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Abstract

Serotonin plays an important role in controlling the physiology of the cerebellum.

However, serotonin receptor expression has not been fully studied in the developing

cerebellum. We have recently shown that cerebellar granule cells transiently express

5-HT3 receptors. In the present study we investigate properties of 5-HT1 and 5-HT2

receptors in the mouse cerebellum during postnatal development. Using immuno-

histochemistry and electrophysiology, we show that 5-HT1A and 5-HT2A receptors

are present on cerebellar granule cells with a temporal expression pattern similar to

that of these receptors on Purkinje cells: 5-HT1A receptors are expressed only dur-

ing the first two weeks while 5-HT2A receptor expression persists until at least eight

weeks after birth. We show that 5-HT2A receptors activate a chloride conductance

in cerebellar granule cells which can be prevented by inhibiting either PKA or PKC.

5-HT2A receptors expressed by cerebellar granule cells promote stability by reducing

variability of the synaptic response and they mediate the paired-pulse ratio of the

parallel fibre - Purkinje cell synapse. Furthermore, pharmacological block of 5-HT2A

receptors enhances presynaptic LTP at the parallel fibre - Purkinje cell synapse. We

thus show a novel role for serotonin in controlling postnatal development and func-

tion of the cerebellum via 5-HT2A receptors expressed by cerebellar granule cells.
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4.1 Introduction

The cerebellum does not only play an important role in motor coordination and motor

learning, but is also involved in cognitive processes. Several studies have discussed

the involvement of the cerebellum in neurodevelopmental disorders such as autism

(Fatemi et al., 2002; Fatemi et al., 2003; Allen, 2005) and schizophrenia (Arnold and

Trojanowski, 1997; Carper and Courchesne, 2000; Picard et al., 2008; Andreasen and

Pierson, 2008). These neurodevelopmental disorders are associated with a change

in serotonin receptor expression in the cerebellum (Slater et al., 1998; Eastwood et

al., 2001). It is known that the cerebellum of the rodent brain receives innervation

of serotonergic fibres, originating mainly from the medullary- and pontine reticu-

lar formation (Takeuchi et al., 1982; Bishop and Ho, 1985). These serotonergic fibres

are predominantly found around the somata of Purkinje cells, and in the overlying

molecular layer, which contains the dendrites of Purkinje cells. However, during

development of the cerebellum, the serotonergic system and its physiological signif-

icance are not fully known.

We have recently shown that 5-HT3 receptors are transiently expressed by cerebel-

lar granule cells in mice during early postnatal development (Oostland et al., 2011).

Pharmacological block of 5-HT3 receptors impairs short-term synaptic plasticity at

glutamatergic inputs targeting Purkinje cells during this developmental period (Oost-

land et al., 2011). Furthermore, 5-HT3 receptors, via the glycoprotein reelin, regulate

the morphological maturation of Purkinje cells (Oostland et al., 2013). 5-HT3A recep-

tor knockout mice show delayed climbing fibre elimination due to impaired short-

term plasticity at the parallel fibre - Purkinje cell synapse (Oostland et al., 2013).

We hypothesize that other members of the serotonergic system in the cerebellum

also regulate cerebellar development and are functional at time points surround-

ing the transient expression pattern of functional 5-HT3 receptors. We hypothesize

that other members of the serotonergic system in the cerebellum are functional at

time points surrounding the transient expression pattern of functional 5-HT3 recep-

tors. This happens presumably by switching to other types of serotonin receptors

expressed in the cerebellum during postnatal development and thereafter. Studies
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using autoradiography and immunohistochemistry have shown that multiple differ-

ent 5-HT receptor subtypes are present on the membranes of Purkinje cells, including

the 5-HT1A, 5-HT2A, 5-HT2B , 5-HT2C , 5-HT5A and 5-HT7 subtypes (Matthiessen et

al., 1993; Choi and Maroteaux, 1996; Maeshima et al., 1998; Cornea-Hebert et al.,

1999; Geurts et al., 2002; Li et al., 2004). On cerebellar granule cells, the expression

of 5-HT receptors is less diverse. It has been reported that both 5-HT3 and 5-HT6

receptors are present on these cells (Oostland et al., 2011; Geurts et al., 2002; Ward et

al., 1995; Gérard et al., 1997). In addition, very low densities of 5-HT1 receptors in the

molecular and granule cell layer in the adult rat cerebellum have been found (Pazos

and Palacios, 1985). There is some evidence suggesting presence of 5-HT2 receptors

on dissociated cerebellar granule cells at P8 from rat cerebellum (Xu and Chuang,

1987; Akiyoshi et al., 2005). Other studies done on adult rodents did not reveal the

presence of 5-HT2 receptors on cerebellar granule cells (Geurts et al., 2002; Pazos and

Palacios, 1985).

The aim of the present study is to investigate the role of the serotonergic system

in cerebellar postnatal development. We study the expression pattern and functional

properties of 5-HT1 and 5-HT2 receptors in the mouse cerebellum from early post-

natal development up until ten weeks of age. We show here that functional 5-HT1A

and 5-HT2A receptors are expressed by cerebellar granule cells during early postnatal

development. 5-HT1A receptors are transiently expressed during the first two weeks

postnatally while 5-HT2A receptors remain present on granule cells until ten weeks

of age, in concordance with their respective temporal expression pattern on Purk-

inje cells. We furthermore investigate the electrophysiological properties of 5-HT2A

receptors in the cerebellum and conclude that they mediate presynaptic LTP at the

parallel fibre - Purkinje cell synapse in juvenile mice.
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4.2 Methods

4.2.1 Ethical approval

Wildtype C57/Bl6 mice (Harlan, www.harlan.com) between the age of postnatal day

(P) 2 and P68, both males and females, were used for this study. All experiments in

this study were performed in accordance with the committee on animal bioethics of

the University of Amsterdam.

4.2.2 Immunohistochemistry

Sagittal slices from wildtype C57/Bl6 mice, transcardially perfused at P7, were cut

using a vibrating blade microtome (Leica VT1000S) at a thickness of 50 µm. Slices

were washed in PBS, then permeabilized for 30 minutes in PBS-0.25% Triton (PBST),

and kept for one hour in PBST + 10% Normal Goat Serum (NGS), after which they

were kept overnight at 4oC in either rabbit polyclonal anti-5-HT1A receptor antibody

(1:500, Abcam) or in rabbit polyclonal anti-5-HT2A receptor antibody (1:500, Abcam)

in PBS + 5% NGS. The next day, slices were washed in PBS and incubated for two

hours at room temperature in goat anti-rabbit IgG Alexa 488 (1:200, Invitrogen) in

PBS + 5% NGS. After washing in PBS, slices were mounted using Vectashield Hard

Set Mounting Medium (Vector Laboratories, Peterborough, UK). Images from were

made using a confocal microscope (Zeiss LSM 510) equipped with a 20x objective and

using the 488-nm line of an Argon/Krypton laser.

4.2.3 Electrophysiological recordings

For whole-cell patch clamp recordings animals were killed by decapitation. Sagittal

brain slices were cut using a vibrating blade microtome (Leica VT1200S) at a thick-

ness of 300 µm. During slicing the brains were kept in cooled (4 oC) oxygenated

ACSF which was composed of the following (in mM): NaCl (120), KCl (3.5), CaCl2
(2.5), MgSO4 (1.3), NaH2PO4 (1.25), NaHCO3 (25), glucose (25), continuously bub-

bled with 95% O2 and 5% CO2 (pH = 7.4). Brains from mice older than three weeks
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were sliced in modified ACSF, composed of the following (in mM): choline chloride

(120), KCl (3.5), CaCl2 (0.5), MgSO4 (6.0), NaH2PO4 (1.25), glucose (25), and NaHCO3

(25). During the experiments, slices were kept submerged at room temperature and

continuously superfused with ACSF. Patch pipettes were pulled from borosilicate

glass with a resistance of 2 - 3 MΩ for recordings from Purkinje cells and with a re-

sistance of 8 - 10 MΩ for recordings from granule cells. Patch pipettes were filled

with internal solution containing (in mM): Kgluconate (110), KCl (30), EGTA (0.5),

HEPES (10), Mg-ATP (4), Na-GTP (0.5) (pH 7.3 with KOH). Whole-cell recordings

were made at room temperature using an EPC9 patch-clamp amplifier and PULSE

software (HEKA Electronic, Lambrecht, Germany). Signals were filtered at 1 - 5 kHz

and sampled at 10 kHz. Series resistance ranged from 2 - 11 MΩ and was compen-

sated for at least 60%. All recordings are corrected for liquid junction potential. Cells

were voltage clamped at -70 mV.

Purkinje cells (at P5 - P9 and P17 - P19) and granule cells (at P2 - P68) were patched

and a second pipette connected to a picospritzer II (General Valve, Fairfield, NJ, USA)

containing 100 nM of the 5-HT1A agonist 8-hydroxy-2-(di-n-propylamino)tetralin (8-

OH-DPAT; gift from Abbott Laboratories BV) or 500 nM of the 5-HT2 agonist 2,5-

dimethoxy-4-iodoamphetamine (DOI, gift from Abbott Laboratories BV) in ACSF was

positioned in the vicinity of the cell soma and the drug was applied for 500 ms at

35-100 kPa. Antagonists were applied in the bath solution and slices were preincu-

bated in the antagonist for > 30 mins. We used 10 µM N-[2-[4-(2-methoxyphenyl)-

1-piperazinyl]ethyl]- N-(2-pyridyl)cyclohexanecarboxamide (WAY 100635, gift from

Abbott Laboratories BV) to pharmacologically block 5-HT1A receptors, and 300 nM

(R)-(+)-α-(2,3-Dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-piperidinemethanol

(MDL 100,907, gift from Abbott Laboratories BV) to block 5-HT2A receptors. Where

stated, 1 µM of the selective PKA inhibitor (9R,10S,12S)-2,3,9,10,11,12-Hexahydro-10-

hydroxy-9-methyl-1-oxo-9,12-epoxy-1H-diindolo[1,2,3-fg:3',2',1'-kl]pyrrolo[3,4-i][1,6]-

benzodiazocine-10-carboxylic acid (KT5720, Tocris Bioscience) or 2 µM of the selec-

tive PKC inhibitor 2-[1-(3-Dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl) maleimide

(GF109203X, Tocris Bioscience) was dissolved in the internal solution during record-

ings from granule cells at P10 - P15. In this case recordings were made at least 15
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minutes after reaching the whole-cell configuration to permit adequate time for the

drug to diffuse into the cell.

Miniature postsynaptic currents (mPSCs) from Purkinje cells were recorded in the

voltage-clamp configuration in the presence of 0.5 µM TTX (Latoxan, Valence, France)

and analyzed as described before (van Hooft, 2002). Miniature excitatory postsy-

naptic currents (mEPSCs) were recorded with additionaly 20 µM bicuculine (Tocris

Bioscience) in the bath solution, while miniature inhibitory postsynaptic currents

(mIPSCs) were recorded with 20 µM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX;

Tocris Bioscience) in the bath solution. Per cell one or two traces of five minutes each

were used for analysis, with at least 100 miniature synaptic events per cell which

were visually verified. We first made cumulative distributions for each cell. We then

averaged all these distributions to get the final cumulative distribution as shown in

figure 4.3. In this way, all cells contribute equally to the final distribution.

Glutamatergic synaptic currents in Purkinje cells were evoked by stimulation of

the parallel fibres with a glass-electrode filled with ACSF. Paired stimuli (100 - 400

µA, 0.2 ms duration, interstimulus interval 50 ms) were delivered either to the in-

ternal granule cell layer using a custom-made isolated bipolar current stimulator.

Paired-pulse stimulations were delivered with a 20 s interval, and only recordings

which were stable for at least 15 minutes were used to analyze the paired-pulse ratio

(PPR). Recordings used for analysis were checked to have a gradual increase in am-

plitude upon a gradual increase in stimulus intensity and paired-pulse facilitation,

both features of the parallel fibre - Purkinje cell synapse. The PPR was defined as

the amplitude of the second EPSC divided by the amplitude of the first EPSC. The

coefficient of variance (CV) was determined for cells that had a stable baseline (no sig-

nificant regression) for at least 50 stimuli in each condition. The CV was calculated

for each cell by dividing the standard deviation by the mean of the EPSC amplitude.

The reversal potential of the 5-HT2-mediated currents was determined by running

a protocol for 500 ms with a linear ramp ranging from -20 mV to -100 mV, directly

after local application of 500 nM DOI. A ramp without application of DOI was then

subtracted from the ramp with DOI, and the reversal potential was estimated from a

linear fit through the data points around the reversal potential of each cell.



68 Chapter 4

For presynaptic LTP at the parallel fibre - Purkinje cell synapse recordings were

made from Purkinje cells as described above. LTP was induced using a low frequency

stimulation protocol with a tetanus current injection of 8 Hz for 30 s, known to evoke

presynaptic parallel fibre - Purkinje cell LTP (Hansel et al., 2001), at a stimulus inten-

sity which gave a postsynaptic current below the maximum induced postsynaptic

current. The area under the EPSCs was used to analyze the postsynaptic responses.

We used the area under the curve to get a more reliable estimate of the current, taking

not only the amplitude but also the shape of the current into account.

4.2.4 Statistical analysis

Values are expressed as mean± standard error of the mean. Comparisons were made

using the Student's t-test unless stated otherwise. p < 0.05 was used to indicate a

significant difference. Asterisks indicate p < 0.05 (∗), p < 0.01 (∗∗) and p < 0.001 (∗∗∗).

4.3 Results

4.3.1 Purkinje cells and cerebellar granule cells express 5-HT1A and

5-HT2A receptors during postnatal development

The expression of 5-HT1A and 5-HT2A receptors in the developing cerebellum was

studied using immunohistochemistry. We confirm here that Purkinje cells express

5-HT1A and 5-HT2A receptors in one-week old mice (figure 4.1 A, B). Using whole-

cell patch clamp recordings we further investigated the 5-HT1A and 5-HT2 receptor

mediated responses in Purkinje cells during early postnatal development. Purkinje

cells at P5 - P9 had a cell capacitance of 89.5 ± 11.5 pF (n = 6). We used a low concen-

tration (100 nM) of the 5-HT1A agonist 8-OH-DPAT to prevent activation of the 5-HT7

receptors, for which 8-OH-DPAT has a lower affinity. Local application of 100 nM 8-

OH-DPAT to Purkinje cells at P5 - P9 (figure 4.1 C) resulted in an inward current of

135 ± 60 pA (n = 6, example in figure 4.1 D, top) and a depolarization of 8.1 ± 2.1 mV

(n = 3, example in figure 4.1 D, bottom). 5-HT2 receptor-mediated responses in Purk-
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Figure 4.1: Purkinje cells express 5-HT1A and 5-HT2A receptors during postnatal
development.
A,B, Immunostaining with antibodies against 5-HT1A receptors (A) or 5-HT2A receptors (B)
from a cerebellar lobe at P7, indicating presence of these receptors both on Purkinje cells and
in the granule cell layer. EGL: external granule cell layer; PCL: Purkinje cell layer; IGL: Internal
granule cell layer. Scale bar indicates 50 µm. C, Schematic diagram showing the experimental
set-up of D - E. D, Examples of whole-cell patch clamp recordings from Purkinje cells at P5 -
P9 indicate expression of functional 5-HT1A receptors. In voltage clamp, local application of
100 nM of the 5-HT1A specific agonist 8-OH-DPAT results in an inward current, sometimes
followed by an outward current. In current clamp, local application of 100 nM 8-OH-DPAT
results in a depolarization. E, Examples of whole-cell patch clamp recordings from Purkinje
cells at P17 - P19 indicate expression of functional 5-HT2 receptors. In voltage clamp, local ap-
plication of 500 nM of the 5-HT2 specific agonist DOI results in an inward current. In current
clamp, local application of 500 nM DOI results in depolarization which may induce firing of
action potentials. Arrows in D and E indicate the start of drug application which lasts for 500
ms.
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inje cells were also recorded at P17 - P19. Local application of 500 nM of the 5-HT2

specific agonist DOI to Purkinje cells at P17 - P19 (figure 4.1 C) resulted in an inward

current of 187 ± 79 pA (n = 6, example in figure 4.1 E, top) and a depolarization of

8.8 ± 1.4 mV (n = 4, example in figure 4.1 E, bottom).

Immunoreactivity for 5-HT1A and 5-HT2A receptors was also found in the granule

cell layer, showing presence of these receptors on cerebellar granule cells (figure 4.1

A, B). To further investigate the electrophysiological properties of these receptors on

the cerebellar granule cells, whole-cell patch clamp recordings were made of granule

cells and 5-HT1A or 5-HT2 agonists were applied locally (figure 4.2 A). Granule cells

at P6 - P9 had a cell capacitance of 5.2 ± 0.6 pF (n = 11). Local application of 100 nM 8-

OH-DPAT to granule cells at P6 - P9 resulted in an inward current of 19.7± 2.2 pA (n =

11, example trace in figure 4.2 B, top) in voltage-clamp, and in a depolarization of 17.6

± 3.5 mV (n = 5, example trace in figure 4.2 B, bottom) in current-clamp. The 5-HT1A

receptor-mediated inward current in granule cells evoked by local application of 100

nM 8-OH-DPAT could be blocked in 6 out of 7 cells by bath application of 10 µM of

the 5-HT1A specific antagonist WAY100635 (figure 4.2 B).

Local application of 500 nM DOI to cerebellar granule cells was used to charac-

terize the electrophysiological properties of the 5-HT2 receptors on these cells. This

resulted in an inward current of 49.7 ± 8.8 pA (n = 19, example in figure 4.2 C, top) at

P10 - P15 in voltage-clamp configuration and in a depolarization of 12.8 ± 2.7 mV (n

= 6, example in figure 4.2 C, bottom) in current-clamp configuration. As DOI cannot

discriminate between the different 5-HT2 receptor subtypes, 1 µM RO60-0175, a spe-

cific 5-HT2B/C agonist, was locally applied to the cerebellar granule cells. Contrary

to DOI, this did not evoke an ion current at P10 (n = 6; data not shown). Application

of 300 nM MDL 100,907, a 5-HT2A specific antagonist, blocked the DOI-induced ion

current at P11 (n = 3, example in figure 4.2 C, top) and at P42 (n = 3). This shows that

5-HT2A receptors are expressed by granule cells in the cerebellum.

To assess the expression of 5-HT1A and 5-HT2A receptors on cerebellar granule

cells over time during the postnatal development, 100 nM 8-OH-DPAT or 500 nM

DOI was locally applied to the granule cells at different ages. Figure 4.2 D shows that
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Figure 4.2: Cerebellar granule cells express functional 5-HT1A and 5-HT2A receptors during
postnatal development.
A, Schematic diagram of the electrophysiological recording configuration of B - E. B, Examples
of a whole-cell patch clamp recording from a granule cell in voltage clamp (top) and current-
clamp (bottom) at P8 showing an inward current and a depolarization of the membrane poten-
tial upon local application of 100 nM of the 5-HT1A agonist 8-OH-DPAT. Also shown in red is
an example trace of a recording in voltage-clamp after preincubation of the slice in 10 µM of the
5-HT1A specific antagonist WAY100635, which blocks the effect of local application of 100 nM
8-OH-DPAT. C, Examples of a whole-cell patch clamp recording from a granule cell in voltage
clamp (top) and current-clamp (bottom) at P11, showing an inward current and depolarization
of the membrane potential upon local application of 500 nM of the 5-HT2 specific agonist DOI.
Also shown in red is an example trace of a recoding in voltage-clamp after preincubation of
the slice in 300 nM MDL 100,907, indicating no inward current upon local application of 500
nM DOI. Arrows in B and C indicate the start of drug application which lasts for 500 ms. D,
Amplitudes of inward currents recorded from granule cells, evoked by local application of 100
nM 8-OH-DPAT or 500 nM DOI at different ages during postnatal development. E, Addition
of either a PKA inhibitor, KT5720, or a PKC inhibitor, GF109203X, reduces the amplitude of
the inward current evoked by local application of 500 nM DOI. The numbers in the bars of the
graphs indicate the number of cells used for analysis. F, Averaged trace of the currents evoked
by local application of 500 nM DOI, which has a reversal potential of -38.3 ± 2.6 mV (n = 5),
close to the calculated reversal potential of chloride at -36.8 mV.
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functional 5-HT1A receptors are expressed by cerebellar granule cells during the first

ten days postnatally but not at later ages. Conversely, 5-HT2A receptors are expressed

by cerebellar granule cells from five days after birth, with a peak in expression levels

around the end of the second postnatal week and with lower but sustained expression

at later ages until at least ten weeks old. Because of the temporal restriction of 5-HT1A

receptors on cerebellar granule cells to the first ten days postnatally and because of

the sustained expression of 5-HT2A receptors, the functional role of 5-HT2 receptors

on granule cells was studied in more detail.

4.3.2 5-HT2A receptors expressed by cerebellar granule cells depends

on both PKA and PKC and opens chloride channels

We next investigated the signal transduction mechanism and ionic basis of the 5-HT2A

mediated current in cerebellar granule cells. During whole-cell patch clamp record-

ings in voltage-clamp configuration from cerebellar granule cells at P10 - P15, 1 µM of

the selective PKA inhibitor KT5720 or 2 µM of the selective PKC inhibitor GF109203X

was added to the internal solution. Application of 500 nM DOI in the presence of

KT5720 resulted in a lower average of the 5-HT2A receptor-mediated current (7.8 ±

3.1 pA, n = 9, p < 0.01, figure 4.2 E). Addition of GF109203X also resulted in a lower

average of the 5-HT2A receptor-mediated current (4.9 ± 2.7 pA, n = 9, p < 0.01, fig-

ure 4.2 E). This indicates that both PKA and PKC are necessary to evoke a 5-HT2A

receptor-mediated current in cerebellar granule cells during postnatal development.

The reversal potential for the 5-HT2A receptor-mediated current is -38.3 ± 2.6 mV (n

= 5, figure 4.2 F), which is close to the calculated reversal potential of chloride at -

36.8 mV. This suggests that activation of 5-HT2A receptors on cerebellar granule cells

opens chloride channels to mediate the inward current.

4.3.3 Presynaptic 5-HT2A receptors modulate paired-pulse ratio and

stability at the parallel fibre - Purkinje cell synapse

To further investigate the presence of 5-HT2A receptors presynaptically on excita-

tory synapses onto Purkinje cells, miniature postsynaptic spontaneous events were
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recorded from Purkinje cells (figure 4.3 A, with example trace in figure 4.3 B) from

control slices and from slices which were preincubated in 300 nM of the 5-HT2A re-

ceptor antagonist MDL 100,907. Miniature excitatory postsynaptic currents (mEPSCs)

were recorded in the presence of 0.5 µM TTX and 20 µM bicuculine. Both inter-

event interval and amplitude distributions showed a difference in the presence of

MDL 100,907 (both p < 0.01, Kolmogorov-Smirnov test, figure 4.3 C). This confirms

our earlier findings that 5-HT2A receptors are located postsynaptically on Purkinje

cells, and furthermore indicates presence of 5-HT2A receptors presynaptically on ex-

citatory synapses at Purkinje cells. Miniature inhibitory postsynaptic currents (mIPSCs)

were recorded in the presence of 0.5 µM TTX and 20 µM CNQX. The inter-event in-

terval distributions of mIPSCs recorded from Purkinje cells in control slices or slices

preincubated with MDL 100,907 were different (p < 0.001, Kolmogorov-Smirnov test,

figure 4.3 D, top). This shows that 5-HT2A receptors are presynaptically located at

synapses of inhibitory inputs onto Purkinje cells. There was no difference in ampli-

tude distributions of the mIPSCs, suggesting that 5-HT2A receptors on Purkinje cells

do not modulate postsynaptic GABA receptors (figure 4.3 D, bottom).

Presynaptic 5-HT2A receptors present on cerebellar granule cells were studied

for their role in the short-term plasticity of the parallel fibre - Purkinje cell synapse.

Whole-cell patch clamp recordings were made from Purkinje cells while electrically

stimulating parallel fibres in the internal granule cell layer (figure 4.4 A, B). At P11

- P14, short-term synaptic plasticity at the parallel fibre - Purkinje cell synapse was

lower after pharmacological block of 5-HT2A receptors. The average paired-pulse ra-

tio was 1.67 ± 0.14 in control slices (n = 5) and 1.27 ± 0.04 in the presence of 300 nM

MDL 100,907 (n = 5, p < 0.05, figure 4.4 C). The effect of 5-HT2A receptors on short-

term plasticity at the parallel fibre - Purkinje cell synapse was also tested in eight-

to ten-week old mice (P57 - P68). Here, the paired-pulse ratio was also lower after

pharmacological block of 5-HT2A receptors, from 1.98 ± 0.17 in control slices (n = 10)

to 1.50 ± 0.08 in the presence of 300 nM MDL 100,907 (n = 9, p < 0.05, figure 4.4 C).

The stability of the EPSC at the parallel fibre - Purkinje cell synapse was investi-

gated using the same electrophysiological recording configuration as described above

(figure 4.4 A, B). At P11 - P14 the effect of a pharmacological block of 5-HT2A recep-
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Figure 4.3: Presynaptic 5-HT2A receptors modulate the frequency of spontaneous mEPSCs
and mIPSCs recorded from Purkinje cells.
A, Schematic diagram of the electrophysiological recording configuration of B - D. B, Example
trace (with magnification) of miniature inhibitory synaptic currents recorded from Purkinje
cells at -70 mV. C, Inter-event interval distributions and amplitude distributions of mEPSCs
recorded from Purkinje cells show an increase in inter-event interval (a reduction in frequency)
and a difference in mEPSC amplitude after application of 300 nM of the selective 5-HT2A recep-
tor antagonist MDL 100,907. D, Inter-event interval distributions and amplitude distributions
of mIPSCs recorded from Purkinje cells show an increase in inter-event interval (a reduction in
frequency) but no difference in mIPSC amplitude after application of 300 nM of the selective
5-HT2A receptor antagonist MDL 100,907.
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tors on synapse stability does not reach statistical significance, with a coefficient of

variance of 0.33± 0.05 in control slices (n = 5) and of 0.25± 0.04 after blocking 5-HT2A

receptors with MDL 100,907 (n = 5, figure 4.4 D). However, in eight- to ten-week old

mice (P57 - P68) recordings from Purkinje cells in control slices had a higher variabil-

ity of EPSC amplitude. The coefficient of variance had an average of 0.14 ± 0.02 in

control slices compared to 0.076 ± 0.009 in slices preincubated in MDL 100,907 (n =

9, p < 0.001, figure 4.4 D).
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Figure 4.4: Presynaptic 5-HT2A receptors modulate stability of the parallel fibre - Purkinje
cell synapse.
A, Schematic diagram of the electrophysiological recording configuration of B - D. B, Examples
of currents recorded from Purkinje cells at P11 - P14 after electrically stimulating parallel fibres
with a double-pulse protocol, and examples of ten consecutive currents recorded from Purkinje
cells at P11 - P14 after electrically stimulating parallel fibres, both in control slices and in slices
preincubated with 300 nM MDL 100,907. C, Pharmacological blockade of 5-HT2A receptors
with 300 nM MDL 100,907 results in a reduced paired-pulse ratio at both P11 - P14 and at P57
- P68. D, At P11 - P14, the effect of pharmacological blockade of 5-HT2A receptors with 300
nM MDL 100,907 on the coefficient of variance of EPSCs at the parallel fibre - Purkinje cell
synapse does not reach significance. At P57 - P68, blocking 5-HT2A receptors results in a lower
coefficient of variance of EPSCs at the parallel fibre - Purkinje cell synapse. The numbers in
the bars of the graphs indicate the number of cells used for analysis.
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4.3.4 Block of 5-HT2A receptors enhances presynaptic parallel fibre

- Purkinje cell LTP

In figure 4.2 E it is shown that 5-HT2A receptor currents in cerebellar granule cells

are mediated via PKA and PKC. PKA and cAMP are involved in presynaptic parallel

fibre - Purkinje cell LTP. We thus hypothesized that 5-HT2A receptors, via activation

of PKA, impairs presynaptic LTP at the parallel fibre - Purkinje cell synapse. Whole-

cell patch clamp recordings were made from Purkinje cells from eight- to ten-week

old mice while electrically stimulating the parallel fibres in the internal granule cell

layer with a tetanus of 8 Hz during 30 s (figure 4.5 A) in the absence and presence of

300 nM MDL 100,907 (figure 4.5 B). Indeed, presynaptic parallel fibre - Purkinje cell

LTP was higher after pharmacologically blocking 5-HT2A receptors. The difference

between control and MDL 100,907-treated slices became evident from five minutes

after the tetanus protocol (example in figure 4.5 C). An increase in the area of the

EPSC during 10 - 15 minutes after induction of LTP by the tetanus protocol was found

in slices treated with MDL 100,907. In control slices, the LTP protocol led to an area

of EPSC of 120 ± 6% when compared to the averaged EPSC area before LTP (n =

9). In MDL 100,907-treated slices, the EPSC area was increased to 169 ± 20% when

compared to the averaged EPSC area before LTP (n = 9). This was a higher increase

than in control slices (p < 0.05, figure 4.5 D). Thus, we conclude that blocking 5-HT2A

receptors enhances presynaptic parallel fibre - Purkinje cell LTP in eight- to ten-week

old mice.

4.4 Discussion

In this study we show a novel way for serotonin to control development of the cere-

bellum, mediated via 5-HT2A receptors present on cerebellar granule cells during

postnatal development and until at least eight weeks after birth. We show the elec-

trophysiological effects of 5-HT1A and 5-HT2A receptors present on Purkinje cells

and granule cells during postnatal development of the cerebellum. We further char-

acterize 5-HT2A receptor-mediated currents and conclude that 5-HT2A receptors ex-
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Figure 4.5: 5-HT2A receptors modulate presynaptic LTP at the parallel fibre - Purkinje cell
synapse.
A, Schematic diagram of the electrophysiological recording configuration of B - D. B, Exam-
ples of recordings from Purkinje cells while electrically stimulating the parallel fibres with a
double-pulse protocol, from a control slice and from a slice which is preincubated with 300
nM of the 5-HT2A selective antagonist MDL 100,907. Black traces are from recordings before
inducing LTP, red traces are from recordings 10-15 minutes after induction of LTP using a 8
Hz, 30 s stimulation protocol. C, Example of recordings from Purkinje cells from a control
slice and from a slice which is preincubated with 300 nM of the 5-HT2A selective antagonist
MDL 100,907 in which the area of the EPSC, normalized to the average before the tetanus pro-
tocol, is recorded over time. The arrow indicates the start of the tetanus to induce LTP with a
8 Hz, 30 s stimulation protocol. D, The area of EPSC after the LTP stimulation protocol, nor-
malized to the area of EPSC before the LTP stimulation protocol, indicates enhanced LTP after
blocking 5-HT2A receptors with MDL 100,907. The numbers in the bars of the graphs indicate
the number of cells used for analysis.
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pressed by granule cells are involved in mediating stability and short- and long-term

synaptic plasticity at the parallel fibre - Purkinje cell synapse.

4.4.1 Expression pattern of 5-HT1A and 5-HT2A receptors in the cere-

bellum

We show for the first time expression of 5-HT1A and 5-HT2A receptors by cerebellar

granule cells. The expression patterns of both 5-HT1A and 5-HT2 receptors on cere-

bellar granule cells mimic the known expression pattern of these receptors on Purk-

inje cells. In both cell types, activation of these receptors leads to an inward current in

voltage-clamp configuration and to a depolarization in current-clamp configuration.

Electrophysiological evidence indicates that expression of 5-HT1A receptors by

cerebellar granule cells peaks at P7, after which expression decreases and no func-

tional 5-HT1A receptors are present from P12 on. In Purkinje cells, 5-HT1A recep-

tor expression occurs during the first week postnatally, decreases thereafter and no

expression is detected in adult rodents (Matthiessen et al., 1993; Daval et al., 1987;

Matthiessen et al., 1992; Miquel et al., 1994). This makes the 5-HT1A receptor the

earliest serotonin receptor to be expressed in the cerebellum during postnatal devel-

opment, and the expression pattern coincides with the expression pattern of seroton-

ergic fibres in the cerebellar cortex. In rodents, serotonergic fibres appear in the white

matter around birth. During the first postnatal week, serotonergic fibres extend into

the internal granule cell layer, occasionally also penetrating the Purkinje cell layer.

The serotonergic fibres extend further into the cerebellar cortex during the second

and third postnatal week (Lidov and Molliver, 1982). The first serotonergic effects in

the cerebellum after birth are therefore likely to be mediated via 5-HT1A receptors

on Purkinje cells and granule cells. Their functional role at such an early age, after

which they disappear, remains to be further investigated.

Activation of 5-HT1 receptors results in a biphasic current in Purkinje cells (a de-

polarization followed by a slower hyperpolarization, see figure 4.1 D) and an inward

current in granule cells (see figure 4.2 B) via a G protein-coupled mechanism. The

biphasic current recorded in Purkinje cells after activation of 5-HT1 receptors is pre-
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sumably the result of coupling to multiple G proteins. In rat raphe nuclei, 5-HT1A re-

ceptors can couple to G proteins that activate inwardly rectifying K+ channels (GIRK)

to hyperpolarize the membrane potential and inhibit activity (Bayliss et al., 1997). In

mice, GIRK1 and GIRK2 channels are expressed at low to moderate levels in the ex-

ternal granule cell layer and the Purkinje cell layer around birth with increased ex-

pression at P10 (Chen et al., 1997). The GIRK3 channels shows a similar temporal

pattern but with lower levels of expression (Chen et al., 1997). We hypothesize that

5-HT1 receptors expressed by cerebellar granule cells can activate GIRK channels,

affecting membrane potential. What pathway exactly is involved after activation of

5-HT1 receptors expressed by granule cells remains to be investigated.

Functional 5-HT2A receptors are not present on cerebellar granule cells before P5,

after which their expression increases until it reaches a peak around two weeks af-

ter birth. Sustained expression of functional 5-HT2 receptors on cerebellar granule

cells is found until eight weeks after birth. This also mimics 5-HT2 receptor expres-

sion by Purkinje cells, which begins around P0 - P5 and gradually increases until P21,

as shown by immunohistochemistry (Li et al., 2004; Maeshima et al., 2004). The ef-

fects of 5-HT2 receptors during the postnatal development of the cerebellum were

examined by recording spontaneous miniature events from Purkinje cells. Pharma-

cological block of 5-HT2A receptors resulted in an increase in inter-event interval and

a decrease in amplitude of the mEPSCs. These data confirm that the 5-HT2A receptor

is located both on Purkinje cells and on excitatory presynaptic inputs to the Purkinje

cells. We conclude that the excitatory presynaptic cells expressing 5-HT2A recep-

tors are the granule cells, which we have shown to express 5-HT2A receptors using

immunohistochemistry and electrophysiological experiments described above. Fur-

thermore, an increase in inter-event interval of the mIPSCs was found after blocking

5-HT2A receptors, indicating presence of 5-HT2A receptors on presynaptic inhibitory

inputs to the Purkinje cells. Of the inhibitory cells in the cerebellum, the Golgi cell

is the only cell type known to expresses the 5-HT2A receptor, however, these cells

have no synapses on Purkinje cells (Geurts et al., 2002). Inhibitory basket and stel-

late cells do synapse on the Purkinje cell, but these cells are not known to be 5-HT

sensitive (Dieudonné and Dumoulin, 2000). A possible candidate is the Lugaro cell,
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which is sensitive to 5-HT and has 5-HT driven inhibitory synapses on Purkinje cells

(Dieudonné and Dumoulin, 2000; Dean et al., 2003).

4.4.2 Mechanisms of 5-HT2 receptor-activated pathways

The results from the present study show a 5-HT2A receptor-activated current in cere-

bellar granule cells during postnatal development up to at least eight weeks after

birth. Inhibiting either PKA or PKC prevented the 5-HT2A receptor-activated cur-

rent in the granule cells, suggesting coupling of 5-HT2A receptors on granule cells

to both Gi and Gq proteins. It is suggested from figure 4.2 F that at least one of

these pathways is coupled to a chloride channel. 5-HT2 receptor-mediated currents

in other cells are dependent only on the PKC pathway, and the results described in

the present study thus suggest an extra pathway for 5-HT2A receptor-mediated cur-

rents on granule cells via PKA activation. Receptors coupled to inhibitor Gi proteins

can inhibit adenylate cyclase, thereby affecting cAMP and PKA. We hypothesized

that 5-HT2A receptor-mediated activation of PKA might affect presynaptic LTP at

the parallel fibre - Purkinje cell synapse. This specific type of LTP is independent of

postsynaptic NMDA receptor activation but is mediated via PKA and cAMP. Con-

tinuous stimulation of the parallel fibres with a low frequency tetanus protocol leads

to Ca2+ influx in the presynaptic terminals, activating PKA through activation of the

Ca2+/calmodulin-sensitive adenylate cyclase and production of cAMP (Salin et al.,

1996; Linden, 1997; Chavis et al., 1998; Linden and Ahn, 1999, Jacoby et al., 2001).

Indeed, blocking the 5-HT2A receptors present on cerebellar granule cells enhances

presynaptic LTP at the parallel fibre - Purkinje cell synapse. This occurs presumably

by blocking the inhibition of adenylate cyclase and cAMP mediated via coupling of

the 5-HT2A receptors to inhibitory Gi proteins.

Receptors coupled to Gq proteins activate PLC, thereby via the DAG and IP3 signal

transduction pathway activating PKC. The activation of PKC via activation of 5-HT2

receptors can affect the synaptic strength at the parallel fibre - Purkinje cell pathway

as it is known that PKC plays a role in the use-dependent synapse modification, with

activation of PKC resulting in a decrease in synaptic strength (Li et al., 2001; Li et al.,
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2002). We hypothesize that similar mechanisms are triggered by activation of 5-HT2A

receptors expressed by cerebellar granule cells (Aghajanian, 1990).

4.4.3 Concluding remarks

We have shown presence and functional consequences of 5-HT1A and 5-HT2A recep-

tors on cerebellar granule cells in this study and recently also presence and func-

tional consequences of 5-HT3 receptors on cerebellar granule cells (Oostland et al.,

2011; Oostland et al., 2013). All three serotonin receptors are expressed during the

first three weeks after birth but their specific temporal expression pattern is differ-

ent. 5-HT1A receptors are expressed earliest during the first postnatal week and both

5-HT2A and 5-HT3 receptors are expressed during the second postnatal week, of

which only 5-HT2A receptor expression remains until at least postnatal week ten. It

has been shown before that functional interplays between serotonin receptors occur.

Activation of 5-HT2 receptors can potentiate 5-HT3 receptor function in rat trigemi-

nal ganglion neurons via involvement of G protein and PKC (Hu et al., 2004). 5-HT2

and 5-HT3 receptors have a similar rise of expression during the first postnatal week

in rodents, but while 5-HT3 receptor expression by cerebellar granule cells decreases

after two weeks with no 5-HT3 receptors left at three weeks postnatally, 5-HT2 re-

ceptors persist to be expressed by granule cells until at least eight weeks postnatally.

We assume that during the first three weeks, 5-HT2 and 5-HT3 receptors strengthen

each other's function in postnatal development of the cerebellum, with 5-HT2 recep-

tors persisting in this function when 5-HT3 receptors gradually disappear. Functional

5-HT2 receptors reduces strength of synaptic activity and reduces stability at the par-

allel fibre - Purkinje cell synapse. Activity-dependent strengthening of the synapse

could affect maturation, with 5-HT2 receptor-mediated activity slowing down the

maturational process.

Taken together, these results show that serotonin is in a powerful position to con-

trol the physiology of the cerebellum at all ages, ranging from newborn to adult,

through distinct temporal expression of its receptors, not only on Purkinje cells but

also on granule cells.
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