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Abstract

Stress is an overwhelming problem associated with neuronal damage leading to anxiety and depression. The compound 3,
4, 5-trimethoxycinnamic acid (TMCA) has shown anti-stress effects; however, its derivatives remained unknown for their
anxiolytic properties. Here, therefore, we investigated derivatives of TMCA (dTMCA) for their anxiolytic effects using
immobilization and electric shock-induced stress in rats. Derivatives of TMCA ameliorated anxiety in mice and rats revealed
by extended period of time spent in the open arms of elevated plus maze. Stress-mediated repression of tyrosine hydroxylase
(TH) protein expression in the amygdala regions of rat brain and dopamine levels in the PC12 cells was restored by two
selected derivatives (TMCA#5 and TMCA#9). Unlike TH expression, stress-induced protein expression of phospho-extracel-
lular signal-regulated kinase (pERK) was unaffected by both derivatives in rats. Given the preferential inhibitory activity of
dTMCA on dopamine and serotonin receptors, serotonergic road map of cellular signaling could be their target for anxiolytic
effects. Thus, dTMCA would be promising agents to prevent neuronal damage associated with rampant stressful conditions.
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Introduction extensively and accepted widely for studying physical and
psychological alterations during stress.
Stress is the major causative factor for abnormal behaviors Stress is associated with an increase in tyrosine hydroxy-

such as anger, anxiety, and depression. Many stress models  lase expression in neurons of ventral tegmental area (VTA)
exist in experimental animals, among which immobilization ~ and amygdala regions of the brain as a mechanism of adap-
[1] and electric shock stress [2] are most commonly used  tation. Tyrosine hydroxylase (TH) is considered to be the
and easy to implement. Immobilization stress has been used  rate-limiting enzyme in the biosynthesis of catecholamine at
central and peripheral nervous system [2]. Studies indicated
that TH activity in the brain and adrenal gland was modu-
lated during immobilization and electroconvulsive shock
Eunchong Hong, Hyun Kyu Min, Heena Lim, and Sun Mi Gu stressors [2]. Etievant et al. reported that forced swim test
contributed equally to this work. showed marked reduction in TH activity in the brain [3].
Given the detailed knowledge of catecholamine signaling
pathways in the brain, many investigators have examined the
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in an attempt to understand the function of catecholamine
L' College of Pharmacy, Chungbuk National University, systems in the central nervous system [4].
Cheongju-si, Chungbuk 28160, Korea Mitogen-activated protein kinase (MAPK) pathway is
2 Department of Molecular Medicine, School of Medicine, an intracellular signaling cascade implicated in learning,
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electric shock stress. Shen et al. demonstrated that restraint
stress activates ERK-MAPK pathway [6] thereby ERK1/2
phosphorylation has been hypothesized as an intracellular
signaling mechanism that mediate antidepressant efficacy;
however, evidences were largely limited to studies in naive
rodents or in vitro models [7] in spite of few reports obtained
from postmortem studies in depressed suicide subjects [8].
It is also uncertain whether ERK1/2 is involved in reversing
depression during antidepressant therapy or its phosphoryla-
tion is uniformly regulated in cortico-limbic circuits [9].

Studies so far have begun to identify key molecules
from natural products to develop therapeutic agents against
stress-related diseases [2]. 3, 4, 5-trimethoxycinnamic acid
(TMCA) is one of the constituents of Onji (roots of Polygala
tenuifolia), an important herb used in oriental medicine for
sedative and anxiolytic effects [1]. The anxiolytic effects
of TMCA have been mediated through serotonin (5-HT)
subtype 1A receptor (5-HT,,) and gamma-aminobutyric
acid type A (GABA ) receptors [10] thereby exploring the
crucial role of serotonergic signaling in stress-related con-
ditions [11]. In stressed mice, TMCA augmented restora-
tion of repressed nuclear receptor related-1 (Nurrl) protein
expression [2], which is closely linked with the development
of dopaminergic neuron in the midbrain. Previously, we syn-
thesized and evaluated derivatives of TMCA (dTMCA) for
anti-narcotic actions [12]. However, their therapeutic poten-
tial under stressful conditions remained unknown. Amygdala
is associated with anxiety-like behavior induced by restraint
stress [13]. TH and phosphorylated ERK (pERK) may play a
role in amygdala of corticosterone treated rats [14]. We have
been reported that TMCA regulates stress-induced anxiety
and has an agonistic activity on 5-HT, 4 [2, 15]. Therefore,
we aimed to study the effects of - TMCA on anxiety induced
by stress. Furthermore, we tested whether - TMCA regulates
TH and pERK expression in amygdala in stressed rats.

Materials and Methods
Animals

C57BL/6 (male, 20-22 g) at 8 weeks old and Sprague-Dawley
rats (SD rats; male, 260-280 g) at 7 weeks old were obtained
from Daehan Biolink (Eumsung, Korea). All rodents were
kept on 12 h light-dark cycle at a constant temperature of 24
+ 3 °C in animal facility room. The rodents were housed in
plastic cages, fed on rodent chow, provided water ad libitum,
and allowed to adapt the new environment for 1 week before
the experiment. The study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health.
All experiments based on the guidelines approved by the Ani-
mal Care and Committee of Ewha Womans University and
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Chungbuk National University (CBNUA-436-12-02). The
schedule of animal experiments and information on experi-
ments group is described in Fig. S1.

Chemicals

8-Hydroxy-2-(di-n-propylamino) tetralin hydro-bromide
(8-OH-DPAT), haloperidol, clozapine, apomorphine hydro-
chloride, R(+)-8-OH DPAT hydrobromide, and WAY-
100635 were obtained from Sigma (Sigma Aldrich, St.
Louis, USA); Radioligands, [*H]Spiperone, [’H]YM-09151-
2, [’H]Ketanserin, and [P’H]LSD were purchased from Perki-
nElmer (PerkinElmer Life and Analytical Sciences, Boston,
USA); [’H]8-OH DPAT and [°H]Mersulergin were obtained
from Amersham Biosciences (Buckinghamshire, UK);
cloned human D2L, D, ,, 5-HT subtype 6 receptor (5-HTj),
5-HT subtype 7 receptor (5-HT,), and rat D; receptors were
obtained from PerkinElmer; human 5-HT,,, 5-HT sub-
type 2A receptor (5-HT,,), and 5-HT subtype 2C receptor
(5-HT,) were purchased from Euroscreen (Brussels, Bel-
gium); cloned human D3 receptor membranes were obtained
from Korea Research Institute of Chemical Technology.

Derivatives of 3, 4, 5-Trimethoxycinnamic Acid

dTMCA was supplied from Department of Chemistry,
Yonsei University in Korea and synthesized as previously
described [12]. Briefly, a stirred solution (1.0 g, 4.2 mmol)
of TMCA in dry dichloromethane (30 mL) was added to
a mixture of 1-ethyl (dimethylaminopropyl) carbodiimide
(EDCI, 0.97 g, 5.0 mmol), 1-hydroxybenzotriazole (HOBt,
0.68 g, 5.0 mmol), and triethylamine (TEA, 0.70 mL, 5.0
mmol) and then the reaction mixture was stirred at room
temperature for 30 min. Several amines were then added into
the reaction mixture and the resulting mixture was stirred at
room temperature for 24 h. The reaction mixture was washed
with brine (20 mL) and water (20 mL). The organic layer
was separated, dried over anhydrous MgSO,, filtered, and
the solvent was removed under reduced pressure. The resi-
due was purified by flash column chromatography (silica gel,
ethyl acetate/hexanes = 2:1, v/v) and chemical structures
(Fig. 1) were determined by NMR spectroscopy. d-TMCA
was dissolved in DMSO and diluted with chromophore in
10%. According to our previous report, 8-OH-DPAT and
dTMCA show similar cellular response, such as pERK 1/2
elevation in cortical neuronal cells [12]. Therefore, we sug-
gested that dTMCA has an agonistic activity on 5-HT) 4.

Measurement of Binding Affinity on Receptors
and Transporter

The binding affinity of TMCA and dTMCA on receptors and
transporter was measured as described previously [12, 15,
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Fig. 1 Structure of TMCA and dTMCA. a 3.,4,5-Trimeth-
oxycinnamic acid (TMCA). b 1-Pyrrolidin-1-yl-3-(3,4,5-tri-
methoxy-phenyl)-propenone  (dTMCA#1). ¢ 1-Morpholin-
4-yl-3-(3,4,5-trimethoxy-phenyl)-propenone ~ (dTMCA#2). d
N-Allyl-3-(3,4,5-trimethoxy-phenyl)-acrylamide (dTMCA#3).
e N-Furan-2-ylmethyl-3-(3,4,5-trimethoxy-phenyl)-acrylamide
(dTMCA#4). f N-Decyl-3-(3,4,5-trimethoxy-phenyl)-acrylamide
(dTMCA#5). g  1-(4-Benzyl-piperidin-1-yl)-3-(3.,4,5-trimeth-

16]. In brief, aliquots of frozen membrane from target recep-
tors and transporter expressed CHO-K1 cell line (Perki-
nElmer Life and Analytical Sciences, Waltham, MA, USA),
radioisotope labeled ligands, such as [*H]8-OH-DPAT
(PerkinElmer), and appropriate concentrations of TMCA
and dTMCA were added to reaction buffer. Reaction mix-
tures were filtered and radioactivity retained in the filter was
counted using MicroBeta Plus (Wallac, Finland). The bind-
ing affinity (ICs,) of TMCA and dTMCA was calculated by
non-linear regression analysis (GraphPad Prism Program,
San Diego, CA, USA).

Immobilization Stress and Electric Shock

For immobilization stress and electric shock, the head
of individual mice was inserted into well ventilated 50
ml conical tubes with a small hole on the tube without
forward or backward movement, and then they received
inescapable 2 mA electric shocks from a 300-volt
shock source. Experiments were started 1 h after drug

oxy-phenyl)-propenone  (dTMCA#6). h  N-(Tetrahdro-furan-
2-ylmethyl)-3-(3,4,5-trimethoxy-phenyl)-acrylamide (dTMCA#7).
i N-(4-Ethyl-phenyl)-3-(3,4,5-trimethoxy-phenyl)-acrylamide
(dTMCA#8). j N-Methyl-3-(3,4,5-trimethoxy-phenyl)-acrylamide
(dTMCA#9). k  1-[4-(3,5-Dimethoxy-phenyl)-piperazin-1-yl]-
3-(3,4,5-trimethoxy-phenyl)-propenone (dTMCA#10). dTMCA,
derivatives of TMCA

administration and each stimulation lasted 0.1 s, with an
inter-shock interval of 9.9 s for 2 min. This procedure
was repeated for 7 consecutive days. Acute immobili-
zation stress was performed in mice using 50 ml coni-
cal tubes with a small hole on the tube without forward
or backward movement. They were immobilized for 6
h in the animal homeroom in 1 day. And EPM experi-
ment was started immediately after immobilization. For
rats, immobilization stress was performed using a plas-
tic rodent restrainer (Decapi-cone, Braintree, MA, USA)
that fits with rats and they were immobilized for 2 h in
the animal homeroom each day for 7 days. Next, rats
received uncontrollable 5 mA electric shocks with 300-
volt source delivered to the grid floor by a constant cur-
rent shocker with cycle timer. Experiments were started
1 h after drug administration and stimulation elapsed
1 s with an inter-shock interval of 19 s for 5 min. The
control group was placed in their original cages undis-
turbed in the same experimental room. This procedure
was repeated for 7 consecutive days. A TMCA (5 mg/kg)
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or 8-OH-DPAT (DPAT, 0.1 mg/kg) was administered to
animal intraperitoneally 1 h before immobilization stress
for 7 consecutive days.

Anxiety Measurement on EPM

The elevated plus maze (EPM) test is a suitable rodent
model of anxiety used extensively to discover novel anxio-
lytic agents and investigate psychological and neurochemi-
cal basis of anxiety [17]. The EPM was made of black
plexiglass with an elevation of 50 cm from the floor. The
apparatus consists of four arms (mouse: 40 X 8 cm, rat:
50 x 10 cm) positioned at right angles to each other. The
two walls of the arms are 20 cm in height (closed arms)
whereas the other arms are without walls (open arms).
The illumination at the center was adjusted to 50 lux. Each
animal was initially placed on the central platform and
allowed to explore the arms for 5 min for mice and for
10 min for rats. The time of entry in the open areas was
recorded. A home video system was used to track mice
and rats and measured the amount of time spent stationary.
Animals were sacrificed 3 h after the EPM test [14]. After
decapitation, the brain was taken out from the skull and
amygdala were isolated.

Western Blotting Analysis

Amygdala tissues were homogenized with homogeniza-
tion buffer (0.25 M sucrose, 10 mM Tris-cl pH 7.4, 0.5
mM EDTA, 1 mM PMSF, 1 mM Na;Vo,) and centri-
fuged twice at 13,500 rpm for 15 min at 4 °C. Protein
concentrations were determined using the protein assay
kit (PIERCE Biotechnology, Inc, Rockford, IL). 4X sam-
ple buffer was added to protein and boiled for 4 min at
100 °C. Equal amount of proteins were separated by 10%
polyacrylamide gels and they were electrophoretically
transferred to polyvinylidene fluoride (PVDF) mem-
branes. Transfer blots were blocked in 3% skim milk
in TBS-Tween 0.1% for 1 h and incubated with anti-
bodies specific to total ERK1/2 and pERK1/2 (ERK1/2,
1:1000; pERK1/2, 1:2000; Santa Cruz Biotechnology,
CA, USA), TH (1:1000; Santa Cruz Biotechnology,
CA, USA), TH (1:1000; abcam, MA, USA), GAPDH
(1:5000; Cell Signaling Technology, Danvers, USA), and
GAPDH (1:1000; Lab frontier, Seoul, Korea) at 4 °C
overnight. Blots were washed three times for 30 min in
0.1% TBST, and incubated with an appropriate horserad-
ish peroxidase-conjugated secondary antibody (Zymed
Laboratiories, South San Francisco, USA). Bound anti-
bodies were visualized following chemiluminescence
detection (Amersham Pharmacia Biotechnology, CA,
USA). Scion Image was used for analysis of immunob-
lot intensity.
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PC12 Cells Culture

PC12 cells, the pheochromocytoma of rat adrenal medulla,
were purchased from ATCC (Manassas, VA, USA). The
cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 cell culture media supplemented with horse
serum (10%, Gibco, MA, USA), fetal bovine serum (FBS;
10%, Gibco, Carlsbad, CA, USA), and antibiotic-antimy-
cotic (1%, Gibco, Waltham, MA, USA), and maintained in
a humidified incubator at 37 °C and 5% CO,. The number
of seeded cells was 3x10° cells per well in poly-L-lysine
coated 6 well plates at passage number 6. The seeded cells
were treated with either 2 pM drugs (dTMCA #5 or _STMCA
#9) or 200 ng/mL corticosterone or both. The dose of cor-
ticosterone was chosen according to a previous study [18].
The cells were harvested after 2 h.

Dopamine Measurement

The harvested cells were sonicated with perchloric acid (0.1
M) and centrifuged at 12,000 RPM for 15 min at 4 °C. The
supernatants were filtered with 0.22 pym PVDF syringe filter
(Chromdisc, Hwaseong-si, Gyeonggi-do, Korea). The fil-
tered samples were injected 20 pL into the HPLC system
(Shiseido, Tokyo, Japan). The C-18 ODS column (EiCOM-
PAK SC-50DS, 2.1 ® x 150 mm, EiCOM, Tokyo, Japan)
was used as the HPLC column, and the samples mobile
phase [17% methanol, 190 mg/L sodium 1-octanesulfonate
(SOS), 5 mg/L EDTA-2Na in 0.1 M acetic acid-citric acid
buffer (pH 3.5)] at a flow rate of 0.23 mL/min.

Statistical Analysis

The data were expressed as mean + standard error (S.E.).
The normal distributions of the residuals were tested using
the Shapiro—Wilk test, and data were analyzed with one-
way analysis of variance (ANOVA) followed by Holm—Sidak
post hoc t-test using SigmaPlot 12 software (Systat Soft-
ware, San Jose, CA, USA).

Results

dTMCA#5 Had Highly Inhibitory Activities
on Dopamine and Serotonin Receptor and Serotonin
Transporter

The inhibitory activities of TMCA and dTMCA on dopa-
mine and serotonin receptor and serotonin transporter are
shown in Tables 1 and 2. Among the drugs, - TMCA#5 had
the highest inhibitory activity on both receptor or dopamine
and serotonin and serotonin transporter as evidenced by
binding affinity test results.
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Table 1 Inhibitory activity
of dTMCA on dopamine and
serotonin receptors

Table 2 Binding affinities of
dTMCA on dopamine and
serotonin receptor

Compound % Inhibition at 10 pM

D4 D3 D2  5HT, 5HT, 5HT, 5HT, SHT;, 5HTqu
dTMCA#1 248 28.6 425 738 34.7 21.6 26.1 20.5 0.0
dTMCA#2 369 9.5 48.0 534 26.3 43.3 18.6 7.8 0.0
dTMCA#3 379 00 240 574 9.0 17.0 10.6 1.0 0.0
dTMCA#4 492 0.0 28.6  60.6 18.9 10.9 17.5 154 11.4
dTMCA#5 61.0 0.0 377 69.0 54.2 64.8 55.0 61.5 61.5
dTMCA#6 49.0 8.6 455 68.1 43.9 29.4 39.8 10.5 8.9
dTMCA#7 320 00 53.1 734 13.5 29.2 19.9 10.6 0.0
dTMCA#8 236 187 258 678 9.1 79.0 53.6 14.7 12.1
dTMCA#9 356 474 8.1 53.0 20.0 134 4.6 0.0 6.5
dTMCA#10 49.0 5.6 473 727 10.8 314 0.0 26.2 25.2
TMCA 320 350 170 510 25.0 65.0 27.0 14.0 11.0
TMCA, 3, 4, 5-trimethoxycinnamic acid. dTMCA, derivatives of TMCA
Compound Receptor binding affinity (ICsy, pM)

D4 D3 D2 5-HT;,  5-HT,, 5-HT,c 5-HTg  5-HT;  5-HTuporer
dTMCA#1 >10 >10 >10 1.3 >10 >10 >10 >10 >10
dTMCA#2 >10 >10 >10 85 >10 >10 >10 >10 >10
dTMCA#3 >10 >10 >10 59 >10 >10 >10 >10 >10
dTMCA#4 >10 >10 >10 45 >10 >10 >10 >10 >10
dTMCA#5 34 >10 >10 2.1 6.8 4.5 5.0 5.6 6.7
dTMCA#6 >10 >10 >10 2.0 >10 >10 >10 >10 >10
dTMCA#7 >10 >10 8.0 1.1 >10 >10 >10 >10 >10
dTMCA#8 >10 >10 >10 25 >10 1.5 8.8 >10 >10
dTMCA#9 >10 >10 >10 5.6 >10 >10 >10 >10 >10
dTMCA#10 >10 >10 >10 1.5 >10 >10 >10 >10 >10
TMCA >10 >10 >10 7.6 >10 2.5 >10 >10 >10

TMCA, 3, 4, 5-trimethoxycinnamic acid. dTMCA, derivatives of TMCA

TMCA Derivatives Ameliorated Stress-Induced
Anxiety in Mice and Rats

Previously, we determined the anxiolytic effects of TMCA
in mice [2]. Here, we evaluated if d-TMCA exhibits anti-
stress effects that could be measurable on reduced time and
frequency spent in the open arms of elevated plus maze
(EPM). We observed that mice spent less time in the open
arms when they get stressed by immobilization and electric
shock; however, this was improved by dTMCA at a dosage
of 5 mg/kg as it can be seen from the extended period of
time spent in the open arms of EPM [F(10,55) =3.372,p =
0.002 (Fig. 2)]. Next, we were also interested to determine
whether stressed rats show similar behavioral patterns like
that of mice when they are treated with d-TMCA. In this
case, TMCA#5 and TMCA#9 were randomly selected for
the experiment based on the observation that all - TMCA
portray similar patterns of stress relief in mice that were
staying longer in the open arms of EPM. We found that

stressed rats pretreated with TMCA#5 and TMCA#9 at 5
mg/kg showed an extended period of time spent in the open
arms of EPM and this was equated with unstressed groups
[F(3,20) = 7.388, p = 0.002 (Fig. 3a); F(10,55) = 10.438, p
< 0.001 (Fig. 3b)] and with rats that were treated with the
anti-depressant drug (8-OH-DPAT) used at a concentration
of 0.1 mg/kg [F(3,20) = 5.43, p = 0.007 (Fig. 3¢)].

Stress Mediated Downregulation of Tyrosine
Hydroxylase Protein Expression in the Amygdala
Was Restored During Pretreatment with dTMCA

Tyrosine hydroxylase is the rate-limiting enzyme for the bio-
synthesis of catecholamines and its expression is associated
with working memory and the response to chronic stress [19].
Here, our intention was to evaluate if acute stress reduced the
expression of TH in the amygdala of rats and whether this
reduction was restored by pretreatment with dTMCA. We
found that acute stress attenuated the expression of TH in the
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Fig.2 Inhibitory effects of dTMCA on stress-induced anxiety in
mice. Time in open arms was measured for 5 min by the elevated plus
maze test using mice stressed by immobilization and electric shock
for 7 consecutive days. The dTMCA was administrated at 5 mg/kg
to the mice before measurement of the time in open arms. Data are
expressed as mean + S.E. (n = 6) and were analyzed using one-way
ANOVA followed by Newman-Keul’s multiple comparison post hoc
t-test (*p < 0.05 vs. control group, “p < 0.05 vs. stress control group).
dTMCA, derivatives of TMCA

amygdala region of the brain; however, this was recovered
when rats get treated with TMCA#5 and TMCA#9 deriva-
tives at 5 mg/kg dosage [F(3,20) = 10.744, p < 0.001 (Fig. 4a);
F(3,20) = 9.656, p < 0.001 (Fig. 4b)]. It is well known that
stress modulates the expression of ERK [20]; hence, we evalu-
ated pERK protein expression in the amygdala region of the
brain from rats pretreated with - TMCA and then exposed to
stress. In our results, pPERK was not significantly changed
by stress, and there was also no appreciable change in pro-
tein expression by dTMCA#5 and dTMCA#9 pretreatment
(Fig. S2). Selective 5-HT, , agonist (§-OH-DPAT), hereaf-
ter named as DPAT, produced anxiolytic effects in rats [21].
Therefore, we used DPAT at 0.1 mg/kg for a mere reason
of comparing its effect with the effect of _ATMCA#5 and
dTMCA#9 on TH and pERK expression. DPAT restored stress
attenuated TH expression [F(3,20) = 7.903, p = 0.001 (Fig. 5)]
like that of dTMCA but pERK expression (Fig. S2) induced
by stress.

Stress Hormone-Induced Downregulation
of Dopamine Concentration in the PC12 Cells Was
Reversed by Pretreatment of d-TMCA

HPLC analysis showed that the dopamine concentration
of the PC12 cells was significantly decreased compared
to the control group when exposed to 200 ng/mL of cor-
ticosterone for 2 h. However, A TMCA#5 and dTMCA#9
significantly inhibited the decrease of dopamine con-
centrations induced by corticosterone in the PC12 cells
[F(5,30) = 6.96, p < 0.001 (Fig. 6)].
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dTMCA Had Blood-Brain Barrier Permeability
and CNS Activity

In the development of drugs that act on the CNS, it is impor-
tant to confirm whether CNS activity and blood-brain bar-
rier (BBB) permeability are possible. In our results, TMCA
has no BBB permeability; however, dTMCA has BBB per-
meability and CNS activity (Table 3, Fig. 7, Fig. S3). In
addition, we have been reported that TMCA has anti-anxiety
activity at high dose of 50 mg/kg [2]. Therefore, our results
suggest that - TMCA can penetrate the BBB and act directly
in the CNS.

An Antagonist of 5-HT, , Interrupted Inhibitory
Effects of dTMCA on Stress-Induced Anxiety
Through Regulation of Tyrosine-Hydroxylase

WAY-100635 acts as an antagonist of the 5-HT ,. We eval-
uated whether pretreatment with WAY-100635 inhibited
the anxiolytic effect of dTMCA in acutely stressed mice
[F(5,24) = 7.251, p < 0.001 (Fig. 8a)]. We also evaluated
whether WAY-100635 suppresses TH expression restored
by dTMCA pretreatment in the amygdala of acutely stressed
mice [F(5,24) =9.917, p < 0.001 (Fig. 8b)].

Discussion

Stress is known to cause physiological alterations in the cen-
tral nervous system, especially in the amygdala and frontal
cortex of brain associated with behavioral changes, although
the molecular mechanisms underlying the pathophysiology
of stress are complex and less known. Central serotonergic
systems were primary targets of stress and stress hormones,
particularly 5-hydroxytryptamine (5-HT) receptor sensitiv-
ity and its modification by either acute, repeated or chronic
stress [19]. Most antidepressant drugs increase the levels
of monoamines serotonin and/or noradrenaline (NA), sug-
gesting that biochemical imbalances within the 5-HT/NA
systems may unravel the pathogenesis of stress [22].

It has been reported that TMCA acted on 5-HT,, and
showed anxiolytic effect via the activation of serotonergic
system [1, 2, 10]. However, whether dTMCA possessed
similar anxiolytic effect and this occurred through seroto-
nin or dopamine receptor binding remained unknown. The
present study, therefore, explored the anxiolytic effects of
dTMCA in stress models. We found that immobilized mice
and rats exposed to consecutive electric shock induced anxi-
ety since they spent a lesser time in the open arms of EPM
compared to unexposed groups. However, pretreatment with
dTMCA (5 mg/kg) showed extended period of stay in the
open arms of EPM, suggesting their anxiolytic effects at this
low concentration when compared with our previous report
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Fig. 3 Inhibitory effects of TMCA#5, TMCA#9, and DPAT on stress-
induced anxiety in rats. Time in open arms was measured for 10 min
by the elevated plus maze test using mice stressed by immobilization
and electric shock 7 consecutive days. The a TMCA#5 or b TMCA#9
was administrated at 5 mg/kg to the rats before measurement of the
time in open arms. Data are expressed as mean + S.E. (n = 6) and
were analyzed using one-way ANOVA followed by Newman-Keul’s
multiple comparison post hoc t-test (*p < 0.05 vs. control group, “p <

pertaining to the anti-stress and anti-depression effects of
TMCA at 50 mg/kg concentration used [2]. Because of high
BBB permeability which is predicted by in silico simulation,
dTMCA may have a high potency in comparison with that
of TMCA [23]. According to our previous report, - TMCA
has high binding properties to 5-HT, , [12]. In this study,
all dTMCAs have high binding properties to only 5-HT) 5
evidenced by ICs, values (8-OH-DPAT displacement assay,
Table 2). In addition, all dTMCAs have significant anxio-
lytic activities, except - TMCAL that also showed a trend
in increase of open arm time in EPM test. Importantly, we
found that pretreatment with SHT, , antagonist WAY-100635
inhibited dTMCAs reversed time in open arm on stressed
mice. Therefore, we suggest that 5-HT, , binding affinity is
associated with anxiety behaviors. It can be speculated that
dTMCA might possess more potent anti-stress effects by
preferential binding to 5-HT, , subunit and this may follow
serotonin signaling pathway in a similar manner like that
of the specific 5-HT,, agonist, 8-OH DPAT. This notion

Stress NS
DPAT

0.05 vs. stress control group). ¢ Time in open arms was measured for
5 min by the elevated plus maze test using rat stressed by immobiliza-
tion and electric shock 7 consecutive days. The DPAT was adminis-
trated at 0.1 mg/kg to the rats before measurement of the time in open
arms. Data are expressed as mean + S.E. (n =6) and were analyzed
using one-way ANOVA followed by Newman-Keul’s multiple com-
parison post hoc t-test (*p < 0.05 vs. control group, “p < 0.01 vs.
stress control group). dTMCA, derivatives of TMCA

can also be further strengthened by our earlier finding that
dTMCA at concentrations of 20 mg/kg showed anti-narcotic
effects via 5-HT, , binding [12]. A recent report also indi-
cated that the activation of 5-HT , in the posteroventral part
of the medial nucleus of the amygdala can promote a reduc-
tion in fear and/or anxiety [24], suggesting compounds that
can bind and activate 5-HT, , could have paramount impor-
tance to alleviate anxiety associated with stressful situations.

Because stress is associated with reduced expression
of TH in the brain tissue [9], we further investigated the
effects of dTMCA on stress-induced TH protein expression
in the amygdala regions of the brain. We showed that stress
is accompanied by attenuated expression of TH protein in
the amygdala; however, this was significantly restored by
dTMCA#5 and dTMCA#9. We also demonstrated that cor-
ticosterone induced decrease of dopamine concentration
in PC12 cells was reversed by d-TMCA#5 and dTMCA#9.
It has been reported that 5-HT, , agonists such as 8-OH-
DPAT increases dopamine release [3, 25, 26]. Therefore, we
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Fig.4 Inhibitory effects of TMCA#5 and TMCA#9 on stress-induced
expression change of TH and pERK/ERK in rat amygdala. Change in
TH expression caused by stress and a TMCA#5 or b TMCA#9 was
detected by Western blotting using specific antibodies and normalized
to the relative amplification of GAPDH in the rat amygdala. Data are
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Fig. 5 Inhibitory effects of DPAT on stress-induced anxiety in rat and
expression change of TH and pERK/ERK in rat amygdala. Change
in a TH and b pERK expression caused by stress and DPAT were
detected by Western blotting using specific antibodies and normal-
ized to the relative amplification of a GAPDH and b ERK in the rat

speculate that 5-HT1A activation may increase turnover of
dopamine and consequently upregulate TH expression, simi-
larly to a previous report [27]. 5-HT, , regulates dopamine
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expressed as the mean + S.E. (n = 6) and were analyzed using one-
way ANOVA followed by Newman-Keul’s multiple comparison post
hoc t-test (*p < 0.05 vs. each control group, "p < 0.05 vs. each stress
control group). dTMCA, derivatives of TMCA. TH, tyrosine hydroxy-
lase
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amygdala. Data are expressed as the mean + S.E. (n = 6) and were
analyzed using one-way ANOVA followed by Newman-Keul’s multi-
ple comparison post hoc t-test (*p < 0.05 vs. each control group, “p <
0.05 vs. each stress control group)

synthesis via the tyrosine hydroxylase activity [28]. How-
ever, the mechanism underlying effects of 5-HT , on tyros-
ine hydroxylase expression was not clearly understood yet. It
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Fig.6 Effects of TMCA#5 and TMCA#9 on the corticosterone-
induced dopamine reduction in PC12 cells. Dopamine levels in PC12
cells were measured by using HPLC system. Data are expressed as
the mean + S.E. (n = 6) and were analyzed using one-way ANOVA
followed by Holm-Sidak post hoc t-test (p < 0.01 vs. control group;
“p < 0.05 vs. corticosterone control group). dTMCA, derivatives of
TMCA

is well known that 5-HT, , modulates anxiety-like behavior
and cognitive function through CREB phosphorylation [29,
30]. CREB has an important role in the transcriptional regu-
lation of tyrosine hydroxylase [31]. Therefore, we assume
that I TMCA derivates may regulate TH transcription via the
modulation of 5-HT, ,-inudced CREB activity. Protective
effects of d-TMCA on the TH expression may play a role in
dopamine neurotransmission. It is well known that the physi-
ological and behavioral responses to stress are mediated by

corticotropin-releasing factor (CRF) and dynorphin, which
are abundant in the central nucleus of the amygdala; hence,
significant interactions between amygdala norepinephrine
(NE) with CRF were observed [32], indicating that TH
expression restored by dTMCA during stress might have
critical roles for the biosynthesis of NE to mediate behav-
ioral response to stress. Interestingly, - TMCA may regulate
TH and dopamine levels depending on whether animals or
cells were stressed and exposed to corticosterone or not.

Considering the role of 8-OH-DPAT, a selective
5-HT, 5 agonist, for the activation of somatodendritic and/
or postsynaptic 5-HT,, following exposure to restraint
stress [33], 8-OH-DPAT treatment was used in rats for a
mere reason of comparing its effect with dTMCA. Stress
reduced the time spent in the open arms of EPM, but this
was markedly extended by 8-OH-DPAT in a manner simi-
lar to the effect of - TMCA. However, the time in the open
arms EPM was less than dTMCA [14]. We also found that
stress-attenuated TH protein expression was recovered in
the amygdala of stressed rats after 8-OH-DPAT treatment,
suggesting its anti-stress effects might have been medi-
ated through 5-HT , activation. This is intriguing because
5-HT, ,-dependent signaling cascades could be attenuated
following exposure to uncontrollable stressors leading to
stress-induced behavioral deficits [34].

In conclusion, our results demonstrated that - TMCA
has shown anti-stress effects revealed by extended
period of time spent in the EPM. Derivatives of TMCA,
TMCA#5 (N-decyl-3-(3,4,5-trimethoxy-phenyl)-acryla-
mide) and TMCA#9 (N-methyl-3-(3,4,5-trimethoxy-
phenyl)-acrylamide), restored stress-attenuated expression

Table 3 Blood-brain barrier

o Compound LogPS LogBB Fraction unbound in ~ Log (PS*f,, brain) CNS activity
permeability of d-TMCA brain (f,, brain)
dTMCA#1 -1.62 -0.1 0.31 -2.12 Active
dTMCA#2 -1.94 -0.29 0.5 -2.24 Active
dTMCA#3 —-1.86 —-0.28 0.38 -2.28 Active
dTMCA#4 -1.78 -0.72 0.26 -2.37 Active
dTMCA#5 -1.13 0.01 0.01 -3.33 Active
dTMCA#6 -1.16 0.06 0.03 -2.62 Active
dTMCA#7 -1.94 —-0.19 0.36 -2.38 Active
dTMCA#8 -1.39 —-0.48 0.09 —2.44 Active
dTMCA#9 -2.03 -0.14 0.52 -2.31 Active
dTMCA#10 -1.25 0.22 0.04 -2.6 Active
TMCA -3.29 -0.23 0.68 —-3.46 Inactive

TMCA, 3, 4, 5-trimethoxycinnamic acid. dTMCA, derivatives of TMCA. LogPS, the permeability-surface
area product. LogBB, concentration of drug in the brain divided by concentration in the blood. f,, brain,
free fraction in brain tissue homogenate
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Fig.7 Predicting CNS distribu-
tion of dTMCA. The logBB
values for for the TMCA and
dTMCA plotted against their
corresponding log(PS*f,,brain)
values. LogPS, the permeabil-
ity-surface area product. LogBB,
concentration of drug in the

brain divided by concentration o
in the blood. fu, brain, free frac- %
tion in brain tissue homogenate. -
dTMCA, derivatives of TMCA ®
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Fig. 8 Inhibitory effects of antagonist of 5-HT,, on stress-induce
anxiety suppressed by dTMCA in mice and expression change of TH
in mice amygdala. Time in open arms was measured for 5 min by the
elevated plus maze test using mice stressed by immobilization for 6 h.
The dTMCA was administrated at 5 mg/kg to the mice before meas-
urement of the time in open arms. WAY-100635 was administrated

of TH protein in the amygdala region of the brain. We
suggested that - TMCA may target SHT, , subunits of ser-
otonin receptor for their intracellular signaling pathway.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12035-023-03240-y.
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#5+Stress #9+Stress #5+Stress #9+Stress
+ WAY-100635

at 0.03 mg/kg to the mice 1 h before immobilization stress. Data are
expressed as mean + S.E. (n = 5) and were analyzed using one-way
ANOVA followed by Holm-Sidak post hoc t-test ("p < 0.05 vs. con-
trol group, *p < 0.05 vs. stress control group, J’p < 0.05 vs. dTMCA
#5+Stress group, and *p < 0.05 vs. dTMCA #9+Stress group). TH,
tyrosine hydroxylase. dTMCA, derivatives of TMCA
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