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Abstract

Objectives: Antidepressant drugs are widely used in the management of neuropathic pain. Emerging studies
have shown that tianeptine (TNT), an atypical antidepressant with distinct neurochemical properties, is effective in
reducing neuropathic pain symptoms. However, the neural mechanisms underlying the analgesic action of TNT are
not fully understood. Alteration in vascular endothelial growth factor (VEGF) expression appears to play an important
role in both pain and antidepressant mechanisms. Although the involvement of VEGF in inflammatory or neuropathic
pain at the spinal level has been reported, the effect of neuropathic pain on cortex VEGF is unknown. Additionally, the
TNT effect on cortex VEGF is not reported. The present study examined changes in cortex VEGF levels following TNT
treatment in the neuropathic pain state.

Methods: The experiments were performed in a rat model of spared nerve injury (SNI)-induced neuropathic pain.
TNT (75 mg/60 kg/day/orally) or saline was administered to SNI rats on days 14-18 post-injury. The effects of TNT
on SNI-induced mechanical and cold allodynia were assessed by von Frey and acetone drop tests, respectively. The
changes in the prefrontal cortex (PFC) VEGF protein expression following SNI and TNT treatments were measured by
a Simple Western automated system.

Results: Rats that underwent the SNI protocol displayed both mechanical and cold allodynia, as expected.
Single and repeated administration of TNT significantly reduced mechanical allodynia but had no effect on cold
allodynia. Additionally, SNI rats showed increased VEGF protein expression in the PFC and this was reversed by TNT
treatments, suggesting a link between the TNT-mediated antinociceptive effect and PFC VEGF expression.

Conclusion: Repeated oral administration of TNT reduces SNI-induced mechanical allodynia, and this effect

appears to be associated with the regulation of prefrontal cortex PFC VEGF expression.

Keywords: Neuropathic Pain; Tianeptine; Vascular Endothelial
Growth Factor; Mechanical Allodynia; Cold Allodynia

Abbrevations: PWT: Paw Withdrawal Threshold; PFC: Prefrontal
Cortex; SAL: Saline; SNI: Spared Nerve Injury; TNT: Tianeptine;
VEGF: Vascular Endothelial Growth Factor.

Introduction

Persistent neuropathic pain is a complex neurological disorder that
results from a disease or direct damage to the somatosensory system.
High prevalence of neuropathic pain in the general population has
been reported worldwide. For example, in the United States around
1.6% of the population experiences chronic neuropathic pain [1].
Neuropathic pain impairs quality of life and causes a high economic
burden to health care systems worldwide [2-5].

Allodynia, hyperalgesia, and hyperpathia are the hallmark
symptoms of chronic neuropathic pain. The underlying mechanisms
of chronic neuropathic pain are not fully understood. Nerve injury-
induced activation of immune cells, alteration of neurochemicals,
neuropeptides, neurotransmitters, ion channels, and release of pro-
inflammatory mediators are some of the mechanisms that have been
implicated in the etiology of chronic neuropathic pain [6-8]. Existing
drug therapies are effective in reducing neuropathic pain symptoms
only in a small population of patients and often they produce
significant side effects when used repeatedly [7, 9, 10]. Therefore, there
is an urgent need for novel analgesics with minimal side effects and for
a better understanding of neuropathic pain mechanisms.

At present, tricyclic antidepressants (e.g., amitriptyline), serotonin
and noradrenaline re-uptake inhibitors (e.g., duloxetine) are used
as first-line drugs to reduce neuropathic pain symptoms [8]. TNT
is an atypical antidepressant that possesses distinct and diverse
neurochemical properties compared to classical antidepressants.

Studies indicate the anti-allodynic effect of TNT in nerve injury models
[11-13]. Further, TNT has shown full agonist activity at the mu opioid
receptor and mimics opioid-like behavioral effects [14]. Additionally,
a recent study demonstrates that TNT prevents morphine-induced
respiratory depression without altering antinociceptive activity in
conscious rats [15].

Mammalian Vascular Endothelial Growth Factor (VEGF) gene
family members include VEGF-A, VEGF-B, VEGF-C, VEGF-D,
and Placental Growth Factor (PIGF). Members of the VEGF family
signal by binding to three types of receptor tyrosine kinases (RTKSs),
VEGFR-1 (Flt-1), VEGFR- 2 (KDR/FIk-1), and VEGFR-3 (Flt-4)
[16]. VEGF-A (hereafter referred to as VEGF) signals by binding and
activating VEGFR-1and VEGFR-2. VEGF activity has been extensively
investigated in different types of pain mechanisms [16-21]. For example,
in neuropathic pain states increased expression of VEGF at the site of
nerve injury, dorsal root ganglion, trigeminal ganglion, spinal cord and
plasma have been reported [19, 22-24]. Similarly, upregulation of VEGF
protein levels in inflammatory pain conditions such as interstitial cystitis
and osteoarthritis have been reported [16, 25, 26].
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Previous reports have shown that VEGF-mediated signaling
pathways in the cortex plays an important role in the mechanisms of
action of antidepressants [27, 28]. Furthermore, in chronic pain states,
the prefrontal cortex (PFC) area of the brain undergoes structural and
functional changes in both human patients and animal models of pain
[29-31]. However, the effect of antidepressants on PFC VEGF protein
expression in neuropathic pain is unknown.

Thus, the objectives of the present study were: (1) to determine
whether peripheral nerve injury alters PFC VEGF expression levels;
and (2) to examine the association between the antinociceptive effect
of TNT and PFC VEGF levels in a neuropathic pain state. We utilized
a rat model of Spared Nerve Injury (SNI) and western blot methods to
meet these objectives.

Methods
Animals

Experiments were performed on male Sprague-Dawley rats of
body weight 200-220g. The rats were purchased from Charles River
Laboratories, USA. Rats were housed 2/cage on a 12 h light/dark
cycle (6 am — 6 pm) with ad libitum access to food and water. Rats
spent one week in the vivarium prior to the start of experiments.
This study was conducted in compliance with the Animal Welfare
Act, the implementing Animal Welfare regulations, and the
principles of the Guide for the Care and Use of Laboratory Animals,
National Research Council. The facility’s Institutional Animal Care
and Use Committee approved all research conducted in this study.
The facility where this research was conducted is fully accredited by
the AAALAC.

Spared Nerve Injury (SNI)

Neuropathic pain was induced by performing SNI surgery as
previously described [32]. Briefly, a rat was deeply anesthetized and
fur over left hind limb trimmed. Following limb immobilization, an
incision was made at mid-high level. The three peripheral branches
(sural, common peroneal and tibial) of the sciatic nerve were exposed.
Forceps were placed below the tibial and common peroneal nerves
to slide thread (sterile 6.0 silk Ethicon) around these nerves and then
tightly ligated. About 3-4 mm of the nerve stump that is distal to the
ligation was sectioned and removed. The muscle and skin were closed
with 5.0 absorbable sterile sutures. The sham procedure involved
the same surgery under anesthesia without ligation. Silver sulfoxide
was applied on the sutured area one time to minimize infection. In
addition, the animals’ general appearance and wound assessment were
monitored throughout the experimental period.

Experiment Design and Drug Treatment

(Figure 1) shows the experimental procedures and treatments.
We used 3 groups of rats (n=5-6/group) for this study. Group 1 was
sham surgery and groups 2 and 3 underwent SNI procedure. Rats
from groups 1 and 2 were given saline, whereas group 3 rats received
TNT (75 mg/60 kg), orally one time/day on day’s 14-18 post-SNI. Oral
administration was performed using a 16-guage gavage needle in a
volume of 5 mL/kg. The TNT oral dose was calculated as shown
in previous study [13]. Additionally, 75 mg/60 kg of TNT was
found ineffective in producing antinociceptive activity in uninjured
rats (data not shown). Mechanical and cold allodynia tests were
performed before and one hour after administration of TNT on day
14 and 18 post-SNI.

Mechanical Allodynia Test

To test for mechanical allodynia, rats were subjected to non-
noxious stimuli as described previously [33]. Rats were placed in clear
Plexiglas chambers (non-restrictive) on an elevated grid platform.
Using an electric anesthesiometer (Ugo Basile), a blunt mechanical
stimulus was applied to the plantar surface of the hind paw with
slowly increasing force until the rat voluntarily withdraws the paw.
The force of the mechanical stimulus was set to produce a ramp of
3 grams/sec over 10 sec with a cutoff of 30 grams. The threshold
(in grams) for the rat to remove the paw from the stimulus was
recorded automatically as the paw withdrawal threshold (PWT).
Each hind paw was tested in triplicate at each time point and an
average was taken for analysis.

Cold Allodynia Test

Rats were placed in a Plexiglas box resting on an elevated grid
platform and a stream of either 100 pl acetone or saline was applied
to the plantar surface of the injured and uninjured hind paws. The
number of shakes and/or licking episodes evoked due to cooling effect
produced by acetone was measured over a 2 min observation period.
The mean of 2 consecutive trials with a 5 min inter- trial interval was
calculated as a measure of nocifensive behavior to a cold stimulus [34,
35].

Tissue Isolation

Following the final behavioral tests, rats were humanely euthanized
by decapitation in accordance with USAISR [ACUC Policy: Use
and Maintenance of Guillotine’s for Rodents. Briefly, rats without
analgesics/anesthetics were restrained in a plastic Decapicone and
were decapitated using a guillotine (Harvard Apparatus) by a trained
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Figure 1: Schematic timeline of the experimental procedure.
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technician. This method allows intact brain tissue to be obtained
without chemical contamination. The brains were immediately
removed, flash-frozen in liquid nitrogen and stored at — 80 °C until
fixation in a pre-chilled rat brain slicing matrix (Zivic instruments) at
4°C. The brain was maintained in a semi-frozen state and all dissections
were completed prior to full thawing. The dissection of the prefrontal
frontal cortex was performed as described previously [36, 37]. Briefly,
the frontal cortex was separated from the whole brain by cutting at the
first appearance of the corpus callosum at bregma 0.70 mm. The ventral
area containing the olfactory nuclei was removed; leaving the dorsal
prefrontal cortex intact, which was further separated into left and right
hemispheric regions.

Total Protein Isolation and Simple Western Protein Analysis

To isolate protein, 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic
acid (HEPES) (20 mM HEPES; 1 mM EDTA,; 40 units/mL RNAse
inhibitor; mini complete protease inhibitor tablet) buffer was added to
the dissected right (ipsilateral) and left (contralateral) dorsal prefrontal
cortex samples. Tissue was homogenized 2 times for 20 s each, split
into two separate tubes, and centrifuged at 13,000xg for 20 min at 4°C.
The pellet for the protein isolate was solubilized in RIPA buffer for 20
min on ice. Following another centrifugation step, the supernatant was
subjected to the bicinchoninic acid assay (BCA; Pierce) to determine
protein concentration.

Simple Western Protein Analysis

VEGF antibody (LSBio, Cat#LS-C48549, at 45 to 55 kD) and
GAPDH (39-41 kD) were assayed for protein expression by the
ProteinSimple Wes System, utilizing kit items SM-W004 and DM-
001. Briefly, as per the kit protocol, 400 mM dithiothreitol (DTT)
and 10X sample buffer were mixed to prepare 5X fluorescent master
mix. A final concentration of 0.2 mg/mL was prepared by combing 5X
fluorescent master mix and the protein lysate. A biotinylated protein
standard ladder was prepared with 10X sample buffer, 400 mM DTT,
and deionized water. Ladder was denatured for 5 min at 95 °C and
loaded onto lane 1 of the pre-filled plate provided in the assay kit.
Samples then followed at 5uL per lane observing lane design. The
VEGF primary antibody (1:50 dilution in kit Antibody 2 buffer), the kit
secondary antibody, and luminol-S/peroxide combined substrate were
loaded onto the plate following the pre-set assay application design.
The assay was run using pre-set conditions for a 25 lane 25-230kD
electrophoresis resolution, and the resulting data assessed by Wes
Systems analysis software, as well as ImageJ software [38].

Statistical Analysis

GraphPad Prism 5 statistical software (GraphPad Software, Inc.,
La Jolla, CA, USA) was used to analyze the experimental data. All
data were expressed as mean +* standard error of mean (SEM).
Repeated measures two-way analysis of variance (ANOVA) for
behavioral data and one-way ANOVA (western blot data) were used
to find interaction, time, and treatment effects. This was followed
by Bonferroni’s post-hoc test to compare the differences among
individual groups. The statistical significance was set at a level of P-
values of < 0.05.

Results
Effect of TNT on SNI-induced mechanical and cold allodynia

Consistent with the results shown previously [39], the SNI
procedure produced mechanical and cold allodynia that lasted through
the day 18 post-injury period (Figure 2A & 3A). Two-way RM ANOVA
analysis of the mechanical allodynia data showed F(1,14) = 2.545,
P=0.1330; F(2,14)=29.53, P<0.0001; F(14,14)=1.340,P=0.3131 for the
time, TNT treatment, and for the interaction of TNT treatment x time,
respectively, (Figure 2A). Significant decreases in PWTS in response
to mechanical stimulation between sham-saline and SNI-saline were
observed on day 14 and 18 post-injury (Post hoc test, P < 0.001 for
both day 14 and 18). TNT treatment significantly increased withdrawal
threshold on day 14 (Post hoc test, P <0.0029) and on day 18 (Post hoc
test, P<0.0092) post-injury. Repeated administration of saline did not
alter PWT in sham and SNI rats (P>0.05). Additionally, withdrawal
thresholds after the first and before the last injections of TNT were
not different. No change in contralateral withdrawal threshold among
experimental groups was observed on day 14 and day 18 post-injury/
treatment (All P’s>0.05), (Figure 2B). Ipsilateral paws of SNI rats
treated with saline and TNT showed comparable increase in response
to acetone application on both testing days 14 and 18. Two-way
RM ANOVA showed F(1,14)=0.7921, P=0.3885;F(2,14) =12.68,
P<0.0001; F(14, 14) = 2.017, P=0.1008 for the time, TNT treatment,
and for the interaction TNT treatment x time, respectively, (Figure
3A). Post hoc test showed a significant difference between Sham-
Saline and SNI-Saline (P<0.0001) and Sham- Saline verses SNI-
TNT (P<0.0001) but the SNI-Saline verses SNI-TNT groups were
not different (P>0.05). Analysis of contralateral paw measurements
showed no significant change in nocifensive behaviors among
experimental groups on day 14 and day 18 post-injury/treatment
(All P values >0.05) (Figure 3B).
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Figure 2: Acute and repetitive administration of TNT attenuates SNI-induced mechanical allodynia. (A) SNI induced mechanical allodynia, while tianeptine administration
prevented SNI- induced decreases in mechanical withdrawal thresholds on testing days 14 and 18. (B) SNI procedure and treatments did not change mechanical
withdrawal thresholds of contralateral paw on days of testing. Data are presented as the mean + SEM (n=5-6/ group). **** and ** indicates p<0.0001 and p<0.001for
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Figure 3: Effect of TNT on SNI-induced cold allodynia. (A) Compared to sham rats receiving saline treatment, the mean cold response duration was significantly high
in SNI rats receiving saline and tianeptine treatments on days 14 and 18. Cold response was similar between SNI-SAL and SNI-TNT rats on days 14 and 18. (B) Cold
stimulus did not evoke significant response on contralateral paw among experimental groups. Data are presented as the mean + SEM (n=5-6/ group). *** and * indicates
p<0.0001 and p<0.05 for comparison to the Sham-SAL group.
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Figure 4: Effect of tianeptine on prefrontal cortex VEGF protein expression in SNI rats. (A) A representative blot and quantitative analysis of VEGF in the ipsilateral side
of the prefrontal cortex. VEGF protein expression is comparable among experimental groups (n=4/group). (B) A representative blot and quantitative analysis of VEGF
protein expression in the contralateral side of prefrontal cortex. SNI procedure elevated VEGF protein level and tianeptine treatment prevented it (n=4/group). The data

are expressed as the mean +SEM. * p<0.05 compared to the SNI-SAL group.

Effect of TNT on VEGF protein expression level in the PFC

Alteration of VEGF protein levels in the PFC of both ipsilateral
and contralateral sides to the nerve injury at the termination of the
experiment (day 18 post-injury), was assessed using the Simple Wes
method. SNI increased VEGF protein levels in the contralateral side
of PFC (Sham+Saline vs. SNI+Saline, P<0.05). VEGF protein level
was reduced in the PFC contralateral side in rats that received TNT
treatments (SNI+Sal vs. SNI+TNT, P<0.05) (Figure 4B). Among
experimental groups, no significant changes in the VEGF protein
levels were observed in the ipsilateral side of the PFC (P>0.05)
(Figure 4A).

Discussion

These results demonstrate two important points. First, a peripheral
nerve injury (SNI)-induced mechanical and cold allodynia response
is accompanied by increased PFC VEGF protein expression. Second,
the TNT-mediated mechanical anti-allodynic effect is associated with
reduced PFC VEGF protein levels in the SNI animals. Together, these
data provide the first evidence of a possible mechanistic link between
TNT-mediated antinociceptive activity and PFC VEGF dysregulation
in a neuropathic pain condition.

In a L5 spinal nerve ligation (SNL) neuropathic pain model, it has
been reported that intrathecal and oral administration of TNT dose-
dependently reduced mechanical allodynia [11, 12]. Our findings
on the antinociceptive effect of TNT on SNI-induced mechanical
allodynia is compatible with these previous reports. Additionally, we
show that both a single and repeated administration of TNT produces
a comparable increase in PWT in the mechanical allodynia test. This
suggests that the TNT-mediated anti-allodynic effect is transient
and does not produce antinociceptive tolerance following repeated
administration. We also examined the effect of TNT on SNI-induced
cold allodynia and found it to be ineffective. The precise reason for
this difference in TNT effect between mechanical and cold allodynia
is unknown. It is likely due to different neural mechanisms involved in
mechanical and cold allodynia. For instance, activation of TRPM8 but
not TRPAL, is required to mediate behavioral and neuronal responses
to noxious cold [40]. Further studies examining the antinociceptive
effect of TNT in TRPM8 knockout animals would allow us to better
understand the specificity of TNT in reducing mechanical allodynia
but not cold allodynia.

Antidepressants are widely used in painful disorders. However, the
analgesic mechanisms of antidepressants are unclear. Several studies

J Pain Relief, an open access journal
ISSN: 2167-0846

Volume 10 * Issue 11 + 1000408



Citation: Trevino AV, Castillo SA, Daniels CC, Clifford JL, Wells KH, et al (2021) Effect of Tianeptine on Spared Nerve Injury-Induced Allodynia and
Prefrontal Cortex Vascular Endothelial Growth Factor. J Pain Relief 10: 408.

Page 5 of 6

suggest that clinically used tricyclic antidepressants and selective
serotonin reuptake inhibitors produce analgesia by inhibiting reuptake
of monoamines and serotonin (5-hydroxytryptamine, 5-HT). However,
TNT neurochemical properties and antidepressant action differs from
classical tricyclic and non-tricyclic antidepressants [41, 42]. A previous
report shows that intravenous administration of TNT reduces visceral
pain through 5HT and 5-HT3 receptor signaling [43]. Kim et al have
shown that antagonists of 5-HT, and a-1 and a-2 adrenoreceptor
antagonists, partially attenuate TNT-induced antinociceptive behaviors
in an inflammatory pain model [44]. Another report showed that spinal
5-HT7 receptors of the GABAergic interneurons play a role in the
antinociceptive activity of TNT [45]. Furthermore, one study showed
involvement of both peripheral and central opioid receptors in TNT
produced antinociceptive activity [46]. These reports clearly indicate
involvement of multiple neurotransmitters and neuroreceptors in the
antinociceptive mechanisms of TNT.

Previous studies have implicated VEGF as a potential target for
the action of antidepressants. For example, VEGF expression in the
PFC and hippocampus is reduced in animals exposed to chronic stress
and in cerebrospinal fluid of patients who have attempted suicide [28,
47-49]. Chronic but not acute treatment with antidepressants reduced
stress-induced depression by increasing VEGF expression [28, 47,
48]. However, in animal models of pain, VEGF protein expression is
increased (please see introduction section). These reports suggest that
alteration in VEGF protein expression depends on the pathological
state being examined. Our data showed increased VEGF protein
expression in the contralateral side of the PFC to peripheral injury. Five
days of treatment with TNT reduced SNI-induced changes in VEGF
expression to control levels. It would be informative to determine if
reducing VEGF levels by other means, such as anti-VEGF antibodies or
SiRNA, will replicate the TNT effect. If such approaches reduced PFC
VEGEF levels in SNI rats but did not replicate the anti-allodynic effect
of TNT, it would suggest that TNT reduces allodynia through other
signaling pathways.

The present study provides evidence that SNI alters PFC VEGF
levels, and TNT reduces SNI- induced mechanical allodynia but not
cold allodynia. Repeated administration of TNT does not produce
antinociceptive tolerance, and TNT treatments regulate SNI-induced
changes in PFC VEGF protein expression levels. In conclusion, the
VEGF signaling system in the cortex could be a novel target for treating
neuropathic pain with antidepressant drugs like TNT.
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