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3Universitéde la Méditerranée, UMR S901 Aix-Marseille 2, INMED (Institut de Neurobiologie de la Me´diterranée), Marseille,
13009, France, 4Department of Veterinary Biosciences, University of Helsinki, Finland.

Kainate-type glutamate receptors (KARs) regulate synaptic transmission and neuronal excitability via
multiple mechanisms, depending on their subunit composition. Presynaptic KARs tonically depress
glutamatergic transmission during restricted period of synapse development; however, the molecular basis
behind this effect is unknown. Here, we show that the developmental and cell-type specific expression
pattern of a KAR subunit splice variant, GluK1c, corresponds to the immature-type KAR activity in the
hippocampus. GluK1c localizes to dendritic contact sites at distal axons, the distal targeting being promoted
by heteromerization with the subunit GluK4. Presynaptic expression of GluK1c strongly suppresses
glutamatergic transmission in cell-pairsin vitro and mimics the immature-type KAR activity at CA3-CA1
synapsesin vivo, at a developmental stage when the endogenous expression is already downregulated. These
data support a central role for GluK1c in mediating tonic inhibition of glutamate release and the consequent
effects on excitability and activity-dependent fine-tuning of the developing hippocampal circuitry.

Kainate-type of glutamate receptors (KARs) consist of homo- or heteromeric combinations of five subunits
(GluK1-5; previously known as GluR5-7, KA1 and KA2;1) and act as key modulators of neuronal function
in several areas of the brain. The precise role of KARs is strictly dependent on their subcellular localization

and subunit composition that varies between cell types and during development. At the presynaptic compart-
ment, KARs regulate transmitter release at both glutamatergic and GABAergic synapses and control presynaptic
forms of short-and long-term synaptic plasticity2…4. In the neonate CA1, presynaptic KARs are tonically activated
by ambient glutamate, causing continuous physiological suppression of glutamate release5. In addition to the
physiological relevance in controlling information transfer at the developing hippocampal circuitry, tonic KAR
activity is critical for formation and maturation of CA3-CA1 glutamatergic synapses6. The immature-type KARs
are gradually lost during second postnatal week in parallel with the activity-dependent maturation of the neuronal
circuitry, and are replaced with adult … type KARs lacking tonic activity and with distinct downstream signaling
mechanisms5,7,8.

Many of the functions ascribed for KARs at developing glutamatergic synapses are sensitive to GluK1-subunit
specific agonists and antagonists5…9. The molecular composition of these receptors could be diverse since
these pharmacological tools act on both homomeric and heteromeric receptors containing the GluK1 subunit10.
In addition, GluK1 subunits exist as three C-terminal splice variants (named GluK1a, GluK1b and GluK1c), which
differ in their tissue-specific expression pattern, membrane delivery and protein interactions11,12. Heteromerization
of GluK1 with the subunits GluK4-5 provides KARs with higher agonist affinity13…15, necessary for activation by
physiological concentrations of glutamate in the immature brain5. However, the cell-type specific expression profile
or the developmental regulation of various GluK1 splice variants, as homomeric receptors or as heteromeric
combinations with other KAR subunits is not known.

Here we show that in the developing hippocampus, the splice variants GluK1b and GluK1c are preferentially
expressed in interneurons and pyramidal cells, respectively. GluK1c strongly co-localizes with the high-affinity
subunit GluK4, which promotes its targeting to distal neuronal processes. We further demonstrate that express-
ion of GluK1c at CA3 pyramidal neurons is sufficient to mimic the immature-type KAR activity at a devel-
opmental stage when the endogenous expression is already lost. These findings strongly suggest that the tonic
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KAR activity inhibiting glutamate release in the neonate is due to
developmentally restricted expression of GluK1c splice variant in the
principal neurons.

Results
GluK1 mRNA is expressed in the principal neurons in the neonate
hippocampus. In situ hybridization studies have demonstrated that
GluK1 mRNA is prominently expressed in GABAergic interneurons
at juveline/adult hippocampus16…18. However, functional data as well
as some of the studies on GluK1 mRNA expression suggest that
GluK1 is present also on hippocampal principal neurons during
early postnatal development5,9,19,20. To determine the detailed
expression pattern of GluK1 in different cell types (pyramidal vs.
interneurons) during postnatal development, we performed double

in situhybridization experiments at P3 and P15 hippocampus. Probe
against CaMKII-b isoform, highly expressed already early in
development21,22, was used as a marker for principal neurons. All
S35-labeled probes were first tested to ensure specific staining with
anti-sense probe and to control that there was no unspecific signal
with the corresponding sense mRNA (Supplementary Figure 1a,b).

At P3, GluK1 transcript was detected in CaMKII-b positive neu-
rons (referred to as principal/pyramidal neurons or dentate granule
cells from here on) everywhere in the hippocampus (Figure 1a,b).
The expression of GluK1 declined strongly during development and
at P15, co-expression of CaMKII-b and GluK1 was only observed in
the dentate gyrus (Figure 1a,b). The distribution of GluK1 transcript
between principal neurons and other cells in different regions of the
hippocampus was estimated by calculating the percentage of double

Figure 1| Developmental regulation of GluK1 mRNA expression in the principal neurons of the hippocampus.(a) Images from in situhybridization
with anti-sense GluK1 (S35-labeled, dark field image) and CaMKII-b (dig labeled, bright field image) probes in P3 and P15 hippocampus. Scale bar 200
mm. (b) Higher magnification figures of the doublein situhybridization staining in the pyramidal layer of CA1, CA3 and in the granule cells of dentate
gyrus (DG). GluK1 staining is observed as black granules, superimposed on the blue CaMKII-b staining at the bright field image. GluK1 expression is
detected in both CaMKII-b positive (principal) neurons and CaMKII-b negative (inter-) neurons in all areas of the neonate hippocampus (black and
white arrows, respectively), and in the granule cells at P15. Scale 50mm. (c) Quantified data showing the distribution of GluK1 in principal neuronsvs
other cells in different areas of hippocampus. The values represent the percentage principal neurons (i.e. GluK11 CaMKII-b positive cells) of all GluK1-
expressing cells that were calculated in rectangular fields positioned as depicted on the left. The percentages were obtained by analysis of at leastfour
independent sections, with a total of 40–64 cells in each group. All the error bars depict s.e.m.* p, 0.05 with ANOVA on the raw data.
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(i.e. CaMKII-b and GluK1) positive neurons of all GluK1 positive
cells. The analysis was done within fixed size (0.1125mm2) rectangu-
lar regions as illustrated in the Figure 1c. At P3, 30…40 % of the cells
expressing GluK1 were principal neurons in all areas studied (a total
of 40…51 cells from 6…7 sections analyzed for each group, Figure 1c).
This percentage was significantly reduced during the first two weeks
of development in CA1 and in CA3 (11 % and 20 % at P15, respect-
ively), but not in the dentate gyrus (n5 46…64, Figure 1c). Thus, in the
neonate hippocampus, GluK1 mRNA is expressed in both principal
neurons and interneurons. During development, the expression in
the pyramidal neurons is lost, resulting predominant expression of
GluK1 in interneurons as well as dentate granule cells.

GluK1 is co-expressed with the high-affinity subunits GluK4 and
GluK5 during early development. Functional studies suggest that
the developmental switch in GluK1 containing KAR function is
associated with the change in the affinity of receptors5. A possible
mechanism for that is a change in heteromeric subunit composition
of the receptors, in particular with high-affinity subunits GluK4 and/
or GluK5. To examine possible alterations in the expression of GluK1
with GluK4 and GluK5 during development, we next analyzed the
co-expression of these subunits by doublein situ hybridization.

At P3, GluK4 was detected in principal cells layers of the areas
CA1, CA3 and dentate gyrus (Figure 2a). Approximately 60% of the

cells expressing GluK1 were also positive for GluK4 in these areas
(n5 49…65; Figure 2b,c). In the juvenile (P15), GluK4 was not
detected in CA1 area, but was mainly expressed in CA3 pyramidal
cells layer and in some granule cells, as reported previously18,23. The
co-expression of GluK1 and GluK4 decreased significantly during
development, and at P15 few cells expressing GluK1 and GluK4 were
detected in area CA3, while some co-expression (26%) remained in
the dentate gyrus (n5 38…64; Figure 2c).

GluK5 was expressed in all pyramidal cell layers at P3 (Figure 2a).
As seen with GluK4, GluK1 was co-expressed with GluK5 at P3 in all
areas studied, though in a lesser degree: co-expression was detected
in 30…40% of GluK1 positive cells (n5 36…40; Figure 2b,d). Similarly,
the co-expression of GluK1 and GluK5 decreased considerable dur-
ing the second postnatal week in areas CA1 and CA3 while no change
was seen in the dentate gyrus (n5 41…47; Figure 2d). Together, this
data indicates that in the neonate, GluK1 is expressed in the same
cells as the high-affinity subunits GluK4 and GluK5, and co-express-
ion is strongly reduced during development. This is mainly due to the
loss of GluK1 expression in pyramidal neurons.

GluK1c is the predominant splice variant expressed in the
pyramidal neurons. To study the expression profile of GluK1
splice variants in the neonate hippocampus, we first performed
RT-PCR experiments from two time points (P3 and P15). In line

Figure 2| GluK1 is co-expressed with the high-affinity subunits GluK4 and GluK5 in the neonate hippocampus.(a) In situhybridization for GluK4 and
GluK5 mRNA in P3 hippocampal sections. Both subunits are widely expressed in principal neurons of the hippocampus during early postnatal
development. (b) Doublein situhybridization for GluK1 (S35) and GluK4/GluK5 (dig) in areas CA1, CA3 and in the dentate gyrus (DG) at P3. At P3,
GluK1 and GluK4 are strongly co-localized in all regions of the hippocampus (black arrows), while co-expression of GluK1 and GluK5 is strongest in the
area CA3. White arrows: GluK1 positive but GluK4/5 negative neurons. Scale 50mm. (c,d) Quantification of the GluK1-GluK4/5 co-expression at
different hippocampal subfields at P3 vs P15. The values represent the percentage of GluK1 and GluK4/GluK5 double positive cells of all GluK1 positive
cells. 38–65 neurons from at least four sections were analyzed for each group. All the error bars depict s.e.m.* p, 0.05,** p, 0.01,***p, 0.005 with
ANOVA on the raw data.
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with the previous results11, GluK1a was not detected in the
hippocampus neither at P3 or P15, while GluK1b and -c were
expressed at both developmental stages (Figure 3a). This allowed
us to focus on GluK1b and -c variants in the following experiments.

The developmental decrease in GluK1 expression in pyramidal
neurons may be a consequence of the down-regulation of either
GluK1b or GluK1c mRNA or both. To distinguish between these
possibilities, we designed an oligodeoxyribonucleotide probe against
the c-terminal sequence encoding for the 29 amino acid insert pre-
sent in the c-splice variant but not in GluK1a or -b. In parallel, a
probe of approximately same length against the insert flanking
regions was used (Supplementary Figure 1c). The specificity of these
probes against GluK1 b and …c splice variants was first tested using
dot … blot assay. The probe against the GluK1c sequence showed no
cross … reactivity with GluK1b, while the other probe recognized both
the GluK1b- and c splice variants (Supplementary Figure 1d).

In situ hybridization with the radioactively labeled GluK1c and
GluK1b/c probes produced a patterned signal in the neonate (P3)
hippocampus (Figure 3b), while the corresponding sense-probes had
no reactivity (Supplementary Figure 1e). Further, the staining pat-
tern of the GluK1b/c probe was very similar to that obtained with the
long (503 bp) GluK1 … specific probe (Figure 1), further suggesting
that the short probes (99 and 87 bp) worked in a specific manner
under our hybridization conditions. In parallelin situhybridizations
from P15 rat brain sections, the expression level of both GluK1b/c

and GluK1c transcripts in the hippocampus was considerably lower
than at P3. Quantification of the x-ray films exposed to sections
hybridized with the different radioactive probes indicated that the
expression of splice variant GluK1c decreased significantly more
during development as compared to the signal obtained with
GluK1b/c probe (Figure 3d; n5 4 sections for each group; p, 0.04).

To examine whether the splice variants differ in their expression
pattern, we performed doublein situ hybridization with CaMKII-b.
Interestingly, while the signal obtained with the GluK1b/c probe was
predominantly localized in the non-pyramidal neurons as expected,
the splice variant GluK1c was preferentially detected at pyramidal
neurons at P3, particularly in the area CA3 (n5 66…127; Figure 3c,e).
The splice variants distributed equally between principal and non-
principal neurons in the dentate gyrus.

These results suggest that GluK1b and GluK1c differ in their cell-
type specific expression patterns as well as in their developmental
regulation. At P3, the expression of GluK1 in pyramidal cells can be
fully explained by the expression of the GluK1c splice variant. During
development, the expression of GluK1c decreases significantly, and
as a consequence the expression of GluK1 in the pyramidal neurons
is lost.

Subcellular targeting of GluK1c in dispersed cultures of
hippocampal neurons is regulated by GluK4 and GluK5 subunits.
The in situ - data shows that GluK1c is the main splice variant

Figure 3| GluK1b and GluK1c splice variants are preferentially expressed in principal neurons and interneurons of the neonate hippocampus,
respectively.(a) RT-PCR results illustrating expression of GluK1b and -c splice variants in the neonatal and juvenile hippocampus. GluK1a was not
detected in the hippocampus at either developmental stage. (b) Dark fieldin situhybridization images showing the GluK1b and -c (S35) mRNA expression
in the neonate (P3) hippocampus. Scale 200mm. (c) Doublein situhybridization for GluK1b/c (S35) and CaMKII-b (dig) in areas CA1, CA3 and in dentate
gyrus (DG) at P3. GluK1b/c staining is mainly detected in CaMKII-b negative cells (white arrows) while GluK1c staining strongly colocalizes with
CaMKII-b in the principal neurons (Black arrows). Scale 50mm. (d) Quantified data on the developmental regulation of the GluK1b/c mRNA expression
in the hippocampus. Values represent the percentage of the GluK1 mRNA expression at P15 as compared to the level at P3, analyzed from x-ray films
exposed to sections from parallelin situhybridizations at the two developmental stages. Both splice variants are strongly downregulated during
development. (e) Quantified data on the distribution of GluK1b/c and c splice variants in pyramidal neuronsvs. interneurons in different areas of
hippocampus. The values represent the percentage of pyramidal neurons (i.e. double positive cells) of all GluK1-expressing cells at P3. 66–127 neurons
from at least 4 sections were analyzed for each group. All the error bars depict s.e.m.*** p, 0.005 with ANOVA on the raw data.
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expressed in pyramidal neurons in the neonate hippocampus and
suggest that GluK1c, probably as heteromeric receptor with GluK4/
5, is responsible for the tonic presynaptic KAR activity early in
development. However, it is not known whether these receptors
can localize to axonal compartment in hippocampal neurons.
Since the lack of specific antibodies for GluK1 prevents analysis
of subcellular localization of the endogenous protein, we produced
epitope tagged constructs for GluK1c, GluK4 and GluK5 in
lentiviral vector under synapsin-1 promoter to drive neuron
specific expression. By lentiviral expression we were able to
screen a high number of neurons as the transduction efficiency
in dispersed hippocampal neurons was close to 100%.

The subcellular localization pattern of flag-tagged GluK1c was
divided into two groups; neurons in which GluK1 was detected only
in soma and proximal dendrites (restricted to soma-group) and neu-
rons in which GluK1 was also detected in distal dendritic processes
(distal dendrites-group). In addition, axonal localization was ana-
lyzed by identifying flag-stained neuronal processes lacking MAP2-
immunostaining. When expressed alone, GluK1c was mainly
restricted to soma and proximal dendrites (61% of neurons,
n5 245) (Figure 4a,b), and GluK1c staining in axons was only
detected in a subset of neurons expressing GluK1 in distal dendrites
(5% of all neurons, 11% of neurons expressing GluK1c in distal
dendrites; n5 245).

Localization of GluK1a splice variant within the dendritic com-
partment has been shown to depend on GluK2 and GluK524. To
study whether the high-affinity subunits were able to change the
subcellular targeting of GluK1c splice variant, it was co-expressed
with either GluK4 or GluK5 in hippocampal neurons. Co-expression
of both GluK4 and GluK5 clearly increased the proportion of cells
where GluK1c splice variant was detected in the distal dendrites

(171% and 176%, of the level with GluK1c alone, respectively;
n5 336 and n5 167; Figure 4a,c). The axonal localization of
GluK1c was apparently enhanced upon GluK4 co-expression
(152%), although this effect did not reach statistical significance. In
contrast, co-expression of GluK5 significantly reduced the fraction of
cells in which GluK1c was detected in axons (10%).

GluK1c localizes to dendritic contact sites at distal axons. Weak
expression in the axonal processes is difficult to observe in a
dispersed cell culture, thus complicating the analysis of GluK1
axonal localization. To overcome this problem, we cultured
hippocampal neurons in compartmentalized chambers25. These
microfluidic culture platforms contain small tunnels where axons,
due to their faster growth rate, grow in isolation25, thus allowing their
high-resolution imaging without dendritic of somatic conta-
mination. Since glial cells no not invade the tunnels in these
culture platforms, we were able to further enhance the resolution
of analysis by expressing the KAR subunits under strong but not
neuron specific CMV promoter. As shown before, dendritic
growth was only observed in the initial part of the tunnel, and no
MAP2 positive processes were detected. 300mm from the tunnel
opening (Figure 5a; 25,26). Analysis GluK1c expressing neurons
indicated that this subunit was indeed localized in the distal axons
(59% of the axons in the middle section of the tunnels, n5 136;
Figure 5 a,b,d). Rate of lentiviral transduction was estimated by
parallel pLen-Syn1/GFP infection, and was 70% (n5 68). Co-
expression of GluK4 did not change the percentage of GluK1c
positive axons (58%, n5 143) in contrast to co-expression of
GluK5, which reduced axonal localization of GluK1c (38%, n5 75;
p5 0,013 as compared to GluK1c alone; Figure 5c,d). On the other
hand, the axonal localization of GluK4 but not GluK5 was slightly

Figure 4| Heteromerization with GluK4 and GluK5 promotes distal targeting of GluK1c in cultured hippocampal neurons.(a) Confocal images from
cultured hippocampal neurons transduced with flag-GluK1c alone or together with myc-GluK4/5. Cells were stained with anti-flag (red) and anti-MAP2
(green) antibodies to visualize GluK1 and dendritic processes, respectively. GluK1c staining in MAP-negative (axonal) processes is indicated by arrows.
(b) Quantified data on subcellular localization of GluK1c splice variant. The neurons were divided in groups where GluK1 was either restricted to soma or
also localized in distal dendrites. The axons-group represent neurons with flag(GluK1) – stained, MAP2-negative processes. The data represents the
percentage of cells in each group and analysis of 245 neurons from 3 independent stainings. (c) The effect of GluK4 and GluK5 co-expression on
subcellular localization of GluK1c. GluK4 co-expression enhanced localization of GluK1c in distal dendrites, while there was no significant effect on its
axonal targeting. GluK5 co-expression promoted dendritic localization of GluK1c with associated reduction in axonal staining. The data represents
analysis of 167–336 neurons from at least 3 independent stainings, and has been normalized to the data shown in b, (i.e. no change in localization as
compared to expression of GluK1c alone5 100%). All the error bars depict s.e.m.*** p, 0.005 with ANOVA on the raw data.
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increased when GluK1c was co-expressed (Figure 5e). These data
confirm that GluK1c as well as the high-affinity subunits GluK4
and GluK5 are targeted to the distal axons and are appropriately
localized to regulate transmitter release.

Interestingly, high magnification images illustrated that while all
of the subunits were detected both in the axonal shaft as well as in
filopodial protrusions, GluK1c co-localized with GluK4 and GluK5
only in a subset of the immunostained axonal structures (Figure 5c).
While GluK4 and in particular, GluK5 were most prominently
detected at the axonal protrusions, GluK1c was preferentially loca-
lized to the axon shaft. The axons in the middle of the tunnels lack

dendritic contacts, and the protrusions likely represent immature
structures looking for postsynaptic target. At the end of the tunnels,
however, axons contact dendrites from the non-infected side of the
chamber. In this part, GluK1c was clearly localized at the dendritic
contact site together with GluK4, while there was less co-localization
of GluK1c with GluK5 (Figure 5f).

Presynaptic expression of GluK1c leads to robust inhibition of
synaptic transmission in CA3-CA3 neuron pairs. The expression
pattern and subcellular localization of GluK1 splice variants support
the hypothesis that presynaptic functions of kainate receptors

Figure 5| High-resolution analysis of axonal GluK1c using microfluidic hippocampal cultures.(a) Confocal image showing an example of lentivirally
infected hippocampal neurons grown in a compartmentalized (microfluidic) culture. The culture platform has small tunnels extending from the main
reservoir (top), that allow entry of neurites but not cell bodies. MAP2 immunostaining (red) illustrates growth of dendritic processes only in the initial
part of the tunnel (, 300mm from tunnel opening) but not in the middle (lower panels). anti-myc (green) and anti – flag (blue) immunostaining was used
to visualize lentivirally expressed GluK4-myc and GluK1c – flag in the axons. Scale 7mm (for all panels in b,c,f).(b) A high-magnification figures from the
mid-part of the tunnels, illustrating expression of GluK1c –flag, GluK4-myc and GluK5-myc in axonal shaft and protrusions. (c) Co-expression of
GluK1c-flag with GluK4-myc (top) or GluK5-myc (lower panel). Co-localization (arrows) in isolated axons was observed mainly in the axon body and
only in a subset of axonal protrusions. (d) Quantified data on axonal localization of GluK1c. The values represent percentage of immunopositive axons
from all detected axons (n5 75–144/group), calculated from confocal and bright field images from the middle section of the tunnel, respectively. Axonal
localization of GluK1c was slightly reduced upon GluK5 but not GluK4 co-expression.* p, 0.05 with ANOVA on the raw data. (e) Similar data as in d, for
axonal localization of GluK4 and GluK5 when expressed alone or together with GluK1c. Co-expression of GluK1c enhanced detection of GluK4 in axons.
(f) Confocal pictures from the end of the tunnels, illustrating localization of GluK1c-flag co-expressed with GluK4-myc (top) or GluK5-myc (lower
panel). The infected axons crawl on non-infected dendrites (red, MAP2 staining) that enter the tunnels from the other side of the chamber. Merged
images show axonal GluK1c staining in the dendritic contact site (arrows), where it co-localizes with GluK4 and, to lesser extent with GluK5.
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during early development are mediated by GluK1c containing KARs.
To directly test whether presynaptic expression of GluK1c is able to
regulate synaptic transmission, CA3 pyramidal neurons in
organotypic hippocampal cultures were infected with double-
promoter lentiviral vectors containing GluK1c and EGFP under
separate synapsin … 1 promoters (GluK1c_EGFP). Control slices
were infected with a similar construct containing the GluK1b
splice variant. It should be noted that the CA3 pyramidal neurons
endogenously express GluK2, GluK4 and GluK5 KAR subunits to
promote surface expression and distal targeting of GluK1 (e.g. 18,
11, 24).

Whole cell recordings were made from cell pairs, one of which was
EGFP positive (i.e. lentivirally transduced). Depolarization induced
action-potential firing in the transduced neuron induced post-
synaptic glutamatergic current (EPSCs) in 20…30% of the recorded
cell pairs (29% (n5 34) and 20% (n5 60) for control and GluK1c,
respectively). The percentage of synaptically connected neurons
in infected slices was slightly lower as compared to wild-type (non-
infected) slices (40% (n5 40)). Analysis of the EPSCs indicated that
expression of GluK1c in the presynaptic neuron significantly
reduced the success rate of EPSCs (Figure 6a,b,e). The mean ampli-
tude of the successful EPSCs (potency) was slightly but not signifi-
cantly reduced (Figure 6f). Further, paired pulse facilitation was
higher in cell pairs expressing GluK1c presynaptically as compared
to controls (Figure 6c,d,g). Together, these data indicate that presy-
naptic expression of GluK1c strongly reduces glutamate release
probability.

To test whether the altered presynaptic function in GluK1 expres-
sing neurons is due to ongoing tonic inhibition of glutamate release
by presynaptic KAR, we applied ACET (100 nM), a selective ant-
agonist of GluK1 subunit containing KARs27. In control neurons,
ACET had no significant effect on EPSCs although a small run-down
of the success rate was observed (Figure 6h). In neuron pairs where
GluK1c was expressed presynaptically, ACET application increased
the success rate to 1386 13% of control with no associated changes
in potency (n5 4). ACET was not able to enhance transmission effi-
cacy to control levels, suggesting that GluK1c overexpression also
resulted in enduring changes in the synaptic machinery that were
independent on ongoing KAR activity.

Expression of GluK1c at juvenile CA3 mimics the immature-type
KAR activity at CA3-CA1 synapses. The data from organotypic
cultures indicate that expression of GluK1c at the presynaptic
neuron can significantly inhibit glutamatergic transmission and
thus mimic the tonic KAR activity that is observed at immature
CA3-CA1 synapses. To study whether expression of recombinant
GluK1c can recapitulate the immature type KAR activity at
developmental stage when it is no longer endogenously expressed
in the CA3, we used the lentiviral vectors (control (EGFP),
GluK1c_EGFP) to infect CA3 area of neonatal (P0-P2) rat pups.
Patch clamp recordings were made from CA1 pyramidal neurons
in acute slices at P14-P15. Only slices where a strong fluorescence
signal was detected selectively in area CA3 were used for experiments
(Figure 7a).

The tonic KAR mediated inhibition at immature synapses is typ-
ically observed as smaller EPSC amplitude as well as an increase in
the facilitation of EPSCs in response to short high-frequency stimu-
lation5. Infection with the control virus had no significant effect on
the EPSCs evoked by 5 pulses at 50 Hz as compared to non-infected
animals (not shown). In contrast, expression of GluK1c caused sig-
nificant inhibition of the amplitude of the first EPSC to a fixed test
pulse as well as an increase in the facilitation of the following EPSCs
during the 5 pulse 50 Hz stimulation (Figure 7b…d). We ensured
pharmacologically that this effect was in fact due to GluK1 activity.
In GluK1c infected animals, EPSC amplitude was increased to 3036
76% and the facilitation ratio decreased to 556 4% of the baseline

level in the presence of ACET (100 nM)(n5 5; Figure 7e). These data
strongly suggest that GluK1c splice variant inhibits glutamate release
and is responsible for the tonic inhibition of transmission at imma-
ture CA3-CA1 synapses.

Discussion
Ionotropic glutamate receptor subunits undergo extensive post-tran-
scriptional and post-translational modifications that may directly
reflect their physiological role, by controlling biophysical properties,
subcellular targeting and intracellular signaling of the receptors.
However, very little is known about regulation and physiological
functions of KAR splice variants. Here we show that developmentally
restricted expression of GluK1c in the pyramidal neurons of the
neonate hippocampus underlies tonic inhibition of glutamate release
at immature synapses.

The expression of all the KAR subunits is regulated to some extent
during development18,19. The mRNA of the GluK1c splice variant
showed a particularly pronounced developmental regulation, being
detected mainly (but not exclusively) in the pyramidal neurons and
dentate granule cells during early postnatal development, after which
a low level of expression was confined to the granule cells. During the
first postnatal weeks, the granule cell population is developmentally
heterogeneous28, with new progenitors being generated until adult-
hood. Thus, it is possible that similar to pyramidal neurons, the
expression of GluK1c in the granule cells is associated with a certain
phase of maturation; these cells could be detected at various ages due
to ongoing development of the region.

Intriguingly, the expression pattern of GluK1c corresponds well to
the existing pharmacological data on endogenous GluK1 KARs regu-
lating glutamate release. The developmentally restricted expression
at the pyramidal neurons parallels the immature-type tonic KAR
activity at the CA3-CA1 and CA3-CA3 synapses5,9, while the express-
ion in the granule cells supports the role of presynaptic GluK1 in
the frequency-dependent regulation of transmission at the mossy
fibre synapse (e.g.29). Finally, in addition to the effects on glutama-
tergic transmission, high-affinity GluK1 containing KARs have been
shown to tonically inhibit GABA release from immature mossy fibre
terminals30; an effect which could manifest the GluK1c expression in
the neonate granule cells. On the other hand, expression of the
GluK1b in the non-principal neurons throughout the early postnatal
development suggests that this splice variant is mainly responsible for
the functions attributed to GluK1 containing KARs in the GABAergic
interneurons in the neonate hippocampus31,32.

Since the immature-type KARs regulating glutamate release have
a high agonist affinity, they likely contain either the subunit GluK4
or GluK5 in addition to GluK1c5. Furthermore, it has been suggested
that heteromeric KARs possess binding and desensitization charac-
teristics that can be localized to the particular subunit subtypes33,15.
In particular, expression of GluK4/5 subunits confer a high-affinity,
non-desensitizing agonist binding site15 that may well underlie
tonic KAR activity in the immature neurons. Data from GluK42 /2

and GluK42 /2 /GluK52 /2 animals suggest that these subunits are
also critical for localizing KARs at both pre and postsynaptic sites34.
While GluK5 has been reported to target GluK1a to distal dendrites24,
no previous data exists regarding the subcellular targeting of
heteromeric GluK1c -GluK4/5 receptors. Our data confirms that
GluK1c is localized in both distal dendrites as well as in axons of
hippocampal neurons. Interestingly, co-expression of either of the
high-affinity subunits GluK4 and GluK5 hippocampal neurons pro-
moted localization of GluK1c at distal dendrites. In contrast to
GluK4, however, GluK5 co-expression appeared to specifically pro-
mote polarized targeting of GluK1c to dendritic compartment, with
associated reduction of GluK1c in axons. High-resolution images of
recombinant GluK1c in isolated axons show that this subunit is
localized to both, the axon body and axonal protrusions, where it
partially co-localizes with the co-expressed high-affinity subunits
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