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Abstract

Reduced cardiac parasympathetic activity is involved in sudden cardiac death and is responsible for high mortality in patients
with type 2 diabetes mellitus (T2DM). Nicotinic acetylcholine receptors (nAChRs) mediate synaptic transmission in the intracardiac
ganglia (ICG) and regulate the excitability of postganglionic parasympathetic neurons. We hypothesized that changes in the functional
responsiveness of postsynaptic nAChRs to nicotine (a nAChR agonist) might be involved in attenuated cardiac parasympathetic
(vagal) activity in type 2 diabetic rats. A rat model of T2DM was induced by a combination of both high-fat diet and injection of
low-dose streptozotocin (30 mg/kg, i.p.). As an index of cardiac vagal function, changes of heart rate in response to graded vagal
efferent nerve stimulation were blunted in T2DM rats, compared to sham rats. In isolated Langendorff-perfused hearts, there was
no significant difference on sensitivity of the heart to acetylcholine in sham and T2DM rats. Whole-cell patch-clamp data showed
that T2DM decreased nAChR currents and sensitivity of the nAChR channel to nicotine in ICG neurons. However, the data from
immunofluorescence staining showed that there is no significant difference in the protein expression of a3 and 4 nAChR subunits in
ICG neurons of sham and T2DM rats. These results suggest that the low sensitivity of NAChR channels to nicotine might contribute

to impairment of the cardiac vagal activity in T2DM.
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Introduction

Cardiovascular autonomic dysfunction is a common complication
of the patients with type 2 diabetes mellitus (T2DM) [1-5], which is
associated with a higher risk of sudden cardiac death in T2DM patients
[1,4,6]. Unlike type 1 diabetes mellitus, the mechanisms responsible for
the cardiovascular autonomic dysfunction have not been explored in
T2DM even though T2DM affects 90 to 95% of the diabetic population
worldwide [7] compared to 5 to 10% affected by type 1 diabetes
mellitus. Data from one research group demonstrated that function
of the parasympathetic nervous system is severely affected in T2DM
patients [2].

Furthermore, our recent study also found that the neuronal
excitability of cardiac vagal efferent neurons located in the intracardiac
ganglia (ICG) was reduced due to a reduced number of the voltage-
gated Ca?* channels in T2DM rats [8], a T2DM animal model that
closely mimics the clinical features of T2DM patients [9]. In general,
cardiac vagal preganglionic fibers originated in the brainstem (nucleus
ambiguous and nucleus tractus solitaries) extend to the ICG and
release acetylcholine (ACh, a primary neurotransmitter) to process
the synaptic transmission and regulate the excitability of cardiac vagal
postganglionic neurons through activating nicotinic ACh receptors
(nAChRs) of ICG neurons [10-12]. The nAChR is a member of
ligand-gated ion channels on the cell membrane [13-15]. As inotropic
receptors, nAChR channels are activated by endogenous and exogenous
agonists such as acetylcholine and nicotine [14,15]. Therefore, the first
aim in this study was to test whether diabetes changes the sensitivity of
nAChR channels to nicotine in ICG neurons.

As a final common pathway for neural control of the cardiac
function, cardiac vagal postganglionic neurons innervate the heart
to form the neuroeffector junction. ACh released from cardiac vagal
postganglionic neurons binds and activates muscarinic ACh receptors
on the myocardial cell membrane to regulate the heart function. It is
possible that sensitivity of the heart to ACh can affect the regulatory

effect of the cardiac parasympathetic nervous system on the heart.
Therefore, the second aim in this study was to compare sensitivity of
the heart to ACh between sham and T2DM rats.

Materials and Methods

All experimental procedures were approved by the University
of Nebraska Medical Center Institutional Animal Care and Use
Committee and were carried out in accordance with the National
Institutes of Health (NIH Publication No. 85-23, revised 1996) and
the American Physiological Society’s Guides for the Care and Use of
Laboratory Animals.

Induction of T2DM

Male Sprague-Dawley rats (200-220 g) were housed two per cage
under controlled temperature and humidity and a 12-h:12-h dark/light
cycle. Water and rat chow were provided ad libitum. The rats were
randomly assigned to sham (n=18) and T2DM rats (n=23). In sham
group, the rats were fed a normal chow diet consisting of 13% fat, 53%
carbohydrate, and 34% protein (Harlan Teklad sterilizable rodent diet;
Harlan Teklad, Madison, WI). T2DM was induced by a combination
of high-fat diet and streptozotocin (STZ) treatment as previously
described [8]. First, the rats were fed a high-fat diet consisting of 42%
fat, 42.7% carbohydrate, and 15.2% protein (Harlan Teklad adjusted fat
diet, Harlan Teklad) for 4 weeks. Next, the rats were intraperitoneally
injected with STZ (30 mg/kg) and continued on the high-fat diet.
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Fasting blood glucose and body weight in all rats were measured
weekly. All experiments were performed at 12-14 weeks of feeding
with either normal chow diet or high-fat diet because our previous
study revealed the characteristics of T2DM (hyperlipidemia, insulin
resistance, and hyperglycemia) [8]. As we did in our previous studies
[8,16], T2DM was identified by measuring fasting blood glucose,
plasma insulin, plasma triglyceride and insulin sensitivity on the day
of terminal experiments. Additionally, body weight, blood pressure,
and heart rate were measured. Five rats in T2DM group were excluded
from study because they were not considered as T2DM.

Measurement of plasma insulin, plasma triglyceride and
insulin sensitivity

Blood samples for insulin and triglyceride analyses were collected
in tubes coated with EDTA and stored at -80°C until assayed. Plasma
insulin was assessed by ELISA kits (ALPCO, Salem, NH) and plasma
triglyceride level was measured by triglyceride spectrophotometric assay
kit (BioVision, Mountain View, CA), according to the manufacturer’s
instructions. Both blood glucose and insulin were used to calculate the
insulin sensitivity index as Ln (fasting blood glucose x fasting plasma
insulin level).

Measuring alteration of heart rate in response to vagal
efferent nerve stimulation

Under anesthetized condition (800 mg/kg urethane and 40 mg/
kg chloralose, i.p.), tracheotomy was performed, and the rat was
artificially ventilated by a mechanical respirator (Harvard Apparatus,
2.5 ml tidal volume and 60 breaths/min). A polyethylene-50 catheter
was implanted into the femoral artery for the measurement of arterial
blood pressure and heart rate. Both sides of vagal nerve along the
common carotid arteries were isolated and cut. The peripheral end
of right vagal nerve was placed on bipolar stimulating electrodes and
covered by mineral oil for vagal efferent nerve stimulation. Right vagal
efferent nerve stimulation was applied using a Grass S9 stimulator
(Grass instruments, Quincy, MA) with 10 s of constant-frequency
stimulation (0.1 ms pulse duration and intensity of 7.5 V, 1-100 Hz).
Changes in heart rate related to different stimulating frequency were
recorded by PowerLab 8/30 data acquisition system with LabChart 7
(ADInstruments, Colorado Springs, CO), which was used as the index
of cardiac vagal function.

Measuring sensitivity of the heart to ACh in isolated
Langendorff perfused heart model

Under anesthetized condition (50 mg/kg sodium pentobarbital,
i.p.), the rat was treated with heparin (1000 U/kg, i.p.). The animal heart
was removed rapidly via midsternal thoracotomy and placed in an ice-
cold Ca**-Mg** free-Tyrode’s solution (140 mM NaCl, 5 mM KCI, 10
mM HEPES and 5 mM glucose; pH 7.2). After the aorta was cannulated,
the animal heart was mounted on a Langendorff apparatus (Radnoti,
Monrovia, CA) and perfused with oxygenated Krebs-Hensleit solution
composed of 124 mM NaCl, 4.8 mM KCl, 1.8 mM CaClz, 1 mM
MgSO,, 1.2 mM KH,PO,, 20 mM NaHCO, and 10 mM glucose (pH
7.4 when gassed with 95% 0,/5% CO,). The flow rate was maintained
at 11.0 £ 0.5 ml/min. Temperature of the solution was kept at 37°C.
After two electrodes were attached to the right atrium and apex, the
electrocardiogram was continuously recorded using a PowerLab 8/30
Data Acquisition system with LabChart 7 software (ADInstruments,
Colorado Springs, CO). After equilibration for 60 min, ACh (0.01-30
uM; 0.1 ml) was directly applied into the heart through the perfusate
with 15-min interval between ACh applications.

Isolation of ICG neurons

The ICG was removed surgically from the rat and placed in an ice-
cold modified Tyrode’s solution (mM): 140 NaCl, 5 KCI, 10 HEPES,
5 glucose. The ICG was minced into small pieces with microscissors
and incubated for 30 min at 37°C in an enzymatic modified Tyrode’s
solution containing 0.1% collagenase and 0.1% trypsin. The tissue
was then transferred to a modified Tyrode’s solution containing 0.2%
collagenase and 0.5% bovine serum albumin for 30 min of incubation
at 37°C. The isolated cells were resuspended in culture medium and
plated onto culture wells. The culture medium consisted of a 50/50
mixture of Delbecco’s modified Eagle’s medium (DMEM) and Ham’s
F12 medium (Gibco, Grand Island, NY) supplemented with antibiotics
and 10% fetal bovine serum (Gibco, Grand Island, NY). ICG neurons
were cultured at 37°C in a humidified atmosphere of 95% air/5%x CO,
for 4-8 hr before the experiments.

Whole cell patch-clamp recordings for nAChR currents

A gap-free protocol was used for the recording of nAChR currents
in whole-cell voltage-clamp experiments. The recording of nAChR
currents was performed using an Axopatch 200B patch-clamp amplifier
(Axon Instruments, Foster City, CA). Resistance of the patch pipette
was 3-5 MQ when filled with the solution composed of (in mM): 140
CsCl, 2 MgATP, 10 HEPES, and 1 EGTA (pH 7.2, 300 mOsm/L). The
extracellular solution consisted of (in mM): 140 NaCl, 3 KCl, 2.5 CaClZ,
1.2 MgClz, 10 HEPES, and 7.7 glucose (pH 7.2; 310 mOsm/L). Series
resistance of 6-13 MQ was electronically compensated 80-90%. Junction
potential was calculated to be +5.1 mV. Recorded traces were sampled at
10 kHz and filtered at 5 kHz. ICG neurons were clamped at -90 mV and
continuously perfused with extracellular solution (2 ml/min). Nicotine,
a nAChR specific agonist dissolved in the extracellular solution was
applied to ICG neurons by bolus ejection (6 psi; 100 ms) through a
micropipette connected to a Picopump (PV 820 Pneumatic PicoPump,
World Precision Instruments, Sarasota, FL). The micropipette (5-7
um diameter) for drug application was positioned 20-30 pm from the
cell soma. No current was observed when the extracellular solution
alone was applied to ICG neurons (data not shown). Each nicotine
concentration from 0.1 uM to 10 mM was applied 2 times to obtain
a mean data. The 90-sec interval was left between drug applications
of each concentration to allow nAChR recovery from desensitization.
Peak currents were measured, and current density was calculated by
dividing peak current by cell membrane capacitance. Additionally,
to rule out the influence of nAChR current rundown, we applied 10
mM of nicotine to ICG neurons at the beginning and the ending of
above experiments and compared nAChR currents during these two
applications of nicotine. There was no significant rundown of nAChR
currents in most of ICG neurons (data not shown). There were a few
neurons to be excluded from the study due to the obvious rundown of
nAChR currents. P-clamp 10.2 program (Axon Instruments) was used
for data acquisition and analysis. All experiments were done at room
temperature (22-24°C).

Immunofluorescent staining for nAChR proteins

Isolated ICG neurons plated onto coverslips were fixed with 4%
paraformaldehyde in 0.1 M PBS for 10 min at 4°C, washed with PBS-
Triton solution (phosphate-buffered saline + 0.25% Triton X-100), and
blocked with 10% of normal goat serum for 1 h at room temperature.
Primary antibodies against nAChR a3 or nAChR B4 (R&D, Las Vegas,
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NV) and PGP9.5 (a neuronal marker; Abcam, Cambridge, MA) were
incubated with ICG neurons overnight at 4°C. Then ICG neurons
were incubated with appropriate secondary antibodies (Invitrogen,
Carlsbad, CA) for 1 h at room temperature. ICG cells were observed
under a Leica fluorescent microscope with appropriate excitation/
emission filters. Pictures were captured by a digital camera system. No
staining was seen when PBS was used instead of the primary antibody
in above procedure. Expression of nAChR a3 and B4 subunits was
quantified using Adobe Photoshop CS3 Extended (Adobe Systems
Incorporated, CA)[17].

Data analysis

The concentration-response relationships for reduction of heart
rate by ACh and nicotine-triggered nAChR current were drawn by a
logistic equation: y=min + (max-min)/(1+(x/EC, )"""°), where min is
the minimum effect and max is the maximum effect, EC,, is the drug
concentration that yields 50% of the maximum effect, and Hillslope is
the slope factor. All data are presented as means + SE. SigmaPlot 12 was
used for data analysis. Student’s unpaired t-test or 2-way ANOVA with
post hoc Bonferroni test was used to determine statistical significance.
Statistical significance was accepted when P<0.05.

Results
Induction of T2DM

T2DM was induced by a combination of both high-fat diet and
injection of low-dose STZ. After 12-14 weeks of the treatments
(high-fat diet and STZ injection), fasting blood glucose and plasma
triglyceride were increased whereas insulin sensitivity index was
decreased in T2DM rats, compared with that in sham rats (Table 1).
These data indicated that high-fat diet and low-dose STZ induced
hyperglycemia, hyperlipidemia and insulin resistance in T2DM rats,
which closely mimicked the pathogenesis and clinical characteristics of
patients with T2DM [9]. However, there was no significant difference
on body weight, blood pressure, heart rate, and fasting plasma insulin
between sham and T2DM rats (Table 1).

Effect of vagal efferent nerve stimulation on heart rate

Changes in heart rate related to different stimulating frequency usually
are used as the index of cardiac vagal function. Bradycardia response to
graded electrical stimulation of vagal efferent nerve was significantly
attenuated in T2DM rats, compared to sham rats (Figure 1).

Effect of ACh on heart rate in Langendorff perfused hearts

The negative chronotropic effect of ACh on Langendorff-perfused
hearts isolated from sham and T2DM rats was studied. Diabetes did
not induce change in the intrinsic heart rate, compared to sham (Figure
2A). Application of exogenous ACh dose-dependently decreased heart

Table 1: Hemodynamic and metabolic characteristics of sham and T2DM rats

Sham (n=18) T2DM (n=18)

Body weight, g 4098 457 + 11*

Mean blood pressure, mm Hg 97+3 102+ 4

Heart rate, bmp 354 + 10 357+ 13
Fasting blood glucose, mg/d| 92.7+4.9 278.6 £ 9.7

Fasting plasma insulin, mu/L 124+£13 11.2+£1.6
Insulin sensitivity index -4.13 £0.11 -5.23 £ 0.26*
Plasma Triglyceride, mmol/L 1.13+0.24 3.57 £ 0.36*

Data are means + SE. *P<0.05 vs. sham. bmp: beats per minute
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Figure 1: Representative recordings (A) and summary data (B) showing
changes of heart rate in response to graded vagal efferent nerve stimulation
in sham and T2DM rats. *P<0.05 vs. sham. Data are means + SE, n = 6 rats
in each group.
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Figure 2: Heart rate (A) and percent reduction of heart rate (B) in response to
different concentrations of acetylcholine (Ach) in isolated Langendorff-perfused
hearts from sham and T2DM rats. In atropine plus ACh groups, 1 uM atropine
(a specific muscarinic acetylcholine receptor blocker) was co-applied with ACh
to hearts. Data are means + SE, n=6 rats in each group.
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rate in sham and T2DM Langendorff perfused hearts. There was no
marked difference on sensitivity of the heart to ACh (2.4 + 0.2 pM
vs. 2.3 = 0.2 pM for EC,; of ACh in sham and T2DM, respectively;
P>0.05; Figure 2B). Application of atropine (1 pM, a muscarinic AChR
antagonist) completely abolished the negative chronotropic effect of
ACh in sham and T2DM rats. However, atropine alone did not affect
the heart rate (data not shown).

nAChR currents in ICG neurons

Figure 3A illustrates original recordings of the nAChR currents
elicited by bolus ejection of 3 mM nicotine (100 ms) to the cell body of
ICG neurons. The nAChR currents were significantly decreased in ICG
neurons from CHF rats, compared with that from sham rats (Figure
3A and 3B). Pre-treatment of hexamethonium (100 uM, a nAChR
antagonist) almost inhibited nAChR currents in both sham and T2DM
ICG neurons (Figure 3A-B). The data from dose-dependent curve
demonstrated that EC50 of nicotine to elicit the nAChR current was
higher in ICG neurons from CHF rats (229 + 22 uM) than that from
sham rats (159 + 17 uM; P<0.05; Figure 3C).

Protein expression of nAChRs in ICG neurons

Our previous study has shown that western blot analysis is not used
as an appropriate method to measure protein expression in the ICG
because of limitation of the tiny ICG tissue [8]. Immunofluorescence
staining was used to measure protein expression of nAChR a3 and B4
subunits in rat ICG neurons (nAChR-a3(4, a functional combination
expressed in autonomic ganglia at high levels [18]. There was no
significant difference in protein expression of nAChR a3 and P4
subunits in ICG neurons of sham and T2DM rats (Figure 4).
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Figure 3: Original recordings (A) and mean data (B) of nicotine (3 mM,
100ms)-evoked nAChR currents before and after treatment of Hexa (100 pyM)
in ICG neurons from sham and type 2 diabetic rats. *P< 0.05 vs. sham control;
#P<0.05 vs. T2DM control. (C) Dose-response of nNAChR current density to
nicotine in ICG neurons from sham and T2DM rats. *P<0.05 vs. sham. Hexa:
hexamethonium, a nAChR antagonist. Data are means + SE, n=12 cells in
each group.

Discussion

Our present study demonstrated that 1) T2DM reduced the
responsiveness of heart rate to vagal efferent nerve stimulation, but
did not affect sensitivity of the heart to ACh; 2) T2DM also decreased
nAChR currents and the sensitivity of nAChR channels to nicotine
in ICG neurons; and 3) T2DM did not change the protein expression
of nAChR-a3 and -p4 subunits in ICG neurons. These results suggest
that cardiac vagal dysfunction could be attributed to the alteration in
functional responsiveness of nAChR channels to neurotransmitter
(ACh) in ICG neurons rather than the change in sensitivity of the heart
to ACh in T2DM rats.

Much evidence from clinical trials and animal experiments has
shown that the blunted arterial baroreflex is a common complication
in T2DM [1-5], which contributes to the electrical instability of the
myocardium and is associated with high mortality in the T2DM state
[1,4,6]. The arterial baroreflex arc is composed of a baroreceptor
afferent limb, a central neural component, and autonomic efferent
component. Although the morphological and functional changes in
every component of the arterial baroreflex arc could be responsible
for the impairment of baroreflex function in the T2DM state, a clinical
study found that the parasympathetic nerve function is severely
impaired in the patients with T2DM [2]. In the present study, negative
chronotropic responses to graded vagal efferent nerve stimulation were
attenuated in T2DM rats, compared to sham rats (Figure 1), indicating
that the parasympathetic efferent component could be involved in the
impaired arterial baroreflex in the T2DM state.

Besides the parasympathetic efferent component, changes of the
heart itself may affect bradycardia response to the vagal efferent nerve
stimulation. In our present study, T2DM did not change the intrinsic
heart rate of isolated Langendorff- perfused rat hearts (Figure 2). More
importantly, there is no difference in sensitivity of the heart to ACh
between sham and T2DM rats (Figure 2). From above results, we
consider that functional alterations of the postganglionic vagal neurons
but not changes of the heart might contribute to the impairment of
cardiac vagal activity in T2DM rats.

It is well documented that nAChRs, a sub-family of ligand-gated
non-selective cation channels, mediate synaptic transmission in the
peripheral autonomic ganglia [12,19]. On the postsynaptic membrane,
activation of nAChRs by its agonists (such as ACh and nicotine) induces
an inward current and eventually cause the terminal of postganglionic
neurons to release neurotransmitter into the target organs [20-25]. In
our present study, T2DM markedly decreased nAChR currents and the
sensitivity of nAChR channels to nicotine in ICG neurons (Figure 3),
which is probably involved in lower excitability of ICG neurons and
blunted cardiac vagal activity in T2DM rats. Nevertheless, the role
of nAChR channels in the attenuated cardiac vagal activity is further
confirmed in future study by manipulating the function of nAChR
channels in ICG neurons through pharmacological treatments or
genetic methods.

Molecular clone technique has identified nine a (a2-al0) and
three B (B2-p4) gene subunits of neuronal nAChRs in the central and
peripheral nervous system [24,25]. Exogenous expression studies
in Xenopus oocytes demonstrated that many subunit combinations
form functional pentameric nAChR channels [24-26]. Although the
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prevalent nAChRs in the mammalian brain contain homomeric a7
and heteromeric a4p2 subunits, a composition of a3p4 subunits is the
predominant functional combination of the nAChR channel expressed
in the peripheral autonomic ganglion neurons [27-31]. Additionally,
single-cell RT-PCR data showed that a3 and 4 subunit mRNAs are
expressed in most of rat ICG neurons [32]. Immunofluorescence
staining data showed that there is no significant difference in the
protein expression of nAChR-a3 and -p4 subunits in ICG neurons of
sham and T2DM rats (Figure 4), which indicates that T2DM-reduced
nAChR currents are possibly due to the post-translational modulation
of nAChR channels in ICG neurons from T2DM rats. However, we
cannot rule out the involvement of other nAChR subunits because
mRNAs encoding other neuronal nAChR subunits were also expressed
in some rat ICG neurons [32]. Further study is needed to clarify the
mechanism(s) responsible for T2DM-reduced nAChR currents in ICG
neurons.

Ciccone et al. [33] have demonstrated the role of pre-diabetes and
family history of diabetes mellitus in the outcome of general population.
They have emphasized that it is very important to prevent the onset of
the most dangerous lesions induced by diabetes [33]. Abnormal cardiac
vaginal activity is thought to be a predictor of mortality in T2DM [1].
Therefore, the alteration of nAChR channels and cardiac vagal activity
during pre-diabetes and the influence of family history of diabetes will
be addressed in further study.

Conclusions

In the present study, we found that T2DM decreases nAChR
currents and the functional responsiveness of nAChR channels to
nicotine in ICG neurons. The reduced sensitivity of nAChR channels
to nicotine in ICG neurons might be involved in the attenuated cardiac
vagal activity in the T2DM state.
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