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current in brain slices
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Abstract

lon channel function of native delta glutamate receptors (GluDg) is
incompletely understood. Previously, we and others have shown
that activation of Gaq protein-coupled receptors (GqPCR) produces
a slow inward current carried by GluD1g. GluD1j, also carries a tonic
cation current of unknown cause. Here, using voltage-clamp elec-
trophysiological recordings from adult mouse brain slices containing
the dorsal raphe nucleus, we find no role of ongoing G-protein-
coupled receptor activity in generating or sustaining tonic GluD1y
currents. Neither augmentation nor disruption of G protein activity
affects tonic GluD1g currents, suggesting that ongoing G-protein-
coupled receptor activity does not give rise to tonic GluD1 currents.
Further, the tonic GluD1y current is unaffected by the addition of
external glycine or D-serine, which influences GluD2g current at mil-
limolar concentrations. Instead, GqPCR-stimulated and tonic GluD1g
currents are regulated by physiological levels of external calcium. In
current-clamp recordings, block of GluD1; channels hyperpolarizes
the membrane by ~7 mV at subthreshold potentials, reducing excit-
ability. Thus, GluD1 carries a G-protein-independent tonic current
that contributes to subthreshold neuronal excitation in the dorsal
raphe nucleus.
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Introduction

The majority of excitatory neurotransmission in the central nervous
system is produced by ionic current carried by the ionotropic gluta-
mate receptors (iGluRs). Lesser known in the iGluR family are the
delta glutamate receptors (GluD1gr and GluD2g), which share < 30%
amino acid sequence identity with the other family members (Araki
et al, 1993; Lomeli et al, 1993). Either GluDlz or GluD2y is
expressed in the central neurons in nearly every region of the adult
mouse brain, with a high level of overlap at the regional and cellular
level (Konno et al, 2014; Hepp et al, 2015; Nakamoto et al, 2020).
Predominately, GluD1g and GluD2; are found in postsynaptic

specializations on the dendrites and spines (Landsend et al, 1997;
Hepp et al, 2015; Nakamoto et al, 2020; Hoover et al, 2021), where
they regulate synapse formation, composition, and autophagy in
complex with trans-synaptic and secreted proteins (Tao et al, 2018;
Fossati et al, 2019; Dai et al, 2021; Gawande et al, 2021, 2022). The
study of ion channel function of GluD1y has been limited since there
is no known agonist that binds to GluD1y directly to gate opening of
the channel. Nonetheless, we and others have demonstrated that
GluD1g and GluD2g carry ionic current upon activation of Goyg-
protein-coupled receptors (GqPCRs), either metabotropic glutamate
(mGluR, Ady et al, 2013; Dadak et al, 2017; Benamer et al, 2018) or
al-adrenergic receptors (Gantz et al, 2020), through a process that
involves intact G protein signaling. Intriguingly, in cell lines and
brain slices, GluD1g and GluD2y are open in the presumed absence
of agonists and carry tonic cation current (Gantz et al, 2020;
Lemoine et al, 2020). The cause of the tonic GluDlyr current is
unknown.

Typically, GPCRs are activated when extracellular ligands bind to
the receptor and force a conformational change, which initiates
downstream signal transduction mechanisms. In principle, GQPCRs
could exhibit low levels of activation in response to ambient ligand,
as demonstrated for Ga;/,-protein-coupled dopamine D2 receptors
(Rodriguez-Contreras et al, 2021). GPCRs can also be constitutively
active, entering an active state conformation in the absence of
ligand (reviewed in Bond & IJzerman, 2006). Despite knowledge
that GluD1y is modulated by a GTP-dependent mechanism (Gantz
et al, 2020), whether the tonic GluD1y current is a product of low-
level GqPCR activity is not established.

Here, using patch-clamp electrophysiology in acute mouse brain
slices, we show that inverse agonism of a1-adrenergic receptors (o1-
Ag), which are capable of modulating GluD1y current, did not affect
tonic GluD1g current, indicating that ol-Ar activation was not
responsible for generating tonic GluDlg current. Further, all
methods employed to manipulate G protein activity did not impact
the amplitude of the tonic GluD1y current. Thus, tonic GluD1y cur-
rent arises from a mechanism separate from ongoing, cell-
autonomous GPCR activity. Unlike recent observations with GluD2y
(Carrillo et al, 2021), we find that GluD1y current was not affected
by millimolar glycine or D-serine, making it unlikely that tonic
GluD1g current arises from ambient levels of these amino acids.
Instead, both GqPCR-stimulated and tonic GluDly currents were
regulated by physiological levels of extracellular calcium. Increasing
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extracellular calcium above 2 mM, which is higher than physiologi-
cal levels but commonly found in artificial cerebral spinal fluids for
in vitro research (Forsberg et al, 2019; Lopes & Cunha, 2019),
reduced GluD1 unitary current and the magnitude of tonic GluD1g
by ~50%. When measured at physiological levels of calcium, tonic
GluD1g current contributes to subthreshold depolarization that
drives action potential firing of dorsal raphe neurons.

Results
GluD1g carries a tonic current

Whole-cell voltage-clamp recordings were made from dorsal raphe
neurons in acute brain slices from wild-type mice at 35°C in the
presence of GluN, GluA, and GluK receptor blockers, using a
potassium-based internal solution (Vyogq — 65 mV). Our previous
work showed that GluD1ly carries an ~—20 pA tonic current,
revealed by the application of a channel blocker, 1-naphthyl acetyl
spermine (NASPM) and by genetic deletion of GluDlr (Gantz
et al, 2020). In agreement with our prior work, here we show that
application of NASPM (100 uM) produced an apparent outward cur-
rent of 17.1 £ 2.2 pA (Fig 1A and B). On average, the current
peaked in 3.5 min and reversed in 11 min upon washout of NASPM.
The outward current was accompanied by an increase in the mem-
brane resistance (Fig 1C) and a reduction in the membrane noise
variance (o?, Fig 1D), indicating fewer open channels. NASPM
failed to change the current when external Na“ (126 mM) was
replaced with N-methyl D-glucamine (—3.0 £+ 3.6 pA, P = 0.50,
n = 3). Voltage ramps from —120 to 10 mV (1 mV/10 ms) before
and after application of NASPM showed that tonic GluD1y current
reversed polarity at ~—2 mV (Fig 1E). In all, these findings repro-
duce those of our previous work (Gantz et al, 2020) and demon-
strate that NASPM blocks a tonic, sodium-dependent inward current
carried by GluD1g.

Tonic GluD1 current is not produced by cell-autonomous G
protein activity

GluD1g and GluD2g carry ionic current following the activation of
either mGIuR or al-Ag (Ady et al, 2013; Dadak et al, 2017; Benamer
et al, 2018; Gantz et al, 2020; Lemoine et al, 2020) via a G-protein-
dependent mechanism (Dadak et al, 2017; Gantz et al, 2020). GPCRs
can exhibit constitutive activity in the absence of agonist (Prézeau
et al, 1996), and low-level constitutive activity of GPCRs affects
other subthreshold cation conductances (Lu et al, 2010; Shen
et al, 2012; Zhang et al, 2012; Quallo et al, 2017; Philippart &
Khalig, 2018). But the involvement of GqPCRs in generating tonic
GluD1p current has not been explored.

To test whether increased G protein activity was sufficient for
generating tonic GluD1y current, the internal recording solution was
supplemented with a non-hydrolyzable GTP analog (guanosine-5'-
[(B, y)-imido]triphosphate, GppNHp, 1 mM), which binds irrevers-
ibly to Ga and elevates G protein activity. In dorsal raphe neurons,
dialysis with GppNHp produces a tonic outward current carried by
G protein-coupled inwardly rectifying potassium (GIRK) channels
(Loucif et al, 2006) by elevating free GBy subunits, which gate GIRK
channels (Pfaffinger et al, 1985). In agreement, whole-cell dialysis
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Figure 1. NASPM reveals a tonic inward current carried by GluD1g.

A Representative whole-cell voltage-clamp recording of the apparent out-
ward current produced by application of NASPM (NSP, 100 pM). Dashed
lines indicate baseline current (bottom) and the peak of the outward cur-
rent (top). Tonic current was measured as the difference of these lines
(arrow).

B Plot of the whole-cell current (Vhoig —65 mMV) in control conditions (ctrl)
and after application of NASPM (NSP, P < 0.0001, n = 18).

C Plot of basal membrane resistance recorded in control conditions (ctrl) and
during NASPM application (NSP, P = 0.0002, n = 17).

D Plot of membrane noise variance (c?) in control conditions (ctrl) and during
NASPM application (NSP, P = 0.002, n = 18).

E Current-voltage relationship of the NASPM-sensitive tonic inward current.
The linear portion was fit by linear regression (gray line) indicating an Ee,
near O mV (n = 5 biological replicates).

Data information: In (B-E), line and error bars represent mean £ SEM. In (B—
D), * denotes statistical significance (Wilcoxon matched-pairs signed rank
tests).

Source data are available online for this figure.

of GppNHp-containing internal solution (> 10 min) produced a
tonic outward current with a reversal potential of ~—108 mV
(Fig 2A-C), consistent with the expected reversal potential of potas-
sium (calculated Ex: —104 mV). Application of BaCl, (100 uM),
which blocks GIRK channels (Gantz et al, 2013), produced an appar-
ent inward current (—46.0 + 10.6 pA, Fig 2A) with GppNHp- but
not GTP-containing internal solution (Fig 2C). These data demon-
strate that amplifying G protein signaling with GppNHp produces
standing currents carried by G protein-gated ion channels, consis-
tent with previous studies (Loucif et al, 2006; Kramer & Wil-
liams, 2016). In the continued presence of BaCl,, tonic GluDly
current was measured following application of NASPM (Fig 2D and
E). On average, tonic GluD1y current was —16.7 + 2.8 pA, which
was not different from current measured with GTP-containing inter-
nal solution (Fig 2D). To determine whether BaCl, affected conduc-
tance of GluD1g, we also examined GluD1y current stimulated by
synaptic activation of ol-Agx (Gantz et al, 2020; Khamma
et al, 2022). Electrical stimulation of the brain slice (5 pulses,
0.5 ms, 60 Hz) delivered via a monopolar stimulating electrode was
used to evoke an al-Ag-dependent excitatory postsynaptic current
(a1-AR-EPSC), which is carried by GluDly (Gantz et al, 2020).
External BaCl, (100 pM) had no effect on the amplitude of
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the al-AgR-EPSC (ctrl: —20.6 &+ 3.6 pA; BaCl,: —26.0 + 4.1 pA,
Fig EV1A-C), indicating that at this concentration, external BaCl,
does not affect conductance of GluD1g. Taken together, the data
suggest that augmenting G protein activity has a negligible impact
on the amplitude of the tonic current carried by GluD1g.

In principle, GPCRs could be activated by ambient ligand in brain
slices to produce a small tonic current. In midbrain dopamine neu-
rons, ambient activation of Go,/-coupled dopamine D2 receptors
produces a tonic GIRK current of ~9 pA (Rodriguez-Contreras
et al, 2021). Next, we tested whether tonic GluDly current was
dependent on ol-Ag activity, either from ambient ligand or

Tonic
GIRK
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E NSP
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Figure 2. Augmentation of G protein activity with GppNHp has no effect
on tonic GluD1 current.

A GppNHp-containing internal solution produced a tonic Ba*"-sensitive
(100 pM) outward current carried by GIRK channels, shown in a representa-
tive whole-cell voltage-clamp recording.

B Current-voltage relationship of the tonic Ba*"-sensitive (100 pM) outward
GIRK current demonstrating reversal near expected Ex and inward rectifica-
tion (n = 6 biological replicates).

C Plot of tonic GIRK currents measured in control conditions (GTP) and with
GppNHp-containing internal solution (P = 0.0003, n = 9 and 16 biological
replicates respectively).

D Plot of the magnitude of tonic GluD1g current measured with GTP-
containing internal solution as compared to GppNHp-containing internal
solution (P = 0.72, n = 5 and 8 biological replicates respectively) when mea-
sured in external Ba>" to block tonic GIRK current.

E GppNHp had no effect on the NASPM (NSP, 100 uM)-sensitive inward cur-
rent, shown in a representative trace.

Data information: In (B-D), line and error bars represent mean + SEM.

* denotes statistical significance, ns denotes not significant (Mann-Whitney
tests).

Source data are available online for this figure.
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constitutive activity, by applying an a1-Ag inverse agonist prazosin
(100 nM, Hein et al, 2001). Prazosin had no effect on the magnitude
of the tonic GluD1R current (—19.9 + 2.8 pA, Fig EV2A and B). In
midbrain dopamine neurons, GluD1 current is produced by activa-
tion of mGIluR (Benamer et al, 2018), suggesting that a similar
mechanism may occur in the dorsal raphe. Moreover, in the dorsal
raphe, Gog-coupled histamine H; and orexin OX; receptors converge
on the same downstream effectors as al-Ag (Brown et al, 2002),
suggesting that if tonic GluD1y current was produced via G protein
activity, there are many types of receptors to consider. As a broad
test as to whether tonic GluD1g current was dependent on G protein
signaling, recordings were made with an internal solution where
GTP was replaced with a non-hydrolyzable analog of GDP, GDPfS-
Li; (1.24 mM), which acts as a competitive antagonist at GTP-
binding sites and arrests G protein signaling. Within 10 min of
whole-cell dialysis with GDPfS-containing internal solution, appli-
cation of noradrenaline (30 pM) produced an inward GluD1y cur-
rent (Fig 3A and B). By >20 min of whole-cell dialysis, the
noradrenaline-induced current was abolished (Fig 3A and B),
confirming efficacy of GDPBS to arrest ol-Ar-GluD1y signaling
(Gantz et al, 2020). In contrast, GDPBS had no effect on tonic
GluD1g current when compared with GTP-containing internal solu-
tion with or without a similar concentration of LiCl (GDPfS-Lis:
—28.7 +49pA, n=13, GTP: -19.3 +2.7 pA, GTP + LiCl
—23.5 £+ 3.9 pA, Fig 3C). Further, there was no decrement in the
magnitude of tonic GluD1ly current with repeat applications of
NASPM (Fig 3D and E). These results demonstrate that tonic GluD1g
current is independent of cell-autonomous G protein signaling.

Collectively we have shown, using pharmacological and genetics
strategies, that GluD1y carries ionic current that can be observed in
two ways: either by activating a1-Ag, which augments GluD1y cur-
rent in a G-protein-dependent manner, or by measuring tonic
GluD1R current that arises from a G-protein-independent mecha-
nism. These features distinguish GluD1y current from sodium cur-
rent carried by sodium leak NALCN channels. NALCN current is
stimulated by GqPCR activation in a G-protein-independent manner
(Lu et al, 2009), whereas “tonic” NALCN current is G-protein-
dependent (Lu et al, 2010; Philippart & Khalig, 2018; reviewed in
Ren, 2011). Nonetheless, sufficient similarity between the conduc-
tances warrants closer examination of the pharmacological tools
used on these channels. The trivalent ion gadolinium (Gd*") effec-
tively blocks NALCN channels, with > 80% reduction in NALCN
current with 10 pM Gd*>" (Lu et al, 2007, 2009, 2010; Chua
et al, 2020). Here, Gd*" (10 uM) had no significant effect on the
amplitude of the a1-Ag-EPSC (Fig EV3A-C) nor on the magnitude of
the tonic NASPM-sensitive current (Fig EV3D and E).

Tonic GluD1; current is not augmented by glycine or D-serine

Using clusters of HEK-293T cells and synaptically connected cul-
tured cerebellar neurons, Carrillo et al (2021) demonstrate that
GluD2R can be opened by external glycine or D-serine with an ECs,
of ~1 and 3 mM respectively and produce a steady-state current.
Previously, we demonstrated that high concentrations (10 mM) of
glycine and D-serine reduce the al-Ag-EPSC without affecting uni-
tary channel current (Gantz et al, 2020); attributing the diminished
current to glycine inducing a desensitized state of the channel
(Hansen et al, 2009). When applied at 1 mM, neither glycine (in the
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Figure 3. Tonic GluD1g current is not dependent on G protein signaling.

A With GDPBS-containing internal solution, noradrenaline-induced GluD1g
current (Iya) was diminished by > 20 min post-dialysis, shown in a represen-
tative trace.

B With GDPPS-containing internal solution, the amplitude of Iy, ran down
with whole-cell dialysis; shown in a plot of the first application of noradren-
aline (30 uM, 1*") compared to application of noradrenaline > 20 min post-
dialysis (post, P = 0.02, n = 7).

C Plot of the magnitude of tonic GluD1 current measured after dialysis with
GTP'LICl~, GDPBS-Lis-, and GTP-containing internal solution, displaying no
significant difference between the groups (P = 0.46, n = 9, 13, 8 biological
replicates respectively).

D Plot of the magnitude of tonic GluD1g current recorded with GDPBS-
containing internal solution for the first application of NASPM (1%) and
application of NASPM > 45 min post-dialysis, showing no difference in the
average amplitude (post, P = 0.84, n = 6 biological replicates).

E With GDPBS-containing internal solution, repeated application of NASPM
revealed tonic GluD1 current without a decrement in amplitude, shown in a
representative trace. \\ indicate a 40-min wash in the recording.

Data information: In (B-D), line and error bars represent mean + SEM. *
denotes statistical significance, ns denotes not significant (B and D: Wilcoxon
matched-pairs signed rank tests; C: Kruskal-Wallis test).

Source data are available online for this figure.

presence of 10 puM strychnine) nor D-serine affected the al-Ag-EPSC
(Fig 4A-E). Neither glycine nor D-serine produced a change in
whole-cell current (Fig 4E-G) or membrane resistance (glycine:
P =0.72, n = 15; D-serine: P = 0.09, n = 12). Lastly, the magnitude
of tonic GluD1y current was measured by application of NASPM
(100 puM) in the presence of glycine or D-serine (1 mM). Tonic
GluD1g current was not changed by either amino acid at this con-
centration (Fig 4H).
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Figure 4. Tonic GluD1, current is not produced by external glycine or D-

serine.

A Representative traces of electrically evoked (arrow) o1-Agz-EPSCs in control
conditions and after application of glycine (1 mM).

B, C Plot of the amplitude of the a1-Ag-EPSC in control conditions (ctrl) and in
glycine (L mM, P = 0.43, n = 10 biological replicates, B), or D-serine
(@ mM, P =0.13, n = 9 biological replicates, C).

D  Glycine or D-serine (aa) had no significant effect on the amplitude of the
a1-Ag-EPSC, shown in a time-course plot (n = 10 and 9 biological repli-
cates for glycine and D-serine respectively).

E Glycine had no significant effect on the amplitude of the a1-Ag-EPSC
(arrow) or whole-cell current, shown in a representative trace.

F, G Plot of the whole-cell current in control conditions (ctrl) and in glycine
(P =039, n = 14 biological replicates, F) or D-serine (P = 0.54, n = 14 bio-
logical replicates, G).

H Plot of the magnitude of tonic GluD1g current measured in control
conditions (ctrl), or in the presence of glycine (gly) or D-serine (D-ser),
showing no difference in the amplitude of tonic GluD1 current (P = 0.20,
n = 8, 6, 6 biological replicates respectively).

Data information: In (B-D and F—H), line and error bars represent mean 4 SEM.
ns denotes not significant (B, C and F, G: Wilcoxon matched-pairs signed rank
tests; H: Kruskal-Wallis test).

Source data are available online for this figure.

One possibility is that glycine and D-serine do not directly gate
GluD1g, as observed for GluD2y (Carrillo et al, 2021). Alternatively,
if tonic GluD1g current is produced by ambient levels of glycine or
D-serine, the channels may be open in a desensitized low-
conductance state, akin to steady-state current produced by
conducting desensitized GluAg (Coombs et al, 2019). In
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constitutively open mutant GluD2g, desensitization by D-serine is
reduced dramatically by high levels of extracellular calcium
(> 3 mM) through a mechanism that involves calcium binding and
stabilization of the ligand-binding domain dimer interface (Hansen
et al, 2009). Therefore, we increased the concentration of calcium in
the extracellular solution to 4.8 mM and then applied glycine
(1 mM). In 4.8 mM calcium, glycine (in the presence of 10 uM
strychnine) had no effect on the al-Ag-EPSC (99.2 + 5.5% of the
amplitude in glycine) or whole-cell current (—0.42 + 2.6 pA change
in glycine, P=0.84 for both comparisons, n =6, Wilcoxon
matched-pairs signed rank tests). Together these results suggest that
GluD1g current is not affected by millimolar glycine or D-serine.
Further it is unlikely that tonic GluD1y current arises from ambient
levels of glycine or D-serine.

Tonic GluD1 current is reduced by elevated
extracellular calcium

To further examine whether tonic GluD1y current is a product of
desensitized low-conductance channels, we characterized the effect
of increasing the concentration of extracellular calcium. Increasing
extracellular calcium from physiological 1.2 mM (Forsberg
et al, 2019, our standard recording solution) to 2.4 mM had no sig-
nificant effect on the amplitude of the al-Ag-EPSC (P = 0.18,
n = 18, Fig 5A), the time-to-peak (P = 0.22, n = 14), or the rate of
decay (P=0.17, n =14, Wilcoxon matched-pairs signed rank
tests). However, increasing extracellular calcium to 4.8 mM rapidly
reduced the a1-Ag-EPSC by ~40% (Fig SA and B) accompanied by
a significant slowing in the rate of decay (Fig 5B and C). Typically,
the ol-Ag-EPSC peaks in ~1s from stimulation (Khamma
et al, 2022) and decays by ~50% by 5s from stimulation
(Fig EV4A and B). In 4.8 mM calcium, the o1-Ag-EPSC persisted
with no significant decrement in amplitude for 5 s from stimula-
tion (Fig EV4B). In 1.2 mM calcium, the a1-Ag-EPSC membrane
noise variance (o?)—-amplitude relationship was fit well by linear
regression, yielding an estimate of a —1.04 pA unitary current
(Fig 5D), consistent with our previous report (Gantz et al, 2020).
In 2.4 mM calcium, there was a significant decrease in the slope of
the al-AR-EPSC o’—amplitude relationship (P = 0.044, n =73
and 20, simple linear regression) yielding an estimate of a
—0.54 pA unitary current (Fig 5D). In 4.8 mM calcium, there was
no longer a relationship between the al-Ag-EPSC membrane noise
variance (6%) and amplitude (Fig 5D). Thus, elevating extracellular
calcium reduces but prolongs the time course of al-Ag-stimulated
GluD1g current.

Next, we assessed the magnitude of the tonic GluD1y current. On
average, the tonic GluD1y current was —9.0 and —7.5 pA in 2.4 and
4.8 mM calcium, respectively (Fig SE and F). When compared with
measurements in 1.2 mM calcium, elevating extracellular calcium
caused significant reductions in the magnitude of tonic GluD1y cur-
rent (Fig SF). To determine whether GluD1g current was reduced by
resting levels of extracellular calcium, we measured tonic GluD1g
current in nominally calcium-free external solution. Following the
elimination of the al-Ag-EPSC, which served as a control for the
removal of extracellular calcium (Gantz et al, 2020), NASPM was
applied. On average, the magnitude of the tonic GluD1y current in
nominally calcium-free solution was larger, ~—30 pA (Fig 5G and
H). The magnitude of the tonic GluD1lr current measured in
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nominally calcium-free solution was not changed significantly by
the addition of the Gd*" (10 pM, Fig EV3F).

In our prior work, we demonstrated that the GluD1gs that under-
lie the a1-AR-EPSC are at least transiently open at rest since the
channel pores were accessible to the open-channel blocker NASPM
in the absence of al-Ar stimulation (Koike et al, 1997; Gantz
et al, 2020). To determine whether the loss of GluD1g current in ele-
vated extracellular calcium reflects a change in gating of GluD1g, we
tested whether increasing extracellular calcium affected the block of
the al-Ag-EPSC by NASPM. Consistent with our prior work (Gantz
et al, 2020), when applied in 1.2 mM calcium, NASPM (100 puM,
6 min) blocked the al-Ag-EPSC (93.3 £+ 1.6% reduction, Fig 5I). In
2.4 mM calcium, NASPM blocked the al-Agr-EPSC to a similar
degree (92.9 + 2.0% reduction, Fig 5I). In 4.8 mM calcium, NASPM
blocked a1-Ag-EPSC, but to a lesser degree (80.9 + 3.5% reduction,
Fig 5I). These data indicate that in 4.8 mM calcium, GluD1y are less
accessible to open-channel block by NASPM. In GluNg, pore block
by magnesium prevents binding of the open-channel blocker MK-
801 (Reynolds & Miller, 1988; Hubbard et al, 1989). Since both mag-
nesium and MK-801 block the pore and eliminate GluNR current,
the “protection” provided by magnesium is apparent in the rate of
recovery of the GluNgr current upon washout and dissociation of
MK-801 (McKay et al, 2013). Therefore, we examined the rate of
recovery of the a1-Ag-EPSC upon washout of NASPM. NASPM was
applied in either 1.2 or 4.8 mM calcium, then NASPM was washed
out and the a1-Ag-EPSC recovered in 1.2 mM calcium (Fig 5J and
K). After 12 min of wash, the al-Az-EPSC blocked by NASPM in
4.8 mM calcium had fully recovered (105 + 3.5%), whereas the al-
ARr-EPSC blocked by NASPM in 1.2 mM calcium had only partially
recovered (49.9 + 10.0%, Fig S5K). Therefore, high levels of extra-
cellular calcium inhibit GluD1y in a way that antagonizes open-
channel block by NASPM. Taken together, the data suggest that
extracellular calcium has direct inhibitory action on GluD1g current.

Tonic GluD1y current provides subthreshold drive of action
potential firing

In vivo and in vitro, dorsal raphe neurons fire action potentials
(APs) in a rhythmic “pacemaker” manner. Primarily, serotonin neu-
rons are not autonomous pacemakers, but require subthreshold
drive from noradrenergic afferents and activation of a1-Ag (Baraban
et al, 1978). In the absence of noradrenaline, dorsal raphe neurons
are silent or fire slowly and erratically (Svensson et al, 1975;
Baraban et al, 1978). To determine if tonic GluD1y current contrib-
uted to subthreshold excitation, whole-cell current clamp recordings
were made from dorsal raphe neurons, and APs were evoked with
somatic current injection (1.5 s, 20 pA increments, Fig 6A). Consis-
tent with the absence of ambient noradrenaline in brain slices
(Gantz et al, 2020), 5/10 neurons were firing spontaneously at a
slow and irregular rate (0.8 &+ 0.3 Hz); but all fired in response to
current injection. After application of NASPM (30-50 uM), 1/10
neurons fired spontaneously, and the rest became quiescent (silent)
until APs were evoked by current injection (Fig 6B). At subthreshold
potentials (—80 to —55 mV), NASPM hyperpolarized the membrane
by ~7-10 mV (Fig 6C), consistent with Ohm’s law given the magni-
tude of the tonic GluD1y current (—17.1 + 2.2 pA) and basal mem-
brane resistance (481.1 &+ 43.2 MQs). Consequently, NASPM
increased the minimum current necessary to evoke AP firing
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Figure 5. GluD1g current is inhibited by extracellular calcium.

A
4.8 mM respectively).

Increasing extracellular calcium to 4.8 mM reduced the amplitude of the a1-Az-EPSC, shown in a time-course plot (n = 18 and 26 biological replicates for 2.4 and

B Representative traces of electrically evoked (arrow) a1-Az-EPSCs in control conditions (1.2 mM calcium) and after application of 4.8 mM calcium. Lower right inset
shows the same traces scaled to their peak to illustrate the increase in the rate of decay in 4.8 mM calcium.

C Plot of the rate of decay of the a1-Az-EPSC in control conditions (1.2 mM) and in 4.8 mM extracellular calcium (P < 0.0001, n = 21 biological replicates).

D Plots of the a1-Ag-EPSC variance versus mean amplitude in control conditions (1.2 mM), 2.4 mM, and 4.8 mM extracellular calcium, linear fits represent mean unitary
current (, 1.2 mM: r? = 0.53, P < 0.0001, n = 73; 2.4 mM: r> = 036, P = 0.006, n = 20; 48 mM: r* = 0.004, P = 0.748, n=26 biological replicates).

E Elevating extracellular calcium to 2.4 and 4.8 mM decreased the response to NASPM (NSP), shown in representative traces. Arrows indicate time of electrical
stimulation and resulting o1-Ag-EPSCs.

F  Plot of the magnitude of tonic GluD1g current measured by application of NASPM in control conditions (1.2 mM), 2.4 and 4.8 mM calcium. The magnitude of tonic
GluD1g current in 2.4 and 4.8 mM calcium was reduced relative to control conditions (1.2 mM: n = 18; 2.4 mM: P = 0.03, n = 17; 48 mM: P = 0.005, n = 22

biological replicates).

G In nominally calcium-free external, NASPM produced a large apparent outward current, shown in a representative whole-cell voltage-clamp recording. Arrows indi-
cate time of electrical stimulation and absence of a1-Az-EPSCs.
H Plot of the magnitude of tonic GluD1g current measured by application of NASPM in control conditions (1.2 mM) and nominally calcium-free (0) solution. The magni-
tude of tonic GluD1g current in calcium-free was larger than control conditions (P = 0.009, n = 18 and 14 biological replicates).
| Plot of the inhibition of the a1-Az-EPSC by application of NASPM in control conditions (1.2 mM), 2.4 mM, and 4.8 mM extracellular calcium (1.2 vs. 2.4 mM:
P> 0999, 1.2 vs. 48 mM: P = 0.026, n = 14, 15, and 22 biological replicates).
] Elevating extracellular calcium to 4.8 mM reduces the change in whole-cell current to NASPM and accelerates recovery of the a1-Az-EPSC from NASPM-block in con-
trol conditions (1.2 mM extracellular calcium), shown in a representative whole-cell voltage-clamp recording.
K Time course of the block and recovery of the a1-Agz-EPSC by application of NASPM when applied in 4.8 mM extracellular calcium but allowed to recover in control
conditions (1.2 mM), shown in comparison with the time course of the block and recovery of the a1-Az-EPSC by application of NASPM when applied in control condi-
tions (1.2 mM extracellular, as shown in C). Gray fill circles indicate measurements made in 1.2 mM, whereas open circles indicate measurements made in 4.8 mM
extracellular calcium (P = 0.0007, 1.2: n = 7-14, 4.8: n = 6-7 biological replicates).

Data information: In (A, F, H, I, K), line and error bars represent mean £ SEM. * denotes statistical significance, ns denotes not significant (C: Wilcoxon matched-pairs
signed rank test; D: Simple linear regression; F and I: Kruskal-Wallis tests; H and K: Mann—Whitney tests).
Source data are available online for this figure.

(approximate rheobase), which reversed upon 10 min washout of
NASPM (Fig 6D) and increased the latency to fire the first AP
(Fig 6E). In contrast, once the membrane reached threshold,
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NASPM had little-to-no effect on average membrane potential
between APs (Fig 6C). Further, the AP waveform was unaffected by
NASPM (Fig 6F). There were no differences in the AP half-width

© 2023 The Authors



Daniel S Copeland et al

A ctrl
NSP e
w —_— T
-10 pA 30 pA
70 pA
Cc *
-40-
-50
S 6o
§, -60
E -704
> -80-
-904
' ctrl NSP wash
relative current (pA)
G H
-20+ ns 600 *
N —~
-304 lﬁ 2
E S 4001
D .’ﬁ E
2 -407 Q
4 S 200-
£ -501] I
-60-—1—T1— o——

ctrl  NSP ctrl  NSP

EMBO reports

B
100
—f — 0 :
S 15
=} 1 silent
2 50
“
[S]
X
0_- firing
ctrl NSP
E * F 20 ctrl
3009 s NSP
E 0
n
E 200 £-2
> -40 —_—
Q 100 ms
£ 1004
©
0_
ctrl  NSP
2ms
| J
160 * 301 *
~N
@ 120 <
) 1 204
£ g
= é g
24 i =N
60 g 10
= octrl
u NSP
0 T T [ 2 1 1 1 1
ctrl  NSP 0 30 60 90 120

current (pA)

Figure 6. Tonic GluD1 current provides subthreshold drive of action potential firing.

A Representative traces of whole-cell current clamp recordings of membrane potential and AP firing evoked by current injection (1.5 s) demonstrating hyperpolarization

by NASPM. Dashed line is at —80 mV.

B Distribution of firing response in control (ctrl) and after application of NASPM (NSP). In control conditions 5/10 neurons fired spontaneously without current injection
and 5/10 were silent. In the same neurons after NASPM, 1/10 fired spontaneously and 9/10 were silent.
C Plot of the membrane potential (Vm) versus injected current relative to rheobase (rb) in control and NASPM, demonstrating that NASPM produced a

hyperpolarization at subthreshold potentials (n = 10 biological replicates).

D Plot of the minimum current needed to induce firing (approximate rheobase) in control conditions, NASPM, and following wash out of NASPM (10 min; P = 0.005,

n = 5-10 biological replicates).

E NASPM increased the latency to fire the first AP upon current injection (150 pA, P = 0.01, n = 10 biological replicates).

F Average AP waveform recorded in control and in NASPM, aligned at peaks. Below, expanded timescale.

G NASPM had no effect on the AP threshold (150 pA, measured from the 2"¢ AP, P < 0.99, n = 9 biological replicates).

H NASPM decreased the slope of the voltage trajectory between APs (90 pA, measured in the middle 60% of the interspike interval of the first five APs, P = 0.02,n = 8

biological replicates).

I NASPM increased the interspike interval during evoked firing (90 pA, averaged from first five APs, P = 0.04, n = 8 biological replicates).
] Plot of the initial firing frequency (first three APs) versus injected current in control and NASPM (P = 0.01, n = 10 biological replicates).

Data information: In (C—E and G—J), line and error bars represent mean + SEM. ns denotes not significant (D: one-way mixed effects ANOVA, E and G—I: Wilcoxon

matched-pairs signed rank tests; J: two-way ANOVA).
Source data are available online for this figure.

(P =0.19), after-hyperpolarization (P = 0.38), height (P = 0.06), or
threshold (Fig 6G). But there was a significant decrease in the
slope of the voltage trajectory between APs (Fig 6F and H),
resulting in a delay to the next AP (interspike interval, Fig 6I).
Overall, NASPM reduced AP firing frequency (measured from the
first three APs, Fig 6J). Thus, at physiological levels of extracellu-
lar calcium, tonic GluD1y current contributes to subthreshold drive
of action potential firing.

© 2023 The Authors

Discussion
lon channel function of GluD1 receptors

GluD1y and GluD2y carry ionic current following the activation of
either mGIuR or a1-Ag (Ady et al, 2013; Dadak et al, 2017; Benamer
et al, 2018; Gantz et al, 2020; Lemoine et al, 2020). GluD2y current,
seen upon mGluR1l activation in cell lines, is dependent on
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canonical GqPCR signaling as the agonist-induced current is blocked
by bath application of Gag or phospholipase C inhibitors (Dadak
et al, 2017). Similarly, GluD1y ionic current activated by al-Ar in
dorsal raphe neurons is abolished after internal dialysis with
GDPBS-Liz (Gantz et al, 2020), a nonspecific disruptor of G protein
activity and other processes requiring a GDP-GTP exchange, demon-
strating a cell-autonomous requirement of intact G protein signaling.
Following our original report of tonic GluD1y current in brain slices
(Gantz et al, 2020), Lemoine et al (2020) reported a similar tonic
current carried by GluD2g when expressed in cell lines with
mGluR1. mGluR, like many GPCRs, can exhibit constitutive activity
in the absence of agonist (Prézeau et al, 1996), and low-level consti-
tutive activity of GPCRs affects other subthreshold cation conduc-
tances (Lu et al, 2010; Shen et al, 2012; Zhang et al, 2012; Quallo
et al, 2017; Philippart & Khalig, 2018). Here we show that tonic
GluD1y current is not produced by low-level, cell-autonomous acti-
vation of GPCRs. Augmentation of ongoing G protein activity ampli-
fied tonic potassium current carried by GIRK channels, but not tonic
GluD1g current. Further, depletion of cell-autonomous G protein
activity did not change the amplitude of the tonic GluD1y current.
Thus, tonic GluD1y current arises from a mechanism separate from
ongoing GPCR activity.

In addition to modulation by GPCRs, GluD1g and GluD2g are reg-
ulated by external glycine and D-serine. These amino acids are
known to inhibit constitutively active mutant GluD1z and GluD2y
“Lurcher” channels (Naur et al, 2007; Yadav et al, 2011) and GPCR-
stimulated GluD1g and GluD2y currents (Ady et al, 2013; Benamer
et al, 2018; Gantz et al, 2020). However, D-serine converts from an
inhibitor to an agonist of GluD2y Lurcher channels, when the dimer
interface is stabilized while reducing conformational constraints in
the ligand-binding domain (Hansen et al, 2009). Glycine and D-
serine can also open wild-type GluD2y in HEK-293T cell clusters or
synaptically coupled cultured cerebellar neurons through a gating
mechanism that requires binding of the N-terminal domains to pre-
synaptic scaffold proteins or otherwise constraining movement in
the N-terminal cysteine-cross-linking (Carrillo
et al, 2021). In contrast, we find that GluD1y current was unaffected
by millimolar glycine or D-serine. Neither amino acid produced a
significant inward current nor affected the magnitude of the al-Ag-
stimulated GluD1yx current or tonic GluD1g current. Therefore, it
may be that glycine and D-serine do not directly gate GluD1g, as
observed for GluD2y (Carrillo et al, 2021); yet another unidentified
endogenous ligand for GluD1i cannot be ruled out. Alternatively,
tonic GluD1y current may be a product of a low conductance state
of GluD1g, akin to “steady-state” current produced by conducting
desensitized GluAg (Coombs et al, 2019). If tonic GluD1y current is
a product of desensitized low-conductance GluD1g, then conditions
that prevent desensitization (e.g., increasing extracellular calcium,
Hansen et al, 2009) may paradoxically reduce GluD1y current.
Indeed, we found that al-Ag-stimulated and tonic GluD1y currents
were bidirectionally regulated by extracellular calcium: increasing
extracellular calcium reduced GluD1y current and decreasing extra-
cellular calcium augmented GluD1y current. In addition, increasing
extracellular calcium slowed the decay rate of the al-Ag-stimulated
GluD1g current, which may reflect slowing of channel desensitiza-
tion. High levels of extracellular calcium also “protected” GluD1g
from open-channel block by NASPM. Thus, extracellular calcium
has direct inhibitory action on native GluD1 current in brain slices,

domains with
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either by reducing open channel probability or directly blocking the
channel. Future work is needed to distinguish between these possi-
bilities, and it is important to note that several mechanisms may be
at play since extracellular calcium is known to affect GluNg gating
through multiple binding sites (Maki & Popescu, 2014).

Importance of tonic cation conductances in excitability

Throughout the central nervous system, many types of neurons fire
action potentials in a rhythmic “pacemaker” pattern. Some are
autonomous pacemakers, driven by intrinsic membrane properties,
while others are conditional pacemakers that rely on synaptic input
and receptor stimulation. A common feature in autonomous pace-
makers is the presence of a tonic, subthreshold, tetrodotoxin-
insensitive, cation/sodium current (Raman et al, 2000; Jackson
et al, 2004; Lu et al, 2007; Khalig & Bean, 2010; Eggermann
et al, 2011; Li et al, 2021). While many different types of channels
are involved, these tonic currents each function to depolarize the
membrane to ~—60 mV where voltage-dependent mechanisms of
action potential firing are engaged. Primarily, serotonin neurons are
conditional pacemakers and require subthreshold drive from norad-
renergic afferents and activation of al-Ag (Baraban et al, 1978;
Vandermaelen & Aghajanian, 1983) much like other conditional
pacemakers, which require activation of Ga-coupled orexin or mus-
carine receptors (Egorov et al, 2002, 2019; van den Top et al, 2004;
Yamada-Hanff & Bean, 2013). In these neurons, activation of
GQgPCRs leads to subthreshold (~—70 to —55 mV) depolarization via
a very similar cation current as the tonic current observed in auton-
omous pacemakers. While these tonic cation currents are essential
for subthreshold depolarization, it is not unusual for the current to
be quite small, only a few to tens of picoamperes (Raman
et al, 2000; Taddese & Bean, 2002; Jackson et al, 2004).

Here we show that GluDlr carried tonic cation current of
~—17 pA at subthreshold potentials (—80 to —55 mV), which depo-
larized the membrane by ~7 mV. Block of tonic GluD1y current
silenced a subset of dorsal raphe neurons that were firing spontane-
ously in the brain slice. Under conditions of GluD1r channel block,
dorsal raphe neurons required more somatic current injection to
fire. Block of tonic GluD1y current had little effect on the shape of
the APs but prolonged the interval between APs, consistent with a
reversal potential of ~0 mV and intrinsic inward rectification (Gantz
et al, 2020). However, it should be noted that NASPM preferentially
blocks inward flow, and strong depolarization relieves pore block
(Koike et al, 1997). Thus, observation of any contribution of out-
ward ion flux may be obscured. It is worth noting that tonic or
steady-state current is not an unusual feature of GluD1r. Long-
lasting synaptic currents and tonic currents are observed by the
other members of the iGluR family: GluNy (Sah et al, 1989; Misra
et al, 2000; Meur et al, 2007; Chiu & Jahr, 2017; Hanson
et al, 2019), kainateg (Castillo et al, 1997), and GluAg either when
recovering from desensitization in continued presence of glutamate
(Lu et al, 2017) or when conducting while desensitized (Coombs
et al, 2019). Further, desensitization-resistant GluAg carries a long-
lasting “pedestal” current in CA1 pyramidal neurons, which power-
fully influences whether a fast synaptic transmission event triggers
an action potential (Pampaloni et al, 2021). Provided the wide-
spread distribution in the brain (Konno et al, 2014; Hepp et al, 2015;
Nakamoto et al, 2020), GluD1z may contribute to pacemaking in
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other neuronal populations, whether via intrinsic tonic current or
following GPCR activation.

Conclusions

Our results show that GluD1y carries a G protein-independent tonic
current that contributes to subthreshold neuronal excitation in the
dorsal raphe nucleus. While the cause of tonic GluD1y current
remains to be resolved, we identified an important part of our
recording conditions that support measurement of this current—
maintaining extracellular calcium at a physiological level (1.2 mM,
Forsberg et al, 2019). Increasing extracellular calcium above 2 mM,
which is standard to many artificial cerebral spinal fluids, reduced
GluD1y unitary current and the magnitude of tonic GluD1lr by
~50%.

Many studies have demonstrated the “non-ionic” functions of
GluD1y in synapse formation and composition that require binding
to presynaptic neurexins and secreted cerebellins (Tao et al, 2018;
Dai et al, 2021). Work by Lemoine et al (2020) using HEK-293T cells
expressing GluD2y indicates that stabilization of GluD2g in a trans-
synaptic complex with presynaptic neurexins and secreted cerebel-
lins is not required strictly for GPCR-stimulated and tonic GluD2y
current, in contrast to recent observations with glycine-gated
GluD2g current (Carrillo et al, 2021). But interestingly, genetic dele-
tion of cerebellin-2 from dorsal raphe produces hyperactivity, hyper-
aggression, and compulsive behaviors in mice (Seigneur et al, 2021)
that are similar to behaviors observed after global deletion of
GluD1g (Yadav et al, 2012; Gupta et al, 2015). Further, genetic dele-
tion of cerebellin-2 from dorsal raphe reduces serotonin levels in
projection areas (Seigneur et al, 2021). However, future work will
be needed to determine whether GluD1g ion channel function is
potentiated by mechanical stabilization in the trans-synaptic com-
plex or with other accessory proteins.

Materials and Methods
Animals

All studies were conducted in accordance with the University of
Iowa with the approval of the University of lowa Institutional Ani-
mal Care and Use Committee. Male and female wild-type C57BL/6J
(> 2 months old, The Jackson Laboratory, #000664) mice were
used. Mice were group-housed on a 12:12 h light cycle.

Brain slice preparation and electrophysiological recordings

Brain slices and electrophysiological recordings were made as previ-
ously described (Khamma et al, 2022). In brief, mice were deeply
anesthetized with isoflurane and euthanized by decapitation. Brains
were removed and placed in warmed and bubbled (95/5% 0,/CO,)
modified Krebs’ buffer containing (in mM): 126 NaCl, 2.5 KCl, 1.2
MgCl,, 1.2 CaCly, 1.2 NaH,P0O,, 21.5 NaHCOs, and 11 D-glucose
with 5 tM MK-801 to reduce excitotoxicity and increase slice viabil-
ity. In the same solution, coronal dorsal raphe slices (240 pm) were
obtained using a vibrating microtome (Leica VT1000S) and incu-
bated at 28°C > 30 min prior to recording.

© 2023 The Authors
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Electrophysiological recordings were made in modified Krebs’
buffer containing NBQX (3 uM) at 35°C with Multiclamp 200B and
700B amplifiers (Molecular Devices), Digidata 1440A and 1550B A/
D converters (Molecular Devices), and Clampex software (Molecular
Devices) with borosilicate glass electrodes (World Precision Instru-
ments) wrapped with Parafilm to reduce pipette capacitance. Pipette
resistances were 3.8-4.5 MQ when filled with an internal solution
containing, (in mM) 104.56 K-methylsulfate, 3.73 KCl, 5.3 NaCl,
4.06 MgCl,, 4.06 CaCl,, 7.07 HEPES (K), 3.25 BAPTA (K4), 0.26
GTP (sodium salt), 4.87 ATP (sodium salt), 4.59 creatine phosphate
(sodium salt), pH 7.24 with KOH, mOsm ~274, for whole-cell patch-
clamp recordings. Current-voltage relationships of tonic GluD1g
current were determined using voltage ramps from —120 to 10 mV
(I mV/10 ms) including a voltage-gated sodium channel blocker,
QX-314 (2 mM) in the internal solution. Current-voltage relation-
ships of GIRK currents were determined using voltage ramps from
—50 mV to —130 mV (—0.8 mV/ms). Synaptic currents were
evoked on 90-s intervals by applying brief pulses (0.5 ms, 60 Hz) of
electrical stimulation to the brain slice via a borosilicate glass mono-
polar stimulating electrode (World Precision Instruments) placed
within 200 pm of the recorded neuron in the presence of GluN (MK-
801), GluA/GluK (NBQX, 3 uM), GABA, (picrotoxin, 100 uM), and
5-HT1la (WAY-100635, 300 nM) receptor blockers to isolate the al-
ARr-EPSC. Series resistance was monitored throughout the experi-
ment. Reported voltages are corrected for a liquid junction potential
of —8 mV between the internal and external solution. All drugs
were applied via the patch pipette or by bath application. Noradren-
aline was applied in the presence of an o2-adrenergic antagonist,
idazoxan (1 pM).

Materials

MK-801, NASPM, NBQX, noradrenaline,
obtained from Tocris. All other reagents were from Sigma-Aldrich.

and prazosin were

Experimental design and statistical analysis

Data were analyzed using Clampfit 10.7 and 11.1 (Molecular
Devices) or Igor-Pro 6.37 (Wavemetrics) with DataAccess (Bruxton
Corporation) software and are presented in representative traces,
scatter plots, and bar graphs with means + SEM. Unless otherwise
noted, n = number of cells as biological replicates. The investigators
were not blind to the experimental conditions. To estimate sample
size, we conducted power analyses (o = 0.05, B = 0.2) based on
detecting a 30% change in al-AgR EPSC parameters or a 20 pA
change in whole-cell current using standard deviations from
published data with similar effect sizes (Gantz et al, 2020). Tonic
current was measured as the peak of the NASPM-induced current
minus the whole-cell current prior to NASPM application. Reversal
potentials were determined using linear fit of the averaged data
accounting for scatter among the replicates using at least one data
point above and two below where the current reversed polarity. Sig-
nificant differences were determined via Wilcoxon matched-pairs
signed rank or two-way ANOVA tests for within-group comparisons
and Mann-Whitney or Kruskal-Wallis tests for between-group com-
parisons. A difference of P < 0.05 was considered significant. Exact
values are reported unless P < 0.0001 or > 0.999. Statistical analysis
was performed using GraphPad Prism (GraphPad Software, Inc.).
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Data availability

Data have not been deposited in public databases, but are available
upon request.

Expanded View for this article is available online.
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