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Purpose: Ventral tegmental area (VTA) dopamine system plays an important role in depression 

and is also involved in pain experience. In this study, we investigated the VTA dopaminergic 

(DA) neuron firing and local field potential (LFP) in pain-related depression, and we try to 

explore the underlying relationship between pain and depression.

Materials and methods: We used neuropathic pain model [spare nerve injury (SNI)] to induce 

pain-related depression. The Dixon up–down method was used to test mechanical hypersen-

sitivity. Behavioral changes like open field test, sucrose preference test, and forced swim test 

were used to test depression-like behaviors. Gabapentin (GBP) was used to explore the chronic 

analgesic treatment that could reverse pain-related depression. To investigate the in vivo varia-

tions of VTA DA neuron firing and LFP, multichannel acquisition processor system was used.

Results: We used SNI to induce depression-like behaviors. Repeated GBP treatment reversed 

these behaviors after 14 days of injection. An in vivo electrophysiological analysis of the firing 

characteristics of VTA DA neurons and LFP revealed that SNI increased the firing rate of DA 

neurons, but not the burst firing activity. Surprisingly, chronic GBP reversed the firing rate of 

DA neurons and reduced the burst firing activity. Moreover, SNI increased the LFP power in 

delta and theta oscillation and decreased it in beta oscillation. Repeated administration of GBP 

significantly suppressed theta oscillation. Above all, chronic GBP altered these characteristics 

to reverse depression-like behaviors.

Conclusion: The present study confirmed that the tonic firing activity of VTA DA neurons, but 

not the burst firing activity, was the key factor in peripheral neuropathy–induced depression. 

Chronic GBP regulated the firing pattern of DA neurons and decreased theta oscillation in VTA 

to treat pain-related depression. This variation tendency of electrophysiological characteristics 

of VTA DA neurons and theta oscillation in VTA might represent an attempt to cope with pain-

related negative mood disorder.
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Introduction
Many brain regions, such as the medial prefrontal cortex (mPFC), ventral tegmental area 

(VTA), and other brain areas, are involved in pain experience, which have important 

roles in encoding affects and salience.1,2 Also, negative emotional experiences, such as 

depression and anxiety, lead to pain sensation without tissue damage. Neuropathic pain 

induces multiple transsynaptic changes that extend to the brain. As a result, many patients 

experience mood disorders such as depression.3 The high comorbidity of chronic pain 
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syndromes and depression further emphasizes the significance 

of negative emotions associated with chronic pain.4

Pain and depression are two highly extensive disorders. 

Clinical studies have common views that both coexist and 

interact. However, the mechanisms underlying pain–depres-

sion comorbidity and their dynamic interactions remain 

largely unknown. Brain imaging studies have shown that 

the mesolimbic reward circuitry, composed of DA neuron 

of the VTA and their projections such as mPFC and nucleus 

accumbens (NAc), is involved in pain sensation and pain-

related emotional experiences.5 Accumulating evidences 

indicate that DA neurons modulate acute and chronic pain, 

as well as the process of pain relief.6,7 Recently, metabolic 

and transcriptional mechanisms in the VTA–NAc dopamine 

system were shown to regulate depressive behaviors.8–11 These 

evidences indicate that VTA DA system may play an impor-

tant role in the comorbidity of chronic pain and depression. 

In electrophysiology, the local field potential (LFP) described 

neuronal activity in the local tissue, which was composed of 

low-frequency extracellular voltage fluctuations that reflected 

synaptic potentials and other slow electrical signals, such 

as spike after-potentials and voltage-dependent membrane 

oscillations.3,12 Analysis of rhythmic VTA LFP activity could 

provide a better index to reflect VTA local DA system state. 

Nevertheless, the mechanisms especially the electrophysi-

ological variation tendency of VTA LFP and DA neurons 

during the pain-related depression are limited.

Clinically, gabapentin (GBP) is a preferred pain reliever for 

neuropathic pain. Chronic GBP reduces calcium currents via 

inhibition of α
2
δ-1 membrane trafficking, explaining its direct 

effects on GABA release and misleading nomenclature.13 In 

mesolimbic system, GBP could reduce the dopamine release 

to prevent cocaine-induced reinstatement and motivation14 and 

impact the functions of midbrain DA system. In this study, a 

neuropathic pain model [spare nerve injury (SNI)] was used 

to induce chronic pain stimulus as a long-time nociception to 

evoke depression-like behaviors. We used GBP as an antalgic 

to reduce pain, and in particular, we found that repeated GBP 

could reverse depression-like behaviors by altering the VTA 

LFP and DA neuron firing patterns. These results suggest that 

VTA may be one of the key factors in pain–depression comor-

bidity, provides new avenues to treat this disease, and reveals 

a potential connection among pain, depression, and reward.

Materials and methods
Animals
Male Sprague–Dawley (SD) rats (weighing 200–250 g) were 

housed in a vivarium under a 12-hour light–dark cycle at a 

constant temperature (25°C) and humidity (50%–60%) with 

free access to food and water. The rats were acclimatized to the 

laboratory for 1 week before starting experiments. Moreover, all 

the experimental procedures were conducted in accordance with 

the National Institutes of Health Guide for Care and Use of Labo-

ratory Animals and approved by the Institute of Military Cogni-

tive and Brain Sciences Animal Welfare and Ethics Committee.

Experimental design
As described in Figure 1A, 48 male SD rats were divided 

into two groups randomly, one group named sham (24 rats), 

while the other group named SNI (24 rats). Before and after 

the SNI surgery, in both the groups behavioral test including 

mechanical allodynia test (six rats one group), open field test 

(OFT; eight rats one group), sucrose preference test (SPT; 

eight rats one group), and forced swim test (FST; 10 rats one 

group) at different time points were conducted. After the last 

depression-like behaviors test, 12 SNI rats were subjected to 

repeated GBP injection; the other rats underwent saline treat-

ment as control group. Meanwhile, sham rats were injected 

with saline. Eighteen rats (six rats one group) were randomly 

chosen for the depression-like behaviors test to detect the 

therapeutic effect of chronic GBP. And 27 rats (11 sham rats, 

10 SNI + saline rats, and 6 SNI + GBP rats) were used for 

electrophysiological recording of VTA DA system.

Drugs and anesthesia
The rats were anesthetized with Nembutal (60 mg/kg, 

intraperitoneally) for SNI surgery and electrophysiological 

recording. GBP (TCI, G0318, 100 mg/kg, intraperitoneally) 

was used for pain relief.

Surgery for SNI
The SNI surgery was conducted as described in detail in a 

previous study.10 Furthermore, rats were anesthetized using 

Nembutal (60 mg/kg) intraperitoneally. The skin of the 

right thigh was incised, and the biceps femoris muscle was 

dissected to expose the three branches of the sciatic nerve: 

sural, common peroneal, and tibial nerves. A 5-0 silk suture 

was used to ligate the common peroneal and tibial nerves. 

Then, the nerves were cut distal to each knot, and 3–5 mm 

of the distal ends was removed. In the surgery of sham rats, 

the aforementioned nerves were exposed but not cut.

Animal behavioral tests
Mechanical hypersensitivity test
Mechanical hypersensitivity was measured using von Frey 

filaments and the Dixon up–down method. In brief, the rats 
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were individually placed into Plexiglas chambers over a mesh 

table and acclimated for 20 minutes before the examina-

tion. Beginning with 2.0 g, von Frey filaments in a set with 

logarithmically incremental stiffness (0.8, 1.0, 1.2, 1.5, 2.0, 

4.0, 6.0, 8.0, 10.0, and 15.0 g) were applied to the lateral 

one-third of the right paws of rats.15

Figure 1 SNI caused depression-like behaviors.
Notes: (A) Experimental paradigm. (B) The SNI rats developed mechanical hypersensitivity after surgery compared with the sham rats (n=6, P<0.0001). (C) The SNI rats 
had significantly decreased mobility with the walking distance in the open field test compared with sham rats on day 28 after SNI surgery, and this lasted till days 42 and 56 
compared with the sham rats (n=8, P=0.0315, P=0.0168, P=0.003). (D) Examples of walking trajectory in the open field environment 56 days after SNI. The SNI rats developed 
decreased motivation or behavioral despair, as indicated by prolonged immobility on the forced swim test and preference for sucrose in sucrose preference test on day 42 
after SNI surgery, and this lasted till day 56 compared with the sham rats [(E) n=10, P=0.0050, P=0.0029; (F) n=8, P=0.0205, P=0.0005]. Values represented as mean ± standard 
error of mean; two-way ANOVA with Bonferroni post hoc test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
Abbreviation: SNI, spare nerve injury.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Journal of Pain Research  2018:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2250

Fu et al

OFT
The OFT apparatus consisted of a noiseproof box 

(100×100×100 cm3, length×width×height). The rats were 

individually placed in the central area and allowed to explore 

for 5 minutes. Their activity was video tracked.15

SPT
The rats were acclimated to the test room for ≥20 minutes. 

Two bottles (1% sucrose solution vs water) were presented 

to each rat for 30 minutes. The bottles were switched to the 

opposite side and the test was continued for an additional 

30 minutes. At the end of each test, sucrose preference was 

calculated as the volume of sucrose consumed divided by 

total liquid consumption for each rat.16

FST
On the first session of the test, each rat was placed in a stan-

dard water tank with water at 25°C for 15 minutes. After 24 

hours, the rat was placed into this chamber under the same 

conditions for 5 minutes. Immobility was defined as a lack 

of movement of the hind paws lasting for >1 second in the 

second test.17

In vivo electrophysiological recording
Surgical procedure
The surgical and histological procedures were performed 

as follows: on day 71 following the surgery, the rats were 

anesthetized with pentobarbital (60 mg/kg) intraperitoneally 

and placed in the stereotaxic apparatus (Kopf, Tujunga, CA, 

USA) with their body temperature maintained at 37°C±1°C 

using a heating pad. Then, the scalp was retracted, and one 

burr hole was drilled above the area selected for the experi-

ments, according to the Paxinos and Watson (2007) rat brain 

atlas. In this study, the electrodes were implanted in VTA 

(anteroposterior, 6.0 mm from bregma; mediolateral, 0.4–0.6 

mm from midline; dorsoventral, 7.0–8.0 mm from corti-

cal surface) for all rats. The single unit activity of neurons 

was extracellularly recorded using a U-probe electrode (16 

channels, Plexon Inc., Dallas, TX, USA) when the rats were 

anesthetized.

Data collection
The neural activity was amplified, band-pass filtered at 

150–8,000 Hz, and continuously sampled at 40 kHz using a 

multichannel acquisition processor (MAP) system (Plexon 

Inc.). Spike sorting was performed manually using an Offline 

Sorter (Plexon Inc.). The data were then transferred to 

NeuroExplorer (Plexon Inc.) for further analysis. LFP were 

first band-pass filtered into five bands: delta (1–4 Hz), theta 

(4–12 Hz), beta (12–30 Hz), low gamma (30–45 Hz), and 

high gamma (60–100 Hz),18 and then all data were analyzed 

using NeuroExplorer (Plexon Inc.). For each rat, the LFP 

was recorded for at least 15 minutes.

Neuronal classification and analysis
Immunochemical identification of cell types in extracellular 

recordings was technically challenging. Differences in the 

waveform size and shape were used for separating single 

units. Single putative DA neurons were isolated (band-pass 

filter 0.1–10.000 Hz) and identified according to waveform 

characterization: 1) action potential with biphasic or triphasic 

waveform 2.5 milliseconds in duration; 2) 1.1 milliseconds 

from spike onset to negative trough; and 3) slow spontaneous 

firing rate <10 spikes/s. Bursts were defined as the occurrence 

of two spikes at interspike interval <80 milliseconds and termi-

nated when the interspike interval exceeded 160 milliseconds.19

Statistical analysis
The Student’s t test and two-way ANOVA with Bonferroni 

post hoc test were used for comparing the two treatment 

groups. One-way and two-way ANOVAs with Tukey’s post 

hoc tests were used for multiple group comparisons. In all 

figures that contained statistically significant test results, the 

P-value denoted by one asterisk was in the range of 0.05–

0.01, the P-value denoted by two asterisks was in the range 

of 0.01–0.001, and the P-value denoted by three asterisks was 

<0.001. Data were represented as mean ± standard error of 

mean. GraphPad PRISM 6.0 was used for statistical analysis.

Results
Chronic pain led to depression-like 
behaviors
This study used the SNI model, a peripheral nerve injury 

model for chronic neuropathic pain, to examine the regula-

tion of pain-induced depression. Two of three branches of 

the sciatic nerve were surgically resected, causing permanent 

nerve injury and neuropathic pain. As the experimental time-

line described (Figure 1A), the rats experienced abnormal 

hypersensitivity to mechanical stimuli 3 days after SNI. 

Sensory hypersensitivity after SNI was stable, persisting 

until at least day 56. The mechanical hypersensitivity test 

was performed 14, 28, 42, and 56 days after surgery [Figure 

1B; F
group

 (1, 60)=347.2, F
day time

 (5, 60)=18.59, F
interaction

 

(5, 60)=12.39, P<0.0001]. In contrast, the control rats that 

underwent sham operation did not show this sensory hyper-

sensitivity (Figure 1B).
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Next, the depressive symptoms associated with chronic 

pain were examined. The mobility, anhedonia, and behavioral 

despair for depression were evaluated using OFT, SPT, and 

FST, respectively, to demonstrate depression-like behaviors 

induced by chronic neuropathic pain. The SNI rats showed 

a significant decrease in walking distance in the OFT 

compared with the sham rats on day 28 (P=0.0315), which 

lasted till days 42 and 56 (P=0.0168, P=0.003). No differ-

ence was observed on day 14 [P=0.4299, Figure 1C; F
group

 

(1, 70)=30.96, P<0.0001; F
day time

 (4, 70)=22.48, P<0.0001; 

F
interaction

(4, 70)=2.074, P=0.0934]. The walking trajectory 

of the rats in the open field environment on day 56 after 

SNI was shorter and less time was spent in the central area 

compared with those of the sham rats (Figure 1D). In FST, 

the immobility time significantly increased by SNI on day 42 

(P=0.0050) after surgery and lasted till day 56 (P=0.0029). 

No difference was observed on days 14 and 28 [P=0.4606, 

P=0.0869, Figure 1E; F
group

 (1, 90)=21.41, P<0.0001; F
day time

 

(4, 90)=5.812, P=0.0003; F
interaction

 (4, 90)=1.615, P=0.1773]. 

The SPT was also used to test the depression-like behaviors. 

The preference for sucrose began to decrease on day 28 after 

surgery, but with no statistical difference (P=0.2013). A sig-

nificant decrease was observed on day 42 (P=0.0205) that 

lasted till day 56 [P=0.0005, Figure 1F; F
group

 (1, 70)=19.63, 

P<0.0001; F
day time

 (4, 70)=7.547, P<0.0001; F
interaction

 (4, 

70)=2.778, P=0.0334].

Therefore, the experimental data revealed that SNI rats 

began to demonstrate depressive tendency on day 28, but they 

did not display a noticeable difference in the behavioral test. 

However, on days 42 and 56, a remarkable difference was 

found in OFT, FST, and SPT, indicating that SNI could induce 

depression-like behavior. This phenomenon was persistent, 

stable, and could not be recovered spontaneously.

Repeated injection of GBP reversed 
depression-like behaviors induced by 
chronic pain
This study used GBP, a clinical pain reliever, to study the rela-

tionship between chronic pain and depression and examined 

whether it could treat the depression caused by chronic pain. 

Therefore, the rats were divided into two groups: one group 

was treated with GBP and the other with saline injections.

An intraperitoneal injection of GBP (100 mg/kg) was 

given to the SNI rats on day 56 after the SNI surgery. GBP 

suppressed mechanical allodynia after 2 hours (Figure 2A; 

t=6.148, P<0.0001). Then, the SNI rats were randomly 

divided into two groups: one group was given a saline injec-

tion and the other group was given GBP. According to the 

experimental design, GBP (100 mg/kg) was infused suc-

cessfully by intraperitoneal injection once a day. Depressive 

behavioral tests were conducted on the seventh day of the 

continuous injection. No difference was found in OFT (Fig-

ure 2B, P=0.6815) and SPT (Figure 2E, P=0.6410) between 

the SNI + saline and SNI + GBP group rats. However, in the 

FST, GBP decreased the immobility time of SNI rats but still 

had no significant difference compared with SNI + saline 

group rats (Figure 2D, P=0.5357) or sham + saline group 

rats (P=0.1711). These data indicated that GBP treatment 

for 7 days could not reverse the depression-like behaviors.

The SNI rats were continuously treated with GBP, and 

the depressive behavior was evaluated again. Two weeks 

of successive GBP treatment significantly increased the 

mobility in SNI rats compared with the SNI + saline group 

rats [P<0.0002, Figure 2B; F
group

(2, 30)=21.65, P<0.0001; 

F
day time

(1, 30)=11.69, P=0.0018; F
interaction

(2, 30)=5.407, 

P=0.0099]; no difference was observed compared with the 

sham + saline group. The walking trajectory of GBP-treated 

rats in open field environment on day 14 was longer and more 

time was spent in the central area compared with the saline-

treated groups at the same time (Figure 2C). Chronic GBP 

also decreased the immobility time during FST in SNI rats 

compared with the SNI + saline group rats (P=0.0476); no 

difference was observed compared with the sham + saline 

group rats [Figure 2D; F
group

 (2, 30)=8.630, P=0.0011; F
day time

 

(1, 30)=1.511, P=0.2286; F
interaction

 (2, 30)=1.036, P=0.3672]. 

Chronic GBP significantly increased the percentage of 

sucrose preference compared with the SNI + saline group 

rats [P=0.0133, Figure 2E; F
group

 (2, 30)=41.53, P<0.0001; 

F
day time

(1, 30)=1.884, P=0.1800; F
interaction

(2, 30)=3.744, 

P=0.0353], but it was still obviously lower than that in the 

sham + saline group rats (P=0.008).

Chronic pain stimuli increased the firing 
rate of VTA DA neurons, but 14 days of 
GBP decreased both frequency and burst 
firing patterns
This study used the MAP system in vivo extracellular 

recordings from anesthetized rats to study the firing rates 

and firing patterns in VTA DA neurons so as to determine 

the changes in neuronal activity of VTA DA neurons in the 

chronic neuropathic pain and depression state (Figure 3B). 

We filtered the DA neurons by its waveform features (Figure 

3A). Compared with sham + saline group rats, SNI induced 

a significant increase in the firing rate of VTA DA neurons 

[P=0.0498, Figure 3C, F (2, 151)=5.087, P=0.0073], but 

not in burst firing patterns (P=0.2689). However, 14 days of 
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GBP treatment decreased the firing rate of VTA DA neurons 

(P=0.0075) and % spikes in bursts (P=0.0450) in SNI, but 

with no difference compared with the sham group [Figure 3C, 

F (2, 151)=5.087, P=0.0073; Figure 3D, F (2, 112)=3.191, 

P=0.0449].

In total, chronic pain stimuli improved the excitability 

of VTA DA neurons to induce pain-related depression. This 

might be a clue for pain- and depression-complicated phe-

nomenon in clinical practice. GBP, as a clinical analgesic, 

was used to treat neuropathic pain. Chronic GBP treatment 

could decrease the excitability and phasic firing activity of 

VTA DA neurons to reverse the depression-like behaviors.

Chronic GBP injection decreased VTA 
theta band oscillation
The VTA LFP was also examined to test the change in low-

frequency VTA network oscillations (<250 Hz). The power 

spectral density percent was used as an indicator of LFP 

power. The LFP oscillation was divided into five bands: 

delta oscillation (1–4 Hz), theta oscillation (4–12 Hz), beta 

oscillation (12–30 Hz), low gamma oscillation (30–45 Hz), 

and high gamma oscillation (60–99 Hz).

In delta oscillation, SNI prominently increased the power 

spectral density (P<0.0001), and chronic GBP injection 

decreased this improvement to some degree, but no difference 

Figure 2 Chronic GBP injection reversed depressive-like behaviors induced by chronic pain.
Notes: (A) Single GBP injection suppressed mechanical allodynia (n=12, SNI rats, P<0.0001). (B, D, and E) After 14 days of injection of GBP, SNI rats significantly increased 
mobility with walking distance in open field environment [(B) n=6, P<0.0002], decreased behavioral despair, as indicated by prolonged immobility on the FST [(D) n=6, 
P=0.0476], and obviously increased preference for sucrose in the sucrose preference test [(E) n=6, P=0.0133] compared with the SNI rats. (C) The walking trajectory of the 
rats in open field on day 14 after GBP injection. Values were represented as mean ± standard error of mean. Student’s t-test and two-way ANOVA with Tukey’s post hoc 
test were used for comparison between groups. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
Abbreviations: FST, forced swim test; GBP, gabapentin; SNI, spare nerve injury.
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was found (P=0.1123). Both these groups had a significant 

difference compared with the sham rats [P=0.0053; Figure 

4B, F (2, 232)=22.45, P<0.0001]. In theta oscillation, the 

LFP power was significantly increased by SNI compared 

with the sham rats (P<0.0001), and repeated GBP treatment 

could remarkably reverse this change [P=0.0002; Figure 4D, 

F (2, 232)=16.08, P<0.0001]. The average LFP power spectra 

of 1–12 Hz network oscillation in linear graphs are shown 

in Figure 4A and C.

In the beta band, the LFP power was reduced by chronic 

pain (P=0.002) and GBP treatment (P<0.0001) compared 

with the sham rats, and no difference was found between both 

groups [P=0.068; Figure 4F, F (2, 232)=12.95, P<0.0001]. 

The average LFP power spectra of 12–30 Hz network oscil-

lation in linear graphs are shown in Figure 4E. The gamma 

band was divided into low gamma band (30–45 Hz) and 

high gamma band (60–99 Hz). SNI reduced the power 

spectral density in both low gamma (P=0.5060) and high 

gamma band oscillations (P=0.4765), but no difference was 

found between the SNI and sham groups. Furthermore, 14 

days of GBP injection also decreased the LFP power and 

had no difference compared with SNI rats in low gamma 

(P=0.0662) and high gamma band oscillations (P=0.7637). 

However, compared with the sham group, GBP-treated rats 

had a significant difference in low gamma band oscillation 

[P=0.0083; Figure 4H, F (2, 223)=4.542, P=0.0117] and 

no difference in high gamma band oscillation [P=0.2620; 

Figure 4J, F (2, 225)=1.370; P=0.2562]. The average LFP 

power spectra of low gamma (30–45 Hz) and high gamma 

(60–99 Hz) network oscillations in linear graphs are shown 

in Figure 4G and I.

Discussion
Neuropathic pain is commonly associated with affective 

disorders such as anxiety and depression.20–22 Previous 

studies have demonstrated measures of depression-like 

behaviors in rodent models of neuropathic pain,15,23 yet, few 

have determined if the hypersensitivity indicative of a pain 

state is actually correlated with the depressive behavior 

observed. The present study used a rodent neuropathic pain 

model to examine whether the pain caused depression-like 

behaviors. The study had three key findings. First, SNI caused 

depression-like behaviors and this behavioral change could 

not be reversed without drug or other treatments. Second, 

repeated administration of GBP for at least 14 days reversed 

depression-like behaviors induced by chronic pain. Third, 

SNI could significantly increase VTA DA neuron firing rate 

and low-frequency oscillation, which were associated with 

Figure 3 SNI and GBP changed VTA DA neuron firing.
Notes: (A) The waveform pattern of VTA DA neuron. (B) Examples of DA neuron in vivo electrophysiological data in VTA (2 seconds). (C) The in vivo firing rate of DA 
neurons was significantly increased by SNI compared with sham rats and decreased with 14 days of GBP treatment [n DA neurons = 42 (sham + saline group rats; n=11), 48 
(SNI + saline group rats; n=10), 64 (SNI + GBP group rats; n=6), P=0.0498, P=0.0075]; (D) DA neuron burst firing properties, such as % of spikes in burst, were significantly 
decreased with chronic GBP treatment compared with SNI rats [n DA neurons=27 (sham + saline group rats; n=11), 40 (SNI + saline group rats; n=10), 48 (SNI + GBP group 
rats; n=6), P=0.0073]. Values were reported as mean ± standard error of mean. One-way ANOVA with Tukey’s post hoc test was used for comparison between groups; 
$SNI+GBP vs sham+saline; *SNI + saline vs sham + saline; #SNI + saline vs SNI + GBP; *,#P<0.05, $$,##P<0.01.
Abbreviations: DA, dopaminergic; GBP, gabapentin; SNI, spare nerve injury; VTA, ventral tegmental area.
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depression-like behaviors. Meanwhile, chronic GBP injection 

reversed this phenomenon by suppressing DA neuron firing 

rate and VTA theta band oscillation.

Mechanical hypersensitivity is an indication of chronic 

neuropathic pain, and behavioral despair (FST), anhedo-

nia (SPT), and mobility (OFT) serve as indices for mood 

disorder.24,25 In the present study, SNI-induced mechanical 

allodynia and depressive-like behaviors were confirmed 

by increased withdrawal threshold and immobility time as 

well as reduced sucrose preference, which suggested that 

SNI induced the comorbidity of chronic pain and depres-

sion.15,16 Previous studies indicate that SNI surgery induced 

depression-like behaviors in the early days (7 day16 or 14 

days15,26 after surgery). However, the present study found 

that depression-like behaviors, such as walking distances in 

OFT, immobility time in FST, and sucrose preference in SPT, 

began to decrease on day 28 after surgery, but no statistical 

difference was found. However, significant difference was 

Figure 4 Chronic GBP injection decreased VTA theta band oscillation.
Notes: (A, C, E, G, and I) Linear graphs show average LFP power spectra (1–12 Hz; A), beta oscillation (12–30 Hz; E), low gamma (30–45 Hz; G), and high gamma (60–99 
Hz; I) oscillations for sham + saline group rats, SNI + saline group rats, and SNI + GBP group rats. (B, D, F, H, and J) Bar graphs represent the mean total LFP power in sham 
+ saline, SNI + saline, and SNI + GBP group rats within five frequency band ranges: delta, theta, beta, low gamma, and high gamma oscillations. In the delta band, the LFP power 
was significantly increased by chronic pain, and repeated GBP reversed the change, but no difference was found compared with the SNI group. Both groups had significant 
difference compared with the sham group [B; n=11 (sham + saline), n=10 (SNI + saline), n=6 (SNI + GBP); P<0.0001, P=0.0053]. In theta band oscillation, SNI increased the 
LFP power and chronic GBP reversed the change [D; n=11 (sham + saline), n=10 (SNI + saline), n=6 (SNI + GBP); P<0.0001, P=0.0002]; SNI and chronic GBP significantly 
decreased LFP power in beta oscillation compared with the sham group [F; n=11 (sham + saline), n=10 (SNI + saline), n=6 (SNI + GBP); P=0.002, P<0.0001]. Chronic GBP 
decreased the power of low gamma oscillations compared with the sham rats [H; n=11 (sham + saline), n=10 (SNI + saline), n=6 (SNI + GBP); P=0.0083]. No difference was 
observed in high gamma oscillation between these three groups [J; n=11 (sham + saline), n=10 (SNI + saline), n=6 (SNI + GBP); P>0.05]. Values were reported as mean ± 
standard error of mean. One-way ANOVA with Tukey’s post hoc test was used for comparison between groups. *SNI + saline vs sham + saline; #SNI + saline vs SNI + GBP; 
$SNI + GBP vs sham + saline; **,$$P<0.01, ###P<0.001; ****,$$$$P<0.0001.
Abbreviations: GBP, gabapentin; LFP, local field potential; SNI, spare nerve injury; VTA, ventral tegmental area.
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observed on day 42 after surgery and persisted up to day 

56. Moreover, only the SNI rats developed depression-like 

behaviors.

How pain caused depression was not well understood. 

Neuropathy from SNI creates chronic nociceptive stimulus, 

causing depression.5 Also, pain stimulus was shown to impact 

the synaptic connectivity in mPFC,6,27,28 accumbens nucleui,7,15 

and dopamine signal pathway from the VTA.29 To date, 

accumulating evidences suggest that midbrain DA neurons 

modulate acute and chronic pain. Clinical pain reliever can 

also cure spontaneous pain, anxiety or depression-like behav-

iors.30–32 The present study used a single injection of GBP to 

inhibit neuropathic pain, followed by chronic injection for 14 

days. It was found that SNI-induced depression-like behaviors 

were reversed. These findings indicated that pain-induced 

depression could be treated with chronic analgesic injection.

SNI was reported to increase burst activity, but not tonic 

firing in VTA DA neurons in the early days after surgery 

(14 days).33 However, the present study found that SNI 

increased the firing rate of DA neurons, but not the burst 

firing activity compared with sham group when rats exhib-

ited depression-like behaviors by a long-time nociceptive 

stimulus. Dopamine is known to be important in reward and 

motivation. Anhedonia and despair are common core symp-

toms of depression.34 Dysfunction of midbrain DA system 

was a result of anhedonia and depression.35 Different kinds 

of stress, such as chronic mild unpredictable stress (CMS) 

and chronic social defeat stress (CSDS), established depres-

sion, inducing opposing changes in VTA DA neuron activity: 

CMS reduced the firing rate in VTA DA neurons, whereas 

susceptibility to CSDS was accompanied by an increase in 

the firing rate. Moreover, chronic GBP decreased the firing 

rate of DA cells and burst firing activity at the same time to 

reverse the depression-like behaviors. Our data provide a clue 

for modulating firing of VTA DA neurons that could prevent 

the development of pain-related depression-like behaviors.

GBP interacts with a subunit of voltage-sensitive calcium 

(Ca2+) channels36 and modulates the function of peripheral 

and central pain pathways by influencing fast synaptic 

transmission and neuronal excitability. The VTA LFP was 

measured to explore the low-frequency extracellular voltage 

fluctuations so as to further explore the relationship among 

chronic pain stimuli, chronic GBP treatment, and VTA DA 

cells, which reflected synaptic potentials to see how chronic 

pain and drug affected VTA cells to induce and reverse the 

depression. Recent studies showed that the delta band (1–4 

Hz) represented slow-wave sleep. The amplitude of theta 

oscillations (4–12 Hz) was related to spatial memory in 

animal models.37,38 Beta and gamma oscillations (12–100 

Hz) were involved in episodic memory in humans.39 A recent 

study indicated that the beta oscillation was more relevant 

for long-range synchronization involving long transmission 

delays,40 whereas the gamma oscillation was more evident in 

the communication of close-by areas.41 Cocaine was reported 

to significantly increase VTA theta band oscillations in free-

moving rats,42 indicating delta and theta oscillations in VTA 

corresponded to motivation. The present study found that SNI 

increased the LFP power in delta, theta, and beta oscillations, 

but GBP significantly decreased the theta oscillation, indicat-

ing that chronic GBP treatment reduced theta band oscillation 

to reverse the depression-like behaviors at the level of LFP. The 

present findings provided a new direction to understand the 

relationship between pain and depression at the level of LFP.

Conclusion
The present study confirmed that the tonic firing activity of 

VTA DA neurons, but not the burst firing activity, was the 

key factor in peripheral neuropathy–induced depression. 

Chronic GBP regulated the firing pattern of DA neurons 

and decreased theta oscillation in VTA to treat pain-related 

depression. The functional consequences of VTA DA and 

depression induced by chronic pain remain controversial. 

Nonetheless, the variation tendency of VTA DA neurons 

plasticity and theta oscillation represented an attempt to 

cope with pain-related negative mood experience positively. 

It provided a new direction to understand the mechanism of 

pain-induced depression.
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