not
affected by 5-HT4 receptor activation (ANOVA; fEPSP slope
F1,10 5 0.12, NS; interaction effect: F22,220 5 1.18, NS; PS
amplitude F1,10 5 0.09, NS; interaction effect F22,220 5 1.11,
NS; Figs. 4A–C). Interestingly, a mild impairment of LTP was
evident in agonist-treated animals compared to controls
(ANOVA; fEPSP slope F1,8 5 4.66, NS; interaction effect:
F22,176 5 1.4, NS; PS amplitude F1,8 5 1.37, NS; interaction
effect: F22,176 5 1.69; P< 0.05) Figs. 4D–F). Nonetheless, LTP
persisted for over 24 h in the drug-treated group.

Stimulation of Dentate Gyrus Synapses Using
Frequencies That Are Close to Hm, Do Not
Affect Evoked Responses

In Schaffer collateral-Stratum radiatum synapses of the CA1
region in vivo, afferent stimulation at 10 Hz (450 pulses) nei-
ther results in LTP nor LTD (Kemp and Manahan-Vaughan,
2005). However, agonist activation of 5-HT4-receptors prior to
this stimulation, results in the expression of robust LTP,
whereas antagonism of the receptors results in robust LTD
(Kemp and Manahan-Vaughan, 2005). Here, we explored if
similar properties are evident in the DG.

In contrast to CA1 synapses, 10 Hz stimulation of the per-
forant path (450 pulses) resulted in an initial depression of

FIGURE 3. Antagonism of 5-HT4-receptors facilitates short-
term depression into LTD in the DG, but has no effect on short-
term and long-term potentiation. (A) Weak low-frequency stimula-
tion (wLFS, 600 pulses at 1 Hz) resulted in STD in the DG of
vehicle-injected animals. Application of RS39604, 30 min prior to
stimulation facilitated LTD. (B) High-frequency stimulation (HFS,
15 trains of 200 Hz) resulted in LTP lasting for at least 24 h.
Application of RS39604 had no effect on LTP. (C) Weak high-
frequency stimulation (wHFS, 3 bursts of 200 Hz) leads to STP in
vehicle-injected animals. Application of RS39604 had no effect on
STP compared to controls. The time-points of vehicle/antagonist
treatment, and of wLFS/wHFS/HFS application are indicated by
the arrows. Line breaks indicate change in time scale. (D) Left
traces show analogs recorded from a control animal, right traces
show analogs recorded at the same time-points from an animal
that received RS39604 (i) 5 min pre-wLFS, (ii) 5 min post-wLFS
and (iii) 24 h post-wLFS. Vertical scale bar: 2 mV, horizontal scale
bar: 8 msec. (E) Traces show analogs of evoked responses in the
DG recorded (i) 5 min-pre stimulation, (ii) 5 min post-stimulation
and (iii) 24 h post-stimulation in a vehicle-injected animal (left
traces), in an animal that received RS39604 (right traces) Vertical
scale bar: 2 mV, horizontal scale bar: 8 msec. (F) Left traces show
analogs recorded from an animal that received vehicle, right traces
show analogs recorded at the same time-points from an animal
that received RS39604 (i) 5 min pre-wHFS, (ii) 5 min post-wHFS
and (iii) 24 h post-wHFS. Vertical scale bar: 2 mV, horizontal
scale bar: 8 msec.
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synaptic responses in the DG (n 5 6), that was followed by
synaptic potentiation (ANOVA for time-points 1-8: PS ampli-
tude: F1,10 5 5.04; P< 0.05; interaction effect: F8,80 5 4.44;
P< 0.001; fEPSP slope: F1,10 5 3.79, NS; interaction effect:
F8,80 5 3.45; P< 0.01; for time-points 9-22: PS amplitude:
F1,10 5 5.40; P< 0.05; interaction effect: F13,130 5 2.80;
P< 0.001; fEPSP slope: F1,10 5 4.53, NS; interaction effect:
F13,130 5 2.91; P< 0.001; Figs. 5A,C).

Treatment with either the 5-HT4-receptor agonist, RS67333
(10 mg, n 5 6), or the antagonist RS39604 (50 mg, n 5 6),
failed to change the profile of responses elicited by 10 Hz
(ANOVA: PS amplitude: F2,15 5 0.61, NS; interaction effect:
F44,330 5 0.83, NS; fEPSP slope: F2,15 5 0.50, NS; interaction
effect: F44,330 5 0.86, NS; Figs. 5A,C).

To clarify if the lack of effect related to the dose of the
ligand used, we increased the dose of the agonist to 20 mg

FIGURE 4. 5-HT4 receptor activation in the DG has no effect
on established LTD and weakly affects established LTP. (A,B)
Low-frequency stimulation (LFS, 900 pulses with 1 Hz) resulted
in LTD in the DG of vehicle-injected animals. Injection of
RS67333 2 h after stimulation elicited no change in evoked
responses compared to control animals. The time-points of vehi-
cle/agonist treatment, and of LFS application are indicated by the
arrows. Line breaks indicate change in time scale. (C) Left traces
show analogs of the fEPSP slope and PS amplitude recorded from
an animal that received a vehicle injection, right traces depict ana-
log responses from an animal that was injected with the 5-HT4

receptor agonist RS67333 (i) 5 min pre-LFS, (ii) 5 min post-LFS

and (iii) 24 h post-LFS. Vertical scale bar: 2 mV, horizontal scale
bar: 8 msec. (D,E) High-frequency stimulation (HFS, 15 trains of
200 Hz) resulted in persistent LTP in vehicle-injected animals.
Injection of RS67333 2 h after HFS elicited only a mild depres-
sion of evoked responses. LTP remained intact however. The time-
points of vehicle/agonist treatment, and of HFS application are
indicated by the arrows. Line breaks indicate change in time scale.
(F) Analog responses of the fEPSP slope and PS amplitude were
recorded (i) 5 min pre-HFS, (ii) 5 min post-HFS and (iii) 24 h
post-HFS from an animal that received vehicle (left traces) and
from the same animal that received RS67333 (right traces). Verti-
cal scale bar: 2 mV, horizontal scale bar: 8 msec.
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FIGURE 5. 5-HT4-receptor manipulation has no effect on
evoked responses elicited by afferent stimulation at Hm-frequencies
of perforant path-DG or mossy fiber-CA3 synapses. (A) In the DG
of vehicle-treated animals, 10 Hz stimulation led to an initial
depression that was followed by synaptic potentiation ca. 2 h after
10 Hz stimulation was applied. Neither the application of the 5-
HT4-receptor agonist RS67333 nor the 5-HT4-receptor antagonist
RS39604 modified the evoked responses. (B) In vehicle-treated ani-
mals, 10 Hz stimulation resulted in STD in mossy fiber(mf)-CA3
synapses. Evoked responses were unaffected by treatment with the
5-HT4-receptor agonist RS67333, or the 5-HT4-receptor antagonist,
RS39604. The time-points of vehicle/ligand treatment, and of 10
Hz stimulation are indicated by the arrows. Line breaks indicate
change in time scale. (C) Traces show analogs of the fEPSP slope
and PS amplitude, respectively recorded (i) 5 min-pre stimulation,
(ii) 5 min post-stimulation and (iii) 24 h post-stimulation in a
vehicle-injected animal (top left traces), in an animal that received

RS39604 (top right traces) and an animal that was injected with
RS6733 (lower left traces). Vertical scale bar: 2 mV, horizontal scale
bar: 8 msec. (D) Traces show analogs recorded (i) 5 min-pre stimu-
lation, (ii) 5 min post-stimulation and (iii) 24 h post-stimulation in
a vehicle-injected animal (top left traces), in an animal that received
RS67333 (top right traces) and an animal that was injected with
RS39604 (lower left traces). Vertical scale bar: 2 mV, horizontal
scale bar: 8 msec. (E,F) Compared to responses evoked in the DG
of vehicle-treated animals, changes in evoked potentials that were
elicited by 5 Hz stimulation were unaffected by the application of
the 5-HT4-receptor agonist RS67333, or the 5-HT4-receptor antago-
nist RS39604. (G) Traces show analogs of the fEPSP slope and PS
amplitude recorded (i) 5 min-pre stimulation, (ii) 5 min post-
stimulation and (iii) 24 h post-stimulation in a vehicle-injected ani-
mal (top left traces), in an animal that received RS39604 (top right
traces) and an animal that was injected with RS6733 (lower left
traces). Vertical scale bar: 2 mV, horizontal scale bar: 8 msec.
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(n 5 6), but this treatment also failed to change the profile of
responses elicited with 10 Hz LFS (not shown) (ANOVA for
fEPSP: F1,10 5 0.10, NS; interaction effect. F22,220 5 1.09, NS;
PS slope: F1,10 5 0.17, NS; interaction effect: F22,220 5 0.80,
NS).

Similar results were observed when we increased the dose of
the antagonist to 100 mg (n 5 6) (not shown) (ANOVA for
fEPSP: F1,10 5 0.34, NS; interaction effect: F22,220 5 0.79, NS;
PS amplitude: F1,10 5 0.54, NS; interaction effect:
F22,220 5 0.88, NS).

The 10 Hz protocol elicited more robust effects on synaptic
responses than those seen in CA1 synapses (Kemp and
Manahan-Vaughan, 2004). We cannot exclude the possibility
that this protocol may have been to “near” to the threshold for
inducing LTP at pp-DG synapses. Thus, we repeated the
experiments, but this time used 5 Hz stimulation (450 pulses).
We chose this protocol because we had previously observed
that this has no lasting effect on synaptic strength, but under
specific circumstances can serve to depotentiate LTP (Kulla and
Manahan-Vaughan, 2008).

Here, LFS at 5 Hz (450 pulses, n 5 7) also resulted in an
initial depression followed by a potentiation of DG responses
(ANOVA: for timepoint 1-8: fEPSP slope F1,12 5 23.65;
P< 0.001; interaction effect: F7,84 5 2.34; P< 0.05; PS ampli-
tude F1,12 5 36.43; P< 0.001; interaction effect F7,84 5 3.35;
P< 0.01; for time-point 9-22: fEPSP slope treatment effect:
F1,12 5 0.06, NS; interaction effect: F14,168 5 4.06; P< 0.001;
Figs. 5E–G (baseline data not shown)).

In the presence of the 5-HT4 receptor agonist, RS67333, or
antagonist, RS39604, the response to 5 Hz stimulation did not
differ from vehicle-treated controls (n 5 7 for both groups)
(ANOVA: fEPSP slope F2,18 5 0.99, NS; interaction effect:
F44,396 5 0.82, NS; PS amplitude F2,18 5 0.62, NS; interaction
effect: F44,396 5 1.02; P 5 0.45, Figs. 5E–G). Thus, in contrast
to the CA1 region in vivo (Kemp and Manahan-Vaughan,
2005). Modulation of the activation state of the 5-HT4-recep-
tor has no influence on the direction of change in synaptic
strength in the DG in vivo that is elicit at afferent frequencies
in the range of Hm.

Agonist Activation of 5-HT4-Receptors Prevents
Both Mossy Fiber LTD And Mossy Fiber LTP In
the CA3 Region In Vivo

Given the striking difference in 5-HT4 receptor-mediated
regulation of LTP and LTD in the CA1 (Kemp and Manahan-
Vaughan, 2005) and DG subregions (Figs. 2–5), we were inter-
ested to clarify to what extent 5-HT4 receptors influence syn-
aptic information processing in the CA3 region. Here, we
examined the mossy fiber (mf)-CA3 synapses.

In vehicle-treated animals (n 5 7), 1 Hz LFS (900 pulses)
resulted in robust LTD that lasted for at least 24 h (Figs.
6A,C). Treatment with the 5-HT4-receptor agonist, RS67333
(10 mg, n 5 4), significantly impaired LTD (ANOVA:
F1,3 5 18.993; P< 0.05; interaction effect: F22,66 5 11.013;
P< 0.001; Figs. 6A,C).

HFS of mf-CA3 synapses of control animals (n 5 7) at 100
Hz (4 trains of 100 pulses at 100 Hz) resulted in robust LTP
that persisted for at least 24 h (Figs. 6B,D). Strikingly, treat-
ment with the 5-HT4-receptor agonist, RS67333 (10 mg,
n 5 4), also significantly impaired LTP (ANOVA: F1,3 5 11.47;
P< 0.05; interaction effect: F22,88 5 3.41; P< 0.001; Figs.
6B,D). Thus, in contrast to pp-DG synapses, both LTD and
LTP are impaired by agonist activation of 5-HT4-receptors.

Antagonism of 5-HT4-Receptors Strengthens
Weak Synaptic Depression and Weak Synaptic
Potentiation at mf-CA3 Synapses

Given the fact that we found that agonist activation of 5-
HT4-receptors prevents mf-CA3 LTP and LTD, we explored if
antagonism of the receptors could strengthen weak potentiation
or weak depression. Vehicle-treated animals (n 5 4) received 1
Hz weak LFS (wLFS) at 600 pulses (Figs. 6E,G) to induce
STD. Injection of the 5-HT4-receptor antagonist, RS39604
(50 mg, n 5 4), facilitated STD into LTD that lasted for over
24 h (ANOVA: F1,6 5 18.89; P< 0.01; interaction effect:
F22,132 5 1.77; P< 0.05; n 5 4; Figs. 6E,G).

To evaluate the effect of 5-HT4-receptor antagonism on
STP, RS39604 (50 mg) was injected in animals that received
weak HFS (wHFS) consisting of 4 trains of 100 pulses at 100
Hz. In vehicle-treated animals, wHFS resulted in STP that
lasted for ca. 2 h. Application of RS39604 significantly
strengthened STP, resulting in LTP that lasted for over 24 h
(ANOVA: F1,6 5 13.02; P< 0.05; interaction effect:
F22,132 5 1.34, NS; n 5 4; Figs. 6F,H).

5-HT4-Receptor Activation Has No Effect on
Established Persistent Plasticity at mf-CA3
Synapses

Given the strong regulation by 5-HT4-receptors of LTP and
LTD at mf-CA3 synapses, we explored whether receptor ago-
nism could affect established LTP and LTD. Here, RS67333
(10 mg) was applied 2 h after patterned stimulation, using pro-
tocols that typically generate LTP and LTD that last for over
24 h. Application of the 5-HT4-receptor agonist RS67333, had
no effect on the profile of LTD compared to controls
(ANOVA: F1,8 5 4.63, NS; interaction effect: F22,176 5 1.88;
P< 0.05; n 5 5; Figs. 7A,C). Similarly, agonist-treatment with
RS67333 (10 mg) applied 2 h after HFS, elicited LTP that was
not significantly different from that observed in control ani-
mals (ANOVA: F1,6 5 0.01, NS; interaction effect:
F22,132 5 1.68; P< 0.05; n 5 4; Figs. 7B,D).

Stimulation of mf-CA3 Synapses Using
Frequencies That Are Close to Hm, Do Not
Affect Evoked Responses

To compare responses to those examined at pp-DG synapses,
we explored whether 5-HT4-receptor modulation affects synap-
tic responses that are elicited at frequencies that are close to
Hm. Here, brief 10 Hz stimulation resulted in a potent, albeit
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FIGURE 6. Agonist activation of 5-HT4-receptors prevents
both mossy fiber LTD and mossy fiber LTP, whereas antagonism
strengthens weak synaptic depression and weak synaptic potentia-
tion. (A) Low-frequency stimulation (LFS, 900 pulses at 1 Hz)
resulted in LTD that lasted for over 24 h in vehicle-injected ani-
mals. Application of RS67333, 30 min prior to stimulation led to
a significant inhibition of evoked responses. (B) High-frequency
stimulation (HFS, 4 3 100 pulses at 100 Hz) facilitated LTP for
over 24 h in vehicle-injected animals. Application of RS67333 sig-
nificantly inhibited LTP at mf–CA3 synapses. The time-points of
vehicle/agonist treatment, and of LFS/HFS application are indi-
cated by the arrows. Line breaks indicate change in time scale. (C)
Left traces show fEPSP analogs recorded (i) 5 min pre-LFS, (ii) 5
min post-LFS and (iii) 24 h post-LFS from a control animal.
Right traces show analogs recorded at the same time-points from
an animal that received RS67333. Vertical scale bar: 2 mV, hori-
zontal scale bar: 8 msec. (D) Analog traces were recorded (i) 5
min-pre-HFS, (ii) 5 min post-HFS and (iii) 24 h post-HFS from

an animal that received vehicle (left traces) and from an animal
that received RS67333 (right traces). Vertical scale bar: 2 mV, hor-
izontal scale bar: 8 msec. (E) Weak low-frequency stimulation
(wLFS, 600 pulses at 1 Hz) resulted in STD in control animals.
Injection of RS39604 facilitated LTD that lasted for over 24 h.
(F) Weak high-frequency stimulation (wHFS, 2 3 100 pulses at
100 Hz) lead to STP in vehicle-injected animals. Application of
RS39604 facilitated LTP for over 24 h. The time-points of vehi-
cle/antagonist and of wLFS/wHFS application are indicated by the
arrows. Line breaks indicate change in time scale. (G) Left analog
traces show fEPSPs recorded (i) 5 min pre-wLFS, (ii) post-wLFS
and (iii) 24 h post-wLFS from control animals and from animals
that received an injection of RS39604 (right traces). Vertical scale
bar: 2 mV, horizontal scale bar: 8 msec. (H) Left analog traces
show fEPSPs recorded (i) 5 min pre-wHFS, (ii) post-wHFS and
(iii) 24 h post-wHFS from control animals and from animals that
received an injection of RS39604 (right traces). Vertical scale bar:
2 mV, horizontal scale bar: 8 msec.
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transient depression of synaptic responses (Figs. 5B,D) that
lasted for ca. 90 min. Treatment with either the 5-HT4-recep-
tor agonist, RS67333 (10 mg, n 5 4), or the antagonist
RS39604 (50 mg, n 5 4), failed to alter the profile of responses
elicited by 10 Hz (ANOVA: F2,9 5 0.22, NS; interaction effect:
F44,198 5 0.92, NS; (Figs. 5B,D)

DISCUSSION

The results of this study indicate that 5-HT4-receptors exert
a highly specific regulation of the direction of change in synap-

tic strength in the hippocampus. We observed that when 5-
HT4-receptors are activated, information encoding by means of
LTD is suppressed in mossy fiber (mf-)CA3 and perforant path
(pp)-DG synapses. Mf-LTP is also inhibited, suggesting that
activation of 5-HT4-receptors generally suppress long-term
information storage at mf-CA3 synapses. By contrast DG-LTP
remains intact following 5-HT4-receptor activation, with only
very long-lasting forms of LTP being affected. These data sug-
gest that 5-HT4-receptors may shape information storage across
the hippocampal circuitry and specify the nature of experience-
dependent synaptic encoding.

This possibility is corroborated by the observation that,
although LTD is prevented by activation of 5-HT4-receptors in
all main subfields of the trisynaptic hippocampal circuitry (pp-
DG and mf-CA3 synapses, as shown in this study, Schaffer
collateral-CA1 synapses as shown by Kemp and Manahan-
Vaughan, 2004, 2005), clear subregional differences in the reg-
ulation of LTP by 5-HT4-receptors are evident. At pp-DG syn-
apses, LTP-inducing, afferent tetanisation in the presence of a
5-HT4-receptor agonist curtails late-LTP (>24 h), without pre-
venting LTP (>4 h) and completely prevents LTP at mf-CA3
synapses, whereas at Schaffer collateral-CA1 synapses LTP is
unaffected by receptor activation. Further evidence for subfield-
specific and highly tuned regulation by 5-HT4-receptors, of
hippocampal LTP, derives from observations with regard to the
response of hippocampal synapses to pharmacological manipu-
lations of these receptors during afferent stimulation in the
range of Hm.

Hm (Bienenstock et al, 1982) refers to a specific level of
afferent (and postsynaptic) activity that is too strong to elicit
LTD, but too weak to elicit LTP, whereby the net outcome of
the afferent stimulation is that no persistent changes in synap-
tic strength result (Dudek and Bear, 1993; Coussens and Tey-
ler, 1996; Manahan-Vaughan, 2000; Kemp and Manahan-
Vaughan, 2005). Here, ambiguous patterned afferent informa-
tion (in the range of Hm) that is delivered to the CA1 region
under na€ıve conditions, (i.e., is received by animals/synapses that

FIGURE 7. 5-HT4-receptor activation has no effect on estab-
lished persistent plasticity at mf-CA3 synapses. (A) Robust LTD
that lasted for over 24 h was observed in control animals that
received a vehicle injection 2 h after low-frequency stimulation
(LFS, 1 Hz, 900 pulses). Injection of RS67333 2 h after stimula-
tion, resulted in LTD that was not significantly different from
responses observed in the control group. (B) Application of HFS
(4 3 100 pulses at 100 Hz) resulted in LTP in animals that
received vehicle 2 h after stimulation. Injection of RS67333 2 h
after stimulation showed no change of the evoked responses. The
time-points of vehicle/agonist and of LFS/HFS application are
indicated by the arrows. Line breaks indicate change in time scale.
(C) Traces show analogs recorded (i) 5 min-pre LFS, (ii) 5 min
post-LFS and (iii) 24 h post-LFS in a vehicle-injected animal (left
traces), and in an animal that received RS67333 (right traces) Ver-
tical scale bar: 2 mV, horizontal scale bar: 8 msec. (D) Traces
show analogs recorded (i) 5 min-pre HFS, (ii) 5 min post-HFS
and (iii) 24 h post-HFS in a vehicle-injected animal (left traces),
and in an animal that received RS67333 (right traces) Vertical
scale bar: 2 mV, horizontal scale bar: 8 msec.
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have not experienced this information before), elicits no lasting
change in synaptic strength (Kemp and Manahan-Vaughan,
2005). This kind of activity results in LTP in the CA1 region,
however, when it occurs during 5-HT4-receptor activation
(Kemp and Manahan-Vaughan, 2005). In the present study, we
observed that 5-HT4-receptor activation had no effect on
responses elicited by Hm frequency stimulation of mf-CA3 or
pp-DG synapses (see also summary of effects in Table 1).
Taken together with our observation that receptor activation
prevents both LTP and LTD at mf-CA3 synapses, but leaves
DG LTP intact, this suggests, on the one hand that 5-HT4-
receptor activation selectively vetoes synaptic information
encoding at mf-CA3 synapses, whilst promoting information
encoding by means of LTP in the CA1 region and DG. On
the other hand, the CA1 region appears to profit most from
this kind of regulation, whereby afferent activation patterns
that normally do not elicit synaptic plasticity, result in LTP if
they coincide with 5-HT4-receptor activation.

In both CA1 and DG synapses, the activation of 5-HT4-
receptors, using doses that do not affect basal synaptic trans-
mission, elicits a very specific control over LTD, without affect-
ing LTP (>4 h), suggesting that in both subfields, the
influence of these receptors on synaptic plasticity is highly
tuned to the regulation of LTD. This possibility is corrobo-
rated by observations that activation of 5-HT4-receptors dose-
dependently inhibits depotentiation of LTP at both DG synap-
ses (Kulla and Manahan-Vaughan 2002) and CA1 synapses

(Kemp and Manahan-Vaughan, 2005). Whereas we examined
medial perforant path synapses, Marchetti et al. (2004)
reported that in freely behaving rats, agonist activation of 5-
HT4-receptors during tetanisation of lateral perforant path syn-
apses had no effect on LTP, but antagonism of the receptor
accelerated depotentiation. Depotentiation of LTP is highly
sensitive to the timing of afferent stimulation, as well as to the
activity state of the targeted neurons (Staubli and Lynch, 1990;
St€aubli and Chun, 1996; Kulla et al., 1999). It serves to rap-
idly terminate a recently initiated synaptic potentiation. By
suppressing LTD and preventing depotentiation, the 5-HT4-
receptor can thus not only modulate the magnitude but also
the duration, of LTP.

In line with this, we observed that in the DG, 5-HT4-recep-
tor activation appears to promote LTP expression, whilst at the
same time constraining it within appropriate physiological
ranges: late LTP that lasts for at least 24 h is curtailed by
receptor activation, whereas LTP that lasts for at least 4 h
remains intact. We believe that this could comprise a mecha-
nism whereby flexibility in the nature of information storage at
pp-DG synapses is supported. Behavioral data indicate that this
may indeed be the case: in olfactory association tasks, injection
of a 5-HT4-receptor antagonist at the start of task acquisition
results in very robust procedural and associative memories
(Marchetti et al., 2004), an effect that could reflect inflexible
information storage. Conversely, application of a 5-HT4-recep-
tor agonist after initial task acquisition enhances short-term

TABLE 1.

Summary of the Regulation by 5-HT4 Receptor Ligands of Synaptic Plasticity in the Hippocampus

5-HT4 agonist 5-HT4 antagonist

DG MF-CA3 CA1 DG MF-CA3 CA1

LTP Moderation of non- decremental

LTP at MPP synapsesa

Blocksb No effectc No effectb No effectc

No effect on decremental

LTP at MPP synapsesb

No effect on LTP at

LPP-synapsesd

STP No effectb No effectb

Depotentiation Blocksa Blocksc Acceleratesd

LTD Blocksb Blocksb Blocksc,e

STD Enhances to LTDb Enhances to LTDc

10 Hz No effectb No effectb Results in LTPc No effectb No effectb Results in LTDc

The table describes what is currently known about the effects of agonism or antagonism of 5-HT4 receptors on synaptic plasticity in the hippocampus of freely
behaving adult rats. What is striking is that activation of 5-HT4-receptors prevents LTD in all hippocampal subfields.c,b,e LTP in the CA1 region is unaffected by
5-HT4-receptor ligands.b Non-decremental LTP (>24 h) in the DG is moderated to a decremental form (>24 h),a whereas decremental LTP (>24 h) and STP
(<2 h) are unaffected by agonist activation.b By contrast, activation of 5-HT4-receptors prevents LTP in the CA3 region.b In the CA1 region, afferent stimulation
at a frequency that does not elicit a change in synaptic strength (10 Hz) in the presence of a 5-HT4-receptor agonist results in LTP, and in the presence of a 5-
HT4-receptor antagonist results in LTD.c 5-HT4-receptor ligands have no effects on synaptic responses elicited at 10 Hz in the CA3 region or DG.b
aKulla and Manahan-Vaughan, 2002.
bPresent study.
cKemp and Manahan-Vaughan, 2005.
dMarchetti et al., 2004.
eKemp and Manahan-Vaughan, 2004.
MPP: Medial perforant path, LPP: Lateral perforant path.
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memory (Letty et al., 1997). Furthermore, receptor activation
improves olfactory discrimination in both young and old
rodents (Marchetti et al, 2004, 2011), a task that requires a
high level of learning flexibility. In many reported behavioral
studies, the precise timing of 5-HT4-receptor manipulation
appears to be highly decisive in terms of promoting or hinder-
ing subsequent memory performance (Letty et al., 1997; Mene-
ses and Hong, 1997; Roman and Marchetti, 1998; Marchetti
et al, 2000, 2004). We observed that activating 5-HT4-recep-
tors downstream of the induction of robust LTP, or LTD, had
no impact on the stability of these plasticity forms. However,
as mentioned above, the relative degree of afferent activation at
the time of 5-HT4-receptor activation can impact potently on
the direction of change of synaptic strength, and thus, puta-
tively, on subsequent memory.

Results from biochemical and electrophysiological studies
point to possible neurobiological mechanisms for the above-
mentioned effects. 5-HT4-receptor activation leads to hippo-
campal elevations in protein kinase A and cAMP in the rat
hippocampus, and one of the consequences is closure of K1

channels (Bockaert et al., 1998). The resultant increase in neu-
ronal excitability (Andrade and Chaput, 1991; Fagni et al.,
1992; Ansanay et al., 1995; Torres et al., 1995) can be
expected to alter thresholds for the induction or stabilization of
synaptic plasticity in the hippocampus. Thus, it was surprising
to find that activation of the receptor resulted in an inhibition
of synaptic plasticity in the hippocampal subfields studied here,
that was particularly potent at mf-CA3 synapses. This may
relate to regulation by 5-HT4 receptors of inhibitory GABAer-
gic transmission. Activation of 5-HT4 receptors on GABAergic
interneurons in the DG results in their depolarization (Bijak
and Misgeld, 1997). Furthermore, 5-HT4 receptor-activation
enhances GABA(A) and GABA(B) receptor-mediated hyperpo-
larization of DG granule cells (Bijak and Misgeld, 1997), mod-
ulates GABA release in the hippocampus (Bianchi et al.,
2002), and regulates GABA(A) receptors in an activity-
dependent manner (Cai et al., 2002). GABAergic neurons are
also present at mf-CA3 synapses (Vida and Frotscher, 2000)
and their activation results in a decrease of synaptic responses
in the CA3 region (Vogt and Nicoll, 1999). Thus, 5-HT4-
receptor-mediated elevations of GABAergic inhibition may
comprise a more plausible explanation for the inhibitory effects
of the agonist on synaptic plasticity in at mf-CA3 and pp-DG
synapses observed in the present study. It could also explain
why agonist activation had a weak impairing effect on LTP in
the DG, and why receptor antagonism (reduction of inhibitory
tonus) promotes both LTP and LTD.

Brain 5-HT-levels fluctuate through the circadian cycle, with
levels being at their lowest during REM- sleep (Portas et al.,
1998). 5-HT levels are not particularly affected by arousal
(Cape and Jones, 1998), rather a relatively constant 5-HT basal
tonus occurs throughout the waking cycle (Trulson and Jacobs,
1979; Portas et al., 1998), that can also be expected to occur
in the hippocampus (Kawata et al., 2001; Kehr et al., 2001).
Under physiological conditions, basal 5-HT-tonus may support
metaplasticity (Abraham and Bear, 1996; Anraham and Tate,

1997), by ensuring that information encoding by means of
synaptic plasticity remains within a dynamic functional range.
Given its role in spatial memory (Kemp and Manahan-
Vaughan, 2004, 2007), it is unlikely that LTD is suppressed
during normal basal 5-HT-tonus. In line with this, it has been
proposed (in a simulation study) that strong LTP, coupled with
weak LTD, will promote pattern completion, but exacerbate
pattern separation, whereas weak LTP coupled with strong
LTD will impair pattern completion, whilst improving pattern
separation (Hanson and Madison, 2010). Thus, a functional
balance between these forms of plasticity is likely to be neces-
sary for effective information discrimination and storage in the
hippocampus. Correspondingly, although LTD is tightly linked
to the encoding of spatial content (Kemp and Manahan-
Vaughan, 2004, 2007, 2008; Dong et al., 2012; Goh and
Manahan-Vaughan, 2013b), excessive LTD is detrimental to
hippocampal function (Ondrejcak et al., 2010). The impair-
ment of LTD that is mediated by 5-HT4-receptor activation
may thus support effective hippocampal information processing
under very specific learning conditions. That said, suppression
of LTD is not always a good thing: object-place and spatial
content learning that are tightly coupled to induction of hippo-
campal LTD, fail when LTD is prevented during learning
(Kemp and Manahan-Vaughan, 2007, 2008; Goh and
Manahan-Vaughan, 2012b, 2013b), and agonist activation of
5-HT4-receptors prevents both learning-facilitation of LTD
and the associated memory of the learning event (Kemp and
Manahan-Vaughan, 2004). Thus, 5-HT4-receptors may enable
the establishment of a functional balance between LTP and
LTD that facilitates the learning of different kinds of experien-
ces and the retention of different components, or forms, of
hippocampus-dependent memory.

In line with this, it is becoming apparent that LTP and LTD
may serve to encode different components of a cognitive repre-
sentation. LTP occurs in tight association with novel spatial
experience, particularly that which arises during changes in
global space or scenery (Kemp and Manahan-Vaughan, 2004,
2008; Hagena and Manahan-Vaughan, 2011). In contrast,
LTD is tightly associated with learning of the features or con-
tent of space (Kemp and Manahan-Vaughan, 2007; Hagena
and Manahan-Vaughan, 2011). Activation of 5-HT4-receptors
results in an inhibition of LTD-related encoding, as seen in the
present study for pp-DG and mf-CA3 synapses, and previously
reported for the CA1 region (Kemp and Manahan-Vaughan,
2004, 2005). This is coupled with a prioritisation of LTP-
related encoding in the DG (present study) and CA1(Kemp
and Manahan-Vaughan, 2005) (i.e., no agonist effect on LTP).
5-HT4-receptor activation also prevents depotentiation of LTP
(Kulla and Manahan-Vaughan, 2002; Kemp and Manahan-
Vaughan, 2005). Learning (and induction of synaptic plasticity)
during 5-HT4-receptor activation would thus be expected to
skew synaptic information storage in favour of memories that
relate more to general spatial experience than the precise details
of this experience. In line with this, 5-HT4-receptor activation
improves learning of the platform position in the water maze
(Fontana et al., 1997; Lelong et al., 2001), whereby a
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correlation between LTP and this kind of spatial memory has
been suggested (Tsien et al., 1996; Moser et al., 1998). Fur-
thermore, learning of object-place associations is dependent
upon LTD induction in both rats (Kemp and Manahan-
Vaughan, 2004, 2008) and mice (Goh and Manahan-Vaughan,
2012b,a,b), and 5-HT4-receptor activation impairs this type of
learning (Kemp and Manahan-Vaughan, 2005).

Although 5-HT4-receptor activation prevents LTD and LTP
in mf-CA3 synapses, the 5-HT4-receptor does not modulate
LTP in the DG and CA1 directly, rather it suppresses LTD
and depotentiation, and moderates weaker forms of potentia-
tion (Table 1). By suppressing LTD and depotentiation, two
molecularly distinct phenomena (Lee et al., 2000), the 5-HT4-
receptor acts permissively to support LTP-related phenomena
at DG synapses, without directly modulating LTP. In the CA1
region, a different picture emerges. Here, activation of 5-HT4-
receptor changes the crossover-point for LTD/LTP induction,
um (Bienenstock et al., 1982; Dudek and Bear, 1993), result-
ing in LTP expression at afferent frequencies that would nor-
mally not affect synaptic strength (Kemp and Manahan-
Vaughan, 2005). A bias, not only towards information encod-
ing by means of LTP, but also towards information encoding
in the CA1 region may thus be mediated by 5-HT4-receptor
activation. This appears to occur to the disadvantage of infor-
mation processing in mf-CA3 synapses, whereby by 5-HT4-
receptor activation suppresses persistent information encoding
in the form of LTP or LTD.

Taken together, our data suggest that when 5-HT4-receptors
are activated, learning that is mediated by LTP in the CA1
region and DG will be prioritised above learning that is sup-
ported by synaptic plasticity in mf-CA3 synapses. A functional
differentiation with regard to information processing has been
postulated for the different hippocampal subfields. Whereas the
DG may be important for the encoding of temporal relation-
ships between spatial events (Morris et al., 2003), as well as
spatial pattern separation (Kesner et al., 2004), the CA3 region
may process information related to pattern completion, as well
as short-term memory (Kesner et al., 2004). The CA1 region
may function as an integrator of information that has been pre-
processed by the other subfields (Hasselmo, 1997; Vinogradova,
2001; Lisman and Grace, 2005; Kumaran and Maguire, 2007;
Schlichting et al., 2014) and engage in temporal pattern sepa-
ration (Kesner, 2013). A specific role for CA3 in the processing
of episodic memory has been proposed (Kesner et al., 2008; Li
and Chao, 2008), whereby CA3 may be preferentially involved
in the encoding of episodic memory for contextual fear (Dau-
mas et al., 2004; Lee et al., 2004). The very specific suppres-
sion of synaptic plasticity in CA3 by 5-HT4-receptor
activation, suggests that this receptor may play an important
role in driving pattern separation in the DG and CA1, coupled
with the suppression of (putatively) erroneous pattern comple-
tion in CA3.

Interestingly, 5-HT4-receptor binding sites studies revealed a
difference in density, whereby CA3<CA1>DG (Manuel-
Apolinar et al., 2005). This could explain why DG LTP was
the least vulnerable to inhibition by 5-HT4-receptor activation.

Incidentally, memory consolidation after learning results in
subfield-specific differences in receptor expression, whereby
expression increases in the CA1 region, decreases in the CA3,
but remains relatively constant in the DG (Manuel-Apolinar
et al., 2005). Furthermore, 5-HT4-receptor expression levels
also depend on the kind of memory task (for review see: Men-
eses, 2015). The subregional differences in the regulation of
synaptic plasticity by 5-HT4-receptors observed in this, and
other studies (Kemp and Manahan-Vaughan, 2005) may more-
over relate to the specific hippocampal expression of 5-HT4-
receptors (Vilar�o et al., 2005), or of 5-HT4-receptor isoforms
(Pindon et al., 2002) within synaptic and somatic compart-
ments. All regions express the receptor (Vilar�o et al., 2005),
whereby the molecular layer and granule cell layer of the DG
exhibit 5-HT4-receptors, in the CA3 region both the pyramidal
cell layer and Stratum lucidum express the receptor, whereas in
the CA1 region the pyramidal cell layer, Stratum radiatum and
Stratum oriens exhibit receptor expression. Given the fact that
mossy fibers (Vilar�o et al., 1996), and most specifically the
Stratum lucidum (Vilar�o et al., 2005), express very high levels
of 5-HT4-receptors (Vilar�o et al., 1996), this may comprise a
means whereby selective information encoding by specific hip-
pocampal subfields is regulated. This may comprise a func-
tional mechanism whereby, under conditions of strong 5-HT4-
receptor activation pattern separation is promoted (in CA1 and
DG) at the expense of pattern completion in CA3. This in
turn could explain why under circumstances where 5-HT
homeostasis is impaired (Heisler et al., 1998; Kusserow et al.,
2004; Pennanen et al., 2013), inadequate 5-HT4-receptor acti-
vation leads to redundant or excessive encoding of details of a
given experience (Moriya and Sugiura, 2012).

In conclusion, our data support a specific role for 5-HT4-
receptors in fine-tuning of the dynamic capacity of hippocam-
pal synapses to express synaptic plasticity. 5-HT4-receptor acti-
vation suppresses synaptic information-encoding by means of
LTD in the CA1 and DG, and prevents depotentiation,
thereby permissively supporting the expression of LTP in these
hippocampal subfields. 5-HT4-receptor activation also com-
pletely suppresses persistent LTP and LTD in mf-CA3 synap-
ses. Afferent stimulation of mf-CA3 or pp-DG synapses at Hm
frequencies does not result in synaptic plasticity via 5-HT4-
receptor modulation. By contrast, the CA1 region is subjected
to a very specific regulation by 5-HT4-receptors: afferent (Hm)
stimulation frequencies that typically result in no persistent
change in synaptic strength, result in LTP when 5-HT4-recep-
tors are activated, suggesting that information encoding
through this LTP structure is prioritised under these condi-
tions. Taken together, these findings suggest that 5-HT4-recep-
tor activation promotes information encoding through LTP in
CA1 and DG, by suppressing LTD across the main hippocam-
pal subfields, and altering the frequency-dependency of synap-
tic plasticity to favour LTP. This is likely to support an
optimisation of LTP-mediated encoding of general spatial expe-
rience, at the expense of LTD-mediated encoding of spatial
content, a specific regulation of functional information

888 TWARKOWSKI ET AL.

Hippocampus



encoding within the hippocampal subfields, and consequently
modulation of the content of cognitive representations.
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