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SUMMARY

Breathing is an automatic and rhythmic act primarily controlled by hindbrain neural circuits, including the pre- 

Bötzinger complex. While the basal ganglia are known to regulate a wide range of behaviors through down

stream projections, their role in breathing control remains unclear. In this study, we demonstrate that outputs 

from the substantia nigra (SN) can modulate breathing rate in a cell-type specific manner. Specifically, opto

genetic activation of glutamic acid decarboxylase 2 (Gad2)-expressing neurons in the SN, but not parvalbu

min (Pvalb)-expressing neurons, decreased breathing rate in lightly anesthetized mice. Importantly, this 

effect was mediated through the inhibition of neural activity in the locus coeruleus (LC), suggesting a relation

ship between the decrease in breathing rate and the baseline firing rate of LC neurons. These findings provide 

evidence that the basal ganglia play an important role in the control of breathing rate through modulation of 

LC neural activity.

INTRODUCTION

The basal ganglia exerts control over many aspects of behavior, 

including decision-making, reward processing, behavioral inhi

bition, and movement.1–7 The output nucleus of the basal 

ganglia, the substantia nigra pars reticulata (SNr), sends diverse 

projections to areas known for movement control such as the 

thalamus and superior colliculus.8–10 The SNr also sends multi

ple outputs to various midbrain and brainstem targets,11,12 but 

the role of these circuits remains unclear.

A few studies have hinted at a relationship between basal 

ganglia and respiration. Patients with Parkinson’s disease, a 

basal ganglia disorder,13 often have respiratory problems 

including sleep apnea.14–16 Altered respiratory patterns in a 

6-hydroxydopamine (6-OHDA) rodent model of Parkinson’s dis

ease were observed at rest and under hypercapnia condi

tions.17,18 However, it is not clear if respiratory problems associ

ated with Parkinson’s stem from a centralized abnormality or 

peripheral dysfunction.14 There are only limited reports on the 

direct relationship between basal ganglia and respiration 

controls.19

Breathing is primarily controlled by the respiratory neural 

network, including the pontine respiratory group and ventral res

piratory column in the brain stem.20 However, arousal, negative 

emotion, physical exercise, and chemical response can also 

modulate breathing.21–23 Multiple upstream targets (e.g., amyg

dala) and neurotransmitters (serotonin, norepinephrine, etc.) are 

known to affect respiration.22,24–27 In particular, the locus coeru

leus (LC), which releases norepinephrine, plays a critical role in 

control of arousal levels28,29 and respiratory changes.27 It has 

been suggested that the LC acts as a chemosensitive vigilance 

center, detecting CO2 or pH levels and triggering reflexive 

changes in breathing.25,30,31

In this study, we examined the influence of the substantia nigra 

(SN) on breathing rate and on LC cell activities. We specifically 

targeted glutamic acid decarboxylase 2 (Gad2)-and parvalbumin 

(Pvalb)-expressing GABAergic cells in the SN, including both the 

SNr and the adjacent substantia nigra pars compacta (SNc). 

Functional dissociations between Gad2-and Pvalb-expressing 

SN cells have been reported in sleep-wake states.12 Optogeneti

cally stimulated Gad2-expressing SN cells have been shown to 

induce sleep and decrease movement initiation, while Pvalb-ex

pressing SN cells do not. Here, we hypothesized that specific SN 

cell types control breathing rate through the engagement of LC. 

Our goal was to investigate the potential role of basal ganglia in 

breathing rate control.

RESULTS

Optogenetic stimulation of Gad2-expressing SN cells 

reduces breathing rate

To investigate whether the SN modulates breathing rate and/or 

heart rate, we stimulated specific SN cell types in anesthetized 

Gad2-Cre or Pvalb-Cre mice (schematic in Figure 1A). Virus 
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Figure 1. Stimulation of glutamic acid decarboxylase 2 (Gad2)-expressing cells, but not parvalbumin (Pvalb)-expressing cells, in the sub

stantia nigra (SN) decreases breathing rate 

(A) Schematic of experimental design. Three weeks after AAV-DIO-ChR2-eYFP virus injection into the SN, the SN was optogenetically stimulated in anesthesized 

mice using an optic fiber attached to the electrodes. Single unit recordings from SN and locus coeruleus (LC) with diaphragm electromyography (EMG) were 

obtained simultaneously. 

(B) Top left, example of ChR2-eYFP virus expression (red) in a representative Gad2-Cre mouse. Bottom row, example virus expression in a Pvalb-Cre mouse. 

Enlargements of yellow rectangle regions are shown on the right. 

(C) Example heart and breathing rates extracted from the diaphragm EMG signal. EMG raw signal (top row) was thresholded and filtered to obtain the heart signal 

(second row). This heart signal was then subtracted from the EMG raw signal to obtain a processed EMG signal (third row). A sliding window calculation of 

standard deviation was applied to the processed EMG signal to obtain the respiratory signal (bottom row). Inverted red triangles indicate individual heartbeats 

(second row) or breaths (bottom row). 

(legend continued on next page) 
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expression patterns showed that Gad2-expressing cells were 

located mostly in medial SN, while Pvalb-expressing cells 

covered broad areas of SN (Figures 1B and S1). Three weeks af

ter Cre-dependent ChR2 virus was injected into the SN, acute 

electrophysiology was performed with optogenetic stimula

tion of SN in anesthetized mice (Figure 1A). Optrodes (32- 

or 16-channel electrodes with optic fiber) targeted SN 

(Figure S2A), and additional electrodes (32- or 16-channel) 

were inserted into LC. Electromyography (EMG) from diaphragm 

muscles was recorded, and this EMG signal was processed to 

calculate heart and breathing rates with a 10 s sliding window 

(Figures 1C and S3). Three to five optogenetic stimulation ses

sions were performed in each subject. For each session, seven 

consecutive blocks were carried out, where each block con

sisted of a 20-s laser-on period (10 Hz, 25 ms pulse width, 

473 nm wavelength) followed by a 40-s laser-off period.

Optogenetic stimulation of SN was confirmed using single unit 

recordings in both Gad2-and Pvalb-Cre mice (Figures 1D–1G 

and S2). A unit was defined as ‘‘opto-tagged’’ if the following 

two criteria were met: (1) Firing rate increased with laser pulse 

onset and this increase was highly significant (t-test p < 0.001), 

both within 10 ms of laser pulse onset and over the pulse dura

tion (25ms), compared to the 25ms window before pulse onset; 

(2) spike shape was similar during laser-on and laser-off periods 

(correlation coefficient >0.9) (Figure 1D). Units which were not 

defined as opto-tagged were sub-categorized as having firing 

rates which increased, decreased, or had no change during a 

laser pulse (t-test p < 0.05, Figures 1F and 1G). The proportions 

of these various cell types were different between Gad2-Cre and 

Pvalb-Cre mice, possibly due to the smaller number of cells ex

pressing Gad2 in the SN. The firing activity of the ‘‘decreased’’ 

units is thought to be suppressed via collateral inhibition 

received from the opto-tagged units.32

During the stimulation of Gad2-expressing cells, breathing rates 

decreased consistently across mice, then recovered after the 

stimulation was halted (Figures 1E bottom and 1H top). Stimula

tion of Pvalb-expressing cells did not have any significant effect 

on breathing rate (Figure 1I top), showing that the SN’s modulatory 

effects on breathing rate were cell-type specific. No cell type 

significantly affected heart rate (Figures 1H and 1I bottom).

Stimulation of Gad2-expressing SN cells reduces LC-NA 

cell firings

We sought to better understand the pathways involved in the 

modulation of breathing rate by the SN. The LC is known to be 

involved in vigilance, wakefulness, and breathing control.27–29

The LC may therefore be a key downstream target in breathing 

rate control involving the SN. To investigate this, we examined 

the firings of LC cells during SN cell stimulation.

Previous literature has reported that noradrenergic (NA) cells 

in the LC are characterized by low firing rates, longer spike width, 

and reduced firing rates with adrenergic agonist, whereas the 

GABAergic cells adjacent to the LC are known to have higher 

firing rates and shorter spike widths.28,33,34 Recorded units in 

the LC (Figure 2A) were categorized into putative NA, putative 

GABA, and non-categorized cells based on spike width, firing 

rate, and response to the adrenergic agonist dexmedetomidine 

(Figures 2C and 2D).

The firing rates of putative NA cells correlated with breathing 

rate (Figures 2B and S4B) and decreased significantly when 

Gad2-expressing SN cells were stimulated (Figure 2E). The puta

tive GABAergic cells or non-categorized cells from the Gad2-Cre 

mice showed marginal decrease or no change in firing rate, 

respectively. No cell types from Pvalb-Cre mice showed signifi

cant changes, consistent with their lack of effect on breathing 

rate (Figure 2F).

The breathing rate reduction caused by stimulation of Gad2- 

expressing SN cells was not perfectly consistent, even in a given 

subject. We hypothesized that this was due to variations in base

line NA cell activity, i.e., the NA cells need to be active to be able 

to relay information. To investigate the relationship between 

breathing rate reduction and baseline NA cell activity, we 

compared the NA cell firing rates between blocks with and 

without breathing rate reduction (Figure 2G). The blocks with 

decreasing breathing rate had elevated baseline firing rates of 

NA cells. This was not observed in other cell types (Figure 2H). 

These results show that SN reduction of breathing rate is only 

effective when NA cell firing rates are relatively high. This sug

gests that inhibitory inputs from SN to LC are not effective 

when the NA cell firing rates are already too low.

Dexmedetomidine suppresses SN’s effect on breathing 

rate via LC

Dexmedetomidine is a selective adrenergic alpha-2 agonist 

which is commonly used for sedation, and is known to control 

arousal by reducing the activity of NA cells in LC.35,36 To further 

demonstrate that breathing rate control by the SN is dependent 

on the NA cells, we injected dexmedetomidine prior to SN cell 

stimulation (Figure 3A). Under the presence of dexmedetomi

dine, overall firing rates of LC cells were reduced (Figures 2C, 

(D) Example of a unit defined as ‘‘opto-tagged’’. Firing histogram (top left) and spike raster plot (bottom left) show increased firing with the laser pulse. Spike 

shapes during laser stimulation and spontaneous firing (right) show strong temporal correlation (Pearson’s correlation). 

(E) Example SN Gad2-expressing cell firing rates (top graph) and breathing rates (bottom graph) measured during laser block design (7 cycles of 20 s on, 40s off). 

The light blue bars indicate 20 s laser-on stimulation periods. The bottom plot shows breathing rate decreasing during laser stimulations. 

(F) Firing rate time courses of Gad2-Cre mice averaged over 60s stimulation blocks (left). The shaded area indicates ±S.E.M. across neurons. Pie chart shows 

percent of units categorized by their firing rate changes in response to the laser pulse (right). The line graph (left) shows response to the laser blocks and the cell 

categorization (right) was based on the response to each laser pulse. 

(G) Same as (F) for Pvalb-Cre mice. 

(H) Left, Plots show change in breathing rate (top row) or change in heart rate (bottom row), averaged over all stimulation blocks in Gad2-Cre mice. The shaded 

area indicates ±S.E.M. across subjects. Right, Before (20s) and during (20s) laser stimulation paired plots show the change in breathing rate or heart rate for each 

Gad2-Cre mouse. Gad2-Cre mice show significant breathing rate reductions with laser stimulation (two-sided Wilcoxon signed rank test, ***p < 0.001). 

(I) Same as (H) for Pvalb-Cre mice; however, they show no significant respiratory changes. 

(E–I) 20 s laser-on periods (10 Hz, 25 ms on, 75 ms off) are indicated by the light blue bar.
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Figure 2. Stimulation of Gad2-expressing cells in the SN decreases the firing rate of LC-norardrenaline (NA) cells 

(A) Example histology images of two consecutive brain slices showing electrode tracks (DiI orange stain) in the LC. LC was visualized using tyrosine hydroxylase 

(TH)-immunolabeling (red stain on right panel). The electrode targeting the LC is indicated by the yellow arrow. 

(B) Decrease in firing rate in an example putative NA cell (top row) during block design laser stimulation of SN, with corresponding breathing rate (bottom row). 

Each blue horizontal bar indicates 20 s laser-on SN Gad2 stimulation period. Inset shows spike shape. 

(C) Categorization of cells by firing rate and spike width (left), with response to dexmedetomidine (Dex, right) from Gad2-Cre mice (n = 12). The scatterplot shows 

units’ firing rates averaged 60 s before, and 40–100 s after, Dex injection. 

(D) Same format as (C) for Pvalb-Cre mice (n = 6). 

(E) Z-scored, detrended firing rates averaged over laser blocks, measured in Gad2-Cre mice. Shaded area indicates S.E.M. across neurons in each group. Bar 

graphs show average firing rate over the 20 s of laser stimulation, minus the average firing rate over 20 s before the laser. The firing rates of putative NA cells 

decreased significantly with Gad2-expressing SN cell stimulation (mean ± S.E.M. over neurons, two-sided Wilcoxon signed rank test, ***p < 0.001, *p < 0.05). 

(F) Same format as in (E) for Pvalb-Cre mice. No cell type showed changes with laser stimulation. 

(legend continued on next page) 
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2D, and S4A), and laser stimulation of Gad2-expressing cells had 

no effect on breathing rate (Figure 3C). This indicates that the ef

fect of SN on breathing rate is interrupted by dexmedetomidine 

inhibition of NA cells (Figure 3B). Due to the reduced baseline 

firing rates of putative NA cells, the firing rates remained un

changed during laser stimulation of Gad2-expressing cells 

(Figure 3E). Interestingly, the firing rates of putative GABAergic 

cells were decreased during laser stimulation of SN Gad2-ex

pressing cells. After dexmedetomidine injection, laser stimula

tion of Pvalb-expressing cells had no significant effect on 

breathing rate, heart rate, or neuronal firing rate, as expected 

(Figures 3D and 3F).

CO2 exposure suppresses SN’s effect on breathing rate

Respiration regulates blood pCO2 using feedback from chemo

receptors in multiple central and peripheral areas (Figure 4B) 

which detect changes in CO2 and pH.21,23 It has been suggested 

that the LC is one of these chemoreceptors because the LC cells 

have been shown to increase firing rate in response to hypercap

nia in a dose dependent manner.30,31,37

To investigate whether SN breathing rate control is maintained 

during hypercapnia, we exposed mice to 7% CO2 during the SN 

cell stimulation (Figures 4A and S4A). Under these conditions, we 

hypothesized that SN’s control would be attenuated due to a 

stronger, compensatory response of chemoreceptors regis

tering persistent elevated CO2. As expected, stimulation of 

Gad2-expressing SN cells under 7% CO2 had no effect on 

breathing rate (Figure 4C), suggesting that critical respiratory 

need overrides SN’s control over breathing. Interestingly, the 

inhibition effect on the putatitve NA cells was still present 

(Figure 4E), further suggesting that hypercapnia triggers other 

chemosensitive regions to maintain essential respiration regard

less of SN inputs to LC. These data show that critical respiratory 

need can decouple some LC cell firings from breathing rate 

(Figure S4B). Under 7% CO2, laser stimulation of Pvalb-express

ing cells had no significant effect on breathing rate, heart rate, or 

NA cell firing rate, as expected (Figures 4D and 4F).

Direct stimulation of LC increases breathing rate

It has been shown that pharmacological activation of LC in

creases breathing rate in freely moving mice.25 We further tested 

if direct stimulation of LC leads to breathing rate increase in 

anesthetized mice. To target LC-NA cells specifically, we used 

dopamine-β-hydroxylase (Dbh)-Cre mice (n = 10) and injected 

Cre-dependent ChrimsonR virus into the LC. Eight out of these 

ten mice showed virus expression localized to LC (Figure 5B), 

and the other two mice were excluded from analysis. Three 

weeks after virus injection, acute LC electrophysiology and 

EMG diaphragm measurements were performed in anesthetized 

mice during block paradigm red laser (638nm) stimulation of 

Dbh-expressing LC cells (Figure 5A). As expected, optogenetic 

stimulation of Dbh-expressing LC cells increased breathing 

rate (Figures 5C and 5D). Histology images showed that the elec

trodes had targeted the LC in 6 mice (e.g., Figure 5B). LC units 

from these mice were labeled as ‘‘opto-tagged’’ if the laser pulse 

increased firing rate without changes in spike shape (as defined 

for SN opto-tagged cells) (Figure 5D). We also verified that opto- 

tagged units matched the categorization of putative NA cells 

(Figure 5E). Opto-tagged units mainly overlapped with putative 

NA cells and did not overlap with putative GABAergic cells, 

showing that our categorization was accurate.

DISCUSSION

In this study, we demonstrate the significant role of GABAergic 

neurons in the SN in the modulation of breathing rate. Specif

ically, we found that stimulation of Gad2-expressing cells in 

the output of the basal ganglia (SN) modulates breathing rate 

in a manner which depends on baseline firing rates of NA cells 

in the LC. These data strongly suggest the existence of a previ

ously unknown respiratory control circuit which passes from the 

SN to the LC (SN-LC). The LC is known to regulate arousal and is 

involved in sleep, emotion, attention, feeding, and mem

ory.29,38–42 The SN-LC circuit therefore has multiple potential 

functional implications. This circuit could be related to the re

ported role of Gad2-expressing SN cells in sleep control.12 The 

inhibition of LC firings by SN could reduce arousal levels, 

inducing sleep with accompanying breathing rate reduction.43,44

The SN-LC circuit could also be involved in limbic system con

trol. It has been suggested that the basal ganglia has parallel cir

cuits of limbic, associative, and motor control that are spatially 

segregated into medial, middle and lateral SN, respectively.45–47

The location of Gad2-expressing SN cells in our experiments 

was mostly medial, indicating that these cells may be part of 

the limbic circuit. The LC is critically involved in emotional pro

cesses, and breathing rate is tightly coupled with emotional 

arousal.22,48 The SN-LC circuit may therefore be involved in 

the control of emotions, with breathing rate as a closely linked in

dicator of emotional arousal. Future studies of the SN-LC circuit 

during different emotional states would shed light on this 

possibility.

We further identified direct axonal inputs from GABAergic neu

rons in both the SNr and SNc to the LC using retrograde tracing 

experiments (Figure S5). We injected retrobeads into the LC and 

confirmed colocalization with Gad2-expressing neurons in the 

SN. This finding provides direct evidence supporting the Gad2- 

expressing GABAergic projections from SN to LC-NA neurons, 

consistent with a previous finding suggesting direct connections 

(G) To investigate the relationship between breathing rate change and baseline firing rate of NA cells in the Gad2-Cre mice, laser blocks (60 s time window) were 

categorized as having ‘‘Increasing’’ or ‘‘Decreasing’’ breathing rates during laser stimulation (left graph, n indicates mean ± S.E.M. of numbers of blocks for each 

subject, and shaded area indicates ±S.E.M. across subjects). Z-scored firing rate time courses for putative NA cells were averaged over each block type (right 

graph, shaded area indicates ±S.E.M. across neurons). The blocks with breathing rate decrease show elevated baseline firing rates of putative NA cells. Thicker 

lines indicate significant difference between the two subdivided blocks (two-sided Wilcoxon signed rank test, Bonferroni corrected with the number of 5-s time 

windows, p < 0.05). 

(H) Difference in baseline firing rate for each of the cell categories defined in (C) (mean ± S.E.M. over neurons, two-sided Wilcoxon signed rank test, ***p < 0.001). 

Only putative NA cells showed elevated baseline firing rate in the block where respiration was modulation by Gad2-expressing SN cells.
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between these regions.12 Our experiments demonstrate that 

these inputs likely contribute to both the modulation of LC activ

ity and breathing rate, reinforcing the idea that the SN exerts a 

significant influence over LC-mediated physiological processes.

However, it remains unclear whether projections from the SN 

to the LC are the sole source of this modulatory control, and it 

is important to note that these neurons also send diffuse projec

tions to other downstream targets. In particular, we recognize 

that other multi-synaptic pathways—such as those involving 

the pre-Bötzinger complex (preBotC), mesencephalic locomotor 

region (MLR), and periaqueductal gray matter (PAG)—may play 

complementary roles in linking SN activity with LC-mediated 

breathing rate control. The preBotC has been reported to receive 

inputs from the SN and send outputs to the LC.22,25,26,49,50 How

ever, based on the delayed nature of the breathing rate modula

tion we observed, it is unlikely that direct GABAergic projections 

from SN to preBotC are responsible for the effects on breathing 

rate, as direct GABAergic input to preBotC would typically result 

in a more immediate and potent modulation of respiratory activ

ity. Moreover, previous studies have shown that projections from 

SN to preBotC, while present, are comparatively weak and may 

not be the primary mechanism in this instance.26

The MLR also directly receives inputs from the SN and pro

jects to preBötC.51,52 Recent studies suggest that MLR stimula

tion can increase breathing rate frequency during physical activ

ity,52 linking it to breathing modulation during exercise. The 

disinhibition of MLR cells by Gad2-expressing SN neurons may 

contribute to locomotion-related breathing modulation. Simi

larly, the PAG receives direct input from the SN and is closely 

connected with the LC, playing a role in breathing rate control, 

particularly in response to emotional or stress-related stim

uli.22,53,54 These multi-synaptic routes, via either the MLR or 

PAG, may therefore mediate SN’s influence on LC activity and 

breathing regulation, especially in the case of delayed breathing 

A B

C D

E F

Figure 3. Dexmedetomidine (Dex) suppresses the decrease in breathing rate driven by stimulation of Gad2-expressing cells in SN 

(A) Schematic of experimental design. Same experiment setup as in Figure 1A, but with Dex injection. 

(B) Illustration of circuits. Dex is known to inhibit NA cells, thus inhibitory inputs from SN would not be effective if the NA cells were already strongly inhibited. 

(C and D) Breathing rate and heart rate do not show any significant change with stimulation of SN in the Gad2-Cre (C) or Pvalb-Cre (D) mice. Same format as in 

Figure 1H. 

(E and F) Putative NA cells show no significant change in firing rate with stimulation of SN cells in Gad2-Cre (E) or Pvalb-Cre (F) mice because they are already 

inhibited by Dex. Same format as in the Figure 2E (two-sided Wilcoxon signed rank test, **p < 0.01).
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rate modulation. Future studies that precisely map these down

stream connections will be important to further elucidate the role 

of the SN in breathing rate control and the potential contribution 

of multi-synaptic circuits.

We focused on Pvalb- and Gad2-expressing neurons in the 

SN due to their distinct anatomical locations and functional roles 

in inhibitory signaling.12 Although some studies suggest co- 

expression between Gad2 and Pvalb neurons,11,55 these popu

lations are anatomically segregated within the SN, with Pvalb 

neurons primarily located dorsally and Gad2 neurons more 

medially.12 This anatomical separation underpins their functional 

divergence, which was central to our study. While molecular 

overlap may exist, our experimental design focused on the 

distinct roles these populations play in SN-mediated control of 

respiratory circuits.

In our study, we targeted Gad2-expressing neurons in the SN 

with ChR2 injections. However, one possible concern is that due 

to the proximity of the midbrain reticular nucleus (MRN) to the 

SN, some Gad2-expressing MRN neurons could have been 

inadvertently activated during SN stimulation. Our retrobead 

tracing experiments from the LC revealed sparse labeling of ret

robeads in the MRN (Figure S5). Importantly, there is very little 

colocalization of retrobeads with Gad2-expressing neurons, 

suggesting that inadvertent MRN activation is unlikely to have 

contributed to the observed modulation of breathing rate in our 

study. Given these considerations, we conclude that there was 

A

D

E

C

B

F

Figure 4. Increasing the CO2 level from less than 1%–7% suppresses the decrease in breathing rate driven by stimulation of Gad2-expressing 

cells in the SN 

(A) Schematic of experimental design. Yellow shaded area indicates period of CO2 exposure (hypercapnia). 

(B) Illustration of circuits known to be related to chemosensitivity. 

(C and D) Under high CO2 presence, breathing rate and heart rate do not show any significant change with stimulation of SN in Gad2-Cre mice (C) or Pvalb-Cre 

mice (D). Same format as in Figure 1H. 

(E) Under high CO2 presence, Gad2-expressing SN cell stimulation results in significantly decreased firing rate for all LC cell types in Gad2-Cre mice (n = 12). This 

finding shows that hypercapnia overrides SN cell influence on breathing. Same format as Figure 2E. 

(F) Results for Pvalb-Cre mice, same format as (E) (n = 6).
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Figure 5. Direct stimulation of NA cells in LC increases breathing rate 

(A) Schematic of experimental design. Three weeks after ChrimsonR virus was injected into the LC of dopamine-β-hydroxylase (Dbh)-Cre mice, mice were 

anesthetized and the LC was optogenetically stimulated using an optic fiber attached to electrodes. Signals from LC and diaphragm EMG were recorded 

simultaneously. 

(B) Top left, Dil-stained electrodes are shown targeting the LC in this coronal section. Top right and bottom, virus expression (TdTomato) is shown to be localized 

to the LC cells labeled with TH immunostaining. 

(C) Laser stimulation of LC increases breathing rate and decreases heart rate in Dbh-Cre mice. Same format as in Figure 1H (two-sided Wilcoxon signed rank test, 

**p < 0.01, *p < 0.05). 

(D) An opto-tagging example of a Dbh-expressing unit. Top left, spike rastergram shows strong increase in firing rate with laser stimulation (orange). Top right, 

spike shape during laser (orange) is highly correlated with spontaneous (black) spike shape (Pearson’s correlation). Bottom, firing rates and breathing rates show 

increase with laser stimulation. 

(E) Left, spike width versus firing rate for categorized cells (same criteria as in Figure 2C) from six mice. Also plotted are Dbh-expressing cells which were identified 

as opto-tagged (black). Right top, fraction of categorized cells which were identified as opto-tagged Dbh-expressing cells (black sections). This fraction was 

largest for putative NA cells, showing that the putative NA categorization reasonably represents the Dbh-expressing cells. Bottom right, average firing rate 

differences between On Laser and Before Laser, for each cell group (mean ± S.E.M. over neurons, two-sided Wilcoxon signed rank test, ***p < 0.001).
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no significant influence of MRN activation on our results, and the 

primary effects were mediated by the SN.

Chemosensitivity, which refers to detection of changes in 

CO2/H+ in the body with reactive modulation of respiration, is 

critical to the survival of organisms.23 Under the threatening con

dition of high CO2 (hypercapnic state), we show that SN stimula

tion still inhibits LC-NA cells but no longer affects breathing rate. 

This decoupling of breathing rate from NA cell activity suggests 

that there are other respiratory control mechanisms which domi

nate during hypercapnia. Although the LC has been suggested 

as a vigilance center equipped with chemoreceptors, there are 

multiple other known chemoreceptors such as the carotid 

body, the retrotrapezoid nucleus (RTN), and serotonergic 

neurons.21,56 Among those, RTN is known as a critical central 

chemoreceptor and sends direct inputs to respiratory pattern 

generators.57 Serotonergic neurons are also reported to be 

important chemoreceptors, with high sensitivity to CO2 levels.58

With multiple brain areas functioning as chemoreceptors, our 

current data indicate a limited modulatory role of the SN-LC 

circuit during hypercapnia. It should be noted that the 7% CO2 

employed in our study is a strong hypercapnic stimulus, although 

it has been used in many previous rodent studies of breathing 

dynamics.14,18,24,30 In future work, it would be interesting to 

determine the minimum level of hypercapnia required to 

decouple NA cell activity from breathing rate, to improve our un

derstanding of the relationship between the SN-LC pathway and 

other breathing control circuits.

Limitations of the study

Our stimulation procedures were performed under anesthesia in 

mice to exclude potential indirect effects related to locomotor 

activity or emotional states. However, this approach leaves the 

possibility that the Gad2-SN cells may serve a different function 

in awake behaving or naturally sleeping mice. Future studies in 

mice without anesthesia would be important to further elucidate 

the role of the SN-LC circuit.

In addition, we cannot completely exclude the possibility that 

the Alpha2 agonist dexmedetomidine used in our pharmacology 

experiments may have affected regions outside the LC. Howev

er, the observed respiratory effects were critically dependent on 

LC activities, as evidenced by the direct stimulation of LC neu

rons and the effect of LC-NA baseline firing rates.

Our study targeted both SNr and SNc GABAergic cells due to 

their close proximity. The function of SNc GABAergic cells is not 

clearly known, but these cells may inhibit nearby SNc dopmaine

gic cells, which could potentially modulate respiration. However, 

this effect is unlikely to be critical, as direct optogentic stimula

tion of Pvalb-expressing SN cells had no consistent effect on 

breathing rate, despite the known inhibitory inputs to SNc dopa

minergic cells.8
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects

All animal procedures were performed in accordance with relevant institutional guidelines and national regulations governing animal 

research. The experimental protocols were approved by the Stanford University Administrative Panel on Animal Care (APLAC) and 

conducted in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Every effort was 

made to minimize animal suffering and to reduce the number of animals used. Experiments were performed with 3-12 month-old 

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GFP antibody, Alexa FluorTM 647 Thermo Fisher Scientific Cat# A-31852; RRID:AB_162553

GFP antibody, Alexa FluorTM 555 Thermo Fisher Scientific Cat# A-31851; RRID:AB_2536188

TH antibody-rabbit Millipore Cat# AB152; RRID:AB_390204

Parvalbumin antibody-sheep Thermo Fisher Scientific Cat# PA5-47693; RRID:AB_2609239

Secondary Antibody, Alexa Fluor 350 

(Donkey anti Rabbit IgG)

Thermo Fisher Scientific Cat# A10039, RRID:AB_2534015

Secondary Antibody, Alexa Fluor 647 

(Donkey anti Rabbit IgG)

Thermo Fisher Scientific Cat# A-31573, RRID:AB_2536183

Secondary Antibody, Alexa Fluor 350 

(Donkey anti sheep lgG)

Thermo Fisher Scientific Cat# A-21097, RRID:AB_2535751

Bacterial and virus strains

rAAV5-EF1α-DIO-hChR2(H134R)-eYFP Addgene Addgene plasmid # 20298-AAV5; 

RRID:Addgene_20298

rAAV2-EF1α-DIO-hChR2(H134R)-eYFP UNC Vector Core N/A

rAAV5-Syn-FLEX-ChrimsonR-tdTomato Klapoetke et al.59 Addgene plasmid # 62723-AAV5; 

RRID:Addgene_62723

rAAV2-EF1α-DIO-eYFP Addgene Addgene plasmid # 

27056-AAV2; 

RRID:Addgene_27056

Experimental models: Organisms/strains

Gad2tm2(cre)Zjh/J mice Jackson Laboratory RRID:IMSR_JAX:010802

B6.129P2-Pvalbtm1(cre)Arbr/J mice Jackson Laboratory RRID:IMSR_JAX:017320

stock Tg(Dbh-Cre)KH212Gsat/Mmucd mice MMRRC RRID:MMRRC_032081-UCD

Software and algorithms

Offline Sorter Plexon Inc. RRID:SCR_000012; https://plexon.com/products/offline-sorter/

MATLAB Mathworks RRID:SCR_001622; https://www.mathworks.com/

Intan RHD2000 recording system Intan technologies RRID:SCR_019278; https://intantech.com/downloads.html? 

tabSelect=Software

Other

DAPI Fluoromount-G SouthernBiotech Cat# 0100-20

Red RetrobeadsTM Lumafluor Inc. 

Quattrochi et al.60

Riddle et al.61

N/A

Single-shank 16-channel electrodes NeuroNexus Cat# A1X16-10mm-100-177-A16

4-shank 32-channel electrodes NeuroNexus Cat# A4X8-5mm-100-200-177

Tungsten electrode A-M Systems Cat# 795500

DiI (DiIC18(3)) electrode marker Thermo Fisher Scientific Cat # D3911

DiR (DiOC18(7)) electrode marker Thermo Fisher Scientific Cat # D12731
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male and female mice. Strains used were Gad2-Cre (Jackson Laboratory stock 010802, Gad2tm2(cre)Zjh/J, 12 male, 2 female), 

Pvalb-Cre (Jackson Laboratory stock 017320, B6.129P2-Pvalbtm1(cre)Arbr/J, 8 male, 3 female), and Dbh-Cre (MMRRC_032081- 

UCD, stock Tg(Dbh-Cre)KH212Gsat/Mmucd, 8 male, 2 female). The mice were housed in a 12-hour light-dark cycle with food 

and water provided ad libitum. All experimental groups had similar male-to-female ratios to control for potential sex differences, how

ever sex was not analyzed as a variable due to sample size constraints.

METHOD DETAILS

Virus injections and stereotaxic surgery

Virus injection was performed using a stereotaxic frame with a heating pad, under stable anesthesia using 1.2% isoflurane with 100% 

oxygen. For the Gad2-Cre and Pvalb-Cre mice, rAAV5-EF1α-DIO-hChR2(H134R)-eYFP (0.4μl, 4x1012 titer), or rAAV2-EF1α-DIO- 

hChR2(H134R)-eYFP (0.2μl, 4x1012 titer) was injected into the left SN (AP: -3.25mm, LR: 1.3mm, DV: 4.7mm from Bregma). For 

the Dbh-Cre mice, rAAV5-Syn-FLEX-ChrimsonR-tdTomato59 (0.3μl, 2x1013 titer) was injected into the left LC (AP: -5.4mm, LR: 

0.85mm, DV: 3.9mm from Bregma). Virus was injected slowly (50 nl/min) using a 34 gauge needle attached to a NanoFil syringe 

(World Precision Instruments, FL) controlled by a microsyringe pump (Micro 4, World Precision Instruments, FL). After the injection 

was completed, 5-10 min was allowed to elapse before the needle was withdrawn, to prevent backflow. Post-surgery, the scalp was 

sutured, and the animals were monitored closely. Carprofen (5 mg/kg) and Buprenorphine sustained release (0.5 mg/kg, s.c.) were 

administered to alleviate pain and discomfort. If any signs of pain in the mice were observed, including redness or swelling around the 

surgical site, decreased or increased spontaneous activity, increased aggressiveness when handled, twitching, trembling, tremor, 

reduced grooming, abnormal posture, dehydration, weight loss, or abnormal breathing, further analgesia was provided as needed.

Acute electrophysiology with optogenetics

Three weeks after virus injection, mice were anesthetized using isoflurane (3% during induction, 1.2% during surgery, and less than 

1% during optogenetic stimulation and recording), with 75% medical air (0.6 liter/min) mixed with 25% oxygen (0.2 liter/min). On a 

stereotaxic frame, body temperature was maintained at 37◦C with a temperature controller (TCAT-2, Physitemp, during surgery) or an 

isothermal pad (Deltaphase, during optogenetic stimulation and recording). Craniotomies for SN and LC were made for electrode 

insertion, and the reference screw was inserted into the skull over the right cerebellum. For electrophysiological recordings, 

NeuroNexus single-shank 16-channel or 4-shank 32-channel electrodes were used, with 100 μm spacing between recording sites 

and 200 μm spacing between shanks. To construct optrodes, an optic fiber with 105-μm diameter was attached to the 

NeuroNexus probe, with the optic fiber tip positioned 1 mm above the electrode tip. SN electrode tips were targeted to the following 

coordinates: AP: -3.25 mm; LR: 1.3 mm for 16-channel electrodes, 1.0-1.6 mm for 32-channel electrodes; DV: 5mm from Bregma. LC 

electrode tips were targeted to the following coordinates: AP: -5.4 mm; LR: 0.85 mm for 16-channel electrodes, 0.5-1.1 mm for 32 

channel electrodes; DV: 4mm from Bregma. To mark the electrode locations for histology, the electrodes were dipped in DiI (DiIC18(3)) 

or DiR (DiOC18(7)) stain solution immediately before insertion. Diaphragm EMG was recorded using a tungsten electrode with 0.002’’ 

bare size and 1 mm uninsulated bended tip. The electrode was inserted through the lower intercostal space, proximal to the dia

phragm, using a 28-gauge needle. Electrophysiology data from LC, SN, and diaphragm muscles were recorded simultaneously using 

an Intan RHD2000 recording system (Intan Technologies, wide-band of 0.79-7600 Hz, sampling rate of 20000/s).

Laser stimulation of SN in Gad2-Cre or Pvalb-Cre mice

The optic fiber on the optrode was connected to a 473 nm (blue light) laser (Laserglow Technologies). The laser power was adjusted 

so that the fiber tip would deliver 1.5 mW. Each mouse underwent 3-5 sessions of laser stimulation with simultaneous electrophys

iology recordings of the SN, LC and diaphragm muscle. For each session, baseline recording was performed for 2-5 minutes, fol

lowed by 7 minutes of laser on – laser off cycles. For each cycle, the laser was turned on for 20 s (10Hz with 25ms laser pulse), 

then turned off for 40 s (number of cycles = 7). For some sessions, after the 7 cycles of laser stimulation, either dexmedetomidine 

or 7% CO2 was delivered to the mice, and the measurements were repeated. When 7% CO2 was used, the CO2 was mixed into 

the gas supply and adjusted to 7% using an auxiliary air hose connected to a capnograph monitor (SurgiVet, V9004). After the 

CO2 was turned on, 2.5 minutes were allowed to elapse so that the respiration pattern could stabilize. Then, 7 laser on – laser off 

cycles were repeated as above (Figure 4A). The dexmedetomidine experiment was done only as the last session, just before the an

imal was perfused. After injection of dexmedetomidine at a dose of 0.5mg/kg (s.c.), 2.5 minutes were allowed to elapse, followed by 

7 laser on – laser off cycles as above (Figure 3A). Some of the Pvalb-Cre mice did not go through the laser stimulation session after 

dexmedetomidine injection (3 out of 11 mice).

Laser stimulation of LC in Dbh-Cre mice

The optic fiber on the optrode was connected to a 638 nm (red light) laser (Doric Lenses Inc). The laser power was adjusted so that the 

fiber tip would deliver 2 mW. Each mouse underwent 3-5 sessions of laser stimulation with electrophysiology recordings of LC and 

diaphragm muscle. For each session, baseline recording was performed for 2-5 minutes, followed by 7 minutes of laser on – laser off 

cycles (same parameters as SN stimulation).
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Retrograde tracing studies

Red retrobeadsTM IX (Lumafluor Inc.60,61) and AAV2-EF1α-DIO-eYFP (0.5ul, 3x1012 titer) was injected into two male Gad2-Cre mice 

for retrograde tract tracing. For labelling Gad2-expressing neurons in the Gad2-Cre mice, DIO-eYFP virus was injected into SN (AP: 

-3.25mm, LR: 1.3mm, DV: 4.7mm from Bregma). On the same day, retrobeads tracer was injected into LC (AP: -5.4mm, LR: 0.85mm, 

DV: 3.9mm from Bregma), followed by a three-week waiting period to allow full expression of the virus and tracer. The surgery pro

cedure and post-surgery care followed the same protocol described in the surgery section.

Histology and immunofluorescence

Following electrophysiology recordings or retrograde tracing studies, mice were further deeply anesthetized and transcardially 

perfused with PBS followed by 4% paraformaldehyde (PFA). Brains were post-fixed in 4% PFA at 4◦C for 12-24 hours, then sectioned 

into 50-μm coronal slices using either a cryostat microtome (Microm HM550, Thermo Fisher Scientific) or vibratome (Leica VT1000S). 

For viral expression verification and electrode placement, half of the brain sections were mounted with DAPI-containing medium 

(0100-20, SouthernBiotech) to visualize electrode tracks (DiI or DiR). The remaining sections underwent immunohistochemistry using 

various antibodies depending on the experiment.

For SN sections, eYFP antibody conjugated with Alexa FluorTM 647 (A-31852, 1:400) or Alexa FluorTM 555 (A-31851, 1:400) 

with DAPI was used. Some sections were double-immunostained using Pvalb-antibody (PA5-47693, 1:400) with secondary antibody 

(A-21097, Alexa Fluor 350, 1:400) and eYFP antibody to verify colocalization.

For LC sections in Gad2 and Pvalb-Cre mice, tyrosine hydroxylase (TH) antibody (AB152, 1:400) followed by secondary antibody 

(A31573, Alexa Fluor 647, 1:400) with DAPI was used to identify the LC.

For LC sections in Dbh-Cre mice, sections were stained using TH antibody (AB152, Sigma-Aldrich, 1:400), followed by secondary 

antibody (A10039, Alexa Fluor 350, 1:400), to verify that virus expression patterns matched the TH-stained LC area.

For retrograde tracing studies, LC sections were immunolabeled with TH antibody (AB152, 1:200) followed by secondary antibody 

(AB-150077, Alexa Fluor 488, 1:500), and SN sections with eYFP antibody conjugated with Alexa FluorTM 647 (A-31852, Invitro

gen, 1:400).

Brain sections were imaged using a widefield fluorescence microscope (Zeiss AxioImager) or confocal microscope (Zeiss LSM980) 

at the Neuroscience Microscopy Service at Stanford University.

QUANTIFICATION AND STATISTICAL ANALYSIS

Breathing and heart rate analysis

Diaphragm EMG signals were processed with MATLAB software to extract breathing and heart rates (Figures 1C and S3). Raw EMG 

signals were first bandpass filtered (10-450 Hz). Heartbeat locations were identified using peak detection (MATLAB ‘findpeaks’ func

tion), and a "heart signal" was constructed by zeroing any signal more than 5 ms from any heartbeat. This heart signal was subtracted 

from the original EMG, and the remaining signal was filtered (150-350 Hz bandpass). A 200-ms sliding window standard deviation 

calculation was applied to obtain a "breathing signal." Breath locations were identified using peak detection. Manual spot checks 

were performed to ensure that heartbeats and breaths were accurately identified from the EMG signal. If any correction was required, 

the parameters of the Matlab function ‘findpeaks’ were adjusted until accuracy was achieved. Breathing and heart rates were calcu

lated using a 10-s sliding window average. The breathing rate and heart rate time series data were zero centered, and any linear trend 

in each session (460s session data, starting 40s before the first laser onset) was removed using the MATLAB function ‘detrend’.

Electrophysiological data analysis

Electrode placement was verified using histology. Signals from off-target electrodes were excluded from analysis. For unit catego

rization consistency, electrophysiological data from multiple recording sessions in each mouse were concatenated prior to analysis 

to enable uniform application of detection thresholds and classification criteria across all experimental conditions. For spike detec

tion, signals were re-referenced using a common average across channels and wavelet-filtered before thresholding.62 Detected 

spikes were sorted using Offline Sorter (Plexon Inc.), and low-amplitude or multi-units were excluded. All subsequent analyses, 

including statistical analysis, were performed using MATLAB. Firing rates of SN and LC units were normalized (z-scored) and binned 

into 1-s windows for laser block comparisons. For most of laser block comparison analyses, linear trends were removed from firing 

rate time series using the MATLAB ’detrend’ function, in the same manner as was done for the breathing rate and heart rate com

parisons. However, baseline firing rate comparisons of LC units (Figures 2G and 2H) utilized z-scored firing rates without detrending 

to enable direct comparison of baseline firing rates. LC unit data were temporally smoothed using a 10-s sliding window average to 

match the respiratory and heart rate time coordinates and to account for the low firing rates of LC neurons.

Categorization of LC units was done using spike width, firing rate, and response to dexmedetomidine. Units were categorized as 

putative NA cells if the half-width of spike shape was larger than the 200μs, mean firing rate was lower than 10 Hz, and there was 

reduced firing rate after dexmedetomidine injection (40-70s after injection) compared to before dexmedetomidine injection (0-30s 

before injection) (please see Figure S6 for the result using different criteria). Units with short half-width of spike shape (<200μs) 
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and mean firing rates over 10 Hz were defined as putative GABAergic cells. Other cells are classified as non-categorized. A few units 

were recorded without dexmedetomidine injection in the PV mice, and these were categorized as putative GABA neurons or non- 

categorized cells.

Categorization of SN units was done using Opto-tagging results and firing responses to the laser stimulus. A unit was defined as 

Opto-tagged if it showed significant increase of firing rate within 10ms after laser onset compared to the 25ms before laser onset 

(two-sided two-sample t-test, P<0.001) and there was high similarity between spike shapes during and outside of laser stimulation 

(Pearson’s correlation coefficient r >.90, n = 24). The cells showing increased firing rates during the laser (25ms) compared to the 

25ms before laser onset (two-sided two-sample t- test, P<0.05), but not categorized as Opto-tagged, were categorized as ‘Increased 

(not tagged)’. Similarly, the cells with decreased firing rates during laser stimulation (during 25ms with laser stimulation compared to 

25ms before laser onset, two-sided two-sample t-test, P<0.05) were categorized as ‘Decreased’, and the rest were defined as ‘No 

change’. Opto-tagging of NA cells from the Dbh-Cre mice was done using the same methods as for the SN.

iScience 28, 112423, May 16, 2025 e4 

iScience
Article

ll
OPEN ACCESS


	ISCI112423_proof_v28i5.pdf
	Substantia nigra modulates breathing rate via locus coeruleus
	Introduction
	Results
	Optogenetic stimulation of Gad2-expressing SN cells reduces breathing rate
	Stimulation of Gad2-expressing SN cells reduces LC-NA cell firings
	Dexmedetomidine suppresses SN’s effect on breathing rate via LC
	CO2 exposure suppresses SN’s effect on breathing rate
	Direct stimulation of LC increases breathing rate

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and subject details
	Subjects

	Method details
	Virus injections and stereotaxic surgery
	Acute electrophysiology with optogenetics
	Laser stimulation of SN in Gad2-Cre or Pvalb-Cre mice
	Laser stimulation of LC in Dbh-Cre mice
	Retrograde tracing studies
	Histology and immunofluorescence

	Quantification and statistical analysis
	Breathing and heart rate analysis
	Electrophysiological data analysis





