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Abstract

The development of glutamatergic transmission in the brain occurs gradually 
during	 the	 first	 postnatal	 weeks.	 During	 this	 critical	 period,	 nascent	 synaptic	
connections	 are	 finely	 tuned	 to	 form	 networks	 reliably	 transmitting	 and	
processing information. In the hippocampus, kainate receptors (KARs) are heavily 
expressed during early development and suggested to have an instrumental 
role in the activity-dependent development of neuronal connectivity. KARs are 
composed	 of	 various	 combinations	 of	 five	 subunits,	 GluK1-GluK5.	 Additional	
structural and functional diversity of receptors is achieved by alternative splicing 
and RNA editing of the subunits. The function of KARs differs from the other 
types	of	ionotropic	glutamate	receptors	(iGluRs)	in	two	essential	respects:	first,	
their primary role is not to mediate but to modulate transmission, and second, 
KARs use a non-canonical metabotropic signaling mechanism in addition to the 
classical	ionotropic	action.	The	diverse	functional	roles	of	KARs	are	reflected	in	
their highly polarized subcellular localization, which is regulated in a subunit- and 
cell-specific	manner.	

Despite the increasing number of roles characterized for KARs, their function 
during development is poorly understood. The aim of this study was to clarify the 
physiological roles of KARs in the developing glutamatergic connectivity in area 
CA1 of the rat hippocampus. First, we present a novel, developmentally restricted 
type	 of	 endogenous	 KAR	 activity,	 which	 has	major	 influence	 on	 glutamatergic	
transmission in the immature hippocampus. During early development, high-
affinity	G-protein-coupled	presynaptic	KARs	are	shown	to	be	tonically	activated	
by ambient glutamate to maintain a low probability of glutamate release in a 
subpopulation of CA3-CA1 synapses. This KAR-mediated presynaptic silencing 
has a critical impact on the transmission of glutamatergic information; KARs 
filter	out	sporadic	low-frequency	activity	and	promote	transmission	during	high-
frequency	 bursts	 representing	 “natural-type”	 of	 activiy	 within	 the	 immature	
hippocampal network.

Next, we demonstrate that the GluK1c splice variant plays a pivotal role in 
immature-type	KAR	activity.	The	developmental	and	cell-type	specific	expression	
pattern of GluK1c mRNA corresponds to the tonic KAR activity. Furthermore, 
the presynaptic expression of GluK1c is shown to directly suppress glutamatergic 
transmission in cell-pairs in vitro and to mimic tonic KAR activity at CA3-CA1 
synapses in vivo at a developmental stage when the immature-type KAR activity 
is already downregulated. Thus, the developmental downregulation of tonic 
KAR activation can be fully explained by the loss the GluK1c expression in CA3 
pyramidal cells. We further show that activity-dependent mechanisms, such as 
the experimental induction of LTP, can rapidly downregulate tonic KAR activity 
and	switch	immature,	labile	synapses	to	mature	ones.	This	involves	a	modification	



of the receptor per se, leading	to	the	loss	of	high-affinity	KARs.	
Finally, we show the critical involvement of tonic KAR activity in the 

formation /stabilization of glutamatergic connections in the hippocampal slice 
cultures. Mimicking tonic KAR activity by pharmacological activation of GluK1 
containing	KARs	resulted	in	significant	and	permanent	increase	in	the	number	of	
functional glutamatergic synapses. The essential role of endogenous KAR activity 
was	 indicated	 by	 the	 finding	 that	 blocking	 KARs	 during	 the	 period	 of	 intense	
synaptogenesis led to dramatic decrease in glutamatergic connectivity later in 
development. 

In	summary,	the	novel	findings	of	this	work	demonstrate	that	endogenous	
KAR activity has crucial role in modulating the glutamatergic transmission and 
connectivity in the developing hippocampus. This not only broadens our view 
of the activity-dependent mechanisms underlying the development of synaptic 
connectivity in the brain, but also provides a basis for understanding the 
pathophysiological functions of KARs in neurodevelopmental disorders.
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1 REVIEW OF THE LITERATURE

1.1 Introduction

In the vertebrate nervous system, the majority of signaling between neurons 
is mediated by chemical synapses in a process called neurotransmission. The 
principal excitatory neurotransmitter in the mammalian central nervous system 
is L-glutamate acting on ionotropic glutamate receptors (iGluRs) as well as on 
a family of G-protein-coupled metabotropic glutamate receptors (mGluRs) 
(Hollmann and Heinemann, 1994). iGluRs are ligand-gated ion channels which are 
classified	according	to	their	pharmacology	into	three	types:	α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA)-, N-methyl-d-aspartate (NMDA)-, 
and kainate (KA)-receptors (Jahr and Stevens, 1987; Lodge, 2009). All iGluRs 
consist of homo- or heteromeric complexes of four subunits (GluA1-4 for AMPA-
, GluN1, -2A-D,-3A-B for NMDA- and GluK1-5 for KA–receptors (table 1)) and 
the diversity of receptors is further increased by alternative splicing and mRNA 
editing (Traynelis et al., 2010). AMPA receptors (AMPARs) mediate most of the 
fast synaptic transmission at glutamatergic synapses throughout the brain, while 
NMDA receptors (NMDARs) have well-characterized roles in synaptic plasticity 
and mechanisms underlying learning and memory (Lynch, 2004). The functions 
of kainate receptors (KARs) are in many respects unconventional; although 
they mediate signaling in some excitatory postsynaptic complexes, the primary 
role of KARs is to act as presynaptic and extrasynaptic modulators of synaptic 
transmission (Lerma, 2003). 

Table 1. NC-IUPHAR (The International Union of Pharmacology Committee on Receptor 

Nomenclature and Drug Classification) recommended and previous nomenclature of KAR subunits 

(Collingridge et al., 2009).

NC-IUPHAR subunit nomencla-
ture (recommended)

Previous nomenclatures Gene name

GluK1 GLUK5, GluR5, GluR-5, EAA3 GRIK1

GluK2 GLUK6, GluR6, GluR-6, EAA4 GRIK2

GluK3 GLUK7, GluR7, GluR-7, EAA5 GRIK3

GluK4 GLUK1, KA1, KA-1, EAA1 GRIK4

GluK5 GLUK2, KA2, KA-2, EAA2 GRIK5

Glutamatergic synaptic connectivity in the rat hippocampus develops 
during	 the	first	 two	weeks	of	 life	 (Fiala	 et	 al.,	 1998;	Hsia	 et	 al.,	 1998;	Tyzio	 et	
al.,	 1999).	At	 the	first	 stages	 of	 synaptogenesis,	 pre-	 and	postsynaptic	 proteins	
accumulate to the new sites of axo-dendritic contacts in an activity-independent 
manner	 (Verhage	 et	 al.,	 2000;	 Varoqueaux	 et	 al.,	 2002;	McAllister,	 2007).	 At	
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later	 stages,	 activity-dependent	 mechanisms	 help	 to	 refine	 nascent	 synaptic	
connections to highly tuned mature networks, which involves strenghthening 
of some connections and elimination of others (Zhang and Poo, 2001; Hua and 
Smith, 2004). A characteristic feature of the developing brain is the existence 
of	 functionally	 silent	 synapses,	which	do	not	 respond	 to	 low-frequency	activity	
at resting membrane potentials (Isaac et al., 1995; Durand et al., 1996; Liao 
and Malinow, 1996; Isaac et al., 1997). Besides, AMPAR- mediated signaling at 
immature synapses is extremely labile due to developmentally regulated pre- and 
postsynaptic mechanisms (Gasparini et al., 2000; Xiao et al., 2004; Abrahamsson 
et al., 2007). This lability of transmission is thought to represent a developmental 
form of plasticity which has a critical importance for the selection and elimination 
of developing synapses (Hanse et al., 2009). 

KARs	are	heavily	expressed	during	early	postnatal	life,	suggesting	a	specific	
role in synapse maturation and in the regulation of electrical activity-patterns 
critical	for	the	refinement	of	nascent	connections	(Bahn	et	al.,	1994;	Ritter	et	al.,	
2002). Paradoxically, the vast majority of our knowledge in KAR function arises 
from studies using pharmacological activation of the receptors in older animals. 
Developmentally regulated functions for pre- and postsynaptic KARs have been 
described in some brain areas, such as in the layer IV of barrel cortex (Kidd and 
Isaac, 1999; Kidd et al., 2002; Bannister et al., 2005; Jouhanneau et al., 2011), 
in the nociceptive pathways in the spinal cord (Lee et al., 2001; Stegenga and 
Kalb, 2001; Joseph et al., 2011) and more recently, in the superior colliculus (van 
Zundert et al., 2010). In the hippocampus, where KAR function has been studied 
intensively, the developmental roles of KARs have only recently started to emerge 
(Lauri et al., 2005; Maingret et al., 2005; Caiati et al., 2010; Juuri et al., 2010; 
Segerstrale et al., 2010). However, very little is still known about the functions 
of KARs in transmission, plasticity and maturation of glutamatergic synaptic 
connectivity in the developing hippocampus. Moreover, the developmental 
expression	profile	of	KAR	splice	variants	and	their	specific	roles	remain	unsolved.	
A thorough understanding of these mechanisms is critical in clarifying the 
implications of KARs in various neuronal diseases to which they have been linked, 
such as autism, schizophrenia and epilepsy (Bowie, 2008; Matute, 2011). 

1.2 Molecular composition of KARs

1.2.1 Subunit  composition and structure 

KARs	are	composed	of	five	receptor	subunits,	named	GluK1-5	(encoded	by	GRIK1-
GRIK5 genes), which co-assemble in diverse combinations to form functional 
tetrameric receptors (Collingridge et al., 2009). All of the KAR subunits share 
the same membrane topology; they contain a large extracellular N-terminal 
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domain, three membrane spanning regions (M1, M3 and M4), a membrane re-
entrant	 “p-loop”	 forming	 part	 of	 the	 pore	 (M2)	 and	 an	 intracellular	 carboxy-
terminus	(figure	1)	(Bennett	and	Dingledine,	1995;	Dani	and	Mayer,	1995).	GluK1,	
GluK2	and	GluK3	(formerly	known	as	GluR5-7)	share	high	sequence	homology	
and	bind	kainate	with	the	affinity	in	the	range	of	50-100	nM	(Bettler	et	al.,	1990;	
Egebjerg et al., 1991; Sommer et al., 1992; Schiffer et al., 1997). When expressed 
in heterologous systems, GluK1-3 are capable of forming functional homomeric 
channels and co-associate with each other to form heteromeric receptors with 
novel functional properties (Cui and Mayer, 1999; Paternain et al., 2000). GluK4 
and GluK5 encode more distantly related proteins, which bind kainate with higher 
affinities	(dissociation	constants	in	the	range	of	5-15	nM)	(Werner	et	al.,	1991;	Herb	
et al., 1992). GluK4 and GluK5 cannot generate functional homomeric channels 
when expressed alone in heterologous systems (Werner et al., 1991; Herb et al., 
1992; Sakimura et al., 1992). When co-assembled with GluK1-3, GluK4 and GluK5 
form	 heteromeric	 receptors	 with	 modified	 pharmacological	 and	 biophysical	
properties (Herb et al., 1992; Sakimura et al., 1992).

Recent	studies	have	identified	NETO1	and	NETO2	(neuropilin	and	tolloid-
like protein 1 and 2) as auxiliary subunits for native KARs (Zhang et al., 2009; 
Straub et al., 2011b; Tang et al., 2011; Copits and Swanson, 2012). NETOs are 
critically involved in determining the functional properties of KARs, including 
their	slow	kinetics	and	high	agonist	affinity,	and	their	presence	is	required	for	the	
normal KAR-mediated signaling  (Zhang et al., 2009; Copits et al., 2011; Straub et 
al., 2011b; Tang et al., 2011; Fisher and Mott, 2012).

1.2.2 Alternative splicing and RNA editing of KARs

Structural and functional diversity of KARs is multiplied by alternative splicing 
of GluK1-3 subunits (Figure 2a). Apart from an alternatively spliced exon in 
the N-terminus of GluK1 (Bettler et al., 1990), alternative splicing occurs in the 
cytoplasmic C-terminal region (Sommer et al., 1992; Gregor et al., 1993; Schiffer 
et al., 1997; Jaskolski et al., 2004). Three main C-terminal splice variants have 
been	identified	for	GluK1	(Sommer	et	al.,	1992),	and	an	additional	GluK1d	found	
only in humans (Gregor et al., 1993). The shortest isoform GluK1a lacks a 49 
amino acid cassette that is present in GluK1b and GluK1c, and GluK1c contains 
an additional 29 amino acid cassette lacking in both GluK1a and GluK1b. Two 
main splice variants have been described for GluK2; GluK2a and GluK2b, and an 
additional	human	specific	splice	variant	GluK2c	(Gregor	et	al.,	1993;	Barbon	et	al.,	
2001). GluK2a and GluK2b contain divergent 54 amino acid and 15 amino acid 
cassettes 14 amino acids after the last membrane domain, respectively. GluK3a 
and	GluK3b	differ	 in	their	C-terminal	domains	by	two	distinct	sequences	of	64	
and 55 amino acids (Schiffer et al., 1997). For all the C-terminal splice variants, 
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the short stretch of 16 amino acids just after the last transmembrane domain is 
conserved	between	GluK1,	GluK2	and	GluK3,	but	 the	 functional	 significance	of	
this	sequence	is	not	known. 

Figure 1. Membrane topology 

of KAR subunits. Each KAR 

subunit contains an N-terminal 

extracellular domain, followed by 

transmembrane domain (M1), re-

entrant loop (M2), two successive 

transmembrane domains (M3, 

M4) delineating an extracellular 

loop (S1) and an intracellular 

C-terminal domain. Ligand-

binding domain is composed of 

two apposed segments (S1 and 

S2) in the N-terminal domain 

and the extracellular loop. Non-

hydrophobic region in M2 forms the channel pore and contains the Q/R-editing site (red arrow). The 

intracellular C-terminal domain contains protein interaction sites and sites for post-translational 

modifications.

Although the GluK1-3 splice variants are known to be differently expressed 
at tissue-level, the physiological roles of individual splice variants are poorly 
understood. Majority of the studies on splice variants have aimed at clarifying 
their divergent membrane delivery (see next chapter). However, considering the 
significance	 of	 intracellular	 domains	 in	 determining	 the	 binding	 of	 interaction	
partners and coupling receptors to different signaling pathways, splice variants 
likely	impart	yet	unidentified	tissue-	and	cell-specific	functions.

Complexity of KARs is further increased by mRNA editing of subunits GluK1 
and	GluK2	(figures	1	and	2a)	(Barbon	and	Barlati,	2011).	Both	GluK1	and	GluK2	are	
edited in the Q/R site in the channel-pore-forming P-loop, which determines the 
extent to which receptors allows the permeation of Ca2+ ions (Kohler et al., 1993; 
Burnashev et al., 1995). Incorporation of glutamine by arginine in the channel pore 
results in reduced Ca2+ permeability of the receptors, affects the single-channel 
conductance and susceptibility of receptors to inhibition by membrane fatty acids 
(Egebjerg and Heinemann, 1993; Burnashev et al., 1995; Swanson et al., 1996; 
Wilding et al., 2005; Wilding et al., 2008). There are two further editing sites in 
the	transmembrane	domain	M1	of	GluK2	(the	“I/V”	and	“Y/C”	sites),	which	affect	
the	ionic	selectivity	of	the	channels	to	a	finer	degree	(Kohler	et	al.,	1993).
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Figure 2. KAR splice variants and their trafficking to the plasma membrane. A) Main splice variants 

of KAR subunits. GluK1 has two N-terminal splice variants (GluK1-1 has 15 amino acid insertion 

compared with GluK1-2) and three C-terminal splice variants (GluK1a, GluK1b, GluK1c). GluK2 and 

GluK3 have both two C-terminal splice variants (a and b).  No splice variants have been described 

for GluK4 and GluK5. The RNA editing sites of GluK1 and GluK2 are indicated with arrowheads. 

Arrows indicate the PDZ-domain binding motifs at the extreme C-termini of GluK1b, -c and GluK2a. 

B) Relative plasma membrane (PM) delivery of KAR splice variants in homo- and heteromeric 

assemblies in heterologous expression systems. Low levels of GluK1a, GluK1b, GluK2b and GluK3b 

are present on the cell surface as homomeric receptors (grey arrows), whereas GluK1c homomer is 

retained in the ER. GluK2a and GluK3a contain forward trafficking signals and efficiently traffic to 

the PM (black arrows). In heteromeric complexes, these subunits promote the surface expression of 

splice variants containing ER retention signals. The heteromers shown correspond to the published 

data on the surface distribution. Adapted from (González-González, 2012). ER, endoplasmic 

reticulum. PM, plasma membrane. 

1.3	 Subcellular	localization	and	trafficking	of	KARs	

Precise regulation of the number of plasma membrane-associated receptors 
and	 polarized	 targeting	 to	 various	 subcellular	 locations	 is	 critical	 in	 defining	
the functions of various types of KARs in the neuronal network. The functional 
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expression of KARs is dynamically regulated by the interplay between synthesis, 
exo- and endocytosis, lateral diffusion, recycling and degradation of the 
receptors (González-González 2012). KARs undergo several assembly and folding 
checkpoints before reaching the plasma membrane, and surface-expressed 
receptors are targeted to recycling and degradation pathways by activity-
dependent and basal sorting mechanisms. Studies with recombinant receptors in 
cell-lines	and	cultured	neurons	have	recently	defined	rules	for	the	trafficking	of	
KARs through secretory pathway and targeting to the plasma membrane (Isaac 
et al. 2004, Coussen, Mulle 2006, González-González 2012). The relative level of 
plasma membrane expression is one of the major differences featured among KAR 
subunit	splice	variants.	However,	given	that	our	knowledge	on	KAR	trafficking	is	
largely based on studies from heterologous expression systems, probably lacking 
some crucial endogenous components, the regulation of membrane targeting in 
vivo likely follows much more complex rules. 

1.3.1 Molecular determinants of KAR membrane delivery 

The differential membrane targeting of KAR subunits and their splice variants 
(Figure	2b)	relies	on	specific	endoplasmic	reticulum	(ER)	retention	and	retrieval	
signals controlling the surface expression of many channels and receptors 
(Ellgaard and Helenius, 2003). As homomeric channels, GluK1a and GluK1b are 
expressed at the cell surface at low levels, while GluK1c fails to reach the plasma 
membrane	 (Jaskolski	 et	 al.,	 2004).	 GluK1b	 and	GluK1c	 contain	 a	 sequence	 of	
positively charged amino acids that acts as an ER-retention motif (Ren et al., 
2003b). In addition, an RXR motif regulating the retention of several channels in 
ER acts as an ER retention signal in GluK1c and GluK5, preventing the delivery 
of homomeric receptors to the plasma membrane (Ma and Jan, 2002; Ren et al., 
2003a; Ren et al., 2003b). This arginine-based motif mediates the association 
of	 GluK5	 with	 COPI	 complex,	 which	 is	 involved	 in	 retrograde	 trafficking	 of	
proteins from Golgi back to ER and determines the retention of GluK5 in the ER 
(Vivithanaporn et al., 2006). An additional dileucine motif has been shown to be 
important for controlling endocytosis and low plasma membrane expression of 
GluK5 as well as GluK3b (Hayes et al., 2003; Huyghe et al., 2011). Importantly, 
the ER retention and retrieval motifs can be masked in heteromeric receptor 
complexes, allowing the surface expression of subunits otherwise retained in the 
ER (Ren et al., 2003a; Jaskolski et al., 2004). 

GluK2a and GluK3a are expressed at high levels at the plasma membrane due 
to	the	existence	of	forward	trafficking	motifs	at	their	C-termini	(Jaskolski	et	al.,	
2004; Yan et al., 2004; Jaskolski et al., 2005b). They also promote the membrane 
delivery of subunits containing ER retention motifs, thus acting as permissive 
subunits facilitating the surface expression of ER-retained subunit splice variants 
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(Figure 2b). 
The N-terminal domains GluK2 and GluK5 also play an important role in KAR 

trafficking	since	the	formation	of	 intact	glutamate-binding	site	acts	as	a	quality	
control	mechanism	 for	 the	 forward	 trafficking	 of	 homomeric	 and	 heteromeric	
KARs (Mah et al., 2005; Valluru et al., 2005). Furthermore, the linker region 
joining M3 and ligand-binding domain S2 of GluK2 participates in the ER exit 
of assembled receptor complexes (Vivithanaporn et al., 2007). One study also 
suggests a role for Q/R editing in the oligomerization and ER egress of GluK2 
containing KARs (Ball et al., 2010), but others found no role for RNA editing in 
the	trafficking	of	KARs	to	the	plasma	membrane (Ma-Hogemeier et al., 2010). 

1.3.2 Regulation of KAR membrane dynamics by post-translational 
modifications

In	 addition	 to	 specific	 motifs	 encoded	 in	 KAR	 amino	 acid	 sequence,	 KAR	
membrane	 dynamics	 is	 fine-tuned	 by	 a	 cross-talk	 between	 post-translational	
modifications	 and	 several	KAR	 interacting	proteins	 (Coussen,	 2009;	González-
González, 2012). The understanding of cellular processes controlling the dynamic 
surface	expression	of	KARs	lags	far	behind	AMPARs,	whose	regulated	trafficking	
is fundamental to synaptic plasticity (e.g. Malinow and Malenka, 2002; Bredt 
and Nicoll, 2003; Derkach et al., 2007; Hanley, 2010; Henley et al., 2011). Like 
AMPARs, under basal conditions KARs are endocytosed and recycled back to 
the plasma membrane in a time-scale of minutes in a subunit and splice-variant 
specific	manner	(Martin	and	Henley,	2004;	Huyghe	et	al.,	2011).	Moreover,	activity	
rapidly regulates the rate of KAR endocytosis and the fate of internalized receptors 
depending on the endocytotic stimuli (Martin and Henley, 2004; Martin et al., 
2008). Similarly to AMPARs and NMDARs, endocytosis of KARs has been shown 
to be clathrin- and dynamin-dependent (Ren et al., 2003; Mondin et al., 2010; 
Huyghe et al., 2011). Nevertheless, detailed rules for basal and activity-dependent 
regulation of KAR membrane dynamics, as well as the plasma membrane turnover 
rates of different KAR subunit combinations, are still poorly understood. 

Phosphorylation plays a versatile role in KAR membrane dynamics depending 
on the mode of activation, cell-type and the subunit undergoing phosphorylation 
(Coussen, 2009; González-González, 2012). In dorsal root ganglion neurons, 
the phosphorylation of GluK1 by PKC is induced by activation and metabotropic 
signaling of KARs themselves, resulting in the internalization of the receptors 
and thereby providing a mechanism for the autoregulation of KARs in an activity-
dependent manner (Rivera et al., 2007). In perirhinal cortex neurons, activation of 
group I mGlu receptors enhances KAR function in a PKC-dependent fashion and 
this mechanism interacts with the expression mechanism of KAR-LTD (Cho et al., 
2003; Park et al., 2006). Inhibition of PKC in hippocampal CA3 neurons causes a 
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rapid reduction in the amplitude of KAR EPSC (Hirbec et al., 2003). Furthermore, 
in hippocampal neurons PKC activity regulates the activity-dependent sorting of 
GluK2 containing KARs to recycling and degradative pathways depending on the 
endocytotic stimuli (Martin and Henley, 2004; Martin et al., 2008). 

Several studies have assessed the molecular mechanisms underlying PKC-
dependent regulation of synaptic KAR function. Direct phosphorylation of GluK2 
at ser-846 and ser-868 by PKC regulates GluK2 progress through its biosynthetic 
pathway and the endocytosis of surface receptors (Nasu-Nishimura et al., 2010), 
providing a possible mechanism for the physiological regulation of GluK2 
containing KARs (Hirbec et al., 2003; Park et al., 2006). More recently, small 
ubiquitin-like	modifier	(SUMO)	was	identified	as	a	key	determinant	in	regulating	
endocytosis of GluK2 containing KARs in hippocampal neurons (Martin et al., 
2007). Agonist activation leads to PKC-mediated phosphorylation of GluK2 at 
critical S868, which directly promotes GluK2 SUMOylation at K886 and, in turn, 
leads to endocytosis of surface KARs (Konopacki et al., 2011; Chamberlain et 
al.,	2012).	The	physiological	significance	of	this	modulation	is	shown	at	the	MF-
CA3 synapse, where SUMOylation mediates and is necessary for PKC-dependent 
LTD of KAR EPSCs (Chamberlain et al., 2012). In addition, PKC-dependent 
phosphorylation of GluK1b has been suggested to regulate the interaction of 
KARs with PDZ–domain containing proteins PICK1 and GRIP (Hirbec et al., 
2003). These diverse mechanisms likely act in dynamic interaction to regulate 
the basal and activity-dependent expression of synaptic KARs. Finally, other post-
translational	modifications,	such	as	palmitoylation	and	ubiquitination	of	GluK2	
containing KARs have been reported (Pickering et al., 1995; Salinas et al., 2006), 
providing further variability in the molecular mechanisms regulating KAR surface 
expression.

1.3.3 Protein interactions involved in KAR trafficking

KAR subunits and splice variants diverge in their intracellular C-terminal domains, 
raising	the	possibility	that	trafficking	can	be	regulated	by	different	set	of	proteins	
interacting with these regions. Several accessory and scaffolding proteins, some 
of	which	 are	 common	 for	 all	 iGluRs,	 controlling	KAR	 targeting	 and	 trafficking	
have	been	 identified	 (Collingridge	 and	 Isaac,	 2003;	Coussen	 and	Mulle,	 2006;	
Coussen, 2009; González-González, 2012).

KAR subunits GluK1b, GluK1c and GluK2a contain a PDZ-binding motif1 
at their C-termini and bind to several PDZ-domain containing proteins, such as 
PSD-95, SAP102, SAP97, GRIP, PICK1 and syntenin (Garcia et al., 1998; Mehta 

1	 	PDZ	binding	motifs	are	short	peptide	sequences	(usually	around	five	aminoacids)	which	

bind to protein interaction modules (PDZ domains) in other, often multidomain scaffolding proteins 

(Lee and Zheng 2010). 



19

et al., 2001; Coussen et al., 2002; Hirbec et al., 2003). Deleting the PDZ-domain 
interaction	site	does	not	affect	trafficking	of	KAR	subunits	from	ER	to	the	plasma	
membrane (Ren et al., 2003a; Ren et al., 2003b; Jaskolski et al., 2004). However, 
disrupting the interactions of KARs with either PICK1 or GRIP by intracellular 
blocking peptides in CA3 pyramidal neurons causes a reduction of KAR excitatory 
postsynaptic currents EPSCs, indicating the involvement of these proteins in 
stabilizing	KARs	at	synapses	(Hirbec	et	al.,	2003).	PSD-95,	the	first	characterized	
PDZ domain protein, regulates clustering of KARs at synapses, modulates the 
channel kinetics and plays a role in KAR-mediated excitotoxity (Garcia et al., 
1998; Mehta et al., 2001; Savinainen et al., 2001; Bowie et al., 2003; Pei et al., 
2006).  

Besides PDZ-domain containing proteins, several other KAR interaction 
partners regulating both channel function and receptor targeting have been 
identified	 (reviewed	 in	 Coussen,	 2009;	 González-González,	 2012).	 Interaction	
of	the	splice	variant	GluK2b	with	actin-binding	protein	Profilin	IIa	regulates	the	
number of surface-expressed KARs by two mechanisms; by a generic inhibition 
of	clathrin-mediated	endocytosis,	and	by	controlling	KAR	exocytosis	via	specific	
interaction	 with	 GluK2b	 (Mondin	 2010).	 GluK2	 interaction	 with	 β-catenin	
results in the recruitment of KARs in the areas where cadherins are concentrated 
(i.e. at membrane adhesion sites) and have been suggested to be important in 
localizing KARs at synapses and perisynaptic domains (Coussen et al., 2002). 
GluK2	binding	 to	BTB-Ketch	 family	adaptor	protein	actinfilin	 targets	 receptors	
for	proteosomal	degradation	through	the	ubiquitination	pathway	(Salinas	et	al.,	
2006). GluK5 interaction with SNARE-protein2 SNAP25 regulates the dynamic 
synaptic	turnover	of	GluK5	containing	KARs	and	is	required	for	the	KAR-LTD	at	
MF-CA3 synapses (Selak et al., 2009). Finally, microtubule motor protein KIF17 
has been reported to interact with GluK2 and GluK5 subunits and to regulate 
GluK1 localization to distal dendrites (Kayadjanian et al., 2007).

The	 detailed	 roles	 of	 the	 NETO	 auxiliary	 subunits	 in	 the	 trafficking	 and	
targeting of KARs to synapses remain to be resolved (Copits and Swanson, 2012; 
Tomita	and	Castillo,	2012).	Some	observations	argue	against	a	significant	role	in	
trafficking	(Zhang	et	al.,	2009;	Straub	et	al.,	2011b),	while	other	studies	indicate	
that	NETO1	is	required	for	the	expression	of	GluK2/GluK5	at	postsynaptic	density	
in MF-CA3 synapses and that NETO2 can enhance the surface expression of GluK1 
containing KARs (Copits et al., 2011; Tang et al., 2011). 

2  SNARE (soluble N-ethylmaleimide-sensitive-factor attachment protein receptor) proteins, 

a superfamily of proteins essential for intracellular membrane-fusion events (Ungar and Hughson, 

2003). 
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1.3.4 Subcellular localization of native KARs

KARs are widely expressed in the mammalian central nervous system, each 
subunit exhibiting distinct but overlapping patterns of mRNA expression 
(Wisden and Seeburg, 1993; Bahn et al., 1994; Ritter et al., 2002; Jaskolski et 
al.,	 2004).	 High-quality	 selective	 antibodies	 are	 available	 only	 against	 certain	
KAR subunits (GluK2/3, GluK4, GluK5) and therefore, the expression pattern 
of KAR subunits at the protein level remains unclear. Most of the information 
regarding	 the	 subcellular	 localization	 of	 KARs	 and	 specific	 subunits	 has	 been	
obtained from electrophysiological studies with selective pharmacological tools or 
from the studies of KAR mutant mice (Isaac et al., 2004; Jaskolski et al., 2005a). 
These studies suggest that unlike AMPARs and NMDARs located primarily at 
postsynaptic sites, KARs are located in diverse subcellular domains including pre-
, post- and extrasynaptic sites. Hippocampal CA3 pyramidal and CA1 interneurons 
are among the most comprehensively studied neuron types, and both cell-types 
illustrate	the	diverse	polarized	trafficking	of	various	types	of	KARs	even	within	the	
same neuron (Jaskolski et al., 2005a; González-González, 2012). 

A	 few	 studies	 have	 utilized	 subunit-specific	 antibodies	 and	 immunogold	
electron microscopy to detect the subcellular localization of KAR subunits. 
Immunohistochemical studies on the distribution of GluK2, GluK4 and GluK5 
show the preferential localization of these subunits in the CA3 stratum lucidum, 
the region of MF synaptic contacts (Petralia et al., 1994; Darstein et al., 2003; 
Ruiz et al., 2005).  At MF synapses, GluK4 and GluK5 have been shown to 
predominantly localize at pre- and postsynaptic sites, respectively (Petralia et al., 
1994; Darstein et al., 2003). In contrast, biohemical evaluation of subsynaptic 
fractions from hippocampal nerve terminals revealed the enrichment of 
GluK4 at the postsynaptic density, while GluK2 and GluK5 were detected both 
postsynaptically and at presynaptic active zones close to neurotransmitter release 
sites (Pinheiro et al., 2005). 

In hippocampal neuron cultures, recombinant GluK1-3 subunit splice 
variants do not display a strict segregation to axonal or dendritic compartments, 
suggesting that alternative splicing is not a key determinant in polarized targeting 
of KARs (Jaskolski et al., 2004; Jaskolski et al., 2005). Heteromeric receptor 
composition	plays	a	 role	 in	 subcellular	 trafficking,	as	 shown	 for	GluK1a,	which	
is targeted to distal dendrites when expressed with GluK2 and GluK5 whereas 
restricted to proximal dendrites when expressed alone (Kayadjanian et al., 2007). 
A differential endocytosis of homomeric GluK3a/b containing KARs in dendrites 
and axons has been suggested to regulate the preferential targeting of receptors to 
dendritic compartment in hippocampal neurons (Huyghe et al., 2011). However, 
the	mechanisms	regulating	polarized	trafficking	of	different	types	of	KARs	remain	
elusive,	likely	involving	complex	determinants	such	as	subunit	specific	association	
with interacting proteins. 
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1.4 KAR functions in the hippocampus

The function of KARs has started to emerge during the last decade, and has in 
many	aspects	proved	unique	when	compared	to	two	other	subfamilies	of	iGluRs.	
KARs	modulate	 the	 activity	 of	 synaptic	 networks	 in	 a	 cell-	 and	 circuit-specific	
fashion and in addition to classical ionotopic signaling, KARs also use a non-
canonical metabotropic mechanism of action (Lerma, 2003; Pinheiro and Mulle, 
2006; Contractor et al., 2011). 

1.4.1 Somatodendritic KARs

The	existence	of	postsynaptic	KARs	mediating	excitatory	transmission	was	first	
demonstrated at MF-CA3 synapses, where KARs mediate a slow, low amplitude 
excitatory postsynaptic current (Castillo et al., 1997; Vignes and Collingridge, 
1997). KARs are also found postsynaptically at glutamatergic synapses on CA1 
interneurons, where they excite interneurons and increase tonic inhibition to 
CA1 pyramidal cells (Cossart et al., 1998; Frerking et al., 1998; Bureau et al., 
1999). A predominant feature of EPSCKA is its slow kinetics, providing a temporal 
integration of excitatory inputs over a larger time scale (Lerma, 2003).

Besides directly depolarizing a population of neurons, somatodendritic 
KARs control cellular excitability via the regulation of slow and medium 
afterhyperpolarizing currents (IsAHP and ImAHP, respectively). In CA1 pyramidal 
neurons, synaptic activation of GluK2 containing KARs leads to depression of 
IsAHP	via	a	metabotropic	action	requiring	G-protein	activation	and	PKC	(Melyan	et	
al., 2002; Melyan et al., 2004). Similarly, KARs also regulate IsAHP and ImAHP in a 
G-protein-coupled manner in CA3 pyramidal cells, a mechanism likely involving 
GluK2 and GluK5 subunits (Fisahn et al., 2005; Ruiz et al., 2005). Recently, 
tonically active GluK1 containing KARs were shown to inhibit ImAHP in neonate 

CA3	interneurons	and	thus	permit	the	high	interneuronal	firing	rate	seen	in	early	
development (Segerstrale et al., 2010). Such inhibition of ImAHP by tonically active 
KARs is age-dependent and disappears by the end of second postnatal week. 

1.4.2 Presynaptic KARs and the modulation of glutamate release

Modulation of glutamate release by presynaptic KARs was initially shown in the 
Schaffer collateral (SC)-CA1 synapses of the hippocampus, where the application 
of KAR agonists strongly depresses transmission (Figure 3c) (Chittajallu et 
al., 1996; Kamiya and Ozawa, 1998; Vignes et al., 1998a; Frerking et al., 2001; 
Clarke and Collingridge, 2002; Sallert et al., 2007). This depressant effect of 
KARs on glutamate release has been suggested to be mediated via a metabotropic 
mechanism, as the regulation is sensitive to G-protein inhibitors but unaffected 
by the antagonism of GABAA and GABAB receptors and several neuromodulators 
(Frerking et al., 2001; Clarke and Collingridge, 2002a). Pharmacological evidence 
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Figure 3. Presynaptic KARs regulating glutamate release at MF-CA3 and SC-CA1 synapses in the 

mature hippocampus. A) At the mossy fibres, KA concentrations below 100 nM facilitate glutamate 

release through Ca2+-permeable KARs leading to direct increase in Ca2+-levels (1), that is boosted by 

further release of Ca2+ from intracellular stores (2). The depolarization of the nerve terminal by KAR 

activation can also enhance Ca2+ influx via voltage-gated Ca2+ channels (VGCCs) (3). Ca2+-dependent 

activation of adenylate cyclase (AC)- cAMP-PKA-pathway results in long-lasting increase in 

glutamate release (Lauri et al., 2001; Schmitz et al., 2001; Lauri et al., 2003; Rodriguez-Moreno and 

Sihra, 2004; Pinheiro et al., 2007) B) KA concentrations above 100 nM depress glutamate release 

following the activation of a G-protein and the modulation of AC and PKA activity (Negrete-Diaz 

et al., 2006). C) In the CA1 area of the hippocampus, pharmacological activation of KARs leads to 

depression of glutamate release via a metabotropic mode of action.  G-protein activation is thought 

to directly inhibit presynaptic VGCCs, since protein kinases are not required in the signaling cascade 

(Chittajallu et al., 1996; Kamiya and Ozawa, 1998; Vignes et al., 1998; Frerking et al., 2001; Clarke 

and Collingridge, 2002). Black arrows depict the molecular signaling pathways involved in the 

facilitation (+) or inhibition (-) of glutamate release by KAR activity.  Red arrows indicate the routes 

of Ca2+-influx induced by KAR activation. RyR, ryanodine receptor. VGCC, voltage-gated calcium 

channel; AC, adenylate cyclase; cAMP, cyclic AMP; PKA, protein kinase A.
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indicates an involvement of GluK1 containing KARs (Vignes et al., 1998b; Clarke 
and Collingridge, 2002a), however, the depression of glutamate release by kainate 
and GluK1 agonist ATPA differ in certain aspects suggesting the existence of 
pharmacologically distinct populations of presynaptic KARs in CA1 (Clarke and 
Collingridge, 2002b).

Presynaptic KARs regulating glutamate release have been most widely 
studied at the MF-CA3 synapse, where KARs modulate release in a bidirectional 
manner (Figure 3a-b) (Lerma, 2003; Pinheiro and Mulle, 2006). Application of 
low (below 100 nM) concentrations of kainate facilitates release, whereas high 
concentrations cause a depression of transmission (Kamiya and Ozawa, 1998; 
Schmitz	 et	 al.,	 2000;	 Schmitz	 et	 al.,	 2001b).	 During	 high-frequency	 activity,	
kainate autoreceptors facilitate MF transmission and have pronounced impact on 
short- and long-term plasticity (Schmitz et al., 2001a; Bortolotto et al., 2005; Nicoll 
and Schmitz, 2005; Pinheiro and Mulle, 2008). Synaptically released glutamate 
activates presynaptic kainate autoreceptors within less than 10 ms and causes a 
strong	frequency	dependent	facilitation	observed	at	MF	synapses	(Contractor	et	
al., 2001; Lauri et al., 2001a; Lauri et al., 2001b; Schmitz et al., 2001b; Kamiya 
et al., 2002; Pinheiro et al., 2007). MF transmission can also be modulated by 
heterosynaptic KAR activation resulting from the spillover of glutamate from 
neighbouring MF inputs or from the associational/commissural (AC) synapses 
formed by the axons of other CA3 neurons (Schmitz et al., 2000; Schmitz et al., 
2001b). Facilitatory presynaptic KARs have a critical role in the induction of MF 
long-term potentiation (LTP), a presynaptic form of LTP independent of NMDAR 
activation (Bortolotto et al., 1999; Contractor et al., 2001; Lauri et al., 2001; Lauri 
et al., 2003; Schmitz et al., 2003; Pinheiro et al., 2007).  

Which KAR subunits compose the presynaptic receptors at the MF-CA3 
synapse has been under debate. Pharmacological experiments point out the role of 
GluK1 (Vignes et al., 1998a; Bortolotto et al., 1999; Lauri et al., 2001; Lauri et al., 
2001;	Lauri	et	al.,	2003,	but	see	Perrais	et	al.,	2009),	but	this	has	been	questioned	
due to ambiguous expression levels of GluK1 mRNA in granule cells and knock-
out studies indicating a contribution of GluK2, GluK3 and GluK5 but not GluK1 
(Contractor et al., 2000; Contractor et al., 2001; Contractor et al., 2003; Breustedt 
and Schmitz, 2004; Pinheiro et al., 2007). 

Besides the MF input, two other main inputs to CA3 cells are perforant path 
(PP)	from	entorhinal	cortex	and	associational	commissural	(A/C)	fibers	from	the	
contralateral CA3 forming recurrent loop within this region (Figure 4). GluK1 
containing KARs depress glutamate release at the A/C terminals but enhance 
transmission	at	PP-CA3	synapses,	indicating	a	target-cell	specific	role	of	KARs	in	
the regulation of glutamate release (Contractor et al., 2000; Salmen et al., 2012). 

The mechanisms underlying KAR-dependent facilitation and depression of 
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glutamate release are likely imparted by ionotropic and metabotropic actions of 
receptors, respectively (Pinheiro and Mulle, 2008; Rodriguez-Moreno and Sihra, 
2011). Ionotropic action of KARs can facilitate transmitter release by exciting 
the presynaptic membrane and enhancing action-potential-driven Ca2+ influx	
and/or via direct permeation of Ca2+ ions through Ca2+ permeable KARs (Figure 
3a) (Schmitz et al., 2001b; Kamiya et al., 2002; Lauri et al., 2003).  At the MF 
synapse, the increase in intracellular Ca2+ leads to stimulation of adenylate cyclase 
(AC)-cAMP-dependent	activation	of	PKA	and	subsequent,	long-lasting		increase	
in glutamate release (Rodriguez-Moreno and Sihra, 2004; Andrade-Talavera 
et al., 2012). Even though the depressant action of KARs could be mediated by 
ionotropic mechanisms if conductance is strong enough to shunt the membrane 
and/or inactive voltage sensitive ion channels, in the hippocampus most evidence 
support a metabotropic mode of action (Figure 3b-c) (Frerking et al., 2001; Lauri 
et al., 2005; Negrete-Diaz et al., 2006; Rodriguez-Moreno and Sihra, 2011). The 
signaling pathways downstream to G-protein activation are diverse and depend 
on the cell type and developmental stage. At the MF-CA3 synapse, the depression 
has been shown to be mediated via G-protein-dependent regulation of AC/cAMP/
PKA-pathway (Negrete-Diaz et al., 2006). At the SC-CA1 synapse, the mechanisms 
downstream G-protein-dependent depression of glutamate release change during 
development: in the neonate G-protein activation is linked to the activation of 
PKC, while in the juvenile the depression is independent of kinase activity (Figure 
3c) (Frerking et al., 2001; Lauri et al., 2005; Sallert et al., 2007).

1.4.3 KARs controlling GABAergic transmission

KARs modulate GABAergic transmission in the hippocampus in a complex fashion. 
On one hand, somatodendritic receptors depolarize interneurons and increase 
their	firing	rate.	On	the	other	hand,	presynaptic	and/or	axonal	heteroreceptors	
regulate	GABA	(γ-aminobutyric	acid)	release	(Huettner,	2003).	

Pharmacological and synaptic activation of KARs depress evoked GABA 
release in CA1 of the hippocampus (Clarke et al., 1997; Rodriguez-Moreno et al., 
1997; Frerking et al., 1998; Min et al., 1999; Maingret et al., 2005). However, there 
has been controversy concerning underlying mechanisms. Several studies strongly 
suggest that presynaptic KARs directly depress GABA release via a metabotropic 
mode of action (Rodriguez-Moreno and Lerma, 1998; Maingret et al., 2005; 
Rodriguez-Moreno and Sihra, 2011). Involvement of presynaptic metabotropic 
receptors in GABA release is supported by the studies from synaptosomes, in 
which KARs have been shown to be coupled to Gi/o-proteins and KAR-induced 
depression of GABA release is sensitive to G-protein- and PKC-inhibitors (Cunha 
et al., 1999; Cunha et al., 2000). However, an alternative indirect mechanism for 
the KAR-mediated regulation of GABA release, via activation of somatodendritic/
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axonal receptors, has been suggested (Bureau et al., 1999; Frerking et al., 1999; 
Semyanov	 and	Kullmann,	 2001).	 The	KA-induced	 increase	 in	 sIPSC	 frequency	
and the decrease in eIPSC amplitude can be dissociated pharmacologically, 
further suggesting that two different populations of KARs are responsible for these 
effects; 1) presynaptic KARs directly regulating GABA release in a metabotropic 
mode of action, and, 2) somatodendritic/axonal KARs regulating action-potential 
dependent GABAergic transmission (Rodriguez-Moreno et al., 2000; Maingret et 
al., 2005). 

In addition to KAR-mediated heterosynaptic depression, facilitation of 
GABA release has been demonstrated. Synaptically released glutamate enhance 
GABA release in CA1 interneuron pairs (Cossart et al., 2001) and in synapses 
between interneurons and CA1 pyramidal cells initially showing low probability 
of release (Jiang et al., 2001). Facilitatory and depressant actions of KARs seem to 
involve separate mechanisms of action, as facilitation is independent of PKC and 
PKA activity (Cossart et al., 2001; Jiang et al., 2001). 

1.5 KARs in the development of neuronal circuits

1.5.1 Developmental regulation of KAR expression and RNA editing

KARs are expressed in a spatially and developmentally regulated manner 
throughout the CNS (Wisden and Seeburg, 1993; Bahn et al., 1994; Stegenga and 
Kalb, 2001; Ritter et al., 2002). Interestingly, the expression of KAR subunits 
shows a marked peak during	the	first	two	postnatal	weeks	coininciding	with	the	
periods of intense synaptogenesis (Bahn et al., 1994; Ritter et al., 2002). The GluK1 
subunit shows prominent developmental dependency; in the hippocampus GluK1 
mRNA	expression	peaks	during	 the	first	week	of	 life	and	declines	 rapidly	after	
that, reaching the low adult mRNA levels around P14 (Ritter et al., 2002). The 
highest expression of GluK1 is detected in the CA1 stratum oriens, corresponding 
to the prominent expression of GluK1 in interneurons (Paternain et al., 2000). 
Detectable levels of GluK1 are also seen in the dentate gyrus and CA3 areas of 
the developing hippocampus (Bahn et al., 1994; Ritter et al., 2002). Nevertheless, 
nothing	 is	 known	 about	 the	 cell-type	 specific	 expression	 and	 developmental	
regulation of GluK1 splice variants. 

The extent of GluK1 and GluK2 RNA editing also changes during the critical 
period of late embryonic and early postnatal ages (Paschen et al., 1994; Bernard 
et al., 1999; Olsen et al., 2007). At embryonic stages and at the time of birth, 
most of the GluK1 subunit is unedited in the hippocampus, but the proportion 
of edited subunit increases rapidly reaching the adult levels at P4 and changing 
only slightly thereafter (Paschen et al., 1994). The physiological relevance of 
the developmental regulation of editing is unclear. In dorsal root ganglion cells, 
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GluK1	 containing	KARs	 are	 unedited	 during	 the	 first	 postnatal	 days	 and	 these	
Ca2+ permeable receptors have been shown to regulate neurite outgrowth (Lee et 
al., 2001; Joseph et al., 2011). Thus, it has been suggested that Ca2+ entry through 
unedited KARs early in development could regulate processes depending on Ca2+ 
transients,	such	as	axon	pathfinding	and	dendrite	outgrowth	(Olsen	et	al.,	2007;	
Joseph et al., 2011). 

1.5.2 KAR functions in the neonatal hippocampus

The ontogenetically restricted expression of KAR subunits suggests that KARs 
are involved in the formation of neuronal connections and in the regulation of 
transmission during this critical period of circuit development. Recently, such 
functions for pre-and postsynaptic KARs have been described in several areas of 
the hippocampus (Figure 4) (Pinheiro and Mulle, 2006; Lauri and Taira, 2012). 
In area CA3, endogenous activation of GluK1 containing KARs strongly modulates 
the balance between glutamatergic and GABAergic transmission (Lauri et al., 
2005).	 During	 the	 first	 postnatal	 week,	 tonically	 activated	 presynaptic	 KARs	
inhibit glutamate release onto CA3 pyramidal cells via a G-protein- and PKC-
dependent mechanism and facilitate release onto interneurons in a G-protein-
independent mechanism. In addition, GluK1 containing KARs activated by 
ambient glutamate tonically depress GABA release in neonatal MF-CA3 synapses 
via	 a	G-protein-mediated	mechanism	and	 regulate	 the	 firing	 frequency	 of	CA3	
interneurons by inhibiting medium afterhyperpolarizing current (ImAHP) (Caiati et 
al., 2010; Segerstrale et al., 2010). At the same time, dynamic activation of axonal 
KARs promotes recurrent excitation in the area CA3 (Juuri et al., 2010), but also 
strongly upregulates GABAergic transmission due to ionotropic depolarizing 
action on interneurons (Lauri et al., 2005). Together, these various actions of 
KARs modulate the excitability of the immature hippocampal network and control 
the spontaneous bursts typical for this developmental stage (Lauri et al., 2005; 
Lauri and Taira, 2011) (see chapter 1.5.2). 

In addition, KARs have been reported to participate in plasticity mechanisms 
at the developing hippocampal connections. In the neonatal CA1, activation 
of GluK1 containing KARs occludes the presynaptic component of long-term 
depression, suggesting that KAR signaling converges with the signals mediating 
LTD at immature CA3-CA1 synapses (Sallert et al., 2007). Furthermore, the 
antagonism of GluK1 containing KARs dynamically regulates the direction of 
spike-time dependent plasticity by switching spike-time dependent depression 
into potentiation of GABAergic responses at neonatal MF synapses (Caiati et al., 
2010).
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Figure 4. Summary of the described physiological functions of KARs in the developing hippocampus. 

In the immature CA3, spontaneous glutamatergic activity is mediated by DCG-IV insensitive inputs 

likely representing CA3 PC collaterals (Clarke, Luchkina, Lauri and Taira, unpublished results). 

The primary effect of GluK1 containing KARs in these inputs is to tonically A) inhibit glutamate 

release at synapses terminating at CA3 pyramidal cells via G-protein dependent mechanism, and 

B) facilitate release at synapses to interneurons via G-protein independent mechanism (Lauri et 

al., 2005). Besides, GluK1-lacking KARs localize to these axons to facilitate excitability (Juuri et al., 

2010). In immature mossy fiber-CA3 synapse, which early in development release GABA, tonically 

active KARs depress release and increase axonal excitability (Caiati et al., 2010), while the typical 

facilitatory autoreceptor function on glutamate release appears after postnatal day 6 (Marchal 

and Mulle, 2004). In CA3 interneurons, endogenous activation of postsynaptic KARs inhibits ImAHP 

and increases interneuron excitability (Segerstrale et al., 2010) and dynamic activation of KARs 

depolarizes interneurons via ionotropic action (Lauri et al., 2005). In CA1 interneurons, functionally 

distinct subpopulations of KARs increase axonal excitability and depress GABA release (Maingret et 

al., 2005). The developmental functions of KARs in controlling glutamatergic transmission in CA1 

area are described in the present study. Adapted from (Lauri and Taira, 2012). 

1.5.3 KARs in the development of neuronal circuitry

In general, KARs might modulate the development of neuronal contacts and 
circuits in two parallel ways. First, by the various mechanisms described 
above (1.5.2), KARs regulate the immature-type activity patterns and network 
synchronization	required	for	the	proper	development	of	circuitry.	Second,	KARs	
may detect the endogenous activity patterns and directly mediate signals guiding 
the morphological development of neuronal connectivity (Lauri and Taira, 2012). 
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Spontaneous synchronous activity is an inherent property of the developing 
neuronal networks and is thought to play an important role in the formation of 
synaptic circuitry (Zhang and Poo, 2001; Hua and Smith, 2004). In the neonatal 
hippocampus, spontaneous network bursts, so-called giant depolarizing potentials 
(GDPs), are generated by the synergistic action of synaptically released glutamate 
and GABA, both of which are depolarizing and excitatory at this developmental 
stage (Khazipov et al., 1997; Bolea et al., 1999; Lamsa et al., 2000). GDPs are seen 
both in vitro (Ben-Ari et al., 1989; Garaschuk et al., 1998; Lamsa et al., 2000) and 
in vivo  (Lahtinen et al., 2002) and they are essential for the normal hippocampal 
development (Groc et al., 2002; Lauri et al., 2003; Colin-Le Brun et al., 2004; 
Huupponen et al., 2007; Huupponen et al., 2012). Recently, it was shown that 
this developmentally restricted rhythmic activity is regulated by the endogenous 
activation of GluK1 containing KARs and modulated by pharmacological activation 
of KARs (Lauri et al., 2005; Juuri et al., 2010). Both pharmacological activation 
and inhibition of endogenous GluK1 containing KARs result in the disruption of 
the	 typical	 pattern	 of	 network	 activity,	 seen	 as	 a	 decreased	 frequency	 of	GDPs	
(Lauri	et	al.,	2005).	In	addition,	activation	of	a	distinct	population	of	high-affinity	
KARs can initiate network bursts in CA3 by promoting the ectopic spike generation 
in CA3 pyramidal neurons (Juuri et al., 2010). 

KARs have been implicated in the regulation of motility of axonal growth 
cones	and	filopodia,	structures	involved	in	axon	pathfinding	and	in	the	early	stages	
of contact formation (Tashiro et al., 2003; Ibarretxe et al., 2007; Jouhanneau 
et al., 2011). In hippocampal slice cultures, activation of KARs by synaptically 
released	glutamate	bidirectionally	regulates	the	motility	of	MF	filopodia	according	
to the developmental stage, suggesting that KARs facilitate synapse formation 
at two steps (Tashiro et al., 2003). In young slices (at DIV13-15), KARs increase 
filopodial	motility,	 possibly	 helping	 them	 to	 find	 postsynaptic	 targets.	 At	 later	
stages (at DIV20-22), KAR activation downregulates motility and may promote 
the stabilization of nascent contacts (Tashiro et al., 2003). The opposite effects 
on motility are presumably mediated by different populations of KARs, since they 
are mechanistically distinct with motility induction depending on the activation 
of voltage-sensitive calcium channels (VSCC) whereas inhibition involves Na+-
channels and the activation of the G-protein pathway (Tashiro et al., 2003) 

Transient activation of KARs by bath applied kainate induces a fast and 
reversible growth cone stalling of axons in primary hippocampal neurons, in a 
mechanism involving somatodendritic GluK2-containing KARs and depending 
on	the	ability	of	cells	to	fire	action	potentials	(Ibarretxe	et	al.,	2007).	In	the	same	
study, long-term activation of KARs by low concentrations of kainate decreased 
the rate of axonal outgrowth in a mechanism independent of action-potential 
firing	and	possibly	involving	metabotropic	signaling	mechanisms,	highlighting	the	
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versatile functions KARs may play in the morphological development of neuronal 
connectivity (Ibarretxe et al., 2007). 

The protein interactions involved in the KAR-mediated morphological 
development of synaptic contacts are largely unknown. Syntenin, a scaffolding 
protein interacting with GluK1b, GluK1c and GluK2a, is heavily expressed during 
the periods of synapse formation and stabilization and has been shown to regulate 
the	 number	 of	 dendritic	 protrusions,	 however,	 whether	 this	 requires	 a	 direct	
interaction with KARs remains unclear (Hirbec et al., 2005). Finally,	GluK2-β-
catenin interaction at cell-cell contacts has been suggested to be associated with 
synapse formation (Coussen et al., 2002). 

KARs	are	also	shown	to	be	required	for	the	proper	maturation	of	hippocampal	
MF synapses (Marchal and Mulle, 2004). The emergence of postsynaptic KAR 
component around P6 coincides with the appearance of mature-type glutamatergic 
transmission consisting of large amplitude AMPA responses and high-degree of 
low	frequency	facilitation,	and	the	genetic	ablation	of	both	GluK1	and	GluK2	cause	
an	impairment	of	this	sequence	of	events	(Marchal	and	Mulle,	2004).	

 1.6 KARs and neuronal disorders 

KARs are commonly associated with epileptogenic activity (Vincent and Mulle, 
2009). Injections of kainate elicit epileptiform seizures and neuropathological 
lesions reminiscent of those found in patients with human temporal lobe epilepsy 
(Nadler, 1981; Ben-Ari, 1985). The reduced seizure-susceptibility in GluK2-
null mutant mice (Mulle et al., 1998) and after the blockade of KARs by GluK1-
selective antagonist (Smolders et al., 2002) has further implicated the role of 
KARs in the seizure activity in rodent models. Although the incidence of epilepsy 
is high in young children (Theodore et al., 2006) and genetic linkage of KARs and 
some forms of childhood epilepsies have been reported (Sander et al., 1997), it is 
not	known	how	KAR	activity	during	development	influences	the	progress	of	the	
disease. 

Increasing genetic evidence suggests a potential linkage between KARs 
and neurodevelopmental disorders (Bowie, 2008; Contractor et al., 2011). 
Multiple genetic studies have associated polymorphic variants of the GluK2 
subunit to autism (Jamain et al., 2002; Shuang et al., 2004; Kim et al., 2007) 
but see (Dutta et al., 2007). Further associations of KARs with other diseases 
of neurodevelopmental origin have been reported; loss-of-function mutations 
in GRIK2 have been linked to mental retardation (Motazacker et al., 2007) and 
GRIK4 associated with schizophrenia in some populations (Pickard et al., 2006) 
but	 see	 (Shibata	 et	 al.,	 2002).	However,	 these	 interesting	 associations	 require	
further scrutiny to clarify the possible pathophysiological roles of KARs and to 
establish a causative link to human diseases.  



30

2 MATERIALS AND METHODS

The methods used in this study are listed in the table 2. An overview of the methods 
and some supplementary information is provided in this chapter; all materials 
and detailed procedures can be found from original publications indicated by 
their Roman numerals. All experiments were approved by Ethics Committee for 
Animal Research at the University of Helsinki.

Table 2. List of methods used. Only those methods in which the author was personally involved are 

listed here. 

Method Publication

Cell– and tissue-culture II, III

Cloning and plasmid construction II

Confocal microscopy II, III

Dot blot II

Double in situ hybridization II

Dual patch clamp recordings  II

Immunocytochemistry II

Immunohistochemistry III

Lentiviral infections in vitro II

Lentivirus production II

Reverse transcriptase-PCR II

Transfection II

Western blotting III

        Whole cell patch clamp recordings from acute and organotypic                 
        hippocampal slices 

I-III

2.1 Preparations used

Various	 preparations	 from	 rat	 hippocampus	 were	 used	 to	 address	 the	 specific	
scientific	 questions.	 Acute	 hippocampal	 slices,	 which	 preserve	 minimally	
altered synaptic circuitry relative to intact hippocampus, were used to study 
the physiology of tonically active KARs (I, II). To examine the effects of KARs 
on synaptic connectivity over longer periods of time, we used organotypic 
hippocampal cultures, which allow long-term pharmacological and genetic 
manipulations but still largely maintain the cytoarchitecture and synaptic circuits 
of the hippocampus (II, III). Due to their high neuronal connectivity, organotypic 
cultures were also used to study the role of GluK1c in synaptic transmission 
between monosynaptically coupled cell pairs (II). For high-resolution imaging 
of subcellular localization, primary hippocampal neurons were used in dispersed 
and compartmentalized cultures (II). In addition, human embryonic kidney 293 
(HEK293t) cell line and bacterial cultures (Escherichia coli) were used for virus 
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and plasmid production, respectively. 

Acute hippocampal slices (I, II)

300-400 µm parasagittal transversal slices were prepared from neonate (postanatal 
day (P) 3-6) and juvenile (P14-P16) hippocampi using standard methods (e.g. 
Lauri	 et	 al.,	 2005).	Briefly,	 the	brain	was	quickly	dissected	and	 slices	were	 cut	
using	vibratome	in	ice-cold	artificial	cerebrospinal	fluid	(ACSF)	containing	high	
[Mg2+] and saturated with 5 % CO2 / 95 % O2. The recordings from the slices were 
done 1-5 hours after cutting. Durign this period, most of the neurons recover from 
the dissection procedure but are capable of maintaining homeostasis ex vivo, 
allowing physiological responses to be recorded in vitro.  

Organotypic hippocampal cultures (II, III)

Organotypic hippocampal cultures were prepared from P9-10 (study III) or from 
P7-P8 (study II) animals according to the method of Stoppini et al. (Stoppini, 
Buchs & Muller 1991). Hippocampi were dissected under sterile conditions and 
cut transversally into 300-350 µm thick slices using a tissue-chopper. Three 
to four slices were placed on a single 0.4 µm membrane insert and slices were 
cultivated at +35° C in 5 % CO2 at the interface of air and tissue culture medium. 

The preparation age of the slice cultures was chosen so that the 
cytoarchitecture of the hippocampus is already established and most cells have 
passed the migratatory phase, but nerve cells still survive explantation. In 
experiments studying the role of KARs in synaptic connectivity by pharmacological 
manipulations (III), slices were used 13-15 days in vitro (DIV13-15), when GluK1-
containing KARs are not endogenously activated. Dual recordings were made from 
slice cultures at DIV9-11, where the proportion of monosynaptically connected 
CA3-CA3 cell pairs have been reported to be 30-50 %, but polysynaptic activity is 
still low (Debanne et al., 1995; Pavlidis and Madison, 1999). 

During	the	preparation	of	organotypic	cultures,	afferent	fibers	are	cut	and	
thereafter	 regenerate	during	 the	first	week	 in	 culture	 (Stoppini	 et	 al.,	 1991;	De	
Simoni	et	al.,	2003).	After	the	first	week	in vitro, the development and maturation 
of hippocampal circuitry under culture conditions proceeds at a remarkably 
similar rate as in vivo, so that in the terms of synaptic transmission and dendritic 
morphology	DIV14	cultures	are	equivalent	to	acute	slices	prepared	at	P17	(Muller	
et al., 1993; De Simoni et al., 2003). However, although surprisingly similar, the 
development of slice cultures is not identical to that in vivo, resulting i.e. from 
the absence of extrahippocampal regulation and the rewiring of cut axons. This is 
particularly evident after longer cultivation periods (2-3 weeks), when polysynaptic 
connections and epileptiform activity is typically observed (McBain et al., 1989). 
The complexity of dendritic branching is higher in organotypic cultures, leading 
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to increased glutamatergic connectivity (De Simoni et al., 2003). It should also 
be noted that in the organotypic cultures, the proportion of glial cells increases 
during the cultivation period, which can critically affect the uptake of extracellular 
glutamate and hence the endogenous activation of KARs.

Primary hippocampal neurons (II)

High-density hippocampal cultures were prepared from 17/18 days old rat 
embryos using papain and mechanical trituration. Neurons were plated on glass 
coverslips (coated with poly-L-ornithine and laminin) at the density of 40 000 
cells/cm2	 or	 microfluidic	 culture	 chambers	 (coated	 with	 poly-L-lysine)	 at	 the	
density of 81 600 cells/cm2 and cultivated in neurobasal medium (supplemented 
with B27, L-glutamine and antibiotics) at +37° C in 5 % CO2.

High-density hippocampal cultures contain glutamatergic and GABAergic 
neurons, whose optimal survival is supported by the presence of astrocytes. 
Majority of the neurons are glutamatergic, the proportion of GABAergic neurons 
presenting only approximately 1/20 of the total neuronal population (Benson et al., 
1994). Although the rate of synaptogenesis of dispersed neurons in vitro depends 
on	 the	density	of	plated	cells,	 the	first	excitatory	 synapses	have	been	shown	 to	
form around DIV7, and the number of mature synapses increase remarkably after 
DIV10 (Grabrucker et al., 2009)). The subcellular localization analysis of KAR 
subunits were made from DIV13-15 cultures, when synaptic connections have 
already formed.

Due to relatively challenging analysis of axons in dispersed neuronal cultures, 
the high-resolution analysis of KAR axonal localization was done by culturing 
neurons	 in	 microfluidic	 chambers	 (Taylor	 et	 al.,	 2010;	 Jokinen	 et	 al.,	 2012).	
Microfluidic	 chambers	 contain	 two	 separate	 reservoirs	which	are	 connected	by	
small diameter straight microtunnels. Neurons are plated on both reservoirs, but 
only neurites can invade microtunnels.  Due to their faster growth rate, at DIV13-
15 only axons reach the middle and end parts of the tunnel (> 300 µm from the 
tunnel opening), which considerably simplify their analysis.  To study the axonal 
localization of KAR subunits, one reservoir of the microchip was infected with 
tagged GluK-constructs (2.2), which allowed the analysis of isolated GluK infected 
axons with high-resolution. 

2.2 Molecular biology

KAR constructs 

Investigating	the	trafficking	and	targeting	of	KAR	subunits	is	challenging	due	to	
lack of good antibodies. In particular, no selective antibodies exist for the subunits 
GluK1 and GluK4 and thus the localization of the endogenous proteins cannot 
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be	 studied.	 To	 overcome	 this	 problem,	 we	 constructed	 epitope-tagged	 (flag	 or	
6xmyc) GluK1b, GluK1c, GluK4 and GluK5 proteins. cDNAs of KAR subunits 
were	amplified	from	rat	brain	mRNA	library	by	reverse-transcriptase	(RT)-PCR,	
after which tagged constructs were made by inserting an epitope in-frame at the 
extracellular N-terminus after the predicted signal peptide. The cell surface delivery 
of	tagged	constructs	was	verified	by	surface	immunostaining	against	extracellular	
epitopes, which gave similar results as previously published reports (Ren et al., 
2003a; Ren et al., 2003b; Jaskolski et al., 2004). As homomeric receptors, only 
GluK1b was expressed at the cell surface at low levels, while GluK1c, GluK4 and 
GluK5	required	co-expression	of	GluK2a	to	be	targeted	to	the	plasma	membrane	
(data not shown). 

Lentiviral transductions

Second generation lentiviral expression system (Zufferey et al., 1997) was used 
to overexpress tagged GluK proteins in vitro and in vivo. By using lentiviruses 
pseudotyped with vesicular stomatitis virus G-protein (VSV-G), we were able 
to	efficiently	transduce	large	number	of	neurons	for	the	subcellular	 localization	
analysis and to perform sustained expression in vivo. Tagged KAR subunits were 
subcloned into lentiviral transfer vector under synapsin1 (syn1) or cytomegalovirus 
(CMV) promoter (table 3). Since VSV-G pseudotyped viruses also transduce glial 
cells, in most of the experiments syn1 promoter was used to achieve neuron 
specific	expression.	Under	the	syn1	promoter,	the	proportion	of	the	neurons	of	all	
transgene expressing cells were approximately 95 %, as previously reported (Hioki 
et al., 2007). For the visualization of transduced neurons in electrophysiological 
experiments, 6xmyc-tagged GluK1c/b was cloned into double promoter transfer 
vector driving the expression of 6x myc-GluK1c/b and EGFP under separate syn1 
promoters	 (figure	8bi),	 since	 the	fluorescence	 signal	was	 too	weak	when	using	
EGFP-tagged KAR constructs. 

Lentiviral particles were produced by transfecting HEK293t cells with 
envelope-coding plasmid pMD.G, packaging plasmid psPAX2 and transfer vector 
using Fugene6 transfection reagent. Medium containing viral particles was 
concentrated either by ultracentrifugation or with PEG-it™ virus precipitation 
solution after which the titers of the lentiviral stocks were determined with ELISA 
assay against viral coat protein p24. Neuron cultures were infected by adding 
concentrated lentiviral suspension directly to cell culture medium. For asymmetric 
infections	of	two	reservoirs	in	microfluidic	chambers,	fluidic	isolation	was	used	
(Jokinen et al., 2012). Targeted lentiviral infections to area CA3 of organotypic 
cultures were performed using a micromanipulator and microinjector. In vivo 
infections	of	0–2	day	old	rat	pups	were	done	under	isoflurane	anaesthesia	using	
stereotaxic method (Cetin et al., 2006). 
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The limitations of lentiviral-mediated gene expression include the potential 
toxicity	 of	 overexpressed	 proteins	 and	 inflammation	 reactions	 caused	 by	 in 
vivo	 infection.	 In	 addition,	 sub-field	 specific	 differences	 in	 the	 efficiency	 of	
gene expression by lentiviral delivery have been reported in the area CA3 (Van 
Hooijdonk	 AND	 Fitzsimons	 2009).	 However,	 we	 did	 not	 observe	 significant	
inflammatory	responses	after	 in vivo	 infections	with	purified	and	concentrated	
viruses. Besides, the expression levels reached by lentiviral transduction, and 
especially	with	neuron	specific	promoters	such	as	syn1,	are	relatively	low	compared	
to many other expression methods, reducing the risk of toxicity or unphysiological 
effects of the overexpressed proteins. 

Table 3. Lentivirus constructs used in the study II.

Plasmid

Flag-GluK1c/ 
pLen-Syn1

Flag-GluK1c/ 
pLen-CMV

Myc-GluK4/ 
pLen-CMV

Myc-GluK5/ 
pLen-CMV

Myc-GluK1c/
pLen-d-Syn1+EGFP

Myc-GluK1b/
pLen-d-Syn1+EGFP

pLen-d-Syn1+EGFP

pMD.G

psPAX2

Description

Transfer vector containing Flag-
GluK1c under synapsin1 promoter

Transfer vector containing Flag-
GluK1c under CMV promoter

Transfer vector containing Myc-
GluK4 under CMV promoter

Transfer vector containing  
Myc-GluK5 under CMV  
promoter

Transfer vector containing  
Myc-GluK1c and EGFP under 
separate synapsin1 promoters

Transfer vector containing  
Myc-GluK1b and EGFP under 
separate synapsin1 promoters

Transfer vector containing  
EGFP under synapsin1 promoter

Envelope coding plasmid

Packaging plasmid

Application

Subcellular localization 
analysis (dispersed 
cultures)

Subcellular localization 
analysis	(microfluidic	
cultures)

Subcellular localization 
analysis

Subcellular localization 
analysis

Dual patch clamp re-
cordings

Dual patch clamp re-
cordings

Dual patch clamp re-
cordings

Production of lentiviral 
particles

Production of lentiviral 
particles

Origin

Vesikansa, A. 

 
Vesikansa, A. 

 
 
Vesikansa, A. 

 
Vesikansa, A. 

 
Vesikansa, A. 

 
Vesikansa, A. 

 
Kuja- 
Panula, J. 

Trono, D.

Trono, D.
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RT-PCR 

In	addition	to	amplification	and	cloning	of	cDNAs,	RT-PCR	was	used	to	study	the	
expression of GluK1 splice variants in the hippocampus. Oligo-dT primers were 
used to synthetize cDNA from the total RNA extracted from P3/P15 hippocampi. 
Due to relatively low levels of mRNA of individual GluK1 splice variants, RT-PCR 
was performed in two rounds (nested PCR) using common forward primers and 
splice	variant	specific	reverse	primers	as	indicated	in	II.	To	avoid	a	contamination	
caused	by	the	amplification	of	genomic	DNA,	the	amplified	regions	span	at	least	
one	 intronic	 sequence.	 The	 amplification	 products	 of	 the	 second	PCR	 reaction	
were separated on agarose gel and analyzed by ethidiumbromide (EtBr) staining.
 

2.3 Biochemical and cell biological analysis methods

In situ hybridization  

Double in situ	 hybridization	 was	 used	 to	 elucidate	 the	 cell-specific	 expression	
pattern of heteromeric KARs containing GluK1 splice variants in the developing 
hippocampus. The protocol for double in situ	 hybridizations	 on	 paraffin-
embedded hippocampal sections (7 µm) was carried out essentially as described 
in	Huberfeld	et	al.,	2007.	Sequences	for	in situ probes are listed in table 4, sense 
sequences	were	used	as	negative	controls.	For	the	individual	KAR	subunits,	RNA	
probes of approximately 500 bp were designed, which corresponds to the length 
of commonly used riboprobes. As GluK1b and c splice variants differ only in 87 bp 
extra exon present in GluK1c variant, we designed a short RNA probe covering this 
region (probe GluK1c) and a probe of similar length in exon-exon boundary for 
GluK1b	(Figure	5).	Dot	blot	assay	revealed	that	GluK1c	probe	was	specific	for	the	
splice variant, while GluK1b (hereafter named GluK1b/c) recognized both splice 
variants. The staining pattern of the short GluK1b/c probe corresponded precisely 
to	 the	staining	of	 the	 long	GluK1	probe,	 indicating	 the	specificity	of	short	RNA	
probes. Thus, short GluK1b/c probe was used to analyze the overall distribution of 
GluK1	as	compared	to	specific	distribution	of	GluK1c	splice	variant.	

Figure 5. GluK1c and GluK1b/c probes for in situ hybridization.
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Glutamic acid decarboxylase (GAD) is commonly used as a means to identify 
interneurons in double in situ hybridization exeperiments (e.g. Paternain et al., 
2000; Morales et al., 2008). However, widely used interneuron markers GAD65 
and	GAD67	are	not	specific	for	interneurons	in	the	neonatal	hippocampus	(Dupuy	
and Houser, 1996). This led us to design a probe detecting Ca2+/calmodulin-
dependent	protein	kinase	II	(CaMKII),	which	is	specifically	expressed	in	principal	
(pyramidal)	neurons.	Two	different	probes,	CaMKIIα	and	CaMKIIβ	detecting	the	
neuron-specific	 isoforms	of	CaMKII,	were	 tested.	Both	probes	were	specific	 for	
hippocampal pyramidal neurons. However, in the neonatal hippocampus, the 
expression	level	of	CaMKIIβ	was	higher	and	more	evenly	distributed	compared	
to	CaMKIIα,	corresponding	to	previous	reports	(Burgin	et	al.,	1990;	Bayer	et	al.,	
1999).	Thus,	CaMKIIβ	was	chosen	as	a	principal	cell	marker	 in	the	subsequent	
double in situ experiments. 

Before double in situ hybridization experiments, all probes were labeled with 
S35 and in situ	hybridization	was	performed	to	ensure	specific	staining	pattern	with	
anti-sense	probes,	rule	out	any	nonspecific	staining	with	sense	probes	and	optimize	
hybridization conditions. For the double in situ hybridization experiments, GluK1 
probes were labeled with S35and	CaMKII-β	/GluK4/GluK5	with	digoxigenin	(dig).	
The analysis of in situ hybridization experiments was done from superimposed 
digital	images	taken	from	stained	sections	using	brightfield	and	darkfield	optics	
(to visualize dig and radioactive labeling, respectively).  

Table 4. List of probes for in situ.  All probes are within the coding sequence of mRNA.

Probe Accession number Nucleotides Length (bp)

CaMKII-β NM_021739.2 893-1393 501 

GluK1 NM_001111117.1 1139-1641 503 503

GluK4 NM_ 012572.1 296-786 491

GluK5 NM_031508.2 1532-2082 551

GluK1b/c NM_017241.2 2663-2761 99

GluK1c NM_001111117.1 2793-2879 87

Immunocytochemical and -histochemical stainings 

Immunostaining	 of	 paraformaldehyde	 (PFA)-fixed	 cultured	 neurons	 was	 done	
using standard protocols (described in details in II).  For immunostaining of 
organotypic	 slices,	 extended	 washing	 and	 perfusion	 protocols	 on	 free-floating	
sections were applied to prevent background staining and to increase tissue 
permeability. In addition, incubation times with primary (45–50 h) and secondary 
(several hours-24 h) antibodies were extended to ensure the proper antibody 
penetration into slices. A list of primary antibodies used in immunostainings is 
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provided in table 5, AlexaFluor 405/488/568-conjugated goat antibodies were 
used as secondary antibodies. Synaptophysin, which is a typical marker for 
synaptic density in immunochemistry (e.g. Carroll et al., 1999; Smith et al., 2000; 
Lauri et al., 2003), was used to examine synaptic number in organotypic cultures 
(III). To study the subcellular distribution of GluK1 (II), microtubule-associated 
protein 2 (MAP2) was used to label dendrites, since axon markers such as Tau1 are 
not	axon-specific	in	cultured	neurons.	The	mounting	of	stained	samples	was	done	
using commercial mounting media containing antifade reagent and the confocal 
microscopy was performed immediately after sample processing to minimize the 
fading	of	fluorescence	signal.		

Western blot 

To analyze the relative amounts of synaptic proteins in ATPA-treated vs control 
organotypic cultures, slices were removed from culture inserts and homogenized 
manually	 in	 lysis	 buffer.	 Protein	 concentration	 were	 measured	 and	 equal	
amounts of control and treated sample homogenates were resolved in SDS-PAGE, 
followed by transfer to nitrocellulose membrane and immunoblotting against 
synaptic	marker	proteins	 (table	5)	using	 standard	 techniques.	After	 incubation	
with horseradish peroxidase (HRP)-conjugated secondary antibodies, antibody 
complexes	were	detected	on	X-ray	films	using	ECL	reagents,	developed	films	were	
scanned and the integrated optical density of protein bands was measured from 
background subtracted images using ImageJ.

Table 5. Antibodies used in immunostainings and western blotting.

Primary anti-
body

Host Applica-
tion

Dilution Source Publi-
cation

Synaptophysin Rabbit  
polyclonal

IHC, WB 1:1000 Zymed Labora-
tories Inc.

III

β-tubulin Mouse  
monoclonal

WB 1:1000 Sigma-Aldrich III

Synapsin1 Mouse  
monoclonal

WB 1:1000 Synaptic Sys-
tems

III

GluA1 Rabbit polyclonal WB 1:1000 Keinänen, K. III

Flag Mouse  
monoclonal

ICC 1:1500 Sigma-Aldrich II

MAP2 Chicken  
polyclonal

ICC 1:8000 Synaptic Sys-
tems

II

Myc Rabbit polyclonal ICC 1:1500 Millipore II

Abbreviations: WB-Western blotting; ICC-immunocytochemistry; IHC-
immunohistochemistry.
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2.4 Confocal microscopy and image analysis 

Confocal microscopy was used to image immunostained neurons and organotypic 
cultures. Images from stained dispersed cultures (II) were taken at 1 µm interval 
using	40x	magnification	(numerical	aperture	(NA)	1.2)	and	excitation	wavelengths	
488 and 568. Raw images were stacked and the subcellular localization pattern 
of GluK1 in (MAP2) positive (=dendrites) and negative (=axons) processes was 
analyzed. Neurons from each image were grouped according to GluK1 localization: 
neurons in which GluK1 was localized strictly to soma and proximal dendrites (= 
restricted to soma-group) and neurons in which GluK1 was also detected in distal 
dendrites (>50 µm from the soma; distal dendrites-group). Axonal localization of 
GluK1 from both groups was analyzed independently. 

The	 images	 from	 microfluidic	 chip	 cultures	 (II)	 were	 taken	 with	 63x	
magnification	 (NA	1.3)	using	excitation	wavelenghts	405/488/568.	Bright	field	
images were taken in parallel to determine the total number of axons. Images 
taken at 0.5 or 0.75 µm interval were stacked and the axonal localization of KAR 
subunits	was	quantified	in	the	middle	part	of	the	tunnel	(350-550	µm	from	the	
tunnel opening) as a percentage of axons expressing KAR subunits with respect to 
the total number of axons.  

Blind-coded immunostained organotypic slices (III) were imaged with 40x 
magnification	 (NA	 1.2)	 using	 2x	 zoom.	 Images	 from	 sister	 control	 and	 ATPA-
treated slices were captured from the CA1 stratum radiatum close to the stratum 
pyramidale using constant gain throughout the experiment. Background and 
specific	 staining	were	distinguished	using	 threshold	 function,	 and	 the	 constant	
threshold was maintained for all images obtained from the same staining. The total 
area and the average diameter of synaptophysin-positive puncta were analyzed to 
estimate synapse number and the average size of the synapses, respectively. 

2.5 Electrophysiology

Whole-cell patch clamp recordings from acute and cultured slices were done in a 
submerged recording chamber under constant superfusion with the extracellular 
solution (ACSF) saturated with 5 % CO2 / 95 % O2. The osmolarity of the ACSF for 
acute slices was 300 mOsm (pH 7.2). For organotypic cultures, the osmolarity was 
increased to 320 mOsm (pH 7.2) by adding 20 mM sucrose to match the osmolarity 
of the culture medium. The recordings from acute slices were done at +32°C 
(except evoked EPSCs in I and II at room temperature) and the recordings from 
organotypic cultures at room temperature (+22°C). Different pharmacological 
agents were added to superfusion to isolate and manipulate spontaneous or 
evoked synaptic currents (table 6). 

Cell	somata	of	CA1	pyramidal	neurons	were	visually	identified	using	infrared	
illumination	with	differential	contrast	imaging	technique	or	Dodt	gradient	optics.	



39

Voltage-clamp	recordings	were	done	with	patch	electrodes	(2–5	MΩ)	filled	with	
Cesium-based	filling	solution	(130	mM	CsMeSO4, 10 mM Hepes, 0.5 mM EGTA, 
4 mM Mg-ATP, 0.3 mM Na-GTP, 5 mM QX314, 8 mM NaCl +20 mM sucrose for 
recordings from organotypic cultures) adjusted to pH 7.2 and to osmolarity 280 
mOsm (acute slices) or 300 mOsm (organotypic cultures). Only those recordings 
were	 access	 resistance	 was	 lower	 than	 40	MΩ	 and	 did	 not	 change	more	 than	
30 % during recording were accepted to the analysis. AMPAR and NMDAR-
mediated EPSCs were evoked by stimulation of Schaffer collateral-commissural 
fibres	with	a	bipolar	electrode	placed	in	CA1	stratum radiatum. For dual patch 
clamp recordings, virally infected slice cultures were placed in a submerged 
recording	chamber	mounted	on	a	fluorescence	microscope.	Infected	neurons	were	
identified	based	on	EGFP	fluorescence	and	 simultaneous	whole-cell	 recordings	
were	obtained	 from	a	fluorescent	and	non-fluorescent	pyramidal	neuron	 in	 the	
area	CA3	with	patch	 electrodes	 (3–5	MΩ)	 containing	K-gluconate-based	filling	
solution	(figure	8bii).  Brief depolarizing steps were given under current-clamp 
to	 evoke	 action-potentials	 in	 the	 fluorescent	 neuron	while	 recording	 the	 post-
synaptic	responses	of	the	non-fluorescent	neuron	under	voltage-clamp	(-70	mV).	
Cell pairs where an action-potential in presynaptic cell led to inward current with 
the amplitude of at least three times the average noise level with invariable decay 
less than 10 ms from the onset of presynaptic depolarization were considered to 
be monosynaptically connected. 

The electrophysiological data was analyzed using MiniAnalysis program 5.6.6 
(spontaneous activity) and pClamp software (spontaneous and evoked activity).
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Table 6. Pharmacological tools

1Enzyme catalyzing a transamination reaction converting glutamate and pyruvate2 
to	 α-ketoglutarate	 and	 alanine.	 The	 elevated	 concentration	 of	 pyruvate2 drives the 
metabolization	of	endogenous	extracellular	glutamate	to	α-ketoglutarate	(Overstreet	et	al.,	
1997; Min et al., 1998). 

Drug Concentration Action Publication

ATPA 1 µM GluK1 agonist I, III

LY382884 10 µM GluK1 antagonist I, III

ACET 100 nM GluK1  antagonist II

Tetrodotoxin 1 µM Blocker of voltage gated Na+ channels I, III

Picrotoxin 100 µM GABAA antagonist I, III

CGP55845A 1 µM GABAB antagonist I, III

GYKI53655 50 µM AMPAR antagonist I, III

NBQX 20 µM AMPAR and KAR antagonist I, III

LY341495 100 µM mGluR1-8 antagonist I

TBOA 50 µM glutamate uptake inhibitor I

Glutamate scavenger:
Glutamic-pyruvic trans-
aminase (GPT)1

Pyruvate2

5 U/ml

2 mM

glutamate scavenger I

GDPβS 300 µM blocker of G-proteins (intracellular) I

Pertussis toxin 5 µg/ml blocker of G-proteins (incubation) I

Kainate 50 nM KAR agonist I

CPA 1 µM adenosine receptor agonist I

Bisindolylmaleimide 
VII acetate (BIS)

1 µM PKC inhibitor I, III

D-AP5 50 µM NMDAR antagonist I, III

MK-801 40 µM NMDAR antagonist III

Atropine 1 µM mAChR antagonist III

Dihydro-beta erythroi-
dine

50 µM nAChR antagonist III

PPADS 50 µM purinergic receptor antagonist III

Reactive blue 2 µM purinergic receptor antagonist III

DPCPX 0.1-10 µM adenosine receptor antagonist III
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2.6 Statistical analysis

All data are given as mean ± SEM. Data was analyzed using Student´s two-
tailed t-test (I-III), Pearson´s correlation test (I) and ANOVA (II). P<0.05 was 
considered	as	statistically	significant.	
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3 AIMS 

This study was undertaken to study the roles of GluK1-subunit containing KARs in 
transmission, plasticity and maturation of glutamatergic synapses in the area CA1 
of	the	rat	hippocampus.	More	specifically,	the	aims	were	to:

 1) Study the physiological activation of GluK1 containing KARs and  
  their role in the glutamatergic synaptic transmission during  
  early development (I)

 2) Characterize the molecular identity of KARs regulating gluta 
  mate release at immature synapses (II)

 3) Assess the activity-dependent and molecular mechanisms in 
  volved in the developmental switch in KAR function (I,II)

 4) Study the roles of tonically active KARs in the development of  
  neuronal contacts (III)
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4 RESULTS AND IMPLICATIONS 

4.1 Physiological activation of presynaptic KARs at 
immature CA3-CA1 synapses (I)

4.1.1 GluK1 containing KARs tonically depress glutamate release probability 
at CA3-CA1 synapse in the neonate hippocampus 

Endogenous activation of GluK1 containing KARs by ambient L-glutamate tonically 
inhibits glutamate release onto CA3 pyramidal neurons during a restricted 
period in early development (Lauri et al., 2005). At the SC-CA1 synapse, where 
presynaptic KARs depressing glutamate release in response to pharmacological 
activation	 were	 first	 described,	 there	 has	 hitherto	 been	 no	 evidence	 for	 the	
endogenous activation or physiological roles of KARs (Chittajallu et al., 1996; 
Kamiya and Ozawa, 1998; Vignes et al., 1998a; Frerking et al., 2001; Clarke and 
Collingridge, 2002). 

In order to study if GluK1 containing KARs are physiologically activated 
by endogenous glutamate in the neonatal CA1, we used the GluK1-selective 
antagonist LY382884 (Bortolotto et al., 1999; Lauri et al., 2001). Blockade of 
KARs	by	LY382884	caused	a	significant	increase	in	evoked	EPSC	amplitude	and	
in	the	frequency	of	action-potential	independent	miniature	excitatory	potentials	
(mEPSCs) (Figure 6a). In a subset of experiments, minimal stimulation was 
used and the effect of LY382884 was associated with a decrease in failure rate 
of	 eEPCS.	 These	 findings	 indicate	 that	 at	 immature	 CA1	 synapses	 KARs	 are	
tonically activated and depress glutamatergic transmission in an action-potential 
independent manner. 

Increase	in	mEPSC	frequency	and	decrease	in	failure	rate	suggest	that	KARs	
depress transmission presynaptically by reducing release probability, but could 
also be explained by the insertion of AMPARs at silent synapses. However, we 
found	that	antagonism	of	KARs	by	LY382884	similarly	increased	the	frequency	
of AMPAR- and NMDAR-mediated mEPSCs. In addition, the depression of 
glutamate release was not mediated indirectly via neuromodulatory substances 
known to regulate glutamate release, since LY382884 was still able to increase 
glutamate release in the presence of various receptor antagonists including 
nicotinic receptors, purine and A1 receptors and metabotropic glutamate 
receptors. Taken together, these results strongly suggest that KARs located at the 
presynaptic terminals directly regulate glutamate release. 

KARs in the immature CA3 have been reported to be activated by ambient 
glutamate in the extracellular space (Lauri et al., 2005; Caiati et al., 2010; 
Segerstrale et al., 2010). To investigate the role of ambient glutamate in presynaptic 
KAR function in the CA1, glutamate levels were experimentally reduced using 
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the glutamate scavenger (table 5) (Overstreet et al., 1997; Min et al., 1998). 
Since	manipulating	glutamate	concentration	can	also	influence	the	activation	of	
metabotropic	GluRs	and	subsequently	affect	glutamate	release	(Scanziani	et	al.,	
1997), a broad spectrum mGluR1-8 antagonist LY341495 (Fitzjohn et al., 1998) 
was present in these experiments. The removal of glutamate from the extracellular 
space	by	the	scavenger	 increased	the	mEPSC	frequency	and,	most	 importantly,	
fully	 occluded	 the	 effects	 of	 subsequent	 application	 of	 LY382884	 (Figure	 6b).	
These results indicate that, early in postnatal life, endogenous glutamate levels 
are	sufficient	to	tonically	activate	GluK1	containing	KARs.	This	sets	a	continuous	
inhibitory tone on glutamate transmission in the neonatal CA1, similar to that 
observed at glutamatergic synapses onto CA3 pyramidal neurons (Lauri et al., 
2005).

4.1.2 Tonic GluK1 activity in CA1 is lost during development

The tonic inhibitory effect of KARs on glutamate release has not been detected 
previously in experiments on more mature CA1 neurons (Chittajallu et al., 1996; 
Kamiya and Ozawa, 1998; Vignes et al., 1998; Frerking et al., 2001; Clarke and 
Collingridge, 2002). To examine if endogenous tonic activation is developmentally 
downregulated, we tested the effects of LY382884 in juvenile rats (P14-P16). 
LY382884	 had	 no	 effect	 on	 either	 evoked	 EPSC	 amplitude	 or	 the	 frequency	
or amplitude of mEPSCs at P14-P16. In addition, removal of endogenous 
glutamate	by	the	glutamate	scavenger	had	no	effect	on	mEPSC	frequency	at	this	
developmental stage. These results indicate that tonic KAR activation inhibiting 
glutamate release is restricted to early developmental period and not observed 
in juvenile rats. Similar developmental downregulation of KAR activity has been 
reported in the area CA3 (Lauri et al., 2005; Caiati et al., 2010; Segerstrale et al., 
2010), hinting that the modulation of transmission by tonically active presynaptic 
KARs	has	specific	developmental	roles.	

The GluK1 agonist ATPA still caused a depression of EPSC amplitude 
at P14-P16, indicating that although not endogenously activated, presynaptic 
KAR depressing glutamate release is still present at this developmental stage, 
as previously reported (Vignes et al., 1998; Bortolotto et al., 1999; Clarke and 
Collingridge, 2002). ATPA-induced depression of EPSC amplitude was also 
observed in neonatal rats, though the depression was smaller than in juvenile rats, 
suggesting that in neonate a subpopulation of synapses bear ATPA-sensitive KARs 
which are not tonically activated. Interestingly, a recent study showed that ATPA 
regulates action-potential independent transmission (mEPSCs) only in neonatal 
but not in juvenile CA1, indicating that the mechanisms underlying ATPA-induced 
depression of glutamatergic transmission are altered during development (Sallert 
et	al.,	2007).	Factors	influencing	the	levels	of	ambient	glutamate,	including	the	
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uptake of glutamate by glutamate transporters and diffusion from synapses 
into surrounding extracellular space change substantially during development 
(Danbolt, 2001; Diamond, 2005). The glutamate uptake become faster during 
development due to the upregulation of the expression of glutamate transporters 
and, at the same time, the tortuosity of the extracellular space increases, thereby 
limiting glutamate diffusion (Sykova et al., 2000). Thus, one possibility for the 
loss of neonatal type tonic KAR activity in older animals could be that ambient 
glutamate	levels	are	lower	and	not	sufficient	to	activate	KARs.	To	test	if	neonatal	
KAR activity could be recapitulated by increasing glutamate concentration, we 
experimentally increased ambient glutamate concentration using the glutamate 
transport inhibitor TBOA (Shimamoto et al., 1998) at P14-P16. Neither TBOA 
or TBOA+LY382884 had an effect on mEPSCs, showing that the endogenous 
activation of KARs cannot be recapitulated in juvenile animals by increasing 
glutamate concentration. This indicates that the developmental downregulation 
of tonic KAR activation is not due to the change in extracellular glutamate 
concentration alone, but may involve alterations in the properties or expression 
pattern of receptors themselves.

4.1.3 Tonically active KARs have a high agonist affinity

Our data demonstrate that presynaptic KARs regulating glutamate release are 
found both in neonatal and juvenile CA3-CA1 synapses, but can be endogenously 
activated by ambient glutamate only in the neonate. One conceivable explanation 
for	 this	 could	be	 that	 these	 receptors	have	a	higher	 affinity	 for	 glutamate	 than	
the juvenile KARs. To study this, we tested the effects of 50 nM kainate which 
selectively	activates	high-affinity	KARs	(Lauri	et	al.,	2001;	Schmitz	et	al.,	2001b).	
50 nM kainate had no effect on EPSCs either at P3-P6 or P14-P16. However, 
when the endogenous activation of the receptors in the neonate was removed 
by the addition of the glutamate scavenger, a depressant effect of 50 nM KA on 
EPSC	 amplitude	was	 uncovered.	 These	 findings	 strongly	 support	 the	 idea	 that	
tonically	 active	KARs	 have	 a	 high	 agonist	 affinity,	 and	 that	 the	 developmental	
downregulation	of	endogenous	activation	could	be	due	to	the	loss	of	affinity.		

4.1.4 Presynaptic KARs depress glutamate release via a metabotropic 
mechanism

The inhibition of synaptic transmission between CA3 and CA1 neurons in response 
to pharmacological activation of KARs involves a G-protein-mediated mechanism 
(Frerking et al., 2001). In addition, the tonic inhibitory effect of KARs on glutamate 
release in neonatal CA3 pyramidal cell synapses has been shown to depend on 
the activation of G-proteins (Lauri et al., 2005). We next studied whether the 
physiological activation of KARs in neonatal CA1 also involves G-proteins. To this 
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Figure 6. Endogenous activation of KARs by ambient glutamate depresses glutamatergic 

transmission and defines the short-term dynamics of immature CA3-CA1 synapses. A) Blockade of 

GluK1 containing KARs by LY382884 causes a reversible increase in the frequency of mEPSCs in a 

CA1 pyramidal cell at P4. Example traces and (top) and pooled data of mEPSC frequency normalized 

to the baseline level. B) Pooled data showing that the removal of ambient glutamate by glutamate 

scavenger increases the mEPSC frequency and fully occludes the effect of LY382884. C) LY382884 

inhibits short-term plasticity in a population of synapses expressing facilitation in the neonatal CA1. 

Representative traces and pooled data showing the effect of LY382884 on EPSCs evoked by 50 Hz 

afferent stimulation. LY382884 inhibits facilitation by increasing the amplitude of the first EPSC in 

the train, whereas the amplitude of the 5th EPSC is not changed. 

end, slices were treated with pertussis toxin (PTX) to block G-protein-mediated 
signaling	and	 the	effects	of	LY382884	and	 the	scavenger	on	mEPSC	 frequency	
were examined. After the PTX treatment, neither LY382884, the scavenger nor 
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ATPA	affected	mEPSC	frequency.	In	contrast,	selective	inhibition	of	postsynaptic	
G-proteins	 by	 GDPβS	 in	 the	 patch	 pipette	 did	 not	 prevent	 the	 facilitation	 of	
mEPSC	frequency	in	response	to	LY382884	application.

In summary, these results indicate that presynaptic KARs tonically depressing 
glutamate release in neonatal CA1 act via G-protein-coupled mechanism. This is 
in line with existing data that suggests the depression of transmitter release by 
KARs occurs via G-protein-coupled KARs (Rodriguez-Moreno and Lerma, 1998; 
Cunha et al., 2000; Frerking et al., 2001; Lauri et al., 2005) but see (Kidd et al., 
2002). However, the molecular mechanisms that couple conformational changes 
by glutamate binding to KARs to G-protein activation and how this leads to the 
regulation of neurotransmitter release are largely unknown. KARs have little 
structural similarity to the classical metabotropic receptors, which are known 
to	have	specific	sites	 that	 interact	with	heterotrimeric	G-proteins	 (Pierce	et	al.,	
2002). Although KARs have been reported to be linked to Gi/Go	and	Gαq-	proteins 

in the hippocampus (Cunha et al., 1999; Ruiz et al., 2005), there is no evidence 
for the direct interaction of KARs with G-proteins. A tenable hypothesis is the 
involvement of an accessory/auxiliary protein, such as NETOs, linking KARs to 
G-protein activation (Rodriguez-Moreno and Sihra, 2007; Copits and Swanson, 
2012). 

Interestingly, the mechanisms downstream to KAR-mediated G-protein 
activation have been shown to vary depending on the developmental stage 
(Sallert et al., 2007; Lauri and Taira, 2012). In CA1, the depressant action of KARs 
on glutamate release in older (2-3 weeks) animals seem to be independent on 
protein kinase activity (Frerking et al., 2001; Partovi and Frerking, 2006; Sallert 
et al., 2007), while in the neonatal CA1 and CA3 the inhibition of glutamatergic 
transmission has been shown to involve the activation of PKC (Lauri et al., 2005; 
Sallert et al., 2007). The developmental loss of PKC sensitivity in CA1 parallels the 
disappearance of the effect of GluK1 activation on action-potential independent 
transmission,	 which,	 in	 turn,	 could	 reflect	 the	 physiological	 consequences	 of	
altered signaling on release mechanisms (Sallert et al., 2007).  

4.2 Role of tonically active KARs in immature-type 
glutamatergic transmission (I)

4.2.1 KAR activity defines the dynamic properties of transmission at immature 
CA3-CA1 synapses 

Transmission	 at	 immature	 CA3-CA1	 is	 characterized	 by	 short,	 high-frequency	
bursts during spontaneous network events (Lamsa et al., 2000; Palva et al., 2000). 
As	differences	in	glutamate	release	probability	influence	short-term	dynamics	of	
transmission, we were particularly interested in the role of physiological KAR 
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activity	 in	 frequency-dependent	 transmission	at	 immature	 synapses.	 Immature	
CA1 synapses are highly heterogenous in their short-term dynamics, (Dobrunz 
and Stevens, 1997; Hanse and Gustafsson, 2001). Some excitatory synapses have 
a high probability of release and are characterized by synaptic depression, while 
others have a low probability of release and facilitate during repetitive activity 
(Hanse and Gustafsson, 2001; Palmer et al., 2004). Similar facilitation is typical 
at MF synapses in CA3, where presynaptic KARs regulating glutamate release play 
an important role (Lauri et al., 2001; Lauri et al., 2001; Schmitz et al., 2001b).  

In order to study whether this heterogeneity of neonatal synapses is related 
to KAR function at presynaptic terminals, we studied the effect of LY382884 on 
short-term	dynamics	of	transmission	by	evoking	EPSCs	with	a	train	of	five	stimuli	
at 50 Hz. Inputs were divided into two groups; facilitatory (58 % of the recorded 
inputs) and non-facilitatory or depressing (non-facilitatory, 42 % of the recorded 
inputs) according to their response to this patterned stimulation. Application of 
LY382884 reduced facilitation at originally facilitatory synaptic inputs (Figure 6c) 
but had no effect on non-facilitatory ones. The reduced facilitation by LY382884 
was	associated	with	an	increase	 in	the	amplitude	of	the	first	EPSC	in	the	train,	
whereas	the	absolute	amplitude	of	the	fifth	EPSC	was	not	changed.	As	expected,	
removal of ambient glutamate by the scavenger fully mimicked the effects of 
LY382884 on synaptic facilitation. The application of 50 nM KA together with 
the scavenger resulted in an increase in facilitation during the 50 Hz train, fully 
supporting the idea that neonatal KARs regulating facilitation have high agonist 
affinity.	P14	synaptic	inputs	showed	little	or	no	facilitation	in	response	to	50	Hz	
stimulation, and as in non-facilitatory synapses in neonate, LY382884 had no 
effect. 

To	 summarize,	 these	 findings	 suggest	 that	 endogenously	 activated	 high-
affinity	 KARs	 tonically	 keep	 Pr	 low	 at	 a	 subpopulation	 of	 neonatal	 synapses,	
allowing large facilitation during the repetitive activity. In contrast, non-facilitatory 
synapses in neonate and juvenile lack tonically active KARs, resulting in a higher 
initial glutamate release probability and a concomitant lack of facilitation. Thus, 
tonic KAR activity has a critical role in determining the dynamic properties of 
neonatal inputs and provide a mechanistical explanation for the heterogeneity 
observed in immature CA1 synapses. 

4.3 Activity-dependent mechanisms regulating KAR 
function (I) 

4.3.1 LTP induction downregulates tonic KAR activation 

A tight link between the dynamic properties of glutamatergic CA1 synapses and 
tonic KAR activity suggests that a developmental mechanism exists to alter the 
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presynaptic KAR function and to switch immature-type synapses to mature ones. 
Temporally the developmental switch in KAR function correlates with the activity-
dependent maturation of synaptic circuitry, in which mechanisms similar to LTP 
are thought to play a pivotal role (Abbott and Nelson, 2000). Besides, plasticity-
associated changes in KAR function have been described at MF, thalamocortical 
and perirhinal cortex synapses (Kidd and Isaac, 1999; Lauri et al., 2001; Park et 
al., 2006). We next studied whether LTP involves regulation of neonatal KAR 
function by examining the effects of LY382884 after the induction of LTP at CA3-
CA1 synapses. Two schaffer collateral pathways were stimulated and LTP was 
induced in one of them using a pairing protocol. Prior to induction of LTP synaptic 
facilitation was measured and synapses were categorized as facilitatory and non-
facilitatory. 

At facilitatory inputs, application of LY382884 at the control, unpotentiated 
pathway, increased the EPSC amplitude as expected. However, in the same cells, 
LY382884 had no effect on EPSC amplitude after the induction of LTP regardless 
of the initial short-term dynamics of the input. LTP induction also occluded the 
increase in EPSC amplitude caused by the application of the glutamate scavenger. 
Thus, LTP induction alters the presynaptic KAR function by switching off tonic 
activation. 

If	 tonic	 KAR	 activity	 is	 required	 for	 the	 large	 facilitation	 observed	 in	 a	
subset of neonatal inputs as previously stated, LTP induction should also alter the 
dynamic properties of neonatal inputs. To test this, we measured the amount of 
synaptic facilitation before and after LTP induction. Indeed, at synapses that were 
initially	 facilitatory,	 LTP	 induction	 caused	 a	 significant	 decrease	 in	 facilitation	
and occluded any further effects of LY382884 on facilitation. At non-facilitatory 
inputs neither LTP nor LY382884 had any effect on the level of facilitation, as 
expected. Thus, pharmacological blockade of endogenous KAR activity and 
downregulation of tonic KAR activity by LTP induction have the same effect on 
the dynamic properties of immature synapses: they turn facilitatory synapses to 
non-facilitatory,	“mature”-	type	synapses.	

It has been shown that in a subset of immature CA1 neurons, LTP induction 
is associated with changes in presynaptic parameters, suggesting a presynaptic 
expression mechanism (Palmer et al., 2004). This type of LTP is expressed only 
during	 the	 first	 postnatal	 week	 paralleling	 tonic	 KAR	 activation.	 As	 described	
above, LTP induction in neonatal facilitatory synapses results in the loss of tonic 
activation	of	presynaptic	KARs	and	subsequently	in	an	increase	in	probability	of	
release. Thus, the presynaptic component of neonatal LTP can be fully explained 
by the downregulation of tonically active KARs depressing glutamate release. 
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4.3.2 LTP induction switches KARs from high-to low-affinity

The rapid loss of tonic KAR function associated with LTP could be due to receptor 
internalization or a change in the properties of KARs. We found that the GluK1 
agonist ATPA depressed EPSC amplitude after the induction of LTP, indicating 
that the functional presynaptic KAR is still present. One possibility is that the loss 
of	tonic	KAR	activation	after	LTP	induction	is	due	to	the	specific	downregulation	
of	high-affinity	KARs.	To	test	this,	we	applied	the	scavenger+50	nM	KA	after	the	
induction of LTP in pathways that were initially facilitatory and expressed high-
affinity	KARs.	LTP	 induction	 fully	 occluded	 the	depression	of	EPSC	amplitude	
and the increase in synaptic facilitation observed in the control path by the 
application of the scavenger+50 nM KA. This demonstrates that LTP induction 
rapidly	 switches	KARs	 from	high-	 to	 low-affinity,	 resulting	 in	 the	 loss	 of	 tonic	
activation by endogenous glutamate. 

4.3.3 Mechanisms underlying the activity-dependent switch in KAR function?

The described tonic function of KAR is switched off in response to experimental 
induction of LTP and gradually lost during development. However, the molecular 
signaling mechanisms underlying this switch are not known. Given that the 
activity-dependent downregulation of tonic KAR activity occurs rapidly, a 
feasible	possibility	is	that	a	direct	modification	of	the	receptor	complex,	such	as	
phosphorylation,	leads	to	a	specific	loss	of	high-affinity	receptors.	This	could	be	
explained	 by	 two	 alternative	mechanisms	 (Figure	 7).	 First,	modification	 of	 the	
receptor	 complex	 could	 directly	 result	 in	 reduced	 affinity	 or	 modify	 receptor	
interaction with e.g. NETO auxiliary subunits, which have been demonstrated to 
govern	the	affinity	of	the	receptors	(Straub	et	al.,	2011a).	Alternatively,	modification	
of the receptor could cause a selective internalization of a subpopulation of high-
affinity	KARs,	leaving	only	low-affinity	receptors	left	at	synapses.	

We recently showed that brain-derived neurotrophic factor (BDNF) 
plays a critical role in regulating the activity-dependent developmental switch 
in KAR function (Sallert et al., 2009). BDNF can be secreted in an activity-
dependent manner and is known to increase glutamate release at CA1 synapses 
(Li et al., 1998; Tyler and Pozzo-Miller, 2001; Tyler et al., 2006; Mohajerani et 
al., 2007; Carvalho et al., 2008). Interestingly, BNDF-mediated potentiation of 
glutamatergic transmission is dependent on initial synaptic strength and age, 
occurring preferentially at immature weak synaptic contacts (Gottschalk et al.,  
1998; Lessmann and Heumann, 1998; Berninger et al., 1999; Kramar et al., 2004). 
Our results demonstrated that application of BDNF in neonatal hippocampal slices 
enhanced glutamatergic transmission and inhibited synaptic facilitation, fully 
occluding the immature-type KAR activity. Conversely, presynaptic maturation 
and	the	developmental	downregulation	of	tonic	KAR	activity	were	significantly	
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Figure 7. Scheme showing activity-dependent and developmental switch in the function of 

presynaptic KARs. At immature synapses, a high-affinity KAR containing GluK1c subunit is 

tonically activated by the ambient glutamate. Its inhibitory action on glutamate release renders 

the transmission at these synapses facilitatory in response to high-frequency stimulation. High-

affinity receptor is rapidly lost in response to induction of LTP and/or application of BDNF leading 

to either inactivation (A) or internalization of the high-affinity receptor (B) by modification of the 

receptor per se. In parallel, the expression of GluK1c in pyramidal neurons is downregulated during 

development (C). These mechanisms lead to a switch from immature to mature-type transmission, 

characterized by transfer of more reliable information and non-facilitatory response to high-

frequency stimulation.
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impaired in the absence of BDNF. In addition, inhibition of TrkB receptor signaling 
prevented the switch in KAR function typically occurring after LTP induction, 
suggesting	that	BDNF-TrkB	signaling	is	required	for	the	fast	activity-dependent	
downregulation of KARs. 

The molecular signaling events that lead to switching off tonically active 
KARs by BDNF-TrkB activation are not known. BDNF-TrkB signaling activates 
parallel signal transduction cascades with various functions, including activation 
of PKC (Reichardt, 2006). KAR surface expression has been shown to be 
dynamically regulated by PKC-dependent phosphorylation (Cho et al., 2003; 
Martin and Henley, 2004; Rivera et al., 2007; Konopacki et al., 2011; Chamberlain 
et al., 2012; Rojas et al., 2012), suggesting that BDNF-TrkB activation could 
downregulate tonic KAR activity by targeting receptors to PKC-dependent 
endocytosis. Phosphorylation of both AMPARs and NMDARs by the activation 
of	TrkB	signaling	has	been	reported,	regulating	the	trafficking	and	properties	of	
receptors (Suen et al., 1997; Lin et al., 1998; Wu et al., 2004; Alder et al., 2005; 
Caldeira et al., 2007). 

4.4 A novel mechanism for presynaptic silencing by 
tonically active KARs

A hallmark of the developing networks is the existence of silent synapses, 
defined	 as	 synapses	 displaying	 only	NMDAR-mediated	 excitatory	 postsynaptic	
component and lacking an AMPAR component (Kerchner and Nicoll, 2008). 
AMPAR-mediated signaling is very labile during early development, switching 
between silenced and unsilenced state depending on the overall network activity 
(Montgomery and Madison, 2004; Xiao et al., 2004; Abrahamsson et al., 2005; 
Abrahamsson et al., 2007; Hanse et al., 2009). The lability of transmission 
is thought to be critical for the development of highly tuned neuronal circuits, 
allowing the stabilization/elimination of nascent connections according to stimuli 
synapses receive. In the course of development, nascent synaptic connections can 
be enhanced by associative pairing of pre- and postsynaptic activity, by Hebbian-
type activity mechanisms resembling those underlying learning and memory in 
adult (Durand et al., 1996; Liao and Malinow, 1996; Hsia et al., 1998). Conversely, 
synaptic connections receiving random activity may become AMPA silent, which 
can eventually lead to synapse elimination. 

Synaptic silencing is classically expressed solely by postsynaptic mechanisms, 
resulting from the lack of postsynaptic AMPARs (Kerchner and Nicoll, 2008). 
However,	 some	findings	 suggest	 that	 synapses	 are	 silent	because	of	 a	 very	 low	
probability of release or because of an incompetent presynaptic terminal (Choi et al., 
2000; Gasparini et al., 2000; Renger et al., 2001; Maggi et al., 2003). Endogenous 
KAR activation described here provides a novel model for the presynaptic 
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silencing in the neonatal hippocampus. By tonically depressing glutamate release, 
KARs	keep	probability	of	release	low,	filter	out	sparse	activity	and	allow	only	high-
frequency	activity	to	pass	through.	This	has	substantial	physiological	implications.	
By	allowing	only	high-frequency	activity	to	be	transmitted,	KARs	tune	the	cells	
to	respond	to	“natural	type”	activity	patterns,	such	as	GDPs	bursting	from	CA3	
to CA1. In this way KARs tune synapses to respond to activity patterns which 
have been shown to be critical for the development of synaptic contacts (Lauri 
et al., 2003; Colin-Le Brun et al., 2004; Huupponen et al., 2007; Huupponen et 
al., 2012). On the other hand, by suppressing sporadic activity which promotes 
AMPA silencing, KARs can prevent nascent synapses from becoming AMPA silent 
and possibly eliminated. Similarly to postsynaptically silent synapses, synapses 
presynaptically	silent	due	tonic	KAR	activity	can	be	unsilenced	by	high-frequency	
activity and/or in the course of development. Thus, presynaptic KARs provide an 
alternative and/or concomitant mechanism for silencing-unsilencing of synapses 
in addition to well-characterized regulation of postsynaptic AMPARs (Hanse et 
al., 2009).  

4.5 Molecular  mechanisms  underlying the 
developmental switch in KAR function (II) 

We demonstrate that the tonic KAR activity is switched off by activity-dependent 
mechanisms	 like	LTP	 induction,	which	 causes	 a	 rapid	decrease	 in	 the	 affinity/
internalization	of	 the	high-affinity	receptors	presumably	due	 to	modification	of	
the receptor per se. However, the developmental downregulation of tonic KAR 
activity may also involve other mechanisms, such as alterations in the receptor 
composition. The molecular identity of immature-type KARs is unclear, but the 
high	affinity	of	 the	 receptors	 suggests	 the	presence	of	 subunit	GluK4	or	GluK5	
along with LY382884-sensitive subunit GluK1. The expression of GluK1 and 
the	 high-affinity	 subunits,	 in	 particular	 GluK4,	 has	 been	 shown	 to	 be	 strictly	
developmentally regulated (Bahn et al., 1994; Ritter et al., 2002), but it is not 
known if they are co-expressed in the same cells to form heteromeric receptors. 
Thus, we next focused on clarifying the molecular composition of KARs in neonatal 
and juvenile hippocampus.  

4.5.1 GluK1 is co-expressed with the high-affinity subunits in principal 
neurons in a developmentally regulated manner

To	 study	 the	 cell-type	 specific	 expression	 of	 homo-	 and	 heteromeric	 GluK1	
containing KARs, double in situ hybridization was performed with probes for 
CaMKII-β (principal cell marker) (Burgin et al., 1990; Bayer et al., 1999), GluK4 
or GluK5 together with GluK1 at two developmental stages (P3 and P15). GluK1 
was found to be expressed in the pyramidal (CaMKII-β-positive) neurons as well 
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as interneurons in all areas of the hippocampus at P3. However, its expression 
at pyramidal neurons was strongly developmentally downregulated, and at P14, 
GluK1	mRNA	was	detected	mainly	in	interneurons	but	also	in	CaMKII-β	positive	
neurons, presumably granule cells, in the dentate gyrus. Co-expression of GluK1 
with GluK4 and GluK5 was detected in principal cell layers of the areas CA1, CA3 
and dentate gyrus at P3, but only in a few neurons at P14.  

These data indicate that GluK1 is appropriately co-expressed with GluK4 and 
GluK5 subunits in the neonatal hippocampus to form heteromeric receptors with 
high-affinity.	The	co-expression	is	strongly	reduced	during	development,	mainly	
due	to	the	significant	loss	of	GluK1	expression	in	pyramidal	neurons.	However,	we	
found that GluK1 remained in dentate granule cells in juvenile rats, supporting the 
physiological roles suggested for GluK1 at MF-CA3 synapse (Vignes et al., 1998a; 
Bortolotto et al., 1999; Lauri et al., 2001; Lauri et al., 2001; Lauri et al., 2003). 

4.5.2 The developmental expression of GluK1c splice variant in pyramidal 
neurons parallels with the endogenous KAR activation

GluK1 exists as three C-terminal splice variants, whose developmental expression 
profiles	as	well	as	specific	functions	have	not	been	characterized.	We	next	studied	
the possibility that the developmental decrease in GluK1 expression in the 
hippocampus	 is	 a	 consequence	 of	 the	 downregulation	 of	 specific	 splice	 variant	
and, in particular, if the immature-type KAR function can be linked to a particular 
GluK1 splice variant. 

Our RT-PCR experiments showing that only the longest splice variants 
GluK1b	 and	 GluK1c	 were	 expressed	 in	 the	 hippocampus	 confirmed	 previous	
results by Jaskolski et al., (Jaskolski et al., 2004) and allowed us to concentrate 
only	 on	 these	 splice	 variants	 in	 subsequent	 in situ hybridization experiments. 
We	then	designed	oligodeoxyribonucleotide	probes	detecting	specifically	GluK1c	
(probe GluK1c) or both variants GluK1b and c (probe GluK1b/c) and assessed 
their expression with the pyramidal cell marker (CaMKII-β). 

The staining pattern of GluK1b/c probe was very similar to that obtained 
with	the	long	GluK1-specific	probe,	as	expected.	Remarkably,	the	cell-type	specific	
expression	 profile	 of	 GluK1c	 differed	 significantly	 from	 GluK1b/c.	 GluK1c	 was	
preferentially detected in pyramidal neurons at P3, in particular in the areas CA1 
and CA3, where 50-60 % of the cells expressing GluK1c were pyramidal neurons 
(Figure 8ai).	The	expression	of	GluK1c	also	decreased	significantly	more	during	
development as compared to GluK1b/c, suggesting that the developmental 
downregulation	of	GluK1	in	pyramidal	neurons	is	due	to	the	specific	loss	of	GluK1c	
splice variant (Figure 8aii). 

Interestingly, the restricted expression pattern of GluK1c in neonatal 
pyramidal cells parallels with the endogenous KAR activity at CA3-CA1 and CA3-



55

CA3 synapses, suggesting that GluK1c splice variant underlies the physiological 
functions attributed to GluK1 containing KARs at immature glutamatergic 
synapses. Conversely, the expression of GluK1b in interneurons throughout 
the development suggests that this splice variant is mainly responsible for the 
functions indicated for GluK1 containing KARs in GABAergic neurons (Clarke et 
al., 1997; Cossart et al., 1998; Maingret et al., 2005; Segerstrale et al., 2010).  

4.5.3 GluK1c co-localizes with the high-affinity subunits GluK4 and GluK5 in 
axons

The	 expression	 profiles	 of	 GluK1	 splice	 variants	 suggest	 that	 GluK1c,	 likely	 as	
a heteromeric receptor with GluK4/5, is responsible for the tonic presynaptic 
KAR	 activity	 early	 in	 development.	 A	 prerequisite	 for	 such	 a	 function	 is	 that	
GluK1c localizes to axons. However, the localization pattern of GluK1c alone 
or in combination with GluK4/GluK5 subunits has not been studied. Next, we 
analyzed the subcellular distribution of GluK1c in hippocampal neurons. The lack 
of	specific	antibodies	for	GluK1	led	us	to	express	epitope-tagged	constructs	using	
lentiviral vectors.  

The distribution of GluK1c in neuronal compartment varied markedly 
between cells: in the majority of neurons (61 %), GluK1c was restricted to cell 
soma and to proximal dendrites. In the rest of the cells GluK1c was detected in 
distal dendrites and in a subset of these cells, GluK1c was also found in axons. 
Co-expression of both GluK4 and GluK5 increased the proportion of cells where 
GluK1c was detected in the distal dendrites, in agreement with the previous 
findings	showing	that	GluK5	targets	GluK1a	to	distal	processes	(Kayadjanian	et	
al., 2007). The effects of GluK4 and GluK5 in axonal localization were opposite: 
GluK4 co-expression slightly enhanced the axonal targeting of GluK1c, while 
GluK5 co-expression reduced it. 

Since	the	expression	of	GluK1c	in	axons	was	relatively	weak	and	difficult	to	
observe in dispersed cultures, we continued the subcellular localization studies in 
compartmentalized chambers. These culture platforms contain small tunnels that 
allow the entry of neurites but not cell bodies and, thus, enable the analysis of axons 
in isolation (Taylor et al., 2010). First, we analyzed the subcellular localization of 
GluK1c alone and with GluK4/GluK5 in the middle part of the tunnel, in which 
axons lack dendritic contacts. In this part, GluK1c was clearly localized to axons 
and preferentially to the axon shaft. The co-expression of GluK4 did not affect 
the targeting of GluK1c to axons, while GluK5 co-expression reduced the axonal 
localization in line with the results from dispersed cultures. Interestingly, when 
we looked at the end of the tunnel, where axons contact dendrites from the non-
infected side, GluK1c was localized at the dendritic contact sites with GluK4, while 
there was less co-localization of GluK1c and GluK5. 
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Figure 8. The expression of GluK1c splice variant is linked to tonic KAR-mediated inhibition 

of glutamate release. A) GluK1c mRNA expression in pyramidal cells parallels with the tonic 

KAR activity. i) Quantified data on the distribution of GluK1b/c  and GluK1c splice variants in 

pyramidal neurons (CaMKII-β positive) in different areas of hippocampus, ii) quantified data on 

the developmental regulation of GluK1b/c mRNA expression in the hippocampus. B) Experimental 

set-up to study the direct involvement of GluK1c in glutamate release in CA3-CA3 neuron pairs. i) 

Schematic picture of the double promotor lentivirus construct driving the neuron-specific expression 

of Myc-GluK1c and EGFP. ii) Visually quided dual patch-clamp recording from a cell pair, in which 

the presynaptic cell was overexpressing GluK1c (EGFP-positive) and the postsynaptic cell was non-

infected. Five superimposed traces illustrate postsynaptic responses recorded under voltage-clamp 

and evoked by action-potential-inducing depolarization of the presynaptic neuron (bottom trace). 

C) i) Average of 20 consecutive postsynaptic traces in response to paired (50 ms interval) action-

potential-inducing depolarization of the presynaptic neuron (control or overexpressing GluK1c). 

ii)  Pooled data showing the reduced success rate of EPSCs in cell pairs presynaptically expressing 

GluK1c as compared to control cell pairs. iii) Analysis of the paired pulse ratio from the same data. 

D) i) Example traces of EPSC recorded from CA1 pyramidal neurons in response to 5 pulse 50 Hz 

afferent stimulation in slices (P15) expressing EGFP or GluK1c_EGFP in area CA3. ii) Pooled data 

on the amplitude of the first EPSC in the train, iii) Analysis of the facilitation ratio (amplitude of 

5th/1st EPSC in the 50 Hz train) from the same data. LTR, long-terminal repeat. Syn1, synapsin1 

promoter. CMV, cytomegalovirus promoter. WPRE, woodchuck hepatitis virus posttranscriptional 

control element. 

These data indicate that in the cultured hippocampal neurons, GluK1c 
and	 the	 high-affinity	 subunits	 GluK4	 and	 GluK5	 are	 targeted	 to	 distal	 axons	
and are appropriately localized to regulate transmitter release. Together with 
the co-expression data, the co-localization of GluK1c with GluK4 in the axonal 
compartment, and in particular at dendritic contact sites, suggest GluK1c/GluK4 
heteromer	as	a	strong	candidate	for	the	high-affinity	receptor	tonically	depressing	
glutamate release at immature synapses. Previously, endogenous GluK4 has been 
shown to localize to presynaptic sites at CA3 stratum lucidum, (Darstein et al., 
2003;	Fernandes	et	al.,	2009),	while	this	 is	the	first	study	reporting	the	axonal	
localization of GluK1c. However, due to the limited tools available to study the 
anatomical localization of endogenous proteins and their splice variants, some 
uncertainty remains concerning the exact molecular composition of presynaptic 
receptors at SC-CA1 synapse. 

4.5.4 GluK1c containing KARs regulate release probability in CA3-CA3 neuron 
pairs

The molecular identity of KARs regulating glutamate release, particularly in 
the area CA3, has been under debate, since the pharmacological and genetic 
studies have given contradictory results (Vignes et al., 1998b; Contractor et al., 
2000;	Breustedt	and	Schmitz,	2004).	The	expression	profile	and	the	subcellular	
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localization of GluK1c strongly support the idea that presynaptic functions of 
KARs during early development are mediated by GluK1c containing KARs. To 
directly assess the role of presynaptic GluK1c in the regulation of glutamate 
release, we examined glutamatergic synaptic transmission in CA3-CA3 neuron 
pairs in hippocampal organotypic cultures that were lentivirally transduced to 
express GluK1c in a subset of CA3 neurons (Figures 8b-c).

Expression	 of	 GluK1c	 in	 the	 presynaptic	 neuron	 significantly	 reduced	
the	 success	 rate	of	EPSCs	 (Figure	8cii)	without	having	significant	effect	on	 the	
amplitude of the successful EPSCs (potency). Presynaptically expressed GluK1c 
also increased paired-pulse facilitation (Figure 8ciii) as compared with controls, 
indicating a depressant effect on glutamate release probability. The application 
of selective GluK1 antagonist ACET (Dargan et al., 2009) increased the success 
rate in these neuron pairs, showing that the decrease in release probability was 
due to ongoing tonic inhibition of glutamate release by GluK1c containing KARs. 
However,	transmission	efficacy	did	not	reach	control	levels	after	the	application	of	
ACET, suggesting that GluK1c overexpression also results in enduring changes in 
synaptic machinery which are independent of ongoing KAR activity.  

4.5.5 Expression of GluK1c at juvenile CA3 mimics the immature-type KAR 
activity at CA3-CA1 synapses

Recordings from cell pairs in cultures clearly showed that GluK1c expression in 
presynaptic neuron inhibits glutamatergic transmission, mimicking the tonic 
KAR activity observed at neonatal CA3-CA1 synapses. We hypothesized that the 
developmental switch in KAR function and the loss of tonic KAR activation is 
due to the downregulation of GluK1c expression in pyramidal neurons. To test 
this directly, we tried to recapitulate the immature-type KAR activity later on in 
development by expressing GluK1c in the area CA3 at P14-P15. 

As we previously showed, the tonic KAR activity at immature synapses is 
observed as smaller EPSC amplitude and an increase in facilitation in response 
to	 short	 high-frequency	 stimulation	 (chapters	 4.1.1;	 4.2.1).	 Indeed,	 the	 EPSCs	
in juvenile CA1 in the GluK1c overexpressing slices resembled the responses at 
immature	synapses,	with	smaller	amplitude	of	the	first	EPSC	and	higher	facilitation	
as compared with controls (Figure 8d). Application of ACET increased the EPSC 
amplitude and decreased the facilitation ratio in GluK1c infected slices, ensuring 
that the effects were due to ongoing GluK1 activity. In addition, this indicated 
that	endogenous	glutamate	levels	are	also	sufficient	to	tonically	activate	GluK1c	
later on in development, supporting the idea that the loss of tonic KAR activation 
during development is not due to changes in ambient glutamate levels but instead 
results from the downregulation of GluK1c expression.  

In summary, these data provide compelling functional evidence for the 
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role of GluK1, and in particular, the GluK1c splice variant, in the regulation of 
glutamate release. Recordings from cell pairs directly showed that presynaptic 
GluK1c containing receptors can tonically inhibit glutamate release. The spatially 
restricted expression of GluK1c in this experimental model reduces the potential 
compensatory or indirect effects, resulting from, for example, the modulation of 
network activity, that may perturb experimental data obtained from knockout 
mice models. Interestingly, the presynaptic overexpression of GluK1b did not 
affect the glutamate release in CA3-CA3 cell-pairs as compared with non-
infected controls. This supports the idea that GluK1c and GluK1b diverge in their 
physiological roles, GluK1c being linked to neonatal functions in pyramidal cells 
while GluK1b mainly being responsible for the functions of GluK1 containing 
KARs in interneurons. Remarkably, by in vivo overexpressing GluK1c we were 
able to restore the endogenous tonic KAR activity in juvenile rats and turn mature 
synapses to resemble immature-type facilitatory synapses. This is in line with our 
hypothesis that the developmental switch in KAR function is associated with the 
downregulation of GluK1c in pyramidal neurons.

As discussed previously, the intracellular signaling mechanisms underlying 
KAR-dependent depression of glutamate release are developmentally regulated 
(Sallert et al., 2007; Lauri and Taira, 2012). The developmental functions suggested 
here for GluK1c containing KARs involve a G-protein- and PKC-dependent 
mechanism, while the PKC-dependency is lost in parallel with the downregulation 
of endogenous KAR activation and GluK1c expression in pyramidal cells. This 
inevitably	leads	to	question	as	to	whether	the	PKC-dependency	is	linked	specifically	
to	GluK1c	splice	variant	or	whether	the	loss	of	PKC	requirement	simply	represents	
some unrelated developmental change in presynaptic release machinery. An 
intriguing possibility is that GluK1b and GluK1c, differing in their cytoplasmic 
C-terminal part, are coupled to separate signaling pathways. Interestingly, the 
inhibition of the ImAHP by tonically active KARs in neonatal interneurons, which 
predominantly express GluK1b, is independent of PKC activity (Segerstrale et al., 
2010). However, whether splice variants can bind to different G-proteins and/or 
activate distinct signaling molecules remains to be studied.

4.6 Roles of tonically active KARs in the development of 
neuronal contacts (III)

Several studies implicate a role for glutamate receptors, in particular KARs, in the 
activity-dependent maturation of synaptic connections (McKinney et al., 1999; 
Fischer et al., 2000; Chang and De Camilli, 2001; Luthi et al., 2001; Tashiro et 
al., 2003; Richards et al., 2005; Alvarez et al., 2007; Gambrill and Barria, 2011). 
Interestingly, the developmental period of endogenous KAR activity (this study; 
Lauri et al., 2005; Caiati et al., 2010; Segerstrale et al., 2010) parallels with the 
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time of most intense synaptogenesis (Ben-Ari, 2001). Next, we went on to study the 
physiological relevance of tonic KAR activity in the development and maturation 
of synaptic connections in area CA1 of hippocampal organotypic cultures.  

Our	pharmacological	experiments	confirmed	that	GluK1	subunit	containing	
KARs regulated action-potential independent glutamatergic transmission onto 
CA1 pyramidal neurons in slice cultures. At 13-15 DIV, however, these receptors 
were	not	endogenously	activated,	providing	us	a	model	to	study	the	consequences	
of experimentally induced, tonic KAR activity on synaptic development. 

4.6.1 Long-term activation of GluK1 containing KARs selectively and 
permanently increases glutamatergic input to CA1 in cultured hippocampal 
slices

Since presynaptic KARs are expressed but not endogenously activated in the 
CA1 region of the slice cultures at DIV 13-15, we used long-term (16-20 h) ATPA 
treatment to mimic tonic KAR activity under culture conditions (Figure 9a). 
This	 treatment	 led	 to	a	significant	 increase	 in	 the	 frequency	of	action-potential	
independent AMPAR-mediated mEPSCs in CA1 pyramidal neurons without 
affecting their amplitude or kinetics (Figure 9b). When ATPA was co-applied 
with	LY382884,	 no	 change	 in	mEPSC	 frequency	was	 observed,	 indicating	 that	
the	increase	in	mEPSC	frequency	was	selectively	mediated	by	GluK1	containing	
KARs. Furthermore, the effect on glutamatergic transmission was persistent, since 
recordings	made	20-24	h	 after	ATPA	washout	 revealed	 that	mEPSC	 frequency	
was still higher as compared to controls and not different from that immediately 
after ATPA washout. We did not observe any effects of ATPA on GABAA-receptor 
mediated mIPSCs, suggesting that tonic KAR activation selectively regulates 
action-potential independent glutamatergic synaptic transmission.

mEPSC	frequency	can	be	affected	by	several	mechanisms.	First,	the	higher	
frequency	 of	 mEPSC	 after	 long-term	 ATPA	 treatment	 could	 be	 explained	 by	
the changes in the glutamate release probability or insertion of AMPARs to 
postsynaptically silent synapses. Our experiments argue against a change in 
the release probability. Firstly, there was no change in paired-pulse facilitation 
ratio of AMPAR-mediated EPSC between ATPA-treated and control slice 
cultures. Secondly, there was no change in the rate of antagonism of NMDAR-
mediated responses in the presence of open-channel blocker MK-801, which is 
an established way to assess alterations in release probability (Rosenmund et al., 
1993; Weisskopf and Nicoll, 1995; Luthi et al., 2001). Activation of silent synapses 
also seemed unlikely, since long-term ATPA treatment similarly increased the 
frequency	of	NMDAR-	and	AMPAR-mediated	mEPSCs.	

Long-term agonist treatment can also lead to receptor internalization (Tsao 
and von Zastrow, 2000; Fairfax et al., 2004). To ensure that the increase in 
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Figure 9. Mimicking the immature-type presynaptic KAR activity in hippocampal slice cultures 

leads to increase in the number of functional glutamatergic synapses in the CA1 area. A) 

Experimental protocol. Hippocampal slices were prepared from P9–P10 rats and cultivated for 2 

weeks before the pharmacological treatment. The slices were incubated in the presence of ATPA for 

16–20 h, after which ATPA was washed off before electrophysiological/ immunochemical analysis. 

Long-term activation of GluK1 containing KARs by the agonist ATPA caused a specific and enduring 

increase in the number of glutamatergic synapses, evidenced as an B) increase in the frequency of 

action-potential-independent spontaneous miniature excitatory postsynaptic current (mEPSCs), as 

well as Ci) increase in the total levels of synaptophysin expression and Cii) synaptophysin puncta in 

immunostaining of CA1 area. 

mEPSC	 frequency	 is	 not	 due	 to	 the	 internalization	 or	 desensitization	 of	 KARs	
depressing glutamate release onto CA1 pyramidal cells, we examined the effects 
on ATPA re-application in cultures treated with long-term ATPA application. 
Application	of	ATPA	 in	ATPA-treated	 slices	 reversibly	decreased	 the	 frequency	
of mEPSCs similarly to control cultures, indicating that after the long-term ATPA 
treatment, functional receptors are still present to regulate glutamate release.
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4.6.2 Endogenous KAR activity regulates development of glutamatergic 
connectivity to CA1

To assess the involvement of endogenously activated KARs in the development 
of glutamatergic connectivity, we used LY382884 to block KAR activity. The 
application of LY382884 for 16-20 h had no effect on mEPSCs, in line with the 
previous results showing that LY382884-sensitive KARs are not physiologically 
activated in slice cultures at DIV13-15. Besides, the most intense synaptogenesis 
in cultures occurs earlier and, by DIV13-15, most of the synapses are already 
formed (De Simoni et al., 2003; Gambrill and Barria, 2011). However, in a 
subpopulation of synapses in younger cultures (6-8 DIV), LY382884 acutely 
increased	 the	 frequency	 of	 mEPSCs,	 suggesting	 that	 similarly	 to	 acute	 slices,	
KARs are endogenously activated in slice cultures in a restricted period of early 
development. Therefore, we next chronically treated slices with LY382884 during 
the entire culture period, which revealed the critical importance of endogenous 
KARs in the development of glutamatergic connectivity in slice cultures. In slices 
chronically	treated	with	LY382884,	the	mEPSCs	frequency	was	strikingly	lower	as	
compared with control cultures. The mEPSC kinetics and amplitude were similar 
in LY382884-treated and control cultures, indicating that the substantial decrease 
in	mEPSC	frequency	is	not	compensated	by	an	increase	in	synapse	strength.

4.6.3 GluK1 containing KARs regulate synaptic density in area CA1

Given that the long-term ATPA application did not change the glutamate release 
probability or activate silent synapses, we rationalized that KARs regulate 
glutamatergic connectivity by increasing the number of functional synapses. 
Indeed, we found increased levels of both pre- synaptic (synaptophysin, VGLUT1, 
synapsin1) and postsynaptic (GluA1) marker proteins in ATPA-treated slices 
(Figure 9ci). The analysis of synaptophysin puncta by immunostaining in CA1 
area provided compelling evidence for the increase in synapse number; the total 
synaptophysin-stained	area	was	significantly	increased	in	ATPA-treated	cultures	
as compared with sister control cultures (Figure 9cii).  

In	summary,	these	findings	indicate	that	chronic	KAR	activity	regulates	the	
development of synaptic connections in slice cultures and leads to an increase 
in the number of functional synapses. The synapse size is not affected by KAR 
activity, since the mean-diameter of stained particles did not change by ATPA 
treatment. In agreement with the results presented here, we have found that 
the	 overexpression	 of	 GluK1c/b	 in	 dispersed	 neurons	 significantly	 increases	
synaptic density assessed by the density of synaptophysin puncta in axons (Sakha, 
Vesikansa, Lauri, unpublished results). 
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4.6.4 GluK1 activation regulates synaptic density via a direct mechanism

Endogenous activation of GluK1 containing KARs strongly regulates synchronous 
network activity during early development (Lauri et al., 2005). Alterations in the 
overall levels of spontaneous network activity can, in turn, lead to changes in 
synapse number by homeostatic mechanisms (Turrigiano et al., 1998; Lauri et al., 
2003; Colin-Le Brun et al., 2004; Huupponen et al., 2007). Thus, the long-term 
manipulations of KAR activity could cause changes in the number of synaptic 
connections by indirect, homeostatic mechanisms. However, when we co-applied 
ATPA	 with	 tetrodotoxin	 (TTX)	 (to	 block	 network	 activity),	 mEPSC	 frequency	
increased to similar degree as when ATPA was applied alone. Thus, the regulation 
of synaptic density by KARs is not due to indirect effects on of KARs on network 
activity. 

In addition to presynaptic receptors at glutamatergic terminals, ATPA-
sensitive KARs are also expressed in CA1 interneurons (Cossart et al., 1998; 
Rodriguez-Moreno et al., 2000; Maingret et al., 2005). Acute application of 
ATPA depolarizes CA1 interneurons with a concomitant increase in spontaneous 
GABAergic release (Cossart et al., 1998, Maingret et al., 2005) and depresses 
evoked GABA release (Clarke et al., 1997, Maingret et al., 2005) via mechanistically 
distinct KAR populations (Rodriguez-Moreno et al., 2000; Christensen et al., 
2004;). Thus, one indirect mechanism that might mediate the effects of ATPA on 
glutamatergic connectivity is altered GABAergic drive due to activation of KARs 
in CA1 interneurons. To test this possibility, we co-applied ATPA with the GABAA 
antagonist picrotoxin, the GABAB antagonist CGP55845A and TTX to prevent 
epileptiform activity. Long-term ATPA treatment still induced an increase in 
mEPSC	frequency	in	the	presence	of	GABA	antagonists,	indicating	that	the	effect	
is independent of GABA receptor activation.

Taken together, these results strongly suggest that KARs regulating 
the development of synaptic connections in the CA1 area are located at the 
glutamatergic terminals onto CA1 pyramidal neurons. However, it cannot be 
completely ruled out that long-term treatment of ATPA induces a release of a 
transmitter or signaling molecule other than GABA which indirectly mediates the 
effect of ATPA on glutamatergic connectivity. 

4.6.5 Molecular identity of KARs controlling the development of glutamatergic 
connections 

Presynaptic KARs regulating glutamate release in CA1 have been shown to 
signal through G-protein-coupled mechanism (this study; Frerking et al., 2001). 
However, G-protein-linked KARs seem to couple to PKC activation only in early 
developmental period paralleling the tonic KAR activation (Lauri et al., 2005; 
Sallert et al., 2007). To study whether the regulation of synaptic density by KARs 
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requires	 the	activation	of	PKC,	we	used	PKC	 inhibitor	bisindolylmaleimide	VII	
acetate (BIS) along with long-term ATPA treatment. BIS alone did not change the 
mEPSC	frequency	as	compared	with	controls,	but	when	co-applied	with	ATPA,	
BIS	prevented	ATPA-induced	increase	in	mEPSC	frequency.	Thus,	as	in	neonatal	
CA3-CA3	 and	 CA3-CA1	 synapses,	 PKC	 activation	 is	 required	 for	 the	 GluK1-
mediated increase in synapse number. 

The	 strict	 requirement	 of	 PKC	 activity	 in	 the	 ATPA-induced	 increase	 in	
functional	synaptic	connections	raises	the	question	about	the	molecular	identity	
of KARs underlying the phenomenon. The developmental expression pattern 
of KARs in hippocampal cultures is not known. Although the development of 
synaptic connectivity in vitro proceeds at similar rate to in vivo development (De 
Simoni	et	al.,	2003),	the	protein	expression	profiles	may	be	different	and	critically	
dependent on the age when slices were prepared. The PKC dependence of KARs 
regulating	 synapse	 number	 in	 cultures	 suggests	 that	 they	 are	 of	 the	 “neonatal	
type”,	 referring	 to	 GluK1c	 containing	 KARs	 inhibiting	 glutamate	 release	 in	 an	
action-potential independent manner. This is also supported by the fact that 
ATPA	 application	 regulates	 mEPSC	 frequency	 in	 slice	 cultures.	 On	 the	 other	
hand, in DIV13-15 cultures, the endogenous tonic KAR activation is already lost, 
hinting	that	high-affinity	KARs	have	been	down-regulated	by	activity-dependent/
developmental regulatory mechanisms (discussed in previous chapters). 
Alternatively, the heteromerization of GluK1 with GluK4/5 or the interaction with 
auxiliary proteins (e.g. NETOs) may be different in slice cultures as compared 
with	acute	slices,	resulting	in	reduced	KAR	affinity	and	the	loss	of	tonic	activation.	
However, we cannot fully exclude the possibility that other types of GluK1 
containing KARs are involved in the observed regulation of functional synapses. 
An	interesting	experimental	approach	in	the	future	would	be	to	study	the	specific	
role	of	high-affinity	KARs	in	synapse	development	by	the	application	low	kainate	
concentrations, as well as to examine the effects of chronic in vivo overexpression 
of GluK1 splice variants in the development of synaptic connectivity. 

4.6.6 A model: role of GluK1 containing KARs in the development of 
glutamatergic connectivity 

To date, several studies assessing the morphological maturation of synapses have 
suggested a role for KARs in the synaptogenesis (Chang and De Camilli, 2001; 
Tashiro et al., 2003; Ibarretxe et al., 2007; Joseph et al., 2011). Here, we have 
provided	compelling	evidence	for	the	requirement	GluK1	containing	KARs	in	the	
functional development of glutamatergic synapses in area CA1 of the hippocampal 
slice cultures. A feasible possibility is that these receptors are located at the 
presynaptic terminals where they can sense glutamate released in an autocrine 
manner or respond to ambient glutamate in the extracellular space. 
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The functions of KARs in axon guidance and synaptogenesis appear 
intricate, as they depend on the subcellular localization of receptors and vary 
in underlying mechanisms (Tashiro et al., 2003; Ibarretxe et al., 2007; Joseph 
et	 al.,	 2011).	 Based	 on	 our	 results	 and	 on	 the	 findings	 by	Tashiro et al. from 
MF	axonal	 filopodia	we	 suggest	 a	 two-step	model	 for	 presynaptic	KARs	 in	 the	
formation/stabilization of glutamatergic synaptic connections (Figure 10). In 
the early steps of synaptogenesis, synaptic KAR activation increase the motility 
of	filopodia	and	help	them	to	find	synaptic	contacts	(Figure	10a)	(Tashiro	et	al.,	
2003).	This	KAR-mediated	induction	of	filopodial	motility	 is	mediated	through	
ionotropic mechanism and, similarly to axonal growth cone motility and the 
motility	 of	 dendritic	 filopodia	 (Henley	 and	 Poo,	 2004;	 Gomez	 and	 Zheng,	
2006;	Michaelsen	and	Lohmann,	2010),	 requires	a	change	 in	 intracellular	Ca2+ 

concentration. Elevation of intracellular Ca2+ level can be achieved either by the 
activation ofvoltage-gated calcium channels (VGCCs) in response to membrane 
depolarization (Tashiro et al., 2003) or directly through Ca2+ permeable KARs 
containing unedited GluK1/GluK2–subunits. The role of Ca2+ permeable KARs in 
synaptogenesis is supported by their prominent and restricted expression during 
early development, at the time of neuronal contact formation (Lee et al., 2001; 
Joseph et al., 2011). 

At the later stages of synaptogenesis, glutamate acting on presynaptic KARs 
inhibits	filopodial	motility	to	stabilize	synaptic	contact	(Figure	10b)	(Tashiro	et	al.,	
2003).	Based	on	the	present	findings,	we	propose	that	this	step	involves	G-protein-
coupled KARs and the activation of PKC. PKC is known to phosphorylate several 
proteins involved in various steps of synaptogenesis, especially those reguired 
for	the	rearrangement	of	actin	cytoskeleton	in	axonal	filopodia	(Henley	and	Poo,	
2004; Gomez and Zheng, 2006). Thus, activation of metabotropic pathway could 
directly regulate downstream effectors leading to structural stabilization at a 
nascent synapse. However, the function of KARs in synapse stabilization may be 
complex	and	involve	temporally	divergent	or	synapse-type	specific	mechanisms.	
For	 example,	 the	 KAR-dependent	 acute	 reduction	 of	 MF	 filopodial	 motility	
required	 the	opening	of	Na+ channels (Tashiro et al., 2003), while the increase 
in functional synapses after the long-term KAR activation was independent of 
Na+ channel activation (4.6.4). Regardless of the exact mechanism, the overall 
effect of presynaptic KAR activity is to facilitate synapse formation, which is fully 
supported	by	the	finding	that	blocking	KAR	activity	during	development	causes	a	
significant	impairment	in	glutamatergic	transmission.
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Figure 10. A model: presynaptic KARs facilitate synapse formation in two steps. A) During early 

steps of synapse formation, axonal filopodia are highly motile and explore environment to find 

postsynaptic targets. Activation of presynaptic KARs promotes filopodial motility via ionotropic 

mechanism requiring Ca2+ entry either through VGCCs (Tashiro et al., 2003) and/or directly via 

Ca2+-permeable KARs. B) At later stages of synaptogenesis, activation of KARs stabilizes nascent 

synaptic contact via G-protein-mediated mechanism, suggested to involve PKC activity promoting 

structural stabilization of the synapse. The overall effect of KAR activation is to facilitate synapse 

formation. 
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5 CONCLUSIONS

The development of synaptic connectivity is a result of a balance between 
synaptogenesis and synaptic pruning, guided by genetic programs and neuronal 
activity. Disruption of this delicate process can lead to abnormal brain development 
and susceptibility for several neurological disorders ranging from mental 
retardation to mood illnesses. This work contributes to our understanding of the 
molecular mechanisms guiding development and maturation of glutamatergic 
synaptic connectivity in the hippocampus. 

I)  We have uncovered a novel mechanism for endogenous activation 
of	presynaptic	KARs	in	the	area	CA1.	At	immature	CA3-CA1	synapses,	high-affinity	
presynaptic KARs are tonically activated by ambient glutamate to maintain a low 
probability	of	glutamate	release.	This	is	the	first	physiological	role	demonstrated	
for presynaptic KARs in area CA1 and has profound effects on glutamatergic 
transmission during early development. First, by setting a continuous inhibitory 
tone on glutamatergic transmission, tonic KAR activity contributes to synaptic 
silencing that is a characteristic feature of the immature circuitry. Second, by 
promoting	 a	 facilitatory	 mode	 of	 transmission	 during	 high-frequency	 activity,	
tonically	 active	KARs	 play	 a	 crucial	 role	 in	 defining	 the	 dynamic	 properties	 of	
neonatal inputs. This has critical impact on the activity propagating from CA3 
to	CA1;	KARs	filter	out	random	activity	and	favor	transmission	only	during	high-
frequency	bursts	representing	“natural-type	of	stimuli”.

II)		 We	provide	the	first	direct	functional	evidence	for	the	involvement	
of the GluK1c splice variant in the regulation of glutamate release. The involvement 
of GluK1c in the immature-type KAR activity is supported by the developmentally 
restricted expression of GluK1c in neonatal pyramidal neurons as well as the 
pivotal	finding	 that	GluK1c	overexpression	can	 retain	 tonic	KAR	activity	at	 the	
developmental	stage	when	it	is	endogenously	lost.	The	finding	further	implies	that	
the functional properties described for immature-type KARs, i.e. tonic G-protein- 
and PKC-dependent signaling, depend on the presence of the GluK1c splice variant 
in the receptor complex.

III)  The tonic KAR activity is rapidly lost in response to Hebbian–
type activity at the immature synapses. LTP induction switched off the tonic KAR-
mediated	presynaptic	 inhibition	due	 to	 the	 loss	 of	 high-affinity	 receptors.	This	
rapid, activity-dependent modulation contributes to the presynaptic component 
of	neonatal	LTP	and	is	presumably	mediated	by	modification	of	the	presynaptic	
KAR complex per se. However, the same activity-dependent signaling event 
may also initiate slower persistent changes in the synaptic machinery, involving 
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downregulation of GluK1c expression.
Hebbian–type	synaptic	activity	is	thought	to	represent	the	synapse-specific	

mechanism guiding activity-dependent maturation of the neuronal networks. 
Thus, the tight causal link between tonic KAR activity and LTP at the immature 
synapses suggests that immature–type, GluK1c containing KARs are critically 
involved in activity-dependent maturation of the glutamatergic synapses.

IV)   Presynaptic KARs have an instrumental role in the development 
of glutamatergic connectivity. Inhibition of endogenous KAR activity or tonic 
pharmacological activation of KARs led to dramatic aberrations in the functional 
glutamatergic	 connections,	 highlighting	 the	 requirement	 of	 KARs	 in	 the	
formation/stabilization	 of	 synaptic	 contacts.	 This	 finding	 is	 also	 significant	 for	
understanding the mechanisms behind the deleterious effects of neonatal kainate 
exposure on hippocampal function; a widely used experimental epilepsy model.

In	summary,	these	findings	reveal	the	pivotal	role	of	endogenous	KAR	activity	
in the developing glutamatergic connectivity in the CA1 area of the hippocampus. 
The knowledge of these basic mechanisms is critical in the development of new 
therapeutical strategies aimed at KARs; a future challenge considered highly 
fascinating due to diverse modulatory roles of pharmacologically distinct types of 
KARs in synaptic transmission. Future studies will show whether the endogenous 
KAR activity and GluK1c splice variant play similar roles in other brain areas.
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