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Decreased heart rate variability (HRV) is a major risk
factor for sudden death and cardiovascular disease. We
previously demonstrated that parasympathetic dysfunc-
tion in the heart of the Akita type 1 diabetic mouse was
due to a decrease in the level of the sterol response
element–binding protein (SREBP-1). Here we demon-
strate that hyperactivity of glycogen synthase kinase-
3b (GSK3b) in the atrium of the Akita mouse results in
decreased SREBP-1, attenuation of parasympathetic
modulation of heart rate, measured as a decrease in
the high-frequency (HF) fraction of HRV in the presence
of propranolol, and a decrease in expression of the G-
protein coupled inward rectifying K+ (GIRK4) subunit of
the acetylcholine (ACh)-activated inward-rectifying K+

channel (IKACh), the ion channel that mediates the heart
rate response to parasympathetic stimulation. Treatment
of atrial myocytes with the GSK3b inhibitor Kenpaullone
increased levels of SREBP-1 and expression of GIRK4
and IKACh, whereas a dominant-active GSK3b mutant de-
creased SREBP-1 and GIRK4 expression. In Akita mice
treated with GSK3b inhibitors Li+ and/or CHIR-99021, Li+

increased IKACh, and Li+ and CHIR-99021 both partially
reversed the decrease in HF fraction while increasing
GIRK4 and SREBP-1 expression. These data support
the conclusion that increased GSK3b activity in the type
1 diabetic heart plays a critical role in parasympathetic
dysfunction through an effect on SREBP-1, supporting

GSK3b as a new therapeutic target for diabetic auto-
nomic neuropathy.

Diabetic autonomic neuropathy (DAN) is a major compli-
cation of diabetes and has been associated with a marked
increase in the incidence of sudden death in patients with
diabetes (1,2). Risk factors for sudden death include clin-
ical manifestations of parasympathetic dysfunction such
as a decreased high-frequency (HF) component of heart
rate variability (HRV) and increased dispersion of QT
intervals (2–4). Fifty percent of patients with diabetes
for 10 years or more have an impaired response of the
heart to parasympathetic stimulation, characterized by
a reduction in the HF component of HRV (5). Studies
of type 1 diabetic patients who die suddenly in their sleep,
“dead in bed syndrome,” suggested that HRV analysis of
diabetic patients who lack clinical evidence of autonomic
neuropathy often demonstrate decreased parasympathetic
tone (6). Hence, decreased HRV is an important risk
factor for arrhythmia and sudden death in patients
with diabetes.

Parasympathetic modulation of heart rate is mediated by
binding of acetylcholine (ACh) released in response to vagal
stimulation to M2 muscarinic receptors resulting in hy-
perpolarization of the myocyte membrane and pro-
longed diastolic depolarization through the ACh-activated
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inward-rectifying K+ channels (IKACh) located primarily in
the atria. IKACh is a heterotetrameric G-protein coupled in-
ward rectifying K+ channel (GIRK) composed of (GIRK1)2/
(GIRK4)2 subunits, activated in response to the binding of
the bg-subunit of the heterotrimeric G-protein, Gi2, which
is released after the binding of ACh to the M2 muscarinic
receptor (7,8). The GIRK4 subunit is essential for the for-
mation of functional channels (9) and may regulate the
expression of GIRK1 while protecting GIRK1 from pro-
teolytic degradation. Thomas et al. (10) demonstrated
that treatment of chick embryonic atrial myocytes with
muscarinic agonists decreased levels of GIRK1 and
GIRK4 proteins and mRNAs. RFamide-related peptides
induced an outward current in Xenopus oocytes that
depended on the expression of GIRK1 and GIRK4 and
associated with pain in the rat (11). Most interestingly,
chronic atrial fibrillation in humans has been associated
with the downregulation of GIRK4, IKACh, and decreased
muscarinic receptor–mediated shortening of the action po-
tential duration (12). However, none of these studies di-
rectly addressed the mechanism of regulation of GIRK4
expression.

Sterol regulatory element–binding proteins (SREBPs)
are lipid-sensitive transcription factors that regulate the
expression of enzymes involved in cholesterol metabo-
lism, fatty acid synthesis, and glycolysis (13–15). We
have demonstrated that SREBP-1 upregulates the expres-
sion of Gai2 and GIRK1 in atrial myocytes and also the
negative chronotropic response of the heart to the ACh
analog carbamylcholine (16,17).

The Akita type 1 diabetic mouse is characterized by
a point mutation in the proinsulin ins2 (Ins2Cys96Tyr) gene
that interferes with insulin processing and results in the
destruction of pancreatic b-cells and the development of
the diabetic phenotype (18) and secondary effects of di-
abetes (19). We recently demonstrated that the hypoin-
sulinemia in the Akita mouse is associated with a decrease
in the response of the heart rate to carbamylcholine and
decreased expression of SREBP-1 and GIRK1 (20), sup-
porting the conclusion that insulin might regulate the
parasympathetic response and IKACh by the control of
SREBP-1.

Glycogen synthase kinase (GSK) 3b is a serine/threo-
nine kinase originally identified as an enzyme that phos-
phorylates and downregulates glycogen synthase (21).
GSK3b is highly active in the basal state and is inactivated
by phosphorylation at the regulatory Ser9 residue in re-
sponse to insulin stimulation of the insulin receptor/
insulin receptor substrate/phosphatidyl inositol 3-kinase
(PI3K)/Akt cascade (22) (outlined in Fig. 1A). Insulin de-
ficiency results in decreased phosphorylation and hyper-
activity of GSK3b and has been implicated in diabetic
nephropathy and/or retinopathy (23). This study used
inhibitors of specific steps in the insulin cascade as well
as inhibitors of GSK3b activity, with the goals of determin-
ing whether increased GSK3b activity in the Akita mouse
heart plays a unique role in regulating the autonomic

response of the heart via the regulation of SREBP-1
(Fig. 1A) and, hence, might serve as a new therapeutic
target for the treatment of DAN.

RESEARCH DESIGN AND METHODS

Materials and Animals
Akita type 1 diabetic mice (C57BL/6-Ins2Akita/J) were
obtained from The Jackson Laboratory, Bar Harbor, ME.
Adenovirus green fluorescent protein (Ad-GFP)–dominant-
negative (DN)–SREBP-1 was a gift from Dr. Bruce
Spiegelman, Dana Farber Cancer Institute and Harvard
Medical School, Boston, MA. Ad-GFP-bgal was a gift from
Dr. Anthony Rosenzweig, Beth Israel Deaconess Hospital
and Harvard Medical School, Boston, MA. The dominant-
active (DA)–GSK3b (S9A)-expressing adenovirus was pro-
vided by Dr. Thomas Force, Jefferson Heart Institute,
Philadelphia, PA. The GIRK4-specific antibody for mouse
was from Santa Cruz Biotechnology and a custom antibody
generated by Chi Scientific (Maynard, MA). The peptide
antigen was KKPRQRYMEKSGKC from the N-terminal
region (34–47) of chick GIRK4 (National Center for Bio-
technology Information accession #AAB95313). SREBP-1
and b-actin antibody were from Santa Cruz Biotechnology.
b-Catenin, phosphorylated (p)-Akt (Ser473), Akt, p-GSK3b
(Ser9), and GSK3b were from Cell Signaling Technology,
Beverly, MA. The PI3K inhibitor LY294002 and the GSK3b
inhibitor Kenpaullone were from Calbiochem. CHIR-99021
was a gift from the Broad Institute, Cambridge, MA.
The heterozygous male diabetic Akita Ins2Cys96Tyr mice
and littermate wild-type (WT) mice were from The Jackson
Laboratory.

To monitor the progression of disease, measurements
of urine glucose, protein, and ketones were made with
Keto-Diastix Reagent Strips for Urinalysis (Bayer). Glu-
cose was monitored using an Accu-Chek glucometer. Body
weight and serum glucose levels are summarized in Sup-
plementary Table 1. Akita mice demonstrated decreased
body weight and marked hyperglycemia compared with
WT mice. Insulin pellets releasing 0.1 units/implant/day
or placebo pellets (Linshin Canada Inc., Toronto, ON,
Canada) were implanted subcutaneously. Serum glucose
was monitored daily until stabilized, 10 days, and the
number of pellets adjusted to maintain blood glucose lev-
els at 100–150 mg/dL, as described previously (20). For
Li+ experiments, mice were fed normal chow or a diet
supplemented with 0.2% LiCl (Harlan Laboratories) for
7 days. Serum levels of Li+ in mice fed this diet have
been shown to approximate those in patients receiving
Li+ therapy (24). All vertebrate animal-related procedures
described here were approved by the Tufts Medical Center
Institutional Animal Care Committee.

Electrocardiographic Monitoring, Heart Rate, and HRV
Analysis in Conscious, Unrestrained Mice
Anesthesia was induced with inhaled 1.5% isoflurane in
oxygen. An electrocardiogram (ECG) signal wireless radio-
frequency transmitter was implanted in a subcutaneous
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pocket, and electrodes were sutured over the right pectoralis
muscle and the lower left ribs in WT and Akita mice. The
data were recorded at a sample rate of 5,000 Hz with the
use of a telemetry receiver and an analog-to-digital
acquisition system (Data Sciences International). The
ECG signal was analyzed using custom-built software.
Beat-to-beat heart rate data were computed and artifacts
and nonsinus rhythms were removed after manual re-
view. Composite heart rate plots and average heart rates
and duration of bradycardia were computed as described
precviously (17).

For HRV analysis, R wave detection and beat annota-
tion were manually reviewed as above. All ectopic and
postectopic beats and artifacts were removed and replaced
with intervals interpolated from adjacent normal beats,
discarding segments where gaps accounted for more than
15% of the recording segment. Frequency-domain analy-
sis was performed after construction of an instantaneous
RR-interval time series by resampling at 10 Hz.

The power spectra of detrended 2-min segments were
computed for the frequency ranges of 0.5 to 1.5 Hz,
designated as low-frequency (LF) power, and of 1.5 to 5 Hz,

Figure 1—A: Schematic representation of the insulin-signaling cascade. Insulin binding to the insulin receptor results in phosphorylation of
insulin receptor substrate (IRS1/2), which in turn activates PI3K, which converts Akt to the activated phosphorylated form. p-Akt phos-
phorylates and inactivates GSK3b, whose role in regulation of SREBP-1 and GIRK4 is suggested. LY294002 is a PI3K inhibitor; Kenpaul-
lone, Li+, and CHIR-99021 are GSK3b inhibitors. B: Time course of changes in HF fraction and the LF power in response to propranolol.
ECGs were monitored in 4-month-old WT male mice and recorded continuously for 5 min before an intraperitoneal injection of 1 mg/kg
propranolol and continued for 15 min. Composite plots of HF fraction and LF power were computed as described in RESEARCH DESIGN AND

METHODS. C: Quantitation of HF fraction at baseline and 15 min after propranolol. Results are the mean 6 SEM. **P < 0.01.
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designated as high-frequency (HF) power, as described
previously (25,26). HF fraction was computed as HF/(LF +
HF). The HF power has been shown to result predomi-
nantly from parasympathetic modulation of heart rate,
whereas LF power has been shown to result from sympa-
thetic as well as parasympathetic modulation of heart rate
(27). To minimize the effects of activity of the mice, we
chose segments in which the heart rate and frequency
domain parameters were relatively stationary, verified
by using Kalman-smoothing and wavelet-based visualiza-
tion in addition to Fast Fourier transform (FFT)–derived
spectrograms, and where noise caused by mouse move-
ment and the associated muscle activity and changes in
entropy were minimal.

We have developed a unique method for assessing
parasympathetic modulation of the heart rate in our
mouse model because we found the usual approach of
administering atropine difficult in the presence of high
baseline heart rates. To observe the parasympathetic
influence on heart rate, we inhibited the sympathetic
modulation of the heart rate. Specifically, given that
inhibition of the b-adrenergic receptor blocks the sympa-
thetic component of HRV, leaving the parasympathetic
component relatively unopposed, we injected mice with
the b-adrenergic receptor–blocker propranolol and
computed the time course of the increase in the HF
fraction. Composite plots of the HF fraction were com-
puted from FFT power spectra over a 3-min sliding
window of RR-interval data, repeated every 10 s and
averaged to one HF fraction data point per minute
per group (6 SEM). Data outlined in Fig. 1B demon-
strate that in response to propranolol, the HF fraction
increases with a time course similar to that for the de-
crease in LF power.

For statistical comparisons between the groups, heart
rate and frequency domain HRV parameters were com-
puted for 2-min segments at the end of the baseline and
propranolol phases. HF fraction increased from a mean of
39.65 6 1.8% to 59.3 6 5.6% (n = 13, P = 0.008; Fig. 1C),
LF power decreased from 4.586 1.01 to 2.496 1.17 1026

ms2/Hz (P = 0.074), and HF power was relatively un-
changed at 2.17 6 0.57 and 1.81 6 0.70 1026 ms2/Hz,
respectively (P = 0.431; data not shown). These findings
support the conclusion that the increase in HF fraction in
response to propranolol is due primarily to a decrease in
LF power. Absolute values for HF and LF for each study
are given in Supplementary Table 3. Owing to the large
variability of the absolute values of HF and LF between
individual mice and treatment groups, we used the
normalized HF parameter computed as HF fraction =
HF/(HF + LF) (27). Hence, the HF fraction measure-
ments after administration of propranolol reflect the
parasympathetic component of HRV in the presence of
sympathetic blockade. In these studies we compare dif-
ferences in HF fraction after propranolol to assess
parasympathetic dysfunction in a mouse model for
type 1 diabetes.

Cell Culture, Adult Mouse Atrial Myocytes
Atrial myocytes from chick embryos 14 days in ovo were
prepared by a modification of the method of DeHaan (28) as
described previously (29). Dissociated atrial myocytes from
mouse atria were prepared by a retrograde Langendorff
perfusion method as described (20), with some modifica-
tions. Cells were rod shaped with clearly defined striations.

Adenoviral Infection
On the second culture day, cells had reached ;70% con-
fluence and were infected with adenovirus at the indi-
cated multiplicity of infection. After 2 days in culture,
cells were harvested and whole-cell extracts were used
for Western blot analysis, as outlined below.

Western Blot Analysis
To determine levels of gene expression in cultured atrial
myocytes, cells were harvested, and Western blot analysis
was done as described previously (17,30). Western blot
analysis of expression of proteins in atria of WT and Akita
diabetic mice was done on atrial homogenates. Protein
concentration was determined by Bradford reagent (Bio-
Rad). Each sample represents tissue from the atria of
a single mouse.

Cellular Electrophysiology
Membrane currents were measured by the patch-clamp
technique in whole-cell mode using an LM-EPC7 ampli-
fier, as described (20). To obtain and maintain good seal
formation required for membrane current recording, we
found it necessary to suppress contraction with high ex-
ternal K+ and 0 external Ca2+, which leads to persistent
membrane depolarization and inactivation of voltage-
activated Na+ channels. Neither condition has an effect
on IKACh (17). Whole-cell currents were elicited at room
temperature in the presence and absence of 10 mmol/L
carbamylcholine introduced by focal perfusion over 10–15 s,
followed by washout. Currents returned to baseline within
10–15 s of washout. Currents were normalized to the cell
capacitance determined by capacitance compensation, and
data are presented as current density in pA/pF. Current-
voltage (I-V) plots were constructed from a series of data
points obtained from the carbamylcholine current responses
at given voltages.

Echocardiography
Echocardiographic studies were performed as previously
described (17). Briefly, the Sonos 7500 echocardiography
system (Phillips Medical Systems) was used with a dynam-
ically focused linear array transducer (15-6L Intraopera-
tive Linear Array, Phillips Medical Systems) using a depth
setting of 0.5–1.0 cm. Anesthesia was induced with in-
haled 1.5% isoflurane in oxygen and maintained with inhaled
1.0% isoflurane in oxygen. Animals were placed on a warming
pad to maintain body temperature at 36.5°–37.5°C.

Statistics
All values are expressed as mean6 SEM. Statistical differ-
ences between mean values were calculated by indepen-
dent or pairwise Student t test, as appropriate. Normal
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distribution assumptions were verified using the Shapiro-
Wilk test. A P value of , 0.05 was considered significant.

RESULTS

Decreased HRV in the Type 1 Diabetic Akita Mouse
We previously reported that the negative chronotropic
response to carbamylcholine in Akita mice was markedly
blunted compared with WT mice and that these effects
were reversed by insulin treatment (20). To establish the
clinical significance of these findings and their relevance
as a cardiovascular risk factor, we determined whether
the parasympathetic modulation of heart rate was also
decreased in the type 1 diabetic Akita mouse compared
with the WT mouse. Given that inhibition of the
b-adrenergic receptor blocks the sympathetic component
of HRV, leaving the parasympathetic component relatively
unopposed, we compared the time course of the increase
in HF fraction after the injection of the b-adrenergic
receptor blocker propranolol in Akita and WT mice (de-
scribed in RESEARCH DESIGN AND METHODS and Fig. 1B). The
composite plot of the HF fraction in WT mice increased
continually during the time period studied, whereas the
HF fraction in the Akita mouse reached a plateau 10 min
after the propranolol injection (Fig. 2A). At 15 min after
the propranolol injection, the 2-min mean of HF fraction
was significantly higher in WT mice, 70.9 6 4.8%, com-
pared with 48.6 6 5.2% in Akita mice (n = 10, P = 0.005;
Fig. 2B).

For further validation of these findings, we treated WT
and Akita mice with atropine, because the increase in
heart rate in response to muscarinic blockade by atropine
also reflects the level of parasympathetic stimulation of
the heart. Heart rate was measured for 3 min before and
after injection with atropine (0.5 mg/kg). The mean heart
rate in WT mice increased by 185.1 6 25.9 bpm and by
98.1 6 7.0 bpm in Akita mice (n = 9, P = 0.01; Fig. 2C),
consistent with the increase in the HF fraction after pro-
pranolol. Furthermore, to determine whether the ob-
served differences in the HF fraction between Akita and
WT mice might be influenced by differences in sympa-
thetic input to the heart, we compared the decrease in
the WT and Akita mice heart rate for 15 min after the
propranolol injection. The heart rate decreased by 65.8 6
22.5 bpm in WT mice and by 79.1 6 22.6 bpm in Akita
mice (n = 10, P = 0.628; Supplementary Table 4). Finally,
the baseline HF fraction measured before the propranolol
injection was not significantly different in the two groups,
at 34.5 6 2.3% versus 37.2 6 2.4%, respectively (n = 10,
not significant; data not shown).

To determine whether the abnormality of HRV in the
Akita mouse was due to hypoinsulinemia, we compared
the time course of the effect of the propranolol injec-
tion on the HF fraction before and after implantation of
slow-release insulin pellets. After insulin treatment, HF
fraction increased over time, with a brief plateau 8 min
after the propranolol injection, similar to that seen in
Akita mice before insulin treatment. However, unlike

untreated Akita mice, after reaching this plateau, the HF
fraction in insulin-treated mice continued to increase over
time (Fig. 2D). At 15 min after the propranolol injection,
the 2-min average HF fraction was significantly higher, at
75.2 6 4.6% postinsulin, compared with 51.5 6 3.0%
preinsulin (n = 8, P = 0.004; Fig. 2E). There was no sig-
nificant difference in the decrease in mean heart rate in
response to propranolol in Akita mice before and after
insulin treatment, consistent with the conclusion that in-
sulin had no effect on the sympathetic response of the
heart (see Supplementary Table 4). Baseline HF fraction
was not significantly different before and after insulin
treatment (38.6 6 4.0% vs. 42.0 6 3.4%, n = 8, not
significant; data not shown). These data are consistent
with the conclusion that parasympathetic modulation of
the heart rate in the Akita mouse was impaired secondary
to hypoinsulinemia.

Decreased HRV in Akita Diabetic Mice Is Associated
With Decreased Expression of GIRK4 and Decreased
Insulin Signaling
Although GIRK4 expression in the atrium has been shown
to be altered in the presence of atrial fibrillation (12),
mechanisms of regulation of GIRK4 expression and their
role in parasympathetic signaling have not been studied.
To determine whether decreased expression of GIRK4
might be associated with the decreased HRV in the Akita
mouse, we compared levels of GIRK4 expression in the
atria of WT and Akita mice. Data in Fig. 3A demonstrate
that GIRK4 expression in the atria of Akita mice was de-
creased 0.54 6 0.07-fold compared with WT mice (n = 14,
P = 0.00002). To determine if this effect was due to de-
creased insulin levels in the Akita mouse, Akita mice were
treated for 10 days with placebo or slow-release insulin
pellets. After 2 days, glucose levels in insulin-treated mice
reached those in WT mice (Supplementary Table 1). Data
summarized in Fig. 3B demonstrate that GIRK4 expres-
sion in the atria of placebo-treated Akita mice was 0.46 6
0.07-fold lower than in WT mice (1.00 6 0.07-fold; n = 5,
P = 0.0003). Insulin treatment resulted in an increase
from 0.46 6 0.07-fold to 0.94 6 0.05-fold (n = 6, P =
0.0002). To identify downstream kinases in the insulin-
signaling pathway that might be involved in the regula-
tion of GIRK4 expression and the associated decrease in
HRV and heart rate response in Akita mice (see pathway
outlined in Fig. 1A), the levels of p-Akt and p-GSK3b in
atria of WT and placebo-treated Akita mice were compared.
Levels of p-Akt and p-GSK3b were decreased 0.62 6
0.06-fold (n = 11, P = 0.004) and 0.38 6 0.06-fold (n = 8,
P = 0.0003), respectively, in the atria of Akita mice compared
with 1.0 6 0.11-fold in the atria of WT mice (n = 8; Fig. 3C
and D). Insulin treatment stimulated p-Akt levels from
0.62 6 0.06- to 1.95 6 0.38-fold (P = 0.005) and p-GSK3b
levels from 0.38 6 0.06- to 0.68 6 0.08-fold (P = 0.007).

Insulin Regulates the Expression of GIRK4 by PI3K/Akt
Because obtaining mouse atrial myocytes in sufficient
quantities for Western blot analysis was not possible,
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cultured embryonic chick atrial myocytes were used to
determine the role of insulin signaling in the control of
GIRK4 expression. Insulin treatment of embryonic atrial
myocytes increased the GIRK4 protein level 1.72 6 0.19-
fold (n = 12, P = 0.003) compared with control myocytes

in parallel with increased phosphorylation of Akt and
GSK3b (Fig. 4A and B), consistent with the effects of
insulin treatment on GIRK4 in the atria of Akita mice
(Fig. 3). Treatment of atrial myocytes with the PI3K in-
hibitor LY294002 reversed insulin stimulation of GIRK4

Figure 2—Comparison of HF fraction of HRV in WT, Akita, and insulin-treated Akita mice, as well as heart rate change after atropine
injection in WT and Akita mice. ECGs were monitored in 4-month-old male mice before the intraperitoneal injection of 1 mg/kg propranolol
and continued for 15 min as described in RESEARCH DESIGN AND METHODS. A: Comparison of groupwise averaged (6 SEM) composite plots of
the HF fraction before and over the duration of the propranolol phase in WT and Akita diabetic mice (DM). B: Quantitation of HF fraction at
15 min after propranolol injection. C: Comparison of the increase in heart rate averaged for 3 min before and 3 min after the injection of
atropine in Akita and WT mice. D: Comparison of composite plots of the response of Akita mice to propranolol before (preinsulin) and
10 days after insulin treatment (postinsulin). Each mouse served as its own control. E: Quantitation of HF fraction at 15 min after propranolol
injection before and after insulin treatment. Results are reported as mean6 SEM. Statistical comparisons were by Student t test throughout
the figure. *P < 0.05, **P < 0.01.
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Figure 3—GIRK4 expression and insulin signaling are decreased in atria of Akita diabetic mice (DM). Western blot analysis of GIRK4
expression in atria of WT and Akita (DM) mice (A) and WT mice and placebo- and insulin-treated Akita mice (B). The bar graphs represent
densitometry analysis of Western blots normalized to b-actin. C: Western blot analysis of p-Akt, Akt, p-GSK3b, and GSK3b in atria of age-
matched WT and placebo- and insulin-treated Akita mice. D: Bar graphs of levels of p-Akt and p-GSK3b in placebo (DM+Placebo) and
insulin-treated Akita mice normalized to the expression of the b subunit of Gai2. **P < 0.01, ***P < 0.001.
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expression and inhibited insulin stimulation of p-Akt and
p-GSK3b (Fig. 4A and B), consistent with the conclusion
that insulin regulation of the expression of GIRK4 de-
pends on the activation of the PI3K/Akt/GSK3b pathway
(Fig. 1A).

Insulin Regulation of GIRK4 in Atrial Myocytes
Depends on SREBP-1
We previously demonstrated that parasympathetic dys-
function in the type 1 diabetic Akita mouse is associated
with an insulin-dependent decrease in levels of SREBP-1
in the atrium of the Akita mouse (20). To determine
whether SREBP-1 played a role in insulin regulation of
GIRK4 expression, we used cultured chick atrial myocytes.
First, we determined the role of PI3K on levels of SREBP-1
and the role of SREBP-1 in GIRK4 expression. Insulin
treatment of chick atrial myocytes increased the expres-
sion of the 60-kDa nuclear form of SREBP-1 (nSREBP-1)
1.65 6 0.11-fold (n = 6, P = 0.0003) compared with con-
trol cells. The PI3K inhibitor LY294002 completely re-
versed this effect (Fig. 4A and B), consistent with the
conclusion that insulin regulation of SREBP-1 depends
on the activation of PI3K. To determine whether the
PI3K-dependent increase in nSREBP-1 in response to

insulin might play a role in the insulin regulation of
GIRK4 expression demonstrated in Fig. 3B and in Fig.
4A and B, chick atrial myocytes were infected with an
adenovirus expressing Ad-GFP or DN–SREBP-1 (Ad-GFP–
DN–SREBP-1), followed by incubation for 16 h with in-
sulin. Fluorescence microscopy demonstrated that GFP
was expressed in 90% of atrial myocytes infected with
Ad-GFP (17,20). Insulin treatment of cells infected with
Ad-GFP increased GIRK4 expression 1.52 6 0.13-fold
(n = 8, P = 0.006) compared with control cells. Insulin
treatment of cells infected with Ad-GFP–DN–SREBP-1
resulted in a decreased GIRK4 expression (0.75 6 0.11-
fold) compared with cells treated with Ad-GFP (n = 8,
P = 0.006; Fig. 4C and D). Taken together, these data
support the conclusion that insulin stimulation of GIRK4
expression in atrial myocytes depends on SREBP-1 through
the PI3K/Akt pathway.

GSK3b Regulates the Level of SREBP-1 and the
Expression of GIRK4
Data presented in Fig. 3C and D demonstrated that
pGSK3b was markedly decreased in the atrium of Akita
mice compared with WT mice and that insulin reversed
this effect. Hence, GSK3b activity is markedly increased

Figure 4—Insulin stimulation of GIRK4 expression depends on PI3K and SREBP-1. Embryonic chick atrial myocytes were incubated for
16 h with vehicle or 100 nmol/L insulin, with or without 10 mmol/L LY294002. A: Effect of LY294002 on expression of GIRK4, p-Akt, p-GSK3b,
and nSREBP-1 as determined by Western blot analysis. B: Densitometric analysis of GIRK4 and nSREBP-1 expression from experiments
similar to those in panel A normalized to b-actin. C: Effect of infection of embryonic chick atrial myocytes with Ad-GFP or GFP–DN–SREBP-1
on insulin-stimulated GIRK4 expression. D: Densitometric analysis of GIRK4 expression from experiments similar to those in panel C
normalized to b-actin. **P < 0.01, ***P < 0.001.
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in atria of Akita mice. Furthermore, insulin stimulation of
GIRK4 expression and nSREBP-1 levels in chick atrial myo-
cytes was associated with a marked increase in p-GSK3b
(Fig. 4A and B), which was inhibited by LY294002. Given
that insulin inactivates GSK3b by a PI3K/Akt-dependent
pathway, we used chick atrial myocytes to determine the
effect of inhibition of GSK3b on insulin regulation of
SREBP-1 levels and GIRK4 expression. Cells were treated
with increasing doses of Kenpaullone, a competitive
GSK3b inhibitor that binds to the ATP binding site of
GSK3b (31). Incubation with Kenpaullone for 24 h in-
creased nSREBP-1 and the expression of GIRK4 in a dose-
dependent manner (Fig. 5A and B) at concentrations of
Kenpaullone that are selective for GSK3b inhibition (31).
Compared with control, Kenpaullone increased GIRK4
1.69 6 0.18-fold (n = 5, P = 0.018) at 2 mmol/L and
3.09 6 0.35-fold (n = 7, P = 0.011) at 5 mmol/L, whereas
nSREBP-1 increased 3.21 6 0.58-fold (n = 6, P = 0.033)
at 5 mmol/L Kenpaullone. Furthermore, Kenpaullone in-
creased levels of b-catenin in a dose dependent-manner
consistent with its inhibitory effect on GSK3b activity
(Fig. 5A). Given that Kenpaullone inhibits GSK3a and
GSK3b, we determined the effect of adenoviral expression
of an HA-tagged DA-GSK3b (S9A) mutant on GIRK4 and
SREBP-1 levels in atrial myocytes (32). Western blot anal-
ysis demonstrated that in chick atrial myocytes infected
with HA-DA-GSK3b, GSK3b migrated as a doublet, con-
sistent with expression of the more slowly migrating
HA-tagged form. Overexpression of DA-GSK3b decreased
the levels of nSREBP-1, GIRK4, and b-catenin expression
in a dose-dependent manner (Fig. 5C and D). These results
suggest that GSK3b is a negative regulator for SREBP-1
and GIRK4 and are consistent with the hypothesis that
increased GSK3b activity due to decreased insulin levels
might result in decreased SREBP-1–dependent GIRK4
expression.

Overexpression of a Constitutively Activated Akt
(Myristoylated Akt) in Atrial Myocytes Mimics the
Effect of Insulin on GSK3b, nSREBP-1, and GIRK4
To further delineate the role of the PI3K/Akt/GSK3b
pathway in insulin regulation of SREBP-1–dependent ex-
pression of GIRK4, atrial myocytes were infected with an
adenovirus expressing the activated myristoylated form of
Akt (Myr-Akt) or a control vector expressing Ad-GFP.
Expression of Myr-Akt resulted in an increase in the phos-
phorylation of GSK3b (Fig. 5E), a 1.71 6 0.18-fold (n =
10, P = 0.003) increase in nSREBP-1, and a 3.88 6 0.55-
fold (n = 6, P = 0.003) increase in GIRK4 expression
compared with cells infected with a vector expressing
Ad-GFP alone (Fig. 5E and F).

Inhibition of GSK3b Increases IKACh in HL-1 Cells
To determine the physiological relevance of GSK3b reg-
ulation of GIRK4 expression in atrial myocytes (Fig. 5),
we determined the effect of the inhibition of GSK3b
activity on the response of IKACh to parasympathetic
stimulation in HL-1 cells, an immortalized mouse atrial

myocyte line. HL-1 cells have been shown to demon-
strate contractile, morphologic, biochemical, and electro-
physiological properties characteristic of atrial myocytes
(33). To establish the presence of the insulin-signaling
pathway in these cells, they were treated with insulin,
and the phosphorylation of downstream kinases was de-
termined. Insulin treatment and expression of Myr-Akt
resulted in increases in p-Akt, p-GSK3b, nSREBP-1, and
in the expression of GIRK4 (Supplementary Fig. 1a and b).
Finally, treatment of HL-1 cells with Kenpaullone increased
the levels of nSREBP-1 and GIRK4 (Supplementary Fig. 1c),
consistent with the conclusion that HL-1 cells were an
appropriate model for the study of insulin regulation of
GIRK4 expression by an Akt/GSK3b-dependent pathway.

To determine whether GSK3b played a role in the reg-
ulation of IKACh, we compared membrane currents from
HL-1 cells cultured with vehicle or Kenpaullone (Supple-
mentary Fig. 2). The current-voltage (I-V) relationships
demonstrated inward rectification with a reversal poten-
tial at 228 mV consistent with a K+-dependent current at
50 mmol/L extracellular K+. The peak inward current in-
creased from 222.4 6 3.2 pA/pF in cells cultured in
vehicle to 253.2 6 5.8 pA/pF (n = 15, P , 0.001) in cells
treated with Kenpaullone, with no change in reversal po-
tential (Supplementary Fig. 2b and c).

Li+ Treatment Reverses the Parasympathetic
Dysfunction in the Akita Mouse
These data suggested that insulin regulates GIRK4 ex-
pression by an Akt/GSK3b-dependent pathway and that
GSK3b regulates IKACh in HL-1 cells. To determine whether
the decrease in the HF fraction in the Akita mouse de-
scribed in Fig. 2 and the impaired heart rate response
of the Akita mouse to carbamylcholine described previ-
ously (20) might be associated with increased GSK3b
activity in the diabetic heart, male Akita mice, 4 months
of age, were fed a diet containing Li+, a GSK3b inhibitor,
for 7 days.

The heart rate response to the ACh analog carbamyl-
choline was compared in mice before and 7 days after the
initiation of Li+ treatment. Mice were treated first with
propranolol to block the reflex response, followed by car-
bamylcholine (Fig. 6A). Li+ had no significant effect on the
response of the heart rate to propranolol. However, the
duration of bradycardia after carbamylcholine administra-
tion plotted here as heart rate plateau increased from
5.9 6 0.6 min pre-Li+ to 9.5 6 1.5 min post-Li+ (n =
11, P , 0.05; Fig. 6A and B, left panel). Furthermore,
the absolute decrease in the heart rate in response to
carbamylcholine was increased from 244 6 20 bpm
pre-Li+ to 304 6 14 bpm (n = 11, P , 0.05) after Li+

treatment (Fig. 6A and B, right panel). To determine the
effect of Li+ treatment on the HF fraction, we compared
the time course of the increase in the HF fraction in re-
sponse to the propranolol injection in Akita mice before
and after Li+ treatment. Composite plots of the HF frac-
tion demonstrated that before Li+ treatment, the HF
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fraction reached a plateau 8 min after the propranolol
injection. After Li+ treatment, the HF fraction also
reached a relative plateau but continued to increase dur-
ing a second phase (Fig. 6C). At 15 min after the pro-
pranolol injection, the 2-min mean of HF fraction
increased from 50.6 6 4.4% pre-Li+ to 73.5 6 3.2%
(n = 10, P , 0.001) post-Li+ (Fig. 6D). No significant
difference was noted in the decrease in the mean heart
rate in response to propranolol in Akita mice before and

after Li+ treatment, consistent with the conclusion that
Li+ had no effect on the sympathetic response of the heart
(see Supplementary Table 4).

Echocardiographic analysis demonstrated that Li+ had
no effect on left ventricular end diastolic dimension, left
ventricular end systolic dimension, fractional shortening, ejec-
tion fraction, or resting heart rate (see Supplementary Table
2). Hence, changes in autonomic response in Li+-treated mice
were not associated with changes in ventricular function.

Figure 5—GSK3b regulation of nSREBP-1 and GIRK4 levels in chick atrial myocytes. A: Western blots demonstrate dose dependence of
Kenpaullone inhibition of GSK3b on GIRK4 and nSREBP-1 levels. B: Densitometric analysis of Western blots similar to those in A,
normalized to b-actin. C: Western blot analysis of levels of GIRK4 and nSREBP-1 protein in atrial myocytes infected with increasing
multiplicity of infection (MOI) of an adenovirus expressing an HA-tagged DA-GSK3b. D: Densitometric analysis of Western blots similar to
those in C. E: Effect of adenoviral expression of Myr-Akt on the phosphorylation of GSK3b and levels of nSREBP-1 and GIRK4 proteins.
Chick atrial myocytes were infected with Ad-Myr-Akt or Ad-GFP at an MOI of 50 pfu/cell for 3 h, followed by incubation for 48 h in fresh
medium. Cells were harvested, and levels of nSREBP-1, GIRK4, and p-GSK3b were determined. F: Densitometric analysis of Western blots
similar to those in E. Data are normalized to b-actin. *P < 0.05, **P < 0.01.
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Figure 6—Li+ treatment of the Akita mouse increases both the negative chronotropic response of the heart to the parasympathetic receptor
agonist carbamylcholine and the HF fraction of HRV. A: Negative chronotropic response of 4-month-old male Akita mice to carbamylcho-
line before and after a 7-day treatment with Li+. Mice were pretreated with intraperitoneal (i.p.) propranolol, 1 mg/kg, to block the
b-adrenergic reflex response to carbamylcholine, followed 20 min later by 0.2 mg/kg i.p. carbamylcholine. Heart rate was recorded as
described in RESEARCH DESIGN AND METHODS. Data are the composite mean heart rates obtained from moving average beat data of 11 Akita
mice before Li+ (pre-Li+) and 7 days after Li+ (post-Li+). B, Left panel: Duration of bradycardia after carbamylcholine injection defined as the
elapsed time from the carbamylcholine-induced bradycardia until the initiation of recovery given here as the heart rate plateau. Right panel:
Magnitude of the negative chronotropic response to carbamylcholine. The difference between baseline heart rate immediately before
carbamylcholine injection and the lowest heart rate after carbamylcholine injection were used to compute the heart rate response. C:
Composite plots of the averaged (6 SEM) time course of the increase in HF fraction after injection of propranolol in mice pre-Li+ and post-
Li+. D: Comparison of the magnitude of HF fraction pre-Li+ and post-Li+ computed 15 min after propranolol injection. For these experi-
ments, each mouse served as its own control. *P < 0.05, ***P < 0.01
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Li+ Treatment Increases IKACh in Atrial Myocytes From
Akita Mice in Parallel With Increased nSREBP-1 Levels
and GIRK4 Expression in the Atrium
To determine whether Li+ might increase parasympathetic
responsiveness in Akita mice by an effect on IKACh, we
measured IKACh in atrial myocytes from untreated and
Li+-treated Akita mice. The carbamylcholine-stimulated
peak inward current increased from 2188.7 6 15.4
pA/pF (n = 12) in atrial myocytes from untreated Akita
mice to 2370 6 39.6 pA/pF (n = 12, P = 0.006) in atrial
myocytes from Li+-treated Akita mice (Fig. 7A–C). We
had previously demonstrated a peak inward current of
2451 6 62 pA/pF in WT mice (20). Hence, Li+ treatment
partially reversed the abnormality in IKACh in Akita mice.
We further compared the levels of nSREBP-1 and GIRK4
in extracts of atria from WT and untreated and Li+-treated
Akita mice. Expression of nSREBP-1 and GIRK4 were
0.48 6 0.14-fold (n = 6, P = 0.014) and 0.48 6 0.09-fold
(n = 5, P = 0.003), respectively, in Akita compared with WT
atria (Fig. 7D and E), consistent with our prior obser-
vations (20) and data summarized in Fig. 3. However, Li+

treatment increased expression of GIRK4 from 0.48 6
0.14- to 1.17 6 0.10-fold (n = 5, P = 0.007) and nSREBP1
expression from 0.48 6 0.09- to 1.75 6 0.44-fold (n = 5,
P = 0.007; Fig. 7D and E). Thus Li+-treatment reversed the
effects of insulin deficiency on IKACh and gene expression.

Effect of the GSK3 Inhibitor CHIR-99021 on Autonomic
Dysfunction and GIRK4 Expression
Although Li+ has been shown to inhibit GSK3b function,
it also inhibits (34) inositol monophosphatase and struc-
turally related phosphomonoesterases as well as b-arrestin-
2–Akt complex formation (34). Furthermore, studies have
shown that Li+ competes for Na+ and affects membrane
potential and Na+ currents (35) as well as ventricular re-
polarization (36,37). For these reasons, we studied the
effect of a specific GSK3b inhibitor, CHIR-99021, an amino-
pyrimidine that competitively inhibits GSK3 activity by
competition with binding of ATP to the ATP-binding site
(37). The time course of increase in the HF fraction in
response to the injection of propranolol was computed
before and after a 14-day treatment with 50 mg/kg
CHIR-99021 given intraperitoneally daily (Fig. 8A). At 15
min after the propranolol injection, the 2-min average HF
fraction increased from 46.8 6 2.9% before CHIR-99021
treatment to 67.8 6 5.1% after CHIR-99021 treatment
(n = 6, P = 0.034; Fig. 8B). There was no significant differ-
ence in the decrease in mean heart rate in response to
propranolol in Akita mice before and after CHIR-99021
treatment, consistent with the conclusion that CHIR-
99021 had no effect on the sympathetic response of the
heart (see Supplementary Table 4). The baseline HF frac-
tion was not significantly different before and after CHIR-
99021 treatment (data not shown). Western blot analysis
of atrial homogenates demonstrated that GIRK4 expres-
sion was decreased in the atria of placebo-treated Akita
mice to 0.28 6 0.06-fold (n = 6, P = 0.00002) of levels
in WT mice, whereas CHIR-99021 treatment increased

GIRK4 levels from 0.28 6 0.06- to 1.08 6 0.14-fold (n =
5) of those in WT mice, which was significantly higher than
in placebo (P = 0.0003). Finally, compared with WT,
SREBP-1 in placebo-treated Akita mice was decreased to
0.53 6 0.07-fold (n = 6, P = 0.006), whereas treatment
of Akita mice with CHIR-99021 increased SREBP-1 from
0.53 6 0.07- to 1.17 6 0.11-fold (n = 5, P = 0.0008; Fig.
8C and D). These data strongly support the role of hyper-
activity of GSK3b in autonomic dysfunction in the type 1
diabetic Akita mouse.

DISCUSSION

Cardiac parasympathetic dysfunction has been described
in a number of animal models for diabetes. Baroreceptor-
mediated bradycardia was impaired in diabetic rabbits
(38). HRV was decreased in streptozotocin-treated rats
(39) in association with degeneration of autonomic neu-
rons (40) and decreased autonomic responsiveness of the
heart. Thus, studies have implicated neuronal dysfunction
and/or abnormalities of the response of the heart to para-
sympathetic signaling in the pathogenesis of parasympa-
thetic dysfunction (41).

We previously presented data demonstrating that
parasympathetic dysfunction in the type 1 diabetic heart
is at least partly due to decreased expression of proteins
in atrial myocytes that mediate the response of the heart
to parasympathetic stimulation (20). Here we demon-
strate a molecular mechanism for a novel relationship
between the insulin-signaling pathway and the regulation
of the response of the heart to parasympathetic stimula-
tion in the atrial myocardium. These data demonstrate
that insulin regulates the expression of the GIRK4 sub-
unit of IKACh, which is responsible for the hyperpolariza-
tion and resulting negative chronotropic response of the
heart to parasympathetic stimulation by an SREBP-1–
dependent mechanism. Although studies of the function
of GSK3b are limited by the lack of inhibitors that differ-
entiate between GSK3a and GSK3b, a combination of
experiments using the GSK3 inhibitor Kenpaullone, which
increases SREBP-1 and GIRK4, and the overexpression of
a DA-GSK3b, which interferes with the expression of
SREBP-1 and GIRK4, strongly supports the conclusion
that GSK3b plays a role in the regulation of their expres-
sion. Taken together with the finding that decreased in-
sulin levels in the Akita mouse result in a marked decrease
in p-GSK3b and a resulting hyperactivity of GSK3b, these
data support the conclusion that the decreased expression
of SREBP-1 and GIRK4 in the Akita mouse is at least
partly due to increased GSK3b activity. The physiologic
relevance of GSK3b regulation of SREBP-1 and GIRK4 is
supported by the finding that Kenpaullone treatment of
HL-1 cells increases not only the levels of SREBP-1 and
GIRK4 but also the activity of IKACh.

Furthermore, the decrease in HF fraction and the
attenuated negative chronotropic response to parasym-
pathetic stimulation in the Akita type 1 diabetic mouse
and the decrease in IKACh in atrial myocytes from the
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Figure 7—Li+ treatment increases IKACh in atrial myocytes and increases levels of nSREBP-1 and GIRK4 expression in the Akita atrium.
IKACh was determined as described in RESEARCH DESIGN AND METHODS, and I-V plots were constructed. A: I-V relationship of the carbamylcho-
line-induced whole-cell currents elicited from a 1-s voltage ramp with a continuously changing voltage from +50 to 2110 mV (1); current
from a typical atrial myocyte with and without 20 mmol/L carbamylcholine (2), and current generated by subtracting the trace obtained
before and after the addition of carbamylcholine (3). B: I-V plots constructed from a series of data points as in A3. Data are the mean 6
SEM of 12 recordings each from cells from four untreated Akita mice and four Li+-treated Akita mice. C: Quantitation of peak inward
currents from A. **P = 0.006 compared with control. D: Levels of nSREBP-1 and GIRK4 in atria from WT, DM and Li+-treated Akita diabetic
mice (DM+Li+) determined by Western blot analysis of atrial extracts of 2 mice in each group. E: Densitometric analysis of nSREBP-1 and
GIRK4; 5 mice in each group determined as in D. Data were normalized to the expression of b-actin. *P < 0.05, **P < 0.01.
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Akita mouse were partly reversed by treatment of mice
with Li+, an inhibitor of GSK3b, in parallel with an in-
crease in levels of atrial nSREBP-1 and GIRK4. Although
the interpretation of the Li+ data are complicated by
effects on membrane potential and Na+ currents (34–
36), the role of GSK3b in the regulation of HRV and
expression of genes involved in the parasympathetic re-
sponse of the heart were corroborated by studies in Akita
mice treated with CHIR-99021, a more specific GSK3b
inhibitor that also increased the HF fraction and the ex-
pression of nSREBP-1 and GIRK4.

The finding that neither Li+ nor CHIR-99021 had an
effect on glucose levels (see Supplementary Table 1), taken
together with our prior observation that increased SREBP-1
levels in insulin-treated Akita mice was not mimicked by

phloridzin treatment, which normalizes glucose levels by
inhibiting glucose reuptake in the kidney, supported the
conclusion that the decreased expression of genes involved
in parasympathetic signaling reported here depends on
hypoinsulinemia and not on hyperglycemia (20). These
data strongly support the conclusion that parasympathetic
dysfunction in the Akita mouse heart may be at least partly
due to hyperactivity of GSK3b in response to decreased
insulin levels, resulting in decreased nSREBP-1–dependent
GIRK4 expression, attenuation of IKACh, and a decrease in
the HF fraction (Fig. 8E).

Modulation of heart rate response to parasympathetic
simulation involves not only IKACh but also the hyperpo-
larization-dependent I(funny [f]) current as well as L-type
Ca2+ currents. That L-type Ca2+ channel activity might be

Figure 8—The GSK3b inhibitor CHIR-99021 increases HF fraction and levels of expression of nSREBP-1 and GIRK4 in Akita mice. A:
Composite plots of the averaged (6 SEM) time course of the increase in HF fraction after injection of propranolol in mice before and after
treatment with CHIR-99021. B: Comparison of the magnitude of HF fraction pre–CHIR-99021 and post–CHIR-99021 computed 15 min after
propranolol injection. CHIR-99021 had no effect on baseline HF fraction (data not shown). For these experiments, each mouse served as its
own control. C: Levels of nSREBP-1 and GIRK4 in atria from WT, placebo (DM + Placebo), and CHIR-99021–treated Akita mice (DM +
CHIR-99021) determined by Western blot analysis. D: Densitometric analysis of nSREBP-1 and GIRK4 from C. Data were normalized to the
expression of b-actin. E: Schematic representation of the proposed effect of hypoinsulinemia on GSK3b and the development of para-
sympathetic dysfunction. *P < 0.05, **P < 0.01, ***P < 001.
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decreased in the Akita mouse heart has been suggested
(42). Such a decrease in L-type Ca2+ currents might affect
the balance between the response of the heart rate to
sympathetic and parasympathetic stimulation. However,
unpublished data from our laboratory suggest that resting
L-type Ca2+ currents are relatively unchanged in ventric-
ular myocytes from Akita mice compared with WT mice.
Although no data have appeared regarding I(f)/HCN pace-
maker currents in the Akita mouse heart, such a decrease
in a hyperpolarization- dependent pacemaker current
might also result in a decreased heart rate response to
sympathetic stimulation. However, decreases in I(f) and/or
L-type Ca2+ currents might decrease the response of the
heart rate to sympathetic stimulation, thus attenuating
the effect of parasympathetic dysfunction observed in
these studies. Furthermore, our data demonstrate that
the response of the heart to sympathetic stimulation is
not decreased in the Akita mouse at the ages studied.

The impaired response of the heart to autonomic
stimulation in patients with diabetes has been attributed
to the development of neuronal dysfunction. These con-
clusions are based on the observations that autonomic
dysfunction in animal and cell culture models of diabetes
have demonstrated an increase in apoptosis in superior
cervical ganglia, dorsal root ganglia, and Schwann cells
from streptozotocin-treated rats. In vitro studies demon-
strated increased caspase activity and an increase in
reactive oxygen species under conditions of hyperglycemia
that were reversed by IGF-I (43,44). More recently, Yang
et al. (45) suggested that Akita mice might demonstrate
abnormalities of autonomic innervation. Although direct
measurements of vagal nerve function in the Akita
mouse are beyond the scope of the studies reported
here, our data do demonstrate a direct effect of insulin
on the regulation of the expression of genes involved in
the response of the heart to parasympathetic stimula-
tion. Hence, although the decrease in HF fraction might
be partly due to neuronal dysfunction, our data support
the conclusion that the end organ might also demon-
strate an impaired response to vagal stimulation because
the increase in the HF fraction in Li+-treated Akita mice
was associated with increased expression of GIRK4 in
the Akita atrium and an increase in IKACh in atrial myo-
cytes from the Akita mouse. The finding that patients
with type 1 diabetes develop autonomic dysfunction in
the presence of insulin replacement therapy might re-
flect the presence of irreversible neuropathy. Hence in
our mouse model, early initiation of insulin treatment
might attenuate the development of irreversible changes
in innervation.

Given the role of insulin in the inhibition of GSK3b
activity and the recent findings suggesting that GSK3b
inhibitors might mimic the effects of insulin on glycogen
synthase activity and gluconeogenesis in the liver (22),
a role for hyperactivity of GSK3b in the pathogenesis of
insulin resistance and the secondary effects of diabetes
has been suggested. Thus, GSK3b has been implicated in

the phosphorylation and proteosomal degradation of the
insulin receptor substrate 1 in response to hyperglycemia
and hence, might play a role in the development of insulin
insensitivity (46). Recently, inhibition of GSK3b has been
implicated in the replication and survival of pancreatic
b-cells (47). Furthermore, hyperactive GSK3b has been
implicated in the development of diabetic nephropathy
and/or retinopathy (23). Our data are consistent with
such a role of GSK3b in DAN. The relationship between
GSK3b activity and the level of SREBP-1 in the hypoinsu-
linemic Akita mouse is consistent with recent findings
demonstrating that GSK3b participates in regulating the
phosphorylation, ubiquitination, and subsequent proteo-
somal degradation of SREBP-1 (48).

The analysis of heart rate and HRV has been compli-
cated by the variation of activity levels in conscious mice.
To minimize the effects of activity of the mice on HRV,
we chose segments of the record for HRV analysis in
which heart rate and frequency domain parameters were
relatively stationary and noise caused by muscle activity
and changes in entropy was minimal. We further de-
veloped a unique approach for the study of parasympa-
thetic modulation of the heart rate by computing the HF
fraction after the inhibition of the sympathetic contribu-
tion to the power spectrum in response to a propranolol
injection. By using this approach, differences in the HF
fraction after sympathetic blockade in WT and Akita mice
would be due primarily to differences in the parasympa-
thetic contribution to HF power. However, differential
effects of propranolol between groups on sympathetic–
vagal interactions at the neuroeffector junction in the
sinoatrial node might complicate the interpretation of
the HRV analysis.

Abnormalities of heart rate response to parasympa-
thetic stimulation and decreased HRV have both been
associated with cardiovascular disease. Specifically, para-
sympathetic stimulation of the heart has been shown to
play a protective role in the development of arrhythmias
and sudden death (49). Furthermore, the decreased HRV
associated with DAN has been shown to be a significant
risk factor for sudden death and cardiovascular disease
(6,50–53). Taken together, these measurements of para-
sympathetic function are a critical predictor of clinical risk
for sudden death and heart disease in the diabetic pop-
ulation. The finding that inhibition of GSK3b partly
reverses the abnormality of HRV in the Akita mouse
offers important new insight into the pathogenesis of
DAN and the treatment and prevention of sudden death
in the diabetic population.
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