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Abstract
Background: Pain and depression often occur simultaneously, but the mechanism of this condition is still unclear.
Methods: The aim of this study was to examine the alterations of monoamine neurotransmitters, hypothalamic–
pituitary–adrenal (HPA) axis hormones, and inflammation cytokines in hyperalgesia and depression comorbidities. The
reserpine-induced “Sprague Dawley” (SD) rat models were used, and the concentrations of monoamine neurotransmitters serotonin (5-HT), norepinephrine (NE), dopamine (DA), and their metabolic products 5-hydroxyindoleacetic
acid (5-HIAA), Homovanillic acid (HVA), 3,4-Dihydroxyphenylacetic acid (DOPAC) in raphe nucleus region were tested
by High Performance Liquid Chromatography (HPLC). Serum levels of Adrenocorticotropic Hormone (ACTH), Cortisol
(CORT), and inflammatory cytokines interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, IL-4, IL-10
were assessed by enzyme linked immunosorbent assay.
Results: Repeated reserpine injection induced hyperalgesia and depressive behaviors with decreased sucrose preference and horizontal movement distance, and increased immobility time in forced swimming test. The concentrations
of 5-HT and NE in raphe nucleus, and ACTH and CORT in serum were elevated in the model group. And the model
group showed increases in serum IL-1β and IL-6, and decrease in serum IL-10.
Conclusion: More research in these areas is needed to understand the pathogenesis of the disease, so as to find
more and better therapeutic targets.
Keywords: Monoamine neurotransmitters, HPA-axis hormones, Inflammation cytokines, Pain and depression
comorbidity
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Background
Pain and depression often occur simultaneously [1]. Epidemiologic studies have shown that pain is a risk factor of
depression [2, 3], and depression can increase the risk of
pain [2, 4]. The two conditions can often exacerbate each
other, resulting in a longer duration of symptoms and
worse prognosis, which in turn leads to greater financial
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costs to the patients and to our society [5, 6]. Although
it has long been recognized that pain and depression
are often associated with each other, and the research
on pain and depression comorbidity has increased significantly in recent years [7], the mechanism of pain and
depression comorbidity is still unclear.
Studies dating back to the nineteenth century suggested that changes in neurotransmitters are common
in patients with pain [8] and depression [9]. Another
potential involvement of the two diseases maybe the
hypothalamic-pituitary-adrenal (HPA) axis, as dysfunction of the HPA axis were found in both pain [10] and
depression [11]. Recent researches pointed out that neuroinflammatory alterations may also play a role in the
pathophysiology of pain [12] and depression [13]. But all
of these studies have focused on just one aspect. It has
been unknown whether there are changes in all of these
aspects in pain and depression comorbidity, or whether
there are differences between individuals.
Several modeling methods [14] are used for studying the mechanisms of pain-depression dyad, including
nerve injury [15], social stress [16], stress load [17], monosodium iodoacetate [18] and administration of reserpine [19]. Reserpine is a monoamine depletory. Repeated
reserpine treatment can induce the phenotype of pain
and depression, making it an ideal model for studying
pain-depression comorbidity.
In the present study, we assessed the alterations in
serum levels of HPA axis hormones and inflammatory
cytokines, and measured the concentrations of monoamine neurotransmitters and their metabolic products in
the raphe nuclei region based on a reserpine-induced rat
model of hyperalgesia -depression comorbidity to better
illustrate the underlying mechanisms of this disease.

Methods
Animals

Eight-week-old male “Sprague Dawley” (SD) rats weighing 180–200 g were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. The rats were
maintained in a pathogen-free, temperature-controlled
environment with a 12-h light/dark cycle. The animal
studies were performed in compliance with the ethical
guidelines for animal studies and were approved by the

Fig. 1 Time schedule of the whole experimental design
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Institutional Animal Care and Ethics Committee of Beijing Friendship Hospital (No. 19–1006). After 1 week
of habituation, 20 rats with similar horizontal movement distance in the open field test were selected and
randomly divided into model group and control group,
with 10 rats in each group. Rats in the model group were
intraperitoneally injected reserpine at 0.3 mg/kg body
weight every morning for 14 days. Rats in the control
group were intraperitoneally injected with normal saline
at the same dose at the same time for 14 days. Reserpine
injection solution were purchased from Jin Yao Pharmaceutical Company (Tianjin, China). Behavioral tests were
performed in the following sequence: sucrose preference
test (SPT), open field test (OFT), mechanical hyperalgesia (von Frey test), thermal hyperalgesia (Hargreaves test)
and forced swim test (FST). All behavioral tests were performed with a 24-hour interval. The body weight of rats
was weighed and recorded every day since the injection
began. Blood and the raphe nucleus tissue samples were
collected after the final behavioral test. Time schedule of
the whole experimental design was shown in Fig. 1.
Behavioral tests
Sucrose preference test (SPT)

SPT was performed as we described earlier [20]. Rats
were first given a bottle of 2% sucrose solution and a
bottle of pure water for 24 hours, and then the sucrose
bottle and the water bottle were swapped for another
24 hours. After the adaptation was completed, the rats
were allowed free access to a bottle of 2% sucrose solution and a bottle of pure water for free drinking after 16 h
of water deprivation. Intake of the sucrose solution and
pure water was recorded for 24 h. Sucrose preference,
which is considered as an indicator of anhedonia, was
defined as the ratio of sucrose intake to the total intake of
both sucrose solution and pure water.
Open field test (OFT)

The OFT was performed in a 100 × 100 × 40 cm3 black
wall box with the SMART (v3.0.03) video-tracking system software (Panlab Harvard Apparatus, Barcelona,
Spain). The arena was divided into 4 equal squares, and
the rats were individually placed in the center of each
square and allowed to move freely for 5 minutes. The
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movement of the rat was video recorded automatically,
and the total distance of horizontal movement was calculated in a 3-minute time frame. The test was carried out
at night under the special light for OFT with all the other
laboratory lights off. The box was cleaned up with 75%
ethanol between each test.
Mechanical hyperalgesia (von Frey test)

The mechanical hyperalgesia was determined via assessing paw withdrawal threshold (PWT) to mechanical
stimuli using a series of von Frey filaments (Stoelting Co.,
Wood Dale, IL, USA). The rat was placed individually in
a transparent plastic box (28 × 25 × 21 cm) with a metal
wire mesh floor that allowed full access to paws from
beneath and adapted to the testing environment for at
least 20 min. Ten von Frey filaments with approximately
equal logarithmic incremental (0.17) bending forces were
selected (von Frey numbers: 3.61, 3.84, 4.08, 4.17, 4.31,
4.56, 4.74, 4.93, 5.07, and 5.18, equivalent to: 0.4, 0.6, 1.0,
1.4, 2.0, 4.0, 6.0, 8.0, 10.0, and 15.0 g, respectively). The
test was initiated with the filament 4.31, in the middle of
the series. Whenever a positive or negative response to a
given filament occurred, the next smaller or higher filament was applied. A positive response was recorded as
the rat’s paw withdrew rapidly when a filament was added
or removed. Pattern of positive and negative responses
were recorded and converted into a 50% threshold using
the provided formula [21].
Thermal hyperalgesia (Hargreaves test)

Thermal analgesia was measured using a hot plate
machine (YSL-6B, Shanghai Precision Instrument
Co., Ltd., China), and the protocol was the same as
we reported in a previous publication [22]. Before the
thermal sensitivity test, rats were placed on a temperature-controlled glass plate (32 °C) within a Plexiglass
compartment and allowed to acclimate for at least 1 h.
A light source (50 °C) was then placed under the hindpaw. The latency of paw withdrawal (LPW), a behavioral
measure of thermal sensitization, from the light source
was evaluated. Each foot was tested fivefold at 3-minute
intervals to avoid peripheral sensitization effects.
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the nostrils were above the water surface. The water was
changed between each test.
High performance liquid chromatography (HPLC)

HPLC technology was applied using ESA 5600A Coularray Detector-8 and associated equipment (ESA Inc., MA,
USA) to measure the concentrations of monoamine neurotransmitters serotonin (5-HT), norepinephrine (NE),
dopamine (DA), and their metabolic products 5-hydroxyindoleacetic acid (5-HIAA), Homovanillic acid (HVA),
3,4-Dihydroxyphenylacetic acid (DOPAC) in raphe
nucleus region, respectively. The experimental conditions
were set as follows: pH: 3.0, flow rate: 0.6 ml/min, sample injection volume: 20 μl, column temperature: 30 °C.
Three electrical potentials were set for the experiments
as − 50, 150, and 350 mV. All reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The results
were analyzed using ESA software work station, and the
concentration (neurotransmitter/tissue, ng/mg) of each
sample was calculated.
Enzyme‑linked immunosorbent assay

Serum levels of HPA-axis hormones ACTH, CORT,
and inflammatory cytokines IL-1β, IL-6, TNF-α, IFN-γ,
IL-4, IL-10 were detected using enzyme linked immunosorbent assay kits (Abcam Inc., ON, Canada; ab263880,
ab285260, ab255730, ab234570, ab236712, ab239425,
ab100770, ab214566, respectively) in duplicate according
to the manufacturer’s instructions.
Statistical analysis

Statistical analysis was performed using SPSS Statistics (IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY, USA) and Prism 9.0 software (GraphPad
Software, San Diego, CA, USA). Values were expressed as
the mean ± standard deviation (SD). Differences between
two groups were compared by t test. Correlation analysis was performed using Spearman’s rank analysis. The p
value < 0.05 was considered significant.

Results

Forced swimming test (FST)

Body weight and weight gain

The FST test is slightly different from the method created
by Porsolt et al. [23]. We used a single-day procedure
according to the actual situation. The rats were placed
separately in a transparent glass tank with a water temperature of 25 ± 2 °C for the FST, and the accumulated
immobility time of the rats in the water was recorded
for 5 min. The rat immobility in water was defined as rat
body huddle up, the forepaws stop moving, the hind paws
occasional moving but held in a vertical position, and

There was no significant difference in body weight
between the control and model groups before reserpine injection (t = 0.2184, p = 0.8296, n = 10) (Fig. 2A).
After 14 days of continuous reserpine injection, the
body weight of rats in the model group was significantly lower than that in the control group (t = 7.407,
p < 0.0001, n = 10) (Fig. 2B), and a significant difference in
body weight gain was observed between the two groups
(t = 7.237, p < 0.0001, n = 10) (Fig. 2C).
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Fig. 2 Effects of reserpine injection on body weight. A No significant difference existed in body weight between the two groups before reserpine
injection. B The model group showed lower body weight after reserpine injection. C The model group showed decreased body weight gain. Data is
expressed as the mean ± SD. ****p < 0.0001, compared with their respective control group

Reserpine‑induced changes in depressive behaviors
and comorbid hyperalgesia

Following reserpine injection, rats in the model group
showed significantly decreased sucrose preference
(t = 4.488, p = 0.0003, n = 10) (Fig. 3A) and horizontal movement distance (t = 5.643, p < 0.0001, n = 10)
(Fig. 3B), and increased immobility time in the FST
(t = 4.535, p = 0.0003, n = 10) (Fig. 3C). Moreover, a
significant decrease in PWT (t = 7.905, p < 0.0001,
n = 10) (Fig. 3D) and LPW (t = 5.218, p < 0.0001, n = 10)
(Fig. 3E) was observed using the von Frey test and a hot
stimulus, respectively.
Reserpine‑induced changes in monoamine
neurotransmitters and their metabolic products in raphe
nucleus

The concentrations of 5-HT (t = 5.111, p < 0.0001,
n = 10) (Fig. 4A) and NE (t = 5.008, p < 0.0001, n = 10)
(Fig. 4B) in the model group decreased after the reserpine injection. No significant difference was detected
in DA (t = 0.9778, p = 0.3411, n = 10) (Fig. 4C),
5-HIAA (t = 0.2883, p = 0.7764, n = 10) (Fig. 4D), HVA
(t = 1.334, p = 0.1989, n = 10) (Fig. 4E), or DOPAC
(t = 0.8617, p = 0.4002, n = 10) (Fig. 4F) levels.
Reserpine‑induced changes in serum levels of HPA‑axis
hormones

The serum levels of ACTH (t = 4.530, p = 0.0003,
n = 10) (Fig. 5A) and CORT (t = 4.129, p < 0.0006,
n = 10) (Fig. 5B) in the model group increased after the
reserpine injection.

Reserpine‑induced changes in serum cytokine levels

The serum levels of IL-1β (t = 2.839, p = 0.0109,
n = 10) (Fig. 6A) and IL-6 (t = 3.805, p = 0.0013, n = 10)
(Fig. 6B) in the model group increased after the reserpine injection, while the IL-10 level decreased (t = 2.454,
p = 0.0245, n = 10) (Fig. 6F). No significant difference
was detected in TNF-α (t = 0.8747, p = 0.3932, n = 10)
(Fig. 6C), IFN-γ (t = 0.6846, p = 0.5023, n = 10) (Fig. 6D),
or IL-4 (t = 0.2573, p = 0.7999, n = 10) (Fig. 6E) levels.
Correlation between depression‑related and pain‑related
behaviors

The results of the correlation analysis between depression-related behaviors and pain-related behaviors are
shown in Fig. 7. SPT, OFT and FST were linearly correlated with PWT and LPW, respectively, and the differences were statistically significant.

Discussion
The association between pain and depression has been
known since 1997 [24]. Based on the fact that pain and
depression are frequent co-morbid disorders [2, 6] and
that some antidepressants are effective for pain [25, 26],
the association of chronic pain with depression is becoming increasingly recognized. In the present study, we
examined some common pathways of pain and depression comorbidity based on a reserpine-induced rat
model. Compared with the control group, rats in the
model group showed a lower sucrose preference, reflecting anhedonia, indicating a core symptom of depression. PWT, reflecting mechanical hyperalgesia, and
LPW, reflecting thermal hyperalgesia, were decreased
in the model group, indicating the phenotype of pain.
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Fig. 3 Reserpine-induced depressive behaviors and hyperalgesia. A The model group showed decreased sucrose preference. B The model group
showed decreased horizontal movement distance in the OFT. C The model group showed longer immobility time in the FST. D The model group
showed decreased PWT in the von Frey test. E The model group showed decreased thermal threshold in the Hargreaves test. Data is expressed as
the mean ± SD. ***p < 0.005, ****p < 0.0001, compared with their respective control group

Considering that the FST can influence pain sensitivity in rodents [27], we finished the von Frey test and
the Hargreaves test before the FST. The results of all of
the behavioral tests further confirmed the reliability of
the modeling method of reserpine-induced hyperalgesia and depression comorbidity. The linear correlation
between depression-related behavior and pain-related
behavior further confirmed the co-existence of pain and
depression.
Monoamine neurotransmitters including 5-HT [28],
NE [29], and DA [30] are among the most studied candidates in both the field of chronic pain and depression. Studies have shown that 5-HT has a key role in the
pathogenesis and pharmacotherapy of depression [31]
and in pain transmission [32]. NE plays an important role
in regulating pain sensitivity [33], and NE deficiency is
also a risk factor for depression [34]. Dopamine dysfunction is associated with depression [35] and increased pain
sensitivity in several chronic pain conditions [36, 37].

Clinical practice has shown that some selective serotonin
reuptake inhibitors (SSRIs) [38], serotonin norepinephrine reuptake inhibitors (SNRI) [29], and norepinephrine
reuptake inhibitors (NRIs) [39] showed good efficacy in
the control of both depression and pain. Raphe nucleus is
abundant of serotonergic neurons [40]. The present study
found that the level of 5-HT and NE in the raphe nucleus
in the model group was lower than the control group, and
the result was consistent with the previous research [41].
The second facet of the pain-depression comorbidity is
the involvement of HPA axis [42]. Patients with depression often have elevated baseline CORT levels compared
to healthy controls [43, 44]. There are few studies on the
relationship between pain and the HPA axis, and the conclusions are not always consistent. It has been reported
that patients with temporomandibular disorders with
pain as one of the main symptoms have hyperfunction
of HPA axis [45]. Whereas, in another study in white
(non-black) women experiencing chronic pelvic pain, a
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Fig. 4 Reserpine-induced changes in monoamine neurotransmitters and their metabolic products. A The model group showed decreased
concentration of 5-HT. B The model group showed decreased concentration of NE. C No significant difference existed in concentration of DA. D
No significant difference existed in concentration of 5-HIAA. E No significant difference existed in concentration of HVA. F No significant difference
existed in concentration of DOPAC. Data is expressed as the mean ± SD. ****p < 0.0001, compared with their respective control group

Fig. 5 Reserpine-induced changes in serum levels of HPA-axis hormones. A The model group showed increased ACTH level. B The model group
showed increased CORT level. Data is expressed as the mean ± SD. ***p < 0.005, compared with their respective control group
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Fig. 6 Reserpine-induced changes in serum cytokines. A The model group showed increased IL-1β level. B The model group showed increased
IL-6 level. C No significant difference existed in concentration of TNF-α level. D No significant difference existed in concentration of IFN-γ level. E No
significant difference existed in concentration of IL-4 level. F The model group showed decreased IL-10 level. Data is expressed as the mean ± SD.
*p < 0.05, **p < 0.001, compared with their respective control group

blunted response of HPA axis was related to pain severity was observed [46]. The results of our present study
showed that there was hyperfunction of HPA axis in rats
with pain and depression comorbidity, as both ACTH
and CORT in the model group were higher than those in
control. More in-depth studies are needed on the interaction and mechanism between pain and depression
comorbidity and HPA axis.
Over the past decade, numerous studies have demonstrated that cytokines seem to play an important role
in both pain [47] and depression [48]. Elevated IL-1β
[49], IL-6 [49, 50], TNF-α [49] and IL-17 [50] levels
were observed in clinical patients with pain and depression comorbidity. Pre-clinical studies focusing on different chronic pain models with comorbid depression
also reported upregulation of IL-1β [51], IL-6 [52, 53]
and TNF-α [52, 53]. We observed elevated IL-1β, IL-6
and reduced IL-10 in the reserpine-induced hyperalgesia and depression comorbidity model group in our

present study. Previous studies have reported reduced
IL-10 in patients with depression [54] and pain [55],
respectively, but our study is the first to report reduced
IL-10 in depression and pain comorbidity models. We
hypothesized that there may be a low Th2 or M2 immune
response in pain depression comorbidities since IL-10 is
a Th2 or M2-associated cytokine [56]. This also provides
some hints for our future research direction, and may
become a target for the treatment of pain and depression
comorbidity.
Although our study comprehensively investigated alterations in monoamine neurotransmitters, HPA axis, and
immune inflammation in hyperalgesia and depression
comorbidity, there are still some limitations. First, our
study is based on a reserpine-induced rat model, and it
is uncertain that the same changes are present in clinical
patients. Secondly, our study just clarified the phenomena, and more and more in-depth mechanism studies are
needed to clarify the causes of these alterations.
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Fig. 7 Correlation of reserpine-induced depression-related and pain-related behaviors. A The correlation between SPT and PWT. B The correlation
between SPT and LPW. C The correlation between OFT and PWT. D The correlation between OFT and LPW. E The correlation between FST and PWT.
F The correlation between FST and LPW. Data is expressed as the mean ± SD

Conclusions
In summary, our study is the first to comprehensively
detect alterations in monoamine neurotransmitters,
HPA axis, and immune inflammation based on a reserpine-induced rat model. We confirmed that repeated
reserpine injection induced depressive behaviors and
pain phenotypes, and increased 5-HT, NE, ACTH,
and CORT were detected in the model group. Elevated IL-1β, IL-6 and lowered IL-10 in the model rats
indicated there may be a low Th2 or/and M2 immune
response in pain and depression comorbidities. More
research in these areas is needed to understand the
pathogenesis of the disease, so as to find more and better therapeutic targets.
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