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Abstract
Background—Small conductance calcium activated potassium (SK) channels are responsible
for afterhyperpolarization that suppresses nerve discharges.

Objectives—To test the hypotheses that low-level vagus nerve stimulation (LL-VNS) leads to
the upregulation of SK2 proteins in the LSG.

Methods—Six dogs (Group 1) underwent 1-wk LL-VNS of the left cervical vagus nerve. Five
normal dogs (Group 2) were used as control. SK2 protein levels were examined by western
blotting. The ratio between SK2 and glyceraldehydes-3-phosphate-dehydrogenase (GAPDH)
levels was used as an arbitrary unit (AU).

Results—We found higher SK2 expression in Group 1 (0.124 ± 0.049 AU) than Group 2 (0.085
± 0.031 AU, P < 0.05). Immunostaining showed that the density of nerve structures stained with
SK2 antibody was also higher in Group 1 (11,546 ± 7,271 μm2/mm2) than in Group 2 (5,321 ±
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3,164 μm2/mm2, P < 0.05). There were significantly more ganglion cells without
immunoreactivity to TH in Group 1 (11.4 ± 2.3%) than Group 2 (4.9 ± 0.7%; P < 0.05). The TH-
negative ganglion cells mostly stained positive for choline acetyltransferase (ChAT) (95.9 ± 2.8%
in Group 1 and 86.1 ± 4.4% in Group 2, P = 0.10). Immunofluorescence confocal microscopy
revealed a significant decrease in the SK2 staining in the cytosol but an increase in the SK2
staining on the membrane of the ganglion cells in Group 1 compared to Group 2.

Conclusion—Left LL-VNS results in the upregulation of SK2 proteins, increased SK2 protein
expression in the cell membrane and the increased TH-negative (mostly ChAT-positive) ganglion
cells in the LSG. These changes may underlie the antiarrhythmic efficacy of LL-VNS in
ambulatory dogs.

Keywords
Autonomic nervous system; Vagus nerve stimulation; Stellate ganglion; Small conductance
calcium activated potassium channel; Western blot

Introduction
Small conductance calcium activated K+ (SK) channels are widely expressed in nerve
structures.1 The SK channels are known to be sensitive to intracellular calcium (Cai) and are
primarily responsible for the slow afterhyperpolarization (sAHP) that hyperpolarizes
neurons and reduces the frequency of neuronal discharges.1,2 Apamin, a Western honeybee
toxin which specifically inhibits SK channels, reduces the sAHP, increases neuronal
discharges and breaks down the burst-termination patterns.2,3 Because similar burst-
termination patterns are also observed in the left stellate ganglion (LSG) of ambulatory
dogs,4 it is possible that SK channels also play a role in regulating sympathetic outflow.
Manipulating SK channel expression may be a novel approach to regulating sympathetic
outflow and controlling cardiac arrhythmias. We5 recently showed that continuous left low-
level vagus nerve stimulation (LL-VNS) suppressed LSG nerve activity and increased
tyrosine hydroxylase (TH)-negative nerve structures in the LSG. These changes are
associated with a reduced incidence of paroxysmal atrial tachyarrhythmias, including atrial
fibrillation (AF). The increase of TH-negative cells suggests that LL-VNS can cause
adrenergic neurons to lose their ability to produce catecholamines. However, whether or not
these TH-negative cells undergo phenotypic switching to cholinergic ones, i.e. choline
acetyltransferase (ChAT)-positivity, remains unknown. The purpose of the present study
was to test the hypothesis that LL-VNS induces significant LSG neural remodeling,
including upregulation of SK proteins, increased SK protein trafficking to the cell membrane
and increased percentage of TH-negative cells. Immunostaining was used to test the
hypothesis that most of the TH-negative ganglion cells stain positive for ChAT.

Methods
Chronic LL-VNS in Ambulatory Dogs

The study protocol was approved by the Institutional Animal Use and Care Committee and
conforms to the Guide for the Care and Use of Laboratory Animals. Six male adult mongrel
dogs (Group 1) were used for LL-VNS. Under isoflurane inhalation general anesthesia, an
incision was made on the left anterior side of the neck. A bipolar pacing lead and an anchor
lead were placed around the left cervical vagus nerve (Figure 1) and connected to a
subcutaneously positioned Cyberonics Demipulse neurostimulator (Cyberonics Inc,
Houston, TX). The wound was closed and the dog was allowed to recover for one week. We
then defined the cardiac threshold by stimulating the left cervical vagus nerve at 15 Hz and
500-μs pulse duration. The stimulus amplitude (mA) that elicited an abrupt decrease of heart
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rate by > 20% from baseline was defined as the stimulation threshold. We then programmed
the neurostimulator output to 1 mA below the stimulation threshold 5,6 and confirmed that
this stimulus strength (1.1 ± 0.4 mA, range 0.5–3 mA) did not cause any heart rate changes.
The stimulator was programmed to 60-s ON and 12-s OFF for one week while the dogs
were ambulatory. The dogs were then euthanized and the LSG harvested for protein
analyses and histological examinations. An additional five normal dogs (Group 2) were used
as control. We did not perform any nerve recordings in these dogs because surgical
implantation of recording wires may cause irritation and potentially change the underlying
histology and protein expression.

Western blotting
The rostral half of the LSG was used for the western blot to quantify the amount of protein.
We loaded 10 μg of homogenates of LSG on a SDS-PAGE and transferred to a
nitrocellulose membrane. The blot was probed with an anti-subtype 2 SK (SK2) polyclonal
antibody (1:600, Abcam, Cambridge, MA). The SK channels have 3 subtypes.1,7 Among
them, SK1 is insensitive to apamin.8 SK3 is intermediately sensitive to apamin and is
expressed in very low levels in atria and ventricles.9 In the sensory ganglia, SK3 is
expressed only in satellite glial cells and not in ganglion neurons.10 On the other hand, SK2
is known to play an important role in regulating nerve activities of sympathetic ganglions.11

Therefore, we chose to rocus our errorts in studying SK2 expression in stellate ganglia.
Antibody-binding protein bands were visualized by 125I protein A and quantified with a Bio-
Rad Personal Fx phosphorimager, not by densitometry of the film. We adjusted the exposure
to ensure that the protein bands were not saturated. Expression of SK2 for each sample was
normalized to glyceraldehydes-3-phosphate-dehydrogenase (GAPDH) levels and expressed
as arbitrary units (AU). The mean of intensity values from 5 cycles of western blots was
used as the value for that LSG.

Immunohistochemistry Studies
We used the caudal half of the LSG for immunohistochemical analyses. The LSG samples
were fixed in 4% formalin for 45 to 60 minutes, followed by storage in 70% alcohol.12 The
tissues were processed routinely, paraffin embedded, and cut into 5 μm–thick sections.

Immunohistochemical staining was performed with antibodies against SK2 using rabbit
polyclonal anti-KCNN2 (Abcam, Cambridge, MA), antibodies against TH using mouse
monoclonal anti-TH (Accurate Chemical, Westbury, NY) and antibodies against choline
acetyltransferase (ChAT) using goat polyclonal anti-ChAT (Chemicon, Billerica, MA).

Immunofluorescence Confocal Microscopy
Immunofluorescence confocal microscopy was performed and imaged using a Zeiss LSM
700 confocal laser scanning microscope. The study of the LSG tissue sections from Groups
1 and 2 was performed in a blinded fashion. Tissue sections (4 μm in thickness) were de-
paraffinized and hydrated using the following series of washes: two Xylene washes (5 min
each), followed by two 100% ethanol rinses (5 min each), followed by 95% ethanol, 70%
ethanol, 50% ethanol, 30% ethanol, followed by water and Tris buffered saline with Tween
20 (TBST) wash for 5 min on a shaker. The slides were blocked using the blocking solution
(Dulbecco’s phosphate buffered saline, catalog #21-031-CV from Mediatech, Inc. with 10%
serum from the host of the secondary antibody) for one hour. Primary antibody (anti-SK2
antibody from Sigma-Aldrich, catalog #P0483, a polyclonal antibody raised in rabbit against
a purified peptide corresponding to amino acid residues 542–559 of rat SK2 located in
COOH terminus, 1:20 dilution) was then added in the tissue sections and incubated
overnight in the humidified chamber (4 ºC). The slides were washed three times with TBST
(3 min each on a shaker) followed by the addition of a secondary antibody (Cy3 goat anti-
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rabbit antibody, Invitrogen) diluted in the blocking solution and incubated for one hour at
room temperature. The slides were washed three times with TBST (3 min each on a shaker)
and rinsed with water. Finally, the tissue sections were mounted using mounting medium
containing DAPI (4′, 6-diamidino-2-phenylindole, VectaMount, catalog# H-5000 Vector
Laboratories, Inc.).

Data Analyses
We first analyzed the density (μm2/mm2) of nerve structures stained with SK2 antibody. We
then manually determined the number of TH-negative ganglion cells among all ganglion
cells in a stained slide.5 A blinded observer was asked to randomly select 5 high-power
(20X) fields with highest ganglion cell density in the LSG from each dog. A second blinded
investigator used these digital pictures to manually determine the percentage of TH-negative
ganglion cells among all ganglion cells in the stained slides. We counted all cells with any
part of the cells visible in the picture. The mean of those 5 selected fields was used as the
value for that LSG. A third analysis was to compare the TH and ChAT staining of two serial
slides and see if the TH-negative ganglion cells were ChAT-positive. The first blinded
observer was asked to randomly select 3 high-power (20X) fields with highest density of
TH-negative cells and then find the corresponding fields in the ChAT staining slides. He
then obtained a digital picture. The second blinded investigator used these digital pictures to
manually determine the percentage of the TH-negative ganglion cells that were ChAT-
positive. For data obtained by confocal microscopy, the SK2 staining in LSG were
quantified using Image J software from the National Institutes of Health. Regions of interest
(ROIs) were drawn to measure the SK2 signals on the plasma membrane and in the cytosol
of LSG neurons. The ratio of membrane/cytosol was obtained for each cell analyzed.

Statistical Analyses
The data were represented as mean followed by standard deviation. One-tailed t tests were
used to compare the densitometric values of the western blot and immunostaining of the
LSG of Group 1 and Group 2 dogs. To compare the membrane/cytosol SK2 fluorescence
ratio in confocal microscopy, we first calculated the mean of the ratio of a number of cells
for each animal. We then performed the Wilcoxon rank-sum test on those means between
Group 1 and Group 2 using exact null distribution. The statistics were computed using the
PASW Statistics (version 18; SPSS Inc, Chicago, IL) and SAS 9.2 (SAS Inc, Cary, NC). P ≤
0.05 was considered significant.

Results
SK2 Protein in the LSG

Western blotting studies demonstrated the signal ratio of SK2 protein to glyceraldehydes-3-
phosphate-dehydrogenase (GAPDH) of Group 1 (0.124 ± 0.049 arbitrary unit, AU) was
significantly higher than that of Group 2 (0.085 ± 0.031 AU, P < 0.05, Figures 2A and 2B),
indicating an upregulation of SK2 protein in the LSG among dogs undergoing LL-VNS. The
SK2 protein levels before normalization were 3516 ± 795 for Group 1 and 3447 ± 1099 for
Group 2. Immunostaining showed that the density of nerve structures stained with SK2
antibody was also higher in Group 1 (11,546 ± 7,271 μm2/mm2) than in Group 2 (5,321 ±
3,164 μm2/mm2, P < 0.05, high-power view in Figures 2C–2D and low-power view in
Figures 2E–2F).

Neurotransmitter Phenotypes in the LSG
We compared the results of TH immunostaining of the LSG between Group 1 and Group 2
dogs. There were significantly more ganglion cells without immunoreactivity to TH in dogs
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with LL-VNS (11.4 ± 2.3%) than in control (4.9 ± 0.7%; P < 0.05). These results were
consistent with a previously-published study5 but the absolute percentages for both groups
were higher because the cells on the edges of the picture were included in the present study
but not in that previous study.5 We also compared the TH and ChAT serial staining slides in
Group 1 and Group 2 dogs. There were high percentages of TH-negative cells that were also
ChAT-positive in both Group 1 dogs (95.9 ± 2.8%) and Group 2 dogs (86.1 ± 4.4%, P =
0.10). Figure 3A shows a representative TH-staining of the LSG from a Group 1 dog.
Dashed arrows point to three TH-negative ganglion cells. Figure 3B shows a serial slide
from the same LSG used for ChAT immunostaining. The same three ganglion cells that are
TH-negative are positive for ChAT (arrows).

Immunofluorescence Confocal Microscopic Examination
To directly assess the subcellular distribution of SK2 protein after left LL-VNS in
ambulatory dogs, immunofluorescence confocal microscopy was performed using anti-SK2
antibody and LSG tissue sections from the two groups of animals. Figure 4 shows typical
immunofluorescence confocal images from the two groups of animals. LL-VNS resulted in
the alteration in the distribution of SK2 protein. Specifically, control ganglion cells from the
LSG of all Group 2 dogs showed homogenous SK2 staining in the cytosol. In contrast, LL-
VNS (Group 1) resulted in a significant decrease in cytosolic SK2 staining but a significant
increase in the staining in the periphery of the ganglion cells. These findings were observed
in four Group 1 dogs. In the remaining 2 dogs, the stain quality was not good enough to
clearly demonstrate this phenomenon. The ratio of membrane/cytosol SK2 fluorescence was
obtained from a total of 33 cells from 4 Group 1 dogs and 3 Group 2 dogs (3–7 cells per
dog). The fluorescence ratio of Group 1 and Group 2 dogs averaged 2.3 ± 1.6 and 0.85 ±
0.06, respectively (P = 0.057).

Discussion
Mechanisms of SK2 Upregulation

The SK channels are constitutively recycled from the postsynaptic membrane. Activation of
β receptors removes SK channels from the excitatory synapses.13 Because vagal stimulation
may exert significant effects on cardiac sympathetic fiber discharges,5,14,15 it may indirectly
impede the removal and recycling of the SK channels, leading to increased protein
expression. The same mechanisms might also contribute to the upregulation of SK current
densities in the failing ventricles16 because heart failure is known to significantly
downregulate β-receptors.17,18

SK protein and Effects of VNS
Shen et al5 observed two phases of LSG nerve activity reduction during continuous LL-VNS
in ambulatory dogs. The first phase occurred immediately and persisted for 3 days,
consistent with a direct suppression of LSG nerve activity by VNS. A second phase occurred
4 days after the onset of LL-VNS, when LSG nerve activity demonstrated further reduction.
The delayed onset of VNS effects is consistent with the time needed to result in induction of
SK protein upregulation and phenotypic switching within the LSG. Both of these
remodeling changes may lead to further reduction of the sympathetic tone. Furthermore, we
have shown that there is increased expression of SK proteins on the membrane of ganglion
cells. The increased protein trafficking to the cell membrane induced by VNS could also
contribute to the reduced sympathetic tone. In the central nervous system, SK channels are
known to be involved in long term potentiation and postsynaptic regulation.13,20 We
propose that LL-VNS directly affects the activation patterns of the LSG. These
physiological changes then induce secondary LSG remodeling and reduce the overall
sympathetic tone. The upregulation of the SK2 proteins, the trafficking of the SK2 protein to
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the cell membrane and the phenotypic switching within the LSG also explains the carry-over
effects after the termination of the VNS5.

Development of Cholinergic Phenotypes in the LSG
In the present study, we show that the vast majority of the TH-negative ganglion cells
stained positively for ChAT. LL-VNS increases the percentage of these cholinergic cells,
suggesting that some cells have undergone phenotypic switching and converted from using
norepinephrine as their neurotransmitter to acetylcholine. Previous studies showed that a
switch from a fully functional noradrenergic phenotype to a cholinergic phenotype in the
stellate ganglion can occur due to the presence of target-derived cytokines such as
cholinergic differentiation factor (CDF) (also known as leukemia inhibiting factor, LIF),
interleukin-6 and ciliary neutrophic factor.21–23 CDF/LIF expression is dynamically
adjusted and may increase dramatically in the sympathetic ganglia in response to injury24

and myocardial infarction.25 It is possible that LL-VNS can similarly increase the
expression of cytokines that induce the phenotypic switching from noradrenergic to
cholinergic phenotypes in the LSG through its effects on the myocardium. Because the
percentage of TH-positive ganglion cells in the LSG is reduced by VNS, smaller amount of
catecholamines are produced and released during LSG activation. Therefore, the
phenotypical switching may be one of the mechanisms by which VNS reduces sympathetic
tone.

LL-VNS induces SK2 redistribution to cell membrane
LL-VNS induces both an increased total SK2 protein levels and the redistribution of the
SK2 proteins to the cell membrane. In the COS7 cell expression system, direct
Phosphorylation by cAMP-dependent protein kinase causes a dramatic decrease in surface
localization of the SK2 channels,26 suggesting that sympathetic nerve activity plays a role in
SK2 protein distribution. Intermittent burst pacing in rabbit atria is known to cause SK2
channel trafficking to the cell membrane, leading to increased apamin-sensitive K current
(Ikas) and accelerates the repolarization of the pulmonary veins.19 In addition, Lu et al27

showed that the SK2 channel localization on the cell-surface membrane is dynamically
regulated. One of the critical steps includes the process of cytoskeletal anchoring of SK2
channel by its interacting protein, alpha-actinin2, as well as endocytic recycling via early
endosome back to the cell membrane. The mechanisms by which LL-VNS induces
trafficking of the SK2 to cell membrane remain unclear. However, it is possible that the LL-
VNS has activated the sensory component within the vagus nerve, leading to altered central
inputs to the left stellate ganglion. These neural signals then increase the protein expression
and cause SK2 protein to traffic to the cell membrane. The increased cell membrane
localization of the SK2 may play an important role of increased Ikas and reduced nerve
discharges in the LSG.

Conclusion
Left LL-VNS results in the upregulation of SK2 proteins, increased SK2 protein expression
in the cell membrane and the increased TH-negative (mostly ChAT-positive) ganglion cells
in the LSG. These changes may underlie the antiarrhythmic efficacy of LL-VNS in
ambulatory dogs.

Limitations of the Study
Because this study focuses on the neural remodeling of the LSG,5,28,29 whether or not the
same remodeling occurs in the right stellate ganglion was not investigated. We did not
isolate the ganglion cells from the stellate ganglion to test for afterhyperpolarization.
Therefore, it is unclear if the changes of expression and intracellular distribution of SK2
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protein causes increased afterhyperpolarization in the ganglion cells. We have used blinded
observers in this study. This approach minimizes but may not completely eliminate the
observer bias. We did not have data on heart rhythm in the present study. However, in a
previous study we have documented that similar methods of VNS may suppress atrial
arrhythmias in ambulatory dogs.5
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Abbreviations and Acronyms

AF atrial fibrillation

AU arbitrary unit

CDF cholinergic differentiation factor

ChAT choline acetyltransferase

GAPDH glyceraldehydes-3-phosphate-dehydrogenase

LIF leukemia inhibiting factor

LL-VNS low-level vagus nerve stimulation

LSG left stellate ganglion

sAHP slow afterhyperpolarization

SK small conductance calcium activated K+

TH tyrosine hydroxylase
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Figure 1.
Implantation of electrodes on left cervical vagus nerve. A bipolar pacing lead and an anchor
lead were placed around the left cervical vagus nerve and connected to a subcutaneously
positioned Cyberonics Demipulse neurostimulator. The electrode orientation ensures that the
negative pole is cranial to the positive pole, which is the configuration used clinically for the
implanted Cyberonics stimulators.
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Figure 2.
Upregulation of SK2 protein in the LSG with LL-VNS. A, Representative western blots
show that the signal ratio of SK2 protein to GAPDH of Group 1 was significantly higher
than that of Group 2. B, There is an upregulation of SK2 protein level in the LSG in Group 1
dogs after being normalized to GAPDH. C-D, Representative immunostaining of SK2
protein in the LSG The density of SK2-positive nerve structures (as pointed by a black
arrowhead) is significantly higher in Group 1 dogs (Panel C), compared to Group 2 dogs
(Panel D). E-F, Representative low-power view of immunostaining of SK2 protein in the
LSG, that clearly demonstrates higher SK2 density in Group 1 dogs (Panel E), compared to
Group 2 dogs (Panel F). SK2, Small conductance calcium-activated potassium channels
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subtype 2; GAPDH, glyceraldehydes-3-phosphate-dehydrogenase; AU, arbitrary units.
Calibration bar = 50 μm.
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Figure 3.
TH-negative cells are ChAT-positive in the LSG A, Representative TH-staining of the LSG
from a Group 1 dog. Dashed arrows point to three TH-negative ganglion cells. B, A serial
slide from the same LSG is used for ChAT immunostaining. The same three ganglion cells
that are TH-negative are positive for ChAT (arrows). This development of cholinergic
phenotype is observed in a vast majority of TH-negative cells, whose number is increased by
LL-VNS. TH, tyrosine hydroxylase; ChAT, choline acetyltransferase. Calibration bar = 50
μm.

Shen et al. Page 13

Heart Rhythm. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
LL-VNS changes the subcellular distribution of SK2 protein. Immunofluorescence confocal
microscope images of four Group 1 (LL-VNS) LSG and two Group 2 (control) LSG using
anti-SK2 antibody and DAPI (4′,6-diamidino-2-phenylindole to identify nuclei).
Corresponding differential interference contrast (DIC) images are shown on the left. The
merged picture shows that in Group 1 LSG, there was a significant increase in SK2 staining
in the periphery of ganglion cells but decrease in the cytosol. In contrast, in Group 2 LSG,
the SK2 staining was homogeneous. DAPI, 4′, 6-diamidino-2-phenylindole. The white
calibration bars are 20 μM in length.
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