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Figure 4. 5-HT acts most likely presynaptically. (A) Left, example traces of miniature EPSCs in control conditions (black) and in 10 pM 5-HT (gray). Right, cumulative
probability of interevent intervals and amplitude of miniature EPSCs in control conditions and in 10 uM 5-HT (n = 10). (B) Top, recording configuration for glutamate
uncaging. With a laser flash glutamate is uncaged in the immediate vicinity of the soma of an O-LM interneuron. Middle, example traces of the glutamate evoked
current before (black) and after the application of 10 uM 5-HT (gray). Bottom, summary of the time course of the glutamate evoked current. Depicted is the normalized
and binned peak amplitude. Note that the amplitude is not decreased after application of 5-HT (n =4). (C) Left, example of connected pyramidal-O-LM pair, top, overlay of
UEPSCs in control conditions and in 5-HT, middle, time course of successful synaptic transmission and failures. Bottom, time course of the uEPSC amplitude (as shown in
top row) before, during and after washout of 10 pM 5-HT. Note that the failure rate increases during application of 5-HT. Right, summary of failure rate in synaptically

connected paired recordings under control conditions and in 10 pM 5-HT (n =4).

interneurons by serotonin application. Thus, we conclude that
the mechanism is most likely presynaptic.

Mechanism of Action

After having localized the site of action, we aimed to identify the
5-HT receptor subtype mediating inhibition of glutamatergic
transmission. At first, we confirmed with the unspecific 5-HT an-
tagonist dihydroergocristine mesylate that the reduction in EPSC
amplitude can indeed be blocked by antagonizing 5-HT receptors
(n=7, median of normalized amplitude in dihydroergocristine
mesylate 0.84, IQR: 0.26, EPSC amplitude in dihydroergocristine
mesylate vs. EPSC amplitude in dihydroergocristine mesylate
and 5-HT: P =0.3, paired Wilcoxon rank test, Fig. 5A). One candi-
date presynaptic receptor is the 5-HT;p receptor that has been
shown to modulate glutamatergic transmission of CA1 pyram-
idal cells (Winterer et al. 2011). However, application of the

5-HTp receptor agonist CP 94523 did not mimic the effect of
5-HT on evoked EPSCs (median of normalized amplitude in CP
94523 is 0.834, IQR: 0.28, EPSC amplitude in control vs. EPSC amp-
litude in CP 94523: P=0.15, paired Wilcoxon rank test, Fig. 5B).
Next, we investigated the possibility that presynaptic 5-HT4 re-
ceptors might be responsible for mediating the reduction of glu-
tamate release (Schmitz et al. 1995, 1999; Fink and Gothert 2007).
Indeed, application of the 5-HT;, agonist 8-OH-DPAT could, in
part, mimic the effect of 5-HT on evoked EPSCs (median of nor-
malized amplitude in 8-OH-DPAT: 0.76, IQR: 0.21, EPSC amplitude
in control vs. EPSC amplitude in 8-OH-DPAT: P=0.016, paired
Wilcoxon rank test, Fig. 5C1). Furthermore, the 5-HT;4 receptor
antagonist Way100635 reduced the action of 5-HT, when com-
pared with control conditions (median of normalized amplitude:
0.78, IQR: 0.3, EPSC amplitude in Way100635 vs. EPSC amplitude
in Way100635 and 5-HT: P=0.01, paired Wilcoxon rank test,
Fig. 5C2). We conclude that the presynaptic activation of 5-HT15
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Figure 5. Effect of 5-HT receptor subtype (un)specific compounds on eEPSC amplitude. (A-D) Time course of averaged, normalized, and binned amplitude. The paired
Wilcoxon sign rank test was used to compare amplitudes in the indicated conditions (tested on raw, not normalized amplitudes). (A) In the presence of the unspecific
S5-HT receptor antagonist dihydroergocristine mesylate the effect of 5-HT on the EPSC amplitude is abolished. (n=7, P=0.30). (B) The 5-HT;z receptor agonist CP 94523
does not mimic the 5-HT effect. (=8, P=0.15). (C1) The 5-HT;4 receptor agonist 8-OH-DPAT reduces eEPSC amplitudes (n=7, P=0.02). (C2) The 5-HT4 receptor
antagonist WAY 100635 partially blocks the 5-HT effect on eEPSC amplitude (n =15, P=0.01). For comparison the eEPSC amplitude in control conditions, that is, in the
absence of the antagonist is shown (n=12) (red, compare Fig. 2B, unpaired Wilcoxon test, P=0.0002). (D) In the presence of the GIRK-channel blocker SCH23390 5-HT

still reduces the amplitude of eEPSCs (n=4). Also compare Figure 2B2.

receptors is partially responsible for the inhibition of glutamater-
gic transmission onto O-LM interneurons.

5-HT;4 receptors might mediate the observed effect of 5-HT
on glutamatergic transmission by hyperpolarizing the presynap-
tic pyramidal cell. This hyperpolarization is mediated by the
opening of G-protein-gated inwardly rectifying K* channels
(GIRK) (Andrade and Nicoll 1987; Segal et al. 1989; Schmitz et al.
1995). However, application of the GIRK-channel blocker
SCH23390 did not prevent the reduction of excitatory synaptic
transmission onto O-LM interneurons by 5-HT (mean inhibition
of amplitude: 42.73% + 9.7, n =4, Fig. 5D).

5-HT receptor activation could target calcium channels via
G-proteins (Mizutani et al. 2006) resulting in a reduced Ca®" influx
and thereby decreasing Ca®*-dependent vesicle release. To test
this hypothesis, we evaluated if 5-HT reduces Ca®* influx into
the presynaptic terminals of CA1 pyramidal cell axons that are
predominantly contributing to the glutamatergic synaptic trans-
mission onto O-LM interneurons. We adapted an optical record-
ing method described previously (Regehr and Tank 1991;
Breustedt et al. 2003), in which the presynaptic fibers in stratum
oriens are labeled with the low-affinity fluorescent Ca®* indicator
dye magnesium green AM. These recordings were done in the
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Figure 6. Decreased presynaptic calcium influx can account for the reduction of glutamatergic transmission by 5-HT. (A) Ca**-imaging recording configuration. Axonal
fibers were filled with the Ca?*-sensitive dye magnesium green AM (green) by bulk loading and stimulated with an extracellular electrode positioned at the border of
the alveus and stratum oriens. The resulting Ca®* transients were measured with a photodiode. (B) Top, example traces of the Ca®* transients in control and in 20 pM
CdCl,. Bottom, time course of AF/F amplitude of the Ca?* transients shown above. Note that the transient is abolished in the presence of the calcium channel blocker
CdCl2. (C) Top, example traces of the calcium transient in control, in 10 uM 5-HT and after wash. Bottom, time course of AF/F amplitude of the above transients.

(D) Summary of time course of AF/F amplitude (n=11).

presence of NBQX and D-AP5 to exclude a postsynaptic contribu-
tion to the signal. AP driven Ca®* influx into the presynaptic ter-
minal was elicited by a single extracellular stimulation electrode
positioned at the border of stratum oriens and alveus. The rise in
presynaptic Ca?* was quantified using the transient increase of
the fluorescence signal (see Materials and Methods; Fig. 6A). To
ensure that the detected signal was actually due to Ca** influx,
we applied the unspecific Ca®* channel blocker CdCl, which
abolished the Ca®* transient (Fig. 6B). We then tested the effect
of 5-HT on the presynaptic Ca®* transient and found that in-
deed 5-HT reversibly decreased the Ca?* transient amplitude
by 13.9+3.2% on average (n=11, amplitude in 5-HT is signifi-
cantly different from control: P=0.006, paired Student’s
T-test, Fig. 6C,D).

To further corroborate this finding, we tested whether a re-
duction in Ca?* influx can account for the inhibition in glutama-
tergic transmission induced by serotonin. We therefore reduced

the extracellular Ca* concentration from 2.5 to 2.0 mM (n=5,
amplitude in 2.5 mM Ca®* is significantly different from the amp-
litude in 2 mM Ca®*: P=0.0022, paired Student’s T-test, Fig. 7A,C)
and compared the reduction in amplitude of the calcium transient
to the reduction observed under 5-HT: 5-HT application as well as
lowering the extracellular Ca?* concentration displayed a com-
parable amount of reduction of the Ca®* transient (13.9+3.2%
in 5-HT vs. 16.0 + 1.7% in 2 mM Ca®*, the reduction in amplitude
observed in 5-HT and lowered Ca®* concentration are not differ-
ent: P=0.6731, unpaired Student’s T-test, Fig. 7A,C, left).

We hypothesized that if the reduced calcium influx into the
presynaptic terminal is responsible for the inhibition of glutama-
tergic transmission, a reduction of the extracellular calcium con-
centration should also be able to mimic the 5-HT effect on EPSCs
evoked by electrical stimulation. Indeed, reducing the available
calcium by the same amount as in the imaging experiments
(0.5 mM), resulted in a reduction of the amplitude of the eEPSCs
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Figure 7. The 5-HT induced reduction of the presynaptic Ca®* transient as well as the reduction of the glutamatergic synaptic transmission can be mimicked by a reduction
of the extracellular Ca?* concentration. (A) Top, example traces of Ca®* signals in control conditions, after application of 10 pM 5-HT, after washout of 5-HT and after
reduction of the extracellular Ca?* concentration from 2.5 to 2 mM. Bottom, time course of the binned amplitude of the Ca?* transient in control conditions, after
application of 10 pM 5-HT, after washout and in 2 mM Ca?*. (B) Example traces of stimulus-evoked EPSCs in control conditions and after reduction of the extracellular
Ca?* concentration from 2.5 to 2 mM. (C) Summaries of the effect of 5-HT and the reduced extracellular Ca?* concentration on the amplitude of the Ca?* transients

and on the amplitude of stimulus-evoked EPSCs.

by 37.4+8.6% (n=>5, Fig. 7B,C right), similar to the reduction we
observed with 5-HT (n=12; 50.1 +6.1%, Fig. 7C, right, P =0.2676,
unpaired Student’s T-test).

In summary, we could show that 5-HT inhibits excitatory syn-
aptic transmission at the pyramidal cell-O-LM interneuron syn-
apse in CA1l. This effect most likely involves a decrease of
calcium influx into the presynaptic terminal and is mediated by
presynaptic 5-HT receptors.

Discussion

Here we show by means of electrophysiological recordings and
Ca’" measurements that 5-HT reversibly reduces excitatory glu-
tamatergic synaptic transmission onto O-LM interneurons,
which leads to a decrease in spiking probability of O-LM inter-
neurons in area CA1l of the hippocampus. Our findings indicate
that 5-HT decreases the Ca®* influx into the presynaptic terminal
of CA1 pyramidal cells and that this modulation is most likely re-
sponsible for the reduction in glutamatergic synaptic transmis-
sion at the pyramidal cell-O-LM interneuron synapse.

At first, we observed a reduction of the frequency of spontan-
eous EPSCs in O-LM interneurons by the application of 5-HT.
Spontaneous EPSCs are generated either by Ca®*-independent
spontaneous fusion of vesicles with the presynaptic plasma
membrane (mEPSCs) or by Ca®*-dependent vesicular release in
response to spontaneous APs. We found that the observed neuro-
modulation by 5-HT critically depends on presynaptic APs, as the
decrease in the frequency of sEPSCs was lost after application of
TTX. The finding that mEPSCs are not affected, neither in fre-
quency nor in amplitude, could be in line with the following scen-
ario: 5-HT could induce a hyperpolarization of the presynaptic
pyramidal cell, mediated by the opening of GIRK channels by
5-HT4 receptor activation (Andrade and Nicoll 1987; Segal et al.
1989; Schmitz et al. 1995). This would diminish the frequency of
SEPSCs because of a decrease in the number of spontaneous
spikes as has been shown in vivo (Richter-Levin and Segal
1992). This possibility seems to be unlikely because application
of a GIRK-channel blocker could not prevent the reduction of ex-
citatory synaptic transmission onto O-LM interneurons by 5-HT.

Another potential target of 5-HT might be astrocytes, which have
been shown to react on 5-HT (Schipke et al. 2011), and in turn are
able to modulate neurotransmission (Araque et al. 1999). How-
ever, the time course of reaction to 5-HT in astrocytes (Schipke
et al. 2011) differs largely from the type of modulation described
here.

The more likely site of action is an activation of 5-HT receptors
at the axon terminals of the presynaptic cell, which leads to a de-
crease in Ca®* influx; this mechanism would not affect the prob-
ability of spontaneous vesicle fusion, and is in line with our
finding that 5-HT does not affect mEPSCs.

We next investigated the effects of 5-HT on EPSCs evoked by
extracellular stimulation in stratum oriens/alveus where activation
of axonal fibers from CA1 pyramidal cells is most likely. As exci-
tatory connections on O-LM cells originate predominately from
local CA1 collaterals (Blasco-Ibanez and Freund 1995), the 5-HT-
mediated decrease in amplitude of stimulus-evoked currents is
most likely the result of a depression of glutamatergic transmis-
sion from local CA1 pyramidal cells. We confirmed this assump-
tion with paired recordings from synaptically connected CA1
pyramidal neurons and O-LM interneurons. In this set of experi-
ments 5-HT mediated a robust increase of synaptic failures, that
is, presynaptic AP initiation without successful synaptic trans-
mission. The very low initial release probability at this synapse
and its further reduction due to 5-HT prevented the analysis of
changes in short-term facilitation upon 5-HT application. In a
further set of experiments, we circumvented a possible seroto-
nergic modulation of the presynaptic site by means of photolyti-
cally activating glutamate. In doing so, the amount of glutamate
that activates postsynaptic glutamate receptors is kept constant.
Under these experimental conditions, we found that 5-HT had no
effect on the glutamate evoked response. Together, these obser-
vations are suggestive for a presynaptic mechanism mediating
the decrease in glutamatergic transmission.

Presynaptic modulation of transmitter release can be
mediated via a G-protein-mediated block of Ca** channels
(Thomson 2000; Mizutani et al. 2006; but see Gerachshenko
et al. 2009). As a consequence the Ca®* influx into the presynaptic
terminal is reduced. We were able to show that indeed application
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of 5-HT leads to a decrease in presynaptic Ca?* levels. Although
our method does not allow specific loading of axon terminals
on O-LM cells, they are likely to constitute a considerable fraction
of the loaded fibers; hence, they contribute substantially to the
measured Ca®* transient. Since these recordings were performed
under blockade of N-methyl-p-aspartate- and alpha-amino-3-
hydroxy-5-methyl-4-isoxazole-propionate-receptors, a postsy-
naptic contribution to the measured Ca?* signal can be excluded.
The observed inhibition of Ca®* influx upon 5-HT application was
within the expected range since the relationship between Ca?*
influx and transmitter release is nonlinear (Mintz et al. 1995;
Gundlfinger et al. 2007). Furthermore, we could show that a de-
crease in extracellular Ca®* concentration is able to mimic the ef-
fects of 5-HT. This applies for the experiments where we probed
the presynaptic Ca®* influx into the presynaptic terminals by
means of fluorescence measurements as well as in the experi-
ments where we tested the stimulus-induced EPSCs in O-LM
interneurons.

Under physiological conditions, 5-HT is released in the
hippocampus by axons originating from serotonergic neurons
in the midbrain raphe nuclei. With the aim of avoiding the ex-
ogenous application of serotonin by bath, we made use of fen-
fluramine to mimic physiological release of serotonin in the
hippocampus. Indeed, we observed that also endogenously re-
leased serotonin is able to reduce the excitatory synaptic trans-
mission onto O-LM interneurons. O-LM interneurons have been
shown to be active during hippocampal theta oscillations
(Klausberger et al. 2003; Katona et al. 2014). We aimed to
mimic theta-timed input onto O-LM-interneurons by extracel-
lular stimulation and could readily evoke spikes, suggesting
that the low release probability can be overcome by an appropri-
ate stimulus. Furthermore, the serotonergic modulation of glu-
tamatergic transmission described here significantly reduces
the spiking probability and therefore has an impact on the out-
put of O-LM interneurons

Serotonergic neuromodulation of O-LM interneurons could
have an important influence on the dynamics of hippocampal-
entorhinal cortex interaction. Active O-LM cells are presumed
to inhibit input from the entorhinal cortex via postsynaptic
GABA 4 receptor activation in stratum moleculare and might in add-
ition mediate a reduction of glutamate and GABA release by
presynaptic GABAp receptors (Chalifoux and Carter 2011,
Urban-Ciecko et al. 2015). Deactivation of O-LM cells is likely to
strengthen entorhinal cortex input to CA1 via the TA pathway
(Maccaferri and McBain 1995). Moreover, it has been shown re-
cently that serotonin is able to induce a potentiation of the TA
pathway-CA1 synapses (Cai et al. 2013). In this respect, serotonin
is acting synergistically to increase the input via the TA pathway:
5-HT reduces the excitatory drive onto O-LM interneurons and
consequently releases the target region of the entorhinal projec-
tions from inhibition. The finding that O-LM interneurons differ-
entially modulate the input from CA3 and the entorhinal cortex
onto hippocampal CA1 neurons (Ledo et al. 2012) puts serotoner-
gic neuromodulation of O-LM interneurons at center stage for
switching the information flow from direct TA pathway inputs
with sensory information to inputs with internal representations
stored in CA3.
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