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Overactivity of Liver-Related Neurons in the Paraventricular
Nucleus of the Hypothalamus: Electrophysiological Findings
in db/db Mice
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Preautonomic neurons in the paraventricular nucleus (PVN) of the hypothalamus play a large role in the regulation of hepatic functions
via the autonomic nervous system. Activation of hepatic sympathetic nerves increases glucose and lipid metabolism and contributes to
the elevated hepatic glucose production observed in the type 2 diabetic condition. This augmented sympathetic output could originate
from altered activity of liver-related PVN neurons. Remarkably, despite the importance of the brain-liver pathway, the cellular properties
of liver-related neurons are not known. In this study, we provide the first evidence of overall activity of liver-related PVN neurons.
Liver-related PVN neurons were identified with a retrograde, trans-synaptic, viral tracer in male lean and db/db mice and whole-cell
patch-clamp recordings were conducted. In db/db mice, the majority of liver-related PVN neurons fired spontaneously; whereas, in lean
mice the majority of liver-related PVN neurons were silent, indicating that liver-related PVN neurons are more active in db/db mice.
Persistent, tonic inhibition was identified in liver-related PVN neurons; although, the magnitude of tonic inhibitory control was not
different between lean and db/db mice. In addition, our study revealed that the transient receptor potential vanilloid type 1-dependent
increase of excitatory neurotransmission was reduced in liver-related PVN neurons of db/db mice. These findings demonstrate plasticity
of liver-related PVN neurons and a shift toward excitation in a diabetic mouse model. Our study suggests altered autonomic circuits at the
level of the PVN, which can contribute to autonomic dysfunction and dysregulation of neural control of hepatic functions including
glucose metabolism.
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Introduction
The CNS is a major contributor to the control of whole-body
metabolism including hepatic glucose and lipid metabolism

(Pocai et al., 2005; Yi et al., 2010; Schwartz et al., 2013). Tradi-
tionally, the hypothalamus, a key brain region in the regulation of
homeostatic functions was valued for its neuroendocrine control
systems; nevertheless, its role in governing the autonomic nervous
system became well accepted (Sandoval et al., 2009; Kalsbeek et al.,
2010; Seoane-Collazo et al., 2015; O’Hare and Zsombok, 2016; Ruud
et al., 2017). In general, the autonomic nervous system modulates
organ functions through opposing actions of the sympathetic
and parasympathetic nervous systems. Stimulation of the sympa-
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Significance Statement

A growing body of evidence suggests the importance of the autonomic control in the regulation of hepatic metabolism, which plays
a major role in the development and progression of type 2 diabetes mellitus. Despite the importance of the brain-liver pathway, the
overall activity of liver-related neurons in control and diabetic conditions is not known. This is a significant gap in knowledge,
which prevents developing strategies to improve glucose homeostasis via altering the brain-liver pathway. One of the key findings
of our study is the overall shift toward excitation in liver-related hypothalamic neurons in the diabetic condition. This overactivity
may be one of the underlying mechanisms of elevated sympathetic activity known in metabolically compromised patients and
animal models.
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thetic innervation of the liver elevates endogenous glucose
production and glycogenolysis; whereas, activation of the para-
sympathetic nerves reduces glucose production and increases
glucose storage (Shimazu and Fukuda, 1965; Shimazu, 1967,
1996; Uyama et al., 2004; Yi et al., 2010). Imbalance of the auto-
nomic nervous system, primarily increased activity of the sympa-
thetic nervous system (SNS) has been shown to play a role in the
development of metabolic disorders including diabetes mellitus
(Carnethon et al., 2003; Schlaich et al., 2015; Thorp and Schlaich,
2015). Sympathetic preganglionic neurons in the spinal cord
transmit the information through the sympathetic nerves to the
liver. These preganglionic neurons receive information from
preautonomic neurons located in higher brain areas including
the paraventricular nucleus of the hypothalamus (PVN). The
PVN is considered a command component of the autonomic
pathway that integrates signals from many different brain areas,
including hypothalamic nuclei with well established roles in glu-
cose and energy homeostasis (Yi et al., 2010; O’Hare and Zsom-
bok, 2016). Excitation of PVN neurons with NMDA, a glutamate
receptor agonist or removal of inhibition with a GABAA receptor
antagonist elevated plasma glucose levels via the SNS (Kalsbeek et
al., 2004). Classical neurotransmitters, hormones, and neuro-
peptides have been shown to influence glucose levels likely via
PVN-dependent mechanisms (Ionescu et al., 1989); however,
only limited amount of information is available about the cellular
properties of preautonomic, liver-related PVN neurons (Derbe-
nev and Zsombok, 2016). Our previous study demonstrated that
activation of the transient receptor potential vanilloid type 1
(TRPV1), a ligand-gated nonselective cation channel increases excit-
atory neurotransmission to a subset of liver-related PVN neurons
(Gao et al., 2012). This TRPV1-dependent regulation of liver-related
PVN neurons was diminished in the streptozotocin-treated hyper-
glycemic, insulin-deficient mouse model (Gao et al., 2012), which
suggests that TRPV1 plays a role in synaptic regulation of liver-
related PVN neurons; however, the basic cellular properties includ-
ing the excitability of liver-related PVN neurons remained to be
determined.

In general, in vivo findings demonstrated that increasing the
activity of preautonomic PVN neurons enhanced sympathetic
activity and this increased hepatic sympathetic activity could
contribute to elevated glucose production. Remarkably, despite
the importance of the liver-related neurons in the neural control
of hepatic functions, the cellular properties of these preauto-
nomic PVN neurons, except their TRPV1-dependent excitation,
has not yet been established. In this study, we used a multidisci-
plinary experimental approach including trans-synaptic viral tracing
and patch-clamp electrophysiology to identify liver-related neurons
in the PVN and test the hypothesis that a subset of liver-related PVN
neurons are overactivated in the db/db mouse model of type 2
diabetes.

Materials and Methods
Animals. Male (7–10 weeks old) db/db mice (homozygous, BKS.Cg-
Dock7 m�/�Lepr db/J, JAX, stock #000642) and age-matched, lean
(heterozygous) mice were used throughout the study. In one set of ex-
periments, age-matched, male C57BL/6J mice (JAX #000664) were used
to reveal tonic currents in liver-related neurons and compare them to
db/db and lean mice. Experiments were performed following the guide-
lines of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by Tulane University’s Institutional
Animal Care and Use Committee.

Injection of pseudorabies virus. Pseudorabies virus 152 [PRV-152; re-
ports enhanced green fluorescence protein (EGFP), supplied by NCRR
CNNV Virus Center; Card, 1998; Cano et al., 2004], a retrogradely trans-

ported pseudorabies viral vector was used to identify liver-related neu-
rons, as described previously (Gao et al., 2012). Briefly, under anesthesia,
the liver was exposed and two injections (�2 �l per site) were made into
the parenchyma. A drop of adhesive “liquid bandage” was used to seal
each injection site to prevent the leakage of the virus. The animals were
maintained in a biosafety level 2 facility up to 114 –116 h postinjection
and used for patch-clamp studies.

Brain slice preparation and whole-cell patch-clamp recordings. Acute,
transverse hypothalamic slices containing the PVN (300 �m) were made
using a vibrating microtome as previously described (Gao et al., 2012).
The slices were stored in a holding chamber at 34 –36°C, and then trans-
ferred to a recording chamber mounted on a fixed stage under an upright
microscope (Nikon FN1 or Olympus BX51WIF). Whole-cell patch-
clamp recordings were performed at 34 –37°C from liver-related neurons
in the PVN identified under a 40� water-immersion objective (NA �
0.8). EGFP-containing neurons were identified based on their epifluo-
rescence, and infrared differential interference contrast optics to target
specific cells. For whole-cell patch-clamp recordings, electrodes (3–7
M�) were filled with a solution containing the following (in mM): 130
K � or Cs � gluconate, 10 HEPES, 5 EGTA, 1 NaCl, 1 MgCl2, 1 CaCl2, 3
KOH or CsOH, 2–3 Mg-ATP, 0.2% biocytin, pH 7.3–7.4. Electrophysi-
ological signals were recorded using an Axoclamp 700B amplifier
(Molecular Devices) and acquired by pClamp (Molecular Devices).
IPSCs were recorded at �10 mV and EPSCs at �60 mV. Synaptic cur-
rents were analyzed off-line using MiniAnalysis (Synaptosoft). Tetrodo-
toxin (TTX; 1 �M; Tocris Bioscience) in the bath solution was used to
block action potentials and monitor miniature IPSCs (mIPSCs) and EPSCs
(mEPSCs). Capsaicin (1 �M; Tocris Bioscience) was used to determine
the effects of TRPV1 activation on the PSCs. To reveal the existence of
tonic inhibition in liver-related PVN neurons, in the presence of
kynurenic acid (1 mM; Sigma-Aldrich), the GABAA receptor antagonist
bicuculline methiodide (30 �M; Tocris Bioscience) was applied. The
bicuculline-dependent inward shift of the holding current was used to
determine the tonic GABAA current in liver-related PVN neurons of
lean, db/db and C57BL/6J mice (Park et al., 2007; Jiang et al., 2013).
Membrane capacitance was used to determine the cell-surface area in
liver-related PVN neurons in lean and db/db mice (Taylor, 2012; Duzhyy
et al., 2015). To determine the excitability of liver-related PVN neurons,
recordings were performed in current-clamp mode. The firing rates of
liver-related PVN neurons were compared at resting membrane poten-
tial and following a step protocol or a ramp protocol. During the step
protocol, the recorded neurons were hyperpolarized to �100 mV and
then depolarizing current steps (duration 1 s) were applied and the firing
activity of liver-related PVN neurons of lean and db/db mice was com-
pared. The firing activity of neurons was also revealed after a depolarizing
current injection that evoked a 10 mV depolarization from the resting
membrane potential. During a ramp protocol, a linearly increasing de-
polarizing current was injected (duration 5 s) from membrane potential
of �100 mV to at least 0 mV.

Experimental design and statistical analysis. Male lean and db/db mice
(n � 34 and 33) were inoculated with PRV and recordings were con-
ducted from EGFP-labeled PVN neurons. The number of recorded cells
and the number of mice used for these recordings are included into the
results section for each experiment. Continuous recordings have been
conducted and 2 min periods were analyzed with MiniAnalysis (Synap-
tosoft) to measure peak amplitude and frequency. Ten to 90% rise time,
weighted decay time (�w), and area of postsynaptic currents (charge
transfer, Q) were measured under curve fitting as described previously
(Jiang et al., 2013). The mean inhibitory phasic current (Iphasic) was
calculated: Iphasic� frequency � charge transfer (Nusser and Mody,
2002; Park et al., 2006). Comparison between groups was made with an
unpaired two-tailed Student’s t test and p � 0.05 was considered signif-
icant. Numbers are reported as mean 	 SEM. Statistical analysis follow-
ing the current-clamp studies were performed using GraphPad Prism 7
software. Kolmogorov–Smirnov test with Dallal–Wilkinson–Lillie for p
values was used to test normality of values distribution. Unpaired t test
was used to test two groups with Gaussian distributed values, whereas
non-Gaussian values were tested with Mann–Whitney test. Comparisons
of more than two groups of Gaussian distributed values were performed
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with one-way ANOVA followed by a multiple-comparison Tukey test.
Comparisons of more than two groups of non-Gaussian distributed val-
ues were performed with Kruskal–Wallis test followed by a multiple-
comparison Dunn test.

Measurements of plasma glucose, insulin, and glucagon levels. Plasma
glucose levels were measured with One Touch Ultra glucometer (Life
Scan). Plasma insulin and glucagon concentrations were determined us-
ing a Mouse Ultrasensitive Insulin ELISA kit (ALPCO) and glucagon
ELISA-10 �l kit (Mercodia AB), respectively.

Results
Physiological parameters
Male lean and db/db mice were used in the studies. The body-
weight and glucose levels of db/db mice were significantly higher
compared with lean mice [39.4 	 0.5 g (n � 33) vs 26.6 	 0.4 g
(n � 34), Mann–Whitney, p � 0.000; 540.3 	 10.7 mg/dl (n �
32) vs 191.4 	 6.7 mg/dl (n � 32), Mann–Whitney, p � 0.000]. In
some cases, insulin and glucagon levels were detected with ELISA.
As expected plasma insulin levels were significantly higher in
db/db mice compared with lean mice [5.4 	 0.7 ng/ml (n � 10) vs
0.59 	 0.1 ng/ml (n � 8), unpaired t test, p � 0.000]. Glucagon
levels were elevated in db/db mice compared with lean mice
[31.2 	 7.5 pmol/L (n � 10) vs 6.3 	 2.0 pmol/L (n � 9), un-
paired t test, p � 0.007].

Membrane properties of liver-related PVN neurons
In db/db mice, the majority of recorded liver-related PVN neu-
rons had spontaneous firing, whereas in lean mice the majority of
them were silent. In db/db mice (n � 4) 10 of 13 neurons fired
spontaneously, whereas in lean mice (n � 5) only 5 of 13 recorded
liver-related PVN neurons had spontaneous firing (Fig. 1A,B,E).
Because in lean mice the majority of neurons were silent (�60%),
we separated the recorded cells into silent (lean silent) and spon-
taneously firing (lean spontaneous) groups and compared with
spontaneously firing liver-related PVN neurons from db/db mice
(db/db spontaneous). Because only three silent neurons were re-
corded in db/db mice with variable cellular properties, we did not
include this group in the figures, but reported their values in the
text where it is appropriate.

At resting membrane potential, the firing rate of spontaneously
active liver-related PVN neurons of lean mice was 4.3 	 1.3 Hz
(range: 0.3–7.2 Hz; n � 5). In db/db mice the firing rate was 2.5 	
0.6 Hz (range: 0.2–5.1 Hz; n � 10), demonstrating no significant
difference in activity at resting membrane potential between the
spontaneously firing groups in lean and db/db mice (ANOVA,
F � 4.2; Tukey, p � 0.27; Fig. 1H). Despite the similarity in firing,
the observation that the majority of liver-related neurons in lean
mice are silent compared with neurons from db/db mice indicates
that in db/db mice liver-related PVN neurons rest in a more de-
polarized state. Therefore, we compared the resting membrane
potentials among the groups. The resting membrane potential of
the lean silent group was �54.5 	 2.4 mV (n � 8), which is
significantly different from liver-related PVN neurons in db/db
mice (�44.1 	 1.3 mV; range: �53.0 to �36.0 mV; n � 10;
ANOVA, F � 11.26; Tukey, p � 0.0015), and from the lean
spontaneously firing group (�42.4 	 2.1 mV; n � 5; ANOVA,
F � 11.26; Tukey, p � 0.0019; Fig. 1C). The resting membrane
potential in the silent db/db group was �38.8 	 8.5 mV (n � 3).
These findings were consistent with the observed action potential
frequency of spontaneously firing groups in lean and db/db mice
(Fig. 1H).

Next, we determined the input resistance of liver-related PVN
neurons in lean and db/db mice. The input resistance of the silent
liver-related PVN neurons of lean mice was 0.75 	 0.1 G� (n �

8), whereas the input resistance in the spontaneous db/db group
was 1.28 	 0.2 G� (n � 10; Kruskal–Wallis, Dunn, p � 0.029;
Fig. 1D). The input resistance of the lean spontaneously firing
group was 0.85 	 0.3 G� (n � 5), which was not significantly
different from the input resistance of db/db mice, although it
showed a decreasing trend (Kruskal–Wallis, Dunn, p � 0.052).
The input resistance in the silent db/db group was 1.46 	 0.6 G�
(n � 3). These data indicate significant difference in input resis-
tance of liver-related PVN neurons between lean silent and spon-
taneously firing neurons in db/db mice (Fig. 1D).

We determined the firing rate of liver-related PVN neurons
following current injections. First, as described previously (Lu-
ther and Tasker, 2000; Stern, 2001; Luther et al., 2002), after a
hyperpolarizing current step, a 10 mV depolarization compared
with resting membrane potential was evoked by current injec-
tion. In the lean silent group, we were able to evoke firing in three
of the eight recorded neurons with an average frequency of 8.6 	
0.7 Hz (range: 7.52–10.07 Hz), whereas the rest of the neurons
remained silent. In the lean spontaneous group, the firing rate
increased to 25.65 	 4.20 Hz (range: 14.34 –39.47 Hz; n � 5;
ANOVA, F � 9.7, p � 0.034). In the spontaneous db/db group,
the firing increased to 18.08 	 2.30 Hz (range: 7.42–28.11 Hz;
n � 10; ANOVA, F � 9.7, p � 0.0014; Fig. 1F–H), whereas in the
silent db/db group we were able to evoke firing in one of the three
recorded neurons. These data demonstrate that after a 10 mV
depolarization liver-related PVN neurons in db/db mice fired
more than the majority of liver-related PVN neurons in lean
mice. Then, a ramp protocol was used to define the threshold of
firing. Our data did not reveal difference in the threshold and the
amplitude of the first evoked action potentials among the groups
(Fig. 2A–C).

To further investigate the excitability of liver-related PVN
neurons in lean and db/db mice, a hyperpolarizing current step
followed by depolarizing current steps (10 – 40 pA) were applied
(Fig. 2E). In the lean silent group, we were able to evoke action
potentials in four of the eight neurons, and the activity of these
neurons were compared with the spontaneously firing liver-
related PVN neurons both in lean and db/db mice. The firing rate
of recorded PVN neurons gradually increased in each group;
however, the frequency of lean silent group was significantly
lower, than in the spontaneously firing neurons in db/db mice
(Kruskal–Wallis, Dunn, p � 0.052 at 0 pA, p � 0.047 at 10 pA,
p � 0.040 at 20 pA, p � 0.042 at 30 pA, p � 0.08 at 40 pA; Fig. 2D).
Together, these findings suggest that liver-related PVN neurons
in db/db mice are more excited compared with the majority of
liver-related PVN neurons of lean mice.

Phasic excitatory and inhibitory currents in liver-related
PVN neurons
The frequencies and amplitude of mEPSCs and mIPSCs of liver-
related PVN neurons were examined in the presence of TTX in
slices from lean and db/db mice. In lean mice, the average mEPSC
frequency of liver-related PVN neurons was 2.5 	 0.4 Hz (range:
0.5–7.1 Hz; n � 24 cells from 9 mice). In db/db mice, the average
frequency of mEPSCs in liver-related PVN neurons was 2.3 	 0.3
Hz (range: 0.3–5.2 Hz; n � 26 cells from 10 mice; t test, p � 0.62).
The amplitude of mEPSCs in lean mice was 9.5 	 0.6 pA (range:
5.4 –15.6 pA; n � 24), whereas 10.7 	 0.6 pA (range: 5.6 –16.5 pA;
n � 26) in db/db mice (t test, p � 0.18). These data suggest no
alteration of the basic excitatory neurotransmission of liver-
related PVN neurons in db/db mice (Fig. 3A–C).

The average frequency of mIPSCs was not different in lean and
db/db mice (1.3 	 0.3 Hz, n � 16 cells from 5 mice vs 1.2 	 0.3 Hz,
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Figure 1. The excitability of liver-related PVN neurons is increased in db/db mice. A, Continuous recordings show silent and spontaneously firing liver-related PVN neurons in a lean mouse.
B, Trace illustrates a spontaneously firing neuron from a db/db mouse. C, D, Bar graphs show the resting membrane potentials (C) and input resistance (D) of liver-related PVN neurons. E, Distribution
of silent and spontaneously firing liver-related PVN neurons in lean and db/db mice. F, G, Firing activity of liver-related PVN neurons after a 10 mV depolarization compared with resting membrane
potential in lean (F ) and db/db (G) mice. H, Frequency of action potentials before and after a 10 mV depolarization compared with resting membrane potential. I, Differential interference contrast
image of a brain slice containing PVN from a lean mouse during patch-clamp recording. J, Liver-related PVN neurons identified with PRV-152 (green) and a recorded liver-related PVN neuron
visualized with biocytin (red). Significance: *p � 0.05, **p � 0.01, #p � 0.05, determined by uncorrected Dunn’s multiple-comparison test. Lean sp, Lean spontaneously firing; db/db sp,
spontaneously firing liver-related neurons in db/db mice; RMP, resting membrane potential; 3v, third ventricle, mt, mammillothalamic tract. The arrow points to the tip of a recording glass pipette.
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n � 16 cells from 7 mice; t test, p � 0.78; Fig. 3D,E). In contrast,
the amplitude of mIPSCs was significantly smaller in db/db mice
compared with lean mice. The amplitude of mIPSCs in liver-
related PVN neurons of lean mice was 14.2 	 1.2 pA (range:
8.1–23.3 pA; n � 16), whereas 10.6 	 0.7 pA (range: 8.1–18.7 pA;
n � 16) in db/db mice (t test, p � 0.011; Fig. 3F). Because the
amplitude of mIPSCs was significantly smaller in liver-related
PVN neurons of db/db mice, we determined whether GABAergic
synaptic strength is decreased in db/db mice by calculating charge

transfer and mean synaptic current as described previously (Po-
tapenko et al., 2011; Jiang et al., 2013). In liver-related PVN neu-
rons of lean mice charge transfer was 0.23 	 0.03 pC (range:
0.09 – 0.47 pC; n � 14). In db/db mice, the charge transfer was
0.19 	 0.02 pC (range: 0.09 – 0.33 pC; n � 15), indicating no
significant difference (t test, p � 0.34; Fig. 3I). In lean mice, the
mean current was 0.31 	 0.08 pA (range: 0.04 – 0.96 pA; n � 14),
whereas in db/db mice 0.25 	 0.06 pA (range: 0.02– 0.96 pA; n �
15; t test, p � 0.55; Fig. 3J). Ten to 90% rise time and the weighted

Figure 2. Firing rate of liver-related PVN neurons following depolarization. A, Liver-related PVN neurons were depolarized from �100 mV to at least 0 mV with a linearly increasing current in
lean and db/db mice. B, C, The firing range (B) and threshold of action potentials (C) were not altered in db/db mice. D, E, Depolarizing current steps from 0 pA to 40 pA (E) revealed increased action
potential frequency in liver-related PVN neurons from db/db mice (D). #p�0.05, determined by uncorrected Dunn’s multiple-comparison test, db/db vs lean silent. AP, Action potential; lean sp, lean
spontaneously firing; db/db sp, spontaneously firing liver-related neurons in db/db mice.
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Figure 3. Phasic excitatory and inhibitory neurotransmission in liver-related PVN neurons. A, Representative recordings of mEPSCs at a holding potential of �60 mV from a liver-related PVN
neurons in a lean (top trace) and a db/db mouse (bottom trace). B, C, There was no significant difference in mEPSC frequency (B) or amplitude (C) of liver-related PVN neurons in lean and db/db mice
( p
0.05). D, Representative recordings of mIPSCs at a holding potential of�10 mV from a liver-related PVN neuron in lean (top trace) and db/db mice (bottom trace). E–J, Combined data showing
mIPSC frequency (E), amplitude (F ), cumulative fraction (G), weighted decay time (H ), charge transfer (I ), and mean phasic inhibitory current (J ) in liver-related PVN neurons from lean and db/db
mice. The numbers of recorded cells are shown in parentheses. *p � 0.05.
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decay time (�w) of mIPSCs in liver-related PVN neurons did not
show significant difference between lean and db/db mice (t test,
p � 0.53, p � 0.21; Fig. 3H). These findings did not reveal signif-
icant difference in mean inhibitory current in liver-related PVN
neurons of db/db mice, suggesting that the total synaptic inhibi-
tion was unaltered in db/db mice compared with lean mice.

The membrane capacitance was not significantly different in
liver-related PVN neurons of lean and db/db mice. In lean mice,
the membrane capacitance was 16.26 	 1.53 pF (n � 36 cells
from 9 mice), whereas 16.77 	 1.40 pF (n � 42 cells from 10
mice) in db/db mice (Mann–Whitney, p � 0.38). Because the
measurement of capacitance is often used to measure the cell-
surface area (Taylor, 2012; Duzhyy et al., 2015), our data indicate

that liver-related PVN neurons preserved their size in 7- to 10-
week-old db/db mice.

Tonic inhibitory currents in liver-related PVN neurons
Presympathetic PVN neurons are under tonic inhibition (Park et
al., 2007; Jiang et al., 2013); therefore, we determined the exis-
tence of tonic inhibitory current in liver-related PVN neurons.
Application of bicuculline revealed a tonic inhibitory current
with an average amplitude of 13.7 	 2.7 pA (range: 5.4 –30.9 pA)
in 9 of 12 recorded liver-related PVN neurons of lean mice (n �
9 cells from 5 mice; Fig. 4). No tonic inhibitory current was
revealed in the remaining three liver-related PVN neurons (�3
pA shift in baseline). In db/db mice, administration of bicuculline

Figure 4. Tonic inhibition of liver-related PVN neurons was not affected in db/db mice. A, B, Representative recordings of sIPSCs in a liver-related PVN neuron from lean (A) and db/db (B) mice.
In the presence of kynurenic acid, bicuculline application revealed tonic inhibitory currents indicated by a baseline shift. C, Combined data showing the range in baseline shift in each recorded
liver-related PVN neurons in lean and db/db mice. The filled circle (lean) and square (db/db) represent the average baseline shift. D–G, There were no significant difference in frequency (D),
amplitude (E), weighted decay time (F ), and charge transfer (G) of sIPSCs in liver-related PVN neurons. The numbers of recorded cells are shown in parentheses.

11146 • J. Neurosci., November 15, 2017 • 37(46):11140 –11150 Gao et al. • Liver-Related PVN Neurons in db/db Mice



resulted in a 13.0 	 3.3 pA shift (range: 4.3–39.4 pA; n � 11 cells
from 5 mice; p � 0.88). One additional recorded neuron did not
have tonic inhibitory current. The tonic inhibitory current of
liver-related PVN neurons was similar in lean, db/db and
C57BL/6J mice (13.7 	 2.7 pA, n � 9; 13.0 	 3.3 pA, n � 11; or
17.9 	 4.4 pA, n � 6). These data indicate that the majority of
liver-related PVN neurons are under tonic GABAA-dependent
inhibition; however, the tonic inhibitory control of liver-related
PVN neurons was not altered in db/db mice (Fig. 4C).

In addition, the frequency and amplitude of spontaneous
IPSCs were determined in the presence of kynurenic acid. Our
data did not show significant difference neither in frequency
(3.3 	 1.5 Hz, n � 11 vs 1.8 	 0.6 Hz, n � 11; t test, p � 0.37) nor
in amplitude (11.4 	 0.8 pA, n � 11 vs 10.5 	 0.6 pA, n � 11; t
test, p � 0.40) between the groups. The charge transfer was also
not different between groups (0.19 	 0.02 pC, n � 9 vs 0.17 	
0.03 pC, n � 10; t test, p � 0.62; Fig. 4D–F). The weighted decay
time (�w) in liver-related PVN neurons of lean mice was 23.8 	
3.7 ms (n � 9) and 17.7 	 2.7 ms (n � 10) in db/db mice (t test,
p � 0.21; Fig. 4F), which indicated no significant difference in �w

of sIPSCs between lean and db/db mice in the presence of
kynurenic acid.

TRPV1-dependent excitatory neurotransmission in
liver-related PVN neurons
To analyze potential changes in TRPV1-dependent neurotrans-
mission, capsaicin was bath applied while mEPSCs and mIPSCs
were recorded. Capsaicin significantly increased the overall
mEPSC frequency in liver-related PVN neurons from lean mice
(Fig. 5). The average mEPSCs frequency increased from 3.1 	 0.5
Hz (range: 0.7–7.1 Hz; n � 13 cells from 5 mice) to 4.2 	 0.7 Hz
(range: 1.5–10.8 Hz; n � 13) following capsaicin application
(t test, p � 0.01; Fig. 5C). Additional analyzes of individual cells
with the Kolmogorov–Smirnov test determined that 4 of 13 cells
did not show significant increase in mEPSC frequency, indicating
that a subgroup of liver-related neurons is not controlled by
TRPV1-dependent excitatory neurotransmitter release, which is
consistent with previous findings (Gao et al., 2012). On the other
hand, in db/db mice capsaicin did not increase the overall mEPSC
frequency in liver-related PVN neurons (Fig. 5B). The average
frequency of mEPSCs was 2.2 	 0.4 Hz (range: 0.3–5.1 Hz; n � 13
cells from 6 mice) before, whereas 2.7 	 0.67 Hz (range: 0.14 – 8.3
Hz) after capsaicin application (t test, p � 0.17). The normalized
percentage increase of mEPSC frequency in liver-related PVN
neurons from lean mice was 42.5 	 15.2% (n � 13), whereas it
was 8.7 	 10.8% in db/db mice (n � 13), suggesting that the
TRPV1-dependent regulation of liver-related PVN neurons is
reduced in db/db mice compared with lean mice.

Our data did not show significant difference in the amplitude
of mEPSCs. The average amplitude of mEPSCs was 8.5 	 0.9 pA
(range: 5.3–15.5 pA; n � 13) before and 8.9 	 0.9 pA (range:
5.4 –16.6 pA) after capsaicin application in lean mice (t test, p �
0.59). Similarly, capsaicin did not change mEPSC amplitude of
liver-related PVN neurons in db/db mice. The average amplitude
of mEPSCs was 9.8 	 0.8 pA (range: 5.6 –14.4 pA; n � 13) before
and 9.0 	 0.8 pA (range: 5.0 –14.0 pA) after capsaicin application
(t test, p � 0.07; Fig. 5D).

In the dorsal motor nucleus of the vagus, capsaicin was re-
ported to increase mIPSC frequency; however, its effect on
mIPSC in the PVN is not known. Therefore, we determined the
effect of TRPV1 activation on the frequency and amplitude of
mIPSCs (Fig. 5E–H). The average mIPSC frequency was not sig-
nificantly affected by capsaicin application neither in lean nor in

db/db mice. In lean mice, the average frequency of mIPSCs was
1.20 	 0.35 Hz (n � 11) before and 1.16 	 0.31 Hz after capsaicin
application (n � 11; t test, p � 0.63). In liver-related PVN neu-
rons of db/db mice the average frequency of mIPSCs was 1.15 	
0.21 Hz before and 1.24 	 0.24 Hz after capsaicin application
(n � 11; t test, p � 0.49; (Fig. 5G). Our recordings did not reveal
significant difference in the amplitude of mIPSCs after capsaicin
application neither in lean nor in db/db mice (14.6 	 1.53 pA vs
14.7 	 1.10 pA, t test, p � 0.94 and 10.6 	 0.67 pA vs 10.3 	 0.99
pA, t test, p � 0.63; n � 11); however, the average mIPSC ampli-
tude was significantly smaller in db/db mice compared with lean
mice as reported above and shown in Figure 3 (Figs. 5H, 3F).

Discussion
This study provides the first evidence of overall activity of liver-
related PVN neurons in lean and db/db mice. The following novel
findings emerged: (1) the excitability of liver-related PVN neu-
rons was increased in db/db mice; (2) liver-related PVN neurons
were more depolarized and had higher input resistance in dia-
betic condition; (3) the firing activity following current injections
was higher in db/db mice; (4) there was no difference in excitatory
and inhibitory neurotransmission between groups; however, the
amplitude of inhibitory currents was smaller in db/db mice;
(5) liver-related PVN neurons received tonic inhibition, although
the magnitude of inhibition was not affected by diabetic condi-
tions; and (6) the TRPV1-dependent control of liver-related PVN
neurons was reduced in db/db mice. These findings suggest al-
tered autonomic circuitry in db/db mice, which may contribute to
increased activity of the SNS leading to elevation of hepatic glu-
cose production.

Preautonomic PVN neurons and liver function
The involvement of PVN in the control of glucose homeostasis
is well established (Kalsbeek et al., 2004, 2010; Uyama et al., 2004;
Yi et al., 2010). Increasing the activity of PVN neurons either
through activation of NMDA receptors or inhibition of GABAA

receptors resulted in hyperglycemia, which was absent in rats
with sympathectomy, indicating that the hyperglycemia is due to
PVN-originated activation of the SNS (Kalsbeek et al., 2004).
Similarly, norepinephrine administration into the PVN resulted
in hyperglycemia and inhibition of insulin release, an effect which
was independent of corticosterone and was blunted by adminis-
tration of a sympathetic ganglionic blocker (Ionescu et al., 1989).
The effects of stimulation of the PVN were similar to the findings
of electrical stimulation of the splanchnic nerve (Shimazu and
Fukuda, 1965; Kaneto et al., 1975; Hartmann et al., 1982), which
further demonstrates that the PVN relays information through
the autonomic nervous system to alter liver function. These in
vivo studies provide convincing evidence for the importance of
the PVN in the control of liver function; however, specific details
including the activity of liver-related neurons remained undeter-
mined. Preautonomic PVN neurons regulate the sympathetic
and parasympathetic tone through sympathetic neurons in the
spinal cord and parasympathetic brainstem neurons, respectively
(Rogers and Nelson, 1984; Yamashita et al., 1984; Lawrence and
Pittman, 1985). Increased sympathetic activity was shown in the
db/db mouse model (Rahmouni et al., 2003), which could con-
tribute to elevated hepatic glucose production reported in db/db
mice (Zhang et al., 2013). Because modulation of the synaptic
balance and/or altering postsynaptic properties of liver-related
PVN neurons is likely one of the underlying mechanisms of in-
creased sympathetic activity, determining the cellular properties
of liver-related PVN neurons is crucial to the understanding of
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the brain-liver circuit. In this study, we established the cellular
properties of liver-related PVN neurons and provided evidence
for altered brain-liver circuitry at the cellular level.

In control conditions (lean mice) the majority of neurons
were silent, whereas in db/db mice the majority of liver-related
PVN neurons fired spontaneously. This finding indicates that in
db/db mice, liver-related PVN neurons are more active. The ob-
servation was consistent with the difference in resting membrane
potential and input resistance among the groups. In addition,
following depolarizing current injections liver-related PVN neu-
rons of db/db mice had higher firing rate compared with lean
silent neurons. Functional changes may originate from neuronal
atrophy; however, the size of liver-related PVN neurons was pre-

served in db/db mice, indicating that the increased excitability is
not due to alteration of cell-surface area.

PVN is a heterogeneous nucleus containing different types
of neurons; therefore, identification of organ-related neurons is
crucial. PRV-152 was used to identify liver-related PVN neurons.
The time point used in our recordings results in labeling of liver-
related PVN neurons and allows for recordings from identified
neurons as shown in previous studies (Gao et al., 2012; Boychuk
et al., 2013). PRV-related potential technical considerations have
been extensively investigated, and addressed in numerous publi-
cations previously (Card, 1998; Smith et al., 2000; Ch’ng et al.,
2007). PRV reliable identifies liver-related neurons (Stanley et al.,
2010); however, it cannot distinguish between a sympathetic and

Figure 5. TRPV1-dependent excitation in liver-related PVN neurons is reduced in db/db mice. A, B, Representative recordings of mEPSCs from liver-related PVN neurons in lean (A) and db/db mice
(B). Capsaicin increased mEPSC frequency in liver-related PVN neurons of lean mice (A), whereas the frequency of mEPSCs did not show a significant increase in db/db mice (B). C, Bar graphs
demonstrate that TRPV1-dependent control of liver-related PVN neurons is decreased in db/db mice. D, Capsaicin did not alter the amplitude of mEPSCs neither in lean nor in db/db mice.
E, F, Representative recordings of mIPSCs from liver-related PVN neurons in lean mice (E) and db/db mice (F ). G, H, Combined data illustrate that capsaicin did not modulate the frequency (G) and
amplitude (H ) of mIPSCs in liver-related PVN neurons of lean and db/db mice. However, the average amplitude of mIPSCs in liver-related PVN neurons of db/db mice was significantly smaller
compared with lean mice. The numbers of recorded cells are shown in parentheses. *p � 0.05.
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parasympathetic neuron, which is the caveat of this study. In lean
mice, we have observed more silent than spontaneously firing
liver-related PVN neurons, whereas more spontaneously active
neurons were identified in db/db mice. This observation suggests
a shift toward excitation in db/db mice; therefore, we can specu-
late that the increased activity of liver-related PVN neurons is one
of the contributors of elevated sympathetic activity in db/db mice;
however, differentiating presympathetic and pre-parasympathetic
neurons would be the subject of future studies. We used db/db
mice; therefore, we need to keep in mind that these mice have
impaired leptin signaling. This model was chosen, because it is a
well described model with indication of enhanced gluconeogen-
esis (Zhang et al., 2013); however, we acknowledge that future
studies are needed to dissect the contributing factors including
but not limited to glucose, insulin, leptin, and potential develop-
mental compensations.

Phasic and tonic control of liver-related PVN neurons
Increased excitatory neurotransmission and/or decreased inhib-
itory neurotransmission may lead to increased activity of the neu-
rons. Shifts in excitatory and inhibitory balance in hypothalamic
neurons of heart failure rats and streptozotocin-treated hypergly-
cemic mice have been shown (Han et al., 2010; Potapenko et al.,
2011; Jiang et al., 2013), indicating that synaptic plasticity may be
a common feature in diseases involving autonomic dysfunction.
Furthermore, Kalsbeek et al. (2004) demonstrated that GABAergic
inputs from the suprachiasmatic nuclei to preautonomic PVN
neurons play a role in the control of glucose levels through sym-
pathetic regulation of the liver. Therefore, we investigated the
excitatory and inhibitory PSCs to liver-related PVN neurons. We did
not find significant difference in frequency and amplitude of mEP-
SCs. The frequency of mIPSCs was also unaltered, but the ampli-
tude of mIPSCs was significantly smaller in db/db mice. This
could indicate decreased neurotransmitter release or modulation
of postsynaptic receptors. Our analysis of total inhibitory phasic
current did not reveal significant difference between the groups,
which suggests that synaptic inputs are likely not responsible for
the difference in spontaneous firing activity in liver-related PVN
neurons of db/db mice. Indeed, the more depolarized resting
membrane potential together with increased input resistance
suggests that the increased firing of liver-related PVN neurons in
db/db mice is likely due to postsynaptic changes. These changes
might be mediated by alteration in potassium or chloride con-
ductance; however, to delineate the potential underlying mecha-
nisms requires further studies.

In addition to fast synaptic control, presympathetic PVN neu-
rons are under tonic inhibition (Park et al., 2007; Jiang et al.,
2013). The role of tonic current is still under investigation; how-
ever, it likely plays an important role in synaptic integration by
altering membrane conductance and neuronal excitability (Nusser
and Mody, 2002; Semyanov et al., 2004). Our data revealed the
existence of tonic inhibition in the majority of liver-related PVN
neurons; however, we did not find significant difference in the
magnitude of tonic inhibitory currents between lean and db/db
mice. In contrast, reduced tonic inhibitory currents were identi-
fied in kidney-related PVN neurons of streptozotocin-treated
mice (Jiang et al., 2013). The difference may suggest differential
control of PVN neurons [e.g., organ-related manner (kidney vs
liver) or autonomic branch-related (sympathetic vs parasympa-
thetic)]. In addition, the different mouse model of diabetes
(streptozotocin vs db/db) may influence the regulation of liver-
related PVN neurons.

TRPV1-dependent control of liver-related PVN neurons
TRPV1, a nonselective cation channel is associated with a variety
of physiological functions and linked to the development and
progression of diabetes mellitus (Razavi et al., 2006; Suri and
Szallasi, 2008; Zsombok, 2013; Zsombok and Derbenev, 2016).
Activation of TRPV1 increases neurotransmission in autonomic
brain areas and functional plasticity of TRPV1-dependent neu-
rotransmitter release was observed in streptozotocin-treated hy-
perglycemic mice (Zsombok et al., 2011; Boychuk et al., 2013).
Our previous study demonstrated that capsaicin increases mEPSC
frequency in liver-related PVN neurons and this TRPV1-depen-
dent regulation was diminished in the type 1 diabetic condition
(Gao et al., 2012). Our current findings further demonstrate that
activation of TRPV1 increases excitatory neurotransmission to
liver-related PVN neurons in lean mice, whereas this effect is
reduced in db/db mice. Interestingly, our studies also indicate
that TRPV1 does not play a role in controlling inhibitory neu-
rotransmission to liver-related PVN neurons. This indicates a
difference between neurons in the PVN and in the dorsal motor
nucleus of the vagus (Derbenev et al., 2006), and could suggest
area (e.g., hypothalamus vs brainstem) or species-related (mouse
vs rat) differences. Nevertheless, these data suggest that TRPV1
plays role in the control of excitatory, but not inhibitory mecha-
nisms at the level of PVN.

In summary, our study fills an existing gap by establishing the
cellular properties of liver-related PVN neurons and demon-
strates that liver-related PVN neurons are more active in db/db
mice. We found that liver-related neurons in the PVN are controlled
by phasic and tonic GABAergic inhibition and the TRPV1-depen-
dent excitatory neurotransmission is reduced in db/db mice.
These data demonstrate plasticity of the brain-liver pathway and
further support the hypothesis that disruption of the autonomic
circuitry in the PVN is a crucial factor in the development of
autonomic imbalance, which contributes to increased glucose
production.
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