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Colonic Hypersensitivity and Sensitization of 
Voltage-gated Sodium Channels in Primary  
Sensory Neurons in Rats with Diabetes 
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1The Second Affiliated Hospital, Soochow University, Suzhou, China; 2The East District of Suzhou Municipal Hospital Suzhou, China; and 
3Jiangsu Key Laboratory of Translational Research and Therapy for Neuro-Psycho-Diseases, Institute of Neuroscience, Soochow University, 
Suzhou, China

Background/Aims
Patients with long-standing diabetes often demonstrate intestinal dysfunction and abdominal pain. However, the pathophysiology of 
abdominal pain in diabetic patients remains elusive. The purpose of study was to determine roles of voltage-gated sodium channels in 
dorsal root ganglion (DRG) in colonic hypersensitivity of rats with diabetes.

Methods
Diabetic models were induced by a single intraperitoneal injection of streptozotocin (STZ; 65 mg/kg) in adult female rats, while the 
control rats received citrate buffer only. Behavioral responses to colorectal distention were used to determine colonic sensitivity in 
rats. Colon projection DRG neurons labeled with DiI were acutely dissociated for measuring excitability and sodium channel currents 
by whole-cell patch clamp recordings. Western blot analysis was employed to measure the expression of NaV1.7 and NaV1.8 of colon 
DRGs.

Results
STZ injection produced a significantly lower distention threshold than control rats in responding to colorectal distention. STZ injection 
also depolarized the resting membrane potentials, hyperpolarized action potential threshold, decreased rheobase and increased 
frequency of action potentials evoked by 2 and 3 times rheobase and ramp current stimulation. Furthermore, STZ injection enhanced 
neuronal sodium current densities of DRG neurons innervating the colon. STZ injection also led to a significant upregulation of NaV1.7 
and NaV1.8 expression in colon DRGs compared with age and sex-matched control rats. 

Conclusions
Our results suggest that enhanced neuronal excitability following STZ injection, which may be mediated by upregulation of NaV1.7 
and NaV1.8 expression in DRGs, may play an important role in colonic hypersensitivity in rats with diabetes.
(J Neurogastroenterol Motil 2016;22:129-140)
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Introduction  

Intestinal dysfunction is a common chronic complication of 
diabetes mellitus. Many patients exhibit symptoms such as abdomi-
nal pain or discomfort, rectal urgency, and altered bowel habits.1,2 It 
affects the quality of patients’ daily life since the treatment options 
are very limited. The etiology of intestinal complications of diabetes 
is multifactorial. There is growing evidence indicating that auto-
nomic neuropathy is an important causal factor in gastrointestinal 
dysfunction of diabetes.3,4 Moreover, several studies suggest that 
abdominal pain or discomfort in patients with diabetes may be the 
consequence of enhanced activity of primary afferent fibers leading 
to an increased excitatory tone in the spinal cord.5,6 However, the 
mechanism underlying these changes in the primary sensory neu-
rons in colonic hypersensitivity of diabetes is not well known.

Increased ectopic discharges of primary sensory neurons are 
the electrophysiological bases of neuropathic pain in diabetes7 and 
changes of ion channel activities in dorsal root ganglion (DRG) 
neurons play a significant role in the generation of peripheral sensi-
tization and nociceptive sensation.6 Grabauskas et al6 found that co-
lonic hypersensitivity is associated with decreased opening of KV4.2 
channels in rats with diabetes. However, roles for voltage-gated so-
dium channels (VGSCs) in colonic hypersensitivity of diabetes are 
not clear. Two isoforms of the α-subunit of VGSCs, NaV1.7, and 
NaV1.8, are expressed at high levels in nociceptive sensory neurons.8 
Multiple lines of evidence show that they have been implicated in 
the development of inflammatory pain9,10 and neuropathic pain.11-13 
Furthermore, dysregulation of VGSCs in injured sensory neurons 
is also involved in the development of painful peripheral neuropa-
thy in a rat model of diabetes.14-17 However, roles for NaV1.7 and 
NaV1.8 in colonic hypersensitivity in streptozotocin (STZ)-induced 
diabetic rats remain unknown. 

Therefore, we hypothesized that colonic hypersensitivity cor-
related with sensitization of VGSCs in DRG neurons innervating 
the colon in rat with diabetes. To test this hypothesis, we examined 
expressions of NaV1.7 and NaV1.8 protein and recorded sodium 
channel currents in DRG neurons innervating the colon of control 
and STZ-induced diabetic rats. 

Materials and Methods  

Induction of Streptozotocin-induced Diabetes 
Female Sprague-Dawley rats (160-180 g) were used in our 

experiments. The holding room was temperature controlled (25 ± 
1oC) and under a 12-hour light/dark cycle. Rats were allowed access 
to tap water and standard laboratory chow ad libitum. All experi-
ments were in accordance with the guidelines of the International 
Association for the Study of Pain and were approved by the Institu-
tional Animal Care and Use Committee of Soochow University.

Rats were fasted overnight and then intraperitoneally injected 
with STZ (65 mg/kg; Sigma, St. Louis, MO, USA). STZ was 
freshly dissolved in citrate buffer (10 mmol/L, Na citrate, pH 4.3-
4.4). The control (CON) rats only received an equivalent volume 
of citrate buffer. One week later, diabetes was confirmed by measur-
ing the blood glucose concentration obtained from the tail vein with 
glucometer (Johnson & Johnson, New Brunswick, NJ, USA). 
The rats with blood glucose level greater than 15 mmol/L (270 mg/
dL) were used in the present experiments.18 Body weights of all rats 
were measured by an electronic weighing scale.

Behavioral Test for Nocifensive Responses to 
Colorectal Distention

Colonic hypersensitivity was measured by observing the re-
sponse of rats to colorectal distention (CRD) as described in details 
previously.19,20 The rats were anesthetized with mild sedation (1% 
Brevital, 25 mg/kg intraperitoneal [i.p.]). A balloon made from a 
surgical glove finger was attached to tygon tubing. After lubrication 
with vaseline, the balloon was inserted 8 cm into the rectum and 
descending colon via the anus. Rats were then placed individually 
in a small plastic cage by taping the tubing to the tail and allowed 
to adapt for 30 minutes. Distention threshold (DT), the minimal 
distention pressure to induce abdominal muscle contraction, was 
measured.21 By quickly inflating the balloon to a constant pressure, 
DT was recorded in millimeters mercury (mmHg) using a sphyg-
momanometer. Investigators were blinded while measuring DT, and 
each measurement was performed twice. At the end of each experi-
ment, the balloon was carefully removed and the rat was returned to 
housing. The behavioral test was performed once every 2 weeks.

Cell Retrograde Labeling
As described previously,20,22 DRG neurons innervating the 

colon were labeled by injection of fluorescent dye DiI (Invitrogen, 
New York, NY, USA) into the colon wall. Rats were anesthetized 
with chloral hydrate (0.36 g/kg i.p.), and their abdomen was opened 
and the colon was exposed. DiI (20 mg in 0.5 mL methanol) was 
injected in a 0.1 μL volume at 10 sites of the exposed descend-
ing colon. The colon was washed and swabbed with normal saline 
before closing the abdomen. One week later, rats were given STZ 
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or citrate buffer injection intraperitoneally. Four weeks later, DRG 
neurons (T13-L2) innervating the colon were dissected out for 
patch-clamp recordings. 

Dissociation of Dorsal Root Ganglion Neurons
Bilateral DRGs (T13-L2) were dissected out from anesthe-

tized rats and transferred to an ice-cold, oxygenated fresh dissecting 
solution. After removal of the connective tissue, the ganglia were 
incubated for 1.5 hours at 34.5oC in a 5-mL dissecting solution 
containing trypsin (1.5 mg/mL; Sigma) and collagenase D (2.0-
2.2 mg/mL; Roche, Indianapolis, IN, USA). After being taken out 
from the enzyme solution, DRGs were washed and dispersed by 
repeated trituration through Pasteur pipettes. A single cell suspen-
sion was transferred onto glass cover slips for 30 minutes. The rats 
were euthanized after DRG dissection.

Whole-cell Patch Clamp Recordings
To determine whether DRG neurons are involved in the de-

velopment of colonic hypersensitivity in STZ rats, we measured the 
excitability of DRG neurons innervating the colon by whole-cell 
patch-clamp recording techniques. As described previously,23 cover 
slips containing adherent DRG cells were superfused with normal 
external solution at room temperature (25oC). Small and medium-
sized DRG neurons were chosen in our study, because they are 
responsible for pain sensation.24,25 The voltage was clamped at –60 
mV. Whole cell current and voltage were recorded with a HEKA 
EPC10 patch-clamp amplifier. The data were acquired and stored 
on a computer and analyzed by Fit Master from HEKA. Cells 
were characterized by cell membrane capacitance (Cm), input re-
sistance (Rin), resting membrane potential (RP), rheobase, action 
potential (AP) threshold, AP overshoot, and duration elicited by 
current stimulation. The frequency of APs stimulated by 2× and 
3× rheobase and ramp current stimulation (0.1, 0.3, 0.5, and 1.0 
nA/sec ramp current) was recorded under the current clamp mode. 

Isolation of NaV Currents
Changes in AP frequency and activation thresholds suggest 

an alteration in NaV channels.26-28 We next performed patch-clamp 
recordings to examine sodium current under voltage-clamped con-
ditions. Cells were superfused with an external solution, containing 
(in mM): 60 NaCl, 80 choline chloride, 0.1 CaCl2, 10 HEPES, 
10 tetraethylammonium chloride, 10 glucose, and 0.1 CdCl2 (pH 
7.4, adjusted with tetraethylammonium hydroxide; osmolarity, 310 
mOsm/kg H2O). The patch electrode had a resistance of 4-7 MΩ 
when filled with the pipette solution containing (in mM): 140 CsF, 

1MgCl2, 5 EGTA, 3 Na-GTP, 10 glucose, and 10 HEPES (pH 
7.2, adjusted with CsOH; osmolarity, 285-295 mOsm/kg H2O). 
The sodium currents were isolated by blocking the K+ and Ca2+ 
currents with appropriate ion replacements and channel blockers.29 
K+ in the control external solution was replaced with tetraethylam-
monium and the Ca2+ concentration reduced to 0.1 mM. Cs+ 
in the internal solution was used to block K+ current and the F– 
was used to maintain the stability of sodium currents and very 
low concentration of calcium (0.1 mM) also can block some Ca2+ 
currents.30,31 The NaV currents were recorded in response to every 
stimulation potential from –70 to +50 mV in 10 mV increments. 
The peak sodium current was measured as the peak of the current 
at every given voltage. In order to control the differences in cell size, 
the current densities (pA/pF) was measured by dividing the current 
amplitude by cell membrane capacitance.

Western Blot 
Expressions of NaV1.7 and NaV1.8 in T13-L2 DRGs from 

STZ-induced diabetic rats and CON rats were measured using 
western blotting analyses. T13-L2 DRGs were dissected out and 
lysed in MT-CelLytics mammalian tissue protein extraction reagent 
with PIC (1:100 dilution of protease inhibitor cocktail; Biocolor Bio-
Science & Technology Company, Shanghai, China). The cell lysates 
were microfuged at 15 000 rpm for 25 minutes at 4oC. The proteins 
were fractionated on 8% polyacrylamide gels (Bio-Rad, Hercules, 
CA, USA). After electrophoresis, proteins were transferred to poly-
vinyldifluoride membranes (Roche) at 200 mA for 5 hours at 4oC. 
The membranes were blocked with 5% non-fat dry milk in tris buff-
ered saline for 2 hours at room temperature and then incubated with 
the primary antibodies (rabbit anti-NaV1.7 or anti-NaV1.8 [1:200], 
Alomone Labs, Jerusalem, Israel; rabbit anti-glyceraldehyde-
3-phosphate dehydrogenase [GAPDH] [1:1000], Biotechnology 
Co, Hangzhou, China and mouse anti-actin [1:1000], Chemicon, 
Temecula, CA, USA) overnight at 4oC. After being washed in tris 
buffered saline containing 0.5% Tween-20, membranes were incu-
bated with anti-rabbit peroxidase-conjugated secondary antibody 
(1:2000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) or 
anti-mouse horseradish peroxidase-conjugated secondary antibody 
(1:4000; Chemicon) for 2 hours at room temperature. The immu-
noreactive proteins were detected by enhanced chemiluminescence 
(ECL kit; GE Healthcare Pharmacia Biotech, Shanghai, China) 
and images were acquired with a scanner (GelDoc XRS imaging 
system, Bio-Rad). The densities of protein bands were analyzed 
using NIH Image software. The band intensities of NaV1.7 and 
NaV1.8 were normalized to intensities of β-actin or GAPDH.
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Statistical Methods
DRG neurons with RP greater than –40 mV were excluded 

from the data analysis since these neurons were considered to be 
under unhealthy conditions. All data were expressed as means ± 
SEM. Statistical analysis was performed using software OriginPro 
8 (OriginLab Co, Northampton, MA, USA). Normality was first 
checked for all data before analysis. Significance was determined 
using two-sample t test, Mann-Whitney test or two-way repeated-
measures ANOVA followed by Tukey post hoc test, as appropriate. 
Results were considered statistically significant when the P-value 
was less than 0.05.

Results  

Streptozotocin Injection Induced Colonic Hypersen-
sitivity

After a single intraperitoneal injection of STZ, body weights 

and blood glucose levels were measured every 2 weeks until 8 weeks 
after the injection. Compared with CON rats, the majority of rats 
developed hyperglycemia and displayed polyuria with increasing 
food and water intake. Blood glucose levels were elevated 2 weeks 
after STZ injection and maintained at a high level for at least an-
other 6 weeks (Fig. 1A; n = 8 for each group, P < 0.01, compared 
with CON, two-way repeated-measures ANOVA followed by 
Tukey post hoc test). The growth rate of STZ rats was remarkably 
reduced compared with CON rats (Fig. 1B; n = 8 for each group, 
P < 0.01, compared with CON, two-way repeated-measures 
ANOVA followed by Tukey post hoc test). In parallel with elevated 
blood glucose levels, STZ-induced rats also developed colonic hy-
persensitivity as shown by measuring the DT in response to CRD. 
The DT was significantly decreased at 2 weeks after STZ injection 
and lasted for 6 weeks within our observation time period (Fig. 1C; 
n = 8 for each group, P < 0.01, compared with CON, two-way 
repeated-measures ANOVA followed by Tukey post hoc test). 
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Figure 1. Colonic hypersensitivity in streptozotocin (STZ)-induced 
diabetic rats. (A) Following a single intraperitoneal injection of STZ, 
the blood glucose level was significantly increased. The hyperglycemia 
persisted for at least another 6 weeks within our observation period 
of time (n = 8 for both groups, **P < 0.01 compared with control 
(CON), two-way repeated-measures ANOVA followed by Tukey post 
hoc test). (B) The growth rate of STZ rats was reduced. The body 
weight of CON rats exhibited a steady increase, whereas STZ rats re-
mained unchanged in body weight (n = 8 for both groups, **P < 0.01, 
compared with CON, two-way repeated-measures ANOVA followed 
by Tukey post hoc test). (C) Time course of changes in distention 
threshold (DT) in response to colorectal distention. STZ injection sig-
nificantly reduced the DT at 2 weeks and lasted for another 6 weeks 
(n = 8 for both groups, **P < 0.01, compared with CON, two-way 
repeated-measures ANOVA followed by Tukey post hoc test). PRE, 
before injection of STZ or citrate buffer (CON).
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Streptozotocin Injection Enhanced Excitability of 
Dorsal Root Ganglion Neurons

DRG neurons innervating the colon were labeled by the fluo-
rescent dye DiI (Fig. 2A, arrow). As shown in Table, we observed 
a significant depolarization in the RP of DRG neurons innervat-
ing the colon in STZ-induced diabetic rats (Fig. 2B; P < 0.01, 
compared with CON, Mann-Whitney test). AP threshold was 
hyperpolarized in the STZ group when compared with the CON 

group (Fig. 2C; P < 0.01, compared with CON, two-sample t 
test). Rheobase, the minimal injected current that evokes one AP, 
was much lower in the STZ group than in the CON group (Fig. 
2D; P < 0.01, compared with CON, Mann-Whitney test). The 
frequency of APs in response to 2 times (2×) and 3 times rheo-
base (3×) current stimulation was significantly increased in DRG 
neurons from STZ-induced diabetic rats (Fig. 2E and 2F, Mann-
Whitney test and two-sample t test). 

The frequencies of APs in response to 0.3, 0.5, and 1.0 nA 

Figure 2. Changes in membrane properties of colon projection dorsal root ganglion (DRG) neurons 4 weeks after streptozotocin (STZ) injection. 
(A) Top: an example of a Dil-labeled DRG neuron (arrow). Asterisk indicates the place where a neuron is not labeled by DiI. Bottom: phase im-
age of the same DRG neuron labeled by DiI is shown on the right (arrow) and the neuron not labeled by DiI is shown on the left (★). Scale bar 
= 50 μm. Patch-clamp recordings were performed on DiI-labeled colon neurons. A total of 25 DiI-labeled neurons from control (CON) rats and 
25 DiI-labeled neurons from STZ-induced diabetic rats were recorded under current-clamp conditions. (B) STZ injection depolarized the resting 
membrane potential (RP) in DiI-labeled DRG neurons (**P < 0.01, compared with CON, Mann-Whitney test). (C) STZ injection remarkably 
hyperpolarized action potential (AP) threshold (**P < 0.01, compared with CON, two-sample t test). (D) STZ injection resulted in a marked 
reduction of rheobase (**P < 0.01, compared with CON, Mann-Whitney test). (E) Examples of AP trances evoked by 2× (left) and 3× (right) 
rheobase current stimulation of DRG neurons from CON (top) and STZ-injected rats (bottom). (F) Bar graphs showed that STZ injection greatly 
increased frequencies of APs evoked by 2× and 3× rheobase current stimulation (*P < 0.05, **P < 0.01, compared with CON, Mann-Whitney 
test and two-sample t test).
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ramp current stimulation was greatly increased in STZ-induced 
diabetic rats compared with CON rats (Fig. 3A and 3B; P < 
0.01, compared with CON, two-way repeated-measures ANOVA 
followed by Tukey post hoc test). Furthermore, at 0.1 and 0.3 nA 
stimulations, the time to first spike (TTFS) was remarkably short in 
rats with diabetes (Fig. 3C; P < 0.05, P < 0.01, two-way repeated-
measures ANOVA followed by Tukey post hoc test), but at 0.5 and 
1.0 nA stimulations, TTFS did not alter after STZ injection (Fig. 
3C; at the 0.5 nA stimulation, P > 0.05, two-way repeated mea-
sures ANOVA followed by Tukey post hoc test).

There was no significant difference in cell membrane capaci-
tance (Cm), input resistance (Rin), AP duration (at 0 mV) and AP 
overshoot of DRG neurons innervating the colon in rats after STZ 
injection (Table).

Streptozotocin Injection Increased Sodium Current 
Densities of Dorsal Root Ganglion Neurons

Figure 4A shows examples of VGSCs recorded from CON 
and STZ-treated rats. The membrane potential was held at –60 
mV and depolarization steps from –70 mV to +50 mV in 10 mV 
increments with duration of 80 milliseconds were used to activate 
NaV channels. The amplitude of sodium current increased in STZ 
rats. The peak current-voltage (I-V) curves are shown in Figure 

4B. STZ injection markedly increased the average of peak sodium 
current densities in DiI labeled neurons compared with the CON 
group (CON: -53.99 ± 3.50 pA/pF, n = 14; STZ:  -79.48 ± 
10.54 pA/pF, n = 14; P < 0.05, Mann-Whitney test) (Fig. 4C).

We next analyzed the dynamic modification of activation and 
inactivation responses of sodium currents. Activation of the current-
voltage relationship was constructed from I-V curves of neurons 
from CON and STZ-injected rats. STZ injection did not change 
the activation curve compared with CON (Fig. 4D). At different 
test potentials, membrane conductance (G) was measured by di-
viding the peak sodium current by the current driving force (Vm-
Vrev) and was normalized to that recorded at +30 mV (Gmax). 
Data were fitted with the following modified Boltzmann equation: 
G/Gmax = 1/{1+exp[–(V–V1/2)/k]}, where V is membrane 
potential, V1/2 (Vhalf) is the membrane voltage at which the current 
was half-maximally activated, and k is the slope factor.31 Both V1/2 
and k did not change significantly after STZ injection (P > 0.05, 
compared with CON, Mann-Whitney test) (Fig. 4E and 4F). 
Furthermore, we studied the effect of hyperglycemia on the volt-
age dependence of steady-state inactivation of sodium channels of 
colon projection DRG neurons. The membrane potential was held 
at –60 mV and voltage steps were from –90 mV to +30 mV with 
10 mV increments and 80 milliseconds in duration. For steady-state 

Table. Membrane Characteristics of Colon Projection Dorsal Root Ganglion Neurons in Control and Streptozotocin-induced Diabetic Rats

CON STZ P-value

Cell Size (μm) 25.4 ± 0.5 (n = 25) 26.2 ± 0.5 (n = 25) 0.257
Cm (pF) 28.9 ± 1.1 (n = 25) 26.4 ± 1.0 (n = 25) 0.088
Rin (MΩ) 553.8 ± 38.7 (n = 25) 613.5 ± 40.0 (n = 25) 0.303
RP (mV) –45.6 ± 0.7 (n = 25) –43.0 ± 0.4 (n = 25) < 0.01
Rheobase (nA) 0.11 ± 0.01 (n = 25) 0.06 ± 0.01 (n = 25) < 0.001
No. of APs (2×) 4.4 ± 0.3 (n = 25) 6.1 ± 0.7 (n = 25) < 0.05
No. of APs (3×) 6.6 ± 0.5 (n = 25) 9.9 ± 1.1 (n = 25) < 0.01
AP Threshold (mV) –26.1 ± 0.9 (n = 25) –29.7 ± 0.6 (n = 25) < 0.01
AP Overshoot (mV) 42.9 ± 1.8 (n = 25) 38.0 ± 1.8 (n = 25) 0.058
AP Duration (msec) 2.7 ± 0.1 (n = 25) 2.3 ± 0.2 (n = 25) 0.060
No. of APs (0.1 nA) 2.0 ± 0.6 (n = 21) 6.5 ± 1.1 (n = 23) 0.104
No. of APs (0.3 nA) 7.1 ± 1.0 (n = 21) 17.8 ± 2.2 (n = 23) < 0.001
No. of APs (0.5 nA) 17.5 ± 1.8 (n = 21) 30.7 ± 2.4 (n = 23) < 0.001
No. of APs (1.0 nA) 33.7 ± 2.2 (n = 21) 54.4 ± 3.4 (n = 23) < 0.001
TTFS (msec, 0.1 nA) 845.5 ± 45.9 (n = 21) 650.1 ± 57.8 (n = 23) < 0.001
TTFS (msec, 0.3 nA) 581.7 ± 44.0 (n = 21) 451.3 ± 50.6 (n = 23) < 0.05
TTFS (msec, 0.5 nA) 325.9 ± 20.7 (n = 21) 302.0 ± 27.6 (n = 23) 0.714
TTFS (msec, 1.0 nA) 182.3 ± 12.2 (n = 21) 187.4 ± 20.6 (n = 23) 0.854

Cm, membrane capacitance; Rin, input resistance; RP, resting membrane potential; AP, action potential; TTFS, time to first spike.
Values are mean ± SEM, with sample size in parenthesis. P-values were determined by two-sample t test, Mann-Whitney test or two-way repeated-measures ANO-
VA followed by Tukey post hoc test where appropriate.
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inactivation curves, the peak current amplitudes were normalized to 
those recorded at a 90 mV conditioning step (Imax). STZ injection 
did not alter the inactivation curve compared with CON (Fig. 4G). 
Data were plotted as a function of conditional step potentials and 
fitted with the following negative Boltzmann equation: I/Imax = 
1/{1+exp[–(V1/2–V)/k]}. Both V1/2 and k also did not alter after 
STZ injection (Fig. 4H and 4I; P > 0.05, compared with CON, 
two-sample t test).

Streptozotocin Injection Upregulated NaV1.7 and 
NaV1.8 Expression

Anti-NaV1.7 antibody (Fig. 5A) and anti-NaV1.8 antibody (Fig. 
5B) is labeled as 226-kDa and 220-kDa molecular mass protein, 
respectively. After STZ injection, the expressions of NaV1.7 and 
NaV1.8 were increased significantly (n = 4 for each group; P < 
0.05, compared with CON, two-sample t test). The relative density 
for NaV1.7 was 0.62 ± 0.09 (n = 4) and 0.92 ± 0.02 (n = 4) in 
CON and STZ, respectively. The relative density for NaV1.8 was 

Figure 3. Increased frequencies of action potentials (APs) evoked by ramp current stimulation in rats with diabetes 4 weeks after streptozotocin 
(STZ) injection. (A) Examples of APs by 0.1, 0.3, 0.5, and 1.0 nA ramp current injection from control (CON) and STZ rats. (B) Line chart 
showed a significant increase in frequencies of APs evoked by 0.3, 0.5, and 1.0 nA ramp current stimulation in CON and STZ-induced diabetic 
rats (**P < 0.01, compared with CON, two-way repeated-measures ANOVA followed by Tukey post hoc test). (C) Line chart showed the mean 
time to first spike (TTFS) in response to 0.1, 0.3, 0.5, and 1.0 nA ramp current stimulation from CON or STZ-induced diabetic rats (*P < 0.05, 
**P < 0.01, compared with CON, two-way repeated-measures ANOVA followed by Tukey post hoc test).
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Figure 4. Enhanced sodium current density in streptozotocin (STZ)-induced diabetic rats 4 weeks after STZ injection. (A) Examples of voltage-
gated sodium currents recorded from control (CON; left) and STZ-treated rats (right). Membrane potential was held at –60 mV and voltage 
steps were from –70 to +50 mV with 10 mV increments and 80 msec duration. (B) I-V curves for sodium currents of colon dorsal root ganglion 
(DRG) neurons from CON (n = 14) and STZ-treated rats (n = 13). (C) Bar graphs showing the mean peak sodium current densities. STZ in-
jection significantly increased the peak sodium currents densities (*P < 0.05, compared with CON, Mann-Whitney test). (D) Activation curves of 
sodium currents were generated by stimulation steps from –70 to +30 mV in 10 mV increment in DRG neuron from CON and STZ-treated rat. 
(E, F) STZ injection did not change the half-maximal activation potential (V1/2) and the slope factor (k) in activation of sodium current (P > 0.05, 
compared with CON, Mann-Whitney test). (G) Steady-state inactivation curves of sodium currents evoked by conditional steps of various volt-
ages from –90 to +30 mV with 10 mV increment in DRG neuron from CON and STZ-treated rat. (H, I) STZ injection did not change the half-
maximal activation potential (V1/2) and the slope factor (k) in inactivation of sodium current (P > 0.05, compared with CON, two-sample t test). 
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0.33 ± 0.08 (n = 4) and 0.73 ± 0.12 (n = 4) in CON and STZ, 
respectively.

Discussion  

Gastrointestinal complaints are very common in diabetes mel-
litus. As many as 75% of diabetic patients experience one or more 
gastrointestinal symptoms, such as abdominal pain or discomfort, 
early satiety, postprandial fullness, bloating, nausea and vomiting, 
diarrhea or constipation, and fecal incontinence.32-34 It was also 
reported that diabetic patients with neuropathy had more gastro-
intestinal symptoms than those without neuropathy.35 The present 
study demonstrated that STZ injection led to colonic hypersensitiv-
ity in rats in addition to peripheral sensorimotor neuropathy36,37 and 
gastric hypersensitivity.18 This is in agreement with previous reports 
that diabetic rats display visceral hypersensitivity.6 We showed that 
a significant decrease of DT in response to CRD occurred 2 weeks 
after injection of STZ and continued for at least another 6 weeks 
within our observation time period (Fig. 1C). Meanwhile, blood 
glucose and body weight of rats with diabetes changed 2 weeks 
after STZ injection and were maintained for at least 6 weeks (Fig. 

1A and 1B). This indicates that there is a correlation of colonic sen-
sitivity with changes in blood glucose and body weight of rats with 
diabetes.

In addition to colonic hypersensitivity, we showed that STZ 
injection also led to a significant increase in neuronal excitability 
of DRG neurons innervating the colon in rats with diabetes. This 
conclusion is mainly based on the observations that STZ injection 
depolarized the resting membrane potentials, hyperpolarized the 
AP threshold, and decreased rheobase and increased frequency of 
APs evoked by 2 and 3 times rheobase stimulation and ramp cur-
rent stimulation. 

In order to measure cell membrane properties of neurons in-
nervating the colon, DiI was injected into the colon wall. This 
ensured that all neurons recorded in the present study are those in-
nervating the colon since DiI was absorbed by afferent fiber termi-
nals located in the colon wall and then retrogradely transported into 
the neuronal bodies located in the dorsal root ganglion. The reasons 
that the whole-cell patch clamp recordings were performed 4 weeks 
after STZ injection are because the DT reached the lowest level 
during this period and animal suffering was minimal. To minimize 
the possible damage of the colon from repetitive distention of the 
colon, behavioral tests were performed biweekly, as described above.

Another important finding is that sodium current density was 
remarkably enhanced in colon DRG neurons of rats with diabetes. 
This could help us to explain why the excitability of DRG neurons 
innervating the colon was enhanced dramatically. The increase in 
excitability, at least in a large part, may attribute to the increase in 
sodium current densities. More the sodium influx led to a greater 
depolarization of cell membrane and enhanced excitability of DRG 
neurons innervating the colon. VGSCs have important roles in 
nociception8 and visceral pain.38 Many of the published data sug-
gest that voltage-gated sodium channel subtypes are expressed in 
primary sensory neurons where they influence excitability via their 
role in the generation and propagation of APs.39 Nerve damage 
leads to alterations in expression and function of α-subunits that in 
turn can enhance the excitability of sensory neurons. Changes in the 
excitability of sensory neurons are thought to underlie some chronic 
pain conditions.40,41 This result was consistent with our previous 
study that heterotypic intermittent stress sensitizes VGSCs in rat 
primary sensory neurons.23 Of note is that sensitization of VGSCs 
may not be the only mechanism for enhanced neuronal excitability 
and colonic hypersensitivity in STZ-induced diabetic rats. Indeed, 
Grabauskas et al6 have demonstrated that the decreased opening 
of KV4.2 channels is responsible for colonic hypersensitivity in rats 
with diabetes. Together with previous reports, the present study 

Figure 5. Upregulation in expression of NaV1.7 and NaV1.8 in dorsal 
root ganglions (DRGs) 4 weeks after streptozotocin (STZ) injec-
tion. (A, B) Western blots for NaV1.7 (A) and NaV1.8 (B) of T13-
L2 DRGs from control (CON) and STZ-injection rats. Bar graph 
showed mean density relative to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) for NaV1.7 and to β-actin for NaV1.8 from CON 
and STZ rats. STZ injection greatly enhanced expressions of NaV1.7 
(n = 4 for each group, *P < 0.05, compared with CON, two-sample 
t test) and NaV1.8 (n = 4 for each group, *P < 0.05, compared with 
CON, two-sample t test) of colon DRGs.
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suggests that ion channels in primary sensory neurons innervating 
the colon play roles in development of colonic hypersensitivity. 

Although the single channel activity has yet to be investigated, 
our data suggests that upregulation of NaV1.7 and NaV1.8 expres-
sion may be the main cause for the increase of sodium currents in 
rats with diabetes. Sodium channel α-subunits NaV1.7 and NaV1.8 
are the 2 major subunits expressed by dorsal root ganglion neurons 
and are thought to play an important role in peripheral neuropathy 
in STZ-induced diabetic rats.42 Here, we showed for the first time 
that STZ injection increased expression of NaV1.7 and NaV1.8 in 
DRGs. This is in agreement with previous reports that VGSCs 
have important roles in nociception and visceral pain.38,43-45 

Based on multifarious sensitivity to tetrodotoxin (TTX), sodi-
um currents are classified into TTX-sensitive (TTX-S) and TTX-
resistant (TTX-R) components. NaV1.8 is the TTX-R sodium 
channels while NaV1.7 mediates TTX-sensitive sodium currents. 
Although these two types of currents were not separated by whole-
cell patch clamp recordings, both NaV1.7 (TTX-S) and NaV1.8 
(TTX-R) expression are dramatically up-regulated in STZ-
induced diabetic rats.9,23,46 NaV1.7 plays an important role in signal 
boosting during this slow depolarization and acts as an amplifier of 
pain signaling.47 In diabetic peripheral neuropathy rats, NaV1.7 was 
significantly up-regulated in the DRG neurons and maintained at a 
high level until week 12.48 NaV1.8 has also been shown involved in 
nociception and chronic pain.49-52 As reported by Blair and Bean,53 
NaV1.8 currents had an effect on shaping the AP waveform in 
nociceptive neurons due to slow inactivation rates that allows some 
channels to remain open following the AP upstroke. In diabetic pe-
ripheral neuropathy models, NaV1.8 protein levels increased in the 
DRGs in the earlier period.15 Therefore, both NaV1.7 and NaV1.8 
may plan an important role in generation of diabetic colonic hyper-
sensitivity. It is worthy to note that NaV1.9 may also play a role in 
our model. However, since this channel remains largely inactivated 
at the holding potential of –60 mV and the Vhalf of activation and in-
action curves were unchanged, NaV1.9 activity may not contribute 
mainly to the increased sodium currents.45 

To date no studies have shown the regulation mechanism 
underlying the sensitization of VGSCs in colonic visceral hyper-
sensitive state in diabetic models. Clinical studies have showed that 
plasma TNF-α levels are higher in painful diabetic neuropathic 
(PDN) patients than in diabetes patients without chronic pain, 
and that the severity of pain positively correlated with the plasma 
TNF-α levels.14 In addition, the increased TNF-α is believed to 
be responsible for up-regulation of NaV1.7 in DRG neurons.14 It is 
therefore reasonable to hypothesize that TNF-α may be a signifi-

cant contributor to sensitization of VGSCs under PDN conditions. 
Nuclear factor-kappa B signal pathway may also be involved in 
this process since we have demonstrated that nuclear factor-kappa 
B was upregulated in rat DRGs innervating the hindpaw36,37 and 
the stomach.18 Moreover, both protein kinase A and protein kinase 
C activities have been shown to increase the amplitude of TTX-R 
sodium channel currents and to play important roles in hyperalgesia 
presented in PDN.54 However, it is unknown whether those abnor-
mal signal transduction cascades occur in diabetic colonic hypersen-
sitivity, and further research is required to investigate the regulation 
mechanisms. Other limitations include that the present studies did 
not differentiate the specific impacts from NaV1.7 versus NaV1.8. 
Further investigation of TTX-S and TTX-R sodium currents are 
needed. 

In summary, although more evidence to link symptoms to 
physiology and to cellular changes is needed, the present study 
demonstrates that diabetes induced by STZ produces a significant 
colonic hypersensitivity, which is likely to be mediated by enhanced 
function and expression of VGSCs (ie, NaV1.7 and NaV1.8 sub-
units) in primary sensory neurons, thus highlighting a potential 
therapeutic target for treatment for diabetic abdominal pain in pa-
tients with diabetes.
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