www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

W) Check for updates

Structural and functional
connectivity from the dorsomedial
hypothalamus to the ventral
medulla as a chronological
amplifier of sympathetic outflow
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Psychological stress activates the hypothalamus, augments the sympathetic nervous output,

and elevates blood pressure via excitation of the ventral medullary cardiovascular regions.

However, anatomical and functional connectivity from the hypothalamus to the ventral medullary
cardiovascular regions has not been fully elucidated. We investigated this issue by tract-tracing

and functional imaging in rats. Retrograde tracing revealed the rostral ventrolateral medulla was
innervated by neurons in the ipsilateral dorsomedial hypothalamus (DMH). Anterograde tracing
showed DMH neurons projected to the ventral medullary cardiovascular regions with axon terminals
in contiguity with tyrosine hydroxylase-immunoreactive neurons. By voltage-sensitive dye imaging,
dynamics of ventral medullary activation evoked by electrical stimulation of the DMH were analyzed
in the diencephalon-lower brainstem-spinal cord preparation of rats. Although the activation of the
ventral medullainduced by single pulse stimulation of the DMH was brief, tetanic stimulation caused
activation of the DMH sustained into the post-stimulus phase, resulting in delayed recovery. We
suggest that prolonged excitation of the DMH, which is triggered by tetanic electrical stimulation
and could also be triggered by psychological stress in a real life, induces further prolonged excitation
of the medullary cardiovascular networks, and could contribute to the pathological elevation of
blood pressure. The connectivity from the DMH to the medullary cardiovascular networks serves

as a chronological amplifier of stress-induced sympathetic excitation. This notion will be the
anatomical and pathophysiological basis to understand the mechanisms of stress-induced sustained
augmentation of sympathetic activity.

Psychological stress activates the sympathetic nervous system and elevates arterial blood pressure'. When psy-
chological stress arises, it is sensed and processed by the cerebral cortex and limbic system, and the information
is relayed to the hypothalamus via the central nucleus of the amygdala**. The hypothalamus, especially the dor-
somedial hypothalamus (DMH), plays a crucial role in mediating and processing the cardiovascular responses
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to acute psychological stress®. It has been known that hypothalamic excitation activates the rostral ventrolateral
medulla (RVLM), medullary raphe regions, and intermediate lateral cell column of the spinal cord, augmenting
sympathetic activity, heart rate, and blood pressure®. The hypothalamus is essential for the occurrence of hyper-
tension via the hypothalamic-pituitary-adrenal and sympathetic-adrenomedullary axes’, and indeed chronic
electrical stimulation of the hypothalamus induces hypertension in animal experiments'’. However, anatomical
and functional connectivity from the hypothalamus to the medullary cardiovascular regions has not been fully
clarified. Therefore, this study seeks to define the anatomical and functional connectivity from the DMH to the
medulla to clarify the neural substrate mediating the propagation of stress-induced sympathetic activity and to
gain insight into the pathophysiology of hypertension.

Materials and methods

Retrograde tract-tracing. The experimental procedures were akin to those described previously''. Young
adult male Wistar rats (8-10-week old, n=3) were anesthetized with intraperitoneal chloral hydrate (350 mg/
kg). Fluorogold (FG) (Fluorochrome, Denver, CO) (5% dissolved in saline) was iontophoretically injected into
the RVLM. We inserted a pipette to the medulla caudally tilting at a 60-degree angle from the dorsal surface at
the point 0.5 mm caudal to the obex and 2.1 mm right of the midline. We advanced the pipette by 2.8 mm in
this direction. A driving current (3 pA, 400 ms, 1 Hz) was delivered for 15-20 min. After 7-10-day survival,
rats were deeply anesthetized with a lethal dose of chloral hydrate (700 mg/kg) and transcardially perfused with
saline followed with 4% paraformaldehyde in 0.1 mol/L phosphate buffer (PB, pH 7.3). Then, the brains were
removed, postfixed, saturated with 20% sucrose in the same buffer, and cut into frontal 30 pm thick sections on
a freezing microtome. The sections were incubated in the blocking buffer (0.1 mol/L phosphate buffered saline,
pH 7.3; PBS containing 0.3% Triton-X and 3% normal donkey serum) for 1 h, and further incubated overnight
in the buffer containing guinea pig anti-FG antibody (1:1,000; Protos Biotech, New York, NY). Subsequently, the
sections were further incubated in the buffer containing biotinylated anti-guinea pig IgG (1:500; Jackson Immu-
noResearch, West Grove, PA) for 3 h, followed by PBS containing 0.3% Triton-X and ABC-Elite (1:500; Vector
Labs., Burlingame, CA) for 1 h, and finally in 25 mL of 0.1 mol/L PB containing 10 mg diaminobenzidine (DAB;
Nacalai Tesque, Kyoto, Japan) and 10 uL of 30% hydrogen oxide. After incubation, sections were mounted onto
gelatinized slides, coverslipped, and examined under a light microscope (Eclipse E800; Nikon, Tokyo, Japan).
FG-labeled neurons in the hypothalamus were plotted using a camera lucida. Coverslips were then removed, and
the sections were counterstained with 1% cresyl violet for cytoarchitectural landmarks.

Anterograde tract-tracing. Anterograde tracing was performed in male Wistar rats (8-10-week old,
n=>5) anesthetized with a mix of anesthetic agents (0.3 mg/kg of medetomidine, 4.0 mg/kg of midazolam, and
5.0 mg/kg of butorphanol, i.p.). The tracer, biotinylated dextran amine (BDA) (Molecular Probes, Eugene, OR)
(10% dissolved in 0.01 mol/L PB) was stereotaxically injected into the DMH as a single iontophoretic injection
(5 uA, 400 ms, 1 Hz, 30 min)'’. For the injection of BDA a pipette tip was placed at the site with its coordinates
2.6 mm caudal to the bregma, 0.4 mm right of the midline and 8.6 mm deep from the dorsal surface of the brain.
After 1-week survival, the rats were deeply reanesthetized and perfused. Then, the brains were removed, post-
fixed, saturated with a 20% sucrose solution, and cut on a freezing microtome as described above.

One of every two series of sections was incubated in PBS containing 0.3% Triton X-100 and ABC-Elite for
1 h, followed by incubation in the solution consisting of 1.25 pmol/L biotinylated tyramide, 3 ug/mL of glucose
oxidase, 2 mg/mL of beta-D-glucose, and 1% bovine serum albumin in 0.1 mol/L PB to intensify the BDA signals.
Subsequently, sections were incubated in ABC-Elite for 1 h and then treated with InmPACT SG solution (Vec-
tor Labs). BDA-labeled axons were stained dark blue to black. Finally, the sections were mounted, coverslipped,
examined under a light microscope and photographed with a virtual slide scanner (PreciPoint, M8). BDA-labeled
axons and terminals were plotted on photographs using a camera lucida.

Combination of anterograde tracing with immunohistochemistry for tyrosine hydroxy-
lase. The anatomical relationship of DMH axon fibers and tyrosine hydroxylase (TH)-immunoreactive neu-
rons in the medulla was investigated in another series of sections from 2 rats. When the BDA-labeled axons were
visualized as described above, the sections were incubated overnight in avidin blocking solution (Avidin/Biotin
Blocking Kit; Vector Labs) and then incubated in mouse monoclonal antibody for TH (1:2000; Immunostar,
Hudson, WI) in biotin solution (Avidin/Biotin Blocking Kit) for 24 h. Subsequently, sections were incubated in
biotinylated donkey anti-mouse IgG, incubated in ABC-Elite, and then reacted with DAB solution. They were
mounted, coverslipped, and photographed using the light microscope.

In vitro preparation for voltage imaging. We used a diencephalon-lower brainstem-spinal cord prepa-
ration obtained from neonatal Wistar rats (either male or female, 0-2-day old, n=9). The principal procedure for
preparing the preparation has been previously described'>!*. In brief, under deep isoflurane anesthesia, the brain
and spinal cord were quickly isolated. The temporal lobes and other cerebral structures were removed. Then, the
structures rostral to the level between the hypothalamic infundibulum and the bilateral basal regions of the tem-
poral lobe were dissected (Fig. 1A). The dissection took place in the artificial cerebrospinal fluid (aCSF) consist-
ing of (mmol/L) NaCl 124, KCl 5, KH,PO, 1.2, CaCl, 2.4, MgCl, 1.3, NaHCO; 26 and glucose 30, equilibrated
with 95% O, and 5% CO, (pH 7.4). For the staining with a voltage-sensitive dye, the preparation was incubated
in aCSF containing a voltage-sensitive dye di-2-ANEPEQ (0.15-0.2 mmol/L) (Invitrogen, Carlsbad, CA) for
50 min while bubbling 95% O, and 5% CO, gas mixture'*'¢. Dissection of the preparation and its staining with
the voltage-sensitive dye was conducted in aCSF at room temperature of 24-25 °C.
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Figure 1. Scheme of the isolated diencephalon-lower brainstem spinal cord preparation. (A) Lateral view of the
preparation before resection of rostral brain structures. The preparation was transected at the level between the
hypothalamic infundibulum and the bilateral basal regions of the temporal lobe (both points are shown with
red circles, and the cut line is shown with a red dashed line). The cut-surface, with the ventral medulla facing
up, was fixed with miniature pins onto a silicon block. A blue arrow shows the direction of microelectrode
insertion. (B) Ventral view of the preparation after resection of brain structures rostral to the cut-line indicated
in panel A. This preparation included a part of the hypothalamus, midbrain, pons, medulla and cervical spinal
cord. The green circle marks the area of recordings. Fluorescence change was quantified in four squared areas.
Square 1: rostral ventrolateral medulla (RVLM), Square 2: caudal ventrolateral medulla (CVLM), Square 3:
rostral ventromedial medulla (RVMM), Square 4: raphe pallidus (RP). The insertion point of the stimulating
microelectrode on the cut surface is shown with a black circle. C4, ventral roots of the fourth cervical spinal
cord; cer, cerebellum; CO, optic chiasm; IC, inferior colliculus; SC, superior colliculus; TL, part of the temporal
lobe; V1, sixth cranial nerve roots; IX, ninth cranial nerve roots; X, tenth cranial nerve roots; XII, twelfth cranial
nerve roots; 3 V, third ventricle.

Electrical stimulation and optical recording. After staining, the diencephalon-brainstem-spinal
cord preparation was transferred into a recording chamber, mounted under an epifluorescence microscope
(Optiphoto-2-UD, Nikon, Tokyo, Japan) with a 4 x objective lens (Plan Apo, NA 0.20, Nikon). Then, the prepa-
ration was fixed on the chamber floor, the ventral side up, with miniature pins, and was superfused with oxygen-
ated aCSF of 26-28 °C at a rate of 4 mL/min'>". The preparation’s viability was confirmed by monitoring neural
respiratory output from the C4 ventral root of the cervical spinal cord (Supplementary Fig. 1).

To stimulate the hypothalamus, a monopolar tungsten microelectrode (catalog# 573,400, A-M Systems,
Carlsborg, WA) was stereotaxically inserted from the transected surface of the diencephalon, so that its tip was
within the DMH region, according to a neonatal rat brain atlas'®. The insertion point was set 0.3-0.5 mm lateral
to the midline (third ventricle) and 0.1 mm deep from the surface (Fig. 1B). The microelectrode position was
periodically checked, and adjusted when necessary, so that the electrically stimulated region coincided with the
DMH, by confirming the concordance between the directly stimulated and depolarized area monitored by voltage
imaging. Electrical stimulation was performed with two different modalities. One was a single pulse of 0.5-1 mA
intensity and 3-5 ms duration, which were conducted in 5 preparations. Among these 5 preparations, four were
used only in single pulse stimulation experiments. The stimulation intensity and duration were slightly adjusted
depending on the responsiveness in each preparation. The other was tetanic stimulation of 0.4 mA intensity,
500 ps pulse duration, 100 Hz frequency, and 10 s tetanic stimulation duration, which was conducted also in 5
preparations. Among these 5 preparations four were used only in tetanic stimulation experiments, and one for
both single pulse and tetanic stimulation experiments.

To detect stimulation-induced neural activation, fluorescence signal in the ventral medulla was continuously
captured by optical recording system. The imaged ventral medullary area is indicated with a circle in Fig. 1B.
The preparation was illuminated with a tungsten-halogen lamp (150 W) through a band-pass excitation filter
(A=480-550 nm), and epifluorescence was detected through a long-pass barrier filter (A>590 nm) with a CMOS
sensor array (100 x 100 um pixel size, 100 x 100 pixel array; MiCAM Ultima, BrainVision, Tokyo, Japan)'!. The
optical signal was sampled at a frame rate of 50 Hz in single pulse stimulation and 12.5-25 Hz in tetanic stimu-
lation. In the former mode of stimulation, optical signal was recorded for 5.12 s, starting at 1.28 s before the
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onset of stimulation. In the latter, the optical signal was recorded for 40.96 s, starting at 10.24 s before the onset
of stimulation.

Statistical analysis. Imaging data were analyzed using an image analysis software, BV Analyzer (BrainVi-
sion). Details of imaging data analyses were as we described previously''*¢1°. A change in fluorescence inten-
sity (AF) relative to initial intensity (FO) in each pixel was calculated. To normalize the difference in the amount
of membrane-bound dye and illumination within the preparation, background fluorescence intensity at each
pixel was divided by the maximum background fluorescence. Then, ratio of AF to the normalized background
fluorescence intensity (F) was calculated at each pixel in each frame (AF/F). If F was less than 0.25, AFF was set
to zero. A negative AFF corresponds to membrane depolarization. To increase the signal-to-noise ratio, cycle
triggered averaging was conducted for 20-50 cycles with 7-20 s intervals in the single pulse stimulation and 5
cycles with 1.5-5 min intervals in tetanic stimulation. To evaluate the depolarizing neural activity in the ventral
medulla evoked by hypothalamic stimulation, changes in epifluorescence were quantified at four squared areas
in Fig. 1B (each 0.5 mmx 0.5 mm), i.e., ipsilateral RVLM, ipsilateral caudal ventrolateral medulla (CVLM),
ipsilateral rostral ventromedial medulla (RVMM), and the raphe pallidus (RP). We determined these regions at
the level of the XIIth cranial nerve root—1.3 mm lateral to the midline, the XIIth cranial nerve root—0.3 mm
lateral to its root, the same level of the RVLM—0.5-1.0 mm lateral to the midline, and in the midline area at the
level between the Xth and XIIth cranial nerve roots, respectively. Stimulation-induced excitation was defined
as a median value of AF/F twice larger than the baseline value. The duration of excitation was used as an index
of post-stimulus 75% recovery time, which was defined between the endpoint of stimulation and the point
of a median AF/F decay by 75% off its peak. Data were presented as means+ SE. Differences between post-
stimulus 75% recovery time in the single pulse and tetanic stimulation were analyzed with the Welch ¢-test. A
p value <0.05 defined statistically significant differences.

Ethics approval. All experiments were carried out in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) revised 1996. Experimental
protocols were approved by the Ethics Committees for Animal Research of Murayama Medical Center and Shi-
mane University. All efforts were made to minimize the number of animals used and their suffering.

Results

Histology. We first examined the distribution of RVLM-projecting neurons in the DMH, using a retrograde
tracing technique by injection of FG into the RVLM. The accuracy of the injection site was confirmed by histo-
logically observing that the FG deposit was limited in the RVLM (Fig. 2A). Retrogradely FG-labeled neurons
were observed bilaterally in the hypothalamus with a clear-cut ipsilateral dominance. At the level of the DMH,
these neurons were distributed sparsely in the tuberal hypothalamus dorsal and lateral to the fornix, in the
peduncular part of the lateral hypothalamus, and in the posterior hypothalamic nucleus (Fig. 2, Supplementary
Fig. 2).

We further examined the neuronal projection from the DMH to the medulla oblongata by anterograde
tracing. In two rats that were most optimally injected with BDA into the DMH, in which the BDA deposit was
confined to the DMH (Fig. 3A, Supplementary Fig. 3), anterogradely BDA-labeled fibers and axon terminals
were distributed bilaterally, also with a clear-cut ipsilateral dominance, in the reticular formation of the medulla
oblongata. In addition, a few labeled axons were seen in the rostrocaudal extent of the nucleus of the solitary tract
(Fig. 3B-D). Many labeled fibers were found in the ventromedial medulla, which extended to the mid-medullary
region. Also, a few labeled axons were present in the ventrolateral medulla, on the surface of the pyramidal tract,
and at the boundary between the pyramidal tract and ventromedial medulla (parapyramidal region) (Fig. 3B-E).
In the RVLM, there is a cluster of tyrosine hydroxylase (TH)-immunoreactive catecholaminergic neurons. We
found bouton-like varicosities labeled with BDA were in close apposition to the dendrites of TH-immunoreactive
neurons (Fig. 3F-1, Supplementary Fig. 4).

Voltage imaging. Depolarizing neural activities on the ventral medulla induced by single pulse and tetanic
electrical stimulation of the DMH were visualized by voltage imaging. The accuracy of the stimulating micro-
electrode placement was histologically confirmed by observing that the damaged region corresponded to the
DMH (Supplementary Fig. 5). A representative image of the single pulse stimulation of the hypothalamus is
shown in Fig. 4. This stimulation induced depolarizing optical signals on the RVLM and RVMM in all speci-
mens, whereas activation of the CVLM was detected in three and that of the RP in four out of the five specimens,
respectively.

In response to tetanic stimulation of the DMH, neural activation was detected in the RVLM, RVMM, and RP
in all specimens, whereas activation of the CVLM was seen in four out of the five specimens (Fig. 5).

Of note, tetanic, but not single pulse, stimulation of the DMH induced a delayed recovery from the RVLM
activation after cessation of stimulation. In tetanic stimulation, post-stimulus 75% recovery time was signifi-
cantly longer, as compared with that in single pulse stimulation, in the RVLM, CVLM, RVMM, and RP areas
(RVLM: 1.26+0.32 vs. 11.08+1.95s, CVLM: 0.91 £0.12 vs. 10.88 +2.65 s, RVMM: 1.19£0.29 vs. 10.30 £ 2.22 s,
RP: 0.89+0.12 vs. 10.22 £ 2.06 s, respectively. p <0.05 for all) (Fig. 6).

Discussion

In this study, tract-tracing revealed that DMH neurons send axonal projection directly to the ventral medullary
cardiovascular regions and that some DMH neurons terminate onto dendrites of TH-immunoreactive neurons
in the RVLM. In voltage imaging, both single pulse and tetanic electrical stimulation of the DMH induced
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Figure 2. Distribution of RVLM-projecting neurons in the DMH. A color photomicrograph showing the site
of FG injection into the RVLM (A), and retrogradely labeled neurons with FG in the DMH (B). (C, D) The
distribution of FG-labeled neurons in two levels of the hypothalamus which contains the DMH (C, D; rostral to
caudal). Each red dot indicates one FG-labeled neuron. Note that labeled cell bodies of neurons that projected
to the RVLM were found in the DMH and adjacent regions in the hypothalamus. Arc, arcuate nucleus of the
hypothalamus; DMH, dorsomedial hypothalamus; f, fornix; VMH, ventromedial hypothalamus; ZI, zona
incerta; 3 'V, third ventricle.

depolarizing neural activity in the ventral medullary cardiovascular regions. However, recovery of medullary
activity after cessation of stimulation was remarkably delayed after tetanic, but not after single pulse stimulation,
indicating that the connectivity from the dorsomedial hypothalamus to the medullary cardiovascular networks
serves as a chronological amplifier of stress-induced sympathetic excitation. The ventral medullary regions to
which DMH neurons sent axonal projections coincided with the regions depolarized by stimulation of the DMH
in voltage imaging experiments.

The major finding of this study is that the DMH and several ventral medullary regions that are important
in cardiovascular regulation (RVLM, CVLM, RVMM and RP) are anatomically and functionally connected.
Further, we anatomically confirmed for the first time that DMH neurons directly innervate catecholaminergic
neurons in the RVLM. Several other histological studies have also reported a monosynaptic connection from
the DMH to the dorsal motor nucleus of the vagus, nucleus ambiguus, and parvocellular reticular formation
of the medulla®. Lindberg et al.*! have shown synaptic contacts between the ventromedial hypothalamic neu-
ronal efferents and TH-positive catecholaminergic neurons in the RVLM and the nucleus of the solitary tracts.
However, the connectivity between the DMH efferents and TH-immunopositive neurons in the RVLM or other
cardiovascular regions in the medulla have not been reported. In acute stress, the DMH plays a vital role in inte-
grating autonomic, neuroendocrine, and behavioral responses’. Lisa et al.22 have demonstrated that inhibition
of the DMH abolishes the stress-induced cardiovascular response. Sympathetic premotor neurons in the RVLM
are excited by DMH disinhibition”?. Also, medullary raphe neurons mediate sympatho-excitation evoked by
DMH disinhibition”**. While we did not measure blood pressure or heart rate, we, as well as the above mentioned
previous studies, have demonstrated that hypothalamic stimulation excitates the ventral medullary areas that are
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Figure 3. A photomicrograph showing the site of BDA injection into the DMH (A), and line drawings showing
the resulting distribution of BDA-labeled axon fibers (red fine lines) and terminals (red fine dots) in the medulla
oblongata (B-D; rostral to caudal). (E) Distribution of anterogradely labeled axon fibers (black-colored) in

the ventromedial and ventrolateral medulla. (F-I) Overlapping distribution of BDA-labeled axon fibers and
TH-immunoreactive neurons in the RVLM. Note that the BDA-labeled boutons (arrows) are in contiguity with
dendrites of the TH-immunoreactive neurons. Such close apposition was frequently observed. Amb, nucleus
ambiguus; AP, area postrema; Cu, cuneate nucleus; Gr, gracile nucleus; ic, internal capsule; IO, inferior olivary
nucleus; LRt, lateral reticular nucleus; MVe, medial vestibular nucleus; NTS, nucleus of the solitary tract; opt,
optic tract; PrH, prepositus hypoglossal nucleus; py, pyramidal tract; SpVe, spinal vestibular nucleus; Sp5, spinal
trigeminal nucleus; sp5, spinal trigeminal tract; st, solitary tract; TH, tyrosine hydroxylase; 12, hypoglossal
nucleus. For other abbreviations, see Fig. 2 legend.
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Figure 4. Representative optical images in a single pulse stimulation experiment. (A) The circle denotes the
recording area on the ventral medulla. (B) Pseudocolor images showing fluorescence intensity on the ventral
medulla before, during, and after single pulse stimulation. (C) Time course of fluorescence intensity in the red
square area of panel B-a. A vertical red bar shows the stimulation period. a: before stimulation, b: 200 ms after
the end of stimulation, ¢: 600 ms after the end of stimulation, d: 2.0 s after the end of stimulation. IX, ninth
cranial nerve roots; X, tenth cranial nerve roots; XII, twelfth cranial nerve roots.

involved in stress-induced cardiovascular responses. These findings help understand how the ventral medulla
is activated by acute psychological stress.

In this study, tetanic hypothalamic stimulation excited not only the RVLM, RVMM and RP but also the
CVLM. Our tract-tracing experiments revealed the anatomical connectivity from the DMH to the CVLM. It is
well established that arterial baroreceptor afferents are excited by blood pressure elevation. They project to the
nucleus of the solitary tract and provide a major excitatory input to GABAergic CVLM neurons. These neurons,
in turn, inhibit the activity of presympathetic RVLM neurons®. Thus, the CVLM has a sympatho-inhibitory
role. However, it has also been reported that neurons in the caudal pressor area (CPA), which is located just
caudal to the CVLM, are sympatho-excitatory?®?’. CPA neurons mediate the pressor response by inhibiting
RVLM-projecting inhibitory units and activating RVLM-projecting excitatory CVLM units”’. Among the ventral
medullary regions activated by DMH stimulation, which was detected by our voltage imaging, the most caudal
area could correspond to the CPA, suggesting the possible excitatory innervation of the CPA by the DMH.

It is noteworthy that tetanic stimulation of the hypothalamus induced post-stimulus sustained excitation in
the ventral medulla, plausibly related to blood pressure regulation. However, our observations do not address
the exact mechanism of delayed post-stimulus recovery. In the medullary cardiovascular regions, there exist a
high density of angiotensin II type 1 receptors®®**. Glass et al.* have reported that angiotensin II-induced blood
pressure elevation could be a phenotype of neural plasticity. Recent studies have demonstrated that not only
neurons but also glial cells, especially astrocytes, are critically involved in neural plasticity'**"*2. Neurotrans-
mitters, released from presynaptic terminals, activate nearby astrocytes in a paracrine manner. The activated
astrocytes augment neuronal synaptic transmission by releasing gliotransmitters®. These phenomena occur
within a few seconds but could persist for more than several minutes. Thus, astrocytes may also be involved in
the blood pressure elevation evoked by psychological stress and, particularly, in the post-stress sustained blood
pressure elevation. Voltage imaging could detect both neuronal and astrocytic excitation'***. However, in the
present study we could not distinguish optical signals from neurons and astrocytes. Further studies are needed
to clarify the distinctive roles of neurons and astrocytes in the hypothalamic activation-induced sustenance of
ventral medullary excitation, using different experimental designs, for instance, by calcium imaging.

Acute psychological stress induces elevation of blood pressure, which persists after the stress is relieved™®.
Recently, several studies have reported that the time course of post-stress cardiovascular recovery is predictive
of future hypertension and other cardiovascular events*%*". Thus, a study of post-stress cardiovascular recovery
contributes to the elucidation of the pathophysiology of hypertension. Our finding that tetanic stimulation of
the hypothalamus induces post-stimulus sustained activation of the ventral medullary cardiovascular regions
indicates that the connectivity from the DMH to the medullary cardiovascular networks serves as a chronological
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Figure 5. Representative optical images in a tetanic stimulation experiment. (A) The circle denotes the
recording area. (B) Pseudocolor images showing fluorescence intensity on the ventral medulla before, during,
and after tetanic stimulation. (C) Time course of fluorescence intensity in the red square area of panel B-a. A
horizontal red bar shows the stimulation period. a: onset of stimulation, b: end of stimulation, c: 5.0 s after the
end of stimulation, d: 10.0 s after the end of stimulation, e: 15.0 s after the end of stimulation, f: 20.0 s the end

of after stimulation. The excitations of the RVLM, CVLM, RVMM and RP were well detected. RVLM, rostral
ventrolateral medulla; CVLM, caudal ventrolateral medulla; RP, raphe pallidus.

amplifier of stress-induced sympathetic excitation, and gives insight into the mechanisms underlying the per-
sistence of post-stress sympathoexcitation.

Among the medullary regions that are anatomically and functionally connected with the DMH, the RVMM
is also important in processing nociceptive information including both antinociception and pronociception®**.
Wagner et al. reported that the DMH mediates stress-induced hyperalgesia via the RVMM?¥. Stress-induced
DMH excitation may contribute to pain-induced blood pressure elevation via the activation of medullary regions
including the RVMM, and this issue must be further clarified.

There may be a criticism that the tetanic stimulation-induced depolarizing activity in the ventral medulla is
simply non-specific post-tetanic facilitation. However, in our number of preliminary trials of stimulating the
diencephalon at the DMH as well as at many other nearby sites other than the DMH, we did not obtain positive
responses to stimulation of sites other than the DMH. Thus, the tetanic stimulation-induced depolarizing activity
in the ventral medulla could not be non-specific post-tetanic facilitation.

The experimental method of the present study has some limitations. Voltage imaging in the isolated dien-
cephalon-lower brainstem-spinal cord preparation is performed in the condition devoid of blood circulation,
in which the tissue PO, and pH environment are maintained within the physiological range in the layer only up
to several hundred micrometers from the surface*’. However, the function of the sympathetic neural network of
the ventral medulla and spinal cord is reported intact in the preparation*!. Further, it has been confirmed that
the respiration-facilitating function of the diencephalon also remains intact in this preparation'**2. To further
improve hypothalamic tissue oxygenation, we removed the brain structures rostral to the point of stimulation
(Fig. 1). In this study, we performed electrical stimulation of the DMH in the neonatal rat preparation to mimic
psychological stress. It has been reported that functional connectivity from the ventral medullary cardiovascular
regions to the intermediate lateral cell column of the spinal cord is also intact in the neonatal rat brainstem-
spinal cord preparation*"**. Therefore, it is conceivable that the use of our in vitro preparation is suitable for the
evaluation of functional connectivity between the hypothalamic and ventral medullary cardiovascular regions.

Although we obtained interesting findings by recording depolarizing activities in the cardiovascular regions
in the ventral medulla, neither sympathetic nerve activity nor blood pressure was recorded in this reduced
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Figure 6. Comparison of post-stimulus 75% recovery time in single pulse stimulation and in tetanic
stimulation in (A) RVLM, (B) CVLM, (C) RVMM, and (D) RP. RVLM,; rostral ventrolateral medulla, CVLM,
caudal ventrolateral medulla; RVMM, rostral ventromedial medulla; RP, raphe pallidus. *p <0.05.

preparation, which is a major limitation when interpreting these results. The functional experimental findings
obtained in the present study should be confirmed in in vivo experiments by monitoring sympathetic nerve
output and blood pressure.

Delayed recovery of ventral medullary excitation after cessation of tetanic stimulation of the hypothalamus,
as observed in the present study, may have to do with the post-stress persistent sympathetic activation and the
development of hypertension. In the present study, we stimulated the hypothalamus only for 10 s. Chronic psy-
chological stress usually acts over a longer time scale of months or even years, resulting in hypertension. None-
theless, Hall** has indicated that stress affects blood pressure also in a matter of seconds and the accumulation
of short sympathetic responses underlies the development of hypertension. The mechanism of post-stimulus
sustained excitation in the ventral medulla should be investigated over different time scales to better understand
the pathophysiology of stress-induced hypertension.

Elucidation of the post-stress autonomic neural responses could provide a clue for the pathophysiologic
mechanism of stress-induced hypertension. In this study, we demonstrated that neurons in the DMH send
axonal projections to the ventral medullary cardiovascular regions. Besides, electrical stimulation of the DMH
induces neural excitation in the ventral medullary cardiovascular regions and recovery from the excitation is
delayed after tetanic stimulation is applied. We identified ventral medullary areas that are anatomically and
functionally connected with the DMH. Thus, the connectivity from the DMH to the medullary cardiovascular
networks serves as a chronological amplifier of stress-induced sympathetic excitation. To further understand
the hypothalamus-ventral medullary connectomics, cells and transmitters involved should be investigated, with
attention directed toward astrocytes and angiotensin II.

Data availability

The data that support the findings of this study are available from the corresponding author upon reasonable
request.

SCIENTIFIC REPORTS |

(2020) 10:13325 | https://doi.org/10.1038/s41598-020-70234-4



www.nature.com/scientificreports/

Code availability
The voltage imaging data analysis software, BV Analyzer, can be obtained from BrainVision (Tokyo, Japan).

Received: 26 April 2020; Accepted: 27 July 2020
Published online: 07 August 2020

References

1.
2.

3.

10.
11.
12.
13.
14.
15.
16.
17.

18.
. Aoyama, R. et al. Spatiotemporal and anatomical analyses of P2X receptor-mediated neuronal and glial processing of sensory

20.

21.

22.
23.
24.
25.
26.
27.

28.
. Dampney, R. A. et al. Role of angiotensin II receptors in the regulation of vasomotor neurons in the ventrolateral medulla. Clin.

30.
31.
32.

33.
34.

35.
36.

37.

Ginty, A. T., Kraynak, T. E., Fisher, J. P. & Gianaros, P. J. Cardiovascular and autonomic reactivity to psychological stress: neuro-
physiological substrates and links to cardiovascular disease. Auton. Neurosci. 207, 2-9 (2017).

Sah, P, Faber, E. S., Lopez de Armentia, M. & Power, J. The amygdaloid complex: anatomy and physiology. Physiol. Rev. 83, 803-834
(2003).

de Almeida, D. O., Ferreira, H. S., Pereira, L. B. & Fregoneze, ]. B. Hypertensive response to stress: the role of histaminergic H1
and H2 receptors in the medial amygdala. Physiol. Behav. 144, 95-102 (2015).

. Kataoka, N., Shima, Y., Nakajima, K. & Nakamura, K. A central master driver of psychosocial stress responses in the rat. Science

367, 1105-1112 (2020).

. DiMicco, J. A., Stotz-potter, E. H., Monroe, A. J. & Morin, S. M. Role of the dorsomedial hypothalamus in the cardiovascular

response to stress. Clin. Exp. Pharmacol. Physiol. 23, 171-176 (1996).

. Fontes, M. A., Tagawa, T., Polson, J. W., Cavanagh, S. J. & Dampney, R. A. Descending pathways mediating cardiovascular response

from dorsomedial hypothalamic nucleus. Am. J. Physiol. Heart Circ. Physiol. 280, H2891-H2901 (2001).

. Horiuchi, J. et al. Descending vasomotor pathways from the dorsomedial hypothalamic nucleus: role of medullary raphe and

RVLM. Am. ]. Physiol. Regul. Integr. Comp. Physiol. 287, R824-R832 (2004).

. Kumagai, H. et al. Importance of rostral ventrolateral medulla neurons in determining efferent sympathetic nerve activity and

blood pressure. Hypertens. Res. 35, 132-141 (2012).

. Sapolsky, R. M., Romero, L. M. & Munck, A. U. How do glucocorticoids influence stress responses? Integrating permissive, sup-

pressive, stimulatory, and preparative actions. Endocr. Rev. 21, 55-89 (2000).

Folkow, B. & Rubinstein, E. H. Cardiovascular effects of acute and chronic stimulations of the hypothalamic defence area in the
rat. Acta Physiol. Scand. 68, 48-57 (1966).

Koshiya, N. et al. Anatomical and functional pathways of rhythmogenic inspiratory premotor information flow originating in the
pre-Botzinger complex in the rat medulla. Neuroscience 268, 194-211 (2014).

Suzue, T. Respiratory rhythm generation in the in vitro brain stem-spinal cord preparation of the neonatal rat. J. Physiol. 354,
173-183 (1984).

Okada, Y., Kawai, A., Miickenhoff, K. & Scheid, P. Role of the pons in hypoxic respiratory depression in the neonatal rat. Respir.
Physiol. 111, 55-63 (1998).

Okada, Y., Masumiya, H., Tamura, Y. & Oku, Y. Respiratory and metabolic acidosis differentially affect the respiratory neuronal
network in the ventral medulla of neonatal rats. Eur. J. Neurosci. 26, 2834-2843 (2007).

Oku, Y., Masumiya, H. & Okada, Y. Postnatal developmental changes in activation profiles of the respiratory neuronal network in
the rat ventral medulla. J. Physiol. 585, 175-186 (2007).

Shinozaki, Y. et al. Structural and functional identification of two distinct inspiratory neuronal populations at the level of the
phrenic nucleus in the rat cervical spinal cord. Brain Struct. Funct. 224, 57-72 (2019).

Murakoshi, T., Suzue, T. & Tamai, S. A pharmacological study on respiratory rhythm in the isolated brainstem-spinal cord prepara-
tion of the newborn rat. Br. J. Pharmacol. 86, 95-104 (1985).

Paxinos, G., Tork, L., Tecott, L. H. & Valentino, K. L. Atlas of the Developing Rat Brain (Academic Press, San Diego, 1991).

signals in the rat dorsal horn. Pain 152, 2085-2097 (2011).

ter Horst, G. J. & Luiten, P. G. The projections of the dorsomedial hypothalamic nucleus in the rat. Brain Res. Bull. 16, 231-248
(1986).

Lindberg, D., Chen, P. & Li, C. Conditional viral tracing reveals that steroidogenic factor 1-positive neurons of the dorsomedial
subdivision of the ventromedial hypothalamus project to autonomic centers of the hypothalamus and hindbrain. J. Comp. Neurol.
521, 3167-3190 (2013).

Lisa, M., Marmo, E., Wible, J. H. & DiMicco, J. A. Injection of muscimol into posterior hypothalamus blocks stress-induced
tachycardia. Am. J. Physiol. 257, R246-R251 (1989).

Wible, J. H., Luft, E C. & DiMicco, J. A. Hypothalamic GABA suppresses sympathetic outflow to the cardiovascular system. Am.
J. Physiol. 254, R680-R687 (1988).

Samuels, B. C., Zaretsky, D. V. & DiMicco, J. A. Tachycardia evoked by disinhibition of the dorsomedial hypothalamus in rats is
mediated through medullary raphe. J. Physiol. 538, 941-946 (2002).

Schreihofer, A. M. & Guyenet, P. G. The baroreflex and beyond: control of sympathetic vasomotor tone by GABAergic neurons in
the ventrolateral medulla. Clin. Exp. Pharmacol. Physiol. 29, 514-521 (2002).

Horiuchi, J. & Dampney, R. A. Evidence for tonic disinhibition of RVLM sympathoexcitatory neurons from the caudal pressor
area. Auton. Neurosci. 99, 102-110 (2002).

Ghali, M. G. Z. The brainstem network controlling blood pressure: an important role for pressor sites in the caudal medulla and
cervical spinal cord. J. Hypertens. 35, 1938-1947 (2017).

Hirooka, Y. et al. Medullary neurons activated by angiotensin II in the conscious rabbit. Hypertension 27, 287-296 (1996).

Exp. Pharmacol. Physiol. 29, 467-472 (2002).

Glass, M. J. et al. NMDA receptor plasticity in the hypothalamic paraventricular nucleus contributes to the elevated blood pressure
produced by angiotensin II. J. Neurosci. 35, 9558-9567 (2015).

Henneberger, C., Papouin, T, Oliet, S. H. & Rusakov, D. A. Long-term potentiation depends on release of D-serine from astrocytes.
Nature 463, 232-236 (2010).

Pirttimaki, T. M. & Parri, H. R. Astrocyte plasticity: implications for synaptic and neuronal activity. Neuroscientist 19, 604-615
(2013).

Panatier, A. et al. Glia-derived D-serine controls NMDA receptor activity and synaptic memory. Cell 125, 775-784 (2006).
Kojima, S. et al. Optical detection of synaptically induced glutamate transport in hippocampal slices. J. Neurosci. 19, 2580-2588
(1999).

Daubert, D. L., Mccowan, M., Erdos, B. & Scheuer, D. A. Nucleus of the solitary tract catecholaminergic neurons modulate the
cardiovascular response to psychological stress in rats. J. Physiol. 590, 4881-4895 (2012).

Steptoe, A. & Marmot, M. Impaired cardiovascular recovery following stress predicts 3-year increases in blood pressure. J. Hyper-
tens. 23, 529-536 (2005).

Chida, Y. & Steptoe, A. Greater cardiovascular responses to laboratory mental stress are associated with poor subsequent cardio-
vascular risk status: a meta-analysis of prospective evidence. Hypertension 55, 1026-1032 (2010).

SCIENTIFIC REPORTS |

(2020) 10:13325 | https://doi.org/10.1038/s41598-020-70234-4



www.nature.com/scientificreports/

38. Harris, J. A. Descending antinociceptive mechanisms in the brainstem: their role in the animal’s defensive system. J. Physiol. Paris
90, 15-25 (1996).

39. Wagner, K. M. et al. The dorsomedial hypothalamus mediates stress-induced hyperalgesia and is the source of the pronociceptive
peptide cholecystokinin in the rostral ventromedial medulla. Neuroscience 238, 29-38 (2013).

40. Okada, Y., Miickenhoff, K., Holtermann, G., Acker, H. & Scheid, P. Depth profiles of pH and PO, in the isolated brain stem-spinal
cord of the neonatal rat. Respir. Physiol. 93, 315-326 (1993).

41. ligaya, K. et al. Novel axonal projection from the caudal end of the ventrolateral medulla to the intermediolateral cell column. Am.
J. Physiol. Regul. Integr. Comp. Physiol. 292, R927-R936 (2007).

42. Fukushi, I, Yokota, S. & Okada, Y. The role of the hypothalamus in modulation of respiration. Respir. Physiol. Neurobiol. 265,
172-179 (2019).

43. Oyama, Y. et al. An in vitro experimental model for analysis of central control of sympathetic nerve activity. J. Physiol. Sci. 67,
629-635 (2017).

44. Hall, J. E. Guyton and Hall Textbook of Medical Physiology 13th edn. (Saunders, Philadelphia, 2015).

Acknowledgements
This work was supported by JSPS KAKENHI Grant Nos. 17K08559, 17H05540, 18K17783, 19K17386, 19K17620,
20K19368 and 20K19474, and a Grant-in-aid of the Cardiovascular Research Fund, Tokyo, Japan.

Author contributions

Y.K., Data curation, funding acquisition, formal analysis, validation, investigation, visualization, methodology,
writing-original draft; S.Y., Data curation, formal analysis, validation, investigation, visualization, methodology,
writing-original draft; I.F, Data curation, formal analysis, validation, investigation, visualization; Y.A., Data
curation, formal analysis, validation, investigation, visualization; H.O., Methodology; S.O., Formal analysis,
validation, investigation; K.T., Formal analysis, validation, investigation, visualization; I.Y., Data curation, formal
analysis, validation; M.Y., Data curation, formal analysis, validation; Y.H., Data curation, formal analysis, valida-
tion; K.K., Supervision, formal analysis, validation, writing-review and editing; M.P., Writing-review and editing;
T.T., Supervision, writing-review and editing; K.S., Supervision, writing-review and editing; Y.O., Supervision,
funding acquisition, formal analysis, validation, investigation, visualization, methodology, writing-original draft,
writing-review and editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-70234-4.

Correspondence and requests for materials should be addressed to Y.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:13325 | https://doi.org/10.1038/s41598-020-70234-4


https://doi.org/10.1038/s41598-020-70234-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Structural and functional connectivity from the dorsomedial hypothalamus to the ventral medulla as a chronological amplifier of sympathetic outflow
	Anchor 2
	Anchor 3
	Materials and methods
	Retrograde tract-tracing. 
	Anterograde tract-tracing. 
	Combination of anterograde tracing with immunohistochemistry for tyrosine hydroxylase. 
	In vitro preparation for voltage imaging. 
	Electrical stimulation and optical recording. 
	Statistical analysis. 
	Ethics approval. 

	Results
	Histology. 
	Voltage imaging. 

	Discussion
	References
	Acknowledgements


