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Abstract: Multiple sclerosis (MS) is a demyelinating disease of the central nervous system that is
characterized by the progressive loss of oligodendrocytes and myelin and is associated with tha-
lamic dysfunction. Cuprizone (CPZ)-induced general demyelination in rodents is a valuable model
for studying different aspects of MS pathology. CPZ feeding is associated with the altered distri-
bution and expression of different ion channels along neuronal somata and axons. However, it is
largely unknown whether the copper chelator CPZ directly influences ion channels. Therefore, we
assessed the effects of different divalent cations (copper; zinc) and trace metal chelators (EDTA;
Tricine; the water-soluble derivative of CPZ, BiMPi) on hyperpolarization-activated cyclic nucleo-
tide-gated (HCN) channels that are major mediators of thalamic function and pathology. In addi-
tion, alterations of HCN channels induced by CPZ treatment and MS-related proinflammatory
cytokines (IL-1p3; IL-6; INF-a; INF-f3) were characterized in C57Bl/6] mice. Thus, the hyperpolari-
zation-activated inward current (In) was recorded in thalamocortical (TC) neurons and heterolo-
gous expression systems (mHCN?2 expressing HEK cells; hHCN4 expressing oocytes). A number of
electrophysiological characteristics of In (potential of half-maximal activation (Vo.s); current densi-
ty; activation kinetics) were unchanged following the extracellular application of trace metals and
divalent cation chelators to native neurons, cell cultures or oocytes. Mice were fed a diet containing
0.2% CPZ for 35 days, resulting in general demyelination in the brain. Withdrawal of CPZ from the
diet resulted in rapid remyelination, the effects of which were assessed at three time points after
stopping CPZ feeding (Day1, Day7, Day25). In TC neurons, In was decreased on Day1 and Day?25
and revealed a transient increased availability on Day?7. In addition, we challenged naive TC neu-
rons with INF-a and IL-1f. It was found that In parameters were differentially altered by the ap-
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plication of the two cytokines to thalamic cells, while IL-1p increased the availability of HCN
channels (depolarized Vo.s; increased current density) and the excitability of TC neurons (depolar-
ized resting membrane potential (RMP); increased the number of action potentials (APs); produced
a larger voltage sag; promoted higher input resistance; increased the number of burst spikes; hy-
perpolarized the AP threshold) , INF-a mediated contrary effects. The effect of cytokine modula-
tion on thalamic bursting was further assessed in horizontal slices and a computational model of
slow thalamic oscillations. Here, IL-1p and INF-a increased and reduced oscillatory bursting, re-
spectively. We conclude that HCN channels are not directly modulated by trace metals and diva-
lent cation chelators but are subject to modulation by different MS-related cytokines.

Keywords: cuprizone model; ion channels; firing pattern; patch-clamp; computational modeling;
expression system; brain slice; trace metal; thalamus

1. Introduction

The thalamus acts as both the gateway to the cerebral cortex and as a first infor-
mation processing unit, with impulses arriving from motor, sensory and limbic system
pathways being processed in specific thalamic relay nuclei before reaching the appro-
priate cortical areas [1,2]. In addition, the thalamus is a pivotal pacemaker for the gener-
ation of rhythmic oscillatory activity in the brain under physiological and pathophysio-
logical conditions [3]. Slow synchronized oscillations in the delta and theta frequency
band, which normally occur during slow-wave sleep, represent forms of thalamic dys-
function when occurring during stages of wakefulness [4-6]. Based on that, a number of
otherwise unrelated diseases (including but not limited to absence epilepsy, central tin-
nitus, and schizophrenia) were commonly classified as thalamocortical (TC) dysrhythmia
(TCD) syndromes. The sustained low-frequency thalamic activity was attributed to the
dysfunction of certain well-defined molecular targets [7-9]. On the one hand, these are
the low-threshold Ca?" (Cav3.1-3.3) channels, also termed T-type Ca?* channels, generat-
ing the transient calcium current termed Ir [10]. Mutations of genes encoding Cav chan-
nels, especially gain-of-function mutations, have been linked to a variety of neurological
and psychiatric channelopathies [11]. On the other hand, there are hyperpolariza-
tion-activated cyclic nucleotide-gated cation (HCN) channels, also termed pacemaker
channels, generating the hyperpolarization-activated inward current (In) [12]. Altered
HCN channels function is the basis for a number of cardiac and neuronal diseases [13]. At
potentials positive to about ~60 mV which is normally occurring during wakefulness, TC
neurons fire tonic sequences of action potentials (APs) in response to depolarizing inputs.
During states of slow-wave sleep, when TC neurons are hyperpolarized to potentials
below approximately —70 mV, T-type Ca? channels are de-inactivated and open in re-
sponse to depolarizing inputs. Thereby, they generate a low-threshold Ca? spike (LTS)
crowned by a burst of conventional APs. In TCD, such hyperpolarization is maintained
during states of wakefulness. In that case, the cyclic interaction between HCN and T-type
Ca? channels continues on the cellular level and the low-frequency resonant recurrent
interaction between thalamic and cortical neurons persists on the network level [14].
Hyperpolarization of TC neurons may occur via knockout of HCN channels (HCN2,
HCN4) or their auxiliary subunit TRIP8b, as well as reduced cyclic nucleotide-dependent
modulation [7,15-22].

Multiple sclerosis (MS) is an inflammatory, demyelinating, and neurodegenerative
disease of the central nervous system (CNS) that has a complex, multifactorial, polygenic
basis influenced by environmental factors [23]. Grey and white matter lesions defined by
focal demyelination, oligodendrocyte loss, inflammation, and neuronal damage in vari-
ous brain regions characterize MS [24]. Thereby, MS pathology affects neuroaxonal and
neural network structure and function [25]. Recently, alterations in connectivity centered
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around hubs such as the thalamus were found. Thalamic atrophy, in combination with
microstructural alterations, is associated with damage of TC circuits and altered brain
rhythms and may be the basis for disabled motor and cognitive functions, as well as the
appearance of fatigue [24,26,27]. In association with changes in the thalamus, the cortex is
relatively disconnected, and the grey matter network topology is more random than in
healthy controls [25]. Recently, it was found that polymorphisms in the voltage-activated
Na* channels Navl.8, that are ectopically expressed in cerebellar Purkinje cells substan-
tially influence motor coordination in patients with MS via the cerebello-thalamic cir-
cuitry [28]. This finding further highlights the central role of thalamic functional connec-
tivity and adds to the emerging evidence that changes in ion channels contribute to
MS-related pathology [29].

The immune-mediated experimental autoimmune encephalomyelitis (EAE) model,
the chemically-induced cuprizone (CPZ) model of general demyelination, and the focal
lysolecithin model are commonly used animal models in the study of MS [30,31]. Indeed,
these models have revealed alterations in brain activity and ion channel function [32-35].
In the TC system of CPZ-treated mice, the initial general axonal demyelination is fol-
lowed by remyelination and is associated with a complex time course of cortical activity
changes [36-38]. CPZ-induced demyelination was associated with strongly dampened
neuronal activity in the cortex, followed by a transient phase of cortical hyperexcitability
during the early stages of remyelination (7 days after CPZ withdrawal [39]). The latter
may represent a damaging event that influences TC function in the long term. Demye-
lination is associated with the altered distribution and expression of ion channels in cor-
tical neurons and central axons, including Nav1.6, Kvl.1 and Kv7.3 channels [32,33]. In the
thalamus, focal demyelination leads to the reduced occurrence of burst firing in TC
neurons, indicating an effect on ion channels involved in burst generation [38]. Indeed,
CPZ-induced demyelination of epileptic C3H/He] mice resulted in the reduced slow
rhythmic intrathalamic burst activity that was associated with a significant reduction of In
in TC cells, lower surface expression of HCN channels, and the reduction in the phos-
phorylated form of TRIP8b (pS237-TRIP8b) [40].

Although CPZ has been used to study de- and remyelination in rodents for some
time, its exact etiology remains rather elusive. Chronic CPZ treatment is mainly at-
tributed to copper chelation and results in the cascade of events which leads to impaired
activity of the copper-dependent cytochrome C oxidase (COX). This is accompanied by
degenerative changes in oligodendrocytes, decreased oxidative phosphorylation, and
apoptosis based on metabolic stress and widespread demyelination [41-45]. Since trace
metal ions, such as copper and zinc, act as ion channel modulators, CPZ may alter
channel function. However, it is unclear whether CPZ itself exerts direct effects. The
finding that CPZ causes powerful microglial and macrophage responses points to in-
flammatory cytokines as potential mediators of its effects [30,46]. Following CPZ ad-
ministration, microglia become proliferative and reactive, releasing type I interferons
during the demyelination phase. Following CPZ withdrawal, the number of microglia
rapidly reduces, which coincides with the peak of the remyelination phase [47]. At this
point, these cells produce another set of cytokines, including IL-1f3. Furthermore, CPZ
application is associated with the production of IL-6 by astrocytes [48]. Therefore,
glia-released modulators may contribute to the pathogenesis of the CNS in demyelinat-
ing diseases. Indeed, it has been shown that IL-13 and IL-6 influence passive and active
membrane properties of TC neurons in C57BL/6] mice [49]. Furthermore, IFN-a and
IL-1p differentially modulate In in TC neurons in epileptic C3H/He] mice [40].

Until now, not much has been known about the divalent cation-dependent modula-
tion of HCN channels. While intracellular magnesium has been suggested to be a volt-
age-dependent pore blocker of HCN channels [50], no zinc- or copper-dependent mod-
ulation of neuronal HCN channels has yet been described. Nevertheless, data obtained
from osteoclast precursor-like (RAW) cells point to zinc-induced effects on HCN channel
function [51,52]. In voltage-clamp recordings, In amplitudes were increased by the ap-
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plication of zinc (100 pM). Interestingly, the most strongly expressed isoform in RAW
cells was HCN4, the thalamic HCN channel subtype [17,53].

While feeding C57BL/6] mice with the copper chelator CPZ is assumed to target
mature oligodendrocytes, the exact mechanism of action remains unclear. In particular,
the direct effect of CPZ on ion channels has not been addressed. Therefore, we have
herein assessed the influence of axonal de- and remyelination processes on intrinsic In in
ventrobasal (VB) neurons of the thalamus and aimed to distinguish this effect from
changes depending on direct substance binding to HCN channels and divalent cation
chelation. For a more detailed understanding of the mechanisms underlying the changes
in ion channel properties in the CPZ model of general demyelination, we separately an-
alyzed the effects of axonal demyelination, proinflammatory cytokines, divalent cation
chelators, and trace metals on In properties. Therefore, we recorded Ir in expression sys-
tems (HEK293 expressing mHCN?2 channels; oocytes expressing hHCN4 channels) and in
native thalamic neurons under control conditions and on different days after stopping
CPZ feeding (Dayl, full demyelination; Day?7, early remyelination; Day25, complete re-
myelination). The effects of relevant physiological concentrations of trace metals (copper;
zinc), established trace metal chelators (EDTA; Tricine; CPZ and its water-soluble deriv-
ative termed BiMPi) [54,55], and cytokines (IFN-a; IFN-B; IL-6; IL-1p) were assessed.
Furthermore, cytokine effects on firing pattern of TC neurons and rhythmic in-
tra-thalamic activity were analyzed. In addition, a mathematical modeling approach de-
termined the dependency of slow thalamic bursting on In properties. Overall, we found
that trace metals and divalent cation chelation do not directly influence In. On the other
hand, In current density was influenced by the degree of axonal myelination and cyto-
kines. Moreover, we found that the availability of I current positively correlated with the
occurrence of slow thalamic oscillations; however, there seem to be optimal combinations
of the voltage-dependent parameters.

2. Materials and Methods
2.1. Animals

To characterize the native In in TC VB neurons, we used male C57BL/6] mice (pur-
chased from Envigo or Charles River Laboratories, Germany). The mice were housed in
groups of 3 individuals at the Institute of Physiology I (Westfalische Wilhelms—
Universitat, Miinster, Germany). The age range of mice used for patch-clamp and field
potential recordings was 4-14 weeks. CPZ treatment started when mice were 4-5 weeks
old. CPZ-treated mice and aged-matched controls were sacrificed for in vitro experi-
ments on Dayl (9-10 weeks old), Day7 (10-12 weeks old) and Day25 (13-14 weeks old)
after stopping CPZ treatment and switching back to a standard chow diet. Before the
start of either in vitro or in vivo experiments, mice spent at least 1 week in the housing
and habituation period after being purchase from the respective breeders. All experi-
mental procedures were performed in accordance with the principles approved by local
authorities (review board institution: Landesamt fiir Natur, Umwelt und Ver-
braucherschutz Nordrhein—-Westfalen, LANUV NRW). Efforts were made to minimize
the number and degree of discomfort experienced by the animals used in this study.

2.2. CPZ Treatment

C57BL/6] male mice (aged 4-5 weeks) were subjected to CPZ treatment through the
feeding of a diet containing 0.2% CPZ mixed into a ground standard rodent chow for 5
weeks; during this period, the brain of animals undergo an acute demyelination [42].
After 5 weeks of CPZ treatment, the mouse diet was shifted back to normal chow for the
subsequent period. Retracting CPZ from the mouse diet allowed for the spontaneous
remyelination that was complete on Day25 [42]. Age-matched control mice were housed
under the same conditions and for the same period without receiving CPZ-containing
food. Recordings were done on Dayl, Day7, and Day25 after stopping CPZ treatment or
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permanently receiving a standard rodent chow diet in the case of control animals. Both
0.2% CPZ diet (TD.140800) and standard (TD.00217) rodent chow were purchased com-
mercially (Envigo RMS GmbH, Diisseldorf, Germany).

2.3. Preparation of Acute Brain Slices for Whole-Cell Patch-Clamp Recordings

Animals were sacrificed according to effective German legal standards without an-
esthesia using DecapiCones (Braintree Scientific Inc., Braintree, MA 02185, USA), and
brain tissue was rapidly removed from the skull. Brain slices (250-300 pm) were pre-
pared as coronal sections in ice-cold oxygenated slicing solution, containing (in mM):
sucrose, 200; PIPES, 20; KCl, 2.5; NaH2POs, 1.25; MgSOs, 10; CaCl, 0.5; dextrose, 10; pH
7.35, with NaOH. Before electrophysiological recordings, slices were transferred and kept
first in a chamber with artificial cerebrospinal fluid (ACSF; content in mM: NaCl, 120;
K(], 2.5; NaH2PO4, 1.25; NaHCOs, 22; MgSOs, 2; CaClz, 2; glucose, 25) at 32 °C for 20 min
and thereafter at room temperature (RT) until recording began. The pH of ACSF in the
incubation chamber was maintained at 7.35 by continuous bubbling with carbogen (95%
Oz and 5% CO).

2.4. Preparation of Acute Brain Slices for Field Potential Recordings

Animals were sacrificed under isoflurane inhalation anesthesia and brain tissue was
rapidly removed from the skull. Brain slices (400 um) were prepared as horizontal sec-
tions from mice (8-10 weeks old) using an ice-cold slicing solution containing the fol-
lowing (in mM): sucrose, 234; glucose, 11, NaH2POs, 24; MgSOs, 10; and CaCls, 0.5; pH
7.35 balanced with carbogen. Horizontal slices were obtained using a microtome (Leica
VT 1200s, Leica, Wetzlar, Germany) and incubated in a carbogenated ACSF (32 °C) for at
least 1 h before recording.

2.5. Cell Culture

Human embryonic kidney (HEK) 293 cells stably expressing murine HCN2
(mHCN?2) [56,57] were maintained in Dulbecco’s Modified Eagle Medium with Gluta-
MAX (DMEM/GlutaMAX, Thermo Fisher Scientific, Schwerte, Germany) supplemented
with 10% fetal calf serum (FCS, PAN-Biotech, Aidenbach, Germany) and 0.1% Penicil-
lin/Streptomycin (Thermo Fisher Scientific, Schwerte, Germany) under humidified con-
ditions at 37 °C and 5% CO:..

2.6. Oocyte Expression

For oocyte expression, the previously described cDNA template
hHCN4-WT/pSGEM was linearized by Nhel [58], and cRNA was generated using the in
vitro transcription kit mMessage mMachine T7 (Life Technologies. Darmstadt. Germa-
ny). Defolliculated oocytes stage V and VI were purchased from EcoCyte Bioscience
(Dortmund, Germany) and injected, each with 50.6 nL. containing 5 ng of HCN4 cRNA.
After injection, oocytes were stored for 4-5 days at 18 °C in Barth solution containing the
following (mmol/L): NaCl, 88; KCl, 1; CaClz, 0.4; Ca(NOs)2, 0.33; MgSOs, 0.6; TRIS-HC], 5;
NaHCOs, 2.4 and (mg/L) theophylline, 80; benzylpenicillin, 63; streptomycin, 40; gen-
tamycin, 100.

2.7. Drugs

Experimentally tested trace metals (zinc, CAS No. 7440-66-6; copper, CAS No. 7440-
50-8) and divalent cation chelators (EDTA, CAS No. 60-00-4; Tricine, CAS No. 5705-04-1
and CPZ, CAS No. 370-81-0) were purchased from Sigma Aldrich in powdered form. The
water-soluble CPZ derivative BiMPi was synthesized as detailed below [54]. Substances
were prepared as 100 mM stock solutions in distilled water and added to the bath solu-
tion. The final concentrations of compounds in ACSF varied across the experiments. CPZ
was prepared as 50 mM stock in DMSO and used in a final concentration of 100 uM in
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ND96 buffer (final DMSO concentration of 0.2%). The CPZ stock solution was freshly
prepared before each two-electrode voltage clamp (TEVC) measurement. Mouse IL-1p
and IL-6 were purchased from Milteny Biotech (Bergisch Gladbach, Germany), dissolved
in deionized sterile-filtered water, and aliquots were stored at 20 °C. Recombinant
mouse IFN-a and IFN-f3 was ordered from Hycultec GmbH (Beutelsbach, Germany).
Final concentrations of cytokines in whole-cell and field potential recordings were IL-13,
1.4 nM; IL-6, 1.0 nM, for both IFN-a and IFN-[3, 1000 IU mlI.

2.8. Preparation of Water-Soluble CPZ Derivative N',N?-Bis (1-Methylpiperidin-4-Ylidene)
Oxalyl Hydrazide (BiMP1) and Purity Measurements

BiMPi was synthesized and purified according to the method published by Fries
[54], followed by high-performance liquid chromatography (HPLC) analysis. Briefly,
Oxalylhydrazide (12.5 g, 0.1 mol, 1 eq) was dissolved in 1 L of ethanol, then
N-methyl-4-piperidone (24.3 g, 022 mol, 2.05 eq) and a catalytic amount of
4-toluenesulfonic acid were added. The resulting mixture was refluxed for 5 h and then
cooled for 30 min in an ice bath. The formed precipitate was filtered, washed with etha-
nol (3 x 150 mL), and dried over CaClz to make a white solid (27.0 g, 0.09 mol, 88%). In
order to determine the purity of the synthesized compound, an HPLC Merck Hitachi
system with a UV detector L-7400 (A = 210 nm) was used. The mobile phase consisted of
A, H2O/trifluoroacetic acid (TFA) 0.05% and B, acetonitrile/TFA 0.05%. The gradient elu-
tion program was as follows: (A%): 0—4 min: 90%, 4-29 min: gradient from 90% to 0%, 29—
31 min: 0%, 31-31.5 min: gradient from 0% to 90%, 31.5-40 min: 90%. The flow rate was
1.00 mL/min; injection volume: 5.0 pL; Purity (HPLC): >99% (tr = 1.25 min). HPLC sol-
vents were of gradient grade quality, and ultrapure water was used. All HPLC eluents
were degassed via sonication prior to use. Below are the characteristics of the synthesized
compound:

C1sH24N6O2 (308.20 g/mol). Melting point: 210 °C. The given melting point was as-
sessed by the apparatus Stuart Scientific® SMP 3, uncorrected. Exact mass (APCI): m/z
calculated for CisH2sN6O2 [M + H*] 309.2034, found 309.2002. Given measurements were
calibrated beforehand with sodium formate clusters and acquired using MicroTof
(Bruker Daltronics, Bremen). All solvents were of analytical grade quality, and deminer-
alized water was used. Both 'H-NMR (600 MHz, CDCls) d (ppm) = 10.04 (s, 2H, NH), 2.58
(s, 8H, 2-CHz, 3-CH2), 2.53 (m, J = 5.3 Hz, 8H, 5-CH, 6-CHz), 2.32 (s, 6H, CHs) and
13C-NMR (600 MHz, CDCls) 6 (ppm) =162.7 (2C, C-4), 155.4 (2C, C=0), 55.6 (2C, C-6), 54.3
(2C, C-2), 45.6 (C2, CHb), 34.8 (C2, C-5), 27.2 (C2, C-3) were measured by a Unity Mercury
Plus 400 spectrometer (Varian®, Crawley, United Kingdom), AV400 (Bruker®), JEOL
JNM-ECA-400; o in ppm relative to tetramethylsilane; coupling constants are given with
0.5 Hz resolution, the assignments of 1*C and 'H NMR signals were supported via 2D
NMR technique, FT-IR (neat) ¥ (cm™) = 3224 (N-H), 1656 (C=0), 1490 (C=N), 1371 (C-N)
calculated by an IR spectrophotometer FT-ATR-IR (Jasco®).

Thin-layer chromatography was conducted with silica gel F2s« on aluminum plates
in a saturated chamber at room temperature. The spots were visualized using UV light
(254 nm) or reagents such as cerium molybdate dipping bath, with additional heating
provided by a standard heat gun. Hence, the retention factor values strongly depend on
the temperature, the chamber saturation, and the exact ratio of components of the eluent
(highly volatile); the given retention factor values represent only approximate values.
Flash column chromatography was conducted with silica gel 600 (40-63 m, Ma-
cherey-Nagel). Parentheses include the diameter of the column, the length of the column,
the fraction size, the eluent, and the Rr value. Unless otherwise noted, moisture-sensitive
reactions were conducted under dry nitrogen.
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2.9. Whole-Cell Voltage-Clamp Recordings in Acute Brain Slices

Voltage-dependent properties of In were characterized by whole-cell voltage-clamp
recordings in TC neurons of the VB in ACSF solution at 30 + 1 °C. The bath solution
contained (in mM): NaCl, 125; KCl, 2.5; NaH2POs, 1.25; NaHCOs, 1.25; MgSOs, 2; CaClz, 2;
Glucose, 10; BaCly, 0.5 (BaCl2 was added only during voltage-clamp recordings); pH 7.25
(adjusted and maintained with continuous bubbling with carbogen.

Considering that zinc precipitates in the presence of phosphate [59,60], recordings in
the presence of zinc were carried out in a NaH2POx free solution.

Patch pipettes were pulled from borosilicate glass (GC150T-10; Clark Electromedical
Instruments, Pangbourne, UK) with a resistance of 2.5-4.5 MQ. The internal solution
(pipette solution) contained the following (in mM): K-gluconate, 88; Ks-citrate, 20; NaCl,
10; HEPES, 10; MgCl, 1; CaCl, 0.5; BAPTA, 3; Mg-ATP, 3; Nax-GTP, 0.5. The internal
solution was set to a pH of 7.35 with KOH and an osmolality of 295 mOsmol/kg. All re-
cordings were performed on the soma of TC neurons using an EPC-10 amplifier (HEKA
Elektronik, Lamprecht, Germany). The access resistance was in the range of 5-25 MQ and
was monitored throughout the experiment. Cells with an access resistance of more than
25 MQ were discarded from the experiment. A series resistance compensation of >30%
was routinely applied. Voltage-clamp experiments were controlled by the software
PatchMaster (HEKA Elektronik, Lamprecht, Germany) operating on an IBM-compatible
personal computer. Measurements were corrected for liquid junction potential.

I current was measured by hyperpolarizing voltage steps of -10 mV increment from
a holding potential of -40 mV to =130 mV (Figure 1). The protocol was designed in order
to increase the stability of whole-cell recording and to account for increasingly fast acti-
vation kinetics of the current.

_40 -

-60-

-80+

V (mV)

=100+

-120+

-140

0 5 10 15 20
time (s)

Figure 1. The pulse protocol for In recordings in brain slices.

The steady-state activation of In, the fraction of HCN channel opening p(V), was es-
timated by normalizing the mean tail current amplitudes (I) 100-150 ms after stepping to
a constant potential of 100 mV from variable step amplitudes (from —40 mV to -130 mV)
using the following equation:

I — Imin

p(V) =

)
Imax - Imin

where, I is the tail current amplitude for the voltage step from —130 mV to -100 mV and
Imin represents the voltage step from —40 mV to -100 mV, respectively. In activation was
fitted by a Boltzmann equation of the following form:

-1

p(V) = <1 + e%)

where, k represents the slope factor. The amplitude of In was calculated by subtracting the
instantaneous current amplitude from the steady-state current. The density of In (current
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density, CD) was calculated by dividing the maximum In current amplitude at =130 mV
by the membrane capacitance obtained during whole-cell recordings. The time course of
In in TC VB neurons and HEK2 cells (two components of HCN channel activation-fast
and slow) was calculated by fitting the hyperpolarizing pulse step to =130 mV with a
dual exponential equation:

Ih(vz A0+Ale(—t/rl)+AZe(—t/12)

where, In (¢) is the total amplitude of the current at time ¢, and A: and A2 are the respective
amplitudes of the components with fast (t1) and slow (t2) time constants.

2.10. Whole-Cell Current-Clamp Recordings in Acute Brain Slices

The firing patterns and membrane properties of the TC VB neurons such as resting
membrane potential (RMP), input resistance (Rin) and the In-dependent voltage sag were
characterized by current-clamp recordings using a series of hyperpolarizing and depo-
larizing current injections (-200 pA to 500 pA) with 20 pA increments, from the RMP of
cells. The length of each pulse was 1000 ms. The RMP of the TC VB neurons was meas-
ured during the step with no negative or positive current injection. The depolarizing
voltage sag, an indication of In current activation, was calculated by subtracting the
maximum negative voltage response after current injection to the minimum negative
voltage just before the end of the current step.

2.11. Whole-Cell Voltage-Clamp Recordings of mHCN2 in HEK 293 Cells

HEK 293 cells expressing mHCN2 channels were seeded in 2.0 mL sterile round
coverslips (MatTek Life Science, Bratislava, Slovakia) and incubated at least one night at
37 °C and 5% COz. Whole-cell recordings were performed at a conventional patch—clamp
setup equipped with an EPC-10 amplifier and PatchMaster software (HEKA Electronics,
Lamprecht, Germany). Recording pipettes were fabricated from borosilicate glass
(G150TE-10, Clark Electromedical Instruments, Pangbourne, UK). The typical electrode
and series resistance was 4-5 MQ and 8-15 M), respectively. A series resistance com-
pensation of >30% was routinely applied. Once the whole-cell configuration was re-
ceived, the pipette solution and intracellular milieu equilibrated within 1 min. In currents
of the cells were then measured and analyzed, as described above, for recordings in acute
brain slices. Cells were recorded at RT under control conditions and in the presence of the
test substance. The latter were applied close to the recorded cell with a multibarrel ap-
plication pipette with a diameter of ~100 um. Liquid junction potential correction was not
performed. The following recording solutions were used: (1) Extracellular solution (in
mM): 147 NaCl, 5 KCl, 10 HEPES, 1 MgClz, 2 CaClz, 0.5 BaClz, 13 glucose, pH 7.3 with
NaOH, oxygenated. (2) Intracellular solution (in mM): 147 NaCl, 10 HEPES, 10 EGTA, pH
7.3 with NaOH.

2.12. Extracellular Rhythmic Burst Activity Recordings of TC VB Neurons in Acute Brain Slices

Brain horizontal slices were transferred to an interface chamber and recordings were
performed at 30 + 1 °C. The bath solution consisted of (in mM): NaCl, 126; KCI, 2.5; Na-
HCO:s, 26; NaH2PO4, 1.25; MgClz, 1; CaCly, 2; and glucose, 10. Rhythmic burst activity was
induced through the stimulation of the internal capsule (IC) using a pair of 50-100 MQ
tungsten electrodes. Network activity in the VB complex was measured using a glass
electrode (GC150T-10; Clark Electromedical Instruments, Pangbourne, UK) with the re-
sistance of 0.5-2 MQ. Burst firing was characterized by at least 3 high-frequency spikes
with an intra-burst frequency interval of >100 Hz and an inter-burst interval of not less
than 500 ms. Burst activity was analyzed from 50-100 ms after the stimulation of IC up to
2-3 5. All analyses were performed offline using Clampfit 10 (Molecular devices, US) and
Peak v1.0 (Meuth IT Consulting, Butzbach, Germany) software.
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2.13. TEVC Measurements in Oocytes

TEVC recordings were conducted at 22 °C using a Turbo Tec 10 CX amplifier (NP,
Tamm, Germany), a DAAD board NI USB 6221 (National Instruments, Austin, TX, USA)
and the GePulse software (Dr. Michael Pusch, Genova, Italy). Recordings were per-
formed using ND96 solution containing NaCl 96 mM, KCI 2 mM, CaCl2 1.8 mM, MgCl2 1
mM and HEPES 5 mM (adjusted to pH 7.4 with 1 M NaOH). CPZ test solution was
freshly prepared from a 50 mM DMSO stock to final concentration of 100 uM with ND96
buffer resulting in final DMSO concentration of 0.2%. For the optimal comparability of
measurements, ND96 was supplemented with 0.2% DMSO in the control recording so-
lution. Recording pipettes were filled with 3 M KCI and had a resistance in the range of
0.5-1.5 MQ. For stimulation of HCN4 channels, the protocol shown in Figure 2 was used.

Wash-in ND96 +/-

100 uM CPZ
0mv Omv 0mv
=1 -40mv
-140 mV
20s 0.5s 4.5s 0.8s 6.5s

Figure 2. The pulse protocol for the TEVC measurements.

Before the application of different voltage steps, the ND96 + 0.2% DMSO or the 100
uM CPZ solution were washed in for 20 s at a holding potential of 0 mV. After wash-in,
hyperpolarizing steps of varying voltages from -40 mV to -140 mV with the duration of
4500 ms were applied, which was then followed by an 800 ms step to —140 mV before
clamping back to 0 mV holding potential (Figure 2).

2.14. Computational Modeling

Simulations were conducted within the NEURON simulation environment [61] by
modifying a thalamic network model [62]. The original model can be downloaded at
http://senselab.med.yale.edu/ModelDB/and accessed using model number 3343 (ac-
cessed on 24 August 2021). The model simulates delta oscillations by connecting two
spontaneously pacemaking TC cells and two thalamic reticular neurons (NRT) via
AMPA and GABAAa:s synapses. Four In current parameters were modified based on ex-
perimental results acquired from whole-cell patch-clamp recordings in the TC VB neu-
rons of CPZ-treated and their age-matched control mice: the maximum Ir conductance
(gn), Vo, the slope of the voltage activation curve (k), and the time constant at =130 mV

(Tfast)- The percent change in maximum In conductance was found by dividing the cur-
rent density measured in each cell by the average of the combined control groups. The
maximum Ir conductance was normalized to the default conductance in the model (10
uS/cm?). The voltage of Vo.s was shifted from the default of the model (-75 mV) to match
the measured value in each given cell. The shift in voltage activation curve was equally
applied to the voltage-dependent time constant curve. The voltage dependent time con-
stant curve was then scaled to match the measured time constant at -130 mV. The In pa-
rameters were equally modified in both TC cells, while parameters in NRT cells were
unaltered. The maximum potassium leak conductance was set to 0.004 uS for both TC
cells. All simulations were 5 s long, and the temperature was set to 36 °C.
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2.15. Data Analysis and Statistics

For data assembling and analyses, programs Ana (Dr. Michael Pusch. Genova. Ita-
ly), Excel (Microsoft, Redmond, WA, USA), OriginPro 2020/21 (OriginLab Corporation.
Northampton, MA, USA), GraphPad Prism 7.01 (GraphPad Software, San Diego, CA,
USA), and IBM SPSS Statistics 28.0 (International Business Machines Corp., Armonk, NY,
USA) were used. The modulation of In current by phosphate-free medium was analyzed
using repeated-measures ANOVA. CPZ feeding experiments and TEVC measurement
data were analyzed using two-way ANOVA and one-way ANOVA, respectively. Here,
post-hoc mean comparison Tukey test was performed. For normally distributed data,
e.g., wash-in of trace metals, divalent cation chelators or cytokines and NEURON mod-
eling data (un)paired, two-tailed Student’s t-test was used. The relation between two
parameters was examined using non-parametric, two-tailed Spearman correlation anal-
ysis. Core]DRAW X7 (Corel Corporation, Ottawa, ON, Canada) was used for figure
plotting. Differences were considered statistically significant if p values were less than
0.05. %, **, *** indicate p < 0.05, p < 0.01, p <0.001, respectively.

3. Results

3.1. Alterations of Intrinsic Properties of TC VB Neurons following CPZ Treatment on C57BL/6]
Mice

We assessed the influence of axonal demyelination on I current in TC neurons in a
standard laboratory mouse strain. We used a toxic model of acute general demyelination
in the CNS by targeting mature oligodendrocytes and feeding mice for 5 weeks with the
copper chelator CPZ [37,40,63]. Different electrophysiological readouts were obtained on
Dayl (full demyelination), Day7 (early remyelination) and Day25 (complete remye-
lination) after stopping CPZ feeding. Voltage-dependent properties of In current were
assessed using whole-cell patch—clamp recordings. In current was activated by applying
increasingly hyperpolarizing voltage steps (=50 to =130 mV) from a holding potential of
-40 mV before stepping to -100 mV (see Figure 1). The length of the hyperpolarizing test
potential was shortened with increasing hyperpolarization (3.5 s at -130 mV). Based on
the expression of primarily HCN2 and HCN4 channel subunits [15,17], these neurons
generate large, slowly activating inward currents following membrane hyperpolarization
(Figure 3A). In order to investigate In current in isolation, inward rectifier channels were
blocked by Ba?* (0.5 mM), which was present in all recording solutions [19].
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Figure 3. The impact of CPZ-induced de- and remyelination on In properties in TC VB neurons. (A)
Exemplary traces of In current recorded in TC VB neurons on Dayl, Day7, and Day25 of remye-
lination after CPZ-treatment (blue) and an age-matched control of Day1 (black). For clarity, only
the hyperpolarizing step from -40 mV to -130 mV is shown. (B-E) Bar graphs displaying Vo.s (B),
current density (C) and both fast (D) and slow (E) components of activation kinetics for
CPZ-treated mice (blue) and age-matched controls (grey) for the indicated experimental days. * and
**, indicate p values less than 0.05 and 0.01, respectively.

During the different recording conditions, evoked In currents in VB TC neurons re-
vealed striking differences in amplitude with the highest amplitudes under control con-
ditions and on Day7 in CPZ-treated mice (Figure 3A). Analysis of In parameters revealed
that these changes were not accompanied by significant differences in voltage depend-
ency. Vo.s was not different between the experimental conditions on Day1 (control: -88.75
£2.14 mV, n=8; CPZ:-90.76 + 1.91 mV; n = 6), Day7 (control: -90.03 £ 1.64 mV, n=9; CPZ:
-90.06 + 1.72 mV, n = 6) and Day 25 (control: -87.73 + 1.38 mV, n = 6; CPZ: -89.46 + 1.02
mV, n = §; Figure 3B). However, a significant reduction in current density compared to
age-matched control mice was found on Day1 (control: 14.29 + 1.74 pA/pF; n = 6; CPZ:
9.14 + 0.43 pA/pF; n =8; p < 0.01; Figure 3C). Thereafter, In current density in CPZ-treated
mice significantly increased on Day7 (14.59 + 1.88 pA/pF, n = 6; p < 0.05) and decreased
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again on Day25 (9.52 + 0.98 pA/pF, n =8; p <0.01). No significant differences were found
between control mice on different days (Day?7 control: 11.78 + 0.55 pA/pF, n = 8; Day25
control: 11.32 + 0.78 pA/pF, n = 6).

Next, the kinetics of In current activation were analyzed (Figure 3D,E). On Dayl
(control: 133.56 + 21.72 ms, n = 8; CPZ: 204.08 + 28.51 ms, n = 5; p = 0.0725), the fast time
constant revealed the nominally highest value in CPZ-treated mice when compared to
Day7 (control: 104 + 19 ms, n=8; CPZ: 102 + 9 ms, n = 6; p > 0.05) and Day25 (control: 131 +
21 ms, n=6; CPZ: 139 + 16, n = 8; p > 0.5; Figure 3D). These differences were significant (p
<0.05) for Dayl and Day7 in CPZ-treated mice. For the slow time constant, a significant
difference was found for Day1 (control: 879 + 89 ms, n=8; CPZ: 1222 + 134; n = 5; p < 0.05;
Figure 3E). When compared to Day7 (control: 863 + 135 ms, n = 8; CPZ: 825 +47, n = 6) and
Day25 (control: 850 + 118 ms, n = 6; CPZ: 875 + 55 ms, n = 8), no further differences were
detected.

In order to assess a more general measure of ion channel activity, we compared the
resting membrane potential (RMP) (in the presence of Ba?*) of VB neurons between dif-
ferent recording conditions (Supplementary Figure S1). While the RMP revealed rather
similar values for most conditions, a significant hyperpolarization was found for
CPZ-treated mice on Day?7 (control: -61.38 + 1.38 mV, n=8; CPZ: -67.67 +1.23 mV, n=6; p
< 0.01). When compared to Day1 (control: =61.25 + 1.01 mV, n =8; CPZ: -61.80 + 1.87 mV,
n=>5;p>0.05) and Day25 (control: 63.17 +1.22 mV, n=6; CPZ: -62.63 +2.07 mV; n=8§; p =
0.0511), a significant difference was found between CPZ-treated mice on Day1 and Day7
(p <0.05).

The findings indicate that general demyelination (Dayl) and early remyelination
(Day?7) are associated with a strong reduction and transient recovery in HCN channel
activity in the thalamus, respectively. The effects on RMP further point to changes in
Ba?*-insensitive ion channels that contribute to the RMP.

3.2. Modulation of VB TC Neurons in C57BL/6] Mice by Trace Metals and Divalent Cation
Chelators

Since CPZ acts as a copper chelator, we assessed potential direct effects of trace
metals, as well as divalent cation chelators (EDTA; Tricine; BiMPi-a water-soluble deriv-
ative of CPZ) on Ir current in the naive VB TC neurons of male wild type C57B1/6] mice.

After acquiring control recordings, clamped cells were washed with a solution con-
taining the test compound for 20 min before the stimulation protocol was repeated. First,
the water-soluble copper chelator BiMPi (1 mM) was tested. Application of this CPZ
derivate had no effect on the current amplitude (Figure 4A) and steady-state activation
curve (Figure 4B). In addition, the potential of Vo.s (Table 1 and Figure 4C), In current
density (Table 1 and Figure 4D) as well as fast (Table 1 and Figure 4E) and slow (Table 1
and Figure 4F) activation time constants were unchanged. In a similar way, the widely
used divalent cation chelator EDTA (1 mM) revealed no significant effect on all analyzed
parameters (Table 1 and Figure 4C-F). Next, the zwitterionic amino acid Tricine that has
been widely used for zinc and copper buffering in biological systems was tested. Appli-
cation of Tricine (1 mM) resulted in a significant (p < 0.01) depolarizing shift in Vo.s (Table
1 and Figure 4C). However, Ir current density as well as (Table 1; Figure 4D) fast (Table 1
and Figure 4E) and slow (Table 1 and Figure 4F) components of HCN channel activation
were unchanged. In order to assess whether the effect of Tricine may be based on the
chelation of trace metals, we next applied zinc that has been shown to exert neu-
ro-modulatory effects on the thalamus [64]. Application of zinc (300 uM) resulted in a
significant (p < 0.001) depolarizing shift in Vo.s (Table 2 and Figure 4C). However, In cur-
rent density as well as the fast and slow components of HCN channel activation were
unchanged (Table 2 and Figure 4D-F).
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Figure 4. The effects of divalent cation chelators and trace metals on In current recorded in thalamic
neurons. (A) Exemplary traces of In current recorded from VB TC neurons in control condition
(black) and in the presence of 1 mM BiMPi (blue). For clarity, only the hyperpolarizing step from
-40 mV to -130 mV is shown. (B) The mean steady-state activation curve for control and BiMPi
recordings after plotting normalized tail current amplitudes against the step potential and fitting
them to a Boltzmann function. (C-F) Bar graphs comparing the HCN channel Vo5 (C), In current
density, the fast (E) and slow (F) component of HCN channel activation under control and exper-
imental conditions (as indicated by color coding). ** and ***, indicate p values less than 0.01 and
0.001, respectively.

Table 1. The effects of divalent cation chelators on In current in TC neurons. Data are given as mean
+ SEM. The control measurement and corresponding substance effect were recorded from the same

cell.
BiMPi 1 mM EDTA 1 mM Tricine 1 mM
Ctrl BiMPi n Ctrl EDTA n Ctrl Tricine n
-83.62+ —-81.25+ -89.06+ -89.16 + -86.56 +
Vo. \Y% -90.10 + 1. 7p<0.01
0 (mV) 0.93 1.39 1.49 133 6 7010100 p<0.0
Current density (pA/pF)10.86 + 0.7411.04 +0.68 8 10.54+0.7410.09+044 6 9.50+0.70 9.23 +0.87 7
fast 151.68 + 14593 + 30947+ 31650 + 6 29291 + 276.6 + 7
Tau (ms) 7.23 7.22 20.57 14.87 15.23 12.03
slow 866 +44 886 +77 8 2445 +386 2626+337 5 2407 +251 2130+ 307 7
Table 2. The effects of zinc and phosphate-free conditions on Ir current in TC neurons. The data are
given as mean + SEM. Control measurement and the corresponding substance effect were recorded
from the same cell.
Zinc 0.3 mM Phosphate-Free
Ctrl Zinc n Ctrl 20 min 40 min n
Vo5 (mV) -87.29+0.74 -84.44+0.68 14p<0.001 -86.92+1.30 -84.86+1.10 -84.09+0.95 8
Current density (pA/pF) 954+036 9.63+0.33 14 920+054 985+055 9.48+0.43 8
Tau (ms) fast 289.97 + 285.98 + 14 241.30 + 234.54 + 234.59 + 7
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13.91 13.50 14.40 15.28 16.84

slow

2511+462 1931+170 13 1487 +167 1393 +122 1433 +124 7

Because of the precipitating property of zinc in phosphate-bearing solutions, ex-
periments implying zinc were performed in nominally phosphate-free ACSF [59,60].
Since the lack of phosphate may interfere with cellular energy metabolism, the I current
was recorded for up to 40 min without extracellular phosphate. During this period, no
significant changes occurred for all analyzed parameters (Table 2; Supplementary Figure
S2).

Besides HCN channels, several other ion channels contribute to the generation of the
RMP in TC neurons [65]. Therefore, we compared the RMP potential (in the presence of
Ba?) of VB neurons between different recording conditions. While there was a shift to
more depolarized values in the presence of zinc (control: —-64.29 +1.07 mV; zinc: 57.29 +
2.06 mV; p <0.01; n =14) and BiMPi (control: -62.75 + 1.81 mV; BiMPi: -59.25 +2.10 mV; p
> 0.05; n = 8), EDTA (control: —63.67 + 2.55 mV; EDTA: -65.33 £ 2.51 mV; p > 0.05; n = 6)
and Tricine (control: —66.57 + 1.13 mV; Tricine: -65.43 + 1.43 mV; p > 0.05; n =7) showed no
effects (Supplementary Figure S3).

These data indicate that BiMPi and EDTA have no effect on In current parameters.
The trace metal chelator Tricine has a subtle effect on the voltage-dependency of Ir that is
concordant with the effect of applying high concentrations of zinc, and therefore it is
probably not due to the chelation of ambient zinc at HCN channels. In addition, zinc ex-
erts a depolarizing effect on the RMP.

3.3. Modulation of HCN2 and HCN4 Channel Subunits in HEK293 and Oocyte Cells by Divalent
Cations Chelators and Trace Metals

To further characterize the effect of divalent cation chelators and trace metals on
HCN channels and to address specific channel subtypes, we investigated heterologous
expressed HCN2 and HCN4 channels in the following. Voltage-dependent properties of
the In current were assessed using whole-cell patch—clamp recordings and applying hy-
perpolarizing voltage steps, as stated above.

First, we analyzed In current in HEK293 cells stably transfected with mHCN2
channels. The application of 1 nM copper had no effect on the evoked current (Figure 5A)
and the steady-state activation curve (Figure 5B). When cells were treated with different
copper (1 nM; 10 nM; 100 nM) and zinc (10 uM) concentrations, no alterations in the
voltage-dependence of HCN2 channels were found (Table 3 and Figure 5C-F).
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Figure 5. The effects of trace metals on In current recorded in HEK293 cells expressing mHCN2
channels. (A) Exemplary traces of In current recorded in HEK293 cells in control condition (black)
and in the presence of 1 nM copper (blue). For clarity, only the hyperpolarizing step from —-40 mV
to -130 mV is shown. (B) The mean steady-state activation curve for control and copper recordings
after plotting normalized tail current amplitudes against the step potential and fitting them to a
Boltzmann function. (C-F) The bar graphs comparing the HCN2 channel Vo.s (C), In current density
(D), fast (E) and slow (F) component of HCN channel activation under control and experimental
conditions (as indicated by color-coding).

Table 3. The effects of trace metals on In current in HEK293 cells. Data are given as mean + SEM.
The control measurement and corresponding substance effect were recorded from the same cell.

Cu*1nM Cu? 10 nM Cu? 100 nM Zn* 10 pM

Ctrl Cu? n Ctrl Cu? n Ctrl Cu? n Ctrl Zn2* n

-83.69 + 7901+ -82.25+ 7849+ 8124+ 7914+ -82.67+
Vos (mV) 8267x229 4 0.38 0.68 0.94 1.60 8 1.75 1.98 6
Currentdensity . o o 4359+ _ 6550x 3958 _ 5589x 5013 4036 3522x

(pA/pF) 8.82 23.20 8.62 10.54 11.63 5.82 4.75
74.96 + 86.06+  99.42+ 9716+ 9623+ 10018+ 11270 +
fast 7537 +4.7

Tau(ms) o5t 7237470, o 6.10 8.80 5.86 10.82 7.45 797 ©
slow 1472+224 1326+120 4 1445+1651489+202 3 1254+193 1209+93 8 1388+293 1729+409 4

Next, we tested possible effects of divalent cation chelators (BiMPi and EDTA at 1
mM concentration) on the In current generated by mHCN2 channels. The application of
BiMPi had no effect on the evoked current (Figure 6A) and steady-state activation curve
(Figure 6B). In addition, both chelators showed no significant effect on other In current
parameters (Table 4 and Figure 6C-F), and the components of mHCN2 channel activa-
tion were not altered.
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Figure 6. The effects of divalent cation chelators on In current recorded in HEK293 cells expressing
mHCN2 channels. (A) Exemplary traces of In current recorded in HEK293 cells in control condition
(black) and in the presence of 1 mM BiMPi (blue). For clarity, only the hyperpolarizing step from
—-40 mV to —130 mV is shown. (B) The mean steady-state activation curve for control and BiMPi
recordings after plotting normalized tail current amplitudes against the step potential and fitting
them to a Boltzmann function. (C-F) The bar graphs comparing the HCN2 channel Vo.s (C), In cur-
rent density (D), fast € and slow (F) component of HCN channel activation under control and ex-
perimental conditions (as indicated by color-coding).

Table 4. The effects of divalent cation chelators on In current in HEK293 cells. Data are given as

mean = SEM. The control measurement and corresponding substance effect were recorded from the
same cell.

BiMPi 1 mM EDTA 1 mM
Ctrl BiMPi n Ctrl EDTA n
Vo.s (mV) -79.62+0.74  -79.17 £1.39 5 -81.87 +1.28 -83.36 + 1.50 11
Current density (pA/pF) 78.76 +13.36 72.26 +13.42 5 38.87 +5.88 33.68 +4.8 11
Tau (ms) fast 112.98 + 6.90 109.58 + 7.31 5 96.80 +7.66 85.91+6.78 11
slow 1290 + 201 1245 +117 5 1211 £ 162 952 + 141 9

To further determine whether In current properties are influenced by trace metal
chelators, we performed TEVC measurements on hHCN4 expressing oocytes in the
presence and absence of 100 uM CPZ. Different voltage pulses were applied under con-
trol condition and in the presence of CPZ from a holding potential of 0 mV, and the re-
sulting currents were recorded (Figure 7B). Mean current amplitudes at -140 mV were
-907 + 116 nA (n = 11) in the absence and -957 + 159 nA (n = 8) in the presence of 100 uM
CPZ. The comparison of mean currents in the presence and the absence of the compound
showed no significant changes in current amplitudes at any given voltage, suggesting the
inactivity of CPZ at hHCN4 channels (Figure 7A).
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Figure 7. The effects of CPZ on I current recorded in oocytes expressing hHCN4 channels: (A) The
mean currents of wildtype hHCN4 expressing oocytes in absence (black) and presence (red) of 100
uM CPZ. Values are given as mean + SEM for independent oocytes recorded in the presence of CPZ
(n = 8) or under control conditions (n = 11). (B,C) The representative current traces in the absence
(B) and presence of CPZ (C).

The findings indicate that trace metals and divalent cation chelators do not directly
influence In currents generated by HCN2 or HCN4 subunits.

3.4. Modulation of In Current, Firing Pattern and Intrinsic Properties of VB TC Neurons by
Cytokines

So far, our experimental findings demonstrated clear changes in In current proper-
ties in TC neurons during different phases of remyelination following CPZ-induced
demyelination. However, the application of trace metals or divalent cation chelators re-
vealed no comparable effects on In current in brain slices and expression systems. Con-
sidering the involvement of cytokines in de- and remyelination processes [66,67] and
based on their characteristic release pattern in the CPZ model [30,68], we challenged na-
ive TC VB neurons with different cytokines (IFN-«, 1000 IU/mL; IFN-p, 1000 IU/mL;
IL-1B, 1.4 nM; IL-6, 1 nM). While IFN-a and IFN-$3 have been suggested to be released
from microglia in the demyelination phase of the CPZ model, IL-1p is released during
remyelination.

First, cytokine effects on In current were assessed. While IFN-a and IFN-{3 decreased
current amplitudes in TC neurons, we observed no effect of IL-6 and an increase in In
amplitude induced by IL-1§3 (Figure 8A). These effects were associated with concordant
changes in In current density (control, 11.75 + 0.35 pA/pF vs. IFN-a, 9.53 + 0.67 pA/pF, n=
7,p <0.01; control, 11.66 + 0.36 pA/pF vs. IFN-3, 9.01 + 0.66 pA/pF, n =7, p <0.05; control,
10.31 £ 0.63 pA/pF vs. IL-1f3, 11.96 + 0.52 pA/pF, n =7, p <0.05; control, 11.41 + 0.80 pA/pF
vs. IL-6, 11.09 + 0.83 pA/pF, n =7, p > 0.05; Figure 8B).
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Figure 8. The impact of pro-inflammatory cytokines on In properties in TC VB neurons. (A) Exem-
plary traces of In current recorded in TC VB neurons under control conditions and in the presence
of IFN-a, IFN-f3, IL-1p3 and IL-6. (B,C) The bar graphs comparing the current density (B) and Vo.s
(C) before (Control) and after application of IFN-a, IFN-f, IL-1p and IL-6. ¥, **, and *** indicate p
values less than 0.05, 0.01, and 0.001, respectively.

The steady-state voltage-dependent activation of In current was shifted to more hy-
perpolarized potentials by IFN-a (control, =90.30 + 0.82 mV vs. IFN-a, =96.67 +0.84 mV, n
=7,p <0.001) and IFN- (control, —=89.75 + 1.16 mV vs. IFN-$3, -96.47 + 1.57 mV, n=7,p <
0.05; Figure 8C). In contrast, IL-13 shifted Vo.s to more depolarized potentials (control,
=-90.65 = 0.53 mV vs. IL-13, =88.24 + 0.71 mV, n = 7 cells, p < 0.01), while IL-6 (control,
-89.72+1.13 mV vs. IL-6, -91.74 + 1.67 mV, n =7, p > 0.05) had no effect. Furthermore, the
application of cytokines differentially affected the kinetics of HCN channel activation
(data not shown). While the fast activation time constant was significantly decreased by
IL-1p (control, 137.20 + 4.32 ms vs. IL-1{3, 127.08 + 7.18 ms, n = 6; p < 0.05), the other cyto-
kines had no effect. Furthermore, the slow activation time constant was decreased by
IL-1P (control, 822.23 + 24.16 ms vs. IL-1f3, 724.32 + 40.05 ms, nn = 6, p < 0.05) and increased
by IFN-a (control, 771.43 + 23.95 ms vs. IFN-a, 932.70 + 28.97 ms, n = 6, p < 0.01), IFN-3
(control, 841.12 + 24.44 ms vs. IFN-f3, 933.95 + 26.27 ms, n = 6, p < 0.05), and IL-6 (control,
795.48 +27.06 ms vs. IL-6, 850.72 + 35.64 ms, n = 6, p < 0.05).

Next, the effects of cytokines on the passive and active membrane properties, as well
as the firing pattern of TC neurons, were assessed under current—clamp conditions. The
application of IFN-a resulted in a hyperpolarizing shift in RMP (control: -70.83 + 1.51
mV; IFN-a: -73.50 + 1.38 mV; p < 0.001; n = 7) and induced an increase in Rin (control:
165.83 + 6.87 M(); IFN-a: 214 + 13.84 MQ), p < 0.01; n = 6; data not shown). In contrast, the
application of IL-1f3 shifted the RMP to more depolarized potentials (control: -70.5 + 0.43
mV; IL-1B: —68.33 + 0.49 mV; p <0.001, n = 6) and decreased the Rin (control: 170.00 + 16.24
MQ; IL-1p: 128.66 + 12.74 MQ), p <0.001; 1 = 6; data not shown).

The characterization of cytokine effects on the firing pattern and Ir-dependent
membrane properties in TC neurons was performed by applying hyper- and depolariz-
ing pulses from RMP before and after the application of IFN-a and IL-1f3. Upon step
hyperpolarization, IFN-a decreased the In-dependent voltage sag (control: 8.25 +1.66 mV;
IFN-a: 5.45 +1.71 mV, p <0.01; n = 6; Figure 9A,B) and the number of action potentials in
a LTS following release from hyperpolarization (control: 1.7 + 0.21; IFN-a: 1.17 +0.17; n =
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6; Figure 9C). Upon depolarizing current steps, IFN-a reduced tonic firing (number of
action potentials; control: 47.83 + 2.66; IFN-a: 32.33 + 5.04; p <0.05; n = 6; Figure 9D-F) and
increased their firing threshold (control: -30.77 + 1.96 mV; IFN-a: -22.44 + 2.60 mV; p <
0.05, n = 6; Figure 9G). Compared to IFN-q, the application of IL-13 revealed opposing
effects. Upon membrane hyperpolarization, IL-1p increased Ir-dependent anomalous
rectification (control: 9.44 + 0.58 mV; IL-1: 12.34 + 0.67 mV; p < 0.01; Figure 9A,B) and the
number of action potentials in a LTS following release from hyperpolarization (control:
2.2 +0.31; IL-1p: 5.00 = 0.73; p < 0.01; n = 6; Figure 9C). Upon depolarizing current injec-
tions, IL-1p caused an increase in the number of fired action potentials (control: 44.83 +
1.22; IL-1B: 51.16 + 2.27; p < 0.01; Figure 9D-F) and decreased their firing threshold (con-
trol: -30.85 + 0.95 mV; IL-13: -35.53 + 0.91 mV; p < 0.01; n = 6; Figure 9G).

These findings demonstrated that different proinflammatory cytokines act on TC
neurons in a different and partially opposing manner that involves the modulation of
HCN channels.
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Figure 9. The effects of cytokines on firing properties of TC neurons of C57BL/6] mice. (A) Exem-
plary traces recorded in TC VB neurons as response to a hyperpolarizing pulse (-390 pA) under
control conditions (black) and in presence of INFa (blue) and IL-1f (red). (B,C) The bar graphs
showing the In-dependent voltage sag (B) and the number of action potentials in a LTS (C) follow-
ing release from hyperpolarization. (D) Exemplary traces recorded in TC VB neurons as a response
to a depolarizing pulse (+450 pA) under control conditions (black) and in presence of INFa (blue)
and IL-1§ (red). (E) The graphs displaying the relationship of the injected current and the number
of action potentials (APs). (F,G) The bar graphs indicating the number of APs (F) and the AP
threshold (G). * and ** indicate p values less than 0.05 and 0.01, respectively.
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3.5. Influence of Cytokines on Intrathalamic Oscillatory Burst Activity

Since HCN channels exert a fundamental pacemaking function in the thalamus, we
next analyzed the effect of pro-inflammatory cytokines on intrathalamic burst activity
following stimulation of the internal capsule (IC; Figure 10A,B). Application of IFN-a
(Figure 10A) significantly decreased the number of bursts (control: 7.00 + 0.26; IFN-a: 3.83
+0.4; n=7; p<0.001; Figure 10C), the duration of bursts (control: 0.97 + 0.06 s; IFN-cat: 0.57
+£0.02 s; n=7; p <0.01; Figure 10D), and the interburst frequency (control: 5.88 + 0.29 Hz;
IFN-a: 4.05 + 0.43 Hz; n =7; p < 0.01; Figure 10E). In contrast, IL-1p (Figure 10B) signifi-
cantly increased the number of bursts (control: 6.66 + 0.52; IL-1p3: 10.16 + 1.38; n=7; p <
0.05), bursts duration (control: 0.93 + 0.05 s; IL-1p3: 1.81 £ 0.16 s; n = 7; p < 0.01) and inter-
burst frequency (control: 5.61 + 0.39 Hz; 6.98 + 0.32 Hz; n=7; p <0.001).
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Figure 10. The effects of cytokines on intrathalamic burst activity in C57BL/6] mice. (A,B) Extra-
cellular field potential recordings displaying the changes in burst activity in VB after application of
IFN-a (A) and IL-1pB (B) evoked by stimulating the IC. (C,D) The bar graphs showing the changes
in number of bursts (C), their duration (D), and the interburst frequency (E) of oscillatory burst ac-
tivity by inflammatory cytokines. *, **, and *** indicate p values less than 0.05, 0.01, and 0.001, re-
spectively.

These findings indicate that IFN-a and IL-1{ differentially modulate intrathalamic
oscillations.

3.6. Mathematical Modeling of Intrathalamic Network Activity

A modified intrathalamic network model, connecting two TC and two nRT neurons
via AMPA and GABAAa+s synapses, was used to simulate delta oscillations. Based on the
changes of In due to de- and remyelination, as well as the application of inflammatory
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cytokines (INF-a, IL-1§3), the network model was changed and the influence on sponta-
neous rhythmic bursting was investigated.

First, In current parameters were set to model the different phases of de- and remy-
elination of CPZ-treated mice and age-matched controls. Both TC neurons generated
spontaneous rhythmic burst activity for all recording conditions. A comparison of burst
characteristics of TC neurons on Day1 after full demyelination with age-matched controls
revealed greater differences than on Day7 or Day25. The time to the first AP was in-
creased (Day1: control, 528.5 + 138.6 ms, n = 8; CPZ, 838.3 + 252.4 ms, n = 6; Figure 11A,B)
and the number of bursts generated in the first second of the simulation were reduced
(Day1: control, 2.25 + 0.49, n = 8; CPZ, 1.17 + 0.40, n = 6; Figure 11C). In addition, the in-
traburst frequency (Dayl: control, 228.8 + 21.05 Hz, n = 8; CPZ, 271.2 + 3.97 Hz, n = 6;
Figure 11D) and the number of APs per burst (Day1: control, 2.63 +0.13, n=8; CPZ, 2.96 +
0.02, n = 6; p < 0.05; Figure 11E) was slightly higher under demyelinated conditions. The
interburst frequency was reduced (Day1: control, 4.18 + 0.45 Hz, n = §; CPZ, 3.14 + 0.22
Hz, n = 6; Figure 11F). On Day7, no obvious differences regarding the burst activity were
observed compared to age-matched controls. The time to the first AP was decreased
(Day7: control 408.5 + 55.48 ms, n = 9; CPZ 355.1 + 30.18 ms, n = 6; Figure 11A,B). The
bursts generated in the first second of the simulation (Day?7: control 2.22 + 0.36, n =9; CPZ
2.60 £ 0.40, n = 5; Figure 11C) and the intraburst frequency (Day?7: control 225.5 +17.0 Hz,
n=9; CPZ 231.5 + 16.27 Hz, n = 6; Figure 11D) were increased. Furthermore, the number
of APs per burst (Day7: control 2.52 + 0.13, n = 9; CPZ 2.172 + 0.15, n = 6, Figure 11E) was
slightly reduced during early remyelination, while the interburst frequency (Day7: con-
trol 4.16 + 0.31 Hz, n =9; CPZ 4.43 £ 0.37 Hz, n = 6, Figure 11F) increased. Parametrization
of the network model with In properties representing fully remyelinated neurons after
CPZ treatment demonstrated the same trend as on Day1. The time to the first AP (Day25:
control 455.2 + 53.79 ms, n = 6; CPZ 730.6 + 247.1 ms, n = §; Figure 11A,B) was higher
under remyelinated conditions, while the number of bursts in the first second of the
simulation was decreased (Day25: control 2.17 + 0.31, n =6 and Day25 CPZ 1.63 +0.32, n=
8; Figure 10C). Furthermore, the intraburst frequency (Day25: control 247.3 + 13.59 Hz, n
= 6; CPZ 267.4 + 14.95 Hz, n = 8; Figure 11D) and the number of APs per burst (Day25:
control 2.69 + 0.12, n = 6; CPZ 2.85 + 0.10, n = 8; Figure 11E) was slightly increased in
CPZ-treated mice. The interburst frequency (Day25: control 3.78 + 0.27 Hz, n = 6; CPZ 3.34
+0.31 Hz, n = §; Figure 11F) was reduced.
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Figure 11. The NEURON-modeled influence of CPZ treatment on spontaneous burst activity of TC
neurons. CPZ- treated mice (blue) after 1, 7, 25 days of remyelination and age-matched controls
(grey) for each remyelination period. (A) Exemplary simulations of spontaneous burst activity of
age matched controls and CPZ-treated mice on Dayl of remyelination. (A-F) The bar graphs dis-
playing characteristics of bursting: time to first action potential (B), bursts within the first second of
the simulation (C), intraburst frequency (D), action potentials per burst €, and the interburst fre-
quency (F). * indicates p values less than 0.05.

Next, the spontaneous burst simulation model was set to In parameters observed
under the application of inflammatory cytokines. Parameters obtained during INF-a ap-
plication revealed delayed bursting activity compared to the control, while IL-1p did not
affect the time to the first AP (control: 402.2 + 14.9, INF-a:: 692.8 +235.0 and IL-1(3: 413.1 +
7.04, all n = 6, Figure 12B). Furthermore, intraburst frequency was increased with INF- a
compared to the control, while IL-1(3 generates no effect (control: 245.3 + 9.61, INF-a:
267.5+ 4.41 and IL-1(3: 253.5 * 4.15, all n = 6, Figure 12C). However, the difference was
significant between INF-a and IL-1{3 conditions (p < 0.05). Additionally, the number of
APs per burst was quantified based on the simulation which revealed a significant dif-
ference between INF-a (2.95 + 0.05, n = 6) and IL-13 models (2.79 + 0.05, n = 6, p < 0.05).
Control cells generated 2.74 + 0.09 (n = 7) APs per burst (Figure 12D). In the case of in-
creased APs per burst (INF-a), the interburst frequency was slower (control: 3.89 + 0.14,
INF-a: 3.31 £ 0.24 and IL-1§3: 3.81 + 0.06, all nn = 6, Figure 12E).
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Figure 12. The NEURON-modeled influence of INF-a and IL-1§ application on the spontaneous
burst activity of TC neurons. (A) Exemplary simulations of spontaneous burst activity under con-
trol condition, INF-a or IL-13 application. (B-E). The bar graphs displaying characteristics of
bursting: time to first action potential (B), intraburst frequency (C), action potentials per burst (D),
and interburst frequency (E). * indicates p values less than 0.05.

Together, these network modeling data suggest that In properties impact bursting
activity in the thalamic network in silico.

The data shown above revealed an apparent relationship between the In current
density obtained from voltage—clamp recordings and the number of bursts generated by
the computer model within the first second (Figures 3C and 11C). Indeed, there was a
clear correlation between the two parameters (Spearman correlation coefficient = 0.7313,
p < 0.0001, n = 42; Figure 13) with more Ir current supporting more burst activity but
reaching a saturating (partially decreasing) level with higher current densities.
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Figure 13. The Spearman correlation analysis with a polynomial fit of In current density (x-axis)
obtained from voltage-clamp recordings and the number of bursts generated by the computer
model within the first second (y-axis).
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Therefore, we next parameterized the computer model with a wider parameter
space of In characteristics and analyzed the resulting oscillatory activity (Figure 14).
Modulation of the time constant at =130 mV (t44s) reveals a clear trend: fast opening ki-
netics were associated with higher burst frequencies, while slow opening kinetics en-
tailed slower burst frequencies. The slope of the voltage activation curve was varied. In
general, a less steep slope allowed for the generation of rhythmic bursts for more com-
binations of parameters. Furthermore, In current density and Vo.s exerted a strong influ-
ence on the burst frequency. The current density shows the greatest impact in the case of
fast opening kinetics of (100 ms). Here, current densities larger than ~15 pA/pF led to fast
interburst frequencies exceeding 6 Hz. In combination with the other parameters, altera-
tions in Vo.s revealed a complex influence on bursting frequency. As the slope factor in-
creased, the relationship between Vo.s and burst frequency became non-linear. At high
slope factors, as Vo5 increased, the burst frequency switched between increasing and
decreasing. This relationship was exaggerated with slower kinetics where previously
slow burst activity resulted in no spontaneous bursting.
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Figure 14. The NEURON-modeled influence of In parameters on burst activity. The computer
model was parameterized with a wider parameter space of In characteristics (time constant tau fast,
slope factor of the activation curve, current density and Vo.s). The resulting oscillatory activity is
shown as a density blot for different conditions. Dark colors indicate slowed burst frequency, while
bright colors represent higher burst frequency.

In summary, these simulations highlight the complex and highly sensitive interac-
tion between analyzed In parameters on rhythmic thalamic bursting. Indeed, the change
of only one of the identified parameters may lead to strongly changed burst activity and
altered network function.

4. Discussion
4.1. Alterations in HCN Channel Activity Due to CPZ Induced de-and Remyelination

Here, we assessed the influence of axonal de- and remyelination processes on in-
trinsic In current in TC VB neurons by feeding C57BL/6] mice with the copper chelator
CPZ for five consecutive weeks [37,39,40,42,63]. While this treatment targets mature oli-
godendrocytes, we aimed to distinguish this effect from changes depending on direct
substance binding to HCN channels and divalent cation chelation. Electrophysiological
analyses pointed to the different modulatory effects of de- and remyelination processes
on Dayl (full demyelination; 1st day after CPZ withdrawal from diet), Day7 (early re-
myelination; 7t day after CPZ withdrawal from diet), and Day25 (complete remye-
lination; 25t day after CPZ withdrawal from diet). Evoked I currents in VB TC neurons
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revealed striking differences in amplitude with the highest values found under control
conditions and on Day7 in CPZ-treated mice (Figure 3A,C). Our data demonstrate that
general demyelination (Day1) is associated with a strong reduction in In current (Figure
3C), accompanied by a slowing of both components of the activation kinetics (Figure 3D).
The latter may further limit the availability of HCN channels in the free membrane since
the channel population in unmyelinated neurons requires a longer period to reach
steady-state opening at a given potential. On Day25, when myelination was fully re-
stored, no significant differences compared to age-matched controls, either in activation
kinetics or elicited current amplitudes, were found. While there was a transient period of
increased activity of HCN channels on Day7 (as compared to Dayl and Day25), the
voltage dependence of HCN channel activation was constant at all measured time points
(Figure 3B).

In CPZ-treated C57BL/6] mice, the initial general axonal demyelination was fol-
lowed by remyelination and was associated with a complex time course of cortical activ-
ity changes [37-39]. It was shown that after myelin loss, the spatiotemporal propagation
of incoming synaptic stimuli in the primary auditory cortex was altered. The stimulation
of the internal capsule in brain slices of CPZ-treated mice had increased response laten-
cies in the auditory cortex [39]. Moreover, the neuronal hyperexcitability displayed by an
increased population spike occurrence and spike amplitudes was noticed during early
stages of remyelination (Day7). This hyperexcitability was temporary, as neuronal re-
sponses were much smaller on Day1 and Day25 [39]. In addition, damage of the myelin
sheath and the subsequent restoration were associated with changes of neuronal firing
properties and synaptic transmission in the auditory thalamocortical system [36,37]. CPZ
induced demyelination decreased the amplitude of excitatory postsynaptic potentials
(EPSPs) at cortical synapses in the auditory cortex. Furthermore, even though remye-
lination after seven days restored synaptic strength in these synapses, it was associated
with an impairment of long-term potentiation [36]. These data demonstrate that demye-
lination changes the ability of affected neurons to process excitatory synaptic inputs and
to fire at normal action potential frequencies when stimulated [36,37,39].

It is tempting to conclude that following an initial phase of strongly dampened
neuronal activity, the transient period of cortical overexcitation may represent a damag-
ing event that alters thalamocortical network function in the long term. Our findings
point to the remarkable coincidence of HCN channel downregulation in fully demyelin-
ated neurons and temporal increased availability during the ongoing remyelination
process (Figure 3), suggesting the involvement of HCN channels in these activity
changes, especially considering that TC rhythms are strongly regulated by HCN channels
and that the action potential conduction velocity in central axons is modulated by HCN
channel blockers and cyclic adenosine monophosphate (cAMP) [69].

The changes in neuronal firing patterns based on alterations of HCN channels have
been demonstrated for different types of neuronal inflammation before. Intracerebro-
ventricular injections of lipopolysaccharide (LPS) results in the reduction of HCN1
channel expression in the hippocampal CA1 pyramidal neurons (reduced by 37%) and a
consequent alteration of neuronal integrative properties [70]. Using whole-cell recordings
in distal dendrites of CA1 pyramidal cells at stratum radiatum (SR) and stratum lacu-
nosum moleculare (SLM), a 50% decrease in the amplitude of the In after 24 h of LPS
treatment was found. LPS-induced downregulation of HCN1 expression is also associ-
ated with alterations in channel kinetics: 24 h after LPS treatment, the time constants
were increased by 50% and Vo.s was shifted by -7 mV [70]. These changes in HCN1
channel properties were associated with the increased temporal summation of synaptic
inputs.

Notably, the HCN channel modulation via CPZ-induced de- and remyelination
processes seems to depend on the investigated mouse strain. While both epileptic
C3H/He] and non-epileptic C57BL/6] mice display lowered In currents in TC VB neurons
on Dayl and properties like in control mice on Day25, there were diverging results on
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Day?7. CPZ-treated C57BL/6] mice are characterized by increased of HCN channel activity
on Day7, while C3H/He] mice showed decreased current amplitudes (Figure 6; [40]).
Moreover, CPZ-treated C3H/He] mice had slowed HCN channel activation kinetics and
more hyperpolarized steady-state activation curves on both Dayl and Day7 [40]. In
C57BL/6] mice (Figure 3), the slower activation kinetics was only seen on Dayl. A num-
ber of factors may have contributed to these differences. The In current density in tha-
lamic TC neurons in rodent models of absence epilepsy was increased compared to
non-epileptic strains and may not be further enhanced by additional experimental para-
digms [9]. Furthermore, the degree of demyelination after CPZ diet seems to be influ-
enced by strain, age, and gender of the used experimental mice [42]. Commonly, juvenile
mice are more prone to demyelination induced by CPZ diet than aged mice that require
much higher doses of CPZ for the same effect. This observation may be partially ex-
plained by the difference of myelin and transcription factor gene expression in differently
aged mice [71]. In C57BL/6] mice, CPZ treatment leads to higher levels of demyelination
in juvenile (3 weeks) and young-adult mice (6 weeks), correlating with the major reduc-
tion of myelin basic protein and the loss of mature oligodendrocytes compared to mid-
dle-aged (8 weeks) mice [72]. Gender resistance towards CPZ treatment seems to be also
dependent on the strain of used mice. Swiss and SJL/J female mice show no significant
demyelination compared to their male counterparts [73,74], whereas in the BALB/c]
strain males even display resistance [75]. Furthermore, there seems to be no gender dif-
ference in C57BL/6] mice [76]. While appropriate data are not available, similar consid-
erations may apply for C3H/HeJ mice.

Nevertheless, a potential molecular mechanism involved in HCN channel regulation
following CPZ treatment has been recently identified in C3H/He] mice. Reduced HCN
channel activity in C3H/He] mice was associated with the downregulation of the phos-
phorylated form of pS237-TRIP8b [40]. The auxiliary subunit TRIP8b critically regulates
the surface expression of HCN channels in TC VB neurons [18], and it has been experi-
mentally shown that TRIP8b can affect both gating and trafficking of HCN channels
across the brain [77,78]. Although in these conditions, the total protein expression of
TRIP8b remains unchanged, it seems that downregulation of pS237-TRIP8b results in the
similar percentile of lowered surface expression of HCN4 channels on Day1 in C3H/He]
mice [40]. It should be noted that TRIP8b was decreased under neuroinflammatory con-
ditions [70] and the phosphorylated form of TRIP8b displays enhanced binding to HCN
channels [79], indicating that during demyelination this form might play a major role in
HCN channel modulation. Thus, it may be speculated that the difference of HCN channel
modulation during de- and remyelination processes in C3H/He] and C57BL/6] mice
might be dependent on the different levels of pS237-TRIP8b, resulting in different traf-
ficking of HCN channels in TC neurons, especially considering that demyelination is al-
ready associated with altered distribution and expression of ion channels (like Navl.6,
Kv1.1 and Kv7.3) in cortical neurons and central axons [32,33]. However, the state and
level of auxiliary subunit TRIP8b or its phosphorylated forms expression in C57BL/6]
mice following CPZ treatment has yet to be determined.

4.2. HCN Channels Are Not Directly Modulated by Trace Metals and Divalent Cation Chelators

Although CPZ has been used to study de- and remyelination in rodents for some
time, its exact etiology has remained rather elusive. Upon chronic CPZ treatment, the
metabolism of copper and zinc is disturbed in the mouse brain [45]. CPZ targets metal-
loenzymes and results in a cascade of physiological events. These include impaired ac-
tivity of the copper dependent cytochrome C oxidase (COX), degenerative changes in
oligodendrocytes (like induced formation of megamitochondria), and decreased oxida-
tive phosphorylation, ultimately leading to apoptosis based on metabolic stress and
widespread demyelination [41,42]. CPZ intoxication is mainly attributed to copper che-
lation, consecutively leading to the altered function of many different enzymes. Accord-
ingly, the level of copper in treated animals was reduced by 50% compared to controls
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after CPZ treatment. In addition, reduced COX activity (23% lower reaction rate) was
detected [43,44]. Since copper acts as an essential component of mitochondrial COX, re-
duced levels of copper in the brain induce the formation of megamitochondria in oli-
godendrocytes.

Besides the formation of megamitochondria in oligodendrocytes, CPZ treatment
may be expected to induce changes in ion channel modulation. Divalent trace metal ions,
such as zinc and copper, function as signaling molecules in the CNS and are released
from synaptic terminals of distinct neuronal cell types, thereby influencing neuronal ex-
citability and synaptic plasticity [80,81]. Both zinc and copper occupy an allosteric bind-
ing site on Cav2.3 channels and interfere with voltage-dependent gating, demonstrating
that Cav2.3 voltage-gated calcium channels are one of the most sensitive molecular tar-
gets of trace metals [59,82-84]. Moreover, based on the specific channel subtype, zinc can
act both as a pore opener or blocker of members of the T-type channel family (Cav3.1;
Cav3.2; Cav3.3). While a slowing of inactivation kinetics was found for Cav3.1 and Cav3.3,
a prolongation was found for the deactivation kinetics of Cav3.3 currents (~100-fold).
Consequently, the application of zinc results in an increase of Cav3.3 current in action
potential clamp experiments, while Cav3.1 and Cav3.2 currents are reduced [81,85]. Be-
sides voltage-gated ion channels, zinc modulates ligand-gated ion channels in the thal-
amus. It has been shown that synaptic release of zinc modulates GABAergic responses in
VB and NRT, as well as in sensorimotor cortex, and that in these regions zinc displays
concentration-dependent inhibition of GABA-evoked currents [64,86]. Compared to zinc,
much less is known about the action of copper in the thalamus. Studies aimed at defining
the histopathological consequences of copper deficiency have demonstrated that this
condition results in myelopathies and glial activation, but also neuronal degeneration
that was generically described as spongiform and necrotic zones distributed in cortex
and thalamus [87].

Considering the disturbed copper and zinc metabolism in the brain due to CPZ
treatment [45] and based on the modulatory influence of trace metals on different ion
channels [64,80,81,85,86], we here investigated whether the CPZ-induced changes in
HCN channel properties were related to ion chelation or direct compound effects.
Therefore, we applied physiological relevant concentrations of copper and zinc, as well
as established trace metal chelators [59,84], such as EDTA, Tricine, and a water-soluble
derivative of CPZ (BiMPi) to determine possible effects on In properties in native thalamic
neurons as well as in HEK293 cells that were stably transfected with mHCN2 channels.
For comparison, CPZ was administered to hHCN4 channels expressed in oocytes [58].

Electrophysiological readouts of high concentrations of BiMPi application in native
TC VB neurons (Figure 4) or HEK293 cells (Figures 5 and 6) and CPZ administration in
oocytes (Figure 7) revealed no changes in HCN channel properties (voltage-dependence,
channel activation kinetics, current density) and RMP (Supplementary Figure S3).
Moreover, high molarity of divalent metal buffers (EDTA and Tricine) does not have a
significant effect on any of the measured In current parameters. Only, the trace metal
chelator Tricine showed subtle effect on the voltage-dependency of In (Figure 4), however
this effect is concordant with the effect of applying high zinc concentrations and therefore
probably not based on the chelation of ambient zinc after application of Tricine to TC VB
neurons. Therefore, the absence of major effects of divalent metal chelators (BiMPi, CPZ,
EDTA, Tricine) on HCN channel activity is in line with the finding that copper did not
modulate HCN channels. However, zinc showed a minor depolarization in the RMP of
the investigated cells (Supplementary Figure S3) and on the voltage-dependence of HCN
channels (Figure 4). Since zinc tends to precipitate in the presence of phosphate, the ap-
plication of zinc requires phosphate-free bath solutions [55,60]. However, we demon-
strated that withdrawal of phosphate from the bath solution did not affect HCN channel
properties or cells survivability of the investigated cells for up to 40 min (Supplementary
Figure 52).
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Interestingly, osteoclast precursor-like (RAW) cells exert zinc-induced effects on
HCN channel function [51,52]. While the application of zinc to RAW cells led to mem-
brane hyperpolarization, we noted a depolarizing effect in our recordings. Furthermore,
in voltage—clamp recordings of RAW cells, In current amplitudes were increased by ap-
plication of 100 uM zinc [51,52]. In the present study, 300 uM zinc did not have any effect
on Ih current in TC VB neurons (Figure 4). As HCN4 channels are a major isoform in
RAW cells and thalamic neurons [17], these differences are puzzling. The modulation of
additional ion channels such as TASK3 and TREK1 channels that are inhibited by zinc
and functionally expressed in TC neurons may be relevant here [88-90].

Our findings indicate that the alternations of HCN channel properties following
CPZ treatment are probably not based on the copper chelating properties of CPZ in the
vicinity of HCN channels. This conclusion is in agreement with findings indicating a
more complex mode of CPZ action. Administering copper as an additional supplement
to the CPZ diet does not prevent formation of megamitochondria or demyelination, alt-
hough copper chelation was disturbed due to CPZ feeding [43,44]. Moreover, treating
primary cultures of oligodendrocytes, obtained from newborn Wistar rats, for 24-72 h
with different concentrations of CPZ (maximum 1 mM), did not affect the survivability of
oligodendrocytes, and further treatment of oligodendrocytes with the supernatant of as-
trocytes intoxicated with equivalent CPZ concentrations for 24 h also had no effect.
Therefore, the presence of CPZ in an oligodendrocyte culture alone did not induce
changes in cell viability [68], implying that the CPZ induced demyelination goes beyond
copper deficiency.

4.3. Modulation of In Current by Inflammatory Cytokines-Microglial Response

One of the major hallmarks of CPZ induced demyelination is the proliferation of
microglial cells. Typically, CPZ feeding induces an initial microgliosis within the first
week and the number of cells continues to rise during maintained CPZ treatment up to 4
weeks [46]. The withdrawing of CPZ after 5-6 weeks rapidly reduces the number of mi-
croglia, which coincides with the peak of the remyelination phase [47]. If the CPZ diet
was prolonged for 12 weeks (inducing chronic demyelination and impaired remye-
lination), an increased microglia number was maintained at the sites of demyelination
[30]. Thus, one of the major factors of CPZ induced demyelination is a powerful micro-
glial/macrophage response [30]. Interestingly, these cells produce tumor necrosis factor
(TNF- a) and other cytokines, which partake in the pathogenesis of the CNS in demye-
linating diseases. The administration of low concentrations (50 ng/mL) of TNF-a and in-
terferon IFN-y, together with 1 mM CPZ, significantly decreases the survival rate of cells
in oligodendrocyte cultures. In contrast, the same cytokines without CPZ have no effect
[68]. Besides detrimental effects, the immunomodulatory function of microglia and
TNF-a is necessary for remyelination. In mice lacking TNF-a or its receptor (TNFR2),
remyelination is significantly delayed due to the reduction of progenitor oligodendrocyte
cells resulting in the reduction of mature oligodendrocytes [67]. CPZ experiments in as-
trocytes highlight another cytokine of the TNF superfamily. Pro-inflammatory TNEF-like
weak inducers of apoptosis (TWEAK) can actively induce apoptosis by binding to its re-
ceptor fibroblast growth factor-inducible 14 (Fnl4). TWEAK expression is highly in-
creased in astrocytes during CPZ treatment, and it has been proposed that TWEAK can
partake in demyelination via mediating microglial accumulation [91]. Increased local IL-6
production in GFAP-IL6Tg mice reduces microglial activation during both acute and
chronic demyelination, which preserves myelin. However, the impact of this preserva-
tion is questionable since most of the preserved myelin is degraded and nearly nonfunc-
tional. Moreover, in GFAP-IL6Tg mice, CPZ treatment significantly reduced the levels of
the microglial receptor referred as triggering receptor expressed on myeloid cells 2
(TREM2) and the lysosomal protein CD68. In combination with reduced microglial ac-
cumulation, this resulted in the inefficient removal of degraded myelin during remye-
lination and subsequently disturbed oligodendrocyte differentiation [92]. The dual role
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of microglia in neuroinflammation is also known for the EAE model of MS. Here, micro-
glial IL-6 promotes immune cell infiltration and demyelination, and its ablation disrupts
EAE associated inflammation [93]. Otherwise, microglial IL-4 has an anti-inflammatory
role and mice with IL-4 ablation tend to be more susceptible to EAE [66].

Microglial serve different roles and release different cytokines during the demye-
lination and remyelination phase in the CPZ model [30]. While inflammation and demy-
elination are promoted in the early phase, restoration and protective processes are pro-
moted in the late phase. Therefore, we tested cytokines typical for the two phases for
their possible effect on HCN channel. While type-I interferons (IFN-a, IFN-f3) and IL-1f3
were linked to the demyelination and remyelination phase, respectively, IL-6 is present
in both phases [92,94-96]. Our recordings demonstrated that the investigated cytokines
differentially modulate both HCN channel activity and the firing patterns of TC VB
neurons. INF-a and INF-f hyperpolarized the voltage dependence of HCN channels,
contributing to a significant decrease of elicited In current in native TC VB neurons (Fig-
ure 8). Moreover, the firing pattern of TC neurons is changed with INF-a by lowering the
total number of action potentials and increasing the threshold for AP generation (Figure
9). Interestingly, the effects of type-I interferons on In current properties mimic the dif-
ferences between currents recorded from control mice and animals on Day1 (Figure 3, 8).
In comparison to INF-a and INF-{, IL-1p had opposing effects by depolarizing Vo.s and
increasing the amplitude of In current (Figure 8). Moreover, IL-1 lowered the threshold
of action potential firing in TC VB neurons and increased the total AP number in cur-
rent-clamp recordings (Figure 9). Interestingly, the effects of IL-13 application on In cur-
rent properties mimic the differences between currents recorded from control mice and
animals on Day7 (Figure 3; 8). Intriguingly, IL-6, a cytokine with demyelinating and re-
generative effects, showed no significant shifts in the properties of HCN channels (Figure
8). Therefore, our findings open up the possibility that the differences in HCN channel
properties found during different phases of remyelination (Figure 3) are at least partially
based on microglial responses leading to specific cytokine production. This assumption is
corroborated by the finding that IFN-a and IFN-{ inhibit HCN1 channels [94]. In addi-
tion, we detected an increase in Ibal-positive, activated microglia cells in the cortex of
CPZ-treated C57BL/6 mice on Day1 that was decreased again on Day25 [37].

Nevertheless, we have not demonstrated the involvement of cytokines released by
microglia in CPZ-mediated alterations of HCN channels in the present study directly.
Future studies should prove the disappearance of CPZ effects on In current following
genetic or pharmacological depletion of microglia [97]. Moreover, it should be noted,
however, that IL-1p3 was found to hyperpolarize RMP, decrease the input resistance, de-
crease In-dependent rectification, decrease the AP threshold, and decrease the number of
APs in an LTS in dLGN TC neurons [49]. The reason for these diverging results is not
quite clear but may be related to findings of computer simulations indicating that the
decrease in amplitude of In-dependent rectification is more likely to occur due to a com-
bination of altered factors. Nevertheless, also the lower AP threshold upon IL-13 expo-
sure was regarded as an indication of increased excitability in dLGN [49].

4.4. Changes of Intrathalamic Network Activity and Mathematical Modeling

In order to assess the significance of cytokine-induced changes in HCN channel
properties for thalamic oscillations, we analyzed intrathalamic burst activity following
stimulation of the internal capsule in horizontal slices. The application of INF-a signifi-
cantly decreased the number of bursts, their duration, and the interburst frequency
(Figure 10). As expected, the application IL-1 showed an opposing effect. The down-
regulation of intrathalamic burst activity due to INF-a can be linked to the downregu-
lated HCN channel activity in the presence of this cytokine, especially considering that
alterations of thalamocortical oscillations based on the dysregulation of HCN channels
and their auxiliary subunits have been shown before [18,40]. This slowing of thalamic
network oscillations is in accordance with the slowing of cortical activity in the 2-6 Hz
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frequency range induced by IFN-3 [94]. Otherwise, the increase in In due to IL-1p appli-
cation is in accordance with the increased intrathalamic burst activity (Figures 8 and 10).

To prove the link between the properties of HCN channel and slow thalamic oscil-
lations, we used a mathematical modeling approach. In a simplified model of the tha-
lamic network, we connected two TC and two nRT neurons via AMPA and GABAa+s
synapses to generate slow oscillations in the delta frequency range [17,18,40,62,98]. The In
current characteristics recorded during the application of inflammatory cytokines were
implemented.

While qualitatively similar results were obtained for IFN-a (less oscillatory activity
with the longer onset and lower frequency) and IL-13 (more oscillatory activity with
shorter onset and higher frequency), no significance was reached in this regard. The
reason for this difference compared to the oscillations found in horizontal slices is not
completely clear. We hypothesize that the rather high variability in the combination of
four different In current parameters obtained from a relatively low number of cells may
contribute here. Furthermore, it is very likely that the used cytokines affect other cell
properties besides In current parameters which were not incorporated into our limited
4-cell model. It is important to note that the oscillatory activity of a cell is the product of a
variety of factors, including RMP, membrane resistance and a number of ionic currents.
Our modeling was based only on changes in In current characteristics. According to for-
mer computational simulations, the decrease in amplitude of Ir-dependent rectification is
more likely to occur due to decreased membrane resistance in combination with de-
creased In conductance [49].

The increase in the number of action potentials and their frequency within a burst
when modeling INF-a related parameters is rather surprising (Figure 12). LTS bursts
occur mostly as a combination of the activities of T-type Ca?* channels and HCN channels
and even rather small modifications in these currents have a strong impact on the pattern
of bursts in TC neurons [99,100]. As the T-type Ca?* channels are targets of modulation by
a variety of neurotransmitters and hormones, cytokines might affect them as well
[49,101]. Nevertheless, our findings indicate that different proinflammatory cytokines act
on TC neurons in a diverse manner including opposing modulation of HCN channels.

Our screening of a wider parameter space of In current variables points to the ten-
dency that increasing availability of HCN channels results in more and faster intratha-
lamic oscillations. However, there are optimal combinations of parameters. Especially
Vo.s shows a complex relationship with the other parameters leading to both increases
and decreases in burst frequency (Figure 14). In addition, we found edge effects where
the burst frequency is slightly higher near the boundary where no spontaneous oscilla-
tions occur (Figure 14). In this respect, it is interesting to note that the current density
seems to influence the burst frequencies differently based on the opening kinetics (Figure
14). On the one hand, fast opening kinetics and medium current densities in the range of
10 pA/pF (as found for INF-a and Day1 (Figures 3 and 8)) result in burst frequencies of 3—
4 Hz. On the other hand, current densities higher than 15 pA/pF (as found during IL-1
and Day7 (Figures 3 and 8)) lead to high burst frequencies of > 6 Hz (Figure 14). Im-
portantly, the correlation between the In current density (Figure 3C) obtained from volt-
age-clamp recordings and the number of bursts generated by the computer model in the
first second (Figure 11C) have been proved here (Figure 13). Considering this interplay of
different In parameters on the outcome of burst activity, it is apparent that In current pa-
rameters have a complex interaction and modifying just one of the parameters could re-
sult in completely altered network activity.

5. Conclusions

CPZ induced de- and remyelination processes alter HCN channel properties in na-
tive TC VB neurons in a time dependent manner, whereas in a transient period at the
early remyelination phase, HCN channels activity increased. Our experiments demon-
strated that these changes are not due to the copper chelating properties of CPZ, but ra-
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ther influenced by proinflammatory cytokines produced by microglial activation in re-
sponse to CPZ intoxication. These cytokines also influence the firing properties of TC
neurons and intrathalamic oscillations and burst activity, underlining a crucial im-
portance of HCN channels modulation. Computational modeling, incorporating meas-
ured In properties in TC neurons, demonstrated that even a small change of In parameters
could result in the altered network activity, highlighting the complex interplay between
HCN channels and rhythmic thalamic bursting behavior.
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