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Abstract 

Background: To investigate the thalamic neurotransmitters and functional connections in the development of 
chronic constriction injury (CCI)-induced neuropathic pain.

Methods: The paw withdrawal threshold was measured by mechanical stimulation the right hind paw with the von 
frey hair in the rats of CCI-induced neuropathic pain. The N-acetylaspartate (NAA) and Glutamate (Glu) in thalamus 
were detected by magnetic resonance spectrum (MRS) process. The thalamic functional connectivity with other brain 
regions was scanned by functional magnetic resonance image (fMRI).

Results: The paw withdrawal threshold of the ipsilateral side showed a noticeable decline during the pathological 
process. Increased concentrations of Glu and decreased levels of NAA in the thalamus were significantly correlated 
with mechanical allodynia in the neuropathic pain states. The thalamic regional homogeneity (ReHo) decreased dur-
ing the process of neuropathic pain. The functional connectivity among the thalamus with the insula and somatosen-
sory cortex were significantly increased at different time points (7, 14, 21 days) after CCI surgery.

Conclusion: Our study suggests that dynamic changes in thalamic NAA and Glu levels contribute to the thalamic 
functional connection hyper-excitation during CCI-induced neuropathic pain. Enhanced thalamus-insula functional 
connection might have a significant effect on the occurrence of neuropathic pain.

Keywords: Chronic pain, N-acetylaspartate (NAA), Glutamate (Glu), Central sensitization, Thalamic functional 
connectivity
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Introduction
Neuropathic pain due to injuries or lesions in the periph-
eral nervous system is always accompanied by allodynia, 
hyperalgesia, and even numbness [1, 2]. The thalamus, 
which is the significant area activated as a response to 

noxious stimulation in normal subjects, has remained the 
focus of attention in the field of pain research in the past 
century [3]. Indeed, the thalamus becomes sensitized 
after a pain attack, reducing the hyperalgesia and allo-
dynia threshold. Clinical studies have shown increased 
neural activity when patients encounter peripheral 
nerve injury [4, 5]. The reduction in the thalamic neural 
response threshold has also been investigated in rodent 
models [6, 7].
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Previous studies have revealed that aberrant activity 
and neurotransmitter alterations in the central nervous 
system are the significant pathological mechanism in a 
variety of pain models [8–10]. Thalamic N-acetylaspar-
tate (NAA) has long been recognized as a pathological 
marker of chronic pain. A variety of in vivo studies have 
demonstrated that thalamic NAA alteration is critical in 
the development of chronic pain. Additionally, glutamate 
(Glu) levels have been reported to distinguishing healthy 
individuals from patients [11, 12]. Due to their magnetic 
sensitivity and mass enrichment in  vivo, proton nuclei 
are widely applied in magnetic resonance spectroscopy 
studies. Abundant 1H MRS voxels depict a spectrogram 
of the concentration of neurometabolic substances in a 
specific region of the brain [13]. Besides, blood-oxygen-
ation-level dependent (BOLD)-fMRI was used to inves-
tigate the intrinsic functional connectivity between the 
thalamus and other brain regions.

As mentioned above, few studies on whole brain func-
tional activities and neurometabolic changes have pro-
vided us with the pathological mechanism of pain in the 
central nervous system. The response of thalamic altera-
tions to pathological progress has rarely been studied. 
The purpose of the current study was to further identify 
thalamic neurotransmitters and functional connectivity 
alterations in the rat model of CCI-induced neuropathic 
pain.

Materials and methods
Animals
Nineteen adult male SD rats (250 ± 20  g) were divided 
into two groups (CCI rats, n = 10; Sham rats, n = 9, rats 
licence No SYXK2019-0007). Rats were housed in plastic 
cages that were kept in a room with a constant moder-
ate temperature and humidity of 23 ± 2  °C and 55 ± 5%, 
respectively, without restriction on food and water 
intake. The light/dark cycle alternated every 12  h. The 
experiments were performed in strict conformity with 
the study protocols and ethical guides of Fujian Uni-
versity of Traditional Chinese Medicine (No. FJTCM 
2019-006).

Surgical procedures
Briefly, 2% inhaled isoflurane via a precision vaporizer 
was used for animal anaesthesia maintenance. A 0.5 cm 
incision was made in the middle of the right thigh of rats. 
The sciatic nerve was fully exposed after bluntly separat-
ing the layers of tissue, and then was ligated with four 
4-0 surgical catgut to maintain slight compression. Mus-
cle and subcutaneous tissues were sutured without no 
blood exudation in the operative field. Rats were allowed 
to recover until they regained consciousness and were 
able to breathe spontaneously in the cages. The surgical 

procedure in sham-treated rats is consistent with the 
above mentioned except the ligation of the sciatic nerve.

Von Frey’s test
The Von-Frey method was adopted for detecting the paw 
withdrawal latency by the different strengths stimulation 
to the central part of the paw of rats. The specific opera-
tion is as follows: The animals were placed in the test 
box (10 × 20 × 20  cm) to adapt to the environment and 
reduce stress. During the test, the animals were put into 
the experimental environment 15–30 min in advance to 
adapt to the environment. When the animal is quiet or 
relaxed, begin the test. In the experiment, 0.6-26 g Von 
Frey hairs (The Aesthesio® set of 20 monofilaments, 
USA) were used to vertically stimulate the central part of 
hind limbs of animals. One stimulation time was 3 s for 5 
consecutive times. When Von-Frey hairs are stimulated, 
the animals produce a positive response accompanied by 
paw withdraw. The hair stimulus intensity is considered 
as the sufficient intensity if more than three times of five 
stimulations appear paw response. On the contrary, it is 
a negative intensity. When using the sufficient hair gram 
to induce a positive reaction, change the lower gram for 
stimulation and record the last smallest positive response 
gram as the paw withdrawal threshold (PWT). On the 
other hand, when the hair intensity was ineffective, select 
the higher hair stimulation until the emergence of posi-
tive response. Then, the minimum stimulus intensity was 
chosen as the paw withdrawal threshold on the affected 
side of the limb.

fMRI scanning
After the pain threshold test, the rats were fixed in the 
prone position with the coils on the scanning platform. 
During the fMRI scanning process, the anaesthesia iso-
flurane concentration was kept between 0.5 and 1.0%, 
while the temperature of the scanning bed was kept near 
35  °C. The respiratory and heart rates were monitored 
throughout the scanning process. The imaging scanning 
process was conducted using a 7.0  T animal magnetic 
resonance imaging scanner (Bruker, Germany).

The location sequence was applied first to deter-
mine the rat head position and confirm the centre 
of the imaging field. The relaxation enhancement 
T2-weighted sequence was executed with the follow-
ing parameters: TR = 4200 ms, TE = 35 ms, slice thick-
ness = 1 mm, slices = 21, and matrix = 256 × 256. After 
the end of this sequence scan, oxygen continued to be 
supplied, and isoflurane was briefly turned off. After 
the rat’s respiration rate was restored to 90 breaths/
min, isoflurane was maintained at approximately 0.5% 
to maintain this respiration rate in the rat. The gradi-
ent echoes planar imaging sequence was obtained for 
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the functional MRI data with the following parameters: 
TR = 2000  ms, TE = 28  ms, slice thickness = 1  mm, 
slices = 21, and matrix = 64 × 64. SPM software was 
used to pre-process all functional data, such as time-
division rearrangement, head dynamic correction, spa-
tial standardization and smoothing (0.2, 0.2, 0.2 mm of 
the Gauss nucleus). Because excessive motion cannot 
be rectified, one CCI rat was excluded in this process. 
For analysis, the extracerebral area was removed, and 
only the brain tissue area was preserved. After spa-
tial standardization, the spatial image was filtered and 
de-linearized, and the thalamus was selected as the 
region of interest (ROI). The correlation metric among 
the seed area and other brain regions was calculated, 
and a functional connectivity map of the rat brain was 
obtained. To evaluate the trend in the functional links 
of two groups, three-time points of two groups were 
taken as independent variables. Individual regional 
homogeneity (ReHo) maps were generated by calcu-
lating Kendall’s coefficient of concordance of the time 
series of a given voxel with those of its nearest neigh-
bour (26 voxels) according to our previous research 
methods [14]. Functional connectivity was evalu-
ated using seed-based correlational analysis. The time 
courses of all voxels within the left thalamus were aver-
aged to use as reference time courses.

1H‑MRS spectral processing
At the end of the EPI sequence scanning process, the 
thalamus was selected as the ROI (3 × 3 × 3  mm3) for 
1H-MRS scanning. Short-TE point-resolved spectros-
copy with a water suppression pulse was used for MRS 
data acquisition: TR = 1500 ms, TE = 20 ms, and num-
ber of averages = 256. The post-processing of images 
and related data were performed by using the worksta-
tion TOPSPIN (V3.1, Bruker Biospin, Germany) of the 
MRI instrument. The peak-area ratio indicates vari-
ous metabolic concentrations. Creatine (Cr) is used as 
an internal reference, and the relative quantification 
of NAA/Cr, Glu/Cr in the brain were recorded as the 
relative quantification of the substance in the brain. 
The spectrum peak positions were kept as follow: Cr 
approximately 3.0 ppm, NAA approximately 2.02 ppm, 
Glu approximately 2.7 ppm.

Both the fMRI scanning and behavioural tests were 
performed at different time points of 0, 7, 14, and 21 days 
after CCI surgery. The differences of PWT, ReHo, spec-
trum and function connectivity data between the two 
groups were analyzed by the Analysis Of Variance 
(ANOVA) and post hoc Tukey test in the SPSS 21.0 soft-
ware (SPSS, Armonk, NY, USA). The Pearson correlation 
coefficient was used to analyze the relationship between 

the spectrum neurotransmitters and behaviour. A P value 
of < 0.05 was considered statistically significant.

Results
Changes in mechanical threshold on the days 0, 7, 14, 21 
after CCI surgery
As illustrated in Fig. 1, compared to the sham group, the 
paw withdrawal threshold of the ipsilateral side showed 
a prominent decline in rats on day 7 (5.48 ± 0.56  g 
vs 11.80 ± 1.57  g, **P < 0.01), day 14 (3.53 ± 0.70  g vs 
11.67 ± 1.68  g, **P < 0.01), and day 21 after CCI surgery 
(5.26 ± 0.78 g vs 11.13 ± 0.67 g, **P < 0.01). In particular, 
compared to other time points (days 7 and 21 after CCI 
surgery), a remarkable decrease in the mechanical thresh-
old occurred on day 14 after CCI surgery (3.53 ± 0.70 g vs 
5.48 ± 0.56 g, 5.26 ± 0.78 g, ##P < 0.01).

The mechanical response threshold of the ipsilateral 
paw to Von Frey Hair in the following groups: sham sur-
gery (Sham, n = 10) and chronic constriction of the sci-
atic nerve surgery (CCI, n = 9). Data are means ± SEM. 
CCI-induced paw withdrawal threshold decrease com-
pared with the sham group, two-way repeated ANOVA, 
 F1, 51 = 206.166, P < 0.001, post hoc Tukey test: **P < 0.01. 
CCI-induced paw withdrawal threshold at day 14 com-
pared with the different time points (day 0, 7, 21), post 
hoc Tukey test: ##P < 0.01.

Changes in the thalamic and other areas functional 
activities on the days0, 7, 14, 21 after CCI surgery
ReHo was applied to assess resting-state brain activity 
during the pain state. There were no statistic differences 
of ReHo between two groups on 0 days without surgery 

Fig. 1 Mechanical pain behavior in the CCI-induced neuropathic 
pain
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(Fig.  2a). As shown in Fig.  2b, compared to the sham 
group, decreased ReHo on the left side of the thalamus 
was found through MRI scanning on day seven after CCI 
surgery (P < 0.01). In addition to the thalamus, decreased 
ReHo in the bilateral hippocampus and left paraventricu-
lar nucleus (PV) of the thalamus were also observed on 
day 7 after CCI surgery. As shown in Fig. 2c, compared to 
the sham surgery condition, decreased ReHo on the left 
thalamus and the right primary sensory cortex (S1) and 
Hypothalamus (Hth) was found on day 14 after CCI sur-
gery (P < 0.01). As shown in Fig.  2d, compared to sham 
surgery rats, decreased ReHo was found mainly on the 
left side of the thalamus on day 21 after CCI surgery 
(P < 0.01).

The alteration of NAA, Glu in the thalamus of CCI rats
To investigate thalamic neurometabolic alterations, 
MRS was applied following fMRI scanning to evaluate 
Glu and NAA levels in the thalamus in all experimental 

animals from day 0 to 21 after CCI surgery. According 
to the results in Fig. 3a–d, the Glu/Cr ratio in the thala-
mus was significantly increased compared to the sham 
group on day 7, 14, and 21 after CCI surgery (P < 0.001). 
However, the NAA/Cr ratio decreased on days 7, 14, 
and 21 after CCI surgery (P < 0.001). There was no sta-
tistic difference between the two groups on day 0 after 
CCI surgery.

As illustrated in Fig.  3e–j, increased concentrations 
of Glu and decreased levels of NAA in the thalamus 
were significantly correlated with mechanical allodynia 
on days 7, 14, 21 after CCI surgery (P < 0.05). How-
ever, there were no statistical differences between the 
neurotransmitters and PWT by correlation analysis in 
sham groups on days 7, 14, 21 after CCI surgery (data 
not shown). Thus, these results indicate that abnormal 
release of thalamic Glu and NAA may be one of the 
causes of neuropathic pain.

Fig. 2 Thalamus and other brain areas ReHo detection in the time course of CCI rats compared with Sham rats. a ReHo levels were measured with 
fMRI on day 0 before surgery between two groups (Sham, n = 10; CCI, n = 9). b ReHo on day 7 after surgery. c ReHo on day 14 after surgery. d ReHo 
on day 21 after surgery. The coronal section position of thalamus was the range from Interaural 6.36 mm, Bregma − 2.52 mm to Interaural 5.88 mm 
Bregma − 3.12. CCI-induced Reho decrease compared with the sham group, two-way repeated ANOVA,  F1, 51 = 221.08, P < 0.001, post hoc Tukey 
test: P < 0.01
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The thalamic functional connectivity varied in the CCI rats
The functional connectivity between the thalamus and 
other brain regions is shown in Fig.  4 and Table  1. In 

Fig.  4a, compared with the sham group, significantly 
increased functional connectivity was observed between 
the thalamus and the insula and striatum 7 days after CCI 

Fig. 3 The left thalamus (3 × 3 × 3 mm) 1H-MRS detection and correlation analysis between Neurotransmitters and Paw withdrawal thresholds 
(PWT) in pain condition. a–d The Glu, NAA in the thalamus were evaluated by MRS scanning at different time points ( baseline, days 7, 14, 21 after 
surgery) in Sham and CCI rats. e–j Correlation analysis between thalamic Glu, NAA and mechanical pain thresholds on the days 7, 14, 21 after CCI 
surgery (CCI, n = 9). CCI-induced Glu increased compared with the sham group, two-way repeated ANOVA,  F1, 51 = 262.684, P < 0.001, post hoc 
Turkey test: *P < 0.001; CCI-induced NAA decreased compared with the sham group, two-way repeated ANOVA,  F1, 51 = 250.05, P < 0.001, post hoc 
Turkey test: #P < 0.001
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surgery. In Fig. 4b, compared with the sham group, sig-
nificantly increased functional connectivity was observed 
between the thalamus and the hypothalamus, amygdaloid 
body, anterior cingulate cortex, hippocampus, S1, insula 
and striatum at 14  days after CCI surgery time point. 
However, we also saw less functional connectivity in the 
perirhinal cortex. In Fig.  4c, compared with the sham 
group, significantly increased functional connectivity was 
observed between the thalamus and the insula and S1 at 
21 days after CCI surgery time point. According to Fig. 4 
and Table 1, only functional connectivity with the insula 
and S1 were increased at different time points after CCI 
surgery.

Discussion
In our research, mechanical pain behaviour was observed 
in the development of neuropathic pain. Previous studies 
have shown that chronic pain can lead to over-excitation 
of neurons in different brain regions. These brain areas 
included spinal cord, thalamus, amygdala, anterior cingu-
late cortex, and others [15–18]. The thalamus is a gate-
way for relaying sensory signals to other cortical areas, 

such as the primary somatosensory cortex and second-
ary somatosensory cortex [19]. Our results showed the 
increasing of glutamate and the decrease of NAA lev-
els in the pain conditions induced by CCI. Besides, the 
dynamic change of glutamate and NAA in the thalamus 
were significantly correlated with mechanical allodynia at 
7, 14, 21 days after CCI surgery. These results indicated 
that mechanical pain might be related to the increased 
glutamate release and NAA decrease.

Glutamate is the major excitatory neurotransmit-
ter that modulates neuronal excitability and synaptic 
transmission in the central nervous system. Some stud-
ies have demonstrated that enhanced cortical glutamate 
levels may contribute to central sensitization during 
neuropathic pain [20, 21]. Previous MRS studies have 
also shown that enhanced glutamate levels in the hip-
pocampus might induce hippocampal hyper-excitability 
during pain conditions [22]. Glutamate levels were sig-
nificantly increased in the thalamic ventral posterolateral 
nucleus and ACC in neuropathic pain rats [23, 24]. Clini-
cal research using MRS also showed a significant abso-
lute glutamate increase in the insular cortex, cingulate 

Fig. 3 continued
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cortex and thalamus during several pain conditions [25–
28]. In our MRS results, increased glutamate releasing in 
the thalamus during the CCI-induced neuropathic pain, 
which was caused by excitatory neurons.

NAA is highly concentrated in brain neurons, and its 
concentration is proportional to the signal conductivity 
of the neurons. Thus, it has been recognized as a puta-
tive marker of neural functionality [29]. It has been found 

Fig. 4 The functional connectivity between the thalamus and other brain regions. a Positive brain regions of functional connection on day 7 after 
CCI surgery. b Positive brain regions of functional connection on day 14 after CCI surgery. c Positive brain regions of functional connection on day 
21 after CCI surgery. Brain coronal section position in Fig. a–c, first horizontal row: Bregma (− 5.04, − 4.44, − 4.20, − 2.92); second horizontal row: 
Bregma (− 3.72, − 3.48, − 2.16, − 1.92); third horizontal row: Bregma (− 1.56, − 0.72, 0.24, 0.36)
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that the higher pain intensity in several neuropathic pain 
diseases, such as spinal cord injury, trigeminal neuropa-
thy, and painful diabetic neuropathy, is correlated with 
the lower NAA concentration in the thalamus, which 
would affect the therapies and prognosis of neuropathic 
pain. Studies have shown that dysfunction in inhibitory 
neurons caused by decreased NAA concentrations in 
neuropathic pain conditions is mediated by the activation 
of thalamic glial cells [10, 30–35]. In addition to neuro-
pathic pain, the thalamic NAA/Cr ratio detected by MRS 
was significantly lower in patients with non-neuropathic 
pain, such as migraine, unilateral pain due to lumbar 
spine diseases, and osteoarthritis [36–38].

The pain matrix consists of brain regions such as the 
thalamus, ACC, somatosensory cortex, and insula. It 
involves the functional reorganization of brain regions 
sensitive to mechanical allodynia in patients with chronic 
neuropathic syndromes using multiple neuroimaging 
methods [39–43]. The matrix is classified into two sub-
systems according to the different projection pathways 
of the brain regions: the projections of the lateral tha-
lamic nucleus to the somatosensory cortex mainly consti-
tutes the lateral perceptive system, while the projections 
between the medial thalamic nucleus group and the 
ACC constitutes the medial nociceptive system. Thus, it 
has been concluded that both somatosensory cortex and 
insula receive sensory inputs from the thalamus, which 
is the core relay system for injury transmission and is 
essential for the noxious sensation of peripheral neu-
ralgia. It has been confirmed that thalamic functional 

abnormalities and structural disruptions that occur in 
pathological neuropathic pain may be interpreted as 
spontaneous factors of neuropathic pain [44]. In our 
fMRI research, significantly increased functional con-
nectivity was observed between the thalamus and other 
pain-related brain regions, which is similar to previous 
results revealing that the insula, basal ganglion, amyg-
dala, and limbic system are involved in neuropathic pain 
at different pathological stages [45]. In addition, in SNI 
surgical rats, more activations were observed in areas 
involved in pain modulation, such as the ventral poste-
rolateral nucleus of the thalamus, somatosensory cortex, 
while deactivations were found in the periaqueductal 
gray and insula [23].

Our novel finding was that more functional connectiv-
ity enhancement was observed between the hypothala-
mus, amygdala and thalamus at the early post-injury time 
point in CCI rats, when neuralgia sensitivity was at its 
peak. Some studies have found that the noxious stimu-
lation of the sciatic nerve in rats might induce medial 
thalamus and hypothalamus activation during fMRI [16].

The hypothalamus plays a crucial role in the hypotha-
lamic–pituitary–adrenal axis and is impaired under pain 
conditions. It is worth noting that synaptic plasticity con-
solidation in the amygdala during the chronic stage of 
pathological neuralgia may contribute to pain perception 
and negative emotions [46–48].

Another interesting finding was that the connection 
between the insular cortex and thalamus was involved 
in the pathological progression of CCI-induced chronic 

Table 1 Functional connectivity between the thalamus and other brain regions 7, 14, 21 days after CCI surgery Via voxel-
sise analysis (P < 0.001)

CCI>Sham

Brain regions Clusters MAX_T

7 days after surgery Insular cortex right 10 3.9403

dorsal thalamus lateral nucleus left 22 3.5523

Striatum right 18 3.9714

Amygdaloid body right 223 5.3559

Amygdaloid body left 9 3.6166

Hypothalamus tuberal region right 138 4.8916

Hippocampus left 11 3.6782

14 days after surgery Hypothalamus mammillary region right 12 3.8328

Sensory cortex right 30 3.5268

Striatum left 72 4.0082

Striatum right 45 3.9295

Insular cortex right 15 3.437

Anterior cingulate cortex left 35 4.0408

21 days after surgery Sensory cortex left 70 4.1288

Insular cortex right 11 3.5156
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neuralgia during early and late post-injury time points. 
It has been confirmed that the insula is the nerve net-
work hub of pain signal transmission. A clinical study 
has also suggested that chronic neuralgia is associated 
with fluctuations in the functional network and the 
activation of excitatory neurons in the insula [49, 50]. 
As we knew, the dorsal posterior insula is one region 
that is consistently active at a high level during pain, 
as seen during functional brain imaging. In addition, 
trigeminal neuralgia patients exhibit increased func-
tional connectivity between the insula and thalamus 
[51, 52]. All above these findings have suggested that 
chronic neuropathic pain produced remarkable and 
long-lasting functional connectivity enhancement 
between the thalamus and hypothalamus, amygdale 
and insula, which might be beneficial for finding the 
targets of pain drug development in the future.

Conclusion
At the occurrence and development of neuropathic 
pain induced by CCI injury, the dynamic changes in 
thalamic neurotransmitter (glutamate, NAA) concen-
trations and ReHo contribute to ongoing brain central 
sensitization and mechanical allodynia. Enhanced thal-
amus–insular functional connection plays a crucial role 
in the development of neuropathic pain in CCI rats.
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