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Top-down brain circuits for operant bradycardia

Airi Yoshimoto®, Shota Morikawa?, Eriko Kato®, Haruki Takeuchi?, Yuji Ikegaya
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Heart rate (HR) can be voluntarily regulated when individuals receive real-time feedback. In a rat
model of HR biofeedback, the neocortex and medial forebrain bundle were stimulated as feedback

and reward, respectively. The rats reduced their HR within 30 minutes, achieving a reduction of
approximately 50% after 5 days of 3-hour feedback. The reduced HR persisted for at least 10 days after
training while the rats exhibited anxiolytic behavior and an elevation in blood erythrocyte count. This
bradycardia was prevented by inactivating anterior cingulate cortical (ACC) neurons projecting to the
ventromedial thalamic nucleus (VMT). Theta-rhythm stimulation of the ACC-to-VMT pathway replicated
the bradycardia. VMT neurons projected to the dorsomedial hypothalamus (DMH) and DMH neurons
projected to the nucleus ambiguus, which innervates parasympathetic neurons in the heart.

hysiological parameters such as heart
rate (HR), blood pressure, and body
temperature, which are predominantly
controlled by the autonomic nervous
system, can be intentionally modulated
through specialized training that provides real-
time feedback to the individual (7). Despite its
potential for a wide range of clinical applica-
tions, the neural basis underlying brain-to-
organ control during biofeedback remains
poorly understood. Inspired by a previous in-
vestigation (2), we developed an experimental
model of HR feedback using freely behaving
rats to elucidate the neural mechanisms that
govern HR feedback training and investigated
the underlying neurophysiological activity.

Operant HR control through HR feedback to
the rat brain

Our biofeedback training paradigm was de-
signed to reduce HR in rats (Fig. 1A and
movie S1). Electrocardiograms (ECGs) were
monitored from the pectoralis major muscle
(8) and the mean HR during a 1-s window was
calculated every 100 ms from the RR intervals
(the time between two consecutive R waves).
The target HR to be achieved by the rats was
set to be 15% lower than the mean baseline HR
for 1 min before HR feedback training. Rats
were informed every 2 s of the difference be-
tween the current HR and the target HR by
the number of stimulation pulses delivered to
the primary somatosensory (S1) cortex in the
right or left hemisphere. Specifically, the higher
the current HR was above the baseline HR, the
more pulses were delivered to the right barrel
cortex, whereas the lower the HR was below
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the baseline, the more pulses were delivered
to the left barrel cortex (up to five pulses per
stimulation). If rats reduced their HR below
the target HR, the medial forebrain bundle
(MFB) was stimulated as a neural reward (4).
When rats received a total of 10 rewards, tar-
get HRs were updated to be 15% lower than
the mean HR for the preceding 1 min so that
rats continuously needed to reduce HR. This
training was performed for 3 hours each day
and was repeated for 5 consecutive days (Fig.
1B). The baseline HR before training on day 1
was 428 + 21 beats per minute (bpm) (mean +
SD of 17 rats) and all rats tested were able
to start lowering their HR within the first
30 min of training on day 1 (Fig. 1C). The HR
dropped to 231 + 14 bpm at the end of training
on day 5, representing a 46.0 + 4.8% decrease
from the initial baseline on day 1 (Fig. 1D; note
that detailed statistics are summarized in
table S1). The MFB stimulation alone induced
no apparent change in HR (fig. S1, A and B),
and the barrel cortex stimulation did not alter
whisker movement (fig. S1, C and D).

HR feedback to the primary visual cortex
also induced a reduction in HR (fig. S2, A and
D; n = 6 rats). However, rats were less efficient
at reducing their HR when they received only
the reward of MFB stimulation without HR
feedback to the brain (fig. S2, Band D; n = 6
rats). In addition, rats were unable to lower
their HR when the barrel cortex and MFB were
stimulated at randomized times, even when
the total numbers of stimuli matched those
in HR feedback experiments (here referred to
as the random S1/MFB group; fig. S2, C and D;
n = 5 rats). Thus, appropriate HR feedback
stimulation to the brain was required for top-
down control of bradycardia. Rats were treated
subcutaneously with saline or a cocktail of
dopamine receptor antagonists (SCH-23390
and eticlopride) in a randomized order on either
day 5 or 6 of training. The treatment attenuated
the effect of training (Fig. 1E, n = 6 rats).
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(fig. S3A, n = 8 rats). Rats very occasionally
fell asleep during training, after which the re-
duced HR reverted toward baseline levels (fig.
S3B, n = 4 rats). The effect of sleep was not
quantified due to the inability to experimen-
tally regulate the timing, duration, and depth
of spontaneous sleep events. However, the ob-
servation suggests that HR feedback training
induced more pronounced bradycardia than
that which naturally occurs during sleep.
Biofeedback-induced bradycardia did not co-
incide with a significant decrease in respiratory
rate (fig. S4).

Long-lasting systemic effects of
operant bradycardia

The baseline HR before each day of training
gradually decreased over the 5-day training
period (Fig. 1D black box plots, n = 17 rats),
indicating that bradycardia occurs chronically
as well as acutely. The gradual increase in HR
variability over 5 days of training also suggests
chronic parasympathetic dominance (fig. S2E).
‘We monitored the HR of rats in their home
cages for 24 hours after training on day 5,
during which the HR remained lower than the
initial baseline HR before training on day 1,
even in the absence of MFB stimuli (fig. S5, A
and B, n = 6 rats). The prolonged bradycardia
was still observed on days 10 and 15 (Fig. 1F,
n = 9 rats) and was accompanied by a pro-
longed decrease in blood pressure (fig. S5C).
The power ratio of the low-frequency (LF)
(0.2 to 0.8 Hz) to high-frequency (HF) (0.8 to
3.5 Hz) band in the HR variability spectrogram
(LF/HF), an index of autonomic activity (5), was
significantly lower than the pretraining level
on day 1 until day 10 (Fig. 1G). Chronic brady-
cardia cannot be explained by cardiac dysfunc-
tion as echocardiographic and histopathologic
inspections revealed no apparent abnormalities
in cardiac motion or myocardial cells (fig. S5,
D and E).

Using infrared thermography to monitor
changes in body temperature we observed a
decrease in body temperature during the later
phase of HR feedback training, and the mini-
mum body temperature reached a mean of
29.7+1.8°Con day 5 (Fig. 1, Hand I, n = 7 rats).
Moreover, blood oxygen saturation measure-
ments showed that training on day 1 signifi-
cantly decreased SpO, (fig. S5, Fand G, n = 8
rats). However, training on day 4, despite even
lower HR, did not reduce SpO,, suggesting
that prolonged bradycardia induced some
compensatory improvement in cardiovascular
function. As one compensatory mechanism, we
observed an increase in the red blood cell count
(fig. S5H, n = 8 rats). Video observation in
the open field revealed that despite chronic
bradycardia and hypothermia rats did not
reduce their locomotor activity (fig. S6, A to C).
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Fig. 1. Closed-loop HR feedback to the rat brain enables operant HR
control. (A and B) Experimental design (A) and schedule (B) for HR feedback
training and behavioral tasks. HR feedback training was conducted for 5 days
while the elevated plus maze (EPM), open field (OF), and light-dark box (LD)
tests were performed before training on day 1, after training on day 5, and on
days 10 and 15. (C) Time course of the HR during feedback training in a rat
on day 1. (D) Time course of the HR during feedback training for 5 days collected
from 17 rats. Each dot indicates data from a single rat. Baseline HR before the
start of training on each day is plotted in black and HR during training is plotted
in blue. ***P < 0.0001, Jonckheere-Terpstra test for each day. Detailed statistics
are summarized in table S1. (E) HR of rats during training with subcutaneous
administration of saline or dopamine receptor antagonists (0.03 mg/kg SCH-
23390 and 0.03 mg/kg eticlopride, 1 mi/kg, s.c.). F170 = 24.01, ¥**P = 597 x 1075,
n = 6 rats, one-way analysis of variance (ANOVA) with Bonferroni correction.
(F) The pretraining baseline HR decreased gradually during the training period of

days 1 to 5 and bradycardia persisted in home cages for at least 10 days

after the training period (days 5 to 15). Each dot indicates a single rat. *P < 0.05,
**P < 0.001 versus day 1, n = 9 rats, multiple correspondence bootstrap test
with Bonferroni correction. (G) Same as (F) but for LF/HF. *P < 0.05,

***p < (0.0001 versus day 1. (H) Infrared thermal images of body surface
temperature at the beginning of training on day 1 and at the end of training on
day 5. (I) Positive correlation between HR and body temperature during HR
feedback training. The black line represents the regression line with least
squares regression for 7 rats. F1 5403 = 71.85, r = 0.70, P < 1 x 10732, t test of the
correlation coefficient. (J) Trajectories of a representative rat exploring in an
elevated plus maze on days 1 and 5. (K) Total time spent in the open arms.
***P < 0.0001 versus day 1, n = 9 rats, multiple correspondence bootstrap test
with Bonferroni correction. (L and M) Same as (K) but for the changes in HR
(L) and HR variability (M) in the open arms. ***P < 0.0001 versus 0, n = 8 rats,
bootstrap test.

HR variability has been associated with anx-
iety (6, 7). Rats underwent the elevated plus
maze test before and after 5 days of feedback
training to examine whether prolonged brady-
cardia affects anxiety-related behavior (Fig. 1B).
Rats spent more time in the open arms, which

Yoshimoto et al., Science 384, 1361-1367 (2024)

are thought to trigger anxiety, on days 5 and 10
(but not day 15) compared with the pretrain-
ing levels on day 1 (Fig. 1, J and K, n = 9 rats).
Prior to training on day 1, rats exhibited an
increase in HR and a decrease in HR varia-
bility upon entering the open arms, indicative

21 June 2024

of increased stress (8), which were not observed
after 5 days of training (Fig. 1, L and M). The
increase in time spent in the open arms was not
observed in the random S1/MFB group (fig. S6,
F to H). In the open field test, rats spent more
time in the central area away from the walls on
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Fig. 2. HR feedback-induced bradycardia requires ACC neuronal activity.
(A) Regions in which data are plotted in (C) are indicated in the schematic
coronal sections. See table S2 for abbreviations. (B) Confocal images of c-Fos
immunostaining in the ACC and the AIC after HR feedback training on day 5.
In the control random S1/MFB group, the same numbers of stimuli were
randomly applied to the barrel cortex and MFB, independent of HR. (C) The
densities of c-Fos-positive cells in the HR feedback and random S1/MFB
stimulation (top) and their ratio (bottom) are plotted for each brain region.

*P < 0.05, multiple correspondence bootstrap test; ***P < 0.0001, bootstrap
test with Bonferroni correction, n = 6 (random S1/MFB) and 8 (HR feedback)
regions of interest. (D) Experimental schedule for neuronal inactivation. Each rat
serially received 0.05 ug muscimol or saline in a random order on either

day 5 or 6. (E) (Left) Brain map and photograph of the identified locations of the
cannula tips in the ACC. SR-101 was coinjected with drugs and its fluorescence was
confirmed post hoc. (Right) HR of rats during training that were treated with muscimol

(green) or saline (black) in the ACC. Fy154 = 62,92, ***P = 410 x 1078, n =13 rats,
one-way ANOVA with Bonferroni correction. (F) Same as (E) but for the AIC.

Fing = 9.95, *P = 249 x 103 n =10 rats. (G) Schematic diagram for LFP recordings
from the ACC, ML, and olfactory bulb (OB), together with ECG and electromyogram
(EMG) data. Nissl-stained section images on the right and the corresponding brain maps
represent post hoc confirmation of the locations of the electrode tracks in

the ACC, S, and MFB. (H) Traces of ECG, LFP, and EMG data. (I) Fourier power
spectrum of ACC LFP during operant training. The data are the mean (line) + standard
deviation (SD) (gray area) of 5 days in 8 rats and exhibited the largest peak at 7.1 Hz.
The mean theta (7 to 8 Hz) power increased during training. *P = 2.14 x 10,

JT =286, n = 8 rats, Jonckheere-Terpstra test. (J) Polar histogram of spikes from
putative excitatory ACC neurons along the phases of the LFP theta cycle (7 to 8 Hz)
during training. The spike distribution was skewed toward the mean of 176° (arrowhead).
(Top) spike times along theta cycles. P = 0.038, Z = 3.27, n = 17 cells from 9 rats,
Rayleigh test for uniformity.

day 5 (fig. S6D), and the increased HR in the
central area were not observed after 5 days of
training (fig. S6E). In the light-dark box test,
where time spent in the light chamber is an
indicator of low-stress states, rats spent more time
in the light chamber after 5 days of feedback
training (fig. S61, n = 6 rats).

ACC activation during operant bradycardia

To identify brain regions involved in operant
bradycardia, we searched for cells activated

Yoshimoto et al., Science 384, 1361-1367 (2024)

during HR feedback in whole-brain sections
that were immunohistochemically labeled for
the immediate-early gene c-Fos (Fig. 2, A and
B, and fig. S7). Data from the HR feedback
group were compared to those from the ran-
dom S1/MFB group. In the neocortex of rats
with HR feedback, two regions, namely, the
ACC and the anterior insular cortex (AIC),
exhibited a significant increase in the num-
ber of c-Fos-positive cells (Fig. 2C, n = 6 and
8 regions of interest for each brain area in

21 June 2024

random S1/MFB and HR feedback groups,
respectively). To investigate whether these
regions are involved in operant bradycardia,
we suppressed their neuronal activity by local
injection of muscimol into the bilateral ACC or
AIC. We treated each rat with muscimol or
saline on either day 5 or 6 of training in a
randomized order (Fig. 2D). Feedback-induced
bradycardia was impaired by muscimol injection
into the ACC (Fig. 2E, n = 13 rats) but not by
injection into the AIC (Fig. 2F, n = 10 rats).
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Because water immersion-induced bradycar-
dia was not inhibited by injection of muscimol
into the ACC (fig. S8, A to C), the ACC plays a
role in operant bradycardia but not in physio-
logical reflex bradycardia.

Local field potentials (LFPs) were recorded
from the ACC (Fig. 2, G and H). The power
spectrum exhibited theta-band oscillations,
peaking at 7.1 Hz, during biofeedback training
(Fig. 2I, n = 8 rats). The power of theta oscil-
lations (7 to 8 Hz) increased with training time
(Fig. 2I inset). Spikes emitted by ACC neurons
were significantly phase-locked to ACC theta
oscillations, with a mean phase of 178° (Fig. 2J).
Theta oscillations were not evident in LFPs of
the primary motor cortex or olfactory bulb
recorded simultaneously with the ACC (fig. S9,
A and B).

Anterograde tracing by injection of AAVdj-
hSyn-GFP into the ACC revealed that GFP-
positive axon fibers were abundant in the
ventromedial thalamic nucleus (VMT) and
mediodorsal thalamic nucleus (MDT) (fig. S10).

Retrograde tracing from the VMT or MDT to
the ACC using red RetroBeads revealed that
RetroBeads signal and c-Fos immunoreactivity
coexisted in ACC neurons in rats after 3 hours
of HR feedback training (fig. S11A). Labeling
VMT-projecting ACC neurons by dual infec-
tion of AAVdj-EFla-Flex-Synaptophysin-mCherry
into the ACC and retroAAV2-pmSyn1-EBFP-Cre
into the VMT revealed that mCherry-positive
neurons existed in layers 5 and 6 in the ACC
and that mCherry-positive neurites reached
the MDT, indicating that VMT-projecting
layer 5/6 ACC neurons also send their axon
collaterals to the MDT (fig. S11B) (9).

Theta oscillations of ACC-VMT
glutamatergic transmission

We prevented neuronal transmission from the
ACC to the VMT or the MDT using tetanus
toxin light chain (TetToxLc) by bilateral in-
jection of AAVdj-CAG-FLEX-GFP-2A-TetToxLc
or AAVdj-CAG-FLEX-GFP (control) into the
ACC and retroAAV2-pmSyn1-EBFP-Cre injec-

tion into the VMT or the MDT (Fig. 3A and
fig. S11C). Expression of TetToxLc in VMT-
projecting or MDT-projecting ACC neurons
attenuated the effects of HR feedback training,
especially on days 4 and 5 (VMT: Fig. 3B, n =
7 and 8 rats for TetToxLc and GFP, respectively,
MDT: fig. S11C, n = 7 and 6 rats).

We examined the gene expression patterns
of VMT-projecting ACC neurons using RNA
sequencing with the translating ribosome
affinity purification method (fig. S12A) (10).
Several genes were enriched in the immu-
noprecipitated RNA in VMT-projecting ACC
neurons compared to total lysates (control)
(fig. S12B). Clustering analyses based on gene
ontology terms (fig. S12C) and individual genes
(fig. S12D) revealed that VMT-projecting ACC
neurons represent a distinct class in ACC cells.

We expressed the genetically encoded cal-
cium indicator GCaMP7f in VMT-projecting
ACC neurons by injecting AAVdj-hSyn-FLEX-
jGCaMP7f into the ACC and retroAAV2-
pmSyn1-EBFP-Cre into the VMT and performed

TetToxLc
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Fig. 3. HR feedback-induced bradycardia requires neurotransmission from
the ACC to the VMT. (A) Left diagram shows viral injection of AAVdj-CAG-
FLEX-GFP-2A-TetToxLc or AAVdj-CAG-FLEX-GFP into the ACC and retroAAV2-
pmSynl-EBFP-Cre into the VMT. The confocal images on the right show the
injection sites in the ACC and the VMT in a rat. (B) Expression of TetToxLc in
ACC neurons projecting to the VMT reduced the effect of HR feedback training.
**P < 0.001, ***P < 0.0001, n =7 and 8 rats for TetToxLc and GFP, respectively,
one-way ANOVA with Bonferroni correction. (C) The left schematic shows

viral expression of ChR2 in the ACC. Right confocal images show the injection
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sites in the ACC and a patch-clamped VMT neuron. (D) Responses of a VMT
neuron to blue light illumination to the VMT in a thalamocortical slice in the
presence and absence of 10 uM DNQX and 20 uM AP5. (E) EPSC amplitudes are
pooled from 10 neurons from 3 rats. ***P < 0.0001, paired bootstrap test.

(F) (Left) EPSCs recorded in response to five blue light pulses applied at 7 Hz to
the VMT. Right plots indicate the relative changes in EPSC amplitudes to five
pulse stimulation at different frequencies. n = 10 neurons in 3 rats for 2 Hz and
7 Hz stimulation, n = 9 neurons from 3 rats for 20 Hz stimulation,
Jonckheere-Terpstra test.
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fiber photometry recordings from ACC layer
5 (fig. S13A). As in LFPs, theta oscillations
occurred in calcium activity during HR feedback
training, and their intensity increased as train-
ing progressed (fig. S13, B and C). However,
theta oscillations were only weakly observed
when GCaMP7f was nonspecifically expressed
in ACC neurons (fig. S13, D to G).

To electrophysiologically confirm the mono-
synaptic projection from the ACC to the VMT,
we expressed channelrhodopsin 2 (ChR2) in
ACC neurons by injecting AAVdj-CaMKIIa-
hChR2(H134R)-EYFP into the ACC (Fig. 3C)
and patch-clamped VMT neurons under voltage-
clamp configuration in acute thalamocortical
slices (Fig. 3D). Upon blue light illumination
of ACC axon terminals, VMT neurons exhib-
ited excitatory postsynaptic currents (EPSCs)
that were blocked by a cocktail of 10 uM DNQX
and 20 uM AP5 (Fig. 3E, n = 10 neurons from
3 rats). This glutamatergic transmission exhib-
ited short-term synaptic facilitation for repeti-

A

AAVdj-CaMKlla-hChR2(H134R)-EYFP

tive activation, that is, the amplitudes of EPSCs
gradually increased when blue light pulses were
repeatedly applied at short intervals. The facili-
tation was greatest when the frequency of
repetitive stimulation was set to a theta rhythm
of 7 Hz (Fig. 3F, n = 9 to 10 neurons from 3 rats).

When VMT-projecting ACC neurons were
photostimulated in vivo at 7 Hz, rats exhibited
a decrease in HR (Fig. 4A, n = 6 rats). Unlike
biofeedback-induced bradycardia, optogeneti-
cally induced bradycardia was not impaired by
the administration of dopamine receptor antag-
onists (fig. S14:A, n = 6 rats). We also applied blue
light stimulation at other frequencies, 0.5, 2, and
20 Hz (fig. S14, B to D, n = 6 rats). All stimulus
frequencies reduced HR but the 7-Hz stimulus
had the greatest bradycardic effect (Fig. 4B). The
bradycardic effect was not observed in YFP-
expressing control rats (Fig. 4C, n = 6 rats).
Bradycardia was also induced by 7-Hz stimu-
lation of MDT-projecting ACC neurons (Fig.
4D, n = 8 experiments from 5 rats) but not by
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stimulation of AIC-projecting ACC neurons
(Fig. 4E, n = 8 experiments from 5 rats) or to
the secondary motor cortex (Fig. 4F, n = 8 ex-
periments from 4 rats).

Multisynaptic pathway from neocortex
to heart

Previous anatomical studies have demonstrated
that the VMT is synaptically connected to the
dorsomedial hypothalamus (DMH) (1), which
is involved in HR regulation (12, 13). We con-
firmed this synaptic connection by observing
glutamatergic EPSCs evoked in DMH neurons
by optogenetic activation of ChR2-expressing
VMT axon terminals in acute brain slices (Fig.
5, A to C, n = 4 neurons). VMT-DMH trans-
mission showed a short-lasting depression at
7 Hz repetitive stimulation (Fig. 5D). To search
for upstream neurons that project to DMH-
projecting VMT neurons, we used a transsynap-
tic tracing method to monosynaptically label
inputs to a specific population of projection

B -
0 <
£ b '
Q.
£ wfE ]
4 0 i
5 ! %] o
-100 o oo s
wor O
0.5 2 7 20

Blue light stim (Hz)

2 4007, 3 . ¢
O T D
ol Ghabetlt
-20 l 0 20 4lO
Time (min)
§4OO-QQQQEQ Htg E
DI: 300 ’
-20 I 0 20 I 4IO
Time (min)

Fig. 4. ACC-VMT neural pathway mediates operant bradycardia. (A) Left
schematic shows the injection of AAV-CaMKlla-ChR2-EYFP or AAV-CaMKlla-EYFP
into the ACC. Confocal images show the injection sites in the ACC and optical
fiber track in the VMT. The right plot indicates HR in response to blue-light
stimulation at 7 Hz. Fy46 = 323.01, ***P = 1.98 x 107, n = 6 rats, one-way
ANOVA versus the -20-to-0O min baseline. (B) Effects of various frequencies of
blue-light stimulation to the VMT on the mean HR during the period from O to
20 min. ***P < 0.0001 versus 0, n = 6 rats, bootstrap test. ***P < 0.0001
versus 7 Hz, n = 6 rats, multiple correspondence bootstrap test with
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Bonferroni correction. (C) Injection of AAV-CaMKlla-YFP into the ACC and
optical fiber implantation in the VMT. HR did not change with 7-Hz blue-light
stimulation of the ACC-VMT pathway that did not express ChR2. f14¢ = 3.42,
"P =0.071, n = 6 rats, one-way ANOVA. (D to F) Injection of AAV-CaMKlla-
ChR2-EYFP into the ACC and optical fiber implantation into the (D) MDT,
(E) AIC, or (F) M2. HR decreased with 7-Hz blue-light stimulation of the
ACC-to-MDT pathway but not the ACC-to-AIC or ACC-to-secondary motor
cortex (M2) pathway. n = 8 experiments of 5 rats each. ***P < 0.0001,
one-way ANOVA.
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neurons (74). Specifically, 3 weeks after injec-
tion of AAVdj-CMV-FLEX-TVA-mCherry-2A-
oG into the VMT and retroAAV2-pmSyn1-EBFP-
Cre into the DMH, we injected EnvA-RVAG-GFP
into the VMT (Fig. 5E). GFP-labeled presynaptic
neurons were distributed in multiple brain

regions, with the highest abundance observed
in the ACC (Fig. 5F, n = 5 rats). No significant
presynaptic neurons were detected in the MDT,
indicating that the ACC, but not the MDT,
innervates DMH-projecting VMT neurons. Using
the same tracing method, we searched for pre-

synaptic neurons that project to VMT-projecting
ACC neurons (Fig. 5G) and found that the
MDT and AIC contained a significant number
of GFP-positive neurons (Fig. 5H, n = 6 rats).
DMH neurons are reported to project to the
nucleau ambiguus (Amb) (15), a brainstem
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Fig. 5. ACC—VMT—DMH—Amb pathway constitutes a top-down route
underlying operant bradycardia. (A) The left schematic shows viral expression
of ChR2 in the VMT. The right confocal images show the injection sites in the
VMT and a patch-clamped DMH neuron. (B) Responses of a DMH neuron to blue
light illumination to the DMH in a thalamocortical slice in the presence and
absence of 10 uM DNQX and 20 uM AP5. (C) EPSC amplitudes are pooled from
6 neurons from 3 rats. ***P < 0.0001, paired bootstrap test. (D) Same as Fig. 3F
but for light stimulation of VMT-DMH fibers. n = 4 neurons from 2 rats,
Jonckheere-Terpstra test. (E) The top left schematic shows the injection sites for
projection-specific monosynaptic rabies virus. Confocal images show the
injection sites in the VMT (top right: wide-field image; left bottom: high-magnification
image) and input neurons (bottom right, green) in the ACC. (F) Ratios of input
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cells to DMH-projecting VMT neurons. ***P < 0.0001, n = 5 rats, one-way ANOVA.
See table S2 for abbreviations. (G) Same as (E) but for input neurons projecting to
ACC neurons that project to the VMT. Confocal images show the injection sites

in the ACC and input neurons in the MDT and the AIC. (H) Proportions of input cells
to VMT-projecting ACC neurons. **P < 0.001, ***P < 0.0001, n = 6 rats, one-way
ANOVA. (I) The left top illustration depicts the injection of AAVdj-hSyn-GFP into
the DMH to detect axons of DMH neurons to the Amb. The right top confocal images
show the injection site in the DMH and axons of DMH neurons in the Amb. Sections
were immunostained with anti-calbindin and anti-VGIUT2 and counterstained with
fluorescent Nissl. (J) The left illustration depicts the injection of red RetroBeads into
the Amb. Confocal images on the right show the injection site in the Amb and DMH
neurons projecting to the Amb. (K) Putative neural pathway of top-down HR control.
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structure that sends long projections to the
heart through the vagus nerve (16, 17). We
also confirmed that the DMH had axonal inner-
vation to the Amb by anterograde labeling from
DMH neurons (Fig. 5I) and by retrograde
labeling from the Amb (Fig. 5J). DMH axons
traveled near calbindin-positive Amb neurons
(Fig. 51), which are known to regulate cardiac
function (16).

Discussion

In the present study we established a rodent
HR feedback system and demonstrated that rats
can regulate their HR through biofeedback-
based reinforcement learning. The reduction
in HR was mediated by central dopamine sig-
naling but was not primarily driven by res-
piratory modulation or did not occur under
anesthesia. Therefore, the operant bradycardia
was likely produced by a volitional, top-down
mechanism.

We detected ACC theta-rhythm activity in
biofeedback-induced bradycardia. Because the
bradycardic reflex induced by physical stimuli,
such as water immersion, hypoxia, and ultra-
sound, occurs even in anesthetized or decere-
brated animals (7I8) and does not require the
ACC, the ACC may serve as a top-down center
for HR regulation. This idea may be relevant to
the increase in ACC theta oscillations during
human meditation (79). Fiber photometric
recordings from the ACC showed that theta
oscillations were not absent during training
but were very weak, whereas VMT-projecting
ACC neurons exhibited strong theta oscilla-
tions. This observation suggests that a subset
of ACC cells (i.e., VMT-projecting ACC neurons)
are recruited for theta oscillations. The ACC
may consist of multiple parallel circuits that
can simultaneously process different levels
of information, consistent with the fact that the
ACC is involved in diverse functions, including
pain, cognition, attention, and emotion.

Yoshimoto et al., Science 384, 1361-1367 (2024)

The ACC has been implicated in the regu-
lation of the autonomic nervous system (20),
and electrical stimulation of the ACC induces
autonomic responses (21). Indeed, ACC neurons
project to primary autonomic structures such
as the hypothalamus and brainstem (22, 23).
However, the detailed neural pathway from
the ACC to the heart remains to be elucidated.
We employed a combination of monosynaptic
and disynaptic tracing techniques and revealed
the entire neural route from the ACC to the
heart. We also found that both VMT-projecting
and MDT-projecting ACC neurons were acti-
vated during training. We speculate that the
ACC and MDT form a reciprocal circuit that
functions as a generator of theta oscillations
(24). Then, the activity of this circuit is trans-
mitted from the ACC to the VMT and sub-
sequently relayed to the DMH, the Amb, and
the heart (Fig. 5K). Although we do not exclude
other possible cardiac control pathways, this
study opens new avenues for research on the
cardio-cerebral interplay.
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