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Homeostatic intrinsic plasticity is a cellular mechanism for maintain-
ing a stable neuronal activity level in response to developmental or
activity-dependent changes. Type 1 metabotropic glutamate receptor
(mGlu, receptor) has been widely known to monitor neuronal activity,
which plays a role as a modulator of intrinsic and synaptic plasticity
of neurons. Whether mGlu, receptor contributes to the compensatory
adjustment of Purkinje cells (PCs), the sole output of the cerebellar
cortex, in response to chronic changes in excitability remains unclear.
Here, we demonstrate that the mGlu, receptor is involved in homeo-
static intrinsic plasticity through the upregulation of the hyperpolar-
ization-activated current (/) in cerebellar PCs. This plasticity was
prevented by inhibiting the mGlu, receptor with Bay 36-7620, an
mGlu, receptor inverse agonist, but not with CPCCOEt, a neutral
antagonist. Chronic inactivation with tetrodotoxin (TTX) increased
the components of /,, in the PCs, and ZD 7288, a hyperpolarization-
activated cyclic nucleotide-gated channel selective inhibitor, fully
restored reduction of firing rates in the deprived neurons. The homeo-
static elevation of /,, was also prevented by BAY 36-7620, but not
CPCCOE?t. Furthermore, KT 5720, a blocker of protein kinase A
(PKA), prevented the effect of TTX reducing the evoked firing rates,
indicating the reduction in excitability of PCs due to PKA activation.
Our study shows that both the mGlu, receptor and the PKA pathway
are involved in the homeostatic intrinsic plasticity of PCs after chronic
blockade of the network activity, which provides a novel understand-
ing on how cerebellar PCs can preserve the homeostatic state under
activity-deprived conditions.

homeostatic plasticity; intrinsic excitability; mGlu, receptor; I,

HOMEOSTATIC INTRINSIC PLASTICITY maintains the stability of
neuronal network activity against environmental or pathologi-
cal destabilization, which includes the modulation of postsyn-
aptic neurotransmitter receptors and the differential expression
of ion channel genes (Desai et al. 1999; Lee et al. 2015; Naude
et al. 2013). It therefore serves as a basis for the neural network
to achieve an optimal activity range. Intrinsic cellular excit-
ability, in particular, determines the total output of a neuron by
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integrating synaptic inputs and consecutively translating them
into the firing of an action potential (AP). Thus, homeostatic
intrinsic excitability plays a pivotal role in maintaining the
network balance and maximizing information storage by tun-
ing the average firing rate through the modulation of multiple
neurotransmitter receptors and voltage-dependent channels
(Stemmler and Koch 1999). Homeostatic intrinsic plasticity is
a fascinating model on the plastic changes in neural circuits in
both physiological and pathological conditions (Beraneck and
Idoux 2012; Lambo and Turrigiano 2013; O’Leary et al. 2014).
However, much of the detailed cellular and molecular basis for
these regulatory mechanisms is largely unknown.
Metabotropic glutamate (mGlu) receptors monitor neuronal
activity and can trigger either Hebbian or homeostatic synaptic
plasticity using similar intracellular signaling cascades includ-
ing calcium influx as well as induction of the immediate early
gene Homerla (Hu et al. 2010), Arc (Shepherd et al. 2006), and
eukaryotic elongation factor 2 (Sutton et al. 2007). In addition,
altered synaptic activity can also result in mGlul receptor-
dependent changes in intrinsic excitability (Brager and John-
ston 2007). A recent study (Lee et al. 2015) identified mGlu
receptors among 873 novel chronic activity-regulated tran-
scripts that had not previously been implicated in homeostatic
intrinsic plasticity. Given the similarity in signaling between
Hebbian and homeostatic synaptic plasticity, homeostatic reg-
ulation of intrinsic excitability could share a signal cascade
with intrinsic plasticity following the Hebbian rule. Thus, we
investigated whether mGlu, receptors contribute to homeo-
static intrinsic plasticity. We hypothesized that the type 1
metabotropic glutamate receptor (mGlu, receptor) activity con-
tributes to homeostatic intrinsic plasticity. To test this, we
prepared organotypic slice cultures of rat cerebellum obtained
by the membrane interface method and measured neuronal
activities of Purkinje cells (PCs) by electrophysiological re-
cordings. We found that the intrinsic excitability of cerebellar
PCs was reduced by chronic activity deprivation. An mGlu,
receptor inverse agonist but not a neutral antagonist prevented
these homeostatic changes, suggesting that the constitutive
activation of the mGlu, receptor results in decreases in intrinsic
excitability. In addition, prolonged activity deprivation ro-
bustly increased the hyperpolarization-activated current ()
components, and the reduced excitability was rescued by an I,
antagonist, suggesting that the homeostatic intrinsic plasticity
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was dependent on /. The antagonism of the mGlu, receptor
also blocked the homeostatic upregulation of [, and conse-
quently attenuated the intrinsic excitability. Our observations
indicate that homeostatic intrinsic excitability in cerebellar PCs
is mediated by the agonist-independent activity of the mGlu,
receptor through regulation of 1.

MATERIALS AND METHODS

Slice preparation and organotypic slice culture. Experiments were
performed according to methods approved by the Institutional Animal
Care and Use Committee of Seoul National University College of
Medicine and were in accordance with the ethical standards of the
institutional research committee. After brain dissection, 250 wm
cerebellar sagittal slices were made with a vibrating tissue slicer
(Microm HM 650V) in ice-cold standard artificial cerebrospinal fluid
(aCSF) solution: (in mM) 124 NaCl, 2.5 KCl, 1 NaH,PO,, 1.3 MgCl,,
2.5 CaCl,, 26.2 NaHCOs, and 20 p-glucose, bubbled with 95% O,/5%
CO,, pH 7.4. Sagittal planes of cerebellar slices were transferred onto
membrane of culture insert (pore size 0.4 wm) in six-well plastic
plates. Culture medium (1 ml), composed of 50% basal medium with
Earle’s salts, 25% HBSS, 25% heat-inactivated horse serum, 1%
L-glutaMaxTM-1 and 5 mg/ml glucose, was added into each well
below the culture inserts. Cultured slices were incubated at 35°C in an
atmosphere of humidified 5% CO,, and half of medium was replaced
every 2-3 days.

Western blot analysis. For Western blot, cultured slices were
homogenized with homogenizing buffer (1% Triton X100, 0.1% SDS,
50 mM Tris-HCl, 0.3 M sucrose, 5 mM EDTA with protease inhibitor
cocktail and pH 7.5) on ice. Lysates were boiled for 2 min at 60°C and
loaded by 4-12% gradient SDS-PAGE gel. Separated proteins were
transferred to PVDF membrane. The membrane blocked with 5%
skim milk in TBS-T (24.7 mM Tris, 137 mM NacCl, 2.7 mM KCl, and
1% Tween 20, pH 7.4) for 1 h and incubated with anti-mGlu,
receptor-a (anti-mouse, 1:2,000, BD Bioscience), anti-B-actin (anti-
mouse, 1:3,000, Sigma) for additional 1 h. After being washed with
TBS-T, the membrane was incubated overnight at 4°C with horserad-
ish peroxidase-conjugated appropriate goat IgG (1:2,000, Stressgen).
The immunoblots were developed with enhanced chemiluminescence
(ECL) solution (Invitrogen). For quantifying the band, Quantity One
(Bio-Rad) was used.

Electrophysiology. Whole cell patch-clamp configurations were
made from 10-12 days in vitro slices. Slices were put onto a
submerged recording chamber on the stage of Olympus microscope
(BX50WI) and perfused with aCSF at 32°C and kept in place with a
nylon-strung platinum anchor. All recordings were performed using
multiclamp 700B patch-clamp amplifier (Axon Instruments) with a
sampling frequency of 20 kHz, and signals were filtered at 2 kHz. For
current clamp experiments, standard aCSF was used as extracellular
solution described above; for voltage clamp experiments to isolate /;,
slices were incubated with extracellular solution composed of (in
mM) 115 NaCl, 1.2 NaH,PO,, 5 KCI, 2 CaCl,, 1 MgCl,, 25 NaHCOj,
20 glucose, 1 BaCl,, 5 tetraethyl ammonium (TEA), 1 4-aminopy-
rimidine (4-AP), 1 NiCl,, 0.1 CdCl,, 0.01 uM 2,3-dihydroxy-6-nitro-
7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX), 0.1 picrotoxin,
and 0.0005 tetrodotoxin (TTX), bubbled with 90% O,, 5% CO,, pH
7.4 (Nolan et al. 2003). Both excitatory and inhibitory synaptic inputs
were all blocked by 10 uM NBQX and 100 uM picrotoxin, respec-
tively. Patch pipettes (3—4 M()) were borosilicate glass and filled with
internal solution containing (in mM), 9 KCl, 10 KOH, 120 K-
gluconate, 3.48 MgCl,, 10 HEPES, 4 NaCl, 4 Na,ATP, 0.4 Na,GTP,
and 17.5 sucrose, pH adjusted to 7.25. Electrophysiological record-
ings were started 5 min after obtaining the whole cell configuration to
let the internal solution diffuse enough into the cytosol.

Data acquisition and analysis. All data were acquired by Clampex
software (Molecular Devices) and analyzed by IgorPro 8.1 (Wavem-
etrics). Otherwise we note, a cell was clamped at —70 mV with
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current injection and neurons with the injection current below —500
pA were discarded from this analysis. To evaluate the PC excitability,
a series of current steps of 1 s duration ranging from + 100 to +500
pA in 100 pA increments with a step interval of 4.5 s was applied to
the cell from the membrane potential of —70 mV. Input resistance
(R;,) was measured by injecting brief current (—200 pA or +100 pA;
100 ms) and was determined from the negative peak voltage deflec-
tion during current injection. Voltage threshold (Vi ..shoia) Of AP was
defined as the voltage where the dV/dt first exceeds 30—60 mV/ms.
Membrane capacitance (C,,) was calculated by C,, = 7/R, at which
the time constant (7) and series resistance (Rg) were calculated fitting
a single exponentials to the voltage responses of the test pulse (—5
mV). Resting membrane potential (V,,,) was measured when injected
current was absent in current clamp mode with 1 uM TTX to prevent
spontaneous AP firing. The AP waveform, including AP amplitude,
half-width, 10-90% rise time, and first spike latency, was analyzed
from the first evoked AP of the firing train when +400 pA of the
depolarizing current was injected. AP amplitude was determined as
difference between peak amplitude and the voltage threshold of the
AP. Half-width and 10-90% rise time were the time duration at the
half-maximal voltage, elevation time from 10 to 90% of the maximal
AP voltage, respectively. The first spike latency was defined as the
delay from beginning point of depolarizing current injection to the
voltage threshold where the upstroke phase of the first spike was
initiated. Fast afterhyperpolarization (fAHP) and medium afterhyper-
polarization (mAHP) were measured by calculating the difference
between voltage threshold and hyperpolarized negative peak voltage
after the first AP or depolarizing square current injection, respectively.
The amount of voltage sag determined as difference between the
maximum and steady-state voltage during the hyperpolarizing current
injection from —100 pA to —600 pA with increments of —100 pA for
1 s with a step interval of 5 s. This sag amplitude was converted to sag
percent, representing percentage change between two states [(Vy.x —
Vsieady state)Vmax] X 100. For I, current isolation in voltage clamp,
membrane potential was held at —45 mV and step voltage was applied
from —50 mV to —120 mV with increments of —5 mV of 2.5 s.
Data are presented as means = SE, and statistical evaluations were
performed by two-sample 7-test, two-way repeated-measures ANOVA
with post hoc Tukey’s test and Mann-Whitney U-test by Origin 8.5
and SigmaPlot 12.0 software, and the normal distribution was verified.

RESULTS

Rat organotypic cerebellar cultures were used rather than
primary culture neurons to better preserve in vivo circuits. To
investigate homeostatic intrinsic plasticity in cerebellar PCs,
network activity of the cerebellar cortex was chronically de-
prived by applying TTX (1 uM) for 2 days (Fig. 1A4). Evoked
AP firing rates of control and TTX-treated (deprived) PCs in
the presence of excitatory and inhibitory synaptic blockers
were compared by injecting brief current steps from the mem-
brane potential of about —70 mV (1 s, from +100 pA to +500
pA with an increment of 100 pA, step interval 4.5 s, see
MATERIALS AND METHODS). Activity deprivation reduced the
intrinsic excitability of the PCs over most ranges of the current
injection [Fig. 1B; firing frequency (Hz): control = 31.2 = 1.7
at 400 pA injection, n = 24; deprived = 20.4 £ 1.9, n = 20;
control vs. deprived: P < 0.001, two-way repeated-measured
ANOVA]. The active properties of the neurons were analyzed
from the first spike of the evoked spike train when +400 pA
current was injected (Fig. 1C, Table 1). Activity deprivation
increased the current threshold (Zy,..n01a) fOr evoking spikes,
whereas Vthreshold did not Change []threshold (pA) control =
200.6 = 10.7; deprived = 235 = 8.2; control vs. deprived: P <
0.05; Vipreshola (mV): control = —40.2 = 1.0; deprived =
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Fig. 1. Chronic activity deprivation decreased
intrinsic excitability of cerebellar Purkinje
cells (PCs). A: experimental scheme. Network
activity totally deprived by treatment of 1 uM
tetrodotoxin (TTX) for 2 days in organotypic
cerebellar slice culture. Electrophysiological
recording was performed at anterior lobule
(lobule III-V). B: representative traces (left),
bar graphs at +400 pA injection (middle), and
plots (right) showing that chronic activity-
deprivation decreased intrinsic excitability of
PCs. C: bar graph showing that chronic activ-
ity deprivation increased current threshold
(Iinresnora)s but voltage threshold  (Vipreqhola)s
membrane capacitance (C,,), and membrane
potential (V,,) were not changed. D: represen-
tative traces (left) and summarizing graph
(right) showing the input resistance (R;,) was
decreased after chronic activity deprivation.
Black, control; gray, deprived. Asterisks in B
marked by post hoc Tukey’s test, pairwise
comparison followed by 2-way repeated-mea-
sures ANOVA; *P < 0.05, ***P < 0.001; n.s.,
no significance.
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—40.3 = 1.0; control vs. deprived: P = 0.95]. The passive
membrane properties C,,, and V,, were not altered by activity
deprivation [C,, (pF): control = 242.6 = 17.2; deprived =
259.1 *= 10.4; control vs. deprived: P 04, V,, (mV):
control = —52.9 * 1.2; deprived = —50.6 = 1.4; control vs.
deprived: P = 0.2]. To measure R;,, voltage response was
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current clamp mode (Fig. 1D). R;, was significantly reduced in
deprived neurons, and subsequently, voltage deflection was
less in response to a brief input current (control = 85.8 = 5.4
MQ); deprived = 59.2 = 4.5 M(); control vs. deprived: P <
0.001). The AP waveform, which included the AP amplitude
(control = 55.3 = 1.0 mV; deprived = 57.8 = 1.0 mV), the
half-width (control = 0.39 = 0.01 ms; deprived = 0.39 = 0.01
ms) and AP rise time (control = 0.25 % 0.01 ms; deprived =

Table 1. Parameters of AP properties and waveform
Vihresholds AP Half-width, Rise Time, First Spike
mV Ljreshoras PA Amplitude, mV ms ms Latency, ms fAHP, mV mAHP, mV R,,, MQ V., mV C,.. pF
Control  —40.2 = 1.0 200.6 = 10.7 553 *1.0 04*+0.01 025*0.05 246=*16 103*08 98=*0.7 858=*54 —529*+12 2416 =172
Deprived —40.3 = 1.0 2350 *82%* 578*+1.0 04*001 022*+001 288=*21 93=*1.0 127*0.9% 592 *45%* —50.6* 14 259.1 =104

Among active membrane properties, current threshold (/;,.snoia) Was increased under deprived condition, whereas voltage threshold (Vy,,cqhoia) Was not changed
(see also Fig. 1). Action potential (AP) waveform, including AP amplitude, half-width, 10-90% rise time, and first spike latency, was monitored. The parameters
were not affected by activity deprivation. Medium afterhyperpolarization (mAHP) was increased in deprived neurons, whereas fast afterhyperpolarization (FAHP)
was not altered. Among the passive membrane properties [membrane capacitance (C,,), membrane potential (V,,), and input resistance (R;,)], only R;, was
changed by activity deprivation. For comparison of the active and passive membrane properties, changes described here are from those shown in Fig. 1, C and

D. *P < 0.05, ¥**¥*P < 0.001.
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0.22 = 0.01), first spike latency (control = 24.6 £ 1.7 ms;
deprived = 28.8 = 2.1 ms), and fAHP (control = 10.3 = 0.8;
deprived = 9.3 * 1.0), was not altered in the activity-deprived
condition (Table 1). mAHP was increased in the deprived
neuron (Table 1; control = 9.8 * 0.7; deprived = 12.7 £ 0.9;
control vs. deprived: P < 0.05, statistical evaluation of all
active and passive properties were done by two-sample #-test).

The mGlu receptor can induce plasticity of the intrinsic
excitability by initiating a signal cascade resulting in the
regulation of ion channels such as I, Ca’" channel, and K*
channels (Brager and Johnston 2007; Kammermeier et al.
2000). Interestingly, agonist-independent (constitutive) activa-
tion of mGlu receptor is required for homeostatic synaptic
plasticity, suggesting interplay between Hebbian and homeo-
static synaptic plasticity (Hu et al. 2010). It has been unclear
whether homeostatic intrinsic plasticity also requires agonist-
independent activation of the mGlu, receptor from a homeo-
static perspective. To test the hypothesis that the constitutive
activity of the mGlu,; receptor acts as the mechanism for the
TTX-induced attenuated firing rates, the protein level of the
mGlu, receptor was assessed by Western blot. The expression
level of mGlu receptors may change if these receptors contrib-
ute to homeostatic intrinsic plasticity because the facilitated
agonist-independent activity of G protein-coupled receptors
(GPCRs) corresponds with increased protein level (Smit et al.
1996). In addition, it has been observed that mGlu,; receptor
expression is regulated in response to changes in network
activity (Ehlers 2003). Consistent with this hypothesis, mGlu,
receptor expression was increased by activity deprivation (Fig.
2A; control vs. deprived: P < 0.05, Mann-Whitey U-test). To
further examine our hypothesis, mGlu, receptor inverse agonist,
(3aS,6aS)-Hexahydro-5-methylene-6a-(2-naphthalenylmethyl)-
1H-cyclopenta[c]furan-1-one (BAY 36-7620) (10 uM), or neu-
tral antagonist, 7-(hydroxyimino)cyclopropa[b]chromen-1a-car-
boxylate ethyl ester (CPCCOEt) (100 uM) was applied for 2
days to control and TTX-treated slices (Fig. 2B). Inverse
agonist BAY 36-7620 (BAY) binds within the transmembrane
domain of mGlu, receptor and stabilizes the receptor in the
inactive form (Nakashima et al. 2013). On the other hand, the
other agent, CPCCOEt (CP), is classified as a neutral, noncom-
petitive antagonist that inhibits agonist binding in the NH,
terminus and suppression of agonist-induced signaling (Ango
et al. 2001; Litschig et al. 1999). Blockade of the mGlu,
receptor with the inverse agonist prevented homeostatic intrin-
sic plasticity induced by chronic TTX treatment [Fig. 2C;
control + BAY: firing frequency (Hz) = 34.3 = 2.9 at 400 pA
injection, n = 11; deprived + BAY: firing frequency (Hz) =
339 = 1.8, n = 13; control vs. control + BAY: P = 0.31;
deprived vs. deprived + BAY: P < 0.05, two-way repeated-
measured ANOVA], whereas the homeostatic downregulation
of firing rates was not prevented by the neutral antagonist (Fig.
2D; control + CP: firing frequency = 31.4 £ 2.2 at 400 pA
injection, n = 11; deprived + CP: firing frequency = 23.0 =
3.1, n = 10; control vs. control + CP: P = 0.69; deprived vs.
deprived + CP: P = 0.58, two-way repeated-measured
ANOVA). The R;, of the control and deprived slices was
measured after treatment with BAY or CP for 2 days. Consis-
tent with the results of the firing rates in Fig. 2, C and D, the
antagonisms of the mGlu, receptor by the inverse agonist
prevented homeostatic downregulation of R;, (BAY: control +
BAY = 86.1 £ 6.1 MQ; deprived + BAY = 83.8 £ 5.7 M{(};
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P > 0.05; control + CP = 90.6 = 5.8 MQ); deprived + CP =
74.9 = 2.8 MQ; P < 0.05, two-sample #-test; Fig. 2F). Taken
together, our observation suggests that the homeostatic intrin-
sic plasticity of PCs requires the agonist-independent action of
the mGlu, receptor.

From the parameters of the AP waveform (Table 1), we
found that the prolonged inhibition of the network activity
robustly decreased the R;,, and consequently, excitability was
downregulated (Figs. 1, C and D, and 2F). Among the various
ion channels, we examined the hyperpolarization-activated
cyclic nucleotide gated (HCN) channel because it has been
widely postulated that I, modulates the cellular excitability via
contributing to R;, (Brager and Johnston 2007; Campanac et al.
2008; Rosenkranz and Johnston 2006). We speculated that
activity deprivation caused the upregulation of /,, resulting in
reduced intrinsic excitability after chronic TTX treatment.
Voltage sag and rebound depolarization were measured by
hyperpolarizing step current injection (from —100 pA to —600
pA with an increment of —100 pA for 1 s with a step interval
of 5 s) in the current clamp mode (Fig. 3, A and C). The voltage
sag was normalized by the maximal negative voltage then
recalculated as a percentage (Fig. 3B). In deprived neurons, all
I,, components were elevated [voltage sag (mV): control =
6.7 £ 0.6 at —400 pA injection, n = 12; deprived = 10.2 =
0.8 at —400 pA injection, n = 14; control vs. deprived: P <
0.05, two-way repeated-measured ANOVA; sag % (%): con-
trol = 24.0 = 1.8; deprived = 40.3 * 2.2 at —400 pA
injection; P < 0.001, two-sample #-test; rebound depolariza-
tion: control = 4.0 = 0.3; deprived = 7.3 = 0.6 at —400 pA
injection; P < 0.001, two-sample #-test]. We also observed the
elevation of [, in deprived neurons in the voltage clamp
configuration (Fig. 3D; control /,, density = —1.0 = 0.1 pA/pF
at V,, = —100 mV, n = 15; deprived [, density = —1.5 = 0.1
pA/pF, n = 14; control vs. deprived: P < 0.05, two-way
repeated-measures ANOVA). The tail current was normalized
to the maximal amplitude, and then, the resulting data were
fitted with a Boltzmann function (Fig. 3E). The half-maximal
voltage (Vsqq,) was not shifted (control = 84.9 = 0.5 mV;
deprived = —85.9 = 0.8 mV), suggesting that voltage depen-
dency was not affected by activity deprivation.

To test whether the downregulation of intrinsic excitability
resulted from the elevation of [, the firing rates of the control
and deprived neurons were compared before and after applying
4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimi-
dinium chloride (ZD 7288), an HCN channel selective inhib-
itor (Fig. 4A). Indeed, the decrease in the excitability of the
deprived neurons was fully restored by 7, inhibition [control:
pre firing frequency (Hz) = 26.7 £ 4.3, ZD 7288 = 454 *
3.5; deprived: before firing frequency (Hz) = 11.7 £ 2.5,
after = 46.7 = 2.1]. R,, was robustly increased in neurons
treated with ZD 7288; the difference between the control and
deprived neurons was indisputably abolished by ZD 7288 [Fig.
4B; control: pre-ZD 7288 R;, (M) = 89.3 £ 6.7, post-ZD
7288 = 2242 = 23.5, n = 6; deprived: pre-ZD 7288 R;, =
60.6 = 6.0, post-ZD 7288 = 178.2 = 9.7, n = 5; pre-ZD 7288
P < 0.05, post-ZD 7288 P = 0.12, two-sample #-test]. Thus,
we conclude that homeostatic intrinsic plasticity in cerebellar
PCs requires ;, regulation.

We asked whether homeostatic upregulation of I, was de-
pendent on the agonist-independent activity of the mGlu,
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receptor. The [, density in the control and deprived neurons
was measured after treatment with BAY or CP as described in
Fig. 2 (Fig. 5). Homeostatic regulation of /, was restrained by
treatment with the mGlu, receptor inverse agonist, BAY (Fig.
5A; control + BAY [, density = —1.1 = 0.1 pF, n = 13;
deprived + BAY [, density = —1.0 = 0.2 pF,n = 13,atV,, =
—100 mV; control + BAY vs. deprived + BAY: P = 0.6;
deprived vs. deprived + BAY: P < 0.001, two-way repeated-
measured ANOVA). On the other hand, the mGlu, receptor
neutral antagonist did not prevent the homeostatic changes of I,

*kk n.s. *
BAY CP

(Fig. 5B; control + CP [, density = —0.9 = 0.1 pFat V|, =
—100 mV, n = 13; deprived + CP [} density = —1.5 = 0.1
pF, n = 13; control + CP vs. deprived + CP: P < 0.001;
deprived vs. deprived + CP: P = 0.5, two-way repeated-
measures ANOVA). These findings suggest that the agonist-
independent activity of the mGlu, receptor plays a pivotal
role in homeostatic intrinsic plasticity through 1;.
Upstream regulators of [, have been identified, including
PKA (Narayanan et al. 2010), Ca** calmodulin-dependent
protein kinase (CaMKII) (Fan et al. 2005) and auxiliary sub-
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Fig. 3. Activity deprivation resulted in enhanced hyperpolarization-activated current (/;)) activity. A: representative traces (left) and plots (right) showing that
voltage sag was significantly increased in deprived neurons (gray) vs. control (black). B: bar graph of normalized sag voltage by maximal potential showing the
increased voltage sag in deprived neurons. C: representative traces (inset), plot (bottom), and bar graph (right) showing relationship between rebound
depolarization and steady-state voltage and calculated rebound slope from control and deprived. D: representative traces (left) and plots (right) showing that I,
density was increased in deprived neurons vs. control. E: representative plots (left) showing activation curve of /;, from control and deprived neurons. Tail current
was normalized by maximal tail current amplitude and fitted by Boltzmann function. Bar graph (right) showing the half-maximal activation voltage of [, in
control and deprived neurons. Asterisks in A and D marked by 2-way repeated-measures ANOVA; *P < 0.05, ***P < 0.001.

unit TRIP8B (Santoro et al. 2004). Although the G,-type of G
protein is primarily involved in the excitatory responses of
cerebellar PCs, coupling of the mGlu, receptor to Gg protein
activates adenylyl cyclase, and thus, cAMP accumulates re-
sulting in the activation of PKA (Aramori and Nakanishi 1992;
Sugiyama et al. 2008; Tateyama and Kubo 2006). Therefore,
we asked whether PKA activation is required for the homeo-
static control of firing rates in cerebellar PCs. Organotypic
slice cultures were chronically treated with a 500 nM PKA
inhibitor, (5R,6S5,85)-hexyl 6-hydroxy-5-methyl-13-0x0-6,7,8,
13,14,15-hexahydro-5H-16-oxa-4b,8a,14-triaza-5,8-methano-
dibenzo[b,h]cycloocta[jkl]cyclopentale]-as-indacene-6-carbo-
xylate (KT 5720), in the presence or absence of TTX. The

A

blockade of the PKA activity with KT 5720 (KT) prevented the
homeostatic intrinsic plasticity induced by chronic TTX treat-
ment [Fig. 6A; firing frequency (Hz): control + KT = 29 *
3.6, n = 7; deprived + KT = 31.9 = 3.6, n = 7 at + 400 pA
injection; control + KT vs. deprived + KT, P = 0.9; deprived
vs. deprived + KT, P < 0.05, two-way repeated-measures
ANOVA]. In addition, KT also prevented the reduction of R;,
in TTX-treated neurons (Fig. 6B; control + KT = 90.6 = 2.5
MQ, n 7; deprived + KT = 83.6 £ 48 MQ, n = 7;
control + KT vs. deprived + KT, P 0.2, deprived vs.
deprived + KT, P < 0.005, two-sample #-test). This observa-
tion indicates that PKA activation mediates homeostatic intrin-
sic plasticity in cerebellar PCs.

B
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Fig. 4. Blockade of I, abolished the homeostatic downregulation of firing frequency. A: representative traces (left) and summarizing plot (right) showing that
decrease in the intrinsic excitability of the deprived (gray) neurons was restored to control (black) in ZD 7288. B: bar graph showing the decrease in R;, in
deprived neurons was abolished by ZD 7288. Asterisks in B marked by 2-sample #-test; *P < 0.05; n.s., no significance.
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A

Fig. 5. Homeostatic modulation of 1, re-
quired agonist-independent activity of mGlu,
receptor. A: representative traces (left) and
summarizing graph (right) showing that in-
verse agonist of mGlu, receptor, BAY, pre-
vented homeostatic downregulation of /,,. B
representative traces (left) and summarizing
graph (right) showing that there were no
effects of antagonizing mGlu, receptor by
CP on homeostatic /;, modulation. Closed
black square, BAY only (A) or CP only (B);
closed gray square, deprived + BAY (A) or
deprived + CP (B); open black square, con-
trol; open gray square, deprived. Control and
deprived values are as described in Fig. 3.
Asterisks in A marked by 2-way repeated-
measures ANOVA, compared with deprived
and deprived + BAY; *P < 0.05.

HOMEOSTATIC PLASTICITY REQUIRES mGlu; RECEPTOR

IN PCs

Membrane potential (mV)

-120 -100 -80 -60 -40
0.0 1%
Control Depnved o L 0 <
. A 5
| i E ! -0.5 g
1nA ng
(=X
i 10 @
i e 2
i A5 F
Control + BAY Depnved + BAY =
©
* I,L O Control 2.0 >
T.

T B Control +BAY |25
B Deprived + BAY ~

Membrane potential (mV)

-120 -100 -80 -60 -40
0.0 o
Control Depnved LD 0 <
05 35
1nA . & a
| L I/i 10 @
Ll Z
- ’ 15 F
Control + CP Deprived + CP ! !li E
——— ;% 3 ¥ O Control 2.0 S
N~ | :

S~ E B Control + CP 25 9
— W Deprived + CP -~

DISCUSSION

The present study describes a novel mechanism by which
homeostatic regulation of intrinsic excitability in PCs is de-
pendent on the mGlul receptor under chronic activity depri-
vation. Interestingly, homeostatic changes in neuronal excit-
ability were prevented by the mGlu, receptor inverse agonist
but not the neutral antagonist indicating that the homeostatic
control of intrinsic excitability might require agonist-indepen-
dent mGlu, receptor signaling. Agonist-independent activation
of group I mGlu receptors is inhibited by the selective non-
competitive antagonists (also called inverse agonists) Bay and
2-methyl-6-(phenylethynyl)-pyridine (MPEP) (Ango et al.
2001; Hu et al. 2010). Furthermore, we pharmacologically
showed that the PKA activity, which is downstream of the
mGlul receptor (Aramori and Nakanishi 1992; Sugiyama et al.
2008; Tateyama and Kubo 2006) in cerebellar PCs, is involved
in homeostatic intrinsic plasticity in cerebellar PCs. This study
shows how cerebellar PCs regulate their output signals in a
homeostatic manner.

The intrinsic excitability of cerebellar PCs is downregulated
by chronic activity deprivation. At first glance, this result is
contradictory to conventional homeostatic regulation in which
prolonged inactivation of the network activity induces boosting
the intrinsic excitability or excitatory synaptic drive (Desai et
al. 1999; Galante et al. 2000; Jang et al. 2015). However, in
GABAergic neurons, it has been observed that synaptic
strength (Chang et al. 2010) and firing rates (Sun 2009)
decrease in response to days-long inhibition of network activ-
ity. Our results are in agreement with previous studies in that
cerebellar PCs are GABAergic neurons. This reduced excit-
ability observed in cerebellar PCs after chronic activity block-
ade with TTX can induce disinhibition of the silenced cerebel-
lar cortex which could efficiently increase the network excit-
ability against chronic activity deprivation. It is not simple to

maintain the stability of the neuronal network activity against
activity perturbation because neural activity is rather dynami-
cally modulated (Hengen et al. 2013; Keck et al. 2013). For
this reason, 2-day inhibition of network activity by TTX has
been widely used to induce homeostatic plasticity, however,
neural activity can change day to day. Furthermore, the time
course to induce plasticity in vivo is greatly different from in
vitro. This is the first observation of homeostatic control in
cerebellar PCs. However, in vivo models have not yet been
postulated and tested. Starting with this study, an in vivo model
of homeostatic plasticity in the cerebellar cortex could be
developed. Consequently, it could be possible to explore dy-
namically regulated neural activity in an activity-dependent
manner.

In the present study, we suggest that the agonist-independent
activity of the mGlu, receptor is required for the homeostatic
intrinsic plasticity of cerebellar PCs. Even in the absence of an
agonist, the mGlu, receptor can be spontaneously activated,
similar to other GPCRs (Ango et al. 2001; Roosterman 2014;
Scheer et al. 1996). A previous study has shown that the
intracellular protein Homer regulates the agonist-independent
constitutive activity of the mGlu, receptor by interacting with
partner proteins, such as the SHANK and MAGUK proteins
(Tu et al. 1999). Neuronal excitation during synaptic plasticity
or manifestation of convulsive seizures results in expression of
the immediate early gene Homerla (Brakeman et al. 1997;
Kato et al. 1997), and the interaction between the mGlu,
receptor and long-form Homer proteins, subsequently, is dis-
rupted leading to the constitutive activity of the receptor (Ango
et al. 2001). In our experimental conditions in which the
network activity is totally suppressed by TTX, there is a minute
possibility that Homer 1a is involved in the activity depriva-
tion-driven reduction of excitability because neuronal depolar-
ization commonly induces Homerla (Minami et al. 2003) but
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is more rather due to the downregulation of the long-form
Homers, which induces the agonist-independent activation of
mGlu, receptors in cerebellar PCs. Indeed, knock-down of
Homer3 facilitates the mGlu, receptor activity by shifting
equilibrium between its inactive and active conformation
(Ango et al. 2001). The complex receptor-intracellular protein
interactions in response to chronic changes in network activity
due to neural plasticity and/or pathological conditions need to
be further investigated.

The level of GPCR activity, a functional readout of the group
I mGlu receptor activity, has been determined by the balance
between the inactive (R) and active (R*) form of the receptor
(Chidiac et al. 1994). Conformational changes of the receptor
from the R to R* are regarded as one of the underlying mecha-
nisms of constitutive activity (Scheer et al. 1996). Alternatively,
an increased density of GPCRs enhances the agonist-independent
activity of the receptor through an increase in the absolute amount
of R* (Smit et al. 1996). We observed that activity-deprivation
elevates mGlu, receptor «, and this may reflect strengthened
GPCR signaling through an increased amount of the R* form
of the receptor. In addition, when the PKA pathway, down-
stream of the mGlul receptor (Aramori and Nakanishi 1992;
Sugiyama et al. 2008; Tateyama and Kubo 20006), is inhibited
under activity-deprived conditions, homeostatic intrinsic plas-
ticity is prevented, suggesting that activity deprivation acti-
vates PKA. Given that the mGlu, receptor activates adenylyl
cyclase by the coupling of the receptor to the Gg protein and
cAMP subsequently accumulates (Tateyama and Kubo 2006),
we can conclude that the chronic blockade of network activity

test, pairwise comparison followed by 2-way
repeated-measures ANOVA, compared with
deprived and deprived + KT. Asterisks in B
marked by 2-sample r-test; *P < 0.05,
##kP < (0.001; n.s., no significance.

activates mGlu, receptor signaling resulting in the downregu-
lation of firing rates through the PKA pathway. When mGlu,
receptor is activated, various cell responses are induced
through coupling to several types of G proteins. Coupling of
mGlu, receptor to G, can lead to the accumulation of inositol
1,4,5-trisphosphate (InsP;) resulting in the activation of the
protein kinase C (PKC) pathway (Francesconi and Duvoisin
2000; Tateyama and Kubo 2006). A previous study reported
that PKC activation inhibits /,, (Brager and Johnston 2007;
Reetz and Strauss 2013). This leads to an increase in intrinsic
excitability which contradicts our observation. Although Gg
and G, coupling is simultaneously and independently trig-
gered by mGlu, receptor activation, PKA is a more plausible
upstream regulator of the elevated I,. For this reason, we
exclude the PKC pathway in homeostatic intrinsic plasticity in
cerebellar PCs.

Various ion channels determine the active and passive elec-
trical properties of neuronal membranes, including membrane
potential and AP threshold, and contribute to the synaptic
integration and firing fidelity. Synaptic stimulus and/or somatic
depolarization modifies neuronal excitability by changing the
composition and conductance of ion channels (Belmeguenai et
al. 2010; Hyun et al. 2013). From a homeostatic viewpoint, ion
channels are dynamically regulated (Desai et al. 1999) to
acquire network stability, and accordingly, AP firing rates are
tuned within suitable ranges. Given the decreased R;, in de-
prived neurons, we focused on [, among ion channels that
contribute to neuronal excitability. However, the activity of
many other ion channels need to be measured. A previous
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study showed that visual deprivation changes I, cqhoiq DOt
Vinresholds @nd R;,, which is in agreement with our results (Fig.
1, Table 1) (Nataraj et al. 2010). Hence TEA-sensitive delayed-
rectifier type K™ channel (K, 2.1) are a possible candidate for
determining the excitability. Although Ca’"-activated K
channels can be involved in homeostatic intrinsic plasticity,
these are excluded because they have less of an effect on R,
and /p,.snoiq (Belmeguenai et al. 2010).

HCN channels are widely expressed in several brain regions
(Notomi and Shigemoto 2004), and they contribute to the
regulation of neural activity. Because I, generates a tonic
inward current at resting state, it is known as a pacemaker to
initiate neuronal oscillation and rhythmic burst activity
(Jahnsen and Llinas 1984; Llinas and Jahnsen 1982; Mccor-
mick and Pape 1990). A previous study showed that the
pharmacological blockade of /;, modifies membrane bistability,
thereby inducing the spontaneous quiescence period (Williams
et al. 2002). This indicates that /;, maintains the membrane
potential, which enables tonic AP activity even when the
activity of PCs is disrupted by hyperpolarizing inputs. Given
that 1, stabilizes the cellular membrane potential within an
appropriate range by its unusual gating properties (Nolan et al.
2007), activity-dependent regulation of I, will be essential for
homeostatic plasticity in an activity-disturbance condition. Ho-
meostatically elevated [;, reduces R;, leading to a dampened
membrane deflection to given current stimulation, and this will
act as a cellular stabilizer to preserve the membrane potential.
Furthermore, a potentiated rebound potential keeps the mem-
brane potential close to the AP threshold and consequently
leads to ‘history-independent integration” (Nolan et al. 2003).
Therefore, we suggest that the activity of cerebellar PCs is
fine-tuned by the consequences of [, modulation when the
network activity is deprived.

Homeostatic plasticity has been regarded as a key mecha-
nism of disease initiation (Friedman et al. 2014). Chronic
activity-deprivation reduces the firing rates of cerebellar PCs,
and it could be related to cerebellar disorders including Frie-
dreich ataxia and spinocerebellar ataxias (SCAs) because low-
ered excitability is linked to the cellular phenomenon of dis-
ease (Hourez et al. 2011). Given that the constitutive activity of
GPCRs is correlated to various human diseases, this work
provides insight into possible therapeutic targets though mod-
ulation of GPCR-mediated homeostatic intrinsic plasticity. In
addition, we also provide insight into the cellular basis of
homeostatic control of firing rates of cerebellar PCs, and this
finding broadens the understanding of homeostatic intrinsic
plasticity of the cerebellar cortex.
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