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St. John's wort is an herb, long used in folk medicine for the treatment of mild depression. Its antidepressant constituent,
hyperforin, has properties such as chemical instability and induction of drug-drug interactions that preclude its use for individual
pharmacotherapies. Here we identify the transient receptor potential canonical 6 channel (TRPC6) as a druggable target to control
anxious and depressive behavior and as a requirement for hyperforin antidepressant action. We demonstrate that TRPC6 deficiency
in mice not only results in anxious and depressive behavior, but also reduces excitability of hippocampal CA1 pyramidal neurons
and dentate gyrus granule cells. Using electrophysiology and targeted mutagenesis, we show that hyperforin activates the channel
via a specific binding motif at TRPC6. We performed an analysis of hyperforin action to develop a new antidepressant drug that
uses the same TRPC6 target mechanism for its antidepressant action. We synthesized the hyperforin analog Hyp13, which shows
similar binding to TRPC6 and recapitulates TRPC6-dependent anxiolytic and antidepressant effects in mice. Hyp13 does not activate
pregnan-X-receptor (PXR) and thereby loses the potential to induce drug-drug interactions. This may provide a new approach to
develop better treatments for depression, since depression remains one of the most treatment-resistant mental disorders,
warranting the development of effective drugs based on naturally occurring compounds.

Molecular Psychiatry (2022) 27:5070-5085; https://doi.org/10.1038/s41380-022-01804-3

INTRODUCTION
Depression is a severe mental disorder with a lifetime prevalence
of more than 10% [1]. In addition to depressed mood, symptoms
such as loss of interest, anhedonia, anxiety, feelings of worthless-
ness, weight loss, insomnia, and concentration deficits occur [2, 3].
Several different antidepressants such as selective serotonin
uptake inhibitors (SSRI) or tricyclic drugs are used in daily medical
practice to treat depressed patients [2]. However, patients suffer
from several long-lasting and adherence-reducing side effects
such as weight gain or sexual dysfunction or show partial- or non-
response to classical antidepressants.

Patients with mild to moderate depression welcome plant-
derived antidepressants such as St. John’s wort due to fewer side

effects than commonly prescribed synthetic antidepressants. The
herbal antidepressant St. John’s wort has been used for centuries
to treat mild to moderate depression [4-6]. Hyperforin, the major
antidepressant constituent, is an acylated bicyclic phloroglucinol
derivative with little structural and functional resemblances
with any known therapeutically used antidepressant. The anti-
depressant mechanism of action of hyperforin is intensively
under discussion [7]. In heterologous expression systems and non-
neuronal cells, hyperforin has been proposed to act as a
protonophore in outer and inner cell membranes, thereby
impeding uptake and vesicular storage of various neurotransmit-
ters including monoamines [8]. By contrast, we have shown that
hyperforin activates transient receptor potential channel 6 (TRPC6)
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channels and hypothesized that this effect is essential for its
antidepressant profile [9, 10]. TRPC6 is a member of the TRP
superfamily. TRP channels are homo- and/ or heterotetramers of
subunits containing six transmembrane segments (51-S6) and
cytoplasmic N- and C-terminal tails [11]. S5, S6, and the
connecting pore loop form the cation-conducting pore. S1-S4
and the cytoplasmic N and C termini are important for channel
gating and the interaction with ligands or proteins [12-16]. The
human TRPC subfamily comprises seven members, TRPC1 to
TRPC7 [15, 17]. For different TRPC channels including TRPC6, cryo-
EM structures were recently published, e.g. [18-20]. However,
highly flexible regions in the C terminus which might contribute to
conformational changes during activation were not resolved
[19-22]. Importantly, hyperforin only activates TRPC6 channels
and not the closely related TRPC3 and TRPC7 channels [9].

TRPC6 channels are expressed in several brain areas relevant for
depression such as the dentate gyrus, where channel expression is
particularly prominent, as well as in cortical regions [23-27]. We
and others have shown that TRPC6 channels are involved in
synaptic plasticity changes ranging from dendritic growth, spine
morphology changes and increase in excitatory synapses [25, 28].
Hyperforin acts as a brain-derived neurotrophic factor (BDNF)
mimetic in hippocampal neurons modifying dendritic spine
morphology via TRPC6 channels [24]. However, hyperforin is not
stable when exposed to light and oxygen [29]. It also induces
drug-drug interactions due to potent activation of the nuclear
receptor PXR (NR1I2), a key transcriptional regulator of genes
involved in drug metabolism and transport [30]. These features
limit its clinical application and require further developments of
therapeutically applicable antidepressants.

Using a combination of behavioral analyses, electrophysiology,
site-directed mutagenesis, and chemical synthesis, here we
demonstrate that TRPC6 knockout (KO) mice show depressive
and anxious behavior. This is paralleled by reduced activity of
granule cells in the dentate gyrus and pyramidal neurons in the
CA1 region of the hippocampus as a potential depressogenic
mechanism. We identify an amino acid stretch within the
cytoplasmic C-terminus essential for the direct interaction of
hyperforin with TRPC6. Based on these insights, we synthesized
the hyperforin analog Hyp13, which is a chemically simplified
phloroglucinol. We show that Hyp13 has antidepressant effects
that are TRPC6-dependent. Furthermore, Hyp13 does neither
activate PXR not induce CYP3A4. Our findings highlight the crucial
role of TRPC6 channels in depression and anxiety. Therefore, we
suggest TRPC6 as a novel drug target for antidepressant therapy.

RESULTS

Genetic TRPC6 deficiency induces depressive and anxious
behavior

In order to test an involvement of TRPC6 in depression and
anxiety, we use a TRPC6 KO mouse model [31]. Male TRPC6 KO
mice display anxious behavior in the open field test and the
elevated plus maze test. In the open field test, TRPC6 KO mice
show significant reduced center time (Fig. 1A), reduced number of
center entries time (Fig. 1B), diminished center locomotion
(Fig. 1C) and periphery locomotion time (Fig. 1D) compared to
wild-type (WT) mice. In the elevated plus maze (EPM) test, TRPC6
KO mice spend significantly more time in the closed arm (CA)
compared to WT animals (Fig. 1E). The arm locomotion in the
closed arm and the center of the maze are significantly reduced in
the TRPC6 KO mice (Fig. 1F). In the forced swim test (FST), the
TRPC6 KO mice are characterized by a significantly increased
immobility time (Fig. 1G). In the sucrose preference test (SPT),
reflecting anhedonia, TRPC6 KO mice show a reduced sucrose
preference compared to the WT animals time (Fig. TH). Altogether
these findings show a clear depressive/anxious phenotype in mice
lacking the TRPC6.
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TRPC6 deficiency results in reduced hippocampal excitability
The hippocampus is a key structure for emotional regulation which
may give rise to depression and anxiety disorders [32-36]. In order
to identify a possible neuronal correlate for depression- and
anxiety-like behavior in TRPC6 KO mice, we investigate DG and
CA1 neuronal excitability in acute hippocampal slices from WT and
KO mice using whole-cell current-clamp recordings. Comparable
resting membrane potential (RMP) is observed in WT and TPRC6
KO CA1 pyramidal cells (WT, —72.9+0.8 mV, n= 14 from 9 mice;
TRPC6-KO, —74.3+0.9mV, n =18 from 6 mice, p=0.26) and DG
granule cells (WT, —86.0 + 0.5 mV, n = 25 from 15 mice; TRPC6-KO,
—86.3+0.5mV, n=29 from 8 mice, p = 0.70). Compared to their
WT counterparts, TRPC6 KO granule cells have lower membrane
input resistance (R, at —70 mV: WT, 325.0 + 10.9 MQ; TRPC6 KO,
288.9+ 10.8 MQ); p = 0.02), while there is no significant difference
between WT and mutant CA1 pyramidal cells (WT, 194.1 £ 9.4 MQ);
TRPC6 KO, 204.4+123 MQ; p=0.53). To probe cellular firing
properties, we evoke action potentials (APs) with a depolarizing
current ramp (0-100 pA over 2 s) starting from the neurons” RMP
or, for better comparison between groups, from a membrane
potential of —70 mV, which is adjusted by current injection. As
illustrated by representative voltage traces depicted in Fig. 2A that
are obtained from a WT and a TRPC6 KO CA1 pyramidal cell,
genetic disruption of trpc6 reduces the firing propensity, such that
less APs are fired per ramp depolarization when compared to the
WT neuron. Both CA1 pyramidal cells and DG granule cells from
TRPC6 KO mice exhibit a significantly mitigated discharge pattern
independent of whether firing is evoked from rest or from —70 mV
(Fig. 2B). Vice versa, rheobase, the minimal current necessary to
induce the first AP during ramp depolarization is significantly
enhanced in DG granule cells and CA1 neurons from TRPC6 KO
mice compared to WT mice (Fig. 2C). These data show that
constitutive loss of TRPC6 function engenders lasting alterations of
basic firing properties of DG and CA1 neurons.

TRPC6 deficiency abrogates hyperforin-induced increase in
DG cell excitability

We next examine the effect of hyperforin on DG granule cell
excitability and the role of TRPC6 therein, using the same ramp
depolarization protocol as above. In WT granule cells, bath
application of hyperforin (3 uM) produces a biphasic response,
where a transient increase in excitability is followed by strong
inhibition of AP firing (Fig. 3A, upper traces Fig. 3C, n =8 from 7
mice)., The corresponding trajectory of the membrane potential
displays an initial small depolarization and a subsequent
pronounced hyperpolarization which outlasts the time of drug
application (Fig. 3B). By contrast, hyperforin fails to excite TRPC6-
deficient neurons, while the inhibitory action of the drug remains
unaffected (Fig. 3A, lower traces; Fig. 3C, n=5 from 5 mice). To
exclude a potential synaptic effect of hyperforin on cell
excitability, we functionally isolate the recorded cells from
excitatory and inhibitory inputs in WT slices with antagonists for
the ionotropic glutamate receptors (kynurenic acid; 2 mM) and
GABA, receptors (picrotoxin,100 pM), and observe similar biphasic
responses upon hyperforin application (Fig. 3C, n = 6 from 4 mice).
During the early excitatory phase, Ry increases from 240.0 + 10.4
MQ under control conditions to 257.8 £8.6 MQ (p =0.046), and
then drops to 160.5 + 12.5 MQ during the inhibitory phase (n =6
from 4 mice, p =0.002). From these findings, it becomes evident
that, firstly, hyperforin requires the presence of TRPC6 to excite
granule cells and promote their firing, and, secondly, that the
delayed inhibitory effect of hyperforin does not depend on the
preceding activation of TRPC6. When recorded in WT granule cells
that were voltage-clamped at —70 mV in the presence TTX (1 uM)
to block APs, hyperforin (3-10 uM) elicits an inward current of
—8.0+14 pA (n=10 from 6 mice) which is followed by an
outward current, while in TRPC6-deficient granule cells, the inward
current response to hyperforin is abrogated (Fig. 3D, n =7 from 3
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Fig. 1

TRPC6 KO mice exhibit anxious and depressive behavior compared to wild-type (WT) mice. A-D Behavior in the open field test.

E, F Behavior in the elevated plus maze test (OA open arm, CA closed arm, Ctr center). G Behavior in the forced swim test. H Sucrose
preference test. Data are expressed as means * s.e.m. (n = 14 per group; *p < 0.05, */#p 20,001, **°P < 0.001 vs WT).

mice). The hyperforin-induced outward current that is equally
present in WT and TRPC6 KO neurons is probably mediated by K*
channels, as it is strongly reduced when we substitute Cs* for K*
in the pipette solution (n = 10 from 4 wt mice; n = 6 from 3 TRPC6
KO mice; Fig. 3E). The exact characterization of the outward
current and its possible implication in hyperforin’s antidepressant
action awaits further study. However, firm conclusions can be
drawn regarding the contested ionic mechanism of the
hyperforin-mediated inward current. Apart from TRPC6 channels
[24], anion channels [37] and proton channels [8] have been
proposed to give rise to this current. Our data now strongly argue
in favor of TRPC6. Moreover, they suggest that selective
pharmacological activation of TRPC6 might be a promising
approach to correct the aberrant firing pattern of hippocampal
neurons associated with depression-like behavior.

The C-terminal LLKL motif in TRPC6 is important for
hyperforin interaction

After demonstrating that the hyperforin-initiated inward current is
lost in TRPC6 KO mice, we ask whether hyperforin directly binds to
TRPC6. We previously demonstrated that hyperforin only activates
human TRPC6 (hTRPC6) channels (topology model, Fig. 4A) but

SPRINGER NATURE

shows no stimulatory effect on the phylogenetically closely
related hTRPC3 and hTRPC7 channels in the same subgroup or
indeed any other hTRPC channels [9]. To exploit this for the
identification of amino acids relevant to hyperforin-dependent
TRPC6 activation, we mutate residues that differ between hTRPC6
and hTRPC3/TRPC7 (Supplemental 1, sequence alignment) [3].
These mutant hTRPC6 proteins are expressed in HEK293 cells as
C-terminal YFP fusion proteins to control for expression and
cellular localization. Protein expression is checked using western
blot analysis and fluorescence microscopy demonstrating that no
differences are found between hTRPC6 and mutated TRPC6
(Supplemental Fig. 2). To test functionality, single cell calcium
measurements using the fluorescence dye fura-2 are conducted
by applying OAG or SAG, analogs of the endogenous unselective
TRPC3/6/7 activator diacylglycerol [38]. For calcium imaging
experiments we use OAG (100 uM) and apply it prior to the
application of hyperforin (10 uM). In TRPC6-expressing cells,
application of OAG provokes a rapid increase in [Ca']; reflected
by an increase of the fura-2 ratio. The subsequent application of
hyperforin results in a response with comparable increase in
[Ca®"]. To see whether the TRPC6 mutants react differently to
hyperforin, they are also stimulated with OAG (100 pM) and

Molecular Psychiatry (2022) 27:5070 - 5085
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Fig. 2 Reduced hippocampal cell excitability in TRPC6 KO mice. Whole-cell current-clamp recordings were performed from hippocampal
CA1 pyramidal cells and dentate gyrus granule cells in brain slice preparation. Action potentials (APs) were evoked with a depolarizing ramp
pulse from 0 to 100 pA for 2 s from resting membrane potential (RMP) or —70 mV (adjusted by current injection). A Voltage traces from CA
pyramidal cells from a WT and a TRPC6 KO slice illustrate the evoked APs. The dashed line indicates —70 mV and the gray lines below show the
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WT and TRPC6 KO hippocampal cells. *p < 0.05; **p < 0.01.

hyperforin (10 uM) (see Supplemental 1 alignment with all
investigated mutants). Importantly, we identify a TRPC6 mutant
that still showed OAG (100 pM) induced rapid increase in fura-2
ratio but does not react to hyperforin (10 uM) (Fig. 4B, D). Here,
amino acids 777LLKL"® in the C-terminal region of hTRPC6 are
replaced by the corresponding amino acids “°®IMRI”"" of hTRPC3
and hTRPC7 (">2IMRI"%) (topology model, Fig. 4A).

To further characterize the LLKL motif in the TRPC6 C-terminus
as a putative binding site of hyperforin, we test the hTRPC6
mutant in electrophysiological recordings. Whole-cell recordings
of hTRPC6-expressing HEK293 cells result in current-voltage
relationships comparable with earlier data (Fig. 4C, F). In standard
extracellular solutions, the current-voltage relationship of the SAG
current (Supplemental Figs. 3A, B, and 2C), measured from voltage
ramps, has an outwardly rectifying form, comparable with the
curves resulting from hyperforin application (Fig. 4F). Hyperforin
exhibits no effect on untransfected HEK293 cells (Fig. 4F). The
hTRPC6 7°!IMRI”"" mutant still presents the properties of the
current-voltage relationship of the SAG current (Supplemental
Fig. 3B, C) but does not react to hyperforin (10 uM) (Fig. 4C, F).

Since TRPC6 and TRPC3 share structural and sequential
homology, we wondered whether TRPC3, which normally does
not respond to hyperforin, can be sensitized to this compound by
transplanting the LLKL motif from TRPC6 into TRPC3. As expected,
WT hTRPC3 can neither be activated by hyperforin in single-cell
calcium imaging experiments nor in whole-cell patch-clamp
recordings. The addition of OAG (100 uM) leads to a robust Ca>"
influx in HEK cells transiently expressing hTRPC3 (Fig. 4B, G). In
contrast, hyperforin induces an inward current in the hTRPC3
mutant carrying the LLKL binding motif (Fig. 4C, G) showing that

Molecular Psychiatry (2022) 27:5070 - 5085

this motif is necessary and sufficient to endow TRPC3 or TRPC6
with hyperforin sensitivity.

Since our behavioral experiments were carried out in mice, we
further investigate hyperforin-mediated activation of murine
TRPC6 shown in Fig. 4H to complement the cell-based data on
human hTRPC6 described above. In patch clamp and in single-
cell calcium imaging experiments, we previously obtained no
obvious differences between the hyperforin-mediated outward
currents or Ca®" influx in the two species. However, the last
amino acid of the human TRPC6 hyperforin binding motif LLKL is
altered to LLKF in murine TRPC6 (see Supplemental Figs. 1 and
4H). We thus check whether a leucine to phenylalanine
substitution in the human TRPC6 channel affects hyperforin
activation. Using HEK293 cells transiently expressing the hTRPC6
LLKF mutant, we only observe minor changes in single-cell
calcium imaging experiments compared to WT hTRPC6 (Fig. 4H).
These results suggest that the last amino acid of the LLKL
binding motif might only play a minor role in hyperforin-
mediated hTRPC6 activation.

The binding site of hyperforin within the hTRPC6 C-terminus,
the 777LLKL”® maotif, is localized intracellularly in a region of the
channel (residues 768-853) not resolved in the reported cryo-EM
structures of hTRPC6 (Fig. 4 topology model) [19, 20]. Therefore, it
is suspected that these structures are disordered or highly flexible.
To identify the overall secondary structure of TRPC6 C-terminal
peptide and to examine potential structural changes upon
hyperforin interaction, we measured CD spectra of isolated
peptides carrying the 777LLKL”®® motif or its mutated 7”7IMRI’%°
stretch (Fig. 5A, C). The TRPC6 peptide is a-helical structure in the
absence and presence of hyperforin (5uM) (Fig. 5A), but no
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changes in the overall secondary structure in response to
increasing hyperforin concentrations are observed. Due to
interference of hyperforin with circulated light, addition of
hyperforin to concentrations higher than 5pM is not possible.
This TRPC6 C-terminal peptide contains numerous hydrophobic
residues, which might indicate that it can interact with lipids. Thus,
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we monitor interaction of the TRPC6 C-terminus and its mutant
with lipid membranes, the influence of hyperforin on this
interaction, and whether hyperforin directly interacts with the
isolated TRPC6 C-terminal region (Fig. 5) by using either the
membrane-permeable fluorescent dye Laurdan (Fig. 5B), which
monitors water accessibility and thus acts as a proxy for
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Fig. 4 Identification of the hyperforin binding site at TRPC6 channels. A The topology model of human TRPC6 (hTRPC6) shows a-helices in
cylinders and dashed lines describe region with not sufficient density in CryoEM structure PDB: 6uz8. Potential hyperforin bindings site is
marked with a red star. B Sketch demonstrating that amino acids LLKL were mutated in hTRPC6 into the respective amino acids IMRI of
hTRPC3 to block hyperforin-mediated TRPC6 activation. In a second step, the amino acids IMRI in hTRPC3 were mutated into the
corresponding amino acids LLKL of hTRPC3 to induce a hzyperforin-sensitive hTRPC3 channel. hTRPC6 (black), TRPC6mut = IMRITRP<™Ut (red),
hTRPC3 (gray), TRPC3mut = LLKLTRP<3MUt € Single-cell Ca*" imaging was conducted in HEK293 cells transiently expressing pcDNA3.1 plasmid
vector with DNA coding only for eYFP (ctl, white), hTRPC6 (black), hTRPCémut (red), hTRPC3 (gray), or hTRPC3mut (blue) all expressed as
C-terminal eYFP fusion proteins. Cells were stimulated with the solvent DMSO (0.1%), OAG (100 uM) or hyperforin (10 uM) and intracellular
Ca®" alterations were detected using fura-2 AM (n=7-9 + SEM, cells were selected according to their eYFP fluorescence and their OAG
sensitivity; Statistical significance was analyzed by ANOVA with post hoc Dunnett’s test ***p < 0.001) C Whole-cell currents were recorded from
HEK293 cells transiently expressing eYFP (ctl, white), hTRPC6 (black), hTRPCémut (red), hTRPC3 (gray), or hTRPC3mut (blue) all expressed as
C-terminal eYFP fusion proteins. Mean current density are depicted at +100 and —100 mV after application of hyperforin (10 uM). Currents
were normalized to the basic currents before compound application were subtracted (n = 3 + SEM, Statistical significance was analyzed by
ANOVA with post hoc Dunnett’s test ***p < 0.001). D Representative time traces were monitored in HEK293 ctl cells (dashed line), hTRPC6-
expressing HEK293 cells (black) or hnTRPC6mut (red) stimulated with OAG (100 pM) 60 s after starting the experiment and after 300 s hyperforin
(10 uM) was applied. E Representative time traces were monitored in HEK293 ctl cells (dashed line), hTRPC3-expressing HEK293 cells (gray) or
hTRPC3mut (blue) stimulated with OAG (100 uM) 60 s after starting the experiment and after 300 s hyperforin (10 uM) was applied. F Whole-
cell currents recorded from HEK293 ctl cells (dashed line), hTRPC6-expressing HEK293 cells (black) or hTRPCémut (red). Application of
hyperforin (10 uM) resulted in an increase in outward and inward current in hTRPC6 expressing cells. This effect is lost in TRPC6mut expressing
cells. G Whole-cell currents recorded from HEK293 ctl cells (dashed line), hTRPC3-expressing HEK293 cells (gray) or hTRPC3mut (blue).
Application of hyperforin (10 uM) showed no effect in ctl and hTRPC3 expressing cells but resulted in an increase in outward and inward
current in h TRPC3mut expressing cells. H The hyperforin binding site LLKL at human hTRPC6 differs in the last amino acid from rat and mouse
TRPC6 LLKF. To test if this amino acid interferes with hyperforin binding to TRPC6, we compared hTRPC6 with hTRPC6 LLKF. Single-cell calcium
imaging was conducted in HEK239 cells transiently expressing hTRPC6 or hTRPC6 LLKF. Cells were stimulated with hyperforin (10 pM) and
Fura-2-AM 340/380 nm ratio changes were analyzed and afterward converted into intracellular Ca>" in nM. No significant differences were
observed (n =3 + SEM, cells were selected according to their eYFP fluorescence; statistical significance was calculated using unpaired t-test,

not significant 0.0576).
<

membrane fluidity [39] or the native tryptophan residue W783 of
the peptides for fluorescence measurements (Fig. 5D-F).

Laurdan fluorescence measurement is a tool to monitor fluidity
changes in liposomes or membranes. Generalized polarization
(GP) values of POPC-POPG-liposomes with Laurdan were recorded
upon addition of hyperforin and in the presence of two peptides
representing a native TRPC6 C-terminal region harboring the LLKL
motif or the corresponding residues “°!IMRI”'" from TRPC3
(Fig. 5C, TRPC6émut). In the presence of up to 10 uM hyperforin
AGP values of the POPC-POPG liposomes do not change (Fig. 5B,
white bars). Thus, hyperforin does not influence membrane
fluidity on its own under these conditions. In contrast, addition
of either TRPC6 peptide results in a strong increase in the
respective AGP values, indicating a rigidification of the membrane
caused by peptide binding. Interestingly, the effect of the mutated
TRPC6 peptide is less pronounced than that of the WT peptide
(Fig. 5B, red vs. black bars). Upon addition of hyperforin to the
liposome peptide complex, the AGP value with the WT TRPC6
peptide increases even more, while the AGP values with
TRPC6mut remain stable. Thus, WT TRPC6 peptide and hyperforin
synergistically lead to reduced membrane fluidity already at low
hyperforin concentrations. To investigate whether hyperforin can
directly interact with the peptides, we use tryptophan fluores-
cence by taking advantage of the only native tryptophan residue,
W?783, which is located next to the proposed hyperforin binding
site. Tryptophan fluorescence is very sensitive to changes in the
environment such as hydrophobicity and can thus report on
ligand binding. Upon titrating hyperforin to the two TRPC6
peptides, a decrease in fluorescence intensity is observed
(Fig. 5D-F). Importantly, the TRPCémut peptide shows a sig-
nificantly reduced interaction with hyperforin thus indicating that
the LLKL motif indeed plays an important role in hyperforin
interaction.

Hyp13 activates TRPC6 channels

Hyperforin (Fig. 6A) is a polyprenylated bicyclic acylphloroglucinol
derivative that is not very stable when exposed to light and
oxygen and induces drug-drug interactions [30]. Therefore, we
previously prepared simplified 2,4-diacylphloroglucinols which are
chemically stable and demonstrate similar activity and selectivity
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for TRPC6 but do not activate PXR [30]. Here, we characterize the
effects of a novel phloroglucinol derivative, Hyp13 (Fig. 6B), on
TRPC6-mediated inward currents in HEK293 cells transiently
expressing TRPC6 channels. The current-voltage relationship of
the Hyp13-induced current, measured from voltage ramps, has an
outwardly rectifying form, comparable with the curves resulting
from hyperforin application (Fig. 6C). Hyp13 (10 uM) is selective for
TRPC6 (Fig. 6D) and does not activate TRPC3 (Fig. 6E). In HEK293
cells transiently expressing hTRPC6, Hyp13 (10 uM) induces in
single cell calcium experiments a robust and transient Ca®" influx
(Fig. 6D, E) comparable to the effects of hyperforin. In hTRPC3
expressing HEK293 cells, Hyp13 (10 uM) similar to hyperforin
(10 uM) does not elicit Ca>™ influx in single cell calcium imaging
experiments (Fig. 6D, F). In whole-cell patch-clamp experiments in
hTRPC6 expressing HEK293 cells, Hyp13 (10 uM) initiates an
outward rectifying current (Fig. 6G) comparable to the effects of
hyperforin (10 pM). Hyp13 (10 uM) shows no effects on hTRPC3
expressing HEK293 cells (Fig. 6D, H). In addition, the Hyp13
induced Ca®" influx (Fig. 6D, E) and outward rectifying channel is
lost in HEK293 cells transiently expressing the TRPC6 IMRI mutant
(Fig. 6G). In contrast, in HEK293 cells expressing the TRPC3 LLKL
mutant the Ca®" influx (Fig. 6D, F) and outward rectifying
channel induced by Hyp13 is restored (Fig. 6H). These results
suggest that hyperforin and Hyp13 share the same binding site in
hTRPC6.

No induction of CYP3A4 expression by Hyp13

To test if the drug-drug interaction properties of hyperforin are
also lost in our newly characterized phlorogucinol derivative, we
investigated if Hyp13 activates PXR using a GAL4 fusion construct-
based assay aimed to monitor binding of a substance to the PXR
ligand-binding domain [40, 41]. Before starting this experiment,
we investigated the cytotoxicity of Hyp13 compared to hyperforin
after 24h treatment (Supplemental Fig. 4). Hyp13 induced
cytotoxic effects comparable to hyperforin in HepG2 and HepaRG
cells. As described previously, hyperforin strongly and concentra-
tion dependently activates PXR such as the well-known PXR-
agonists SR12813 and rifampicin (Fig. 7A, Supplemental Fig. 4). In
contrast, nearly no activation was observed after treatment with
Hyp13 (Fig. 7A, Supplemental Fig. 4).
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absence and presence of hyperforin (A). Laurdan fluorescence measurement to monitor membrane fluidity changes caused by hyperforin
(white bars), TRPC6 peptide (black bars), and TRPCé6mut peptide (red bars) (B). Amino acid sequences from TRPC6 and TRPC6mut are shown in
(C). Differences between the two sequences are underlined. Tryptophan fluorescence using residue W782 as a reporter of TRPC6 (D) and
TRPC6mut titrated with hyperforin (E). Fluorescence maxima (vertical black line in D and E) were blotted against hyperforin concentration and

normalized against fluorescence maxima without hyperforin (F).

Subsequently, CYP3A4 mRNA expression was analyzed (see
Fig. 7B) and revealed a strong activation of CYP3A4 by hyperforin
in a level comparable with that of the positive control rifampicin,
whereas no pronounced effect was caused by Hyp13.

TRPC6 channels are essential for the antidepressant effect of
Hyp13

Most importantly, we test whether TRPC6 channels are essential
for Hypl13-mediated anxiolytic and antidepressant effects.
Hyp13 shows antidepressant and anxiolytic effects in male
B6J;129S8 WT mice in several tests indicative for depression and
anxiety, such as the open field test (Supplementary Fig. 5), novelty
suppressed feeding (Supplementary Fig. 6), or forced swim test
(Supplementary Fig. 7). We focus on one behavioral paradigm
which was strongly affected in male TRPC6 KO mice, the open
field test. We find significantly increased center time, center
locomotion, and center entries at a concentration of 5mg/kg in
WT mice. With these results, we apply Hyp13 (5 mg/kg) to TRPC6
KO mice and observe a loss of the anxiolytic effects of Hyp13 in
the open field test compared to WT mice (Fig. 8). These findings
suggest that the emotional effects of Hyp13 are TRPC6-
dependent.

DISCUSSION

In this study, we characterize the role of the TRPC6 channel for
the antidepressant effects of hyperforin. We report that TRPC6
KO mice show an enhanced depression- and anxiety-like
behavior. One likely mechanism for this phenotype is the
observed change in the excitability in DG and CA1 neurons of
the hippocampus. We demonstrate that hyperforin excites
hippocampal neurons in a TRPC6-dependent fashion. Subse-
quently we identified a binding motif essential for hyperforin in
the TRPC6 C-Terminus. To overcome the disadvantageous
chemical properties of hyperforin as an antidepressant lead
compound, we synthetized the phloroglucinol derivative Hyp13.
We show that the hyperforin analog Hyp13 acts through the

Molecular Psychiatry (2022) 27:5070 - 5085

hyperforin binding motif on TRPC6. Finally, we provide evidence
that Hyp13 has antidepressant actions depending on TRPC6
channels.

TRPC6 KO mice showed enhanced anxiety-like responses in the
open field and elevated plus maze test and displayed increased
depression-like behavior in the forced swim test and in the
sucrose preference test reflecting the animal’s capacity to
experience hedonic pleasure. Until now, depression-related
behavior was not investigated in TRPC6 KO mice. However,
chronic unpredictable stress combined with isolation in rats lead
to reduced TRPC6 expression in the hippocampus [42]. Diminished
synaptic plasticity was reflected by an impaired LTP, reduction in
dendritic length and density of spines, as well as by lowered
postsynaptic density 95 (PSD-95) staining, a surrogate for the
density of post-synapses. Recently published data suggest that
viral knockdown of TRPC6 in the DG of mice has a disadvanta-
geous effect on cognitive processes and anxiety-like behavior [43].
Similarly, to our results, sShRNA-TRPC6 treated animals spent less
time in the central area of the open field test than the control
group indicating anxiety-like behavior. The mice in the shRNA-
TRPC6 group were also unable to discriminate between novel and
familiar mice in the three-chamber test and exhibited impaired
spatial learning and working memory. Others have described the
impact of TRPC6 for learning and memory. Using the square open
field and the elevated star maze test, reduced exploratory activity
was found in TRPC6 KO mice [44, 45]. In the Morris Water Maze,
transgenic mice overexpressing TRPC6 showed enhancement in
spatial learning and memory [26]. Keeping in mind that altered
cognition is one of the symptoms of major depression and major
depression is one of the main risk factors for dementia, TRPC6
might be a link between these psychiatric diseases. Several studies
demonstrated that the selective TRPC6 activator hyperforin
reduces A[B levels and improves behavioral performance in
Alzheimer’s disease (AD) animal models and in vitro studies [46].
Moreover, reduction of TRPC6 expression was found in patients
with AD and mild cognitive impairment, which negatively
correlated with the cognitive performance [10].
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The observed anxious and depression-like behavior of TRPC6
KO mice was accompanied by reduced neuronal excitability in DG
granule cells and CA1 pyramidal neurons. This altered excitability
coincides with TRPC6 channel expression which are mainly
expressed in DG neurons, pyramidal neurons, and interneurons
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of the hippocampus. The hippocampus is a highly stress-sensitive
brain region and its dysfunction may contribute to the deficits in
concentration among the diagnostic features of major depression
[47]. The response to novelty is regulated by hippocampal
afferents projecting to the nucleus accumbens and the ventral
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Fig. 6 Characterization of the simplified hyperforin-derivative Hyp13. Chemical structure of hyperforin (A) and Hyp13 (B). The
phloroglucinol core structure is highlighted in red. (C) Concentration dependent effect of Hyp13 in HEK293 cells expressing hTRPC6 channels
in whole cell patch clamp experminents. D Hyp13 also interacts to the LLKL binding motif at TRPC6. Single-cell Ca>" imaging was conducted
in HEK293 cells transiently expressing pcDNA3.1 plasmid vector with DNA coding only for eYFP (ctl, white), hTRPC6 (black), hTRPC6mut (red),
hTRPC3 (gray), or hTRPC3mut (blue) all expressed as C-terminal eYFP fusion proteins. Cells were stimulated with the hyperforin (10 uM) or
Hyp13 (10 pM) and intracellular Ca®>" alterations were detected using fura-2 AM (n = 7-9 + SEM, cells were selected according to their eYFP
fluorescence and their OAG sensitivity). E Representative time traces were monitored in HEK293 ctl cells (dashed line), hTRPC6-expressing
HEK293 cells (black) or hTRPC6mut (red) stimulated with OAG (100 uM) 60 s after starting the experiment and after 300 s hyperforin (10 pM)
was applied. F Representative time traces were monitored in HEK293 ctl cells (dashed line), hTRPC3-expressing HEK293 cells (gray) or
hTRPC3mut (blue) stimulated with OAG (100 uM) 60 s after starting the experiment and after 300 s hyperforin (10 uM) was applied. G Whole-
cell currents recorded from HEK293 ctl cells (dashed line), hTRPC6-expressing HEK293 cells (black) or R TRPC6mut (red). Application of Hyp13
(10 M) resulted in an increase in outward and inward current in hTRPC6 expressing cells. This effect is lost in TRPC6mut expressing cells.
H Whole-cell currents recorded from HEK293 ctl cells (dashed line), hTRPC3-expressing HEK293 cells (gray) or hTRPC3mut (blue). Application
of Hyp13 (10 uM) showed no effect in ctl and hTRPC3 expressing cells but resulted in an increase in outward and inward current in

hTRPC3mut expressing cells.

tegmental area [48]. Impaired hippocampal function is also
discussed to be involved in anhedonia [49]. DG cells and CA1
pyramidal cells from TRPC6 KO mice demonstrate a significantly
reduced cell excitability. Similar data were obtained by Griesi-
Oliveira et al. downregulating TRPC6 in mouse primary neurons
using shRNA [45]. However, since TRPC6 channels are mainly
expressed in interneurons in CA1 [23], the reduced excitability in
CA1 neurons in TRPC6 KO mice might be also be induced by a
homeostatic mechanism due to chronic lack of TRPC6 in CA1
interneurons. Whole-cell recordings of APs revealed a significant
reduction in the firing rate of neurons expressing shRNAs against
TRPC6 compared to controls. Notably, aberrant AP firing in
response to membrane depolarization has also been observed in
iPSC-derived DG-like neurons from patients with bipolar disorder
[50]. Airan et al. provided evidence that DG neurons show
dynamic changes in models of depression and after chronic SSRI
treatment [51]. Using voltage-sensitive dye imaging, DG activity
was reduced in a chronic mild stress model and was reversed after
chronic fluoxetine treatment. This reduced activity is probably
mediated by atrophy in the dendrites of DG. Several groups
demonstrated a role of TRPC6 for dendritic spine morphology and
arborization. Using adeno-associated viral vectors (AAV) expres-
sing short hairpin RNA (shRNA) targeting TRPC6 in the hippo-
campal DG of male mice, reduced TRPC6 protein expression and
diminished dendritic spines of DG granule neurons [43]. These
data suggest that the anxious and depressive-like behavior in
TRPC6 KO mice might be caused by reduced excitability in DG
neurons associated with a reduced number of spines and
dendrites. In contrast, hyperforin improves synaptic plasticity in
the hippocampus and prefrontal cortex by altering spine
morphology [24] and the expression of CREB [52, 53], BDNF [54],
and TrKB receptors [42, 55].

While previous studies, comprising the FST, learned helplessness
paradigms, avoidance deficit models, and the EPM demonstrated
antidepressant and anxiolytic effect of hyperforin [42, 54, 56-58], a
recent report questioned whether hyperforin is a specific TRPC6
activator [7, 8]. In this study, hyperforin increased the excitability in
the DG neurons in WT mice. This effect was abrogated in TRPC6 KO
mice, as was the hyperforin-induced inward current. Since the
hyperforin-induced delayed potassium-mediated current persists
in TRPC6 KO mice, this might be an independent mechanism of
action. To further investigate the interaction of hyperforin with
TRPC6, we performed site-directed mutagenesis experiments
focusing of amino acids which differ between TRPC6 and the
closely related TRPC3 and TRPC7 channels that cannot be activated
by hyperforin. Thus, we were able to identify a binding motif in the
TRPC6 C-terminus, "”’LLKL"®, that mediates hyperforin sensitivity.
These four residues, which are not conserved within the TRPC
family, are located between the TRP re-entrant and C-terminal helix
1, a region with disordered amino acids (766-854) in cryo-EM
structures [19, 22]. This region also contains the putative inositol
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hexaphosphate (842-868) and the calmodulin/IP3 receptor
(838-872) binding sites [59]. The increase of TRPC6-mediated
Ca®" influx by SAG and OAG, both analogs of the native lipid
agonist DAG, was not altered in the mutant channels. Our results
suggest that neither protein folding, trafficking or surface
expression of TRPC6 is affected by the hyperforin binding motif
777LLKL780.

Furthermore, we show that upon isolation, this region is a-
helical and interacts with liposomes and affects membrane
fluidity. Tryptophan fluorescence spectroscopy taking advantage
of a native residue in the vicinity of the proposed hyperforin
binding site indicates that there is indeed a direct interaction
between TRPC6 C-terminal region and hyperforin. This interaction
is reduced when the 77’LLKL”®® motif is mutated. Interestingly, the
membrane interaction and resulting fluidity changes are also
enhanced by the presence of hyperforin.

Since hyperforin shows several shortcomings such as poor
chemical stability or the induction of drug-drug interactions as a
lead compound for further developments [29], we synthetized and
investigated a chemically simplified and stable hyperforin analog,
which shares the phloroglucinol core, Hyp13. Hyp13 is based on
the previously published Hyp derivatives from our group and
shares all features with hyperforin. We showed that Hyp13
activates TRPC6 in similar potency, shows no effect on TRPC3,
and binds to the identified binding motif LLKL. Furthermore,
Hyp13 in contrast to hyperforin does neither activate PXR nor
induced CYP3A4. These findings indicate that Hyp13 has a
favorable interaction profile compared to hyperforin which is
known to lead to serious drug-drug interactions. However,
hyperforin and Hyp13 showed similar cytotoxic effects at
concentrations higher than 5 uM after 24 h in HepG2 and HepaRG
cells. These concentrations are far above the concentrations
reached in behavioral experiments in mice. For hyperforin,
nanomolar brain concentrations where observed after oral
treatment in mice matching with concentrations needed to alter
synaptic plasticity via the activation of TRPC6 channels [24, 60].
Importantly, Hyp13 exhibits antidepressant- and anxiolytic-like
effects in the open field test, the novelty suppressed feeding test,
and the forced swim test. It should be noted that these effects
were observed already after acute treatment, while hyperforin in
humans requires several weeks to display full antidepressant
action. This might suggest a faster action of Hyp13 compared to
hyperforin. However, the applied tests show a predictive validity in
that they indicate drug action, but not on the human time scale,
as shown for other antidepressant drugs [61]. The emotional
effects of Hyp13 were reduced in TRPC6 KO mice.

CONCLUSIONS
In summary, we demonstrate the role of TRPC6 channels for
depression and anxiety and provide evidence for TRPC6 channels
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Fig. 7 Hyp13 does not activate PXR. Induction of PXR activity by
hyperforin and its derivate in HepG2 cells (A). HepG2 cells were co-
transfected with plasmids expressing GAL4-responsive UAS-driven
firefly luciferase, human PXR-LBD fused to GAL4-DBD, and Renilla
luciferase. The transfected cells were exposed to 10 uM of positive
controls rifampicin and SR12813 or different concentrations of
hyperforin and its derivate. After 24 h, cell lysates were assayed for
firefly and Renilla luciferase activity. Firefly luciferase activity was
normalized against Renilla luciferase activity and fold induction
relative to the solvent control (SC 0.5% DMSO) was calculated. Data
are presented as means+SD of three independent experiments
performed with six replicates each. B Gene expression analysis of
CYP3A4. Differentiated HepaRG cells were exposed to hyperforin and
its derivate as well 10 uM Rifampicin (PC) for 24 h. Total mRNA was
isolated and transcribed into cDNA and subsequently mRNA
expression of CYP3A4 was analyzed by real-time qPCR. For relative
quantification, Ct values were normalized to reference genes (ACTB
and GAPDH) according to the AACT method. Log2 fold changes of
2724T yalues were calculated and mRNA levels were expressed in
relation to the solvent control (SC 0.5% DMSO). Data are presented
as means + SD of two to three independent experiments.

as novel druggable targets for therapies in mood disorders. These
results might also pave the way for new molecules to treat other
psychiatric diseases associated with TRPC6 dysfunction such as
autism or Alzheimer disease.

METHODS

Sources and preparation of reagents

Hyperforin was kindly supplied by Dr. Willmar Schwabe (Karlsruhe,
Germany). Hyperforin and Hyp13 were diluted in dimethyl sulfoxide
(DMSO; Carl Roth, Karlsruhe, Germany #A994.1) stored until use at -20 °C.
1-oleoyl-2-acetyl-sn-glycerol (OAG; Sigma-Aldrich, Taufkirchen, Germany;
#06754) was solved in DMSO and stored at 100 mM stock solution, 1-
stearoyl-2-arachidonoyl-sn-glycerol-d8 (SAG; Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA; #sc-220503) was solved in DMSO and stored at
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50 mM stock solution at -20 °C. Rifampicin (CAS 13292-46-1) and SR12813
(CAS 126411-39-0) were purchased from Sigma-Aldrich (Taufkirchen,
Germany). Standard laboratory chemicals were obtained from Sigma-
Aldrich or Carl Roth.

Synthesis and characterization of Hyp13

Hyp13 was synthesized according to Bharate et al. [62]. was realized in a
two-step sequence starting from phloroglucinol, which was first treated
with isovaleryl chloride under Friedel-Crafts conditions to afford Hyp1.
Subsequently, Hyp13 was obtained by alkylation of Hypl with
1-iodobutane in the presence of sodium methoxide as a base and
chromatographic separation of the formed isomers.

Site-directed mutagenesis

pcDNA3.1 plasmid vector with DNA coding for human TRPC6 (Uniprot ID:
Q9Y210) and human TRPC3 (Uniprot ID: Q13507), both C-terminally fused
to eYFPs, were used as the templates to hTRPC6 777\MRI7&-eYFP and
hTRPC3 7%8LLKL”"'-eYFP mutants. For site-directed mutagenesis, we used
primer sequences (custom made by Sigma Aldrich, Germany) coding for
the planned mutations. Primer sequences were as follows:

TRPC6 777IMRI780 forward primer:
5'TCTGGTGCCGAGTCCAAAGTCCCTG ATCTCATAATGCGCATTAAAAAAT
GGATTTCTGAGCTGTTCCAGGGCC

TRPC6 777IMRI780 reverse primer:
5'GCTCAGAAATCCA AATGCGCATTATGAGATAAAACAGGGACTTTGGA
CTCGGCACCAGATTGAAGGGTACAGG;

TRPC3 708LLKL711 forward primer:
5/-GTTTATTTCCTCCTGAAACTTGTTAACTTTCCCAAATGCAGAAGGAGAAG;

TRPC3 708LLKL711 reverse primer:
5-TGGGAAAGTTAACAAGTTTCAGGAGGAAATAAACAAATGATTTTGGACTAGG.

PCRs were carried out using the following conditions: initial denatura-
tion for 3min at 95°C and 25 cycles of denaturation for 20s at 98°C,
annealing between 75-80°C for 15s and extension at 72°C for 5 min.
Amplification was performed using high-fidelity DNA Polymerase (Roche,
Mannheim, Germany; #KK2101). Template DNA was removed by digestion
using Dpnl (New England Biolabs, Frankfurt am Main, Germany; # R0176S)
and amplified DNA was used for the transformation of competent DH5a
Escherichia coli cells (ThermoFisherScientific, Darmstadt, Germany;
#18265017). Plasmid DNAs from several clones were isolated from pre-
poured agar plates with 100 ug/mL ampicillin and confirmed by Sanger
sequencing. For transfection, large-scale DNA preparations were per-
formed using Plasmid Maxiprep Kit (Zymo Research Europe GmbH,
Freiburg im Breisgau, Germany; #D4202).

Cell culture and transfection

Human embryonic kidney (HEK 293) cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; ThermoFisherScientific, Darmstadt, Germany;
#41965039) supplemented with 10% heat-inactivated Fetal Bovine Serum
(FCS; ThermoFisherScientific, Darmstadt, Germany; #10500-064) and 10 mM
penicillin/streptomycin (Pen-Strep; ThermoFisherScientific, Darmstadt, Ger-
many; #15140122) at 37 °C. For Transfection, HEK 293 cells were grown on
poly-L-lysine (Sigma-Aldrich, Taufkirchen, Germany; #P2636) coated glass
coverslips in 6-well plates with a density of 0.1 x 10° cells per well for single-
cell calcium imaging and western blot and with a density of 0.5 x 10° cells for
electrophysiological measurements. After 24 h, media was exchanged and
cells were transfected transiently with a transfection cocktail containing
0.5-1 ug DNA, 2 pL Effectene (Qiagen, Hilden, Germany; #301425) transfection
reagent, and 50 L Opti-MEM (ThermoFisherScientific, Darmstadt, Germany;
#51985034) medium. The Single-Cell Calcium Imaging, Western Blot, and
electrophysiological study were carried out 24 h after transfection. All cell lines
were tested negative for mycoplasma contamination using PCR test.

Protein extract preparation and Western Blot analysis of TRPC
channel expression in HEK293 cells

Transfected and untransfected HEK 293 cells were washed in phosphate-
buffered saline (PBS; pH 7.3), pelleted, and lysed in Radioimmunoprecipitation
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assay (RIPA) buffer (50 mM Tris-HCl, 1% Triton X-100, 150 mM NaCl, 0.5% Na-
deoxycholate, 0.1% sodium dodecyl! sulfate (SDS), 5mM ethylenediaminete-
traacetic acid (EDTA), 1 mM phenylmethylsulfonylfluoride (PMSF) containing
cCOMPLETE™ protease inhibitor cocktail (Roche, Mannheim, Germany;
#04693159001). Samples were lysed for 30 min at 4°C and centrifuged at
14.000 rpm for 10 min at 4°C. The supernatants were added to 4 x SDS-
Laemmli buffer (Carl Roth, Karlsruhe, Germany #K929.1) and boiled, and
proteins were separated by 8% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The gels were blotted onto PVDF membranes at
80mV over 2h at 4°C. PVDF membranes were blocked over 3 h with 5%
bovine serum albumin (BSA; Carl Roth, Karlsruhe, Germany; #7844.3) in TBS
buffer 20mM Tris, 150 mM NaCl) with 0.1% Tween 20, incubated with
antibodies specific for TRPC6 (Alomone Labs, Jerusalem, Israel; #ACC-017)
diluted 1:400-fold, TRPC3 (Cell Signaling, Frankfurt am Main, Germany;
#D4P5S) diluted 1:1000-fold and B-actin (Sigma Aldrich, Taufkirchen, Germany;
#A1978) diluted 1:2000. TRPC6 and TRPC3 antibodies were diluted in TBS/
0.1% Tween 20 buffer with 5% BSA and b-actin antibody was diluted in TBS/
0.1% Tween 20 buffer with 1% BSA. The membranes were washed three
times in TBS/0.5% Tween 20 buffer, incubated for 60 min with horseradish
peroxidase coupled antibodies against the primary antibodies, washed again
three times in TBS/0.5% Tween 20 buffer, and developed with the
electrogenerated chemiluminescence reagent (ECL; GE Healthcare Europe,
Munich, Germany; #RPN2236). Western blot visualization was carried out
using the iBright CL1500 Imaging System (ThermoFisherScientific, Darmstadt,
Germany).

Electrophysiology in HEK293 cells

Whole-cell patch-clamp recordings were performed in HEK 293 cells. Patch
pipettes were fabricated from borosilicate glass capillaries (Science
Products, Hofheim, Germany; GB150F-10P) with a P-1000 micropipette
puller (Sutter Instruments, Novato, USA), The pipette resistance varied from
4-8 MQ. Whole-cell currents were elicited by voltage ramps from -100 to
4100 mV (400 ms duration) applied every 10s from a holding potential
of OmV. Currents through the pipette were recorded by EPC 10 USB
amplifier and patchmaster software (Patchmaster, HEKA Electronics,
RRID:SCR_000034, Germany), filtered at 2.9 kHz (Bessel filter), digitized at
4kHz, and analyzed using Fitmaster software (Fitmaster, HEKA Electro-
nics,Lambrecht, Germany; RRID:SCR_016233) and Igor Pro 8.0 (Wavemetrics,
Tigard, USA). One cell was recorded per cover slip, at least three independent
cell preparations were studied for each experiment. Pipettes were filled with
an intracellular solution containing 130 mM CsCH303S, 10 mM CsCl 2 mM
MgCl,, and 10 mM HEPES (pH 7.2 with CsOH). The standard extracellular
solution contained 135mM NaCl, 5mM KCl, 2mM CaCl,, 1 mM MgCl,,
10 mM glucose, and 10 mM HEPES (pH 7.4 with NaOH).

Single-cell calcium imaging

[Ca®™]; measurements in HEK293 cells were carried out using the
fluorescence indicator fura-2-acytoxymethyl ester (Fura 2-AM; Thermo-
FisherScientific, Darmstadt, Germany; #F1201) combined with a
monochromator-based imaging system (T.LL.L. Photonics; FEl, Gréfeling,
Germany) attached to a fluid immersion objective (LUMPLFLN 40XW/0.80
w). Cells were loaded with a cocktail composed of 2.5 uM Fura 2-AM, 0.01%
pluronic-F127 (ThermoFisherScientific, Darmstadt, Germany; #P6866) for
30 min at room temperature (22-24°C) in a standard Hank’s Balanced Salt
Solution (HBSS) buffer composed of 138 mM NaCl, 6 mM KCl, 1 mM MgCl,,
1mM CaCl, and 10 mM HEPES ([4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid]) adjusted to pH 7.4 with NaOH at room temperature.
Afterward, cells were washed with HBSS and left for another 30 min at RT
in HBSS. Cover slips were then mounted in a bath chamber made of
plexiglas on the stage of the microscope (Olympus BX51WI, Hamburg,
Germany). Ca®" influx was recorded and visualized in TillVision Live
Acquisition and Offline Analysis software [formerly FEI Munich GmbH (Till
Photonics), now Thermo Fisher Scientific] as a ratio of 340/380 nm with a
40x objective. Ca®"-bound Fura2-AM is excitable at 340nm and the
unbound state of Fura2-AM at 380 nm. The ratio was calculated by
analyses of emission which was detectable at 510 nm after excitation with
each wavelength.

TRPC6 peptide preparation

hTRPC6 and hTRPCémut peptides were synthetized by peptides &
elephants (Henningsdorf, Germany). Specifically, a peptide comprising
residues 766-811 of the human TRPC6 C-terminus ("®°LVPSKSLFYLLKLKK-
WISELFQGHKKGFQEDAEMNKINEEKKL®'") and the peptide carrying the
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mutated motif IMRI as identified in TRPC3 ("®°LVPSKSLFYIMRIKKWI-
SELFQGHKKGFQEDAEMNKINEEKKL®'") were obtained. To remove impu-
rities, peptides were dissolved in 50 mM Tris pH8, 150 mM NaCl and
dialyzed against the same buffer for several days. To remove salts, peptides
were dialyzed against Milli-Q-water for another 7 days and the final
peptide concentration was set to 100 uM or lyophilized and stored at
—20°C until further use.

CD spectroscopy

CD spectra were recorded on Jasco-815 CD spectrometer at 25°C and in a
wavelength range from 190-260 nm. TRPC6 and TRPC6mut peptides were
dissolved in 10 mM Tris pH 8, 30 MM NaCl with a peptide concentration
of 20 uM.

Liposome preparation

POPC and POPG lipids in chloroform were mixed in a molar ratio of 70:30.
The lipid mixture with an addition of 1-[6-(dimethylamino)—2-naphthale-
nyl]—1-dodecanone (Laurdan) (Laurdan:Lipid 1:500 molar ratio) was dried
under nitrogen flow and vacuum to obtain a lipid film. The lipid film was
resuspended in 20mM Tris pH 7.5, 150 mM NaCl to reach a total lipid
concentration of 500 uM. Small unilamellar vesicles (SUV) were prepared
with five freeze-thaw cycle and subsequent extrusion through a 50 nm
membrane.

Laurdan fluorescence measurement

50 uM of the lipid/Laurdan mixture (see above) were preincubated with
5 uM TRPC6 peptides. Hyperforin with different concentration was added
freshly to the mixture and the spectra were recorded using a Fluoromax-4
(Horiba Scientific) fluorimeter. Emission spectra were recorded from
400-550 nm, with an excitation wavelength of 340 nm and slit width of
1 nm at 25 °C. Fluorescence intensities at 440 nm and 490 nm were used to
calculate the generated polarization value GP and based on these AGP
values.

Tryptophan fluorescence

All experiments were carried out on a Fluoromax-4 (Horiba Scientific)
fluorimeter with a peptide concentration of 5uM in 20 mM Tris pH 7.5,
150mM NaCl, and the following parameters: excitation wavelength:
280 nm, emission wavelength 300-450 nm, slit width 2 nm, 25 °C.

Animals

Male B6J;12958 wild-type (WT) and B6J;12958 -Trpc6™'"*" (MMRRC stock
NO 37345-Jax; TRPC6 KO) mice were studied. Animals were housed in
groups in standard macrolone cages (Type Ill). They were provided with
food and water ad libitum, with paper towels as cage enrichment, and kept
on a 12:12 h light:dark cycle (lights on at 0700 hours). All mice were tested
at an age of 3-4 months. Behavioral tests were performed during the light
cycle between 0900 and 1600 h. Room temperature was maintained
between 19 and 22°C at a humidity of 55% (+10%). All behavioral tests
were performed by experimenters blind to hypothesis and/or genotype. All
experiments were carried out in accordance with the National Institutes of
Health guidelines for the humane treatment of animals and the European
Communities Council Directive (86/609/EEC) and approved by the local
governmental commission for animal health (German state administration
Bavaria/Regierung von Mittelfranken).

Behavioral testing

Mice were tested in a battery of behavioral tests in the following order:
open field, elevated plus maze, light-dark box, novelty suppressed feeding,
forced swim test, and sucrose preference tests. All tests were performed on
separate days with 3 days between single tests. Mice were tested in a
pseudorandom order and were moved to the behavioral suite adjacent to
the housing room immediately before testing. Each test apparatus was
cleaned with 50% ethanol between subjects to avoid any olfactory cues
influencing behaviors. Mice were returned to their home cages at the end
of each test and allowed to recover. Only animals that showed a good
health during the whole test time and from which a complete data set for
each respective paradigm could be measured were analyzed. Behaviors for
all tests were recorded on videotape for subsequent scoring by an
observer blind to hypothesis and treatment. The behavioral experiments
were performed by experimenters who only received animal numbers and
test protocols at the time of testing. In the test protocols, order of testing
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and test box allocation were balanced in a pseudo-random way by the PI.
The treatment allocation (randomization) for mice in all animal studies was
done by drawing the animal numbers from a bin. Treatment allocation to
the mutant and WT mice was done randomly by drawing animal numbers.

Open field. Each mouse was placed in a square white acrylic arena (50 x
50 cm), facing an outer wall, for 20 min (parameters were measured per
5-min blocks and summarized) and allowed to freely explore the arena.
White light of 25 Ix was evenly distributed across the arena during testing.
Video recordings were taken and analyzed using Biobserve Viewer Il
(Biobserve, Bonn, Germany). A virtual square of equal distance from the
periphery (36 x 36 cm) was defined as the ‘central zone’ to determine the
number of entries and time (s) spent in the central zone. Distance moved
in the outer and central zones (cm), number of entries, and time spent in
the central zone were registered [63-65].

Elevated plus maze. The elevated plus mare was constructed from black
opaque acrylic with white lining on the floor, each arm measuring 30 x
5cm and the central platform 5 x 5cm. One set of arms, opposing one
another, was enclosed completely by a wall of opaque acrylic, 15 cm high,
whereas the other set was open with a ledge of 0.5 cm either side of the
arms. The maze was elevated 50 cm from the ground on a transparent
acrylic stand. Each mouse was placed on the central platform, facing
toward a closed arm, and allowed to freely explore the maze for 5 min.
Biobserve Viewer Il tracking software (Biobserve) was used to record
locomotor activity during the test (distance moved in the open and closed
arms), and the number of entries into the closed and open arms and time
spent in them. An arm entry was counted when two paws had entered an
arm, and an arm exit was determined when two paws had left the arm
[63-65].

Forced swim test. For the forced swim test, each mouse was placed into a
glass transparent cylinder (17-cm diameter, 18-cm height) filled with water
(12 cm, 25 °C) for 15 min. Then, an animal was returned to the home cage.
After 24 h, mice were again placed in this cylinder with water for 5 min. The
latency of first floating and total floating time were recorded manually
[63-65].

Sucrose preference test. Animals were single housed and had access to
two bottles with water 7 days before the sucrose preference test. On day 8,
water in one bottle was replaced by 2% sucrose solution, and the position
of bottles with water and sucrose solution was changed daily during the
next 5 days. The weight of animals was measured before and after the test,
and volume of water and sucrose solution was estimated daily. Sucrose
preference in % of drunken fluid during baseline and testing was
calculated [26-28].

Application of Hyp13 in animals
Hyp13 was dissolved in saline. Animals received an i.p. injection (vin; =10
mL/kg) 20 min before each behavioral test with either, 0, 1, or 5 mg/kg.

Electrophysiological recordings from brain slices

Horizontal hippocampal slices (350 um) were prepared from sevoflurane-
anesthetized WT and TRPC6-KO male mice (2-4month-old) in ice-cold
artificial cerebrospinal fluid (aCSF) containing a high concentration of
sucrose (in mM): 75 sucrose, 87 NaCl, 2.5 KCl, 0.5 CaCl,, 7 MgCl,, 1.25
NaH,POQ,, 25 NaHCOs;, and 10 D-glucose. Slices were then transferred into
warm aCSF (35°C; 10 min) and kept thereafter at room temperature in
aCSF with 125 mM NaCl, 3mM KCl, TmM CaCl,, 3mM MgCl,, 1.25 mM
NaH,PO,4, 25 mM NaHCO; and 10 mM D-glucose. Individual slices were
transferred to a submerged recording chamber (perfused with normal
aCSF containing 2.5 mM CaCl, and 1.5mM MgCl, at 31+ 1°C) that was
mounted on the stage of an upright microscope. All solutions were gassed
with 95% 0,/5% CO, to keep pH around 7.4. All procedures were
conducted in accordance with the Animal Protection Law of Germany and
the European Communities Council Directive of November 1986 /86/609/
EEC, and with approval of local government.

Hippocampal CA1 pyramidal cells and dentate gyrus (DG) granule cells
(in the suprapyramidal blade) were visualized by means of Dodt gradient
contrast and recorded with patch pipettes filled with (in mM) 135 K-
gluconate, 4 NaCl, 10 KCl, 5 Hepes, 2 Na,-ATP and 0.3 Naz-GTP (pH 7.3),
unless otherwise stated. All potentials were corrected for liquid junction
potential. The passive membrane properties of hippocampal neurons (e.g.
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Table 1.

Plasmid
PGAL4-(UAS)5-TK-LUC
PGAL4-PXR-LBD
pcDNA3-Rluc

Reporter gene assay
PXR (24 h)

capacitance, input resistance) were registered from membrane test shortly
after breaking into whole-cell mode with membrane voltage clamped at
—70 mV. To test neuronal excitability in current-clamp mode, a
depolarizing ramp protocol with current injection from 0 to 100 pA within
2 s was used to elicit action potentials (APs) at resting membrane potential
(RMP) and at —70 mV. To explore the ionic mechanism of hyperforin-
evoked response, granule cells were recorded in voltage-clamp mode (Vh
of —70 mV) and a voltage ramp ranging from — 50 to —140 mV (in 1 s) was
used to determine the reversal potential. In some experiments,
K-gluconate in the pipette solution was replaced by Cs-gluconate (CsGlu).

Data were collected with a Multiclamp 700B amplifier in conjunction
with Digidata 1440A interface and pClamp10.2 software (Molecular
Devices, Sunnyvale, CA). Signals were digitized at 20 kHz and filtered at
6 kHz (current-clamp) or 2 kHz (voltage-clamp). MiniDigi 1A and AxoScope
10.2 were used for low-resolution scope recording, sampled at 1 kHz. Data
analysis was performed offline with Clampfit 10.2 software (Molecular
Devices). OriginPro 2018G (OriginLab Corporation, Northampton, MA, USA)
was used for statistics and figures.

Cultivation of HepG2 and HepaRG cells

HepaRG cells (Biopredic International, Sant Grégoire, France) were
cultivated in William’s E medium with 2mM glutamine (PAN-Biotech,
Aidenbach, Germany) supplemented with 10% FBS (FBS Good Forte EU
approved; PAN-Biotech, Aidenbach, Germany), 100 U/mL penicillin and
100 pg/mL streptomycin (Capricorn Scientific, Ebsdorfergrund, Germany),
0.05% human insulin (PAN-Biotech, Aidenbach, Germany) and 50 uM
hydrocortisone-hemisuccinate (Sigma-Aldrich, Taufkirchen, Germany) [41].
Cells were seeded according to the manufacturer’s instructions (96-well
plates: 9000 cells/well, 12-well plates 100,000 cells/well). During prolifera-
tion, cells were maintained for 2 weeks in culture medium. Afterward, cells
were cultured for two more weeks for differentiation in the above-
described culture medium, additionally containing 1.7% DMSO. 48 h prior
to incubation, HepaRG cells were adapted to treatment medium contain-
ing lower concentrations of DMSO (0.5%) and FBS (2%). DMSO
concentration has to be reduced to enable the cells to lower their CYP
expression. Otherwise, no additional CYP induction will be visible.

Afterward, treatment with the respective test compounds and controls
diluted in treatment medium with a final DMSO concentration of 0.5% was
performed. HepaRG cells were used for gene expression analysis. Due to
poor transfection efficiency of HepaRG cells, reporter gene assays were
performed in HepG2 cell.

HepG2 cells (ATCC, Middlesex, UK) were cultivated in DMEM High
Glucose medium (Pan-Biotech, Aidenbach, Germany) supplemented with
10% FBS (FBS Superior; Sigma-Aldrich, Taufkirchen, Germany) and 100 U/
mL penicillin and 100 pg/mL streptomycin (Capricorn Scientific, Ebsdorfer-
grund, Germany). Cells were seeded at a confluence of about 80-90% in
96-well plates for experiments.

Cell viability analysis

Cytotoxic effects of test compounds were analyzed using the cell
proliferation reagent WST-1 (Sigma Aldrich, St. Louis, USA). HepG2 cells
were seeded in 96-well plates (20,000 cells/well) and were treated with the
test compounds 24 h after seeding. HepaRG were seeded in 96-well plates
(9000 cells/well) and after 28 days of differentiation and 48h prior
incubation cells were adapted to treatment medium, as described above
and afterwards incubated with test compounds for 24 h.

All test compounds and controls are dissolved in culture medium with a
final solvent concentration of 0.5% DMSO. Triton X-100 (0.01%) served as a
positive control. One hour before incubation ends, 10 uL WTS-1 reagent
was added to each well containing 100 uyL medium, and plates were
incubated one more hour. Afterwards, absorbance was measured at
450 nm with a reference wavelength of 620 nm using the Tecan plate
reader Infinite M200 Pro (Tecan group, Mannedorf, Switzerland). Values of
the reference wavelength were subtracted from absorbance values, and
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Plasmids used for dual luciferase reporter assays in HepG2 cells.

Plasmid control Positive control

40 ng/well 10 uM SR12813 /
40 ng/well 10 uM Rifampicin
1 ng/well

data were corrected for background absorbance by subtracting the values
from wells incubated without cells. Data were referred to solvent control,
which was set to 100%. At least three independent, biological replicates
with three technical replicates per condition were performed.

Dual luciferase reporter assay

Dual luciferase reporter assays were conducted to measure the activation
of human pregnane X receptor (PXR) via a GAL4-based transactivation assay,
for which the LBD of PXR had been fused to the DBD of GAL4 (pGAL4-
hPXR-LBD), coupled with a GAL4-responsive UAS-driven firefly luciferase
reporter (pGAL4-(UAS)5-TK-LUC) [40]. Agonistic binding of a test com-
pound to the LBD of PXR leads to the activation of the fusion protein,
which binds to the UAS and initiates transcription of the firefly
luciferase gene.

Additionally, cells were always transfected with a plasmid constitutively
expressing the reporter gene Renilla luciferase (pcDNA3-Rluc) as internal
control for normalization. Plasmid concentrations and positive controls are
listed in Table 1.

To perform dual luciferase reporter assays 20°000 HepG2 cells were
seeded in 96-well plates for the PXR assay. Cell were transiently transfected
24 h after seeding using TransIT-LT1 (Mirus Bio LCC, Madison, WI, USA)
according to manufacturer’s protocol. After 4-6 h, cells were incubated
with test compounds or controls in culture medium containing 0.5%
DMSO. As positive controls, the well-known PXR agonists SR12813 and
Rifampicin were used. After 24 h of incubation, cells were lysed with 50 pL
lysis buffer (100 mM potassium phosphate with 0.2% (v/v) Triton X-100, pH
7.8). Five pL cell lysate was investigated for firefly and Renilla luciferase
activities. Luminescence was measured with an Infinite M200 Pro plate
reader (Tecan group, Mannedorf, Switzerland). The firefly signal was
normalized to the Renilla signal and was expressed relative to the solvent
control (containing 0.5% DMSO). Three independent, biological replicates
were performed with six technical replicates per condition.

Gene expression analysis

HepaRG cells were seeded in 12-well plates (100,000 cells/wells) and
cultivated as described above. After differentiation of the cells followed
by 48 h of cultivation with treatment medium, cells were incubated for
24 h with test compounds and Rifampicin as a positive control. Cells were
washed twice with ice-cold PBS and harvested with 350 uL RLT buffer
(RNeasy Mini Kit, Qiagen, Hilden Germany) containing 3.5uL f-
mercaptoethanol. Total RNA was extracted following the manufacturer’s
instructions with minor modifications [66]. RNA quality and quantity were
measured with a Tecan Infinite M200 Pro plate reader (Tecan group,
Méannedorf, Switzerland). Reverse transcription of 0.5 ug RNA was done
with the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Darmstadt, Germany). Quantitative real-time RT-PCR was
performed using 20 ng cDNA, the Maxima SYBR Green/ROX gPCR Master
Mix (Thermofisher Scientific, Waltham, Massachusetts, USA) and primers
(5 uM; see Table 2). Primer design was performed by using the free
available software tool Primer3 (University of Massachusetts Medical
School, USA). Primers were designed intron-spanning and checked for
mispriming, hairpins and dimers using NetPrimer (University of Massa-
chusetts Medical School, USA) and the ensemble database
(www.ensembl.org). Primers were purchased from Eurofins Genomics
Germany GmbH (Ebersberg, Germany).

Gene expression was measured with a Stratagene MX3005P real-time
PCR cycler (Agilent Technologies, Santa Clara, CA, USA). Expression levels
of the target gene CYP3A4 were normalized to the geometric mean of the
reference genes ACTB and GAPDH, which were found to be stably
expressed throughout treatments. RNA from three independent, biolo-
gical replicates was used. Relative gene expression was calculated using
the AACT method. Three independent, biological replicates were
performed, outliers were identified via Grubb’s test and excluded from
the analysis.
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Table 2. Sequences of qPCR primers.
Gene Accession number forward primer (5'— 3’) reverse primer (5'— 3’)
CYP3A4 ENSG00000160868 TCAGCCTGGTGCTCCTCTATCTAT AAGCCCTTATGGTAGGACAAAATATTT
GAPDH ENSG00000111640 TTAAAAGCAGCCCTGGTGAC CTCTGCTCCTCCTGTTCGAC
ACTB ENSG00000075624 CCTTGCACATGCCGGAG GCACAGAGCCTCGCCTT
Statistical analyses 19. Bai Y, Yu X, Chen H, Horne D, White R, Wu X, et al. Structural basis for pharma-

Statistical analyses were performed using GraphPad Prism 7 or GraphPad
Prism 8 (Graphpad Software, LaJolla, CA, USA). Data are shown as mean *
standard error of the means (SEM) or (SD). For behavioral and
neurochemical animal studies, sample sizes were chosen to obtain an
effect size of Cohen d > 0.5 with a =5% and a power of 0.8. ample size for
animal studies was determined by previous experience with those test
paradigms and mean values and variance derived therefrom. This was fed
into a G-Power analysis for the main read out of each paradigm. Data
distribution was checked with D’Agostino Pearson omnibus normality test.
Unpaired student’s t-test or Mann-Whitney test were used if experiments
consisted of two data sets. For considering two different parameters, two-
way ANOVA was used with Sidak’s multiple comparison test. p < 0.05 was
considered as statistically significant.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon request.
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