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ABSTRACT

Low blood glucose activates brainstem adrenergic and cholinergic neurons, driving
adrenaline secretion from the adrenal medulla and glucagon release from the pancreas.
Despite their roles in maintaining glucose homeostasis, the distributions of insulin-responsive
adrenergic and cholinergic neurons in the medulla are unknown. We fasted rats overnight
and gave them insulin (10 1U/kg i.p.) or saline after 2 weeks of handling. Blood samples were
collected before injection and before perfusion at 90 min. We immunoperoxidase-stained
transverse sections of perfused medulla to show Fos plus either phenylethanolamine N-
methyltransferase (PNMT) or choline acetyltransferase (ChAT). Insulin injection lowered
blood glucose from 4.9+0.3 mmol/L to 1.7+0.2 mmol/L (mean+SEM; n=6); saline injection
had no effect. In insulin-treated rats, many PNMT-immunoreactive C1 neurons had Fos-
immunoreactive nuclei, with the proportion of activated neurons being highest in the caudal
part of the C1 column. In the rostral ventrolateral medulla, 33.3%+1.4% (n=8) of C1 neurons
were Fos-positive. Insulin also induced Fos in 47.2%+2.0% (n=5) of dorsal medullary C3
neurons and in some C2 neurons. In the dorsal motor nucleus of the vagus (DMV), insulin
evoked Fos in many ChAT-positive neurons. Activated neurons were concentrated in the
medial and middle regions of the DMV beneath and just rostral to the area postrema. In
control rats, very few C1, C2 or C3 neurons and no DMV neurons were Fos-positive. The
high numbers of PNMT-immunoreactive and ChAT-immunoreactive neurons that express
Fos after insulin treatment reinforce the importance of these neurons in the central response

to a decrease in glucose bioavailability.
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1. INTRODUCTION

Insulin therapy in patients with type 1 and advanced type 2 diabetes often leads to
hypoglycemia for many reasons, including doses that are excessive or inaccurately timed
(Cryer, 2014). In these patients, the counterregulatory response to hypoglycemia, which
includes release of the hormones, glucagon and adrenaline, becomes impaired soon after
insulin treatment begins (Arbelaez et al., 2014; Siafarikas et al., 2012). Eventually, the
glucagon response is lost, eliminating a first line of defense against hypoglycemia (Bolli et
al., 1983; Cryer et al., 2009; Gerich, Langlois, Noacco, Karam, & Forsham, 1973). At that
point, the adrenaline secretory response from the adrenal medulla becomes critical for
limiting the development of insulin-induced hypoglycemia.

Results from physiological and anatomical studies have clarified the central and
peripheral nerve pathways that control the counterregulatory response to hypoglycemia
(Verberne, Korim, Sabetghadam, & Llewellyn-Smith, 2016; Verberne, Sabetghadam, &
Korim, 2014). Adrenergic chromaffin cells in the medulla of the adrenal gland release
adrenaline in response to hypoglycemia (Vollmer et al., 1992). Central output from a distinct
set of sympathetic preganglionic neurons (SPN) in the spinal cord regulates secretion of
catecholamines from the chromaffin cells (Morrison & Cao, 2000). Spinally-projecting
adrenergic neurons in the rostral ventrolateral portion of the medulla oblongata (RVLM),
innervate the sympathoadrenal SPN, playing a crucial role in the adrenomedullary response
to a decrease in blood sugar. Like adrenaline-secreting chromaffin cells, C1 neurons are
characterized anatomically by the presence of the adrenaline-synthesizing enzyme,
phenylethanolamine N-methyltransferase (PNMT), in their cytoplasm. After glucoprivation
evoked by the non-metabolizable glucose analogue, 2-deoxyglucose (2DG), both bulbospinal
C1 neurons in the RVLM and forebrain-projecting C1 neurons in the caudal medulla express

Fos, the nuclear marker of activation (Parker, Kumar, Lonergan, McMullan, & Goodchild,
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2015; Ritter, Llewellyn-Smith, & Dinh, 1998). Nevertheless, it is stimulation of the RVLM that
activates adrenal sympathetic nerves (Mueller, Mischel, & Scislo, 2011) and disinhibition of
the RVLM with a GABA, receptor antagonist that causes an increase in blood glucose level
(Verberne & Sartor, 2010). In support of an essential role for spinally-projecting C1 RVLM
neurons, their destruction with a saporin-based neurotoxin almost abolishes the adrenaline
release evoked by glucoprivation (Madden, Stocker, & Sved, 2006; Ritter, Bugarith, & Dinh,
2001). In contrast, elimination of forebrain-projecting C1 neurons in the caudal medulla
eliminates glucoprivic feeding (Hudson & Ritter, 2004; Li, Wang, & Ritter, 2011, Ritter, Dinh,
& Li, 2006). Although all these findings indicate that the C1 neurons are indispensable for
blood glucose regulation, the distribution of C1 neurons that respond to insulin-induced
hypoglycemia has not been characterized.

There is also evidence that the other two groups of adrenergic neurons in the medulla
oblongata, C2 adrenergic neurons in the nucleus of the solitary tract (NTS) and C3 neurons
in the dorsomedial medulla, respond to changes in glucose bioavailability. Glucose
deprivation induced by administration of either 2DG (Ritter et al., 1998) or insulin (Yuan &
Yang, 2002) increases the number of Fos-immunoreactive C2 neurons. The firing rates of
presumptive catecholamine neurons in the NTS also change when blood glucose levels
change (Yettefti, Orsini, & Perrin, 1997). Like C2 neurons, C3 neurons are activated by 2DG-
induced glucoprivation (Menuet et al., 2014; Ritter et al., 1998). Amongst the population of
C3 neurons, there are spinally-projecting neurons that innervate SPN and neurons that
supply medullary nuclei including the NTS, RVLM and caudal ventrolateral medulla (CVLM)
as well as neurons that send axons rostrally to higher brain centers involved in glycemic
control, such as the hypothalamus (Sevigny et al., 2012). Despite the possible involvement of
C3 neurons in blood glucose regulation, whether or not these neurons are activated by

insulin-induced hypoglycemia has never been investigated.
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As well as causing adrenaline release, insulin-induced hypoglycemia in humans
stimulates the vagus to increase secretion from the pancreas and gall bladder (Smith,
Edwards, & Johnston, 1981). The pancreatic effect is likely due to activation of cholinergic
vagal motor neurons that lie in the dorsal motor nucleus of the vagus (DMV) and regulate the
release of hormones, including insulin and glucagon (Mussa & Verberne, 2013). Fos
immunohistochemistry has shown that neurons in the DMV are activated in response to
insulin-induced hypoglycemia and that some of them are immunoreactive for choline
acetyltransferase (ChAT), the enzyme that synthesizes acetylcholine (Yuan & Yang, 2002).
However, the distribution of the medullary cholinergic neurons activated in response to
insulin-induced hypoglycemia is still unclear.

The data summarized above show that changes in the bioavailability of glucose affect
the activity of all three groups of medullary adrenergic neurons and of cholinergic neurons in
the DMV. Nevertheless, we know of no studies examining the distributions of C1 and C3
neurons or vagal motor neurons that are activated by insulin-induced hypoglycemia. To fill
this gap in knowledge, we used two-color immunoperoxidase staining for Fos and
neurochemical markers of adrenergic or cholinergic neurons on medulla sections from rats
that had been given a single injection of either insulin or vehicle. We demonstrate that, while
saline has no effect, hypoglycemia caused by insulin activates significant fractions of
medullary adrenergic C1 and C3 neurons as well many of the cholinergic neurons in the
DMV. We also define the distributions of these insulin-responsive neurons within the

medulla.

2. METHODS
All animal experiments in this study were approved by the Animal Welfare Committee

of Flinders University (Australia). The School of Medicine Animal Facility at Flinders
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University provided male Sprague Dawley rats (n=44) at 6-8 weeks of age. Rats were
maintained with a 12 hr light:dark cycle and had access to food and water ad libitum. They
were handled twice a day for two weeks before the commencement of experimentation to

reduce handling-related stress.

2.1. Effects of Insulin on blood glucose levels

To establish the effects of insulin on blood glucose, one set of rats (n=16) were given
insulin (10 U/kg in saline) or saline via intraperitoneal injection after an overnight fast. In all
experiments, rats were not anaesthetized for the injection because administration of
isoflurane through a nose cone induced stress-related Fos expression in C1 neurons in the
caudal ventrolateral medulla (CVLM) in control rats (data not shown). Blood glucose was
measured using a handheld glucometer (Accu-chek Performa, Roche Diagnostics, Germany)
from a drop of blood obtained through a tail vein prick. Tail vein blood glucose levels were
measured 5 min before the injection of insulin or saline and then at 30, 60 and 90 min after

injection.

2.2. Tissue preparation for Fos immunohistochemistry

A separate set of rats (n=28) were used for studying Fos expression in response to
insulin-induced hypoglycemia. On the evening before the experiment, rats were transferred
to individual cages and fasted overnight with free access to water. They then received an
intraperitoneal injection of either insulin (10 U/Kg in saline) or saline. In this part of the study,
tail vein blood glucose was measured 5 min before the injection of insulin or saline and then
at 90 min, which was just before perfusion. Blood glucose measurements were not taken at
30 and 60 min in these rats to avoid the stress caused by tail vein prick, which increased Fos

expression in caudal C1 neurons in both insulin-treated and saline-treated rats.

This article is protected by copyright. All rights reserved.



Senthilkumaran et al. 10

Immediately after the measurement of blood glucose at 90 min, rats were
anaesthetized with an intraperitoneal injection of Lethabarb (Virbac Pty Limited, Milperra,
Australia), which had been diluted to 60 mg/ml with water, at a dose of 90 mg/kg
pentobarbitone sodium. Rats were checked periodically for pedal reflexes. When the rat was
unresponsive, its abdominal cavity was opened via a midline incision. The renal arteries and
the intestines were clamped with haemostats. The xiphoid process was held with another
haemostat; the diaphragm was opened and the ribs divided to expose the heart. A blunt
beveled needle was inserted into the ascending aorta through the left ventricle. One ml of
heparin (1000 IU/ml; Hospira, Melbourne, Australia) was administered through a three-way
tap to prevent blood clotting. The right atrium was then snipped and blood was flushed from
the rat’s vasculature with 500 ml of DMEM/F12 culture medium (Dulbecco’s modified Eagle’s
medium, Catalogue # D8900, Sigma-Aldrich, St Louis, USA). The rat was then perfused with
1 litre of 4% formaldehyde in 0.1M phosphate buffer, pH 7.4. Formaldehyde solution (min.
37%; Catalogue # 10400310000, Merck Millipore, Victoria, Australia) was used to prepare
the fixative. After perfusion, the brain and adrenal glands were collected and post-fixed in the
same fixative solution for 3-5 days at room temperature on a shaker. Blocks containing the
brainstem were then trimmed from the post-fixed brains using a brain matrix (Braintree
Scientific, Braintree, MA USA).

After post-fixation, 2 to 3 adrenal glands from insulin-treated rats were embedded
together with 1-2 adrenal glands from saline-treated rats in albumin-gelatine (Llewellyn-Smith
et al., 2007). Medullas and the adrenal glands that had been embedded in albumin-gelatine
were infiltrated with 20% then 30% sucrose and were cut into 4 series of 30um coronal

sections using a cryostat.
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2.3.  Immunohistochemistry

In all immunohistochemistry experiments, sections were initially washed 3 x 10 min
with 10 mM Tris, 0.9% NacCl, 0.05% thimerosal in 10 mM phosphate buffer, pH 7.4, (TPBS)
containing 0.3% Triton X-100 and then treated with 10% normal horse serum (NHS; Gibco
Heat-Inactivated Horse Serum; Life Technologies, Mulgrave, Australia) in TPBS-Triton for 30
min to prevent non-specific antibody binding. TPBS-Triton containing 10% NHS was used as
the diluent for primary antibodies; TPBS-Triton containing 1% NHS was used as the diluent
for secondary antibodies and TPBS-Triton was used as the diluent for the ExtrAvidin-
peroxidase complex. In all experiments, the sections were incubated in immunoreagents at
room temperature with constant agitation on a shaker and were washed 3 x 10 min with
TPBS after each incubation. After immunostaining was complete, sections were mounted in
serial order on slides coated with chrome alum-gelatine, dried and coverslipped with
Permaslip mounting medium (Catalogue # A325A, Alban Scientific Inc, St Louis MO, USA).

Double immunoperoxidase staining for Fos and PNMT: We did double

immunoperoxidase staining for Fos and PNMT on one series of sections from a 1:4 series of
sections of adrenal glands from each of 6 insulin-treated rats and each of 6 saline-treated
rats. We stained 1 series of sections from a 1.4 series of sections of medulla oblongata from
each of 15 insulin-treated rats and each of 13 saline-treated rats similarly. After exposure to
10% NHS-TPBS-Triton, sections were incubated in a 1:5,000 dilution of rabbit anti-Fos
antibody (Table 1; RRID:AB_2231996; Santa Cruz Biotechnology, Dallas, Texas, USA) for 3-
4 days. After washing in TPBS, the sections were incubated overnight in a 1:500 dilution of
biotinylated donkey anti-rabbit immunoglobulin (RRID:AB_2340593; Catalogue #711-065-
152, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) followed by incubation
for 4-6 hours in a 1:1,500 dilution of ExtrAvidin-horseradish peroxidase complex

(RRID:AB_2620165; Catalogue # E-2886, Sigma Aldrich, St Louis, MO, USA). A
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diaminobenzidine (DAB) reaction intensified with cobalt and nickel (Llewellyn-Smith, DiCarlo,
Collins, & Keast, 2005) was then carried out, yielding a black reaction product in Fos-
immunoreactive nuclei. After Fos detection, the sections were blocked again for 30 min in
10% NHS-TPBS-Triton and then incubated in a 1:30,000 dilution of a rabbit anti-PNMT
antibody (Table 1; no RRID available; kind gift from Dr Luc Denoroy) for 3-4 days. After
washing, the sections were incubated overnight in a 1:500 dilution of biotinylated donkey
anti-rabbit immunoglobulin and then for 4-6 hours in 1:1,500 ExtrAvidin-horseradish
peroxidase complex. An imidazole-intensified DAB reaction (Llewellyn-Smith et al., 2005)
was carried out to achieve a brown reaction product in cells containing PNMT-
immunoreactivity.

Double immunoperoxidase staining for Fos and ChAT: Another 1:4 series of medulla

sections from 9 insulin-treated rats and 5 saline-treated rats were double stained for Fos and
ChAT. The sections were initially stained for Fos as described above. After a second
blocking step with 10% NHS-TPBS-Triton, the sections were incubated in a 1:2,000 or
1:5,000 dilution of goat anti-ChAT antibody (Table 1; RRID:AB_2079751; Chemicon,
Temecula, CA, USA) for 3-4 days. After washing as above, the sections were incubated
overnight in a 1:500 dilution of biotinylated donkey anti-goat immunoglobulin
(RRID:AB_2340397; Catalogue # 705-065-147; Jackson ImmunoResearch Laboratories)
and then for 4-6 hours in ExtrAvidin-horseradish peroxidase complex. An imidazole-
intensified DAB reaction (LIewellyn-Smith et al., 2005) produced a brown reaction product in

neurons that contained ChAT-immunoreactivity.

2.4. Antibody Characterization
For each different combination of primary and secondary antibodies, titrations were

performed to optimize specific staining and minimize non-specific background labelling.
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Some of the earliest publications using the rabbit anti-Fos antibody from Santa Cruz
Biotechnologies (SCBT; Catalogue # sc-253, also known as K25) state that the antibody was
raised against the highly conserved amino acids 128-152 of the protein produced by the
human c-fos gene (Pierce, Sandefur, Doyle, & Welgus, 1996; Wargnier et al., 1995; Welter,
Crish, Agarwal, & Eckert, 1995). Amino acids 128-152 occur within the region of human Fos
protein (amino acids 125-175) that SCBT told us contains the antigen against which sc-253
antibody was raised. We have previously shown that immunostaining for Fos is eliminated
by overnight absorption of the Santa Cruz rabbit anti-Fos sc-253 with the peptide against
which it was raised (Fenwick, Martin, & Llewellyn-Smith, 2006). Western blotting performed
by SCBT on lysates of human transfected cells showed very intense bands at molecular
weights corresponding to the protein products of c-fos and FosB and a moderately intense
band at a molecular weight corresponding to the protein product of FRA2. No information
was provided about cross-reactivity with the protein product of FRAL. In further confirmation
of the specificity of sc-253, we have found that this antibody shows a distribution of 2DG-
activated C1 and C3 neurons in rats (Korim, Llewellyn-Smith, & Verberne, 2016; Menuet et
al., 2014) that is very similar to the distribution of 2DG-responsive neurons localized with an
Arnel anti-Fos antiserum that we have used previously (Ritter et al., 1998) and to the
distribution detected by others with a different SCBT anti-Fos that was raised against amino
acids 3-16 of the protein encoded by human c-fos (Parker et al., 2015; Parker et al., 2017).
Staining with SCBT anti-Fos sc-253 also reveals virtually the same distribution of
hypotension-responsive C1 neurons in normotensive WKY rats as our sheep anti-Fos
(Minson, Arnolda, Llewellyn-Smith, Pilowsky, & Chalmers, 1996) and produces a similar
staining pattern to other anti-Fos antisera that have been used for functional
neuroanatomical studies on barosensitive C1 neurons in rats (e.g., (Chan & Sawchenko,

1998; Stornetta, Sevigny, Schreihofer, Rosin, & Guyenet, 2002; Sved, Mancini, Graham,
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Schreihofer, & Hoffman, 1994). CiteAb shows that SCBT anti-Fos sc-253 has been cited in
274 publications (https://www.citeab.com/antibodies/790368-sc-253-c-fos-antibody-k-25).
We have used this antibody in five of our previous publications (Burman, Sartor, Verberne, &
Llewellyn-Smith, 2004; Fenwick et al., 2006; Korim et al., 2016; Llewellyn-Smith, Kellett,
Jordan, Browning, & Travagli, 2012; Menuet et al., 2014), two of which appeared in the
Journal of Comparative Neurology.

Dr Luc Denoroy raised the anti-PNMT antibody in rabbits and provided us with
several lyophilized aliquots. Absorption of this antibody with purified bovine PNMT has
previously been show to abolish staining in the medulla (Carlton, Honda, Denoroy, & Willis
Jr, 1987). This antibody has also been used extensively to identify adrenergic neurons in the
brains of a variety of species, including rat and human (Carlton, Honda, & Denoroy, 1989;
Garcia, Denoroy, Le Cavorsin, Pujol, & Weissmann, 1996; Kitahama, Denoroy, Berod, &
Jouvet, 1986; Kitahama et al., 1985; Mittendorf, Denoroy, & Flugge, 1988; Siaud, Denoroy,
Assenmacher, & Alonso, 1989). In this study, we found that the antibody showed the
expected distribution of PNMT-immunoreactive cell bodies in the rat medulla.

Sections of rat spinal cord stained with the goat anti-ChAT antiserum show the
expected distribution of cholinergic neurons in the spinal cord (Fenwick et al., 2006) and, as
we found here, in the medulla. When we used recombinant rat ChAT to adsorb this
antiserum, we found no staining in tissue fixed and processed as done here (Llewellyn-Smith

et al., 2005).

2.5. Data Analysis

Counting insulin-responsive RVLM C1 neurons: Images of the immunostained

sections were captured using an Olympus BH2 brightfield microscope and a SPOT Insight

Model 18.2 firewire colour camera running SPOT RT software v5.2 (Diagnostic Instruments,
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Inc., Sterling Heights, MI, USA). Overlapping digital images of RVLM on one side of the
brainstem from each of 8 insulin-treated rats and each of 8 saline-treated rats were captured
using a 10x objective and saved as TIFF files. The TIFF files were then imported into Adobe
PhotoShop CS6 and montaged to create a single image of the region for counting. A box
measuring 1.3 mm x 0.8 mm that had been previously prepared in PhotoShop was added to
the montage as an additional layer and the medial end of the box was aligned to the lateral
edge of the pyramid. To include the entire mediolateral extent of the region in the
ventrolateral medulla that contained PNMT-immunoreactive neurons, the lateral side of the
box was adjusted to be 0.2 mm lateral to the most lateral PNMT-immunoreactive neuron. We
classified neurons as Fos-positive and PNMT-positive (i.e., FOs/PNMT neurons) or as Fos-
negative, PNMT-positive (i.e., PNMT only neurons) by examining each neuron at x40
magnification with the BH2 microscope. For recording Fos/PNMT neurons, we added a new
layer to the montage in PhotoShop and then used the pencil tool to mark Fos/PNMT neurons
with red dots on this layer. For recording PNMT only neurons, another new layer was created
and PNMT only neurons were marked with blue dots on this layer using the pencil tool. Each
layer containing dots was then converted to grayscale and saved as a TIFF file. The
grayscale images were opened in ImageJ (Schindelin et al., 2012). The dots in each image
were counted using the Analyze Particles function and the counts were recorded in an excel
file for subsequent analysis.

Counting insulin-responsive C3 neurons: The dorsomedial medulla from 5 insulin-

treated rats and 5 saline-treated rats were photographed and montages of digital images

were created as described above. Two new layers were then added in PhotoShop and the
Fos/PNMT and PNMT only neurons were marked with red and blue dots, respectively. The
layers with red dots and the layer with blue dots were saved separately, converted to gray

scale and counted using ImageJ as described above.

This article is protected by copyright. All rights reserved.



Senthilkumaran et al. 16

Maps of insulin-responsive neurons: The method for constructing maps showing the

locations of insulin-responsive neurons in the RVLM and DMV was similar to that we have
used previously (Llewellyn-Smith, Gnanamanickam, Reimann, Gribble, & Trapp, 2013).
Every fourth 30 um-thick section double-stained for Fos plus PNMT or Fos plus ChAT was
mapped; hence, 90 um separated mapped sections. To make line drawings, micrographs
were taken of the RVLM or DMV in each section at x10 magnification and montaged as
described above. On separate layers added to the montages in PhotoShop, the pen tool was
used to trace the surface of the medulla and internal anatomical landmarks. Low
magnification line drawings of each section were created from digital images taken at x2
using a similar strategy. To record the location of each PNMT- or ChAT-immunoreactive
neuron on a line drawing, a separate layer was added to the TIFF file containing the montage
of each section. The position of each neuron was marked with a dot using the pencil tool,
with red dots for Fos/PNMT or Fos/ChAT neurons and blue dots for PNMT only or ChAT only
neurons. The red and blue dots were counted as described above. For the RVLM map in
Figure 5, a total of 8 sections were mapped from FN-5 (600 um caudal to FNO) to FN+2 (240
um rostral to FNO). For the DMV map in Figure 11, a total of 13 sections were mapped
starting at the caudal tip of the area postrema (APO) and extending rostrally for 12 sections to
about 1 mm from where the central canal opened into the fourth ventricle. Plates containing
the individual maps for each section were prepared in PhotoShop.

Statistical analyses: We used PRISM v6.05 software (GraphPad Software, Inc., USA)

for statistical analysis of our quantitative data. We performed a Student’s t test to determine
the effects of treatment on blood glucose levels and Mann-Whitney tests to determine the
effects of treatment on the total numbers of neurons in different adrenergic neuronal

populations. To compare the effects of treatment on the numbers of Fos/PNMT and PNMT
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only neurons in different sections, we carried out two-way ANOVA with repeated measures
and a Bonferroni post hoc test. Data are presented as mean + SEM; P<0.05 was considered

statistically significant.

3. RESULTS

3.1. Effect of insulin on blood glucose

The effect of a single intraperitoneal injection of 10 U/kg insulin or saline on blood
glucose was tested in rats in which blood glucose levels were measured just before injection
and at 30, 60 and 90 min after injection (Figure 1). Insulin treatment produced a statistically
significant lowering of blood glucose from 5.1 + 0.2 mmol/L at baseline to 1.6 + 0.1 mmol/L at
90 min after insulin administration (mean + SEM; n=9; P<0.001) whereas saline treatment
had no effect (4.7 + 0.1 mmol/L at baseline vs 5.0 + 0.2 at 90 min; n=7; P=0.93).

To minimize the possibility of Fos induction by stress, only two blood glucose
measurements were made in the rats that were used for studies to identify insulin-responsive
autonomic neurons, i.e., a baseline measurement just before insulin or saline injection and
one measurement just before perfusion at 90 min after treatment. In the rats receiving insulin
(n=15), blood glucose was 5.4 + 0.1 mmol/L at baseline and declined to 1.6 + 0.1 mmol/L at
90 min, a change that was statistically significant (P<0.001). In the rats receiving saline
(n=13 rats), baseline blood glucose was 4.8 + 0.2 mmol/L and the value at 90 minutes was

4.9 + 0.3 mmol/L, showing that saline had no effect (P=0.91).

3.2.  Insulin-responsive chromaffin cells in the adrenal medulla
Sections through the adrenal glands of 6 insulin-treated and 6 saline-treated rats
were double-stained to reveal Fos, a nuclear marker of chromaffin cell activation (Parker,

Kumar, Lonergan, & Goodchild, 2013; Ritter, Scheurink, & Singer, 1995), and PNMT to
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discriminate adrenaline-synthesizing chromaffin cells from noradrenaline-synthesizing
chromaffin cells (Figure 2). This double labelling protocol revealed that almost all the PNMT-
immunoreactive chromaffin cells in insulin-treated rats had Fos-immunoreactive nuclei
(Figure 2a) whereas, in saline-treated control rats, none of the PNMT-positive cells had Fos-

positive nuclei (Figure 2b).

3.3. Distribution of insulin-responsive autonomic neurons

C1 Neurons: A 1:4 series of 30 um-thick sections of medulla from each of 12 insulin-
treated rats and from each of 10 saline-treated control rats that had been double labelled for
Fos as a marker of neuronal activation and PNMT as a marker of adrenergic neurons were
analyzed for the distribution of insulin-responsive C1 neurons. Brown, PNMT-
immunoreactive C1 neurons in the ventral medulla first appeared caudally at the level of the
area postrema and formed a continuous column that ended rostrally several hundred
micrometers past the caudal end of the facial nucleus (FN). The PNMT-positive neurons
were located lateral to the pyramids and ventral to the nucleus ambiguus until it disappeared
near where FN began. In sections containing FN, PNMT-immunoreactive neurons were
located medial and ventral to this structure.

Many of the brown PNMT-immunoreactive neurons in the ventral medulla had black
Fos-immunoreactive nuclei after insulin treatment, revealing that insulin-induced
hypoglycemia activated C1 neurons. Fos/PNMT neurons were distributed bilaterally.
Activated C1 neurons were first encountered at the caudal end of the C1 cell column and
extended rostrally past the caudal pole of FN. The vast majority of Fos/PNMT neurons were
located caudal to the caudal pole of the FN (Figures 3 and 4), with very few Fos/PNMT
neurons occurring rostral to that point. Within the roughly 500 micrometer portion of the C1

cell column immediately caudal to FN, there appeared to be a trend for insulin-responsive C1
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neurons to be located closer to the pyramids in the medial and middle portions of the C1
column rather than in the lateral portion of the column (Figure 5).

In rats treated with saline (Figure 6), brown PNMT-immunoreactive neurons that had
black Fos-immunoreactive nuclei were very rare throughout the C1 column. These rare
Fos/PNMT neurons occurred in both rostral and caudal parts of the C1 column.

Non-C1 neurons in RVLM: We also examined the RVLM sections stained for Fos

and PNMT to determine whether Fos-immunoreactive nuclei that were not contained within
PNMT-immunoreactive cell bodies were present. Fos-positive/PNMT-negative neurons
occurred in the RVLM of all insulin-treated and all saline-treated rats. Within each of these
treatment groups, the numbers of insulin-responsive non-C1 varied markedly between rats.

C2 Neurons: The cell bodies of PNMT-immunoreactive C2 neurons occurred
bilaterally within the NTS and extended from the level of the rostral part of the area postrema
(AP) to the level containing the caudal pole of FN. Some of the PNMT-positive neurons in the
NTS were Fos-positive in the insulin-treated rats (Figure 7), indicating that the C2 neurons
were also activated by insulin-induced hypoglycemia. The Fos-positive C2 neurons started to
appear at a level near to the rostral end of the AP and they extended for about 1.6 - 1.7 mm
rostral to that point.

In saline-treated control rats, there were a few PNMT-positive C2 neurons that were
Fos-positive.

C3 Neurons: PNMT immunostaining revealed that the C3 neurons, the third set of
adrenergic neurons in the medulla oblongata, occurred in the dorsal medulla around the
midline and spread bilaterally almost to the solitary tract. C3 cell bodies started to appear at
the level of the AP and extended rostrally for about 1.7 mm. Insulin-induced hypoglycemia

activated C3 neurons (Figure 8). Fos/PNMT neurons were identified throughout the C3 cell
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column, including a few Fos-positive PNMT neurons located at the caudal and rostral ends of
the column.
In control rats treated with saline (Figure 9), rare PNMT-immunoreactive C3 neurons

had Fos-immunoreactive nuclei.

DMV Neurons: The distribution of insulin-responsive cholinergic neurons in the DMV
was assessed in another 1:4 series of 30 um medulla sections that had been double labelled
for Fos as a marker of activation and ChAT as a marker of cholinergic neurons from 9
insulin-treated rats and 5 saline-treated rats. In the dorsal medulla, the ChAT-
immunoreactive neurons of the DMV formed compact clusters bilaterally dorsal to the
hypoglossal nucleus and extended from sections near the spinomedullary junction caudally
up to sections containing the rostral end of the compact formation of the nucleus ambiguus.
A high proportion of the ChAT-positive DMV neurons had Fos-positive nuclei after injection of
insulin (Figure 10).

Figure 11 maps the rostrocaudal distribution of Fos/ChAT neurons and ChAT only
neurons in the DMV of one insulin-treated rat from the caudal tip of the area postrema (APO)
for about 1.7 mm rostrally. In the mapped region in this rat, there were a total of 808 ChAT-
immunoreactive neurons, of which 279 (35.4%) had Fos-immunoreactive nuclei. The maps
for each section reveal that the Fos/ChAT neurons tended to occur in the medial and middle
portions of the DMV and were only rarely found in the most lateral DMV region. Whilst there
were a few Fos/ChAT neurons in the DMV caudal to the AP (not shown), the regions of the
DMV beneath and rostral to the area postrema contained the vast majority of the neurons
that were activated to express Fos by insulin treatment (Figure 11). The highest proportion of
activated DMV neurons occurred in sections at and just caudal to the rostral edge of the area
postrema (i.e., at sections +600 um and +720 um rostral to APO in Figure 11), where about

half of the ChAT-positive neurons were also Fos-positive.
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In sections from the insulin-treated rats stained for Fos plus ChAT, the DMV
contained occasional Fos-immunoreactive nuclei that were not located within ChAT-
immunoreactive cell bodies, i.e. Fos-positive/ChAT negative neurons.

In saline-treated rats (Figure 12), none of the ChAT-positive DMV neurons contained
Fos-positive nuclei. Fos-immunoreactive non-cholinergic neurons were also absent from the

DMV of saline-treated rats.

3.4. Quantification of insulin-responsive RVLM C1 neurons

We counted PNMT-immunoreactive neurons in which insulin did or did not induce Fos
expression only in the RVLM because our main interest is in C1 neurons that mediate the
glucose counterregulatory response (Damanhuri et al., 2012; Verberne & Sartor, 2010).
These neurons occur in the rostral part of the C1 column, i.e., the RVLM, and their spinally-
projecting axons innervate sympathetic preganglionic neurons that control adrenaline release
from adrenergic chromaffin cells in the adrenal medulla. We did not count insulin-responsive
C1 neurons in the caudal portion of the C1 column because they are known to project to the
hypothalamus, where they influence feeding behavior (Li, Wang, Elsarelli, Brown, & Ritter,
2015; Verberne, Stornetta, & Guyenet, 1999).

In each of 8 insulin-treated control rats and each of 8 saline-treated rats, the number
of PNMT-immunoreactive C1 neurons with Fos-immunoreactive nuclei (Fos/PNMT C1
neurons) and PNMT-positive C1 neurons that had Fos-negative nuclei (PNMT only C1
neurons) were counted in 10 serial sections rostral and caudal to FN. The first section
through the caudal pole of FN was labelled FNO; sections FN-1 to FN-5 lay caudal to the
caudal pole of and sections FN+1 to FN+4, rostral to the caudal pole of FN. Because the

sections that were stained and counted were one series from a 1:4 series of 30 um-thick
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sections, FNO to FN-5 span the region commonly defined as the RVLM of the rat medulla
oblongata, i.e. the 600 micrometers caudal to the caudal pole of FN.

A Mann-Whitney test showed that the total number of PNMT-immunoreactive C1
neurons in the RVLM (i.e., FOs/PNMT neurons + PNMT only neurons in sections FN-5 to
FN+4) was not different in the insulin-treated compared to the saline-treated rats (214 =+ 5.8
and 219 * 9.7, respectively; n=8 per group; P>0.9999). In the insulin-treated rats, however,
an average of 71.6 £ 4.6 PNMT-positive neurons had Fos-positive nuclei, which constitutes
33.3% £ 1.4% of the total PNMT-labelled C1 population in FN-5 to FN+4. In saline-treated
control rats, there were only 24 + 4.6 Fos/PNMT C1 neurons, constituting 10.7 + 2.0% of the
total PNMT-stained C1 population in the same region of the ventral medulla. The numbers
and percentages of Fos/PNMT neurons in insulin-treated and control rats were significantly
different (P<0.001).

We used a two-way ANOVA with repeated measures and a Bonferroni post hoc test
to compare the numbers of Fos/PNMT neurons and total numbers of PNMT neurons
between insulin-treated rats (n=8) and saline-treated rats (n=8) on a section-by-section
basis. This analysis also revealed statistically significant differences. The total number of
PNMT-immunoreactive neurons in each section (i.e., FOS/PNMT neurons + PNMT only
neurons) was not different between saline-treated and insulin-treated rats (P>0.05; Table 2).
However, the numbers of Fos/PNMT neurons (Figure 13) were significantly increased in
insulin-treated compared to saline-treated rats in the 600 um caudal to caudal pole of FN
(i.e., sections FN-5, FN-4, FN-3, FN-2, FN-1; P<0.001) and the sections containing the
caudal pole of FN (i.e., FNO; P<0.01). There was a significant interaction between the
distance of the sections from FN and the treatment. The number of Fos/PNMT neurons

increased gradually from the caudal end of the RVLM (i.e., FN-5, 600 um caudal to FNO).
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The number of Fos/PNMT neurons peaked in FN-2 (240 um caudal to FNO), rostral to which
there was a decline in the number of these neurons. The numbers of Fos/PNMT neurons

rostral to the caudal pole of FN were not significantly different between treatments.

3.5. Quantification of insulin-responsive RVLM non-C1 neurons

In sections FN-5 to FN+4 from 4 rats that received insulin and 4 rats that received
saline, we counted Fos-immunoreactive nuclei that occurred outside of PNMT-
immunoreactive nerve cell bodies, i.e. Fos only non-C1 neurons, in the RVLM. In saline-
treated rats, the RVLM contained 103.5 + 39.2 (mean + SEM; n=4) Fos only neurons
whereas there were 63.8 + 16.6 (n=4) Fos only neurons in the RVLM of insulin-treated rats.
A Mann-Whitney test showed that the numbers of Fos only non-C1 neurons in the RVLM did

not differ between the two treatment groups (P=0.69).

3.6. Quantification of insulin-responsive C3 neurons

We counted Fos/PNMT neurons and PNMT only neurons through the entire extent of
the region that contained C3 neurons in 5 saline-treated control rats and 5 insulin-treated
rats. Counts taken from every 4th 30 um section throughout the C3 region revealed that the
total number of PNMT-immunoreactive neurons (i.e., FOS/PNMT neurons + PNMT only
neurons) in the insulin-treated rats (286 + 29; n=5) did not differ from the total number of
PNMT-positive neurons in the saline-treated rats (277 + 9; n=5; P=0.54). Insulin treatment
activated many of the PNMT-stained C3 neurons. After insulin-induced hypoglycemia, 133 +
8 (n=5) PNMT-immunoreactive C3 neurons had Fos-immunoreactive nuclei, constituting
47.2% + 2.0% of the total C3 population. In contrast, in the saline-treated group, only 34 + 6
(n=5) C3 neurons, constituting 12.2% + 1.9% of the total C3 neurons, were Fos-positive

(P<0.001).
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4. DISCUSSION

In this study, using Fos expression as a marker of neuronal activation, we established
that C1 and C3 adrenergic neurons in the medulla are strongly activated by insulin-induced
hypoglycemia. PNMT-positive neurons throughout the C1 cell column were Fos-positive with
more Fos/PNMT neurons located in the caudal part of the C1 column than in the RVLM.
Nearly half of the C3 neurons also expressed Fos in response to insulin-induced
hypoglycemia, with activated neurons distributed throughout the C3 cell column. Finally,
insulin treatment evoked Fos expression in a high proportion of the cholinergic neurons in the
DMV, with the majority of the Fos/ChAT neurons located in the medial and middle portions of

the DMV around the rostral edge of the area postrema.

4.1. Insulin-responsive adrenergic neurons

Our finding of insulin-induced activation of C1 neurons is consistent with earlier
studies reporting that 2DG-induced glucoprivation increases Fos expression in C1 neurons
(Parker et al., 2015; Ritter et al., 1998) and increases discharge of bulbospinal RVLM
neurons (Verberne & Sartor, 2010). Glucoprivation caused by 2DG and hypoglycemia
caused by insulin also induce phosphorylation of tyrosine hydroxylase in C1 neurons
(Damanhuri et al., 2012; Senthilkumaran, Johnson, & Bobrovskaya, 2016), further supporting
the involvement of these neurons in the physiological response to changes in glucose
bioavailability. Fos expression due to 2DG-induced glucoprivation has been previously
reported to occur mainly in neurons in the caudal 2/3 of the C1 cell column (Ritter et al.,
1998). In contrast, we found that, after insulin treatment, Fos/PNMT neurons occurred
throughout the C1 cell column, with a high proportion of the PNMT-positive neurons in the
CVLM being Fos-positive and about one-third of the PNMT-positive neurons in the RVLM

being Fos-positive. A possible reason for this discrepancy in Fos response is that the stimuli
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produced by 2DG and insulin are different in nature. Insulin treatment reduces blood glucose
and triggers glucagon and adrenaline release. However, the hypoglycemic condition persist
because the blood level of insulin remains high. In contrast, 2DG competes with glucose for
binding to glucose-sensing neurons leading to the release of glucagon and adrenaline,
resulting in hyperglycemia. Hence, both insulin and 2DG increase the secretion of counter-
regulatory hormones but only insulin results in hypoglycemia. In addition, we found that few
of the PNMT-stained neurons located rostral to the caudal pole of the FN synthesized Fos in
response to insulin. Previous studies have shown that a sub-population of C1 neurons in the
caudal part of the C1 cell column that express neuropeptide Y project rostrally to the
hypothalamus (Stornetta, Akey, & Guyenet, 1999) and destruction of C1 neurons with
hypothalamic projections has implicated these neurons in glucoprivic feeding responses (Li,
Wang, Dinh, & Ritter, 2009; Ritter et al., 2001). Furthermore, C1 neurons do not sense
glucose themselves and are more likely to be activated by the orexinergic input from the
perifornical region of the hypothalamus (Korim, Bou Farah, McMullan, & Verberne, 2014).
This view is supported by a direct innervation of the RVLM by orexin and melanin
concentrating hormone neurons in the perifornical hypothalamus (Kerman et al., 2007) and
by the induction of Fos-immunoreactivity in orexin neurons in response to insulin-induced
hypoglycemia and 2DG-induced glucoprivation (Briski & Sylvester, 2001; Cai et al., 2001).
Our data show that C3 adrenergic neurons in the dorsomedial medulla are also
strongly activated by insulin-induced hypoglycemia, which is consistent with the observations
that they respond to 2DG-induced glucoprivation (Menuet et al., 2014; Ritter et al., 1998).
Like Fos expression in C3 neurons in response to insulin-induced hypoglycemia, 2DG-
induced Fos occurs in PNMT-positive neurons throughout the C3 cell column (Menuet et al.,
2014). The C3 neurons mediate sympathoexcitation and their widespread projections to

hypothalamic regions and the spinal cord (Sevigny et al., 2012) are indicative of their central
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role in regulating autonomic, neuroendocrine and behavioral responses to glucoprivation.
Comparison of Fos-immunoreactivity after 2DG-induced glucoprivation and hydralazine-
induced hypotension in C3 neurons (Menuet et al., 2014) revealed that C3 neurons are
selectively activated by 2DG-induced glucoprivation and not by hypotension.

We also found here that some of the PNMT-positive C2 neurons in the rostral NTS
were Fos-positive after insulin treatment. This finding agrees with earlier studies using 2DG-
induced glucoprivation (Ritter et al., 1998) or insulin-induced hypoglycemia (Yuan & Yang,
2002), which suggested that the C2 neurons may also play a role in glucose homeostasis.

Medullary adrenergic neurons play a vital role in eliciting release of adrenaline from
the adrenal medulla in response to glucose deprivation. Stimulation of the RVLM or
disinhibition of RVLM neurons with a GABA receptor antagonist produced hyperglycemic
responses (Morrison & Cao, 2000; Verberne & Sartor, 2010). Recently, optogenetic
stimulation of channelrhodopsin-transfected ventrolateral medullary catecholamine neurons
has been shown to evoke hyperglycemia (Zhao et al., 2017). The same study also showed
that the hyperglycemic response to a physical stressor was eliminated by ablation of the C1
population via a Cre-dependent AAV encoding a modified Casp3 gene under the control of
the dopamine-B-hydroxylase promoter (Zhao et al., 2017). Studies combining double
labelling immunohistochemistry with retrograde tracing, viral transynaptic tracing or viral
vector-mediated expression of green fluorescent protein have shown that some of the C1
and C3 neurons send axons to the intermediolateral column of the thoracic spinal cord (Card
et al., 2006; Minson, Llewellyn-Smith, Neville, Somogyi, & Chalmers, 1990; Sawchenko &
Bohn, 1989; Sevigny et al., 2012; Strack & Loewy, 1990; Strack, Sawyer, Hughes, Platt, &
Loewy, 1989; Strack, Sawyer, Platt, & Loewy, 1989). Furthermore, selective destruction of
catecholaminergic neurons through administration of DEH-saporin into the spinal cord

destroyed C1 neurons (Madden et al., 2006; Ritter et al., 2001; Schreihofer & Guyenet,
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2000) and some of the C3 neurons (Ritter et al., 2001; Schreihofer & Guyenet, 2000).
Additionally, the SPN that innervate the adrenal medullary chromaffin cells originate mainly
from thoracic segment T4 - T10 of the rat spinal cord (Strack, Sawyer, Marubio, & Loewy,
1988) and 2DG-induced glucoprivation induced Fos expression in ChAT-positive SPN in

these same spinal cord segments (Parker et al., 2013; Ritter et al., 1995).

4.2.  RVLM neurons that respond to metabolic versus cardiovascular stimuli

C1 Neurons: Some of the C1 neurons in the RVLM are barosensitive and produce
Fos in response to hypotension induced by treatment with nitroprusside (Burman et al., 2004,
Chan & Sawchenko, 1994; Minson et al., 1996) or hydralazine (Madden et al., 2006;
Nedoboy et al., 2016; Stornetta, Schreihofer, Pelaez, Sevigny, & Guyenet, 2001; Sved et al.,
1994). Indeed, the barosensitive C1 neurons are concentrated immediately caudal to the
caudal pole of FN (Chan & Sawchenko, 1998; Graham, Hoffman, & Sved, 1995) and this
study has identified a significant population of insulin-activated C1 neurons in the same
region. Furthermore, disinhibition of RVLM neurons produces not only hyperglycemia but
also cardiovascular responses (Verberne & Sartor, 2010). These data indicate that the
neurons controlling cardiovascular and glucoregulatory responses coexist within the RVLM.
However, whether the population of RVLM neurons controlling cardiovascular responses is
distinct from the population involved in glucose counterregulation has not yet been resolved.
Observations made here suggest a trend for insulin-sensitive C1 RVLM neurons to be
located in the medial and middle portions of the C1 column whereas our experience is that
hypotension-sensitive C1 RVLM neurons localized with the same anti-Fos antibody often
occur in lateral parts of the column (for example, Burman et al., 2004; Chan & Sawchenko,
1994; Minson et al., 1996). Arguing against the existence of distinct populations of RVLM C1

neurons that respond to metabolic versus cardiovascular stimuli is a recent comparison of

This article is protected by copyright. All rights reserved.



Senthilkumaran et al. 28

the neurochemical phenotypes of neurons in the ventrolateral medulla that were activated by
hydralazine versus 2DG (Parker et al., 2015; Parker et al., 2017). This analysis suggested
that at least some of the RVLM neurons were activated by both stimuli. One explanation for
Parker et al.’s finding could be the ability of RVLM neurons to respond to stimulation of
cardiopulmonary receptors. While glucoprivation-sensitive adrenal SPN are not barosensitive
(Cao & Morrison, 2001), they do respond to activation of cardiopulmonary receptors (Cao &
Morrison, 2000), implying the existence of a distinct set of RVLM neurons that are not
barosensitive but respond to this type of activation. Therefore, it is possible that hydralazine
unloads the cardiopulmonary receptors, thereby activating RVLM neurons that control
adrenaline secretion. Indeed, plasma adrenaline has been shown to increase following
hydralazine administration (Vollmer, Balcita-Pedicino, Debnam, & Edwards, 2000). Another
possible reason for Parker et al's (2015, 2017) finding that C1 neurons respond to more than
one stimulus is that C1 neurons are interconnected (Agassandian, Shan, Raizada, Sved, &
Card, 2012). Because Fos is a poor marker for timing of activation, a connection between a
“cardiovascular” C1 neuron and a “glucoregulatory” C1 neuron could lead to Fos expression
in a 2DG-responsive C1 neuron when a hydralazine-responsive C1 neuron is activated. In
addition to their cardiovascular and glucoregulatory roles, C1 neurons are also involved in a
range of physiological process, such as neuroendocrine responses to infection and
inflammation, reproduction, respiratory control, feeding responses, thermoregulation and
stress responses mediated by the HPA axis (Guyenet et al., 2013). Exactly how functionally
distinct populations of RVLM C1 neurons relate to each other and to populations of RVLM C1
neurons defined on the basis of their neurochemistry is still poorly understood and will
provide a fertile area for future research.

Non-C1 Neurons: Falls in blood pressure activate a significant number of non-C1

neurons in the RVLM (Burman et al., 2004; Parker et al., 2017; Schreihofer & Guyenet,
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1997), implicating them in cardiovascular control. We have found previously that, in the
RVLM, non-C1 neurons identified by the fast conduction velocities of their spinal axons do
not respond to 2DG (Verberne & Sartor, 2010). Here, we found that both insulin and saline
treatment evoked Fos expression in very variable numbers of PNMT-negative (hon-C1)
neurons in the RVLM and that the numbers of Fos-positive/PNMT-negative neurons did not
vary between the two treatment groups. These results are consistent with the conclusion that
RVLM non-C1 neurons do not respond to insulin treatment and therefore may not play a
significant role in glucoregulatory responses. In contrast, Parker et al have reported that
treatment with 2DG induces Fos synthesis in a significant number of non-C1 neurons (Parker
et al., 2015; Parker et al., 2017). There are several possible methodological causes for the
divergence between our Fos results with insulin and those of Parker et al with 2DG. First, as
discussed above, 2DG and insulin produce quite different physiological stimuli, in particular,
hyperglycemia with 2DG versus hypoglycemia with insulin. Second, the extent of food
deprivation could affect Fos responses. Our rats were fasted overnight with free access to
water whereas Parker et al's rats were deprived of food and water only for the 2 hours
between 2DG administration and perfusion. We have chosen to fast animals overnight
because we have found that blood glucose readings are more consistent after an overnight
compared to a brief fast (Senthilkumaran et al., 2016). Finally, non-C1 neurons in the RVLM
can respond to stress by synthesizing Fos. Both air jet stress and conditioned fear have been
shown to evoke Fos expression in non-C1 neurons (Carrive & Gorissen, 2008; Furlong,
McDowall, Horiuchi, Polson, & Dampney, 2014). It is not possible to determine whether
stress contributed to the differential Fos response to 2DG versus saline in studies by Parker
et al (2015, 2017). However, we found here that there was no statistically significant
difference between the numbers of Fos-positive/PNMT-negative neurons in insulin- versus

saline-treated rats but that the variability in the number of Fos-expressing non-C1 neurons
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between individual rats was high. These results are consistent with activation of Fos by

stress in non-C1 neurons.

4.3. Insulin-responsive DMV neurons

In confirmation of previous work (Yuan & Yang, 2002), we found that a large
population of vagal motor neurons in the DMV also responded to insulin-induced
hypoglycemia by synthesizing Fos. In addition, our study has revealed that the insulin-
responsive DMV neurons are concentrated in the medial and middle portions of the DMV
beneath and rostral to the area postrema and rarely occur in the lateral DMV. The distribution
of the ChAT-positive DMV neurons that express Fos after insulin injection is similar to that of
cholinergic DMV neurons that responded to 2DG-induced glucoprivation (Llewellyn-Smith et
al., 2012). However, roughly one third of the ChAT-immunoreactive DMV neurons responded
to insulin-induced hypoglycemia whereas a total of only 173 ChAT-positive DMV neurons in
5 rats were Fos-positive after administration of 2DG. One possible reason for this difference
in activation is that insulin produces a sustained glucoprivic effect whereas 2DG causes the
release of counter-regulatory hormones, leading to hyperglycemia that would compete with
the glucoprivic effect of 2DG.

Bilaterally-distributed medial DMV neurons innervate the stomach, duodenum and
pancreas and are involved in regulating insulin and glucagon secretion from the pancreas
and gastric acid secretion (Berthoud, Fox, & Powley, 1990). A reduction in insulin secretion
and an increase in glucagon secretion provide the first line of defense against falling blood
glucose levels. Thus, the large number of Fos/ChAT DMV neurons and their distribution
documented in this study indicate that administration of insulin most likely activates DMV
neurons that innervate the stomach, duodenum and pancreas, which could strongly influence

gastrointestinal tract responses during insulin-induced hypoglycemia. In fact, Fos-
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immunoreactivity can be detected in myenteric neurons in the stomach and duodenum after
insulin treatment (Yuan & Yang, 2002), supporting the documented role of DMV neurons in
regulating gastrointestinal motility (Rogers, Hermann, & Travagli, 1999). Physiological and
anatomical evidence also suggests that output from DMV neurons affects hepatic glucose
metabolism. Vagal nerve stimulation promotes glucose uptake (Pagliassotti & Cherrington,
1992) while vagal blockade inhibits glycogen synthesis (Cardin, Walmsley, Neal, Williams, &
Cherrington, 2002). Furthermore, neurons in the DMV retrogradely transport horseradish
peroxidase from injections into the hepatic branch of the vagus (Norgren & Smith, 1988) and
anterograde tracing from the DMV labels axons in the liver (Berthoud, Kressel, & Neuhuber,
1992). Hence, an insulin-activated circuit from the DMV to the liver could also help to raise
blood glucose in response to insulin-induced hypoglycemia.

DMV neurons are innervated by RVLM C1 neurons (Card et al., 2006; DePuy et al.,
2013) and by NTS neurons, which, in turn, receive input from the viscera. The DMV also
receives oxytocin innervation from paraventricular nucleus of the hypothalamus (Llewellyn-
Smith et al., 2012), one of the glucoresponsive hypothalamic structures, and from orexin-
containing neurons of the perifornical hypothalamus (Date, Ueta, Yamashita, & Yamaguchi,
1999). Intracerebroventricular injection of orexin induced Fos expression in the DMV (Date et
al., 1999). Orexin injections into the DMV increased the discharge of the pancreatic vagal
nerve while the increase in pancreatic vagal nerve discharge in response to insulin-induced
hypoglycemia was reduced by microinjection of an orexin type 1 receptor antagonist into the
DMV (Wu, Gao, Yan, Owyang, & Li, 2004), implicating the orexinergic input to DMV in the
pancreatic response to insulin injection. It would be interesting to investigate whether defects
in the responses of cholinergic DMV neurons are involved in the pathophysiological changes

in insulin and glucagon secretion in diabetic patients.
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In conclusion, adrenergic C1 and C3 neurons as well as cholinergic vagal motor
neurons in the DMV are activated by insulin-induced hypoglycemia. The number of these
neurons that express Fos after insulin treatment highlights their vital role in mediating the
adrenomedullary, pancreatic and gastrointestinal responses to glucose deprivation. This
study has also suggested that, in the RVLM, the topographic distributions of C1 neurons that
respond to cardiovascular stimuli versus metabolic stimuli may be different. The RVLM is
topographically organized in other species (McAllen & Dampney, 1990; Ootsuka & Teruli,
1997). Further studies comparing the distribution of the RVLM C1 neurons that respond to

these different stimuli will be required to confirm whether this is the case in the rat.
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FIGURE LEGENDS

Figure 1. Insulin lowers blood glucose.

Graph showing changes in blood glucose levels after injection of insulin or saline.
Measurements were made on tail vein blood samples taken 5 min prior to injection and at 30,
60 and 90 min after injection. Saline injection did not alter blood glucose levels (grey)
whereas insulin injection reduced blood glucose levels within 30 min and levels stayed low

until 90 min (black). n=8 per group; Data are presented as mean + SEM; ***P<0.001.

Figure 2. Adrenergic chromaffin cells in the adrenal gland are activated by insulin
but noradrenergic chromaffin cells are not.

a, In insulin-treated rats, almost all of the brown PNMT-immunoreactive chromaffin cells have

black Fos-immunoreactive nuclei. b, After saline treatment, none of the PNMT-

immunoreactive chromaffin cells show Fos-immunoreactivity. After insulin as well as saline

treatment, small clumps of noradrenergic chromaffin cell (*) lack immunoreactivity for both

PNMT and Fos. Scale bars, 100 um.

Figure 3. Insulin-responsive C1 neurons in the caudal ventrolateral medulla
(CVLM).

a, Almost all of the brown PNMT-immunoreactive C1 neurons in the CVLM (section FN-9,

1080 um caudal to the caudal pole of the facial nucleus [FN]) have black Fos-

immunoreactive nuclei. The Fos/PNMT neurons indicated by arrows b-d are shown at higher

magnification in panels b-d. Other Fos/PNMT neurons are indicated by arrowheads. b-d,

Fos/PNMT neurons indicated by arrows b-d in a. Scale bars: 250 ym in a, 10 umin b, 20 pum

in c and d.
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Figure 4. Insulin-responsive C1 neurons in the rostral ventrolateral medulla
(RVLM).
a, Many of the brown PNMT-immunoreactive C1 neurons in the RVLM located just caudal to
the caudal pole of the FN (section FN-1, 120 um caudal to the caudal pole of FN) have black
Fos-immunoreactive nuclei. However, the proportion of PNMT-stained neurons that express
Fos is less than in the CVLM. The Fos/PNMT neurons indicated by arrows b-d are shown at
higher magnification in panels b-d. b-d, Fos/PNMT neurons indicated by arrows b-d in a. e,
Only a few PNMT-immunoreactive C1 neurons located rostral to the caudal pole of the FN
(section FN+2) have black Fos-immunoreactive nuclei. The star indicates FN. f, FOS/PNMT

neurons enclosed by the box in e. Scale bars: 250 pm in a and e, 20 pm in b-d, 50 um in f.

Figure 5. Maps showing the distribution of insulin-responsive C1 neurons in the
RVLM.
The most caudal section is at the top left of the figure and the most rostral section is at the
bottom right. Fos/PNMT neurons are represented by red dots; and PNMT only neurons, by
blue dots. Neurons that are immunoreactive for Fos and PNMT in the rostral portion of the
C1 cell column (from FN-4 to FNO) appear to be preferentially located closer to the pyramids
in the medial and middle portions of the C1 cell column rather than in the lateral portion of
the column. FN, facial nucleus; NAc, compact formation of the nucleus ambiguus; py,

pyramidal tract; 1O, inferior olive. Scale bar, 0.5 mm.

Figure 6. Fos-immunoreactivity in C1 neurons after saline treatment.

a, In the CVLM (section FN-7, 840 um caudal to the caudal pole of FN) from a control rat,

only two of the brown PNMT-immunoreactive C1 neurons have black Fos-positive nuclei.
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The arrow indicates one of these FOs/PNMT neurons. b, In the RVLM (sections FN-1, 120
um caudal to the caudal pole of FN) from a control rat, none of the brown PNMT-positive C1

neurons are Fos-positive. Scale bars, 250 pm.

Figure 7. Insulin-responsive C2 neuron in the nucleus of the solitary tract (NTS).
a, A brown PNMT-immunoreactive C2 neurons in box b (shown at higher magnification in
panel b) lies near the medial edge of the NTS. b, The neuron in box b has a black Fos-
immunoreactive nucleus, indicating that it was activated by insulin treatment. 4V, 4"

ventricle. Scale bars: 250 um in a, 20 um in b.

Figure 8. Insulin-responsive C3 neurons in the dorsal medulla.

a & e, Almost all of the brown PNMT-immunoreactive C3 neurons in this section (section FN-
3, 360 um caudal to the section containing the caudal pole of FN) have black Fos-
immunoreactive nuclei. The Fos/PNMT neurons indicated by arrows b-d and f are shown at
higher magnification in panels b-d and f. Other Fos/PNMT neurons are indicated by
arrowheads. b-d, Fos/PNMT neurons indicated by arrows b-d in a. f, FOs/PNMT neuron
indicated by arrow f in e. 4V, 4" ventricle; NTS, nucleus of the solitary tract. Scale bars: 250

pmin a, 20 um in b-d and F and 100 pum in e.

Figure 9. Fos-immunoreactivity in C3 neurons after saline treatment.
a & b, In the dorsal region of section FN-3 from a control rat (360 um caudal to the section
containing the caudal pole of FN), none of the brown PNMT-immunoreactive C3 neurons are

have Fos-immunoreactive nuclei. 4V, 4" ventricle. Scale bars: 250 pm in a, 100 um in b.
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Figure 10. Insulin-responsive dorsal vagal motor (DMV) neurons.

a, In the DMV at a level equivalent to the middle of the area postrema (360 um rostral to
section that contains the caudal tip of the area postrema, i.e., section APO), a few of the
brown ChAT-immunoreactive DMV neurons have black Fos-immunoreactive nuclei. The
Fos/ChAT and ChAT only neurons in this section are counted and mapped at +360 um in
Figure 11. b, In the DMV at a level equivalent to the rostral edge of the AP (600 um rostral to
APO0), almost half of the brown ChAT-immunoreactive DMV neurons have black Fos-
immunoreactive nuclei. The Fos/ChAT and ChAT only neurons in this section are counted
and mapped at +720 um in Figure 11. ¢ & d, About 1.2 mm rostral to the level at which the
central canal opens into the fourth ventricle (4V), a few ChAT-immunoreactive neurons in the
very rostral DMV have black Fos-immunoreactive nuclei. The Fos/ChAT neurons in the box
are shown at higher magnification in panel d. DMV, dorsal motor nucleus of the vagus; NTS,
nucleus of the solitary tract; HGN, hypoglossal nucleus; cc, central canal. Scale bars: 100 um

ina and b, 100 pm in ¢ and 50 pm in d.

Figure 11. Maps showing the distribution of insulin-responsive neurons in the
dorsal motor nucleus of the vagus (DMV).
The most caudal section (APO), which contains the caudal tip of the area postrema (AP), is at
the top of the left column; the most rostral section is at the bottom of the right column and is
located about 1 mm rostral to where the central canal opens into the fourth ventricle (4V).
Fos/ChAT neurons are represented by red dots; and ChAT only neurons, by blue dots. The
numbers of Fos/ChAT and ChAT only neurons in each mapped section are shown above the
map for that section in red and blue, respectively. ChAT-immunoreactive neurons with Fos-

immunoreactive nuclei are most numerous in sections below and just rostral to AP. The
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Fos/ChAT neurons occur in the medial and middle portions of the DMV and are only rarely
found in the most lateral DMV region. HGN, hypoglossal nucleus. An asterisk indicates the
section through the middle of area postrema, which is shown in Figure 10a. The star

indicates the section which contains the rostral edge of the area postrema and is shown in

Figure 10b. Scale bar, 100 um.

Figure 12. Fos-immunoreactivity in dorsal vagal motor neurons after saline
treatment.

In the dorsal motor nucleus of the vagus (DMV) at the level containing the rostral AP, none of

the brown ChAT-immunoreactive neurons have black Fos-immunoreactive nuclei. NTS,

nucleus of the solitary tract; HGN, hypoglossal nucleus; cc, central canal. Scale bar, 100 um.

Figure 13. Rostrocaudal distribution of insulin-responsive neurons in the RVLM.

In insulin-treated rats (black line), the number (a) and percentage (b) of Fos/IPNMT neurons
gradually increased from the caudal end of the area traditionally defined as the RVLM (FN-5,
600 caudal to the caudal pole of FN). The highest number of Fos/PNMT occurred in section
FN-2, i.e. within 240 um of the caudal pole of FN. In saline-treated rats (grey line), the
numbers of Fos/PNMT neurons in sections FN-5 to FNO was significantly lower than in the

insulin-treated rats. Data represented as mean + SEM, *P<0.05, **P<0.01, ***P<0.001.
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