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Serotonin reduces synaptic excitation in the superficial medial
entorhinal cortex of the rat via a presynaptic mechanism
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1. The superficial layers II and III of the entorhinal cortex, which form the main cortical input
to the hippocampus, receive a large serotonergic projection from the raphe nuclei and express
5-HT receptors at high density. Here, we studied the effects of serotonin on the intrinsic
properties and excitatory synaptic transmission of the superficial medial entorhinal cortex.

2. Intracellular and patch clamp recordings revealed that serotonin hyperpolarized only one-
third of the cells, approximately, through a potassium conductance via a GTP-dependent
process.

3. Serotonin depressed mixed as well as isolated o-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptor (AMPAR)- and N-methyl-p-aspartic acid receptor (NMDAR)-
mediated excitatory postsynaptic potentials/currents (EPSPs/EPSCs; approximately 40 %
reduction with 1 um serotonin).

4. The effect of serotonin on EPSPs/EPSCs was similar in whole-cell versus intracellular
recordings; it did not require intracellular GTP and was not visible in glutamate applications
to excised patches. Miniature EPSCs recorded in the presence of tetrodotoxin and
bicuculline were reduced in frequency, but not altered in amplitude.

5. The effects of serotonin on intrinsic properties and KPSPs were partially mimicked by 5-HT, ,
receptor agonists (+)-8-hydroxy-2-(di-n-propylamino)tetralin hydrobromide (8-OH-DPAT)
and 5-carboxamido-tryptamine maleate (5-CT), and reduced by 5-HT, , receptor antagonists
S-(—)-5-fluoro-8-hydroxy-DPAT hydrochloride (S-UH-301), 1-(2-methoxyphenyl)-4-[4-(2-
phthalimido)butyl[piperazine hydrobromide (NAN-190) and spiperone.

6. We conclude that serotonin potently suppresses excitatory synaptic transmission via 5-HT, ,
receptors in layers II and I1I of the medial entorhinal cortex by a presynaptic mechanism.

The entorhinal cortex (EC) receives sensory information
from various sources which is then passed to and received
back from the hippocampus (Alonso & Kohler, 1984). Far
from simply acting as a funnel for these inputs and outputs,
the EC has complex intrinsic properties which contribute to
signal processing (Jones, 1993). The superficial cells form the
two branches of the perforant path input to the hippocampus
(Steward & Scoville, 1976). Layer II cells project to the full
transverse extent of the dentate gyrus and CA3 regions.
Layer I1I cells project to CA1 and the subiculum (Steward &
Scoville, 1976).

The cells of the superficial layers of the EC receive a strong
serotonergic projection from the raphe nuclei and also
express a high density of 5-HT receptors (Bobillier, Petitjean,
Salvert, Ligier & Seguin, 1975; Pazos, Cortés & Palacios,

1985; Pazos & Palacios, 1985). Interestingly, this region
shows characteristic lesions in certain forms of schizophrenia,
Alzheimer’s and Korsakow’s disease which are associated
with changes in serotonergic transmission and serotonin
turnover in the EC (Langlais, Mair, Anderson & McEntee,
1987; Tejani-Butt, Yang & Pawlyk, 1995). Moreover, recent
evidence suggests that the serotonergic system is involved in
the modulation of slow rhythmic activity and its function in
spatial learning (Vanderwolf, 1988; Richter-Levin & Segal,
1991).

Here, we show, using intracellular and patch clamp
recordings from layer II and III cells in the medial EC, that
the main action of serotonin is to reduce excitatory synaptic
transmission in the superficial EC, most probably through a
presynaptic mechanism.



120 D. Schmitz, T. Gloveli, R. M. Empson, A. Draguhn and U. Heinemann

METHODS

Slice preparation

Horizontal slices containing the hippocampus, entorhinal, perirhinal
and temporal cortex were prepared from adult, mostly male,
Wistar rats (180—250 g), as previously described (Schmitz, Empson
& Heinemann, 19958). In brief, the animals were deeply
anaesthetized with ether, decapitated and the brain removed.
Tissue blocks containing the temporal cortex and hippocampus were
mounted on a Vibratome (Campden Instruments, Loughborough,
UK) in a chamber filled with cold (approximately 4 °C) artificial
cerebrospinal fluid (ACSF), containing (mm): NaCl, 124; NaHCO,,
26; KCl, 3; NaH,PO,, 1-25; CaCl,, 1-6; MgSO,, 1:8; and glucose,
10; saturated with 95% 0,—5% CO,, pH 7-4. Horizontal slices
were cut at 300—400 gm thickness and transferred to an interface
chamber where they were maintained at 35 °C and perfused with
ACSF at a rate of 1+:5—1+8 ml min™". The slices were allowed to rest
for at least 1 h after the preparation, before recording.

Electrophysiological recordings

Intracellular electrodes were pulled from borosilicate glass (o.d.,
1:2mm) and filled with 2 M potassium or caesium acetate. In
some recordings, 50 mm 2(triethylamino)- N~(2,6-dimethylphenyl)-
acetamide (QX-314) was also included. Electrode resistance was
40-120 MQ. Intracellular recordings were performed in an
interface chamber at 35 °C using a Neuro Data IR 183 (Neuro Data
Instruments Corp., New York, USA) or a SEC10L (NPI Electronic,
Tamm, Germany) amplifier. Cells were impaled and then allowed to
rest for 5-10 min before recording. Only cells with resting
potentials more negative than —50 mV and with overshooting
action potentials were accepted. Resting membrane potentials of
the cells were corrected after the recording by subtraction of the
remaining tip potential after withdrawal of the pipette.

Patch clamp electrodes were pulled from borosilicate glass (o.d.,
2:0 mm; i.d., 1:0 mm). When filled with the internal solution (see
below), they had resistances of 1:5-5 MS). The pipettes were fire
polished, and for experiments on excised patches they were coated
with Sylgard (Dow Corning) to reduce capacitive noise. Evoked
EPSPs/EPSCs were recorded in whole-cell configuration with a
‘switched’ discontinuous voltage clamp amplifier (SEVC, SEC10L,
NPI Electronic), whereas for miniature EPSCs and excised patch
recordings we used continuous feedback patch clamp amplifiers
(EPC-7, List or EPC-9, HEKA, Lambrecht, Germany). The passive
parameters of each cell and patch were recorded as responses to
10 mV hyperpolarizing voltage steps with nominally no low-pass
filtering. Membrane resistance was estimated as Ry = d V/L g,
series resistance as Ry, = d V/I,, and effective series resistance as
Byor comp = Byer X (1 — percentage compensation/100) (when using
continuous feedback patch clamp amplifiers). Access resistances
were R, =14+ 2 MQ (variation between 4 and 20 MQ) and
Ryer comp = 6 £ 1 MQ. Access resistance was repeatedly checked
during the experiment, and recordings showing an increase of more
than 20 % were rejected.

Miniature EPSCs and stimulus-evoked EPSPs/EPSCs were recorded
in an interface chamber at 35 °C in the ‘blind’ version of the slice
patch clamp technique (Blanton, Lo Turco & Kriegstein, 1989).
Compound polysynaptic potentials were evoked by electrical
stimulation (0:05 ms duration, 1-30V) at 0-1-0-05 Hz via a
bipolar insulated stimulation electrode placed mostly in the lateral
EC and sometimes also in the deep medial EC or the subiculum.
However, we could not find any differences for particular synaptic
pathways. Fast application of glutamate was performed on isolated
patches from visualized and morphologically identified neurons
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using infrared video microscopy and differential interference
contrast (IR-DIC) in a submerged recording chamber at room
temperature (20—22 °C) (Stuart, Dodt & Sakmann, 1993). The rapid
application of agonists was achieved by lateral movements of a
double-barrelled pipette (Jonas, 1995). The double-barrelled
application pipette was fabricated from theta glass (o.d., 2:0 mm;
wall thickness, 0-3 mm; septum, 0-12 mm: Hilgenberg, Malsfeld,
Germany) driven by a low-voltage-operated piezoelectric element
(P-810.20, Physik Instrumente, Waldbronn, Germany). The
exchange time (20—80%) was 500—1000 us as measured with an
open patch electrode during a change between 140 mm K* and
14 mm K™, Glutamate pulses were applied to outside-out patches
every 6 s for activation of AMPA receptors (AMPARSs) and every
10—15 s for activation of NMDA receptors (NMDARs).

The signals were filtered at 3 kHz, digitized at 8—10 kHz by a
CED 1401 (Cambridge Electronic Design (CED), Cambridge, UK)
or an ITC-16 (Instrutech Corp., Great Neck, NY, USA) interface,

and subsequently stored on an IBM-compatible computer.

‘Switched’ single voltage clamp recordings
performed with conventional sharp microelectrodes and also with
patch pipettes (see above) using a SEVC amplifier (SEC10L, NPI
Electronic). After clamping the cell close to the resting membrane
potential, we optimized the gain, capacitance compensation and
switching frequency (8-35kHz). The headstage voltage was
continuously monitored and always decayed sufliciently before the
next current injection (1/4 duty cycle). Clamp efficiency, as
estimated from the difference between the clamped and unclamped
EPSP, ranged from 70 to 90 %.

electrode were

Drugs and solutions

Most drugs were bath applied at the concentrations indicated.
Bicuculline methiodide (5 ym) and 5-hydroxytryptamine creatine
sulphate complex (5-HT) were purchased from Sigma.
(£)-2-Amino-5-phosphonopentancic acid (APV, 30-60 um),
1-(2-methoxyphenyl)-4-[4-(2-phthalimido)butyl]piperazine hydro-
bromide (NAN-190, 10-50 gm), spiperone (5 pgm), (+)-8-hydroxy-
2-(di-n-propylamino)tetralin hydrobromide (8-OH-DPAT, 0-1, 1, 10
and 50 um), CGS-12066A maleate (10 um), 2-methyl-5-hydroxy-
tryptamine maleate (10 and 50 um), a-methyl-5-hydroxy-
tryptamine maleate (10 and 50 gm), 5-carboxamido-tryptamine
maleate (0-1, 1 and 10 um), S<(—)-5-fluoro-8-hydroxy-DPAT hydro-
chloride (S-UH-301, 1 and 10 gm), ritanserin (10 um), clozapine
(10 gm) and methysergide maleate (10 um) were all from Research
Biochemicals International. 6-Cyano-7-nitroquinoxaline-2,3-dione
(CNQX, 20 um) was from Tocris Cookson (Bristol, UK). 1,2,3,4-
Tetrahydro-6-nitro-2,3-dioxo-benzol(f)quinoxaline-7-sulphonamide
(NBQX, 10 M) was a kind gift from Novo Nordisk (Denmark) and
CGP 55845A (2—5 um) was a kind gift from Ciba Geigy.

In order to isolate EPSPs or EPSCs, we applied bicuculline
methiodide and CGP 55845A together with either NBQX, CNQX,
or APV. For miniature EPSCs, we applied TTX at high
concentrations (1—5 um) to avoid activation of the Na* current with
low TTX affinity, which has been described in EC neurons (White,
Alonso & Kay, 1993).

Serotonin was also applied, in some experiments, to the surface of
the slice from a glass pipette with a 10—20 gm tip diameter placed
close to the cell from which we recorded. The substance was
dissolved at 0-5—1 mm concentration in ACSF, and a blue or green
food dye (McCormick, Baltimore, MD, USA) was included to
monitor the spread of the applied drug. Control experiments with
ACSF and the dye did not elicit any effects. The area covered by the
applied drugs was estimated to be approximately 100 gm in
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diameter. These kinds of applications were mostly done for testing
the effects of serotonin on intrinsic properties of the neurons.

The Hepes-buffered external solution used for the fast application
of agonists (one barrel without and the other barrel with 10 mm
glutamate) to excised patches contained (mm): NaCl, 130; KCl, 3;
MgCl,, 1; CaCly, 2; Hepes, 10; and glucose, 25; pH adjusted to 7-3
with NaOH. To study glutamate-activated currents on AMPARs in
isolation, APV was added to both barrels. To study NMDARs in
isolation, NBQX and glycine (10 um) were added to both barrels,
and the external Mg®* was omitted. When studying the effects of
serotonin on glutamate-activated currents, 50 um 5-HT and 50 gm
Na,S,0; (an antioxidant) were added to both barrels of the theta
glass. The pipette solution in whole-cell and excised patch
recordings contained (mm): KCI, 140; MgCl,, 1; CaCl,, 1; Hepes,
10; and EGTA, 10; pH adjusted to 7:3 with KOH. To study the
postsynaptic effects of 5-HT, 0-5 mm Tris-GTP (Sigma) was added
to the K'-rich solution. Alternative pipette solutions contained
(mm): CsCl, 140; MgCl,, 1; CaCl,, 1; Hepes, 10; and EGTA, 10; pH
adjusted to 7-3 with CsOH. In some experiments we used the
following internal solution (mm): CsF, 140; NaCl, 10; MgCl,, 1;
CaCly, 1; Hepes, 10; and EGTA, 10; pH adjusted to 7-3 with CsOH.

Data analysis and statistics

Data were analysed off-line using Sigavg (CED, UK) or Wintida
(HEKA). Amplitudes of evoked synaptic potentials and currents
were measured from averaged (3—10) sweeps. Spontaneous synaptic
currents were recorded on video tape at 36 kHz digitization rate
and subsequently filtered at 3 kHz with an eight-pole Bessel filter,
redigitized at 8-10kHz and then analysed using an event
detection program (CDR and SCAN; Strathclyde Electrophysiology
Software, courtesy of Dr J. Dempster). The amplitude distributions
were compared by using a Kolmogorov—Smirnov test (SPSS
program). The kinetics of the EPSCs were described as 20—-80%
rise time and the decay was approximated by monoexponential or
the sum of two exponential fits (Koh, Geiger, Jonas & Sakmann,
1995; Silver, Colquhuon, Cull-Candy & Edmonds, 1996). Data are
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expressed as means + s.EM. Drug effects were analysed with
Student’s ¢ test (SigmaPlot, Jandel, Corte Madera, USA) for paired
data, and an error probability of P<0:05 was regarded as
significant.

RESULTS

We performed intracellular and patch clamp recordings
from different types of projection neurons of layers II and
IIT of the medial entorhinal cortex. We could identify
different projection neurons on the basis of their
morphological (typical illustration of a layer III projection
neuron in Fig.54) and electrophysiological characteristics.
Therefore, we performed recordings from stellate and non-
stellate cells of layer II (Alonso & Klink, 1993) and two
types of pyramidal cells within layer I1I (type 1 and 2; see
Gloveli, Schmitz, Empson, Dugladze & Heinemann, 1997).
Since we could not find differences in the reaction towards
serotonin within the group of projection neurons, we pooled
the data.

Effects of serotonin on intrinsic properties of
projection neurons of the superficial layers of the
entorhinal cortex

Only one-third of the projection neurons (15 out of 42 cells
recorded with sharp microelectrodes without K* channel
blockers) responded to the application of 5-HT with a
small hyperpolarization of —2:5+ 04 mV (Fig.14). The
corresponding outward currents were measured in single-
electrode voltage clamp recordings with sharp micro-
electrodes and had an amplitude of 42:6 + 14 pA (not
shown). In two of these cells, the initial hyperpolarization
was followed by a small (1-2mV) depolarization, which
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Figure 1. Effects of serotonin on membrane potential and input resistance

A, the downward deflections in the upper trace represent the changes in membrane potential during
negative current pulses. Following 5-HT application, there was a small hyperpolarization which was
associated with a decrease in the input resistance, as shown in the lower traces. However, this effect of
serotonin was only observed in one-third of the cells, and the amplitudes of the hyperpolarization were
quite small (see Results). B summarizes the concentration dependency of the reduction in input resistance
in 6 cells (out of the one-third of cells which showed a hyperpolarization following the application of 5-H'T).
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brought none of the cells to the threshold for action
potential generation. The 5-HT-induced hyperpolarization
was associated with a decrease in input resistance from
54+ 7 to 47+ 6 MQ (P <0-05) and reversed at about
—90 mV (n=3). Recordings with CsCl-filled electrodes or
with QX-314 in the electrode solution (n =5 each) strongly
reduced or abolished the hyperpolarization. These effects of
Cs™ and QX-314 developed gradually over time following
impalement (10—40 min), and for QX-314 they paralleled
the time course of the blockade of the action potentials.
Extracellularly applied Cs* (n = 3) or the 5-HT,, receptor
antagonists NAN-190 (rn=4) and spiperone (n=3) were
also able to block the 5-HT-induced hyperpolarization.
Moreover, in whole-cell recordings, the serotonin-induced
hyperpolarization was absent or vanished quickly after
breaking through the cell membrane (n =40, experiments
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on evoked EPSPs/EPSCs and miniature EPSCs included).
However, the response persisted in recordings with GTP in
the internal patch solution (n = 5).

Serotonin reduces synaptically evoked EPSPs/EPSCs
independent of the effects on membrane properties

EPSPs were mostly evoked by electrical stimulation of the
lateral entorhinal cortex and sometimes also in the deep
medial EC or the subiculum. However, we could not find any
differences for particular synaptic pathways. Serotonin
reduced the amplitude of these mixed EPSPs in a dose-
dependent manner with high potency (40% depression at
1 um; see Fig. 24). In most cases (approximately two-thirds
of the cells), the effects of 5-HT on EPSPs/EPSCs were
independent of any effects of 5-HT on intrinsic properties
of the cell, suggesting that the effects of 5-HT on excitatory
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Figure 2. Effects of serotonin, 5-HT receptor agonists and antagonists on mixed EPSPs

A, 5-HT suppressed the EPSPs in a concentration-dependent manner. Statistical diagram of pooled data
from 27 experiments. The asterisks indicate that the mean ratios are significantly different from control
(P <0-01, paired ¢ tests). The number of experiments is given in parentheses. B, the 5-HT,, receptor
agonists 8-OH-DPAT and 5-CT (10 gm) could both mimick the effect of serotonin on mixed EPSPs in two
different cells. Histograms summarizing the lack of effect (2-methyl-5-HT, a-methyl-5-HT, CGS-12066A)
and effects (8-OH-DPAT, 5-CT) of different 5-H'T receptor agonists. * Mean ratios significantly different
from control (P < 001, paired ¢ tests). The last two bars demonstrate the antagonistic effect of the 5-HT, ,
receptor antagonist S-UH-301. Whilst 50 g 5-HT depressed the EPSPs by 64:8 + 7%, in the same 5 cells

the effect was reduced to 278 + 5:7

when 5-HT was co-applied with S-UH-301. { Significantly different

mean ratios (P < 0-01, paired ¢ test). Numbers of experiments are given in parentheses.



J. Physiol. 508.1

synaptic transmission were independent of the properties of
the postsynaptic cell (see also Fig.3A4). Moreover, we also
observed reductions in the synaptic responses in experiments
in which we blocked the 5-HT-induced conductance increase
by intracellular potassium channel blockers (Cs*, QX-314).

In order to identify the subtype of the 5-HT receptor
mediating the depression of EPSPs, we applied various
specific agonists: 8-OH-DPAT and 5-CT (both agonists on
the 5-HT,, and 5-HT, receptors), CGS-12066A (5-HT,y),
a-methyl-5-HT (5-HT,.) and 2-methyl-5-HT (5-HT,).
However, only 8-OH-DPAT and 5-CT mimicked the effect
of 5-HT on EPSPs (Fig. 2B). In contrast, all other specific
agonistic drugs (CGS-12066A, «-methyl-5-HT, 2-methyl-
5-HT) were ineffective in mimicking the serotonin effect
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(see also histograms in Fig. 2B). This result suggests that
5-HT,, and/or 5-HT, receptors are involved in the effect of
serotonin. The 5-HT, receptor is a recently identified 5-HT
receptor subtype (Lovenberg et al. 1993; Ruat et al. 1993),
which has an agonist profile closely related to that of the
5-HT,, receptor. Binding profiles of the 5-HT, receptor
revealed high binding affinities for several antagonists, for
example ritanserin and methysergide (Lovenberg et al.
1993; Ruat et al. 1993). Therefore, we tested the possible
antagonistic effect of these drugs. Neither drug could
antagonize the effects of serotonin on EPSPs (n = 4 for each
substance; P2 0-1). On the other hand, co-application of
S-UH-301 (10 gm), a highly potent and selective 5-HT, ,
receptor antagonist, with 5-HT reduced the effects of
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Figure 3. Influence of serotonin on AMPAR- and NMDAR-mediated EPSCs

Serotonin depressed both AMPAR- and NMDAR-mediated EPSCs in two different cells of the entorhinal
cortex, when measured with a sharp microelectrode and an unchanged intracellular milieu. Note the
differences in amplitude and time scales. 4, 5-HT reduced the AMPAR-mediated EPSCs (in APV,
bicuculline and CGP 55845A) in a layer III projection neuron of the medial entorhinal cortex. Note that
there was no outward current (upper trace, collected with a chart recorder) and no change in the total
conductance of the cell (as shown by the current response to voltage step command, prior to the
synaptically evoked EPSC) following the application of 5-HT. This cell was voltage clamped at —79 mV
with a gain of 106 nA mV ™" and a switching frequency of 13 kHz. Clamp efficiency during the EPSCs was
estimated from the difference between the clamped and the unclamped EPSP; in this cell the clamp
efficiency was 76'9% (clamped EPSP, 4 mV; unclamped EPSP, 17-3mV). B, 5-HT also reduced the
NMDAR-mediated EPSCs (in NBQX, bicuculline and CGP 55845A) in another cell of the superficial layers
of the entorhinal cortex. This cell was voltage clamped at —69 mV with a gain of 104 nA mV™ and a
switching frequency of 20 kHz. Clamp efficiency in this cell was 90-3% (clamped EPSP, 0:6 mV;
unclamped EPSP, 6:2 mV). Following the 5-HT application, a small outward current of 50 pA was noted in
this cell (not shown).
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serotonin (see also the last two bars in the histogram in
Fig. 2B). However, the effect of serotonin on EPSPs could
only be antagonized when S-UH-301 was applied in high
concentrations (see above).

We then isolated AMPAR- and NMDAR-mediated
components of the EPSPs/EPSCs by addition of bicuculline
(5 uv) and CGP 55845A (2—5 um) together with either APV
(30 ) or NBQX (10 gm). In recordings with conventional
intracellular electrodes (leaving the intracellular metabolism
largely unaltered) serotonin depressed isolated AMPAR- as
well as isolated NMDAR-mediated EPSPs/EPSCs to the
same extent (1 gm: 43+5%, n=9, P<005, and
42+ 5%, n=19, P< 0:05, respectively (see Fig. 3); 10 gnr:
533+ 10:1%, n="7, P<0:05, and 52'9 + 10:0 %,
P < 0:05, respectively).

n="17,

Any effect on postsynaptic responses mediated by the
action of serotonin receptors on pertussis-sensitive
G-proteins will be abolished by intracellular perfusion of the
cell in patch clamp recordings (Andrade, 1992). However,
both glutamatergic EPSP/EPSC components (measured
either with voltage or current clamp) were still strongly
reduced by serotonin under these conditions (51 + 10%
(n=13) and 54 + 9% (n = 6) reduction of isolated AMPA-
and NMDA-mediated EPSPs/EPSCs, respectively, Fig. 4).
However, serotonin did not change the kinetics of the
AMPAR-mediated EPSCs. The rising phase (time to peak,
20-80%) was 17 4+ 0-2 ms under control and unchanged
(18 4 0-2 ms) after application of serotonin (P = 0-1). The
decay phases were 14'4 + 1'4ms under control and

A

Control

v .

Control

(e
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139 + 1-5ms with serotonin when monoexponentially
fitted (n=9, P=0-2). When fitted with the sum of two
exponentials, the decay phases were 7, =81 + 0-5 ms and
T, =598 £ 10 ms under control, and 7,=81+ 04 ms
and 7, =608+ 11 ms after application of serotonin
(n=4). The kinetics of the NMDAR-mediated EPSCs were
also not affected by serotonin. The rising phases were
7:6 + 0:5 ms under control and 7-4 + 03 ms with serotonin
(P =06). The decay phases were 43:8 £+ 31 ms under
control and 435 + 2:7 ms with serotonin (P = 0:6, n=6).

Serotonin had no effect on the response of cells to fast
glutamate applications

Serotonin can interact directly with glutamate receptors
(Murase, Randic, Shirasaki, Nakagawa & Akaike, 1990),
and this could be the mechanism operating here. To address
this possibility we performed fast applications of glutamate
on outside-out patches (Jonas, 1995) from the somata or
dendrites of visualized and morphologically identified cells
of the superficial layers of the entorhinal cortex (Fig. 5). To
study glutamate-activated currents on AMPARs in
isolation, APV was added to both barrels of the application
pipette. To study NMDARSs in isolation, NBQX and glycine
were added to both barrels and the external Mg** was
omitted. After recording control responses to glutamate
(10 mm), 50 um 5-HT and 50 gm Na,S,0; (antioxidants)
were added to both barrels of the theta glass. In control
experiments, the glutamate-activated currents on AMPARs
peaked at 0:7 + 02 ms (20—80 % rise time) and had a mean
amplitude of 13:0 £ 3-3 pA (n=9). However, serotonin did

Normalized and
superimposed

20 ms

Normalized and

superimposed 100 pA

50 ms

Figure 4. Effects of serotonin on AMPAR- and NMDAR-mediated EPSCs

Serotonin depressed both AMPAR-mediated (in APV, bicuculline and CGP 55845A) and NMDAR-
mediated (in NBQX, bicuculline and CGP 55845A) EPSCs in 2 different cells, when measured with a patch
electrode, where the intracellular milieu was changed by perfusion with the internal solution of the patch
pipette. 4, 5-HT reduced the AMPAR-mediated EPSCs in a layer I neuron of the entorhinal cortex, while
the kinetics of the event were unchanged (right). There was no detectable slow outward current following

the application of 5-HT.

B, 5-HT also reduced the NMDAR-mediated EPSCs in another cell of the

superficial layers of the entorhinal cortex, while the kinetics of the event were again unchanged (right).
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not influence the AMPAR-mediated currents (rise time,
0:7 £+ 0:2 ms; amplitude, 131 + 3:3 pA; see Fig.5B). The
decay time constants (control, 10-8 4+ 18 ms; serotonin,
11-3 + 1-9 ms) were also not changed by serotonin (P = 0-3,
n=9). Moreover, glutamate-activated currents through
NMDARs, which had a rise time of 52+ 0:6 ms and a
mean amplitude of 13:83+2:76 (n=19), were also not
affected by serotonin (rise time, 5:2 4+ 0:6 ms; amplitude,
1376 £+ 2-83 pA; see also Fig. 5C). The decay time constants
(control, 32:8 + 9:5 ms; serotonin, 30:8 + 10:0 ms) were
also not changed by serotonin (P = 02, n=6).

Serotonin did not alter the amplitude of miniature
EPSCs, but did alter their frequency

To address the question of whether serotonin acts by a
modulation of presynaptic terminals, we investigated the
effects of serotonin on spontaneous miniature EPSCs in
cells of the superficial layers of the entorhinal cortex.

A
B
Glutamate, APV
||
C

Glutamate, NBQX, glycine, 0 Mg?*
_1
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Whole-cell recordings under TTX (1-5 gm) and bicuculline
(5 um) at —60 to —80 mV revealed spontaneous synaptic
inward currents. These currents were blocked by glutamate
receptor antagonists, suggesting that they reflect the
spontaneous release of glutamate from presynaptic terminals.
The frequency of the events varied considerably between
cells (minimum, 0:85Hz; maximum, 111 Hz; mean,
2:8 + 0:6 Hz, n=16), but was stable within the same cell.
We did not attempt to differentiate between spontaneous
miniature AMPAR- or NMDAR-mediated EPSCs (Berretta
& Jones, 1996). Following the application of 5-HT (50 gm)
for short periods of 3—10 min, there was a drastic reduction
in the frequency of the events (reduction from 2-8 4+ 06 to
1:0+ 0:3Hz; n=16, P<0-01, Fig. 6), while the mean
amplitudes (242422 to 246+ 2:2pA; P=0-5) and
amplitude distributions (Kolmogorov—Smirnov test, P> 0-3)
did not change.

Fast glutamate application

+ B-HT

—_— L

"

25 pA

50 ms

+ B-HT

10 pA

50 ms

Figure 5. Effects of serotonin on AMPAR- and NMDAR-mediated currents activated by fast
application of glutamate to outside-out patches

A, schematic drawings of the methodological principle of the fast application system (representative camera
lucida drawing of a layer III projecton neuron). B, 5-HT (50 um) had no effect on isolated AMPAR-
mediated currents when elicited by a fast application of glutamate (10 mm) in the presence of 60 yum APV
in both barrels. C, glutamate-activated currents in the presence of 20 um NBQX and 10 um glycine, while
the external Mg®" was omitted (both barrels). Again, 5-HT did not show any effects on the NMDAR-

mediated currents.
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DISCUSSION

Here we show that serotonin induces changes of the intrinsic
and excitatory synaptic properties of EC layer II and III
cells. Since these neurons of the EC form the main input to
the hippocampus proper for transfer of sensoric information
(Steward & Scoville, 1976), the modulation by serotonin will
markedly alter the information flow to the hippocampus.

Influence on intrinsic properties

Serotonin hyperpolarizes neurons through the activation of
5-HT,, receptors. The effect is mediated by a pertussis
toxin-sensitive G-protein and the opening of a Ca’*-
independent K* channel (Clarke, De Vivo, Beck, Maayani &
Goldfard, 1987; Colino & Halliwell, 1987; Kelly, Larkman,

Control

e s

5-HT , )
Wash
Mm}wmmrmmm 50 pA
200 ms

25 pA

Cumulative

Cumulative

Cumulative
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Penington, Rainnie, McAllister-Williams & Hodgkiss, 1991;
Penington, Kelly & Fox, 1993). Our findings in the EC
neurons are consistent with an intrinsic mechanism as
described by others (Segal, 1980; Andrade & Nicoll, 1987;
Colino & Halliwell, 1987; Andrade, 1991). First, the 5-HT-
induced hyperpolarization reversed at —90 mV and was
blocked by both extra- and intracellular Cs* and by the
lidocaine derivative QX-314, which strongly suggests that
the hyperpolarization results from the opening of K*
channels. Second, the hyperpolarization was abolished when
recorded with a patch pipette, which suggests that the effect
is dependent on a factor in the intracellular milieu. Third,
by including GTP in the internal solution of the patch
pipette, the response could be restored. Additionally, the
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Figure 6. Effects of serotonin on miniature EPSCs

Left, effects of 5-HT in original recordings on 2 different time scales. The events were recorded at —60 mV
in the presence of 5 um TTX and 5 um bicuculline. The spontaneous synaptic currents were recorded on
video tape at 36 kHz digitization rate and subsequently filtered at 3 kHz with an eight-pole Bessel filter,
redigitized at 8—10 kHz and then analysed using an event detection program (see Methods). The amplitude
distributions were compared by using a Kolmogorov—Smirnov test. Right, corresponding frequency
histograms of miniature EPSC amplitude before and after bath application of 50 um 5-HT for a short
period of 5min. Serotonin clearly reduced the frequency (number of the events) of the spontaneous
miniature EPSCs, while the mean amplitude was not significantly changed (from —26:8 4+ 04 to
—27-7 £ 0:6 pA). When analysing the amplitude distribution with a cumulative probability (insets), a
small shift to the right (bigger amplitudes) could be observed, but these changes were not significant
(Kolmogorov—Smirnov test, P= 0-5). The histograms were plotted with a bin width of 1:6 pA and were
composed of 668 events under control, 209 events with serotonin and 418 events after washout.
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5-HT-induced hyperpolarization could be blocked by 5-HT, ,-
receptor antagonists NAN-190 and spiperone. These results
suggest that the cellular mechanism responsible for the
5-HT-induced hyperpolarization is the same in the entorhinal
cortex as in other regions such as the hippocampus.

Serotonin selectively decreases excitatory synaptic
transmission in the EC

The most potent effect of serotonin in EC layers IT and I1I is
the general depression of excitatory transmission. This
effect contrasts with data from hippocampal pyramidal cells
where high concentrations of 5-H'T are necessary to reduce
EPSPs (Jahnsen, 1980; Schmitz et al. 1995a), and where
lower concentrations can even transiently increase the EPSP
amplitude (Segal, 1990; Schmitz et al. 19954, b).

The 5-HT, ., 5-HT,3, 5-HT,., 5-HT,, and 5-HT, receptor
subtypes show the highest densities of all serotonin
receptors in the entorhinal cortex (Pazos et al. 1985; Pazos &
Palacios, 1985; Palacios, Waeber, Hoyer & Mengod, 1990).
Therefore, we tested the most commonly used selective
agonists/antagonists of these receptor subtypes. The
5-HT, , receptor agonists 8-OH-DPAT and 5-CT could both
mimick the effect of serotonin on EPSPs, while the specific
agonists for 5-HT,;, 5-HT,., 5-HT,, and 5-HT, receptors
were ineffective. Since 8-OH-DPAT and 5-CT bind with
high affinity to 5-HT,, and 5-HT, receptors, and the limbic
structures express significant levels of 5-HT, receptors, we
tested both 5-HT,, and 5-HT, receptor antagonists.
However, the effects of serotonin on EPSPs were only
antagonized by the 5-HT,, receptor antagonist (see Results).
These results suggest that activation of the 5-HT,, receptor
is most probably responsible for the depression of EPSPs.
However, since the effect of serotonin was only partially
antagonized by the 5-HT,, receptor antagonist, and the
5-HT,, receptor agonists 8-OH-DPAT and 5-CT were only
effective in high concentrations, it is feasible that the effect
is mediated by an additional 5-HT, ,-receptor subtype (Liu
& Albert, 1991) which is only partially sensitive to the
commonly used agonists and antagonists. This would be in
agreement with our observation that the 5-HT-induced
hyperpolarization was much more sensitive to the 5-HT,
receptor antagonists (not shown).

Several mechanisms might account for the effect of
serotonin. It is conceivable that postsynaptic ion channels
are modulated indirectly via the activation of G-proteins
and second-messenger pathways. Most postsynaptic effects
of serotonin can be blocked by intracellular perfusion with a
patch pipette (Andrade, 1992). However, the effects of
serotonin on EPSPs/EPSCs were identical in sharp micro-
electrode recordings and in patch clamp experiments.
Therefore, a postsynaptic G-protein-mediated cellular
pathway is unlikely to underly the depression of excitation.
Alternatively, serotonin might modulate glutamate receptors
by competitive interaction with binding sites (Murase et al.
1990). We addressed this possibility by mimicking the
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postsynaptic AMPAR- and NMDAR-mediated responses
with a fast application system (Jonas, 1995). However,
serotonin had no effect on the amplitude and the kinetics of
the glutamate-activated currents. Moreover, serotonin did
not influence the amplitudes of miniature EPSCs either.
These experiments exclude a direct interaction of 5-HT
with postsynaptic glutamate receptors. Therefore, our data
can largely exclude any postsynaptic mechanism underlying
the EPSP/EPSC modulation by serotonin. In contrast, our
experiments on spontaneous synaptic currents in the
presence of tetrodotoxin and bicuculline revealed that
serotonin reduced the frequency of miniature EPSCs. Thus,
it is likely that serotonin suppresses the release of glutamate
from synaptic terminals. Moreover, the blockade of post-
and presynaptic GABA receptors with CGP 55845A could
not prevent the serotonin effects and, therefore, we can
exclude an interaction of serotonin with GABAjg auto-
receptors on presynaptic terminals. There is evidence that
serotonin can reduce Ca®" currents (Penington & Kelly,
1990; Fraser & MacVicar, 1991) and thereby depress
excitatory synaptic transmission (Schmitz et al. 1995a).
Furthermore, it has been shown recently that serotonin
inhibits glutamatergic transmission onto rat motoneurons
by a presynaptic mechanism (Singer, Bellingham & Berger,
1996). In contrast to our findings, fluorometric enzyme assay
experiments in the entorhinal cortex showed no effects of
serotonin on the glutamate release (Sizer, Kilpatrick &
Roberts, 1992), probably due to a different experimental
design.

The increase in total cell conductance induced by 5-HT is
important for the interpretation of the depressant effects on
synaptic responses, since a general membrane conductance
increase can reduce the amplitude of synaptic events
(Ginsborg, 1973). However, in two-thirds of the projection
neurons we could observe a significant reduction in synaptic
responses in the absence of any intrinsic conductance changes.
In addition, we also observed reductions in the synaptic
responses in experiments where we blocked the 5-HT-
induced conductance increase with intracellular potassium
channel blockers or by diluting the intracellular solution
with patch pipettes. One might still argue that the depression
of EPSPs is due to postsynaptic conductance changes in
remote dendritic regions, which we could not control with
our intracellular or patch electrodes. However, at least three
further arguments exclude such a postsynaptic shunting
effect. First, extracellularly applied 5-HT,, receptor
antagonists blocked the 5-HT-induced hyperpolarization at
low concentrations, but failed to block the effect of serotonin
on EPSPs. Only higher concentrations of the antagonist
S-UH-301 could partially antagonize the effect of serotonin
on EPSPs. Second, if serotonin reduced the EPSPs/EPSCs
only by shunting them in the dendrites, one would expect
that the kinetics of the synaptic current would be changed,
but this was not the case. Third, one would expect the
miniature EPSC amplitudes to be reduced by serotonin,
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which was also not the case. We, therefore, conclude that
the main effects of serotonin in the superficial layers of the
EC are not due to alterations of intrinsic neuronal
properties, but are specifically linked to a selective depression
of excitatory transmission via a presynaptic mechanism
that requires further investigation.
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