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Abstract

One of the attractive targets for the relief of stress conditions is TRPV1, which is expressed
mostly in primary afferent neurons (nociceptors) and in the central nervous system, mainly
in the cortex and hippocampus. We evaluated the action of a potent low-molecular-
weight antagonist of TRPV1 (AMG517) and peptide modulator of this channel (APHC3)
on long-term potentiation (LTP) and Paired-Pulse Ratio (PPR) in the CA3-CA1 region of
the hippocampus of mice. In vivo, we used intranasal administration to provide effective
peptide delivery into the brain and analyzed the effects of APHC3 in acute stress tests in
comparison with intramuscular administration of APHC3, AMG517, and the reference
anxiolytic drug Fabomotizole (Fab). In electrophysiology studies, APHC3 significantly
enhanced LTP and PPR, while AMG517 enhanced only PPR. Intranasal administration
of APHC3 to mice provided a moderate anxiolytic effect in the single dose (0.01 mg/kg).
Intramuscular administration of APHC3 and AMG517 significantly reduced acute stress
in mice equal to the reference drug Fab. Thus, TRPV1 modulation in either the peripheral
or central nervous system is sufficient to produce an anxiolytic-like effect, likely through
distinct underlying mechanisms.

Keywords: TRPV1; sea anemone peptide; toxin; long-term potentiation (LTP); paired-pulse
ratio (PPR); anxiolytic effect; anxiety; fear

1. Introduction
Transient receptor potential vanilloid receptor 1 (TRPV1) is a non-selective ion channel

activated by various stimuli such as high temperature, pH changes, endogenous derivatives
of polyunsaturated fatty acids, and exogenous ligands [1,2]. TRPV1 is widely expressed in
the brain, including the cerebral cortex, hippocampus, and hypothalamus, and was found
in neuronal cell bodies, dendrites, and astrocytes [3]. It is interesting that the expression
of TRPV1 in the human brain is several fold higher than in rodents [4]. TRPV1 plays a
significant role in nociception, detecting thermal and chemical stimuli. In contrast to the
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well-known function of TRPV1 in the PNS, the role of these channels in various conditions
in the central nervous system remains poorly understood. Activation of this channel on the
free ending of nociceptors leads to initiation of pain signals and initiation of local neurogenic
inflammation [5]. In the brain, TRPV1 is most probably involved in the regulation of
synaptic transmission and plasticity [6–9]. Exogenous and endogenous TRPV1 agonists
have been shown to enhance depressive and anxiety-like behavior in animals [10,11].
Whereas TRPV1 knockout or administration of antagonists was found to produce an
antidepressant-like and anxiolytic effect. This effect is associated with the involvement of
TRPV1 in neuronal plasticity through its effects on long-term potentiation (LTP) and long-
term depression (LTD) [3]. Generally, depending on the type of synapse, TRPV1 activation
on the pre- or postsynaptic membrane can lead to opposite effects—strengthening or
weakening neuronal communication [3]. However, the mechanisms of TRPV1 regulation
of synaptic function in brain and behavior are not fully understood [3]. Activation of the
TRPV1 channels facilitates excitatory transmission in the central nervous system, which
promotes LTP [12] but also mediates long-term depression at synapses on hippocampal
interneurons [9]. TRPV1-deficient mice showed reduced hippocampal LTP accompanied
by reduced anxiety and conditioned fear [8].

TRPV1 may be a potential target for the treatment of various psychiatric conditions,
such as depression and anxiety. Stress is one of the etiological factors in the development
of these conditions [13]. TRPV1 knockout mice exhibit less anxiety and reduced fear
responses, which are associated with a decrease in LTP, confirming the link between TRPV1
and the development of fear [8,14]. TRPV1 antagonist capsazepine has been found to have
anxiolytic activity when administered systemically, while the agonist olvanil, on the other
hand, exhibited an angiogenic effect [15]. Moreover, inhibition of TRPV1 in the CNS by
injecting the antagonist into the medial prefrontal cortex reduces anxiety in rats [16].

One of the challenges in investigating potential candidates is the potential side ef-
fects of TRPV1 antagonists in clinical trials, including their hyperthermic effects [17–19].
For example, substance AMG517 inhibits TRPV1 in the nanomolar range (IC50 0.9 nM),
possesses significant analgesic activity accompanied by good pharmacological properties,
but causes a significant increase in humans core body temperature in Phase I of clinical
trials [18,20,21]. However, antagonists that do not cause hyperthermia have been identified.
One such antagonist is the sea anemone peptide APHC3 [22], which exhibits a complex
effect on the TRPV1 channel, inhibiting robust activation of the channel but potentiating
response to low concentrations of capsaicin [23]. APHC3 has no effect on TRPA1, TRPV3,
TRPM8, ASIC1a, ASIC3 channals, p2X3 receptor and on membranes of CHO cells and
X.laevis oocytes [24]. APHC3 also was found to block the response of TRPV1 to acidification
(pH 5.5) in calcium imaging experiments but also potentiated response to acidification
[pH 5.5–6.2] in patch-clamp experiments [23,24]. APHC3 produced significant analgesic
and anti-inflammatory activity accompanied by a moderate hypothermic effect [24–27].
Additionally, APHC3 was found to significantly reduce the susceptibility to apoptosis of
neuron-like cells, including stress conditions such as the accumulation of cytotoxic variant
of alpha-synuclein A53T [28]. Preliminary experiments revealed anxiolytic effects of the
peptide [29].

Animal studies indicated that stress responses can induce behavioral changes re-
sembling the core symptoms of depression and anxiety in humans, such as anhedonia,
decreased self-care, and sleep disturbances [30,31]. In this study, we elucidated the involve-
ment of TRPV1 channels in acute stress and the potential effects of their inhibition. We
analyzed the effects of two TRPV1 antagonists (AMG517 and APHC3) on Paired-Pulse Ratio
(PPR) and field excitatory postsynaptic potentials after induction of long-term potentiation
(LTP) in the hippocampal CA3-CA1 areas. Additionally, we evaluated response to acute
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stress in the elevated plus maze and light/dark chamber tests after treatment by AMG517,
APHC3, and the anxiolytic and neuroprotective drug Fabomotizole (Fab) [32,33]. Peptide
APHC3 was administered intramuscularly (i.m.) to restrict the action on the peripheral
nervous system and intranasally to provide the effect of the peptide on the brain. Both
AMG517 and APHC3 improved behavioral performance in animals in stress tests on the
same level as Fab, confirming the significant role of the TRPV1 channel in this process.
It is interesting that i.m. administration of peptide APHC3 showed a more significant
and robust effect than intranasal. This result highlights the significant role of peripheral
nociceptors in the anxiolytic effect of TRPV1 modulators.

2. Results
2.1. Effects of Two TRPV1 Antagonists on Long-Term Potentiation (LTP) and Paired-Pulse Ratio
(PPR) in the Hippocampal CA3-CA1 Areas

TRPV1 channels are extensively studied in nociceptive neurons of the peripheral
nervous system, but their role in the brain is far less understood. Activation of TRPV1
reportedly regulates neurotransmitter release at several central synapses, whereas inhibition
generally showed no effect on LTP and LTD in the hippocampus. Usually, antagonists
of all modes of activation (capsezepin) were used in experiments on brain slices [8,9,34]
and none of the modulators that could differently affect distinct modes of activation were
analyzed in such experiments. We evaluated the effects of antagonist AMG517 and peptide
modulator APHC3 on LTP.

Using the local field potential method [35], the EPSP amplitude was measured
50–60 min after induction of long-term potentiation using high-frequency stimulation,
which was applied 15 min after the start of the experiment (Figures 1A and 2A). AMG517
showed some tendency to facilitate LTP, but the effect was not statistically significant
(Figure 1A,B), which correlates to previous reports [8,9,34]. Application of vehicle (0.05%
DMSO in ACSF) resulted in a mean value of 128.9 ± 6.9% (n = 5), while the AMG517
(10 nM) group’s value was 144.2 ± 2.2 (n = 5, two-tailed t-test p = 0.064). Nevertheless, PPR
analyses revealed that AMG517 application produced paired-pulse facilitation (PPF) and
could improve short-term plasticity.

Figure 1. LTP and PPR in CA3-CA1 synapses of mice after preincubation with AMG 517. (A) LTP
induced by HFS in the CA3-CA1 region of the hippocampus of control (gray circles) and AMG517-
treated (blue circles) slices. (B) Sample fEPSPs before HFS and 40 min after HFS (gray—control (0.05%
DMSO in ACSF, Ctrl), blue—treated with 10 nM AMG517. (C) Graph summary of LTP magnitude
50–60 min after HFS stimulation. (D) The paired-pulse ratio of fEPSPs showed a partial presynaptic
AMG517-mediated effect. AMG517 (10 nM) elicited significant PPRs facilitation (blue, n = 6) compared
with control (gray, n = 5) at 100, 200, 650, and 850 ms intervals. The data are shown as the mean ± SD,
horizontal lines are mean values of the data, squares–medians. *—p < 0.05 two-tailed two-sample t-test.
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Figure 2. LTP and PPR in CA3-CA1 synapses of mice after preincubation with different concentrations
of APHC3. (A) LTP induced by HFS in the CA3-CA1 region of the hippocampus of control (gray
circles) and APHC3-treated (brown circles) slices. (B) Sample fEPSPs before HFS and 40 min after HFS:
black—control (Ctrl), brown—treated with 300 nM APHC3. (C) Graph summary of LTP magnitude
50–60 min after HFS stimulation. (D) The paired-pulse ratio of fEPSPs shows mostly a presynaptic
APHC3-mediated effect. PPRs for control (white, n = 7), 30 nM APHC3 (yellow, n = 5), 300 nM
APHC3 (orange, n = 6), and 900 nM APHC3 (brown, n = 4). APHC3 (30 nM) differs significantly at
50, 100, 200, 250, and 650 ms intervals. The data are shown as the mean ± SD, horizontal lines are
mean values of the data, squares–medians. *—p < 0.05 two-tailed two-sample t-test.

APHC3 statistically significantly increased LTP at concentrations of 30 and 300 nM
(two-tailed t-test p = 0.0289 and 0.02257, correspondingly). The control group’s value was
128.7 ± 5.4% (n = 7), while the APHC3 (30 nM and 300 nM) group’s values were 158.8 ± 15
(n = 5) and 142 ± 1.7% (n = 6) (Figure 2B). Concentration 900 nM showed no significant
effect (mean value 146.5± 11.7, two-tailed t-test p = 0.073). Only at a concentration of 30 nM
APHC3 did PPR significantly increase, while 300 and 900 nM showed no effect (Figure 1D).

These results suggest a positive effect of the APHC3 peptide at a concentration of
30–300 nM on synaptic plasticity. APHC3 significantly increased short-term potentiation
(determined as PPF) at a concentration of 30 nM and LTP at 30–300 nM. However, the
specific mechanisms require further study, particularly the effects on synaptic and extrasy-
naptic NMDA receptors and the synaptic microenvironment. Such as changes in receptor
distribution and synapse coverage by astrocytes, the efficiency of the astrocytic network,
and the impact on calcium activity.

2.2. Anxiety-like Behavior in Mice
The Elevated Plus Maze

Peptide APHC3 facilitated LTP on brain slices; therefore, delivery of the peptide in
the brain could have an effect on anxiety-like behavior. The intranasal administration of
peptides is a well-known way of non-invasive delivery of peptides in the brain, bypass-
ing the blood–brain barrier [36,37]. Thus, we tested peptide APHC3 at different doses
(0.005–1 mg/kg) in the elevated plus maze test in comparison with intramuscular (i.m.)
administration of anxiolytic drug Fabomotizole (Fab, 2.4 mg/kg) (Figure 3). There was no
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difference in behavior between groups of mice after administration of saline by different
routes (intranasal vs. intramuscular). APHC3 significantly increased the number of interac-
tions with open areas at doses of 0.005–0.1 mg/kg, with a maximum effect at 0.01 mg/kg,
while a dose of 1 mg/kg had no effect. Nevertheless, only a dose of 0.01 mg/kg showed
a statistically significant effect on time spent in open areas (Figure 3B,C). Animals that
received APHC3 at a dose of 0.01 mg/kg showed a 113% increase in time spent in open
areas. Whereas interaction with the open areas increased by 91.2% compared to the control
group (Figure 3B). Additionally, 75% of the animals visited the open arms of the maze,
compared to 50% in the control group. Fab (2.4 mg/kg) showed a significant effect in the
elevated plus maze test, confirming stated anxiolytic properties.

Figure 3. Elevated plus maze test. Peptide APHC3 was administered intranasally. Groups Saline i.m.
and Fab received saline and Fab (2.4 mg/kg) by intramuscular injection. (A) Interactions with open
areas. (B) Time spent in open areas. The results are presented as the mean± S.D., n = 8 for each group;
***, p < 0.001; *, p < 0.05, vs. saline group (ANOVA followed by a Dunnett’s multiple comparisons
test). Effects of saline solution are shown by black (i.n.) and grey (i.m.) circles, APHC3 by green
triangles, Fab by blue diamonds. Dashed line indicates the complete avoidance of open areas.

To evaluate the role of peripheral inhibition of TRPV1 channels by APHC3, we ad-
ministered APHC3 (0.01–1 mg/kg, i.m.) in comparison with Fab (2.4 mg/kg, i.m.) and
potent TRPV1 antagonist AMG517 (1 mg/kg, i.m.). APHC3 at doses of 0.01 and 1 mg/kg,
AMG517, and Fab significantly increased time spent in open areas and the number of
interactions with it. Surprisingly, APHC3 at 0.1 mg/kg showed almost no effect on mice
behavior (Figure 4). APHC3 at doses of 0.01 and 1 mg/kg increased the number of interac-
tions with the open areas by 114% and 111% and time spent in the open areas by 158% and
179%, which is equal to or non-significantly better than AMG517 and Fab (Figure 4).

2.3. The Light-Dark Chamber

This test is based on a conflict between an animal’s natural aversion to bright open
spaces and its tendency to explore new environments. We assessed the number of transi-
tions between the light and dark compartments and the time spent in each of them. We
analyzed the effects of intranasal and intramuscular administration of different doses of
APHC3 compared with Fab (2.4 mg/kg, i.m.) and AMG517 (1 mg/kg, i.m.). Intranasal
administration of APHC3 produced a significant effect only at a dose of 0.01 mg/kg and
only on time spent in the light chamber.
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Figure 4. Elevated plus maze test after intramuscular administration of tested compounds.
(A) Interactions with open areas. (B) Time spent in open areas. The results are presented as the
mean ± S.D., n = 8 for each group; ***, p < 0.001; **, p < 0.01, vs. saline group (ANOVA followed by a
Dunnett’s multiple comparisons test). Effects of saline solution are shown by black circles, APHC3 by
green triangles, Fab by blue diamonds, AMG517 by red circles.

Intramuscular administration of APHC3 (0.01 and 1 mg/kg) significantly increased
both the number of transitions and time spent in the light chamber (Figure 5). The dose of
0.1 mg/kg of APHC3 showed no statistically significant effect on mice behavior (Figure 6).
confirming the results of the elevated plus maze.

Figure 5. Light/dark chamber test. APHC3 and saline were administered intranasally. (A) Transitions
between chambers. (B) Time spent in the light chamber. Results are presented as mean ± SD;
***, p < 0.001; **, p < 0.01 vs. saline group (ANOVA followed by a Dunnett’s multiple comparisons
test). Effects of saline solution are shown by black (i.n.) and grey (i.m.) circles, APHC3 by green
triangles, Fab by blue diamonds.

Fab and AMG517 produced significant increases both in the number of transitions and
in time spent in the light chamber (Figure 6). Administration of APHC3 (0.01 and 1 mg/kg),
Fab, or AMG517 produced more than a 2-fold increase in the number of transitions. Fab
and AMG517 increased the time spent in the light chamber by 26% and 27%, respectively,
while APHC3 (1 mg/kg) increased it by 33%.
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Figure 6. Light/dark chamber test. APHC3 and saline were administered intramuscularly.
(A) Transitions between chambers. (B) Time spent in the light chamber. Results are presented
as mean ± SD; ***, p < 0.001; **, p < 0.01 vs. saline group (ANOVA followed by a Dunnett’s multiple
comparisons test). Effects of saline solution are shown by black circles, APHC3 by green triangles,
Fab by blue diamonds, AMG517 by red circles.

3. Discussion
TRPV1 channel is widely expressed in the CNS, especially in the cortex and hippocam-

pus, and could be considered as a target for the treatment of stress-related conditions [1,3,31].
Hippocampal LTP of TRPV1-knockout mice was significantly reduced compared with wild-
type mice, underlining the participation of TRPV1 in synaptic plasticity [8]. Activation
of TRPV1 by selective agonists (capsaicin or resiniferatoxin) triggers LTD in hippocampal
interneurons [9], but enhanced LTP induction in the CA1 region [8]. Acute intraperitoneal
administration of capsaicin improved cognitive performance in passive avoidance learning
tasks [38]. TRPV1 antagonists did not affect the LTP or LTD itself but could reverse the
effects of TRPV1 agonists [9,34]. Nevertheless, TRPV1 knockout mice showed reduced
anxiety-like behavior and response to fear [14,39]. The same effect was observed after injec-
tion of TRPV1 antagonist in the medial prefrontal cortex of rats [11]. Antagonist of TRPV1,
AMG9810, also showed antidepressant effects on mice [40]. Molecular mechanisms of
anxiolytic activity of TRPV1 modulators could involve regulation of synaptic transmission
and plasticity based on effects on pre-synaptic LTD, post-synaptic LTP, and regulation of
activation of GABA-ergic synapses [3].

Our data indicates that APHC3 and AMG517 could bind to both pre- and postsynaptic
terminals of the synapse that corresponds to the TRPV1 channel expression profile. We
found that AMG517, a potent antagonist of TRPV1, did not produce a significant effect
on CA3-CA1 LTP, which corresponds well with data on other all-mode TRPV1 antago-
nists (Figures 1 and 7). Nevertheless, AMG517 partially facilitated PPR in the CA3-CA1
hippocampal region. Changes in the paired-pulse ratio most often indicate that synaptic
plasticity results from a change in neurotransmitter release [41]. Apparently, TRPV1 block-
ing leads to incomplete removal of Ca2+ ions from the synapse in the time between the
first and second stimuli, and as a consequence, greater messenger concentration during
the second pulse [42]. However, the paired-pulse facilitation via TRPV1 blockade occurred
at certain timepoints, which indicates the pathway complexity. The functional TRPV1
channels are present on excitatory CA3 and CA1 pyramidal cell bodies as well as on some
inhibitory interneurons (IN) of the CA1 region [9]. Thereby measured field postsynaptic po-
tentials had a multisynaptic nature—excitation from CA3 pyramidal cells spread directly as
well as via interneurons (disynaptic mode) to CA1 cells [43,44]. Moreover, disynaptic mode
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is a complex process involving excitatory and inhibitory components, the ratio of which
changes over time [44]. Therefore, TRPV1 inhibition in hippocampal cells leads to synaptic
plasticity through fluctuations in calcium concentration and following neurotransmitter
release of multisynaptic pathway CA1← CA3→ IN→ CA1. The further experiments will
help to clarify these molecular mechanisms.

Figure 7. Differential synaptic modulation by the TRPV1 modulator APHC3 and the antagonist
AMG517. APHC3 exhibits context-dependent activity (lines with points): it predominantly inhibits
TRPV1 (blue blocks) but can potentiate channel currents under conditions of weak activation (pink
blocks). In hippocampal slice preparations, APHC3 produced a biphasic concentration-response:
low concentrations (left arrow and solid lines) facilitated long-term potentiation (LTP) and increased
paired-pulse facilitation (PPF), while high concentrations (right arrow and solid lines) abolished
LTP and PPF. In contrast, the small-molecule TRPV1 antagonist AMG517 (dashed lines) consistently
suppressed LTP and increased PPF, aligning with reported effects of channel blockade. The divergent
effects of APHC3 may arise from distinct actions at pre- versus postsynaptic terminals or from
temporally dynamic modulation of calcium dynamics within the synaptic cleft.

Interestingly, TRPV1 activation enhances vesicle recycling and neurotransmitter re-
lease, followed by postsynaptic action potential firing [45,46]. TRPV1 agonists can decrease
excitatory transmission from CA3 onto IN, which innervate and inhibit CA1 pyramidal
cells [9]. Moreover, TRPV1 activation enhances LTP through the GABA-ergic interneuron
inputs, showing that TRPV1 agonist-mediated LTP enhancement appears most likely be-
cause of pyramidal cell disinhibition via feedforward interneurons [47]. In other words,
LTP induction by TRPV1-agonists goes through the CA3→ IN→ CA1 pathway.

Peptide APHC3 significantly enhanced LTP at concentrations of 30 and 300 nM but
showed no effect at 900 nM. Facilitation of LTP could result from the ability of APHC3 to
potentiate weak stimulation of TRPV1, thus mimicking agonist action, while robust channel
activation would be blocked. Our data demonstrated that at low concentrations APHC3
increased TRPV1 activation, inducing LTP. However, the rise in peptides’ concentration
potentially enhanced neurons depolarization and TRPV1 activation to a critical value at
which the peptide mode of action changed to inhibition and no LTP was observed. The PPR
after APHC3 application changed only for the lowest used concentration, which highlights
the similarity to the AMG517 mechanism of short-term plasticity modulation. Interestingly,
previous studies of LTP and PPF relationships showed that LTP can be associated with PPF
decrease, or the paired-pulse ratio did not change significantly [48]. Therefore, molecular
mechanisms underlying the influence of APHC3 on LTP and PPF represent contradictory
modes of action, which could be explained by diverse effects of peptide on presynaptic and
postsynaptic terminals, namely blocking or potentiating, respectively, depending on the
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degree of channel activation. Moreover, the direct CA3→ CA1 pathway could be involved
in the PPF increase after application of 30 nM peptide, which requires further studies.

Since the action on the CNS of AMG517 and APHC3 was significant, we tested the
anxiolytic effect of these compounds. Anxiety is a multimodal phenomenon caused by
various factors with different etiologies, including stressful stimuli, hormonal changes,
genetic predispositions, and chronic diseases. These factors initiate stress responses that
can lead to various pathological changes in the body [49,50]. The anxiety state can be
modeled by a single application of the stress factor for a short period of time. In some cases,
the testing environments themselves can act as a stressor [51]. For example, the elevated
plus maze is used to study anxiety in rodents based on their instinctive preference for dark
burrows and fear of open spaces and heights [52,53]. In the light/dark chamber test, the
stressor is the avoidance of brightly lit areas by animals [54].

The anxiolytic pharmacology of TRPV1 antagonists is well-established, with efficacy
shown following systemic (e.g., capsazepine; [15]) and targeted intracerebral administra-
tion to limbic structures including the hippocampus, periaqueductal gray, and prefrontal
cortex [11,55–57]. Importantly, this literature provides precedent for the non-linear, “in-
verse U-shaped” dose–response curve observed in a study by Aguiar et al. (2009) [16].
Microinjection of capsazepine into the rat prefrontal cortex produced maximal anxiolysis
at an intermediate dose (10 nmol/0.2 µL), with significantly reduced efficacy at a higher
dose (60 nmol/0.2 µL) [16]. This pattern suggests that optimal TRPV1 antagonism for anxi-
olytic effect may occur within a specific therapeutic window, beyond which compensatory
mechanisms or off-target effects may attenuate the behavioral response.

AMG517 is a low-molecular-weight (Mw ~430 Da) compound that could pass the
blood–brain barrier; therefore, we administered it intramuscularly. APHC3 is the peptide
(Mw ~6111 Da), and we used intranasal administration to introduce it to the CNS and
intramuscular injection to restrict peptide action only to the peripheral nervous system.
Intranasal delivery of large peptides to the CNS is indeed inefficient, but it represents
the only non-invasive, clinically feasible route for peptides to directly target the brain.
The absolute CNS bioavailability for intranasally administered peptides is typically low
(<1% of the dose), with a variable fraction also reaching the systemic circulation [58].
Our study aimed to explore this practical route. APHC3 at 0.01 mg/kg significantly
increases the number of interactions with open areas and time spent in open areas in the
elevated plus maze and time spent in the open chamber in the dark/light chamber test. A
decrease or increase in the APHC3 dose led to the disappearance of the effect. This result
demonstrates a non-monotonic (“inverse U-shaped”) dose–response relationship, which
is not consistent with a simple model of limited CNS penetration causing the weak effect.
The observation of anxiolytic activity at the lower i.n. dose (0.01 mg/kg) is consistent
with direct peptide delivery to the brain. However, a higher i.n. doses (0.1 and 1 mg/kg),
intended to increase CNS exposure, abolished the anxiolytic effect—mirroring the biphasic
pattern seen in electrophysiological assays (PPR and LTP). This non-monotonic response
argues against a simple pharmacokinetic failure (i.e., insufficient CNS delivery) and instead
points to a specific pharmacodynamic interaction within the CNS, where efficacy is lost at
higher concentrations.

Intramuscular injection of AMG517 (1 mg/kg) and APHC3 (0.01 and 1 mg/kg)
produced a significant anxiolytic effect equal to the reference drug, Fabomotizole (Fab)
(Figures 4 and 6). Unexpectedly, the APHC3 at a dose of 0.1 mg/kg showed no anxiolytic
effect in both models. It is interesting that this dose of APHC3 was found to be optimal
to produce maximal analgesic and anti-inflammatory effects in previous studies [24,26].
Moreover, APHC3 at 0.1 mg/kg reduced core body temperature (rectal measuring) [24]
that could also affect behavioral output. The hypothermic effect of APHC3 was found to
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be non-significant at doses of 0.5 mg/kg and 0.01 mg/kg [24]. As was shown previously,
AMG517 can inhibit TRPV1, stably increase body temperature, transiently increase the
energy metabolism of the whole body and reduce corticosterone level [18,59,60], and in
our experiments it showed significant anxiolytic activity. APHC3 is a 56-residue pep-
tide (~6.1 kDa). Peptides of this size are generally excluded from the CNS by the intact
blood–brain barrier (BBB) following systemic (intramuscular or intravenous) administra-
tion. Therefore, the robust anxiolytic effect observed after intramuscular injection strongly
suggests a mechanism initiated outside the CNS. The non-monotonic response might sug-
gest complex pharmacodynamic interactions or TRPV1 channel desensitization, but the
underlying mechanism remains unclear. Due to technical limitations in assessing peptide
concentrations at low doses and the inability to monitor core temperature during behavioral
testing, we cannot definitively distinguish between metabolic saturation, thermoregulatory
confounds, or specific TRPV1 channel kinetics. Further studies are required to resolve this
dose–response complexity.

“Bell-shaped” or “inverse U” dose response is a well-known phenomenon when a
higher dose of ligand can change receptor representativity on membranes or other targets
could be affected [61–64]. The unstable effect of APHC3 in field postsynaptic potential
experiments and after intranasal administration could be the result of the involvement of
TRPV1 in multisynaptic pathways comprising excitatory and inhibitory components [44,47]
and the ability of APHC3 both to potentiate weak activation and inhibit high-intensity
stimulation of TRPV1 [23]

The difference between the effects of intranasal and intramuscular administration of
APHC3 compared to AMG517 takes significant attention. The results raise the question
of whether behavioral changes in animals are mediated by direct effects on the CNS or by
indirect central projections from primary afferent neurons.

Afferent signaling plays a significant role in CNS functioning (Figure 8). For exam-
ple, a population of sensory neurons expressing the G protein-coupled receptor Mrgprb4
detects mechanical stimulation in mice. Activation of these neurons is required for sex-
ual receptivity and sufficient to induce dopamine release in the brain [65]. Furthermore,
peripheral pain, especially neuropathic, can initiate a cascade of events that affect brain
function [66–68]. Neuropathic pain models demonstrated significant changes in the hip-
pocampus of experimental animals, including impaired LTP, biochemical changes, and
impaired hippocampus-dependent functions [66–68]. On the other hand, stressful condi-
tions activate a cascade of stress hormones that produce physiological changes. Moreover,
glucocorticoids (GCs), could enhance pain-like behaviors [69], while other data show that
stress exacerbates neuropathic pain [70,71]. This mechanism is unclear, but there is some
evidence that dendritic spine structural changes (increased density of mature spines, in-
creased neuronal excitability, and a redistribution of spines) occur in the spinal cord and in
higher brain regions, including the hippocampus, after neuropathic pain [72]. However,
cortical layer 5 neurons tend to lose dendritic spines after loss of input, which occurs, for
example, after thoracic spinal transection [73]. In this way, a decrease in the excitability
of the spinal cord reduces the number of excitatory signals entering the brain prevent-
ing an increase in neuronal activity, Arc protein accumulation, LTD induction and other
biochemical changes.

Therefore, there is a direct link between afferent input signals and CNS functions.
A significant number of primary afferent neurons abundantly express TRPV1 channels.
Modulators of TRPV1 channels affect terminals of these neurons and produce the second-
order neuronal central projections in the spinal cord and medulla, which ultimately reach
most levels of the CNS [31]. Both AMG517 and APHC3 significantly reduced the response
of animals to heat and other stimuli affecting the TRPV1-mediated pathway [20,24,26].
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Therefore, we can suggest that inhibition of TRPV1 in the PNS by AMG517 or APHC3
could change primary afferent signaling and modulate the response of mice to acute
stress. Evidently, intramuscular administration of peptide APHC3 and AMG517 produced
the significant anxiolytic effect equal to reference drug Fab. Most probably, the effect of
APHC3 after intramuscular administration was mediated by the action on afferent neurons
(Figure 8). Intranasal administration of peptide had moderate effectiveness only in a
certain dose. We consider that the reduced efficacy of the intranasal dose administration
compared to intramuscular is not an artifact of poor CNS bioavailability, but rather a
distinct pharmacodynamic profile. The biphasic response suggests that optimal anxiolytic
effect via the intranasal route occurs within a narrow concentration window.

Figure 8. Pathway linking stress, pain, and anxiety with the peripheral TRPV1 blockade. Stress and
pain (peripheral or neuropathic) initiate different pathological signal pathways. Stress hormones
can directly exacerbate pain sensitization and neuropathic states. Conversely, chronic pain signaling
drives central adaptations—including increased neuronal excitability, synaptic remodeling, and
impaired hippocampal long-term potentiation (LTP)—that can lead to anxiety-like behavior. We
propose that blocking peripheral TRPV1 channels with APHC3 or AMG517 reduces nociceptive drive
to the spinal cord. This decrease in excitatory signaling mitigates central maladaptive changes in
the CNS (e.g., prevents aberrant LTD), thereby restoring normal synaptic function (LTP/PPF) and
reducing anxiety.

It is important to note that conclusions regarding the main site of action for APHC3
were inferred from the route of administration and the known properties of the blood–brain
barrier rather than direct quantification of the peptide in brain tissue. Additionally, the
mechanistic basis for the observed ‘inverse U-shaped’ dose–response curve requires fur-
ther investigation using sensitive pharmacokinetic assays and integrated physiological
monitoring. The molecular size of APHC3 (~6.1 kDa) suggests restricted entry across the
blood–brain barrier following systemic administration, and our results are consistent with
a potential role for peripheral TRPV1 modulation in driving anxiolysis. However, in the
absence of direct brain pharmacokinetic data after i.m. administration or comparative
intracerebroventricular administration, a central contribution following intramuscular
injection cannot be entirely ruled out.

In this study we found that APHC3, a peptide modulator of TRPV1, can enhance
LTP of the CA3-CA1 region at concentrations of 30 and 300 nM, when AMG517, a potent
inhibitor of TRPV1, had no effect. Both compounds were able to enhance PPR at certain
time intervals. APHC3 and AMG517 produced a significant anxiolytic effect on mice in
acute stress models equal to the reference anxiolytic drug Fabomotizole. Peptide APHC3,
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both after i.m. and i.n. administration, exhibits a distinct and potentially biphasic anxiolytic
efficacy profile. Our data suggest that the anxiolytic effect of TRPV1 antagonists can engage
TRPV1-mediated pathways via both the peripheral nervous system and the CNS.

4. Materials and Methods
4.1. Drugs

APHC3 was produced as described previously [74]. Fabomotizole was purchased
from Sigma-Aldrich (Moscow, Russia) and AMG517 from Tocris Bioscience (Bristol, UK).

4.2. Animals

Three- to four-month-old male mice C57BL/6 were used in the LTP/PPR experiments.
Experiments on acute stress were performed on 8–10-week-old male ICR mice (Animal
Breeding Facility Branch of Shemyakin–Ovchinnikov Institute of Bioorganic Chemistry,
Russian Academy of Sciences, Pushchino, Russia) weighing 20–30 g. Animals were housed
at room temperature (23 ± 2 ◦C) in a 12 h light–dark cycle with ad libitum access to food
and water.

4.3. Slice Preparation

The mice were anesthetized with isoflurane (1-chloro-2,2,2-trifluoroethyl-difluoromethyl
ether) before decapitation. Then the brain was removed from the skull and cut into 350 µm
sagittal slices in a slicing solution (125 mM NaCl, 20 mM glucose, 1.25 mM NaH2PO4,
2.3 mM KCl, 2.5 mM NaHCO3, 0.8 mM CaCl2, 8 mM MgCl2) with a vibrating microtome
(Microm HM 650V; Thermo Fisher Scientific, Waltham, MA, USA). The extended recovery
and ionic equilibration of slices were performed by incubation in ACSF solution (Artificial
CerebroSpinal Fluid—125 mM NaCl, 20 mM glucose, 1.25 mM NaH2PO4, 2.3 mM KCl, 2.5 mM
NaHCO3, 2 mM CaCl2, 1 mM MgCl2) for 30 min at 30 ◦C, followed by 1 h incubation at
room temperature. Afterward the slice was placed in an immersion chamber with continuous
superfusion (1–3 mL/min) of ACSF. The experiments were carried out at 32 ◦C. All solutions
were saturated with carbogen (95% O2 and 5% CO2) and had an osmolarity and pH of
295 ± 5 mOsm and 7.4, respectively.

4.4. Field Potential Recordings

The field excitatory postsynaptic potentials (fEPSPs) were recorded in the striatum
radiatum of the hippocampal CA1 area with glass micropipettes filled with ACSF (Huang
et al., 2015) [75]. The stimulation electrode was applied to the hippocampal CA3-CA1
area, and stimulation strength was adjusted to half-maximal stimulus intensity when the
amplitude of fEPSP was 40–50% of the amplitude where the population spike appeared
for the first time. The strength of stimulation was constant during the experiment, usually
being 50–150 µA. Short-term synaptic plasticity (the synapse release probability) was
studied during the paired stimulation with the following comparison of the ratios of fEPSPs
amplitudes. The LTP induction could be started only if the baseline fEPSPs were stable for
15 min. The high-frequency stimulation (HFS, three times 20 pulses at 100 Hz, with a 20 s
interval between bursts) was applied to induce LTP. The fEPSPs were recorded after the
induction protocol during 60 min. Plasticity value was calculated as a ratio of averaged
potentiated fEPSP amplitude (recorded 50–60 min after the HFS) to averaged baseline fEPSP
amplitude. The inverse value of the synapse release probability (PPR, paired-pulse ratio)
was calculated as the amplitude ratio of the second to first fEPSP. Field potential recordings
data were studied with WinWCP v5.8.3. (Strathclyde Electrophysiology Software, Glasgow,
Scotland) and Clampfit v11.3 (Axon Instruments Inc.; Union City, CA, USA). Statistical
analysis was processed with Origin 2021b (OriginLab Corp., Northampton, MA, USA). All
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data are presented as the mean ± SD. The reliability of differences between groups was
verified by Student’s t-test; p ≤ 0.05 was considered significant, and n corresponds to the
number of animals in each set of experiments. To reduce the number of animals, slices
obtained from one animal were used across different concentrations of the same compound
in this project.

4.5. Assessment of Stress Condition

Before the study, the animals were divided into groups based on the route of ad-
ministration and doses. For intramuscular administration, the animals were divided into
six groups of 16 animals each. Animals from group 1 were administered saline. Animals
from groups 2–4 received the APHC3 peptide at doses of 0.01 mg/kg, 0.1 mg/kg, and
1 mg/kg, respectively. The doses for the peptide were selected based on previously pub-
lished studies on analgesic and anti-inflammatory activity [24,26]. Groups 5 and 6 were
administered the comparison drugs Fabomotizole (2.4 mg/kg) and AMG517 (1 mg/kg).
For intranasal administration, they were also divided into six groups of 16 animals each.
A dose of 0.005 mg/kg for APHC3 was added, and the AMG517 group was excluded. In
each group, eight animals were subjected to the elevated plus maze test, and the other eight
were used in the light/dark chamber test. All functional tests were conducted 30 min after
substance administration.

4.5.1. Elevated Plus Maze Test

The elevated plus maze test is based on rodents’ instinctive preference for dark bur-
rows, their natural fear of open spaces, and the possibility of falling from heights. Anxiety
indicators recorded for 5 min in the elevated plus maze included the number of exits and
the duration of stay in open arms, as well as the ratio of time and number of exits into open
and closed arms.

4.5.2. The Light/Dark Chamber Test

The light/dark chamber test of the TSE Multiconditioning System (TSE Systems, Berlin,
Germany) also exploits rodents’ natural tendency to avoid brightly lit areas. Animals were
placed in the brightly lit compartment of a two-chamber light/dark chamber, and the
number of transitions between the light and dark compartments and the duration of stay
in the light and dark compartments were recorded over a 5 min period.

4.5.3. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6.0 for Windows (GraphPad
Software, La Jolla, CA, USA). Data shown as mean± SD. The normality of data distribution
was determined by the Shapiro–Wilk and Kolmogorov–Smirnov tests. The significance of
the data was determined by analysis of variance (one-way ANOVA) followed by Dunnett’s
test as a post hoc test.
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