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Abstract The two delta receptor subunits remain the most
puzzling enigma within the ionotropic glutamate receptor
family. Despite the recent elucidation of the ligand-binding
domain structure of delta2, many fundamental questions
with regard to the subunits’ mechanism of function still
remain unanswered. Of necessity, the majority of studies on
delta receptors focused on the metabotropic function of
delta2, since electrophysiological approaches to date are
limited to the characterization of spontaneous currents
through the delta2-lurcher mutant. Indeed, accumulated
evidence primarily from delta2-deficient transgenic mice
suggest that major physiological roles of delta2 are
mediated via metabotropic signaling by the subunit’s C
terminus. Why then would the subunits retain a conserved
ion channel domain if they do not form functional ion
channels? Any progress with regard to ionotropic function
of the two delta subunits has been hampered by their
largely unknown pharmacology. Even now that a pharma-
cological profile for delta2 is being established on the basis

of the ligand-binding domain structure, wild-type delta2
channels in heterologous expression systems stay closed in
the presence of molecules that have been demonstrated to
bind to the receptor’s ligand-binding domain. In this paper,
we review the current knowledge of delta subunits focusing
on the disputed ionotropic function.
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Introduction

In 1993, two new ionotropic glutamate receptor (iGluR)
subunits were discovered by low stringency screening
of mouse [1, 2] and rat [3] brain libraries using α-amino-
3-hydroxy-5-methylisoxazole propionate (AMPA) receptor
probes. They were tentatively designated as iGluRs on the
basis of substantial sequence homology. However, the two
subunits were more closely related to each other than to any
previously described iGluR. Consequently, both subunits
were taken to constitute a new, separate subfamily within
the iGluR family. Following an alternative iGluR nomen-
clature introduced at the time for mouse subunits, both
members of this new subtype were designated ‘delta
receptors’ and numbered accordingly (delta1 and delta2).

Subsequent attempts to electrophysiologically character-
ize the two subunits in heterologous expression systems
were unsuccessful [2, 3]. Both subunits were insensitive to
common iGluR agonists, and radioligand-binding assays
failed to identify a ligand [3, 4]. This prompted the
designation ‘orphan’ receptors as an alternative name for
this iGluR subtype, which emphasized that the agonist(s)
required to activate the delta receptors remained unknown.
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In the absence of a possibility to examine their
electrophysiological properties, studies initially focused on
the expression patterns of the two subunits, revealing a
highly specialized expression pattern for both subunits,
which is clearly different from the expression pattern of
other iGluRs [3–11] (Table 1).

The next important step toward elucidating the function
of delta subunits was the generation of delta2-deficient
mice whose phenotype was first described in 1995 [12].
This delta2 knock-out confirmed what prior knock-down
studies using antisense oligonucleotides in cell culture had
already indicated [13–15]: delta2 deprivation resulted in
impaired long-term depression (LTD), the major form of
synaptic plasticity at parallel fiber synapses of cerebellar
Purkinje cells. In the following years, the special phenotype
of delta2-deficient mice was thoroughly investigated,
revealing that not only LTD but also synaptogenesis, motor
coordination, and motor learning were disturbed [16–23].
Whereas the delta2-deficient mice were described more
than a decade ago, it took until last year to generate delta1-
deficient mice [24].

A breakthrough with regard to the function of the delta2
subunit was the discovery that the phenotype of so-called
lurcher mutant mice originated from a point mutation
within the delta2 subunit [25]. This point mutation is an
alanine-to-threonine conversion located in the most con-
served sequence motif (the SYTANLAAF motif) of iGluRs.
It yields delta2-lurcher channels that spontaneously gate in
the absence of agonist. Investigators now had the means to
examine ionic currents through the delta2-lurcher pore
using electrophysiological techniques [26–28]. However,
these currents could only be manipulated by substances that
presumably did not bind to the ligand-binding domain
(LBD) of the receptor. To date, it remains unclear whether
the introduction of the corresponding mutation to delta1
yields spontaneously gating delta1-lurcher channels [28,
29]. Furthermore, the cell type-selective death of cerebellar

Purkinje cells in lurcher mice was suggested to provide a
good experimental system to address the mechanism of
delayed, excitotoxic neuronal cell death after ischemia [25,
30]. For this reason, cell death pathways in the lurcher
mouse cerebellum drew a lot of attention [31–38].

More recent progress stems from a transgenic rescue
approach. This technique was used to elucidate which of
the delta2 domains is critical for cerebellar LTD. The
individual domains of delta2 were manipulated by muta-
genesis, and the ability of the resulting mutants to rescue
the impaired LTD in delta2-deficient mice was tested. The
experiments showed that the C terminus of delta2 is
necessary for LTD induction and suggested that the ion
flux through the ion channel pore and ligand-binding
capability are not [39–44].

In parallel to all these advancements, yeast two-hybrid
screens identified numerous proteins that interact with the
delta2 subunit’s C terminus and link the receptor to well-
known key molecules implicated in cerebellar LTD [45–
52]. However, a precise pathway and mechanism of LTD
induction that involves delta2 has not been described yet.

In 2007, the crystal structure of the delta2 LBD was
reported [53]. This study finally started the establishment of
a pharmacological profile for delta2. Unexpectedly, the
isolated LBD of delta2 binds glycine and D-serine, like the
NR1 and NR3 N-methyl-D-aspartate (NMDA) receptor
subunits [53]. Disappointingly though, neither glycine nor
D-serine evoked current responses at the wild-type delta2
subunit. Rather, both molecules reduced the spontaneous
current through delta2-lurcher channels.

The wild-type delta subunits have persistently escaped
electrophysiological characterization over the last 15 years,
although they apparently belong to the glutamate receptors
and thus are part of the most important excitatory
neurotransmitter receptor family. Therefore, besides com-
piling the available data on the two subunits, the present
review attempts to look at both delta receptors from an ‘ion

Table 1 Expression pattern of delta subunits

delta subunit Brain region Expression level (and time) Reference

delta1 Hippocampus: pyramidal and dentate
granule cell layer

Weak but specific (adult) Lomeli et al. [3]

Caudate putamen High (during development)
Cochlea: inner hair cells High and specific (adult) Safieddine and Wenthold [5]
Spiral ganglia: neurons and satellite glia cells
Vestibular hair cells
Vestibular ganglion neurons
Retina: bipolar cells Jakobs et al. [11]

delta2 Cerebellum: Purkinje cells High and specific Mayat et al. [4]; Takayama et al. [69];
Takayama et al. [6]; Zhao et al. [7];
Landsend et al. [8]; Petralia et al. [9];
Yatsushiro et al. [10]

Within the Purkinje cells: Restricted to
parallel fiber-Purkinje cell synapses

(Adult)

Pineal glia-like cells in culture –

List of all reported brain regions in which delta subunits have been found to be expressed. The respective references are indicated as well as the
level and time of expression, if that data was available.
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channel point of view’. This review covers the literature up
to and including February 2008.

Genes and Subunit Structure

Both delta receptor genes have been identified in mouse
(delta1, NM008166; delta2, NM008167), rat (delta1,
U08255; delta2, U08256), and human (delta1,
NM017551; delta2, NM001510) [1–3, 54–59]. In addition,
homologs of the genes exist in the genomes of Xenopus
tropicalis (delta1, BC136207) and zebrafish (Danio rerio;
delta2, NM001004123) [55, 60, 61]. The human delta1
gene (GRID1) is encoded by 16 exons on chromosome 10
(q23), and the delta2 gene (GRID2) is encoded by 16 exons
on chromosome 4 (q22) [55, 62–64]. Comparable gene
structure and sizes are found in rat and mouse [55]. Given
the average iGluR gene size, the delta genes are unusually
large. The delta2 subunit is encoded by the largest
(1,400 kb) and the delta1 subunit by the second largest
(770 kb) human iGluR gene [59, 64]. Sequence comparison
places both delta receptors slightly closer to non-NMDA
than to NMDA receptors (Fig. 1a). In addition, the intron–
exon arrangement encoding the pore region of delta
subunits is similar to that of AMPA receptors [64]. Neither
delta1 nor delta2 undergo any known process of alternative
splicing or RNA editing. The extensive sequence homology
to other iGluRs strongly suggests that the delta receptors
share the same topology and general structure as AMPA,
kainate, and NMDA receptors (Fig. 1b).

Hence, functional receptors likely assemble from four
single subunits as a dimer of dimers [65]. In principle,
tetramers can be composed either of identical subunits
(homomers) or of different subunits (heteromers). Accord-
ing to a general rule that applies to other iGluRs, heteromer
formation is only observed among subunits of one
pharmacological subtype [66]. However, whether this holds
true for the delta subtype is presently unclear.

Ionotropic glutamate receptor (iGluR) subunits have a
highly modular structure composed of four discrete
domains: two large, globular extracellular domains referred
to as N-terminal domain (NTD) and LBD, a membrane-
resident region, and the intracellular C-terminal domain
(CTD; Fig. 1b). The membrane-resident region of iGluRs
comprises three α-helical transmembrane domains (TMDs
A to C) and a membrane-resident hairpin loop (pore)
between TMD A and TMD B [67]. The LBD folds from
two discontinuous segments of amino acids, termed S1 and
S2, with S1 located N-terminal of TMD A and S2 C-
terminal of TMD B. This membrane topology places the
NTD extracellularly before S1 and the CTD intracellularly,
following TMD C.

Where are Delta Subunits Expressed and What do Mice
Need Them for?

delta1 The delta1 subunit is the least abundant iGluR in the
adult CNS but shows a pronounced developmental peak in
late embryonic and early postnatal stages with high
messenger RNA (mRNA) levels in the caudate putamen
[3]. In the adult, weak but specific expression in the
pyramidal and dentate granule cell layers of the hippocam-
pus can be detected [3]. Furthermore, delta1 expression was
detected in the inner ear in the organ of Corti and in the
vestibular end organ [5]. In the ear, expression is restricted
to the inner hair cells, whereas in the spiral ganglia, delta1
is expressed in neurons as well as their satellite glial cells.
In the vestibular organ, expression was seen in both classes
of vestibular hair cells and in vestibular ganglion neurons
[5]. Recently, delta1 mRNA was detected in ganglion and
bipolar cells of the retina [11].

Mice lacking the delta1 subunit show impaired hearing
[24]. The cochlear threshold for frequencies higher than
16 kHz is shifted significantly and correlates with a
substantial loss of type IV spiral ligament fibrocytes.
Furthermore, the endolymphatic potential in high-frequency
cochlear regions is reduced, and mice are more susceptible
to acoustic injury. However, gross innervation patterns of
inner hair cells are unaffected, and the morphology and
function of hippocampus and vestibular system appear
normal. This phenotype suggests a role for delta1 in high-
frequency hearing and ionic homeostasis in the basal
cochlea and corresponds well with the delta1 expression
pattern [24].

delta2 The delta2 subunit is abundantly and specifically
expressed in a major cell type of the cerebellum, the
Purkinje cell. Purkinje cells receive two types of excitatory
input: one from climbing fibers that originate from inferior
olivary neurons in the brainstem and the other from parallel
fibers that arise from granule cells in the granule cell layer
of the cerebellum. Climbing fibers form synapses on the
proximal dendrites of Purkinje cells, parallel fibers on the
distal portion of the Purkinje cell’s dendritic tree. While
Purkinje cells are innervated by multiple climbing fibers in
early postnatal stages, a strict one-to-one climbing fiber to
Purkinje cell innervation pattern is established during
maturation [68]. Delta2 mRNA can be detected as early
as embryonic day 15 in Purkinje neuroblasts [4]. Upon
maturation of the cells and their recruitment into cerebellar
circuitry, the delta2 protein is redistributed to dendritic
spines of excitatory synapses [6, 69]. While at postnatal
day 10 delta2 is still present at both excitatory inputs, it is
absent from climbing fiber synapses and restricted to
parallel fiber synapses in the adult [7–9]. The selective
targeting of delta2 subunits to parallel fiber synapses is
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activity-dependent. Block of neuronal activity with
tetrodotoxin (TTX) induces a redistribution of delta2 to
all Purkinje cell spines and the formation of numerous
new spines at proximal dendrites that become aberrantly
innervated by parallel fibers [70]. After removal of TTX,
climbing fibers reinnervate proximal dendrites and repress
delta2 expression [71]. Interestingly, delta2 expression was
also detected in a subpopulation of pineal glial-like cells in
culture, suggesting a role of the receptor in the regulation of
melatonin synthesis in the pineal gland [10].

Mice lacking the delta2 subunit display deficits in motor
coordination and motor learning [12] which become
apparent around postnatal day 12. In addition, the synapto-
genesis in the cerebellum is abnormal, although gross
cerebellar histoarchitecture appears normal [12]. The
number of parallel fiber synapses on Purkinje cells is
reduced to half, multiple innervation of Purkinje cells by
climbing fibers persists in the adult, and numerous free
spines emerge [17, 19, 20]. The reduced number of parallel
fiber synapses causes climbing fiber innervation to extend
to distal dendrites and to aberrantly jump to adjacent
Purkinje cells [17, 19, 20]. The density of delta2 is directly
related to the number of synaptic contacts with parallel
fibers [72]. Upon gradual reduction of delta2 density, first
the presynaptic active zone at parallel fiber synapses

shrinks, then mismatches between the active zone and the
Purkinje cell postsynaptic density (PSD) occur, and finally
completely free spines emerge. These findings have led to
the suggestion that the delta2 subunit might exert its role in
promoting and stabilizing parallel fiber contacts via a direct
interaction to the presynaptic terminal [73, 74]. The NTD of
delta2 has been suggested to promote such contacts in a
manner similar to GluR2 interaction with presynaptic N-
cadherin [75].

The main form of synaptic plasticity at the parallel fiber
synapse, LTD, is abrogated in mice lacking delta2 [12–15].
Concurrently, inhibitory synaptic transmission at interneu-
ron synapses of Purkinje cells is enhanced to compensate
for the non-depressed excitatory parallel fiber input [76].
Cerebellar LTD plays an essential role in the fine-tuning of
motor coordination. Accordingly, mutant mice show defi-
cits in a number of motor learning tasks such as eye blink
conditioning [18, 21], vestibular compensation [16], and
vestibulo-ocular reflex compensation [23]. Mutant mice fail
to adapt oculomotor reflexes in response to training, eye
movements are delayed and wiggly [23], and oscillatory
eye movements arise spontaneously [22]. The delta2-
deficient phenotype implies an important role of delta2
in synaptic plasticity and synaptogenesis in the cerebel-
lum, which fits well with the specific expression of

Fig. 1 Classification of mammalian ionotropic glutamate receptor
proteins. a Unrooted tree of the 18 full-length mammalian iGluRs that
are further classified according to sequence homology and pharmaco-
logical profiles into AMPA, kainate, NMDA, and delta receptor
subunits. The alignment was calculated with MegAlign (DNASTAR).
A distance analysis (minimum evolution) was performed using
MrBayes 3.1, calculating 106 generations. Negative branch-length
handling was set to zero. b Schematic membrane topology of an
iGluR subunit. Color coding reflects the modular structure of the

protein: NTD (black, dashed), S1 (light gray), S2 (dark gray), and ion
pore (black). Receptor parts not related to other proteins are shown in
gray, including the short stretch linking the NTD to S1, the three short
stretches connecting the LBD (formed by S1 and S2) with TMDs A,
B, and C, as well as TMD C and the CTD. The Q/R editing site in
AMPA and kainate receptors is indicated. Both delta receptor subunits
are believed to share a similar topology. They both carry a glutamine
at the Q/R site
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delta2 in the sole cerebellar output neuron, the Purkinje
cell.

The C Terminus of Delta Receptors Regulates
Trafficking and Synapse Localization

Using the yeast two-hybrid system, a number of proteins
have been identified that interact with the CTD of delta
receptors (Table 2; for abbreviations not given in the text,
please refer to the legend of Fig. 2).

The delta2 subunit interacts with two members of the
family of MAGUKs (membrane-associated guanylate
kinases), namely PSD-93 [45] and synaptic scaffolding
molecule (S-SCAM) [50]. Both proteins bind to the distal
four amino acids of the C terminus of delta2 via one of their
conserved PDZ domains and cluster the receptor subunits at
the PSD.

Several other proteins have been described that link
delta2 to the cytoskeleton and mediate its trafficking to the
plasma membrane: spectrin [77], echinoderm microtubule
associated protein (EMAP) [47], AP-4 [49], and delphilin
[48]. The expression pattern of EMAP suggests that in vivo
it might be an interaction partner for delta1 that is involved
in multiple pathways of yet unknown nature. AP-4 is a
protein complex that traffics proteins from the Golgi
network to the plasma membrane. Neither EMAP nor AP-
4 interact with the distal four amino acids of the C terminus
of delta receptors but bind to an internal motif in the CTD
(Fig. 2, Table 2).

Spectrin is an actin-binding protein and anchors delta2 to
the cytoskeleton in a calcium-dependent manner. Stimula-
tion of ionotropic or metabotropic GluRs in cultured
Purkinje cells induces a significant decrease in the density
of synaptic delta2 receptors [78]. This effect is dependent
on a rise in intracellular calcium and is blocked by
glutamatergic antagonists or removal of extracellular
calcium [78]. Morphological changes in the actin cytoskel-
eton are thought to regulate this decrease of delta2 in
dendritic spines without affecting the number of synaptic
contacts. The calcium-dependent dissociation of delta2
from spectrin might mediate the observed reduction of
delta2 receptors at the PSD [78, 79]. Delphilin is a PSD
protein at parallel fiber synapses that binds specifically to
delta2, clusters the receptor subunits, and links them to the
cytoskeleton as well as to the protein tyrosine kinase nSrc
(neuronal sarcoma) [48].

A second link to downstream protein kinase and
phosphatase pathways is the protein tyrosine phosphatase
MEG that associates with the C terminus of delta2 via its
PDZ domain [46].

A nine amino-acid deletion in the CTD four positions
downstream of TMD C blocks the delivery of delta2

receptors to the plasma membrane [80]. This membrane-
proximal region of the CTD was suggested to play a
different role in surface expression, synapse location, and
signal transduction than the distal four amino acids of the C
terminus and their interaction with PDZ domain-containing
proteins [81]. A stretch of 12 amino acids located in the
central part of the delta2 CTD stabilizes the receptors at the
synapse, rendering delta2 resistant to endocytosis [82]. By
contrast, complete truncation of the CTD leaving only five
amino acids protruding from TMD C was found not to
interfere with location of delta2 at dendritic spines [52].

Metabotropic Signaling Links the Delta2 Subunit
to Essential Players in LTD Induction

Calcium entry through voltage-gated calcium channels, the
presence of delta2, mGluR1 activation, and AMPA receptor
endocytosis are essential for LTD induction at the parallel
fiber synapse of Purkinje cells [78, 83, 84]. The delta2
subunit is linked to LTD pathways in at least three ways.
First, delta2 binds directly to the PDZ domain of Shank
proteins via a stretch of amino acids in the CTD that folds
into a β-turn [51] (Fig. 2). Shank proteins are linked to
AMPA receptors via GRIP1 and to mGluR1 via Homer, thus
placing delta2 in the immediate vicinity of two essential
players in LTD induction. Secondly, 14 amino acids in the
region of the CTD immediately following TMD C in delta2
were shown to interact with the BAR domain of PICK1, and
deleting these amino acids hampered the induction of LTD
[52]. Thirdly, upon induction of LTD, S945 of the receptor
is phosphorylated by PKC, which in turn enhances the
interaction with the MAGUK S-SCAM [50, 85].

Although many CTD interaction partners for delta2 have
been identified, no clear picture for delta2’s involvement in
LTD has been established yet. It is worth mentioning that a
number of interactions require the CTD of delta2 to adopt a
distinct folding such as a β-turn and that delta2 density
seems to be reduced upon calcium influx.

The Mouse Delta2 Gene is a Hot Spot for Spontaneous
Mutation

In the absence of pharmacological means to examine the
delta receptors, the majority of clues regarding their
physiological roles originate from studies of knockout or
transgenic mice. In addition to these intentional manipu-
lations of delta genes, two spontaneous, naturally occurring
mutations affect the delta2 gene in mice: lurcher and
hotfoot. The hypermutability of delta2 in mice has been
attributed to the unusually large size of the gene. However,
no spontaneous mutations linked to the human delta2 gene

130 Mol Neurobiol (2008) 37:126–141



T
ab

le
2

In
tr
ac
el
lu
la
r
pr
ot
ei
ns

in
te
ra
ct
in
g
w
ith

th
e
C
T
D

of
de
lta

re
ce
pt
or
s

In
te
ra
ct
in
g
pr
ot
ei
n

In
te
ra
ct
io
n
si
te

in
de
lta

su
bu
ni
t

E
xp
er
im

en
ta
l
sy
st
em

L
oc
al
iz
at
io
n
of

in
te
ra
ct
in
g
pr
ot
ei
n

F
un
ct
io
n

R
ef
er
en
ce

P
S
D
93

de
lta
1,

de
lta
2:

P
D
Z
-b
in
di
ng

m
ot
if
(G

T
S
I)

Y
ea
st
tw
o-
hy
br
id
,
ba
it:

co
m
pl
et
e
C
T
D

of
de
lta
1,

de
lta
2

P
ur
ki
nj
e
ce
ll

C
lu
st
er
in
g
of

de
lta
2
at

sy
na
ps
e

R
oc
he

et
al
.
[4
5]

P
S
D
95

W
ea
k
ex
pr
es
si
on

in
P
ur
ki
nj
e
ce
lls

S
A
P
97

S
pe
ct
ri
n
(α

an
d
β
)

de
lta
2:

C
T
D

Im
m
un
op
re
ci
pi
ta
tio

n,
Im

m
un
ob
lo
ts

w
ith

H
is
-t
ag
ge
d
de
lta
2-
C
T
D

H
ig
h
le
ve
l
ex
pr
es
si
on

in
sp
in
es

of
P
ur
ki
nj
e
ce
lls

L
in
ka
ge

to
cy
to
sk
el
et
on
,
in
te
ra
ct
io
n

in
hi
bi
te
d
by

C
a2

+
in

vi
tr
o

H
ir
ai

an
d
M
at
su
da

[7
7]

P
T
P
M
E
G

de
lta
2:

P
D
Z
-b
in
di
ng

m
ot
if
(G

T
S
I)

Y
ea
st
tw
o-
hy
br
id
,
ba
it:

C
T
D

de
lta
2;

Im
m
un

op
re
ci
pi
ta
tio

n
P
ur
ki
nj
e
ce
lls

R
ol
e
of

P
T
P
as
e
ac
tiv

ity
in

do
w
ns
tr
ea
m

si
gn

al
in
g

H
ir
on
ak
a
et

al
.
[4
6]

E
M
A
P

de
lta
1,

de
lta
2:

aa
90

4–
95

5,
ne
ce
ss
ar
y
an
d
su
ff
ic
ie
nt

Y
ea
st
tw
o-
hy
br
id
,
ba
it:

co
m
pl
et
e

C
T
D

of
de
lta
1,

de
lta
2

W
ea
k:

in
co
rt
ex
,
hi
pp
oc
am

pu
s
an
d

ce
re
be
llu

m
;
H
ig
h:

in
su
pe
ri
or

an
d

in
fe
ri
or

co
lli
cu
li
an
d
br
ai
ns
te
m

P
ro
te
in
-p
ro
te
in

in
te
ra
ct
io
n,

lin
k
to

cy
to
sk
el
et
on

,
in

vi
vo

in
te
ra
ct
io
n

pa
rt
ne
r
m
ig
ht

be
de
lta
1

L
y
et

al
.
[4
7]

nP
IS
T

de
lta
1,

de
lta
2:

P
D
Z
-b
in
di
ng

m
ot
if
(G

T
S
I)

Y
ea
st
tw
o-
hy
br
id
,
ba
it:

co
m
pl
et
e

C
T
D

of
de
lta
2

C
ol
oc
al
iz
at
io
n
of

de
lta
2
an
d
nP

IS
T

in
H
E
K
29

3
ce
lls

nP
IS
T
in
te
ra
ct
s
w
ith

B
ec
lin

1,
lin

k
to

au
to
ph
ag
y
an
d
ap
op
to
si
s
pa
th
w
ay
s

Y
ue

et
al
.
[3
7]

D
el
ph
ili
n

de
lta
2-
sp
ec
if
ic
:
P
D
Z
-b
in
di
ng

m
ot
if
(G

T
S
I)

Y
ea
st
tw
o-
hy
br
id
,
ba
it:

C
-t
er
m
in
al

pa
rt
of

de
lta
2
C
T
D

S
pe
ci
fi
ca
lly

lo
ca
liz
ed

to
pa
ra
lle
l

fi
be
r
sy
na
ps
es

of
P
ur
ki
nj
e
ce
lls

L
in
k
to

ac
tin

cy
to
sk
el
et
on

M
iy
ag
i
et

al
.
[4
8]

D
el
ph

ili
n
in
te
ra
ct
io
n
de
pe
nd

en
t
on

ph
os
ph

or
yl
at
io
n
st
at
us

of
P
D
Z
-b
in
di
ng

m
ot
if
by

P
K
A

S
on

od
a
et

al
.
20

06

A
P
-4

de
lta
2:

aa
94

1–
99

1
Y
ea
st
tw
o-
hy
br
id
,
ba
it:

m
em

br
an
e-

di
st
al

pa
rt
of

de
lta
2
C
T
D

D
en
dr
iti
c
sh
af
ts
of

P
ur
ki
nj
e
ce
lls

T
ra
ff
ic
ki
ng

fr
om

G
ol
gi

ne
tw
or
k
to

pl
as
m
a

m
em

br
an
e

Y
ap

et
al
.
[4
9]

S
-S
C
A
M

de
lta
2:

P
D
Z
-b
in
di
ng

m
ot
if

(G
T
S
I)

Y
ea
st
tw
o-
hy
br
id
,
ba
it:

de
lta
2
C
T
D
;

im
m
un
op

re
ci
pi
ta
tio

n
P
ur
ki
nj
e
ce
ll

S
or
tin

g
an
d
cl
us
te
ri
ng

at
P
S
D
,
in
te
ra
ct
io
n

re
gu
la
te
d
by

P
K
C
ph

os
ph

or
yl
at
io
n
of

S
94

5
Y
ap

et
al
.
[5
0]

S
ha
nk
1

de
lta
2-
sp
ec
if
ic
:
aa

90
8–
93

6,
ne
ce
ss
ar
y
an
d
su
ff
ic
ie
nt

Y
ea
st
tw
o-
hy
br
id
,
ba
it:

co
m
pl
et
e

C
T
D

of
de
lta
1,

de
lta
2

P
ur
ki
nj
e
ce
ll,

m
ol
ec
ul
ar

la
ye
r

C
on
ne
ct
io
n
to

m
G
lu
R
1
an
d
A
M
PA

R
vi
a

ho
m
er

an
d
G
R
IP

U
em

ur
a
et

al
.
[5
1]

S
ha
nk

2
P
ur
ki
nj
e
ce
ll,

m
R
N
A

pr
es
en
t

P
K
C

de
lta
2:

S
94

5
P
ho

sp
ho
ry
la
tio

n
K
on

do
et

al
.
[8
5]

P
IC
K
1

de
lta
2:

S
K
E
D
D
K
E
m
ot
if

Y
ea
st
tw
o-
hy
br
id
,
ba
it:

m
em

br
an
e-

pr
ox
im

al
pa
rt
of

de
lta
2
C
T
D

D
en
dr
iti
c
sp
in
es

of
P
ur
ki
nj
e
ce
lls

B
A
R
do
m
ai
n
of

P
IC
K
1
in
te
ra
ct
s
w
ith

de
lta

re
ce
pt
or
,
m
ul
tim

er
iz
at
io
n,

co
nn
ec
tio

n
to

A
M
PA

R

Y
aw

at
a
et

al
.
[5
2]

L
is
to

f
al
lr
ep
or
te
d
pr
ot
ei
ns

th
at
in
te
ra
ct
w
ith

th
e
C
T
D
of

de
lta

re
ce
pt
or
s.
In

ad
di
tio

n,
th
e
re
sp
ec
tiv

e
in
te
ra
ct
io
n
si
te
on

th
e
de
lta

su
bu

ni
ts
is
gi
ve
n
as

w
el
la
s
th
e
ex
pe
ri
m
en
ta
ls
ys
te
m

us
ed

to
id
en
tif
y

th
e
in
te
ra
ct
io
n,

in
fo
rm

at
io
n
re
ga
rd
in
g
th
e
co
lo
ca
liz
at
io
n
of

th
e
de
lta

su
bu

ni
ts
w
ith

th
e
re
sp
ec
tiv

e
in
te
ra
ct
in
g
pr
ot
ei
n,

th
e
su
gg

es
te
d
fu
nc
tio

na
l
im

pl
ic
at
io
ns

of
su
ch

an
in
te
ra
ct
io
n,

an
d
th
e
re
sp
ec
tiv

e
re
fe
re
nc
e.

Mol Neurobiol (2008) 37:126–141 131131



have been described so far, although the gene size in
humans is comparable to that in mouse.

Lurcher Mice The autosomal, dominant lurcher phenotype
arose spontaneously and owes its name to the characteristic
lurching gait of the mice [86]. Homozygous animals die
within the first postnatal day due to the autonomous death of
all large trigeminal motor neurons during embryonic devel-
opment [87]. Although the patterning of the brain is regular
and trigeminal neurons arise normally, the cells start dying at
embryonic day 15, coinciding with the terminal differentia-
tion of motor control circuits in the hindbrain. Heterozygous
animals are viable and breed but display impaired motor
coordination [88–90]. Symptoms manifest around postnatal
day 12, coinciding with the onset of Purkinje cell degener-
ation. During the next 5 weeks, animals lose 100% of their
Purkinje cells, 90% of granule cells, and 75% of inferior
olivary neurons [91]. The observed neurodegeneration arises
from a single amino acid substitution within the delta2
subunit: An alanine within the conserved SYTANLAAF
motif of iGluRs at the C-terminal end of TMD B is
replaced with a threonine (A654T) [25]. Purkinje cells of
lurcher mice display a high membrane conductance and
depolarized resting potentials [25]. In accordance with this,
heterologous expression of the mutant receptors confirms
that homomeric delta2-lurcher channels mediate the high
membrane conductance, since the application of open
channel blockers can block these spontaneous currents [26].

Active caspases and DNA fragmentation in dying
Purkinje and granule cells point to an apoptotic mechanism
[31, 34] that is aided by extracellular signaling cascades
[36]. Blocking apoptosis can completely rescue granule cell
death, while Purkinje cell and inferior olivary neuron
degeneration is only delayed, indicating that an alternative
cell death pathway is activated in these cells [33–35]. This
alternative cell death program was suggested to be
autophagy [37]. The C terminus of the delta2 subunit is
linked to the PDZ domain of neuronal protein interacting
specifically with TC10 (nPIST) and the nPIST-associated
Beclin1 [37]. Dissociation of the nPIST/Beclin1 complex
from delta2 receptors can lead to the induction of
autophagy through the release of Beclin1 from nPIST.
Interestingly, the onset of delta2-lurcher-induced membrane
depolarization is not correlated with the degeneration of
Purkinje cells [38].

Hotfoot Mice Hotfoot is a naturally occurring recessive
mouse mutation causing ataxia [92, 93]. A total of nine
different hotfoot alleles have been identified as deletions of
one or more exons in the delta2 gene [64, 94, 95]. Six of
them are in-frame mutations leading to deletions in the
NTD of delta2, the other three are frameshift mutations that
cause truncation of delta2. Although delta2 is abundantly
expressed in hotfoot-4J mice cerebelli, the mutant receptors
accumulate in the soma of Purkinje cells. Intersubunit
interactions are weakened by the deletions, implying that

Fig. 2 Intracellular protein interactions with the CTD of delta2.
Schematic representation of the delta2 CTD (155 amino acids) and its
interactions with intracellular proteins. Indicated are all described
interacting proteins with the exception of spectrin since its exact
binding site has not been characterized yet. The respective interaction
sites of all other proteins interacting with the CTD of delta2 are
indicated: PDZ domain-mediated interactions with delta2 (red) and
interactions via other domains (orange). Downstream signaling and
domain composition of interacting proteins are indicated when
relevant. Abbreviations of domains: PDZ PSD-95/Dig/ZO-1, GK
guanylate kinase, FH2 formin homology 2, Ank ankyrin repeats,

SH3 Src homology 3, CC coiled-coil, FH1 formin homology 1, WW
domain with two conserved Trp (W) residues, SAM sterile (α) motif,
BAR Bin1/amphiphysin/RVS167. Abbreviations of proteins: Shank
SH3 and ankyrin repeat-containing protein, PSD-93 postsynaptic
densitiy protein 93, S-SCAM synaptic scaffolding molecule, GRIP1
glutamate-receptor-interacting protein 1, PICK1 protein interacting
with C-kinase 1, PKC protein kinase C, Delphilin delta2-philic-
protein, nPIST neuronal protein interacting specifically with TC10,
PTP MEG protein tyrosine phosphatase MEG, AP-4 adaptor protein 4,
EMAP echinoderm microtubule associated protein
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oligomerization of delta2 subunits is disturbed and unstable
oligomers are retained in the ER. Homozygous mice
behave very similar to delta2-deficient mice, while in
heterozygous mice, mutant delta2 is selectively eliminated
and not detectable, explaining the recessivity of the
mutation. Besides the nine characterized alleles, yet another
11 hotfoot alleles have been reported [64, 95], making the
delta2 gene a hot spot for spontaneous mutations.

The C Terminus of Delta2 is Decisive for the Subunit’s
Involvement in LTD

In recent transgenic rescue studies, delta2 receptors carrying a
mutation that is predicted to disrupt ligand binding were still
able to rescue aberrant synaptogenesis and LTD induction in
delta2-deficient mice [39, 40]. Similarly, disrupting ion
permeability or solely calcium permeability of delta2 had
no effect on these mutant receptors’ ability to rescue LTD
[41, 42]. By contrast, C-terminally truncated delta2 did not
rescue LTD in delta2-deficient mice, despite the fact that the
truncated subunits were trafficked normally and restored
abnormal synapse formation almost completely [43, 44].
These findings indicate that the role of delta2 in LTD is
dependent on its C terminus, while delta2’s role in synapto-
genesis is mediated by other parts of the protein [44].
Consistently, a decoy peptide representing the C terminus of
the protein that was intracellularly perfused during patch
clamp experiments could abrogate LTD in acute cerebellar
slices, suggesting that the correct interaction of intracellular
proteins with the extreme C terminus of delta2 is sufficient
for mediating the receptor’s role in LTD induction [43].

By contrast, LTD could be normally induced in cultured
delta2-deficient Purkinje cells that had been transfected
with mutant delta2 receptors lacking the C terminus [52].
An explanation for this divergent report might lie in the
different techniques used: transfected cultured Purkinje
cells and iontophoretic application of glutamate to induce
LTD were used in one case [52], as opposed to recordings
from acute cerebellar slices of delta2-deficient mice that
had been virus-infected to introduce mutant delta2 receptors
and depolarization to induce LTD in other studies [41–44].

The LBD Structure of Delta2 Reveals D-Serine Binding

Recently, the crystal structure of a soluble construct
representing the putative LBD of delta2 was reported
[53]. This part of the receptor had already been crystallized
for all other major iGluR subtypes, revealing that S1 and S2
form a bi-lobed structure, with each segment contributing to
both lobes [96–100]. Ligands bind in a deep cleft between

the two lobes which are referred to as domain 1 (D1) and
domain 2 (D2) (Fig. 3a). Agonist binding activates the
receptor by inducing a switch from a relaxed, open-cleft
conformation to a constrained, closed-cleft, agonist-bound
form. First, glutamate docks to D1 via its α-amino and α-
carboxyl groups. Next, D2 is attracted by the γ-carboxyl
group of glutamate and rotates (approximately 21° in
GluR2 [101]) toward D1 to close the cleft, locking the
agonist in its binding pocket. In the majority of crystals,
two LBDs assemble to form a twofold symmetric dimer in
which the backsides of D1 form an extensive interface
between the two monomers.

Similarly, the apo structure of delta2 shows a twofold
symmetric dimer in which each monomer forms the typical
bi-lobed structure comprised of D1 and D2 (Fig. 3). A
unique feature of the delta2 LBD is the tight coordination
of two calcium ions at the dimer interface by four residues
in D1. While overall structural similarity is highest to the
AMPA receptor GluR2 LBD, the ligand-binding cavity
most closely resembles that of the glycine/D-serine-binding
NR1 subunit. Indeed, D-serine and glycine were found to
bind to the soluble delta2 LBD protein, however, with a
very high KD value (in the millimolar range) and thus a
very low affinity [53].

The structure of the D-serine-bound form revealed a
ligand coordination similar to that of glycine in NR1 with
two remarkable differences [53]. First, a tyrosine residue
(Y543) located in the D1–D2 hinge region provides a
hydrogen bond to the β-hydroxyl group of D-serine. By
contrast, a serine residue (S688) from a completely different
receptor region coordinates the equivalent β-hydroxyl
group of glycine in NR1. Secondly, in NR1 three water
molecules are coordinated with D-serine in the ligand-
binding cavity, while D-serine completely fills the cavity in
delta2. The degree of domain closure induced by D-serine
binding to delta2 is 9° larger than the 21° observed in
crystal structures of the AMPA receptor GluR2 [53, 96,
101]. In contrast to the apo structure, the D-serine-bound
form of the delta2 LBD did not crystallize as a dimer.
Furthermore, the calcium coordination observed in the
dimer of the apo structure is absent. Instead, a sodium ion
occupies the corresponding position. Notably, receptor
modulation by extracellular ions that bind at the dimer
interface of iGluR LBDs has also been reported for
kainate receptors [102–104].

Electrophysiology with Spontaneously Gating Orphan
Receptors

Electrophysiological tests using typical glutamatergic ago-
nists all failed to activate delta1 or delta2 in commonly
used expression systems (Table 3). Likewise, early inves-
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tigations using ion pore domain transplantation failed to
demonstrate that the two delta receptor pores are able to
form functional ion channels when transplanted into
AMPA, kainate, or NMDA receptor subunits [105].

This lack of ionotropic function and pharmacological
tools to manipulate delta receptors has prevented the
elucidation of their specific involvement in synaptic
transmission until today. Even though the recently obtained
crystal structure revealed D-serine and glycine binding to
delta2, both substances fail to elicit any current responses at
delta2 wild-type receptors [53]. Thus, all electrophysiolog-
ical characterization of delta receptor properties remains
restricted to the analysis of the spontaneous currents

through delta-lurcher channels (Table 4). However, even
this indirect approach proved inconclusive for delta1. The
introduction of the lurcher mutation at the corresponding
site in the delta1 subunit yielded only weak spontaneous
activation in one case [29], while another group could not
find spontaneous activation at all [28]. As a consequence,
all delta ion channel properties have been inferred from
delta2-lurcher channels only. The results of these studies
revealed both AMPAR- and NMDAR-like features.

The spontaneous currents through delta2-lurcher show a
doubly rectifying I/V relationship and a calcium permeabil-
ity comparable to that of AMPA and kainate receptors (Q
variants) [27]. Mutation of the naturally occurring gluta-

Table 3 Pharmacological experiments with wild type delta receptors

Wild-type delta subunit Co-expressed subunit Substances tested Expression system Reference

delta2 – Not specified Xenopus oocytes Araki et al. [2]
delta1 – Glu, KA, AMPA HEK293 Lomeli et al. [3]
delta1 GluR7
delta1 delta2 D-Ser, D-Ser+Glu, Gly, Gly+Glu Xenopus oocytes Naur et al. [53]
delta2 – Glu, KA, AMPA HEK293 Lomeli et al. [3]
delta2 GluR1, 2, 3
delta2 GluR5
delta2 KA1
delta2 NR1
delta2 NR2A, B, C
delta2 – Gly, L-cysteic acid, D- and L-forms of the

following amino acids: A, V, L, I, P, S, T,
C, M, Y, F, W, H, E, D, N, K, R

Xenopus oocytes Naur et al. [53]

delta2 GluR1, 2 D-Ser, D-Ser+Glu, Gly, Gly+Glu
delta2 GluR6
delta2 KA1, 2
delta2 NR1
delta2 NR2A, B, C, D
delta2 NR3B
delta2 – D-Ser, D-Ser+Ca2+, Gly, Gly+Ca2+ HEK293 Naur et al. [53]
delta2 GluR2 D-Ser, D-Ser+Glu, Gly, Gly+Glu

Reported receptor-ligand combinations tested with delta receptors in Xenopus oocytes or HEK293 cells. Either no current responses were
observed, or in case of coexpression with other iGluR subunits, responses did not deviate from controls expressing the other iGluR subunits alone.
Agonist concentrations used were: Glu (300 μM), KA (300 μM), AMPA (100 μM), D-Ser (1 mM oocytes, 10 mM HEK293), Gly (1 mM oocytes,
10 mM HEK293), Ca2+ (0 mM or 10 mM), other amino acids (1 mM).

Fig. 3 LBD structure of delta2.
a Monomeric structure of the
LBD of delta2 (PDB code
2V3U). Shown is an overlay of
the apo and D-serine-bound
forms, aligned are the D1 lobes
(cyan); D2 movement is indi-
cated by the arrow. The open
conformation of D2 is indicated
in blue, the closed conformation
in red. b Dimeric structure of
the LBD of delta2 in its apo
conformation both in side and
top view (PDB code 2V3T). The
coordinated calcium ions are
highlighted in red
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mine at the Q/R site of delta2 to arginine diminishes
rectification and calcium permeability, analogous to AMPA
and kainate receptors [27]. A unique feature of delta2-
lurcher is that extracellular calcium potentiates spontaneous
currents with a maximal potentiation at physiological
calcium concentrations [27]. This finding is particularly
interesting with regard to the recently discovered coordina-
tion of two calcium ions at the dimer interface in the apo
structure of the delta2 LBD [53].

Analogous to currents through NMDA receptors, the
spontaneous current through delta2-lurcher is reduced by
extracellular protons, with the maximal inhibition of 70%
occurring at pH 6.5 to 6.0 [28]. Open delta2-lurcher
channels are blocked by 1-naphthylacetyl spermine
(NASP), N-dansylspermine, N-dansylspermidine, pentami-
dine, and 9-tetrahydroaminoacridine (9-THA) [26, 28].
Both pentamidine and 9-THA are open channel blockers
of NMDA receptors, where they block currents in a
voltage-dependent manner [28]. Application of glutamate

(1 mM), aspartate (1 mM), or kainate (100 μM) had no
effect on spontaneous currents through delta2-lurcher,
regardless of the simultaneous presence of glycine
(10 μM), CNQX (100 μM), AP-5 (100 μM), or 7-
chlorokynurenic acid (7-CKA) (100 μM) [25]. Although
the spontaneous gating of delta2-lurcher channels shows
that the protein is able to form homomeric ion channels, the
spontaneous activity could, until recently, only be manip-
ulated by substances acting on the open channel and has
remained insensitive to substances that targeted the LBD of
delta2 [26].

The first evidence that the LBD of delta2 does
communicate its conformational status to the ion pore came
from the application of an antibody that was designed to
specifically recognize amino acids 505–514 in the ligand-
binding cleft of delta2 [84]. This antibody blocks the
spontaneous currents through delta2-lurcher and hence was
categorized as antagonistic. Injection of the antibody into
the supracerebellar space of adult mice transiently caused

Table 4 Electrophysiological experiments with delta lurcher mutants

Mutant delta
subunit

Q/R site
amino acid

Substances/characteristics tested Expression system Reference

delta2-lurcher Q No response to agonists: 1 mM Glu, 100 μM KA,
1 mM Asp; each ±10 μM Gly

Xenopus oocytes Zuo et al. [25]

No response to antagonists: 100 μM CNQX,
100 μM APV, 100 μM 7-CKA
Potassium-permeable pore

delta2-lurcher Q Doubly rectifying current-voltage relationship HEK293 Kohda et al. [26]
Moderate calcium permeability (PCa/Pmono=0.44)
Spontaneous currents NASP-sensitive (10 μM)
No modulation by: CTZ (50 μM), GYKI (50–100 μM),
MK801, ConA (300 μg/μl), NBQX (10–20 μM)

R Linear current-voltage relationship
Calcium-impermeable
Spontaneous currents NASP-insensitive (10 μM)
No modulation by: CTZ (50 μM), GYKI (50–100 μM),
MK801, ConA (300 μg/μl), NBQX (10–20 μM)

delta2-lurcher Q Doubly rectifying current-voltage relationship HEK293 Wollmuth et al. [27]
Calcium-permeable (2–3%, fura-2 fluorescence)
Potentiation by extracellular calcium

R Linear current-voltage relationship
Calcium-impermeable

delta1-lurcher Q Spontaneous currents Xenopus oocytes Ikeno et al. [29]
Calcium-permeable (qualitative test)
Modulation by PKC activator

delta2-lurcher Q Spontaneous currents Xenopus oocytes Williams et al. [28]
Various pore blockers, most sensitive to pentamidine and 9-THA
Sensitivity to extracellular pH, IC50=7.5

delta1-lurcher Q No spontaneous current
delta2-lurcher Q Reduction of spontaneous current (in order of magnitude):

D-Ser, Gly, D-Ala, L-Ala, D-Cys, L-Asp (minimal reduction:
L-cysteic acid, D-Thr, L-Cys, D-Met, D-Asp, L-Thr)

Xenopus oocytes Naur et al. [53]

No response to L-Met and the D- and L-forms of (all 1 mM):
V, L, I, P, Y, F, W, H, E, N, K, R

Reported electrophysiological tests with delta receptor lurcher mutants in Xenopus oocytes or HEK293 cells; the main results are given under
substances/characteristics tested. The amino acid at the position corresponding to the Q/R site is indicated. Wild type delta receptors both feature a
Q at this site.
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ataxia and blocked LTD [84]. Additional evidence for
communication between LBD and ion pore of delta2 stems
from the effect of D-serine or glycine on delta2-lurcher.
Both substances inhibit the spontaneous current through
delta2-lurcher when applied at high concentrations [53].
Contrary to the initial report by Zuo et al. [25], the
competitive NR1 antagonist 7-CKA was now found to
reduce the spontaneous current through delta2-lurcher
channels [106]. Hence, the profile of substances acting on
delta2-lurcher shows similarities to the pharmacological
profile of NR1. However, none of the substances was able
to evoke current responses at delta2-lurcher channels in
addition to the basal spontaneous currents, regardless of
their agonistic or antagonistic nature with respect to NR1.

The only compound that can increase the amplitude of
spontaneous activation therefore remains extracellular cal-
cium. Interestingly, the presence of extracellular calcium
decreases the potency of D-serine to reduce the spontaneous
current through delta2-lurcher [107]. Extracellular calcium
and D-serine thus seem to counteract each other’s influence
on the LBD of delta2. However, despite all recent progress,
it is still unclear whether wild-type delta receptors contribute
to EPSCs at synapses or rather exert their physiological
functions via protein interactions at their C termini.

Can Delta Subunits Form Heteromers with Other iGluR
Subunits?

Although homomeric delta receptors reach the plasma
membrane in heterologous expression systems [3], delta
receptors might exert their function in vivo by forming
heteromers with other iGluRs. A number of coexpression
experiments with iGluRs from all major subtypes have been
reported (Table 3). None of the tested combinations,
however, showed any indication arguing for the formation
of functional ionotropic heteromers.

Coimmunoprecipitation experiments yielded ambiguous
results: Antibodies against delta2 did not co-precipitate
GluR2/3, GluR6, or KA2 from solubilized cerebellar
membranes [4], whereas delta2 partially co-precipitated
from cerebellar synaptosomal fractions with antibodies
against GluR2 or KA2 [108]. Recombinant heteromeric
expression of the artificial R variant of delta2-lurcher with
Q variants of GluR1-lurcher and GluR6-lurcher yielded
non-rectifying channels, indicative of delta2 incorporation
into both GluR1- and GluR6-lurcher channels [108].
Coexpression of GluR1 and GluR6 with the wild-type
delta2 subunit, however, reduced current amplitudes com-
pared to homomeric GluR1 and GluR6 responses. Thus, if
heteromeric wild-type receptors assemble in vivo, they will
very likely not participate in glutamate-evoked EPSCs.

At the parallel fiber synapse of Purkinje cells, delta2 is
colocalized with mGluR1, GluR2/3, and GluR5–7, but only
with minimal amounts of GluR1 and NR1 [7]. Furthermore,
delta2 is linked to mGluR1 and AMPA receptors via Shank
proteins. Both findings hint at an intimate but perhaps
feeble interaction with AMPA and kainate receptors, but
incorporation into heteromeric assemblies remains to be
shown in vivo.

Open Questions and Future Directions

One of the big open questions with respect to delta receptor
physiological function is still whether these subunits serve
as ion channels in vivo. In this regard, arguments for a mere
metabotropic function of delta2 receptors have been
brought forward that stem from two lines of evidence [39,
40, 42]: First, an early pharmacological study had shown
that AMPA receptor antagonists such as CNQX can
completely block EPSCs at the parallel fiber Purkinje cell
synapse in the cerebellum [109]. This was taken as an
indication that the entire EPSC is carried by AMPA
receptors with no contribution by delta2. This argument,
however, assumes that delta2 is not susceptible to block by
CNQX, which might not be the case in light of recent
findings that the LBD has a pharmacological profile similar
to NR1, which was shown to be sensitive to CNQX [53,
106]. Furthermore, the amplitudes and kinetics of mEPSCs
are normal in delta2-deficient mice [15, 52]. Both these
findings have led to the conclusion that delta2 receptors
likely do not contribute to EPSCs at the parallel fiber
Purkinje cell synapse [39, 40, 42]. The second line of
evidence stems from transgenic rescue studies showing that
the apparent disruption of delta2 ligand binding or ion
permeability does not interfere with the mutant subunit’s
ability to rescue the abrogated synaptic plasticity in delta2-
deficient mice [39–42]. Hence, ligand-gated ion channel
function seems not to be required for the subunit’s
involvement in cerebellar synaptic plasticity.

On the other hand, the spontaneous current through
homomeric delta2-lurcher channels clearly shows that the
mutant receptor is capable of fluxing ions, although in this
case only passively and not ligand-induced. Furthermore,
two findings showed that the LBD of delta2 does
communicate its conformation to the ion pore under certain
circumstances: D-serine and an antibody directed against
the LBD of delta2 reduced spontaneous current through
delta2-lurcher channels [53, 84].

Similar to the NR1 and NR3 subunits of NMDA receptors,
delta2 binds D-serine and glycine [53]. However, D-serine
application does not evoke current responses at recombinant
wild-type delta2 receptors, and the spontaneous current
through delta2-lurcher is blocked by D-serine, rather than
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activated. One major difference between delta2 and the NR1
and NR3 subunits appears to be the affinity for D-serine and
glycine. As determined by isothermal titration calometry, the
D-serine affinity of the isolated delta2 LBD is three orders of
magnitude lower than typical values reported for the NMDA
receptor subunits [53]. If D-serine or glycine were the
activating signals for delta2, such a low affinity would
require concentrations of D-serine and glycine that are hard
to reconcile with those found in vivo (extracellular D-serine
concentration in the adult cerebellum is 0.5 μM as
determined by in vivo microdialysis [110]).

With regard to the availability of D-serine in sufficiently
high concentration, two findings are particularly interesting:
First, D-serine concentrations are high in the developing
cerebellum and restricted to Bergmann glia cells that
ensheath parallel fiber to Purkinje cell synapses [110,
111]. Concentrations peak at P14 and then decline to
negligible levels in the adult. In comparison, the expression
of delta2 in Purkinje cells starts as early as E15 and is
maintained through adulthood [4]. Second, the effective
concentration necessary to reduce spontaneous current
through delta2-lurcher channels varies with the concentra-
tion of extracellular calcium. D-Serine is more potent in
calcium-free solutions (~300 μM at 0 mM calcium), while
at higher calcium concentrations, the potency declines to
values in the millimolar range (~3 mM at 3 mM calcium)
[107]. It is worth mentioning that the introduction of the
lurcher mutation into other iGluR subunits decisively
increases agonist potency [26, 112]. Likewise, the reported
potency of D-serine to reduce spontaneous current at delta2-
lurcher channels might be different from actual D-serine
potencies of wild-type delta2 receptors. Hence, although the
report by Naur and colleagues [53] represented the first
demonstration that a ligand can bind to and induce a func-
tional effect on delta2, the findings also suggest that in vivo
D-serine levels might not be sufficient to affect delta2—at
least not in the adult.

As an additional or alternative possibility, extracellular
calcium may be required to modulate and/or activate delta
receptors. It is not unprecedented that extracellular calcium
can be a first messenger. The human Ca2+-sensing receptor
(CaR) is a G-protein-coupled receptor (GPCR) that is
activated by rising extracellular calcium [113]. Most
interestingly, it belongs to the same family of GPCRs as
the mGluRs [114], the GABAB receptor [115, 116], and the
GPRC6A receptor [117]. Furthermore, the ectodomain of
the CaR is related to bacterial periplasmic binding proteins,
just like the NTD of iGluRs [113, 118].

It is not intuitively obvious that calcium may serve as an
important first messenger. The ion occurs at least in a
10,000-fold higher concentration in the extracellular space
than in the intracellular space. Nevertheless, there is
accumulating evidence that locally confined changes of

extracellular calcium are sensed by cells and have profound
consequences for synaptic transmission [119–121]. Simu-
lations indicate that substantial depletion of extracellular
calcium (from 1.5 to 0.8 mM) in the synaptic cleft can
occur during high-frequency stimulations [122]. The delta
receptors might therefore be involved in sensing depletion
of extracellular calcium. However, how such a signal might
modulate the delta2 receptor and cerebellar synaptic
plasticity remains to be elucidated.

The recent crystallization of the LBD of delta2 and
identification of ligands that modulate delta2-lurcher
function [53] as well as transgenic rescue studies [40–42,
44] have provided exciting progress toward clarifying delta
receptor function. However, many open questions remain
unanswered. Do delta receptors form homomeric com-
plexes, or do they require other iGluRs or accessory
proteins to function? Do delta receptors function as ion
channels or as metabotropic receptors? Do they contribute
to EPSCs? How different is delta1 from delta2?

Especially this last question has not been addressed at
all, as all work focused on delta2 after the lurcher mutation
had been described in the delta2 subunit. Though it
becomes increasingly difficult to imagine delta receptors
as ‘old-fashioned’ ligand-gated ion channels, the question
why both subunits retain a conserved channel domain
certainly requires a convincing answer.
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