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Interactions of Notch1 and TLR4 
signaling pathways in DRG neurons 
of in vivo and in vitro models of 
diabetic neuropathy
Tianhua Chen1, Hao Li2, Yiting Yin3, Yuanpin Zhang1, Zhen Liu3 & Huaxiang Liu1

Understanding the interactions between Notch1 and toll-like receptor 4 (TLR4) signaling pathways 
in the development of diabetic peripheral neuropathy may lead to interpretation of the mechanisms 
and novel approaches for preventing diabetic neuropathic pain. In the present study, the interactions 
between Notch1 and TLR4 signaling pathways were investigated by using dorsal root ganglion (DRG) 
from diabetic neuropathic pain rats and cultured DRG neurons under high glucose challenge. The 
results showed that high glucose induced not only Notch1 mRNA, HES1 mRNA, and TLR4 mRNA 
expression, but also Notch1 intracellular domain (NICD1) and TLR4 protein expression in DRG neurons. 
The proportion of NICD1-immunoreactive (IR) and TLR4-IR neurons in DRG cultures was also increased 
after high glucose challenge. The above alterations could be partially reversed by inhibition of either 
Notch1 or TLR4 signaling pathway. Inhibition of either Notch1 or TLR4 signaling pathway could improve 
mechanical allodynia and thermal hyperalgesia thresholds. Inhibition of Notch1 or TLR4 signaling 
also decreased tumor necrosis factor-α (TNF-α) levels in DRG from diabetic neuropathic rats. These 
data imply that the interaction between Notch1 and TLR4 signaling pathways is one of the important 
mechanisms in the development or progression of diabetic neuropathy.

A wide array of cell signaling mediators and their interactions play vital roles in neuroinflammation associ-
ated neurodegeneration1. Toll-like receptors (TLRs) may regulate the processes of neurogenesis and neurite 
outgrowth, suggesting their roles in neuronal plasticity2. Increasing evidence suggests that Toll-like receptor 4 
(TLR4) contributes importantly to chronic pain sensitization3. The role of TLR4 in diabetes mellitus has been 
receiving much attention at present. TLR4-mediated chronic inflammation not only causes many diabetes com-
plications such as diabetic neuropathy, but also has a profound impact on the internal environment of the body 
and microenvironment of the nervous system4. Since TLR4 is widely distributed in the nervous system and also 
has an important role in the regulation of neuroinflammation, the unique role of TLR4 in diabetic neuropathy 
should be further clarified.

Inflammatory responses could play a critical role in the pathogenesis of neuron injury5. Tumor necrosis 
factor-α (TNF-α) is a downstream pro-inflammatory cytokine of TLR4 signaling pathway6,7. Activation of TLR4 
induces production or release TNF-α in DRG8. Increased expression of pro-inflammatory cytokines such as 
TNF-α in the peripheral nervous system suggests the possibility of change in pain perception in diabetes9,10. The 
possibility exists that TLR4 signaling is correlated with the modulation of inflammatory mediator TNF-α and 
increase the sensitivity of nociception.

The Notch signaling pathway is crucial for regulation of neuronal differentiation and survival11,12. Notch sig-
naling regulates the fate of cells in the developing nervous system13,14 and is important in synaptic plasticity and 
inflammation in the nervous system15. Defects in the expression of Notch genes result in severe, often lethal, 
development abnormalities16. Notch1 receptor plays a role in modulation of synaptic activity of distinct growth 
factor, which shows insights into a possible cytokine/Notch signaling cross-talk complex17. Chronic pain associ-
ated with chronic neuroinflammation is caused by a local inflammation in the peripheral nervous system. Both 
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TLR4 and Notch signaling contributed to the induction and maintenance of mechanical allodynia in neuropathic 
pain8,15. TLR4 and Notch signaling may be crucial in the progression of painful diabetic neuropathy. However, 
their interactions in the process of initiating and developing diabetic neuropathy remain elusive. On the track of 
the crucial role for Notch1 and TLR4 signaling pathways in regulation of diabetic neuropathy, this study aims to 
investigate the involvement of specific interactions of Notch1 and TLR4 signaling pathways by using both strep-
tozotocin (STZ)-induced diabetic rat model in vivo and cultured DRG neurons under high glucose challenge in 
vitro.

N-[N-(3,5-difluorophenacetyl)-1-alanyl]-S-Phenylglycinet-butylester (DAPT) is served as an inhibitor for 
Notch1 receptor through decreasing the expression of Notch intracellular domain (NICD) as well as the down-
stream gene hairy and enhancer of split 1 (HES1)18. DAPT has potent and specific characteristics of inhibition 
of γ-secretase, which specifically blocks the Notch1 pathway by preventing the intracellular domain of Notch1 
(NICD1) from being released and translocated to the nucleus. The decrease of NICD1 expression was detected 
after DAPT treatment19. Whether the inhibitory effect of DAPT on NICD1 expression prevents the progression 
of diabetic neuropathy and relieves diabetic neuropathic pain should be further evaluated. TAK-242 (TAK) is a 
novel antagonist of TLR4 and effectively decreases neuroinflammation by its efficacy on blocking TLR4 to bind 
with its downstream adaptor protein1,20. In many experimental conditions, inhibition of TLR4 by TAK induced 
decreases of TLR4 expression1,20,21. The effect of TAK on reducing neuroinflammation in diabetic neuropathy 
should be further explored. In the present study, both DAPT and TAK were used as the specific inhibitors for 
detecting the interactions of Notch1 and TLR4 in the progression of diabetic neuropathy. Especially, the inter-
actions of Notch1 and TLR4 signaling were focused in this study for their influence on reliving pain behavior. 
The interactions of different signaling pathways might provide a novel anti-neuroinflammatory strategy with 
additional therapeutic options for developing diabetic neuropathy.

Results
The alterations of mechanical and thermal thresholds after inhibition of Notch1 or TLR4.  
According to the convergent evidence that activation of TLR4 contributes the development of neuropathic pain 
and its possible interactions with Notch1 signaling, inhibition of either Notch1 or TLR4 signaling on mechanical 
allodynia and thermal hyperalgesia of painful diabetic neuropathic rats was tested in this study. After admin-
stration of STZ for 6 weeks, the rats were intrathecally injected the Notch1 inhibitor DAPT (10 μl, 5 mg/ml) 
or the TLR4 inhibitor TAK (10 μl, 10 mg/ml), respectively, once per day for 3 consecutive days. The mechani-
cal and thermal thresholds were measured once per day for 5 consecutive days after first injection of DAPT or 
TAK. Inhibition of either Notch1 or TLR4 elevated the mechanical and thermal thresholds, which reflected the 
improvement of the neuropathic pain behaviors. The highest point of mechanical and thermal thresholds was at 
3 days after injection of Notch1 inhibitor DAPT or TLR4 inhibitor TAK. The mechanical and thermal thresholds 
were also maintained at a high level in 2 days after stopping injection compared with the painful diabetic neuro-
pathic animals without injection of Notch1 inhibitor DAPT or TLR4 inhibitor TAK. These data imply that inhibi-
tion of either Notch1 or TLR4 signaling pathway might be a novel therapeutic target for relieving pain behaviors 
of diabetic neuropathy (Fig. 1).

Figure 1. Neuropathic pain behavior test with different treatment. (A) The mechanical thresholds. Bar graphs 
with error bars represent mean ± SD. *P < 0.001. (B) The thermal thresholds. Bar graphs with error bars 
represent mean ± SD. #P < 0.01, $P < 0.001.
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The mRNA levels of Notch1, HES1, and TLR4 in DRG in vivo and vitro. The mRNA levels of 
Notch1, HES1, and TLR4 in L4-L6 DRG from diabetic neuropathic pain rats and cultured DRG neurons under 
high glucose challenge were determined using real-time PCR analysis by measurement the mRNA transcription 
level. Activation of Notch1 downstream signaling HES1 has been shown to regulate neural differentiation22. HES1 
mRNA expression in this study was also determined. The mRNA levels of Notch1, HES1, and TLR4 in vivo were 
shown in Table 1. The mRNA levels of Notch1, HES1, and TLR4 in vitro were shown in Table 2. The result showed 
that the mRNA levels of Notch1, HES1, and TLR4 elevated in DRG neurons from STZ-induced painful diabetic 
neuropathic rats and cultured DRG neurons under high glucose challenge. After inhibition of either Notch1 or 
TLR4 signaling pathway, the mRNA levels of Notch1, HES1, and TLR4 decreased in DRG neurons, which sug-
gested the interactions of the two signaling pathways (Fig. 2).

The protein levels of NICD1 and TLR4 in DRG in vivo and in vitro. The protein levels of NICD1 
and TLR4 in L4-L6 DRG from diabetic neuropathic pain rats and cultured DRG neurons under high glucose 
challenge were determined by Western blot assay. The protein levels of NICD1 and TLR4 in vivo were shown in 
Table 3. The protein levels of NICD1 and TLR4 in vitro were shown in Table 4. The protein levels of NICD1 and 
TLR4 elevated in DRG neurons from STZ-induced painful diabetic neuropathic rats and cultured DRG neurons 
under high glucose challenge. After inhibition of either Notch1 or TLR4 signaling pathway, the protein levels of 
NICD1 and TLR4 decreased in DRG neurons. These results suggested that high glucose challenge could induce 
activation both Notch1 and TLR4 signaling pathways. After inhibition of either Notch1 or TLR4 signaling path-
way, both Notch1 and TLR4 signaling pathways were affected, which suggested the interactions of the two sign-
aling pathways. This might be one of the mechanisms of high glucose induced peripheral diabetic neuropathy or 
neurotoxicity (Fig. 3).

The protein levels of TNF-α in DRG from diabetic animal model. TNF-α is a down stream 
pro-inflammatory cytokine of TLR4. In this study, the levels of TNF-α in DRG from diabetic animal model were 
determined by Western blot assay after inhibition of either Notch1 or TLR4 signaling pathway. The TNF-α pro-
tein level in diabetic rats, DAPT treated diabetic rats, and TAK treated diabetic rats was 3.45 ± 0.71, 1.55 ± 0.12, 
and 1.39 ± 0.19 folds of control, respectively. TNF-α levels were elevated in DRG from diabetic animal model. 
Inhibition of either Notch1 or TLR4 signaling decreased TNF-α level in DRG. This result suggested that Notch1 
or TLR4 activation promoted TNF-α expression is one of the mechanisms of painful diabetic neuropathy. 
Inhibition of Notch1- or TLR4-TNF-α signaling pathway might be an effective target for relieving diabetic neu-
ropathic pain behaviors (Fig. 4).

The expression of NICD1 or TLR4 in situ of cultured DRG neurons. The expression of NICD1 or 
TLR4 in situ in cultured DRG neurons under high glucose challenge were detected by double fluorescence labeling 
of microtubule-associated protein 2 (MAP2) and NICD1 or TLR4. The percentage of NICD1-immunoreactive 
(IR) neurons in control, mannitol, high glucose, high glucose + DAPT, high glucose + TAK group was 
23.1% ± 4.9%, 25.9% ± 5.1%, 33.7% ± 3.4%, 29.5% ± 3.6%, and 27.8% ± 2.5%, respectively. The percentage of 
TLR4-IR neurons in the corresponding group was 24.7% ± 4.1%, 25.2% ± 2.5%, 35.6% ± 2.8%, 28.6% ± 6.2%, 
and 28.1% ± 4.2%, respectively. High glucose challenge increased the proportion of NICD1-positive and 
TLR4-positive neurons. After inhibition of either Notch1 or TLR4 signaling pathway, the proportion of 
NICD1-positive and TLR4-positive neurons decreased (Figs 5 and 6).

Discussion
DRG was necessary for transduction of inflammatory pain signal caused by high glucose in the diabetic neuropa-
thy model. Diabetic neuropathic rats exhibited mechanical allodynia and thermal hyperalgesia. Intrathecal injec-
tion of either Notch1 inhibitor DAPT or TLR4 inhibitor TAK ameliorated diabetic neuropathic pain behaviors, 
which implied that inhibition of either Notch1 signaling or TLR4 signaling alleviated painful diabetic neuropathy. 

mRNA levels/control diabetic neuropathy DAPT TAK

Notch1 mRNA 4.66 ± 0.87 1.70 ± 0.21** 1.50 ± 0.35**

HES1 mRNA 3.44 ± 0.84 1.17 ± 0.23** 1.55 ± 0.30*

TLR4 mRNA 4.52 ± 0.95 1.74 ± 0.23** 1.28 ± 0.20**

Table 1. Notch1, HES1, and TLR4 mRNA levels of DRG in vivo. Compared with diabetic neuropathy group, 
*P < 0.01, **P < 0.001.

mRNA levels/control mannitol high glucose DAPT TAK

Notch1 mRNA 0.97 ± 0.19** 6.15 ± 0.64 1.45 ± 0.27** 2.00 ± 0.15**

HES1 mRNA 1.03 ± 0.15** 5.01 ± 0.60 0.99 ± 0.16** 1.12 ± 0.30**

TLR4 mRNA 1.05 ± 0.05** 5.10 ± 0.53 2.13 ± 0.53** 2.71 ± 0.84**

Table 2. Notch1, HES1, and TLR4 mRNA levels of DRG in vitro. Compared with high glucose group, 
**P < 0.001.
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Figure 2. The mRNA levels of Notch1, HES1, and TLR4 in DRG neurons in vivo and in vitro. (A) Notch1 
mRNA levels in DRG neurons from painful diabetic neuropathic rats. (B) HES1 mRNA levels in DRG neurons 
of from painful diabetic neuropathic rats. (C) TLR4 mRNA levels in DRG neurons of from painful diabetic 
neuropathic rats. (D) Notch1 mRNA levels in cultured DRG neurons. (E) HES1 mRNA levels in cultured DRG 
neurons. (F) TLR4 mRNA levels in cultured DRG neurons. Bar graphs with error bars represent mean ± SD. 
*P < 0.01, **P < 0.001.

protein levels/control diabetic neuropathy DAPT TAK

NICD1 5.24 ± 0.98 1.69 ± 0.25* 1.55 ± 0.39*

TLR4 2.89 ± 0.43 1.40 ± 0.28* 1.29 ± 0.18*

Table 3. NICD1 and TLR4 protein levels of DRG in vivo. Compared with diabetic neuropathy group, 
*P < 0.001.
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In the DRG dissected directly from diabetic neuropathic pain rats and those cultured under high glucose chal-
lenge, the mRNA expression is increased not only in Notch1 and HES1, also in TLR4. The protein levels of NICD1 
and TLR4 is also elevated in the aforementioned experimental conditions. The proportion of NICD1-positive and 
TLR4-positive neurons in DRG cultures is also increased under high glucose challenge. Inhibition of Notch1 or 
TLR4 signaling also decreased TNF-α level in DRG from diabetic neuropathic rats. Summing up, inhibition of 
Notch1 or TLR4 signaling pathway improved primary sensory neuronal status in diabetic neuropathic pain rats 
and those cultured under high glucose challenge (Fig. 7).

The interesting part of the present result is that application of either one of the inhibitor could inhibit two 
signaling pathways. HES1, a downstream signaling transcription factor (TF) of Notch1 in neuron20, also showed 

protein levels/control mannitol high glucose DAPT TAK

NICD1 1.14 ± 0.13* 2.43 ± 0.28 1.51 ± 0.11* 1.30 ± 0.18*

TLR4 1.07 ± 0.09* 7.06 ± 1.43 2.23 ± 0.25* 2.07 ± 0.37*

Table 4. NICD1 and TLR4 protein levels of DRG in vitro. Compared with high glucose group, *P < 0.001.

Figure 3. The protein levels of NICD1 and TLR4 in DRG in vivo and vitro. (A) Immunoblotting bands of 
NICD1 and TLR4 in DRG from painful diabetic neuropathic rats. (B) Quantification of NICD1 protein levels 
in DRG from painful diabetic neuropathic rats. (C) Quantification of TLR4 protein levels in DRG from painful 
diabetic neuropathic rats. (D) Immunoblotting bands of NICD1 and TLR4 in cultured DRG neurons. (E) 
Quantification of NICD1 protein levels in cultured DRG neurons. (F) Quantification of TLR4 protein levels in 
cultured DRG neurons. Bar graphs with error bars represent mean ± SD. *P < 0.001.
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reduction in mRNA expression with its upstream Notch1. Interestingly, interactions of Notch1 and TLR4 signa-
ling pathway play an essential role in DRG of the diabetic neuropathy model because inhibition of one pathway 
could affect the activation of the other. Our findings suggest that TLR4 signaling in DRG is important for diabetic 
neuropathic pain that may underlie potential interactions with the Notch1 signaling pathway.

TLR4-mediated signaling pathway is associated with the promotion of neuroinflammatory response in neu-
rons23,24. TLR signaling pathway mediates neuroinflammation and expression of cytokines in DRG neurons25. 
Activation of TLR4 in DRG sensory neurons could influence excitation of these neurons and contribute to 
neuropathic pain26. Several studies dealt with that the pro-inflammatory cytokine TNF-α correlates to the dia-
betic peripheral neuronal abnormalities27–29. A recent clinical trial has shown that TNF-α may contribute to the 
pro-inflammatory status of the distal sensory nerves in patients with diabetes or prediabetes27. In the present study, 
TNF-α was upregulated in DRG from STZ-induced diabetic neuropathic pain rats. It has been shown that plasma 
concentrations of inflammatory indicators including TNF-α were positively correlated with TLR4 in patients with 
diabetic peripheral neuropathy30, which may aggravate the TLR4-mediated inflammatory cascade that is already 
activated. The results of our present study demonstrated that induction of inflammation contributed to the mainte-
nance of neuropathic pain, suggesting a potential therapeutic target for the treatment of neuropathic pain.

When TLR4 signaling, or inflammation, is inhibited by TAK, it not only may have affected the interactions of 
TLR4 signaling and with members of Notch1 signaling, but also interfered with Notch-dependent transcription. 
On the other hand, Notch1 inhibitor DAPT inhibited the expression of TLR4 suggesting the role of Notch1 sign-
aling on survival of affected neurons. The fact that Notch signaling pathway is crucial for neuronal differentiation 
and survival suggested that interactions between TLR4 with members of Notch1 signaling regulate certain aspects 
of latency of the neurons affected diabetic neuropathy. Consequently, for this study, we compared the effects of 
the inhibitors of both signaling pathways to test whether TLR4 inhibitor TAK interfered with members of Notch1 
signaling and Notch1 inhibitor DAPT with TLR4. TLR4 inhibitor TAK consistently interfered with members of 
Notch1 signaling molecules and TLR4 was also consistently inhibited by Notch1 inhibitor DAPT.

It is well known that the inflammation effects are involved in the pain signal transduction in the diabetic neu-
ropathy model in addition to their damage to the axons. TLR4 signaling also promotes repair after demyelinating 
conditions such as spinal cord injury31. However, there may be conflicting roles of different signaling pathways 
particularly of their effects on the neuronal activity. In this study, the pain behaviors developed in the painful 
diabetic neuropathy model were reversed by either Notch1 inhibitor DAPT or TLR4 inhibitor TAK, suggested 
that different pathways were involved. However, these pathways are actually playing a competing role in neuronal 
survival. The involvement of the Notch1 receptor in diabetic neuropathy is pro-neuronal survival which in turn 
promotes neuronal activity. Notch1 inhibition may or may not have direct influence on the inhibitory effect of the 
inflammation induced by diabetic neuropathy, but might be due to the decreased activity of neurons related to the 
pain behaviors by regulating the fate of these cells.

Notch receptors are shown to regulate nociceptive thresholds15,16, because Notch could provide a proper bal-
ance of excitatory and inhibitory neurons of neuronal subtype specification32. In our present study, mechanical 
allodynia is developed in the diabetic neuropathy model. In this process, the excessive activation of Notch signa-
ling contributed to the induction and maintenance of mechanical allodynia because more excitatory neurons are 
activated. Administering DAPT significantly prevented the nociceptive effects because the balance of excitatory 
and inhibitory neuronal activation is restored. These data suggested that Notch must be considered as important 
new targets of the diabetic neuropathy.

Figure 4. The protein levels of TNF-α in DRG from painful diabetic neuropathic rats. (A) Immunoblotting 
bands of TNF-α. (B) Quantification of TNF-α protein levels. Bar graphs with error bars represent mean ± SD. 
*P < 0.001.
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Figure 5. Double fluorescence labeling of MAP2 and NICD1 in situ of cultured DRG neurons. (A) (control): 
A1, MAP2-IR neurons; A2, NICD1-IR neurons; A3, overlay of A1 and A2. (B) (mannitol): B1, MAP2-IR 
neurons; B2, NICD1-IR neurons; B3, overlay of B1 and B2. (C) (high glucose): C1, MAP2-IR neurons; C2, 
NICD1-IR neurons; C3, overlay of C1 and C2. (D) (high glucose + DAPT): D1, MAP2-IR neurons; D2, 
NICD1-IR neurons; D3, overlay of D1 and D2. (E) (high glucose + TAK): E1, MAP2-IR neurons; E2, NICD1-IR 
neurons; E3, overlay of E1 and E2. (F). Quantification of the percentage of NICD1-IR neurons. Bar graphs with 
error bars represent mean ± SD. Scale bar = 50 μm. *P < 0.05, **P < 0.001.
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Figure 6. Double fluorescence labeling of MAP2 and TLR4 in situ of cultured DRG neurons. (A) (control): A1, 
MAP2-IR neurons; A2, TLR4-IR neurons; A3, overlay of A1 and A2. (B) (mannitol): B1, MAP2-IR neurons; 
B2, TLR4-IR neurons; B3, overlay of B1 and B2. (C) (high glucose): C1, MAP2-IR neurons; C2, TLR4-IR 
neurons; C3, overlay of C1 and C2. (D) (high glucose + DAPT): D1, MAP2-IR neurons; D2, TLR4-IR neurons; 
D3, overlay of D1 and D2. (E) (high glucose + TAK): E1, MAP2-IR neurons; E2, TLR4-IR neurons; E3, overlay 
of E1 and E2. (F). Quantification of the percentage of TLR4-IR neurons. Bar graphs with error bars represent 
mean ± SD. Scale bar = 50 μm. *P < 0.05, **P < 0.001.
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In conclusion, intrathecal administration of Notch1 inhibitor DAPT and TLR4 inhibitor TAK attenuated allo-
dynia and hyperalgesia. PCR and Western blot analysis revealed time-dependent upregulation of TLR4 mRNA and 
protein, Notch1 mRNA, NICD1 protein, which was paralleled by pain behavior of the established diabetic neurop-
athy. High glucose challenge for cultured DRG neurons similarly influenced the Notch1 and TLR4 signaling path-
ways in agreement with diabetic animal model. Blockade of either Notch1 or TLR4 signaling pathway produced 
anti-nociceptive effects and inhibited the expression of TLR4 mRNA and protein, Notch1 mRNA, NICD1 protein, 
which suggests that they may be putative interactions when the pain of diabetic neuropathy is developed and may 
be the target for future pharmacological pain relief tools. Summing up, in light of the interactions of Notch1 and 
TLR4 signaling pathways, both Notch1 and TLR4 signaling pathway may indeed play a significant role in develop-
ment of neuropathy, which could be linked to the nociceptive behavior in diabetic neuropathy.

Materials and Methods
Ethics Statement. Compliance with the National Institute of Health Guide for the Care and Use of 
Laboratory Animals (eighth edition, 2010; International Standard Book Number-13: 978-0-309-15400-0; http://
www.nap.edu), all animals were carefully treated during the experiments. Especially, all surgery was performed 
under anesthesia and all efforts were made to minimize suffering of the animals. All procedures or protocols 
described here were reviewed and approved by the Ethical Committee for Animal Experimentation of Shandong 
University.

Preparations of diabetic neuropathic pain animal model. All preparations utilized male rats 
(200 g~250 g) taken from the breeding colony of Wistar rats maintained in the Experimental Animal Center 
at Shandong University of China. All the rats were housed in plastic cages with a normal light-dark cycle and 
allowed free access to rat chow and water. Diabetic neuropathic pain rat model was induced by a single peritoneal 
injection (i.p.) of STZ (55 mg/kg freshly dissolved in 0.1 mol/L citric acid buffer, pH 4.5) as our previous study33. 
Seven days later, blood glucose level from the tail vein was measured by a strip-operated reflectance meter. Blood 
glucose level ≥20 mmol/L was recognized as hyperglycemia. Age-matched control rats received an injection of 
equivalent volume normal saline. All the rats showed hyperglycemia at the beginning and end of this study after 
STZ injection manifested with evident mechanical allodynia and thermal hyperalgesia. This is a well successfully 
established diabetic neuropathic pain rat model.

Catheter implantation. For intrathecal injection (i.t.), a sterile polyethylene catheter (PE-10, 8.0 cm length) 
(Instech Laboratories Incorporation, Plymouth Meeting, PA) was inserted through an incision in the gap between 

Figure 7. The pain related mechanisms of Notch1 and TLR4 signaling pathway. Inhibition of either Notch1 or 
TLR4 signaling pathway could alleviate diabetic neuropathic pain. Inhibition of Notch1 or TLR4 signaling also 
decreased TNF-α level in DRG from diabetic neuropathic rats.

http://www.nap.edu
http://www.nap.edu
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the L4/L5 vertebrae and the tip of catheter was positioned at the subarachnoid space under anesthesia with of 3% 
pentobarbital sodium (1 ml/kg, i.p.). After a 3-day recovery period and at the end of the experiment, 2% lidocaine 
(10 μl, i.t.) was given through the catheter to make sure the catheter tip was in appropriate position. Only the rat 
showing reversible hind limb motor deficits immediately following the lidocaine injection were considered to be 
catheterized successfully.

Animal groups. Thirty-two rats were randomly divided into 4 groups (8 rats in each group): (1) Control 
group: The equivalent volume normal saline (10 μl) was administrated (i.t.) for normal rat as a control. (2) 
Diabetic group: After STZ injection for 6 weeks, normal saline (10 μl) was administrated (i.t.) for diabetic rat once 
per day for 3 consecutive days. (3) DAPT group: After STZ injection for 6 weeks, the Notch1 inhibitor DAPT 
(10 μl, 5 mg/ml) was administrated (i.t.) for diabetic rat once per day for 3 consecutive days. (4) TAK group: After 
STZ injection for 6 weeks, the TLR4 inhibitor TAK (10 μl, 10 mg/ml) was administrated (i.t.) for diabetic rat once 
per day for 3 consecutive days. After each injection, artificial cerebrospinal fluid (ACSF, 10 μl) was used imme-
diately for removing residual liquid in the catheter. The ACSF was composed of following ingredients (mmol/L): 
NaCl 138.6, KCl 3.35, CaCl2·2H2O 1.26, MgCl2·6H2O 1.16, NaH2PO4·2H2O 0.58, NaHCO321.0, and glucose 10.0, 
pH was adjusted to 7.4.

Evaluation of mechanical allodynia and thermal hyperalgesia. The mechanical allodynia and ther-
mal hyperalgesia were assessed by determination of the withdrawal threshold by means of a von Frey filaments 
(BME-403, Chinese academy of medical sciences institute of biomedical engineering) and a plantar analgesia 
tester (BME-400C, Chinese academy of medical sciences institute of biomedical engineering), respectively. The 
detailed measurement of mechanical allodynia and thermal hyperalgesia was carried out as our previous study34. 
After STZ injection for 6 weeks, the threshold of mechanical allodynia and thermal hyperalgesia was measured 
once per day for 5 consecutive days.

DRG cell culture preparations. The paradigm of regenerative state of cultured DRG neurons is useful for 
in vitro study35. Cultured DRG neurons under high glucose challenge were served as an in vitro model of dia-
betic neuropathy36. These culture preparations utilized newborn rats (less than 24 h after birth) taken from the 
breeding colony of Wistar rats maintained in the Experimental Animal Center at Shandong University of China. 
Dissociated DRG cell culture procedure was similar to our previous study37. Briefly, the DRG was digested with 
0.25% trypsin (Sigma, St. Louis, MO) and centrifuged at 1 × 103 rpm. The pellets were resuspended in Dulbecco’s 
Modified Eagle Medium with F-12 supplement (DMEM/F-12) medium (Gibco, Grand Island, NY). DRG cells 
for fluorescent labeling were plated at 1 × 105 cells/well in 24-well clusters (Costar, Corning, NY) which would 
contain a coverslip precoated with poly-L-lysine (0.1 mg/ml, Sigma, St. Louis, MO) in each well. DRG cells for 
real-time PCR and Western blot assay were plated at a density of 5 × 105 cells/ml. The composition of the culture 
medium is DMEM/F-12 (1:1) supplemented with 5% fetal bovine serum, 2% B-27 supplement (Gibco, Grand 
Island, NY), L-glutamine (0.1 mg/ml, Sigma, St. Louis, MO). Dissociated DRG cells were cultured at 37 °C with 
5% CO2 for 24 hours and then maintained in culture medium containing cytarabine (ara-C) (5 μg/ml) for another 
24 hours to inhibit growth of non-neuronal cells. After that, neurons were cultured in neurobasal medium for 
additional 72 hours at different experimental conditions before observation.

Exposure of different agents to cultured DRG neurons. DRG neurons at 48 h post-culture were ran-
domly divided into 5 groups: (1) Control group: Neurobasal medium contains 25 mmol/L of glucose which is 
optimal for DRG neuron survival and growth, so this condition of glucose concentration was used in control 
group. (2) Mannitol group: Mannitol 20 mmol/L was used here to create a high osmotic pressure mimicking the 
high glucose condition. (3) High glucose group: Additional 20 mmol/L glucose was added to the medium as high 
glucose challenge. (4) High glucose + DAPT group: Additional 20 mmol/L glucose and 10 μmol/L of DAPT were 
added to the neurobasal medium. (5) High glucose + TAK group: Additional 20 mmol/L glucose and 10 μmol/L 
of TAK were added to the neurobasal medium. The cultured DRG neurons were maintained in distinct conditions 
for 72 hours before observation. Each condition was performed in triplicate as one experiment. Eight experiments 
(n = 8) were used for final analysis.

Real-time PCR analysis for Notch1 mRNA, HES1 mRNA, and TLR4 mRNA levels. The L4-L6 
DRG from each animal after behavioral tests and the cultured DRG neurons in distinct conditions were processed 
for real-time PCR analysis for detecting Notch1 mRNA, HES1 mRNA, and TLR4 mRNA levels. The procedures 
of real-time PCR analysis were similar to our previous study34. The synthetic oligonucleotide primer sequences 
for Notch1, HES1, TLR4, and β-actin were as follows: Notch1 5′-GTG AGT GGG ATG GAC TGG AC-3′ (coding 
sense), 5′-GGA AGG AGT TGT TGC GTA GC-3′ (coding antisense); HES1 5′-TCG GTG GTT ACT TTG TTG 
CT-3′ (coding sense), 5′-AGG CGC AAT CCA ATA TGA AC-3′ (coding antisense); TLR4 5′-TGG CAT CAT 
CTT CAT TGT CC-3′ (coding sense), 5′-CAG AGC ATT GTC CTC CCA CT-3′ (coding antisense); β-actin 
5′-CAC CCG CGA GTA CAA CCT TC-3′ (coding sense), 5′-CCC ATA CCC ACC ATC ACA CC-3′ (coding 
antisense). The final results of real time-PCR were expressed as the ratio of mRNA of control.

Western blot assay for NICD1, TLR4, and TNF-α protein levels. TLR4 and NICD1 protein lev-
els in DRG from diabetic neuropathic pain animals and cultured DRG neurons under high glucose challenge 
were detected by Western blot assay. TNF-α protein levels in DRG from diabetic neuropathic pain animals 
were also detected by Western blot assay after Notch1 inhibitor DAPT or TLR4 inhibitor TAK treatment. The 
detailed Western blot assay procedures were as described in our previous study34. The first antibodies used in 
this study were as follows: mouse anti-NICD1 monoclonal IgG (1:500, Abcam, HK), mouse anti-TLR4 monoclo-
nal IgG (1:500, Abcam, HK), rabbit anti-TNF-α polyclonal IgG (1:1,000, Abcam, HK), and mouse anti-β-actin 
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monoclonal IgG (1:1,000, Abcam, HK). The second antibodies were as follows: goat anti-rabbit IgG-HRP (1:3,000, 
Santa Cruz Biotechnology, Santa Cruz, CA) and goat anti-mouse IgG-HRP (1:3,000, Santa Cruz Biotechnology, 
Santa Cruz, CA). The relative levels of TLR4, NICD1, and TNF-α were normalized to control.

Double fluorescence labeling of MAP2 and NICD1 or TLR4 of cultured DRG neurons. Cultured 
DRG neurons under different conditions were processed for double fluorescence labeling of MAP2 and NICD1 
or TLR4. The double fluorescence labeling procedures were similar to our previous study34. The first antibodies 
were mouse anti-NICD1 monoclonal IgG (1:500, Abcam, HK), mouse anti-TLR4 monoclonal IgG (1:500, Abcam, 
HK), mouse and chicken anti-MAP2 monoclonal IgG (1:500, Abcam, HK). The second antibodies were goat 
anti-mouse conjugated to Cy2 (1:100, Abcam, Cambridge, UK) and goat anti-chicken conjugated to Cy3 (1:200, 
Abcam, Cambridge, UK). Upon finishing fluorescence labeling, NICD1-IR and TLR4-IR neurons were counted 
in five visual fields of each coverslip. One visual field was in the center of the coverslip. The other four visual fields 
were just adjacent to, but not overlap with, the central visual field at the upper, lower, left, and right side, respec-
tively. The MAP2-IR neurons in the same visual field were also counted as the total number of neurons. Then the 
percentage of NICD1-IR and TLR4-IR neurons could be obtained.

Statistical analysis. All experiments were performed in triplicate for each condition as one experi-
ment. Eight experiments (n = 8) were finished for final analysis. All the results were reported as mean ± SD. 
Non-parametric test was used to compare the abnormally distributed variables. ANOVA was used to compare the 
normally distributed variables. Post hoc multiple comparative analysis method was used after ANOVA had tested 
out that the values among various groups are different. If the normally distributed variable is homogeneous of 
variance, Student-Newman-Keuls test was used. If the normally distributed variable is heterogeneous of variance, 
Dunnett’s T3 test. All these tests were analyzed by using SPSS (version 19.0) software with P value < 0.05 used to 
delineate significance for analysis of all results.

References
 1. Rahimifard, M. et al. Targeting the TLR4 signaling pathway by polyphenols: A novel therapeutic strategy for neuroinflammation. 

Ageing Res. Rev. 36, 11–19 (2017).
 2. Okun, E. et al. Toll-like receptors in neurodegeneration. Brain Res. Rev. 59, 278–292 (2009).
 3. Liu, T. et al. Toll-like receptor 4 contributes to chronic itch, alloknesis, and spinal astrocyte activation in male mice. Pain 157, 

806–817 (2016).
 4. Huang, N. Q., Jin, H., Zhou, S. Y., Shi, J. S. & Jin, F. TLR4 is a link between diabetes and Alzheimer’s disease. Behav. Brain Res. 316, 

234–244 (2017).
 5. De Paola, M. et al. Synthetic and natural small molecule TLR4 antagonists inhibit motoneuron death in cultures from ALS mouse 

model. Pharmacol. Res. 103, 180–187 (2016).
 6. Yan, J. E., Yuan, W., Lou, X. & Zhu, T. Streptozotocin-induced diabetic hyperalgesia in rats is associated with upregulation of Toll-

like receptor 4 expression. Neurosci. Lett. 526, 54–58 (2012).
 7. Eidson, L. N., Inoue, K., Young, L. J., Tansey, M. G. & Murphy, A. Z. Toll-like receptor 4 mediates morphine-induced 

neuroinflammation and tolerance via soluble tumor necrosis factor signaling. Neuropsychopharmacology 42, 661–670 (2017).
 8. Wu, Z., Wang, S., Wu, I., Mata, M. & Fink, D. J. Activation of TLR-4 to produce tumour necrosis factor-α in neuropathic pain caused 

by paclitaxel. Eur. J. Pain 19, 889–898 (2015).
 9. Bai, L. et al. Toll-like receptor 4-mediated nuclear factor-κB activation in spinal cord contributes to chronic morphine-induced 

analgesic tolerance and hyperalgesia in rats. Neurosci. Bull. 30, 936–948 (2014).
 10. Thakur, V., Gonzalez, M., Pennington, K. & Chattopadhyay, M. Viral vector mediated continuous expression of interleukin-10 in 

DRG alleviates pain in type 1 diabetic animals. Mol. Cell. Neurosci. 72, 46–53 (2016).
 11. Hayashi, Y. et al. A novel non-canonical Notch signaling regulates expression of synaptic vesicle proteins in excitatory neurons. Sci. 

Rep. 6, 23969 (2016).
 12. Liu, Y. & Jones, C. Regulation of Notch-mediated transcription by a bovine herpesvirus 1 encoded protein (ORF2) that is expressed 

in latently infected sensory neurons. J. Neurovirol. 22, 518–528 (2016).
 13. Tan, G. C., Mazzoni, E. O. & Wichterle, H. Iterative Role of Notch Signaling in Spinal Motor Neuron Diversification. Cell Rep. 16, 

907–916 (2016).
 14. Trujillo-Paredes, N. et al. Regulation of differentiation flux by Notch signalling influences the number of dopaminergicneurons in 

the adult brain. Biol. Open 5, 336–347 (2016).
 15. Xie, K. et al. Activation of notch signaling mediates the induction and maintenance of mechanical allodynia in a rat model of 

neuropathic pain. Mol. Med. Rep. 12, 639–644 (2015).
 16. Rusanescu, G. & Mao, J. Notch3 is necessary for neuronal differentiation and maturation in the adult spinal cord. J. Cell. Mol. Med. 

18, 2103–2116 (2014).
 17. Yang, J., Yang, C., Liu, C., Zhang, T. & Yang, Z. Paradoxical effects of VEGF on synaptic activity partially involved in notch1 signaling 

in the mouse hippocampus. Hippocampus 26, 589–600 (2016).
 18. Wang, J. et al. Lingo-1 shRNA and Notch signaling inhibitor DAPT promote differentiation of neural stem/progenitor cells into 

neurons. Brain Res. 1634, 34–44 (2016).
 19. Yu, L. et al. Membrane receptor-dependent Notch1/Hes1 activation by melatonin protects against myocardial ischemia-reperfusion 

injury: in vivo and in vitro studies. J. Pineal Res. 59, 420–433 (2015).
 20. Shibata, A. et al. Toll-like receptor 4 antagonist TAK-242 inhibits autoinflammatory symptoms in DITRA. J. Autoimmun. 80, 28–38 

(2017).
 21. Fernández-Calle, R. et al. Pleiotrophin regulates microglia-mediated neuroinflammation. J. Neuroinflammation 14, 46 (2017).
 22. Goto, M. et al. Hes1 and Hes5 are required for differentiation of pituicytes and formation of the neurohypophysis in pituitary 

development. Brain Res. 1625, 206–217 (2015).
 23. Zhang, Q. et al. Notch signal suppresses Toll-like receptor-triggered inflammatory responses in macrophages by inhibiting 

extracellular signal-regulated kinase 1/2-mediated nuclear factor κB activation. J. Biol. Chem. 287, 6208–6217 (2012).
 24. Zhao, M., Zhou, A., Xu, L. & Zhang, X. The role of TLR4-mediated PTEN/PI3K/AKT/NF-κB signaling pathway in 

neuroinflammation in hippocampal neurons. Neuroscience 269, 93–101 (2014).
 25. Tse, K. H., Chow, K. B., Leung, W. K., Wong, Y. H. & Wise, H. Primary sensory neurons regulate Toll-like receptor-4-dependent 

activity of glial cells in dorsal root ganglia. Neuroscience 279, 10–22 (2014).
 26. Allette, Y. M. et al. Identification of a functional interaction of HMGB1 with Receptor for Advanced Glycation End-products in a 

model of neuropathic pain. Brain Behav. Immun. 42, 169–177 (2014).



www.nature.com/scientificreports/

1 2Scientific RepoRts | 7: 14923  | DOI:10.1038/s41598-017-15053-w

 27. Galloway, C. & Chattopadhyay, M. Increases in inflammatory mediators in DRG implicate in the pathogenesis of painful neuropathy 
in Type 2 diabetes. Cytokine 63, 1–5 (2013).

 28. Huang, Y. et al. The role of TNF-alpha/NF-kappa B pathway on the up-regulation of voltage-gated sodium channel Nav1.7 in DRG 
neurons of rats with diabetic neuropathy. Neurochem. Int. 75C, 112–119 (2014).

 29. Duksal, T., Tiftikcioglu, B. I., Bilgin, S., Kose, S. & Zorlu, Y. Role of inflammation in sensory neuropathy in prediabetes or diabetes. 
Acta Neurol. Scand. 133, 384–390 (2016).

 30. Zhu, T., Meng, Q., Ji, J., Zhang, L. & Lou, X. TLR4 and Caveolin-1 in Monocytes Are Associated With Inflammatory Conditions in 
Diabetic Neuropathy. Clin. Transl. Sci. 10, 178–184 (2017).

 31. Church, J. S., Milich, L. M., Lerch, J. K., Popovich, P. G. & McTigue, D. M. E6020, a synthetic TLR4 agonist, accelerates myelin debris 
clearance, Schwann cell infiltration, and remyelination in the rat spinal cord. Glia 65, 883–899 (2017).

 32. Borromeo, M. D. et al. A transcription factor network specifying inhibitory versus excitatory neurons in the dorsal spinal cord. 
Development 141, 2803–2812 (2014).

 33. Yu, T. et al. Erythropoietin attenuates oxidative stress and apoptosis in Schwann cells isolated from streptozotocin-induced diabetic 
rats. J. Pharm. Pharmacol. 66, 1150–1160 (2014).

 34. Xu, X. et al. Effects of exogenous galanin on neuropathic pain state and change of galanin and its receptors in DRG and SDH after 
sciatic nerve-pinch injury in rat. PLoS One 7, e37621 (2012).

 35. Frey, E. et al. An in vitro assay to study induction of the regenerative state in sensory neurons. Exp. Neurol. 263, 350–363 (2015).
 36. Xu, X. et al. The effects of galanin on dorsal root ganglion neurons with high glucose treatment in vitro. Brain Res. Bull. 87, 85–93 

(2012).
 37. Liu, D., Bi, Y., Liu, Z., Liu, H. & Li, Z. The expression of vesicular glutamate transporter 3 and vesicular monoamine transporter 2 

induced by brain-derived neurotrophic factor in dorsal root ganglion neurons in vitro. Brain Res. Bull. 100, 93–106 (2014).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (No. 81371929) and the Shandong 
Provincial Natural Science Foundation of China (No. ZR2014HQ065).

Author Contributions
T.C. and H.L. contributed equally to this article. T.C. and H.L. designed the study. T.C., H.L., Y.Y., and Y.Z. 
undertook the experimental work. T.C., H.L., and H.L. performed data interpretation and analysis. H.L. and H.L. 
wrote the manuscript. All authors approved the final manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Interactions of Notch1 and TLR4 signaling pathways in DRG neurons of in vivo and in vitro models of diabetic neuropathy
	Results
	The alterations of mechanical and thermal thresholds after inhibition of Notch1 or TLR4. 
	The mRNA levels of Notch1, HES1, and TLR4 in DRG in vivo and vitro. 
	The protein levels of NICD1 and TLR4 in DRG in vivo and in vitro. 
	The protein levels of TNF-α in DRG from diabetic animal model. 
	The expression of NICD1 or TLR4 in situ of cultured DRG neurons. 

	Discussion
	Materials and Methods
	Ethics Statement. 
	Preparations of diabetic neuropathic pain animal model. 
	Catheter implantation. 
	Animal groups. 
	Evaluation of mechanical allodynia and thermal hyperalgesia. 
	DRG cell culture preparations. 
	Exposure of different agents to cultured DRG neurons. 
	Real-time PCR analysis for Notch1 mRNA, HES1 mRNA, and TLR4 mRNA levels. 
	Western blot assay for NICD1, TLR4, and TNF-α protein levels. 
	Double fluorescence labeling of MAP2 and NICD1 or TLR4 of cultured DRG neurons. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Neuropathic pain behavior test with different treatment.
	Figure 2 The mRNA levels of Notch1, HES1, and TLR4 in DRG neurons in vivo and in vitro.
	Figure 3 The protein levels of NICD1 and TLR4 in DRG in vivo and vitro.
	Figure 4 The protein levels of TNF-α in DRG from painful diabetic neuropathic rats.
	Figure 5 Double fluorescence labeling of MAP2 and NICD1 in situ of cultured DRG neurons.
	Figure 6 Double fluorescence labeling of MAP2 and TLR4 in situ of cultured DRG neurons.
	Figure 7 The pain related mechanisms of Notch1 and TLR4 signaling pathway.
	Table 1 Notch1, HES1, and TLR4 mRNA levels of DRG in vivo.
	Table 2 Notch1, HES1, and TLR4 mRNA levels of DRG in vitro.
	Table 3 NICD1 and TLR4 protein levels of DRG in vivo.
	Table 4 NICD1 and TLR4 protein levels of DRG in vitro.




