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Noradrenaline (NA) release from the locus coeruleus (LC) changes activity
and connectivity in neuronal networks across the brain, modulating
multiple behavioral states. NA release is mediated by both tonic and
burst-like LC activity. However, it is unknown whether the functional
changesin target areas depend on these firing patterns. Using optogenetics,
photometry, electrophysiology and functional magnetic resonance
imaging in mice, we show that tonic and burst-like LC firing patterns elicit
brain responses that hinge on their distinct NA release dynamics. During
moderate tonic LC activation, NA release engages regions associated with
associative processing, while burst-like stimulation biases the brain toward
sensory processing. These activation patterns locally couple with increased
astrocytic and inhibitory activity and change the brain’s topological
configurationin line with the hierarchical organization of the cerebral
cortex. Together, these findings reveal how the LC-NA system achievesa
nuanced regulation of global circuit operations.

Thebrain’s capacity to rapidly shift between different modes of infor-
mation processing while working with limited resources supports
an array of behavioral goals and contextual demands in a dynamic
environment. Thus, the brainis required to orchestrate changesinthe
state of its neural network to manage the efficiency of specific circuit
interactions. To make the process deterministic and not random, the
brain must spend acertain amount of energy to engage in a state tran-
sition, the level of which can be modulated internally, much likein a
catalyzed system'. Such a prerequisite raises a fundamental question:
which neural structures and mechanisms can modulate the probabil-
ity of state shifts, while stably balancing ongoing behavior and rapid
adaptation? Over recent years, several theories pointed to the locus
coeruleus-noradrenaline (LC-NA) system and its neuromodulatory
actions as a potential candidate®’. Located in the pontine brain stem
with wide projections throughout the whole brain, the LC is ideally
situated to accommodate the critical demands of an ever-changing

environment®’. It is the principal site of synthesis of the neuromodu-
lator NA and is recognized to contribute to many central nervous sys-
tem functions, including sensory processing, modulation of arousal,
nociception, sleep and wake cycles, cognition and stress responses®.

A commonly held view is that the inherent patterns of LC activity
are key drivers of several behavioral processes that can operate on
subsecond timescales (for example, orienting attention) up to minutes
or hours (for example, vigilance, stress)’. Although mostly referred to
as distinct modes of firing, tonic and phasic firing probably present
extremes of a continuum of LC function®. In monkeys, rats and mice,
spontaneous LC discharges across arange of relatively low frequency
(0.5-8 Hz, tonicactivity) can be coarsely related to levels of arousal and
focus®*™. In contrast, brief bursts of activity (2-4 spikes at 10-25 Hz)
occurinassociation with salient or new stimuli'®™* and are thought to
facilitate behavioral responses linked to environmental exploration
and sensory acuity by increasing the neural gain in target regions at
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task-relevant time points*™. Analyses and modeling of functional
magnetic resonance imaging (fMRI) signals during pharmacological
challenges, behavioral tasks or even at rest™'® are in agreement with this
view and have provided further evidence that LC activity levels influ-
ence the dynamics of brain states”. For example, periods of focused
and sustained attention, compatible with moderate tonic firing of the
LC, rapidly recruit the prefrontal and posterior parietal cortex and
result in an improvement of executive function in humans®. Instead,
exposing individuals to strong stressors, which are associated with
high-tonic LC activity, causes rapid disengagement of prefrontal
areas and induces the mobilization of the amygdala (AMY) and sen-
sorimotor cortices to promote hypervigilance and threat detection,
albeit at the expense of executive control'®". More recent analyses
from high-resolution, 7T resting-state human fMRI datasets further
established a correlation between LC activity and the likelihood of a
network’s state transition**”,

Theinvolvement of NA signalingin the control of the dynamics of
connectivity states was confirmed using pharmacological blockade
of adrenergic receptors®. However, the causal contribution of the
LC to shaping brain dynamics has been investigated only recently, as
chemogenetic modulation of the LC in mice was sufficient to triggera
rapid remodeling of network connectivity*>**, This work also revealed
that adrenergic receptor distribution probably explains some of the
regional specificity that noradrenergic neuromodulation can achieve,
despite the diffuse projection pattern of the LC*. However, because
ofthe technical constraints of chemogenetics, these studies were not
abletoaddressthekey question of whether, and how, different activity
patterns of the LC can shape brain network dynamics.

In this work, we set out to gain a fundamental understanding
ofthe neural bases of LC-guided mechanisms in brain activity changes
and dynamic network reconfigurations. We used optogenetics to
mimic physiologically relevant excitatory patterns of tonicand burst-
like LC firing while performing pupillometry, measuring local
NA release with fiber photometry or recording whole-brain fMRI
responses.

Our datarevealed that different LC stimulation paradigmsinduce
measurably distinct levels of downstream NA release. Contingent on
these NA levels, we observed changes in widespread activity. Further-
more, we provide empirical evidence thatintensity-matched tonicand
burst-like LC stimulations dynamically shift network processingin the
forebrainbysegregatingcorticalregions oflowerand higher hierarchical
order. Taken together, these results suggest a causal involvement of
the LC-NA system in shaping cortical and subcortical dynamics
throughits distinct firing and NA release patterns.

Results

LC triggers pupil response and NA release by firing pattern

To achieve spatially and temporally precise modulation of LC noradr-
energic neurons, we unilaterally transfected the right LC of DbR“ mice
(n male mice =22; n female mice = 7) with an adeno-associated virus
(AAV) construct carrying an optogenetic actuator and implanted an
optical cannulaabove the LC (Extended DataFig. 1a). We first assessed
the physiologicalimpact of optogenetically evoked tonic and burst-like
LCfiring using pupillometry*. A2-min baseline recording was followed
by different laser stimulations as shown in Fig. 1a,c. We chose a 3-Hz
tonic frequency because several studies suggested that thisintermedi-
ate level of LC activity is associated with optimal task performance>* .
Tomimic the natural burst activity reported in LC neurons" ™, we chose
asubsecond 15-Hz stimulation frequency, where the total number of
stimulation pulses delivered was matched to the tonic 3-Hz stimu-
lation (Fig. 1a). In this ‘intensity-matched’ design, 10-s burst-like LC
stimulation at 15 Hz evoked pupil dilations that were larger than at 3-Hz
tonic LC stimulation (mean + s.d.for3 Hz=13.89 + 6.37, mean * s.d. for
15Hz=17.02 £ 6.13; paired t-test, t,3,=4.56, P < 0.0001) (Fig. 1d), sug-
gesting that despite intensity-matched stimulation conditions, tonic

and burst-like LC firing patterns differentially affect physiological
responses. No pupil dilation occurred during red-light sham stimula-
tion (Fig. 1b).

Next, we tested how different frequencies (intensities) of tonic
LCfiring affect pupillary responses. To this end, we chose a 5-Hz tonic
frequency (Fig. 1a) as earlier research demonstrated that tonic 5-Hz
stimulation closely mimics the effects of intense acute stressors®
while higher stimulation frequencies (for example, 10 Hz) may actu-
ally result in NA depletion or LC exhaustion”. When activating the LC
with 5-Hz tonic stimulation, changes in pupil size were greater than at
3Hz(mean ts.d.for3Hz=14.24 + 6.1; mean +s.d.forSHz=16.47 + 7.3;
paired t-test, t,3 = 3.7, P=0.0012) (Fig. 1e), suggesting that increas-
ing the intensities of tonic LC-NA activity trigger a graded pupillary
response. After all three LC stimulation protocols, baseline levels of
pupil diameter were re-established within atime frame of 30 s (Fig. 1b
and Extended Data Fig. 1b).

To assess whether different stimulation patterns would lead to
differentlevels of NA release, we performed fiber photometry record-
ingsinthe hippocampus (HC), abrainregionreceiving noradrenergic
input exclusively from the LC* (Fig. If). In the intensity-matched con-
dition (3 Hz versus 15 Hz), 30 s of a 15-Hz burst stimulation elicited
greater NA release compared to tonic 3-Hz stimulation (mean + s.d.
for3Hz=5.64 +3.30; mean +s.d. for15 Hz = 6.82 + 3.54; paired t-test,
tay = 3.415, P=0.0058; Fig. 1g). In keeping with earlier findings that
showed linear scaling of NA release with tonic LC activity up to 6 Hz***,
the change in fluorescence of the NA sensor GRABy;,,”> was greater in
response to the higher-intensity 5-Hz tonic stimulation compared to
3-HztonicLCstimulation (mean £ s.d.for3 Hz=5.64 + 3.30; mean £ s.d.
for 5Hz =7.97 £ 4.22; paired t-test, ¢;, = 6.528, P< 0.0001; Fig. 1h).

To devise astimulation paradigm that would allow us to robustly
assess brain-wide activity levels using block-design fMRI, we then
introduced nine blocks of 30-s laser stimulation, with each block inter-
leaved by a 30-s rest period. Using this design, we additionally moni-
tored NArelease to determine whether NA depletion or accumulation
would occur over the course of recurrent, prolonged optogenetic
stimulation. Each block caused a sharp increase in GRABy,, fluores-
cence that peaked at the end of the stimulation block, suggesting
that NA release could be reliably triggered over time and that no NA
buildup occurred after repeated optogenetic stimulation (Extended
DataFig.1c). Although NA traces did not fully recover during the laser
OFF blocks, this effect is probably attributable to the slow off-kinetics
of the GRABy;, sensor rather than insufficient NA clearance, as sug-
gested by the full recovery of pupil diameter (Fig. 1b and Extended
DataFig.1b).

Tonic and burst-like LC stimulation evokes biphasic blood
oxygen level-dependent responses

Next, we assessed the whole-brain, time-locked effects of tonic and
burst-like LC firing using a combined optogenetic-fMRIlapproach with
blue-light stimulation at an intensity-matched 3-Hz tonic and 15-Hz
burst as well as 5-Hz tonic frequency, and in response to a red-light
control stimulation (Fig. 2a). Because of the neuromodulatory and
vasoconstrictive effects of NA*, we suspected that our optogenetic LC
stimulation may decouple the typical functional hyperemic response
captured by blood oxygen level-dependent (BOLD) fMRI. To test this,
we first extracted the mean time series from the targeted right LC and
foundthateachblock of optogeneticlaser pulsesrepeatedly triggered
abiphasicresponse, with aninitial drop in BOLD signals followed by a
progressive increase, which reverted to baseline levels during the laser
offsettime (maximumpercentage range; Fig.2b). Thisbiphasicresponse
was consistent across all three stimulation conditions and across most
regions of interest (ROIs) sampled along the anterior-posterior brain
axis and ipsilateral to the stimulated site (Fig. 2c-i and Extended Data
Fig.2a-d).No changesinsignal were detected during the red-light sham
stimulations (maximum percentage range; Fig. 2b—jand Extended Data
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Fig.1|Physiological effects of LC firing intensity and pattern. a, Schematic

of 3-Hz tonic, 15-Hz burst-like and 5-Hz tonic LC blue and red laser light (sham)
stimulation protocols for pupillometry in ChR2-expressing animals. The
protocolincluded a 2-min baseline recording followed by 10-s stimulations:

(1) 5Hz at 635 nmas control; (2) 3Hz at473 nm; (3) 15Hz at 473 nm; and (4) 5Hz at
473 nm.b, Left, representative images during 10-s sham, 3-Hz, 15-Hz and 5-Hz

LC stimulation. Right, corresponding pupil traces (n = 24, mean + s.e.m.).

¢, Schematic of the optogenetic LC stimulation protocol for pupillometryin
ChR2-expressing animals (color-coded according to a). d, Statistical comparison
of the pupil response to tonic and burst-like LC stimulation revealed that at 15 Hz
changes in pupil diameter were significantly greater than at 3 Hz (mean + s.d.
for3Hz=13.89 + 6.37; mean * s.d. for 15Hz =17.02 + 6.13; two-sided paired

t-test, t,; =4.56, P= 0.00014; n male mice = 12, nfemale mice = 12). e, Statistical
comparison of the pupil response to 3-Hz and 5-Hz tonic LC stimulation.

A5-Hz LCstimulationinduced a significantly greater pupil dilation than 3 Hz

(mean +s.d.for3Hz=14.24 + 6.1; mean + s.d. for SHz =16.47 + 7.3; two-sided
paired t-test, t,;) = 3.7, P=0.0012; n male mice = 12, nfemale mice =12).

f, Schematic of 30-s optogenetic LC stimulation (ChrimsonR) combined

with fiber photometry inthe HC. g, Left, AF/F traces of GRAByg,, photometry
recordings in response to tonic 3-Hz and 15-Hz burst-like LC stimulation

(mean *s.e.m.). Right, 15-Hz burst-like LC stimulation triggered greater NA
release compared to 3-Hz tonic LC stimulation (mean +s.d. for 3Hz =5.64 + 3.30;
mean +s.d.for15 Hz = 6.82 + 3.54; two-sided paired t-test, t,;, = 3.42, P= 0.0058;
nmale mice =3, nfemale mice =9). h, Left, AF/F traces of GRABy,, photometry
recordings in response to tonic 3-Hzand 5-Hz LC stimulation (mean +s.e.m.).
Right, 5-Hz tonic LC stimulation triggered greater NA release compared to
3-Hztonic LC stimulation (mean + s.d. for 3Hz =5.64 + 3.30; mean + s.d. for
5Hz =797 +4.22; two-sided paired t-test, t;;, = 6.53, P=0.000043; n male

mice =3, nfemale mice =9).**P < 0.01, **P< 0.001, ***P < 0.0001. Figure
schematics in panels a, ¢, and f were created with BioRender.com.

Fig.2e). Qualitative inspection of the time series revealed that the BOLD
signal changes (calculated as the percentage change from baseline)
varied among the sampled ROIs depending on the LC stimulation
patterns and intensities (Fig. 2d-j, averaged across nine stimulation
blocks). Theseresults suggest that different LC firing intensities and pat-
terns affectactivity in target brain regions selectively and nonlinearly.

LC-NA modulates biphasic BOLD via inhibition and astrocytes
To further explore the biphasic nature of the observed BOLD response,
we looked at the impact of LC-NA activity on key components of the
neurovascular unit, namely neurons and astrocytes. To this end, we first
measured transientsin LC activity using the calciumindicator GCaMPé6f

while simultaneously recording electrophysiological activity in the HC
of awake, head-fixed mice (Fig. 3a). Through the temporal synchroniza-
tion of LC GCaMP6fpeaks with the electrophysiological response of hip-
pocampal neurons, we discovered that during these transients, subsets
oftherecorded neurons exhibited inhibitory responses, whereas asmall
subset of neurons showed increased excitation (Fig. 3b). We classified
the recorded neurons into putative excitatory principal neurons and
fast-spikinginhibitory interneurons (INTs) based on their extracellular
waveforms™® (Fig.3c). This revealed that primarily INTs were activated,
whereas excitatory cells were inhibited in response to LC transients
(Fig.3d), alluding to a potential mechanism underlying the prominent
BOLD signal drop on laser stimulation onset>°,
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Fig.2|Local effects of optogenetic LC-NA stimulation. a, Schematic of tonic
and burst-like blue-light, red-light and sham laser stimulation protocols for
combined LC optogenetic-fMRI. b, Mean time series extracted from the targeted
right LC from sham, 3-Hz tonic, 15-Hz burst-like and 5-Hz tonic stimulation
groups (mean + s.e.m.). ¢, ROl location for mean time series extraction.

LC projections were targeted toward most forebrain regions®’; hence, no other a
priori hypothesis as to the anatomical location of the portrayed ROIs was made.
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We then measured LC stimulation-evoked astrocytic activity
(Fig. 3e), aprimetarget of NA signaling®. Glial fibrillary acidic protein
(GFAP)-GCaMPé6s recordings conducted in hippocampal astrocytes
demonstrated that on each of the stimulation protocols there was
an elevation in Ca*" signals that reached a peak on stimulation cessa-
tion (mean * s.e.m.; Fig. 3f and Extended Data Fig. 3a-c). Notably, this
increase in signal was much more enhanced compared to any neuronal
response upon LC-NA activity. This observation suggests a potential
association between the recruitment of agreater number of astrocytes
because of sustained LC-NA activity and the observed enhancementin
BOLD signals***°. Inline with pupil diameter and NA release dynamics,
averaged Ca® signals increased from 3-Hz tonic to 15-Hz burst-like to
5-Hz tonic stimulation (Fig. 3f) and returned to baseline within 30 s.

Our collective findings demonstrate that the LC-NA system influ-
ences BOLD responses through two parallel potential mechanisms:
modulation of inhibitory transmission (as supported by previous

studies*) and gradual recruitment of astrocytes. These mechanisms
have the potential to drive distinct hemodynamic responses in the
observed BOLD signals.

Tonic and burst-like LC stimulation evoke distinct BOLD
activity

After identifying two potential effects contributing to the biphasic
fMRI signal, our subsequent objective was to quantify these fMRI
responses upon optogenetic LC manipulations. To achieve this, a
custom regressor was computed by summing two parameter esti-
mates, thatis, the block stimulation and the NA release curve derived
from the average of 3-Hz tonic, 15-Hz burst-like and 5-Hz tonic NA
release curves (Fig. 4a). This way, we ensured that our analysis would
accurately account for the biphasic nature of our BOLD fMRI data. We
combined two parameter estimates using alogical AND’ function: one
representing the negative hemodynamicresponse linked to neuronal
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activity induced by our block stimulation protocol; the other repre-
senting the delayed positive hemodynamicresponse linked to the NA
release dynamics recorded with GRABy;,, (Fig. 4a). Both regressors
were combined in a general linear model (GLM) and convolved witha
standard double-gamma hemodynamic response function (HRF). We
found that this approach achieved an optimal model fit across most
brain regions activated during our three LC stimulation protocols
(Fig.4aand Extended Data Fig.4a; z > 3.1, cluster-corrected). Next, we
used our GLM framework to generate group activation maps of each
stimulation type and compared them to sham controls. This revealed

that most ipsilateral and contralateral brain regions were aligned to
our model, while signals in thalamic nuclei showed a negative cor-
relationin each of the three LC-NA stimulation patterns (Fig. 4b and
Extended Data Fig. 4b). On qualitative examination of each regres-
sor’s influence independently, we observed that the BOLD signal in
the TH increased in conjunction with the onset of laser stimulation
rather than NArelease (Extended Data Fig. 4c,d). This suggests that LC
activity promptly and continuously enhances thalamic excitability™,
evokinga positive hyperemic response that is consistent with previous
electrophysiological findings*>. Conversely, all other brain regions
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exhibited contributions from both regressors, indicating a multifac-
eted response to LC activity.

Wethendirectly compared the two intensity-matched conditions
and saw distinct patterns of activation: while 3-Hz tonic stimulation
engaged hippocampal regions, 15-Hz burst-like stimulation recruited
sensory areas (Fig. 4c; z> 3.1, cluster-corrected). Furthermore, com-
parison of the two tonic stimulation intensities (3 Hz versus 5 Hz)
revealed an overall increase in local BOLD responses during
5-Hz stimulation, including frontal regions, large portions of the
somatosensory cortex (SSCtx) and the AMY (Fig. 4d; z> 3.1, cluster-
corrected). To better understand which regions were primarily influ-
enced by our specific LC firing patterns, we mapped the group
contrast results onto the hierarchical functional organization of
cortical areas in mice. This organization represents a gradient from
lower-level sensory processing to higher regions of more abstract
information (transmodal regions)*’. We found that moderate tonic
versus burst-like LC activation closely corresponded to the hierarchi-
cal cortical organization, with transmodal versus somatosensory
areas recruited, respectively (Fig. 4e; Spearman p = 0.7234). Using
atwo-tailed test, we statistically analyzed this correlation against a
distribution 0of 10,000 Spearman p values generated by randomly
shuffling the labels of cortical regions. Our results demonstrate that
the observed linear relationship within the cortical hierarchy signifi-
cantly surpassed random label assignment (P < 0.000). A similar,
albeit weaker, gradient alignment was observed when comparing
moderate tonic versus high-tonic LC activation patterns (Fig. 4f;
Spearman p = 0.3610, P=0.028). These findings suggest that varia-
tionsinLCfiringintensity and pattern exert adistinct causalinfluence
on cortical processing, corresponding to their hierarchical
ranking.

Next, we posited that the spatial patterns of brain activity changes
may correlate with the expression of adrenergic receptorsinthebrain®.
To test this hypothesis, we performed a correlation analysis between
theresults of our GLMmodel and the adrenergic receptor density maps
obtained from the Allen Brain Institute Gene Expression Database**.
The analysis revealed a robust spatial relationship with the adrener-
gic alA receptor (Adrala subtype) (Spearman p for 3 Hz, 15 Hz and
5Hz=0.33,0.30 and 0.34; P< 0.0001, Bonferroni-corrected) across
3-Hz tonic, 15-Hz burst-like and 5-Hz tonic groups (Supplementary

Table 1). This finding suggests that the observed BOLD effects are
primarily mediated by alAreceptors. Moreover, we found a significant
correlation between 5-Hz tonic LC stimulation and the adrenergic-f3
(Adrb) receptor (Spearman p= 0.38; P < 0.0001, Bonferroni-corrected),
dopamine receptor-1(Drdl) and dopamine receptor-2 (Drd2) (Spear-
manp Drdl; Drd2 =0.38;0.37; P< 0.0001, Bonferroni-corrected) aswell
as serotonergic receptor-1 (Htrl) and serotonergic receptor-3 (Hrt3)
(Spearman p Hrtl; Hrt3 = 0.47;0.30; P< 0.0001, Bonferroni-corrected).
Interestingly, the 5-Hz tonic stimulation showed remarkable simi-
larities with previously reported brain responses from chemogenetic
activationof the LC, suggesting aconvergence of the two experimental
approaches® (Spearman p = 0.33; P < 0.001, Bonferroni-corrected)
(Supplementary Table 1). In addition to the a1A and Adrb relation-
ship, burst activation maps at 15 Hz also correlated with spatial maps
of the Drd2 (Spearman p =0.30; P< 0.0001, Bonferroni-corrected)
(Supplementary Table 1). No other meaningful association values
emerged for other receptors or receptor subtypes (Supplementary
Table1). These findings provide insight into the underlying biological
substrate that connects changesin LC activity to changesin forebrain
activity and reconcile the results of previous studies on whole-brain
effects of LC-NA stimulation®*,

LC-NA enhances network integration alonga cortical gradient
Spatially coordinated, temporally sustained patterns of neural activity
give rise to brain activity patterns that can change discretely or con-
tinuously, with or without external stimuli*’. Earlier work based on
human neuroimaging datasuggested that LC activation couldactasa
facilitator of such dynamic changes?. Additionally, previous research
also linked noradrenergic activity to enhanced system integration?,
arguing that the LC-NA systemis uniquely positioned to createamore
integrated network topology"”. Our optogenetic-fMRIapproach ena-
bled us to directly test this hypothesis. To this end, we quantified the
distinct effects of optogenetically evoked tonic and burst-like LC firing
on cortical and thalamic dynamics using topological analyses. Indeed,
our data showed a significant increase in mean cortical participation
coefficient (PC), ameasure of network integration (Fig. 4g), from pres-
timulation to stimulation (Fig. 4h). Furthermore, 5-Hz tonic LC stimula-
tionresultedinasignificantly different mean cortical PC compared to
sham stimulation (Fig. 4h).

Fig. 4| Brain-wide effect of tonic and burst-like LC stimulation. a, GLM
model setup, including the STIM-NA agreement regressor between the LC
ON/OFF laser stimulation protocol (that is, STIM BLOCK) and the NA stimulus
responses (that is, NA RELEASE) as obtained from the summation of both
parameter estimates (using the logical AND’ function). The agreement regressor
(thatis, STIM-NA REGRESSOR) was convolved with a standard double-gamma
HREF, resulting in anideal model fit (red trace) of the fMRI data (black trace;
taken from the strongest voxel in the targeted LC for visualization purposes).

b, Cluster-corrected, thresholded GLM z-statistic activation maps of the
3-Hztonic, 15-Hz burst and 5-Hz tonic groups compared to sham (z-statistic
images, Gaussianized T/F) were thresholded nonparametrically using clusters
determined by z>3.1and a (corrected) cluster significance threshold of
P=0.05.c¢, Selective activation clusters during 3-Hz tonic (pink) and 15-Hz
burst-like (blue) stimulation of the LC (z-statistic images, Gaussianized T/F)
were thresholded nonparametrically using clusters determined by z>3.1and
a(corrected) cluster significance threshold of P=0.05. d, Selective activation
clusters during 3-Hz tonic (pink) and 5-Hz tonic (green) stimulation of the LC
(z-statisticimages, Gaussianized T/F) were thresholded nonparametrically
using clusters determined by z > 3.1and a (corrected) cluster significance
threshold of P=0.05. e, Changes in z-scores relative to the activation of cortical
hierarchical regions during 3-Hz tonic versus 15-Hz burst-like LC activation
(Spearman p = 0.7234, P<0.000). f, Changes in z-scores relative to the activation
of cortical hierarchical regions during 3-Hz tonic versus 5-Hz tonic LC activation
(Spearman p = 0.3610, P=0.028). g, BOLD network changes were quantified
using the PC. h, Mean cortical PCs during LC stimulation in sham (black), 3-Hz
tonic (pink), 15-Hz burst (blue) and 5-Hz tonic (green) datasets, corrected for
the prestimulation baseline. Data showed significant increase in mean cortical

PC from the prestimulation to the stimulation period (P < 0.05, Kruskal-Wallis
test, corrected for multiple comparisons). A 5-Hz tonic stimulation resulted ina
significantly different mean cortical PC compared to sham stimulation (P < 0.05,
Kruskal-Wallis test, corrected for multiple comparison). The central mark
indicates the median; the bottom and top edges of the box indicate the 25th and
75th percentiles, respectively. The whiskers extend to the most extreme data
points not considered as outliers. The bar plots represent + s.e.m.n sham = 32;
n3Hz=15;n5Hz=16;n15Hz =18. ACAd, anterior cingulate area, dorsal part;
ACAv, anterior cingulate area, ventral part; ACC, anterior cingulate cortex; Ald,
agranularinsular area, dorsal part; Alp, agranular insular area, posterior part; Alv,
agranularinsular area, ventral part; AUDd, dorsal auditory area; AUDp, primary
auditory area; AUDv, ventral auditory area; CB, cerebellum; ECT, ectorhinal area;
FRP, frontal pole, cerebral cortex; GU, gustatory area; HY, hypothalamus; ILA,
infralimbic area; MOp, primary motor area; MOs, secondary motor area; ORBI,
orbital area, lateral part; ORBm, orbital area, medial part; ORBvI, orbital area,
ventrolateral part; PERI, perirhinal area; PL, prelimbic area; PTLp, posterior
parietal association area; RSPagl|, retrosplenial area, lateral agranular part; RSPd,
retrosplenial area, dorsal part; RSPy, retrosplenial area, ventral part; SSp-bfd,
primary somatosensory area, barrel field; SSp-Il, primary somatosensory

area, lower limb; SSp-m, primary somatosensory area, mouth; SSp-n, primary
somatosensory area, nose; SSp-t, primary somatosensory area, trunk; SSp-ul,
primary somatosensory area, upper limb; SSs, supplemental somatosensory
area; TEa, temporal association area; VISal, anterolateral visual area; VISam,
anteromedial visual area; VISC, visceral area; VISI, lateral visual area; VISp,
primary visual area; VISpl, posterolateral visual area; VISpm, posteromedial
visual area. Figure schematics in panels a-g were created with BioRender.com.
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We further conducted aregion-wise analysis and plotted the delta
of the PC against the hierarchical functional organization of corti-
cal areas in mice. These results showed that a 3-Hz tonic stimulation

patternsegregated the transmodal regions from primary somatosen-
sory regions relative to a 15-Hz burst-like pattern (Extended Data
Fig.4e).In contrast, noregional relationship was observed between the
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3-Hzand 5-Hztonic stimulationintensities (Extended Data Fig. 4f). This
suggests that changesinregionmodularity are consistent between the
two tonic stimulations. Furthermore, a 5-Hz tonic intensity uniformly
increased integration among cortical regions, as shown by the uniform
changeinPC, alluding to an additive effect of LC stimulation power on
networkintegration.

Together, our findings show that LC stimulation has aninfluence
onthe system-level configuration of brain networks in vivo, with vary-
ing cortical and thalamic responses depending on the intensity and
pattern of LC activation. This is noteworthy because it is an empirical
demonstration that LC-NA firing patterns and intensity causally impact
network dynamics.

Discussion

Neuromodulation is one of the key processes that endows the brain’s
relatively static structural architecture with flexibility, making it pos-
sible to support the malleable neural dynamics required for adaptive
behavior*®. As part of the neuromodulatory ascending arousal system,
the LC-NA system is well placed to implement this function*?. Previous
animal and human sstudies hinted that high-tonic LC activity can rapidly
reconfigure functional large-scale network architecture to facilitate
coordinationbetween otherwise segregated regions****, In this study,
we addressed the question whether variations in the firing pattern of
LC, aswell asfiring intensity, differentially impact brain dynamics. We
used a combined optogenetic-fMRI approach to test levels of tonic
and burst-like LC firing and visualize their effects on brain-wide activ-
ity in the anesthetized mouse. Across firing patterns and intensities,
we report measurably different levels of NA release that translate to
distinct BOLD signals and dynamic activity patterns in the forebrain.
This is critical because it emphasizes the need to carefully consider
the stimulation paradigms when assessing theimpact of LC activity on
brain function*®*. We also observed that when LC activity changes from
atonic to a burst-like pattern, downstream activation shifts in favor
of sensory processing. This shiftis accompanied by functional segre-
gation of higher-order associate regions from somatosensory ones.
These findings are important because they provide an explanation of
how LC activity patternsand NA release can trigger adaptable network
responses to continuously changing environmental demands®*?*.

LC-NA modulation dynamics and contributions in BOLD fMRI

The neuromodulatory and sympathetic effects of the LC-NA sys-
tem may dissociate the conventional coupling between neuronal
and vascular activity and thus change the typical functional hyper-
emic response®**, For this reason, the interpretability of LC-NA
BOLD-derived fMRI data is inherently elusive, as demonstrated by
the observed biphasic BOLD signalsinresponse to optogeneticLC-NA
stimulation. Several studies hinted that afunctional decrease inblood
oxygenation can correspond to neuronal inhibition and constriction
of arterioles initiated by neuronal release of neurotransmitters and
neuropeptides associated with functional inhibition®***°, Using elec-
trophysiology, we showed atime-locked increase ininhibitory neuronal
activityina downstream, subcortical target of LC. Arecent fMRIstudy
linked the activity of parvalbumin (PV) INTs to a transiently decreased
hemodynamic response and vasoconstriction viasuppression of excita-
tory neurons®. This was followed by a delayed functional hyperemiaand
vasodilation, probably driven by aPV-induced release of the vasoactive
neuropeptide substance P (SP). Importantly, emotional stressors, com-
monly associated with increased LC-NA activity”®, have been shown
toaffect SP signaling®. Our optogenetic LC-NA stimulation may have
caused downstream PV INTs to suppress excitatory neurons, manifest-
ing asadecrease in BOLD signal, while simultaneous SP efflux evoked
adelayed vasodilation, manifesting as aslow increase in BOLD. These
are testable hypotheses that should be addressed in future studies,
particularlyinlight of studies documenting diverse neurochemical and
celltype-specific contributions to the BOLD signal*>*>, Acomprehensive

examination of the recent literature underscores the diverse impact
of several neurotransmitters such as glutamate, y-aminobutyricacid,
acetylcholine, dopamine and neuropeptides on hemodynamics across
different brain regions®. These effects are attributed to regional vari-
ations in cell types and receptor expression levels. Pharmacological
or circuit approaches are available to explore these mechanisms, yet
adetailed investigation of this approach was outside the scope of the
present study.

Furthermore, the astrocytic activity driven by LC-NA may serve
as an additional driver for delayed, positive BOLD signals®****. Evoked
or intrinsic BOLD responses demonstrate a correlation with height-
ened astrocytic activity, which may present as positive or negative
depending on the brain’s state®. Other optical imaging studies likewise
observed the initiation of induced Ca* signals in astrocytes in vivo,
with alatency of afew seconds compared to the neuronal responses™.
Inthis study, we showed robust increasesin astrocytic Ca** activity on
optogenetic LC stimulation that are reminiscent of our recorded NA
release dynamics. Notably, we observed a strong correlation of fMRI
signals with the Adrala subtype, which is prominently expressed in
astrocytes and known to be a prime target of NA*, With sustained LC
activation and NA release, it is conceivable that astrocytic recruit-
ment and local metabolic demand increase, leading to a gradual rise
in tissue oxygenation that is reflected in an increase in BOLD signal**.
On arelated note, the diverse effects of LC-NA on downstream BOLD
deflections are probably carried over to the stimulus offset period.
ROIs consistently showed a similar but inverted time course (that is,
overshoot or rebound) after the stimulation, suggesting sustained
local neuromodulatory effects or possibly local measures of ‘gain
control’ in response to adynamic input modulation®. By considering
both factors in our GLM model, we estimated the global influence of
LC-NA stimulation patterns in a systematic manner and found that
downstream activity patterns probably arise because of combined
neural and vascular responses, reflecting the differential effects of
the LC-NA system on fMRIsignals. However, itisimportant to exercise
caution when assessing the generalizability of any model across all
brain regions. Acknowledging the diversity in cell type compositions
across different areas, we recognize the need for careful consideration
and perhaps additional validation methods to aid in LC-NA fMRI signal
interpretation.

Overall, the complexity of putative neurochemical and cell
type-specificinteractions with the LC-NA system and its role in shap-
ing brain hemodynamicsis evident. This complexity underscores the
necessity for continued research aimed at unraveling the mechanisms
governing local vascular tone. Improved understanding in this area
holds promise for enhancing the interpretation of f/MRI dataand guid-
ingresearchinto disease states characterized by distinct neurochemi-
cal signaling patterns.

Hierarchical brain activity and LC-NA dynamic gain control

Intense or otherwise motivationally salient stimuli have been shown
to evoke burst-like LC activity®. While tonic LC background activity
continually modulates arousal, burst-like firing is believed to serve asa
‘wakeup call’ to facilitate increased task engagement and performance
by differentially affecting brain activity™>'°. In line with this idea, we
showed that intensity-matched tonic and burst-like stimulation of
LC noradrenergic neurons evoke divergent and dynamic patterns of
brain activity, which hinge on their distinct NA release profiles. While
burst-like stimulation recruits areas of the SSCtx, intermediate tonic
stimulation engages the medial prefrontal and hippocampal regions,
adistribution that aligns along a hierarchy of increasing functional
integration*’. Regions at the bottom of the hierarchy are linked to the
processing of sensory input at amore fundamental level, whereas areas
atthetop of the hierarchy are oftenlinked to anintegrative role and pro-
cessing of more sophisticated and abstract information®. This archi-
tecture allows for more effective information processing and greater
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flexibility to accommodate changes in environmental conditions***.

However, what drives such a value ranking at the level of brain activity
is less well understood. Our findings suggest that tonic and burst-like
LCfiring could act as dynamic gain controllers along this hierarchical
axis, dynamically reassigning the brain’s resources according to
situational demands.

More specifically, burst-like firing—typically related to salient
stimuli that require sensory reorientation****—preferentially acti-
vates ‘lower-level’ sensory processing, whereas tonic firing—related
to sustained attention and task engagement®>***—activates ‘higher
regions’ tasked with more complex and abstract information pro-
cessing. Importantly, these findings are further reflected in a cortical
network segregation, where moderate tonic stimulation segregates
transmodal regions from unimodal ones in contrast to a burst-like LC
firing pattern. Our interpretation posits that the LC adopts atonicfiring
rate during tasks requiring heightened focus, involving the engage-
ment of transmodal regions such as frontal areas. Conversely, in situa-
tions necessitating increased alertness to environmental changes, the
LC transitions to aburst-like firing mode, engaging sensory areas and
thusfacilitating adaptive behavioral responses. This dynamic modula-
tion by the LC facilitates adaptive behavioral responses. Future avenues
of investigation should explore the impact of stimuli-mediated brain
responsesinboththe presence and absence of LC stimuli. It could also
be particularly insightful to study this relationship in more naturalistic
scenarios where awake animals are recorded concurrently with LC
calciumactivity. Suchanapproach could provide amore comprehen-
sive understanding of how LC activity interacts with and influences
broader neural dynamics during several cognitive and perceptual tasks
inreal-world contexts.

Limitations
We acknowledge that unilateral and unimodal optogenetic stimulation
sustained over 30 s—particularly with a burst-like pattern—does not
represent a physiological mode of operation of the LC-NA system. In
fact, the exact firing patterns of LC neuronsin response to several envi-
ronmental challenges, such as stressful stimuli, are unknown because
of difficulties in recording large numbers of LC neurons, particularly
infreely moving mice. The highest density recordings in anesthetized
rats to date suggest highly variable firing of LC neurons, where only a
fraction (15%) displayed synchronous firing associated with phasic
discharge, even in response to a noxious foot shock®. However, it is
conceivable that this number mightincreaseinvivoinascenariowhere
multimodal stress signals converge and accumulate over minutes or
hours. In vivo, firing in a new environment showed prominent burst
activity in the range of 15-28 Hz sustained over several minutes". Thus,
achallenge for future work will be to decipher the natural firing proper-
ties of LC neurons over longer timescales and inresponse to various situ-
ational demands (sustained attention, salient stimuli, novelty, stress),
and subsequently refine stimulation protocols to closely resemble
(or evenreplay) naturally occurring LC activity patterns.
Furthermore, it is important to consider the potential impact of
disparate consciousness states of mice during experiments on the
results of our optogenetic stimulation (thatis, anesthesia during fMRI
dataacquisition, sedation during pupillometry and fiber photometry
recordings, awake during electrophysiological recordings). Particu-
larly during fMRImeasurements, evenwith careful titration, anesthesia
dampens spontaneous LC background activity*’, which may affect the
observed effects of LC firing patterns and intensities at awhole-brain
level. Infuture studies conducted in the awake state, these activity pat-
terns may be attenuated because of the interplay between the LC-NA
system and other neuromodulators that contribute to arousal and
are more active during wakefulness®. Similarly, it will be worthwhile
to assess the extent of downstream dopamine co-release—afeature of
the LC-NA system that is linked to its activity patterns"-*—and their
effects on whole-brain activity. Given the significant correlation of

NA-dependent activity at 5-Hz LC stimulation and Drd1 distribution
maps, itis conceivable that at least some of the observed BOLD patterns
atahigh-tonic LC-NA output are affected by dopaminergic modulation
or an interaction between dopamine and NA. In addition, we cannot
exclude potential influences of the contralateral hemisphere on our
fMRI signals. To this point, conveyed activity in the contralateral LC
during 5-Hz stimulation might have contributed to shaping the distinct
whole-brain activation profiles of the higher tonic dataset. Finally,
our work could not address the modular organization of the LC into
cellular ensembles®, as our stimulation will uniformly drive LC activity
irrespective of afferent and efferent projections.

Conclusions

In this work, we discovered that shifts in LC firing patterns evoke
dynamic changes in brain activity and network reconfigurations at
the systems level. Our datashow that tonic and burst-like LC stimulation
influence the brain’s processing disposition to prioritize associative
information over somatosensory information and vice versa. Addition-
ally, we demonstrated how both tonic and burst-like LC firing patterns
arerelated to dynamic modulation of cortical network topology, pre-
senting a view of a potential role of the LC-NA system in gating brain
state transition. Together, our results provide new insight into how the
LC-NA system continuously and adaptively modulates brain dynamics
to support cognitive functions and ongoing behaviors.
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Methods

Mouse lines

All animal procedures were conducted in accordance with the Swiss
federal guidelines for the use of animals in research and approved
by the Cantonal Veterinary Office of Ziirich. Heterozygous
C57BL/6-Tg(Dbh'“*)1Gsc (Dbh'“®) mice®* were kept in standard hous-
ing on a12 h light-dark cycle, with housing temperatures between
18 °Cand 23 °C and 40-60% humidity. Food and water were provided
ad libitum.

Stereotaxic surgery

Stereotaxic surgery was performed on 2-3-months-old Dbh™ mice
under 2% isoflurane anesthesia with a subcutaneous dose of 5 mg kg™
meloxicam and a local anesthetic (Emla cream; 5% lidocaine, 5% pri-
locaine). Animals were placed into a stereotaxic apparatus and their
skulls exposed. Bregma was located and the skull placement corrected
fortilt and scaling. For virus delivery and optical fiberimplantationin
theright LC,asmallhole was drilled at anterior-posterior (AP) =5.4 mm
and mediolateral (ML) —0.9 mm, relative to bregma. For pupillometry
(nmale mice =13, nfemale mice =12) and optogenetic-fMRI recordings
(nmalemice =10, nfemale mice = 12), mice were theninjected unilater-
ally (coordinates: AP-5.4 mm, ML-0.9 mm, dorsoventral (DV) -3.8 mm)
with1plofan AAV construct carrying the optogenetic actuator ChR2
(ssAAV-5/2-hEF1a-dlox-hChR2(H134R)_EYFP(rev)-dlox-WPRE-hGHp(A);
4.7 x10™ vg ml™; Viral Vector Facility (VVF), Neuroscience Center
Ziirich) using apneumaticinjector (IM-11-2, Narishige) and calibrated
microcapillaries (cat. no. P0549, Sigma-Aldrich). For fiber photometry
recordings, mice were injected unilaterally in the LC (coordinates:
AP -5.4 mm, ML -0.9 mm, DV -3.8 mm), with 1 pl of an AAV construct
carrying the optogenetic actuator ChrimsonR (ssAAV-5/2-hEFla/
hTLV1-dlox-ChrimsonR_tdTomato(rev)-dlox-WPRE-bGHp(A); 4.7 x 10
vg ml™%; VVF, Neuroscience Center Ziirich). Additionally, mice were
injected with 0.2 pl of the genetically encoded NA sensor GRAB g,
(ssAAV-9/2-hSyn1-GRAB(NE1m)-WPRE-hGHp(A); 5.5 x 10" vg ml™%;
VVF, Neuroscience Center Ziirich; n male mice = 3, n female mice = 9)
or the astrocytic Ca®" sensor GFAP-GCaMPés (sSAAV-9/2-hGFAP-h
HBbI/E-GCaMP6s-bGHp(A); 5 x 102 vg mI™; VVF, Neuroscience
Center Ziirich; n male mice = 2, n female mice = 2) in the ipsilateral
hippocampus (coordinates: AP -3.2 mm, ML -3.3 mm, DV -3.8 mm).
Subsequently, an optical fiber was implanted at 200 pum superior to
the injection coordinates (for pupillometry and optogenetic-fMRI:
low profile, 90°200 pm, numerical aperture = 0.66; Doric Lenses; for
fiber photometry: 200 pm, NA = 0.37; Neurophotometrics). Optical
fibers were glued to the skull usingabonding agent (Etch glue, Heraeus
Kulzer) and an ultraviolet-curable dental composite (Permaplast LH
Flow; M+W Dental); stitches were used as required. The health of the
animals was evaluated using postoperative checks over the course of
3 consecutive days and 5 mg kg meloxicam administered subcutane-
ouslyifneeded.

Pupil recordings

For pupil recordings, a Raspberry Pi NoIR Camera Module V2 night
vision camera, an infrared light source (Pi Supply Bright Pi, Bright
White and IR cameralight for Raspberry Pi) and aRaspberry Pi3 Model
B (Raspberry Pi Foundation) were used. Experimental procedures in
all animals followed the guidelines detailed in ref. 63. Briefly, mice
were anesthetized in an induction chamber with isoflurane in a 1:4
0, to air mixture (4% induction, 2% maintenance). Anesthesia levels
were maintained at 2% isoflurane throughout the recordings via a
breathing mask to dampen and silence ongoing LC background activ-
ity*®. The eye ipsilateral to the stimulated LC (right eye) was recorded
and a 2-min baseline recording preceded the different stimulation
paradigms. Stimulation patterns lasted 10 s and included (1) a 3-Hz
(473 nm, 10 ms pulse width, 10 mW laser power), (2) a 5-Hz (473 nm,
10 ms pulse width, 10 mW laser power), (3) a15-Hz burst stimulation

(three pulses per second, 473 nm, 10 ms pulse width, 10 mW laser
power) and (4) a 5-Hz sham stimulation (635 nm, 10 ms pulse width,
10 mW laser power). A red-light instead of a blue-light sham condition
was chosen for this study to keep the total number of experimental
animals to a minimum. Notably and like our red-light sham stimula-
tion, a blue-light sham condition did not induce residual pupillary
responses as shown in ref. 63. All stimulations were followed by 90 s
of nolaser light delivery. One animal (male) was excluded because of
the absence of a pupil response.

Fiber photometry

Thegreenfluorescence signal from the NA sensor GRAB,, or the astro-
cytic Ca* sensor GFAP-GCaMPé6s was recorded using a commercially
available photometry system (Model FP3002, Neurophotometrics)
controlled using the open-source software Bonsai (v.2.6.2). Throughout
the recording session, mice were lightly anesthetized (4% isoflurane
duringinduction, 2% during maintenance) and the fiber implanted in
the mouse brain was attached to a prebleached recording patch cord
(200 pum, numerical aperture = 0.39, Doric Lenses). Two LEDs were used
to deliver an interleaved excitation light: a 470-nm LED to record an
NA/Ca*-dependent fluorescence signal (F¥’°) and a415-nm LED for an
NA/Ca*-independent control fluorescence signal (F**). The recording
rate was set at 120 Hz for both LEDs allowing 60 Hz for each channel
individually. The excitation power at the fiber tip was set to 25-35 pW.
For short-term, single-stimulation photometry recordings, the LC was
stimulated using 3-Hz tonic, 5-Hz tonic and 15-Hz burst laser pulses
in arandomized order during the same session (635 nm laser (CNI
laser) at 5 mW output power). Long-termrecordings to assess NA/Ca**
responses for repeated stimulations were conducted inarandomized
order on separate days.

Invivo electrophysiological and fiber photometry recordings
For the in vivo electrophysiological recordings combined with fiber
photometry, 8-9-weeks-old male NET-cre::Ail48 (GCaMP6f) mice
(provided by S. Tonegawa) were implanted with a 400-pm optic
fiber (FP400RT) unilaterally 100 um above the LC. After 2 weeks of
recovery, mice underwent 3-4 head fixation habituation sessions
starting with 15 min and gradually increasing to 25 min; 3-4 weeks
after surgery, craniotomies were performed to provide access to the
dorsal hippocampus CAl. Craniotomies were covered with silicon
sealant to protect the brain surface from mechanicalimpact, dehydra-
tion and light exposure before the silicon probe recording sessions.
For the electrophysiological recordings, each mouse was gradually
habituated to head fixation over multiple sessions and was allowed
to run freely on a horizontal wheel. A 4-shank, 128-channel silicon
microprobe (128DN; four shanks, 150-mm shank spacing, 25-mm
channel spacing, 100-mm? electrode area, 7 x 65 x 23 mm? shank
dimensions; provided S. Masmanidis, UCLA)®* or Neuropixels probe
wasinserted ata depth of approximately 2 mm or 4 mm correspond-
ingly, with an insertion speed of 100 pm min. Before each record-
ing session, the silicon probe recording sites were electroplated
in a poly(3,4-ethylenedioxythiophene) solution to an impedance
of 100 kOhm (for passive silicon probes). Silicon probes were con-
nected to an RHD2000 chip-based 128-channel amplifier board (Intan
Technologies) or the Neuropixels headstage. Broadband (0.1 Hz to
7.5 kHz) signals were acquired at 30 kHz. Signals were digitized at
16-bit and transmitted to an OpenEphys recording controller. Photo-
metry recordings were performed with unilaterally implanted,
custom-made optic fiber connectors (FP400URT, numerical aper-
ture =0.50, @400 pm; Thorlabs). Amodified Doric fiber photometry
system was used to perform the recordings (Doric Neuroscience
Studiov.6.1). Two different excitation wavelengths were used (465 nm
for HC-dependent GCaMPé6f activity and 405 nm to record an isos-
bestic, Ca**-independent reference signal that served to correct for
photobleaching and movement-related artifacts).
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Optogenetic-fMRIrecording

Atotal of 87 fMRI scans were acquired with adult, heterozygous male
(n=22) and female (n=7) DbA'“" mice. Six fMRI scans were excluded
because of fMRI coil-related artifacts, leaving a final dataset of 81scans.

Animal preparation. For the fMRI scans, mice were anesthetized
in a gas chamber for 4 min with 4% isoflurane in 1:4 O, to air mixture.
Animals were endotracheally intubated and their tail vein cannulated
while beingkept under anesthesia with 2% isoflurane. During prepara-
tion, animal temperature was keptat 37 °C using a heating pad (Harvard
Apparatus). Onceintubated and cannulated, mice were head-fixed with
ear bars and connected to a small animal ventilator (CWE, Ardmore)
on an MRI-compatible support. Ventilation was set to 80 breaths per
minute, with1.8 ml min™ flow with isoflurane at 2%. A bolus injection of
amuscle relaxant (pancuronium bromide, 0.25 mg kg™) was delivered
viathe cannulated veinandisoflurane was reduced to 1.5%. A fiberoptic
patch cord (Thorlabs) connected to a custom-made diode-pumped
solid-state laser (CNI laser) was tethered to the optical fiber implant
via an MRI-compatible connector. Continuous infusion of pancuro-
nium bromide (0.25 mg kg h™) started 5 min after the initial bolus
injection. Isoflurane was reduced to 1.1%. A hot water circulation bed
kept the temperature of the animal constant throughout the entire
measurement (35 °C). Additionally, body temperature was monitored
using arectal thermometer probe. After collection of functional and
anatomical MRl scans, the continuous injection and isoflurane flow
was stopped. Animals remained connected to the ventilator until inde-
pendentbreathing could be assured and then transferred to a heating
chamber for further recovery.

Data acquisition. Data were acquired in a 7T Bruker BioSpec scanner
equipped with a Pharmascan magnet and a high signal-to-noise ratio
dedicated mouse brain quadrature T/R cryogenic coil (Bruker BioSpin)
(gradient: 7T, 16-cm bore size, 9-cm head gradient insert, maximum
gradient770 mT m?, rise time 110 ps, AVANCE Ill electronics). Standard
adjustments included calibration of the reference frequency power
and shim gradients using MAPSHIM (Paravision v.6.1). For anatomical
assessment, a T1-weighted image was acquired via a FLASH sequence
with an in-plane resolution of 0.05 x 0.02 mm?, an echo time (TE) of
3.51 msand arepetition time (TR) of 522 ms. For the functional scans,
a standard gradient-echo echo-planar imaging sequence (GE-EPI,
TR=1s, TE=15ms, in-plane resolution = 0.22 x 0.2 mm?, number of
slices =20, slice thickness = 0.4 mm, slice gap = 0.1 mm) was applied
to acquire 1,440 volumes in 24 min. To reduce acquisition time, we
used a partial Fourier with an acceleration of 1.2 in the phase domain.

Optogenetic stimulation. Theintensity and firing pattern-dependent
whole-brainactivity of ChR2-EYFP-expressing Dbh'“" mice was recorded
inseparate functional scans. Over the course of 4 weeks, mice were ran-
domly assigned tothe 3 Hz, 5 Hz, 15 Hz and sham optogenetic stimula-
tion protocols (pulse width =10 ms). Using arandomized block design,
a single mouse underwent a maximum of one scanning session and
optogenetic protocol per week to allow for sufficientisoflurane washout
and avoid any potential ‘spill-over’ effects on brainactivation patterns
between stimulation patterns, respectively. This way, over the course
of 4 weeks, an experimental animal underwent amaximum of four scan-
ning sessions. Functional scans consisted of an 8-min prestimulation
baseline, an 8-min optogenetic stimulation phase and an 8-min post-
stimulation baseline. For the 3-Hz and 5-Hz tonic optogenetic stimula-
tion, trains of 473 nmlaser pulses were delivered for 30 s at 10 mW laser
power above the targeted site, followed by 30 s of no laser light delivery.
This stimulation paradigm was repeated over the course of 8 min. For LC
burst stimulation, aburst of three pulses at 15 Hz (10 mW and 473 nm)
was delivered every second for 30 s, followed by 30 s of no laser light
delivery. The stimulation was repeated over the course of 8 min. For
the sham optogenetic stimulation, trains of 635 nm laser pulses were

delivered at3-5 Hzfor 30 s and 10 mW laser power above the targeted
site, followed by 30 s of no laser light delivery. The stimulation was
repeated over the course of 8 min. Control measures against optoge-
neticlightartifactsinthe dark MRIscanner environment were taken as
inref. 65.Briefly, acontinuously lit LED light source and a continuously
lit blue laser light source were placed on the MRl cradle in the vicinity
of the animal’s head to mask any potential light spill leading to visual
artifacts during optogeneticlaser pulse deliveries. Mice were randomly
subjected to any of the four optogenetic stimulation protocols.

Immunohistochemistry

The hindbrain, including the LC, was fixed in 4% PFA for 2 h, cryo-
protected in a sucrose solution and frozen in mounting medium. The
hindbrain was then cut into 40-pm sections and stained in primary
antibody solution containing 0.2% Triton X-100, and 2% normal goat
serumin PBS at4 °Cunder continuous agitation over two nights. After-
wards, sections were washed three times in PBS for 10 min per cycle
and thentransferredinto secondary antibody solution containing 2%
normal goat serum in PBS. After three more PBS washes, the sections
were mounted onto glass slides (Menzel-Glaser SUPERFROST PLUS,
Thermo Fisher Scientific), air-dried and cover-slipped with Dako fluo-
rescence mounting medium (Agilent Technologies). Primary antibodies
included: mouse anti-TH (1:1,000 dilution, cat. no. 22941, Immunostar);
chicken anti-GFP (1:1,000 dilution, cat. no. ab13970, Abcam);
and rabbit anti-cFOS (1:5,000 dilution, cat. no. 226 003, Synaptic
Systems). Secondary antibodies included: donkey anti-mouse Alexa
Fluor 647 (1:300 dilution, cat. no. A-31571, Thermo Fisher Scientific);
goat anti-chicken Alexa Fluor 488 (1:300 dilution, cat. no. A-11039,
Thermo Fischer Scientific); and goat anti-rabbit Alexa Fluor 546 (1:300
dilution, cat.no. A11035, Thermo Fisher Scientific). Microscopy images
were acquired in a confocal laser-scanning microscope (LSM 880,
ZEISS).Images of the LC were acquired in aseparate cohort to evaluate
LC targeting (n DBH" male = 11) using a x10 or x20 objective.

Quantification and statistical analysis

Quantification. Pupil diameter was measured using the motion
tracking software DeepLabCut®*’. The web-based pupillometry app
reported in ref. 63 was used for visualization and analysis. Measure-
ments after 3-Hz, 5-Hz and 15-Hz optogenetic stimulation were nor-
malized to the 10-s baseline preceding laser light delivery and were
statistically analyzed asinref. 63.

Fiber photometry. Analysis of the raw photometry data was performed
using a custom-written MATLAB script. First, to filter high-frequency
noise (above 1Hz), the lowpass filter function was applied to both
recorded signals (F¥° and F**). Next, to correct for photobleach-
ing of the fluorescence signal, the baseline fluorescence F*™, cine fic
was calculated as a linear fit applied to the filtered F*** to F¥° signals
during the baseline 5-s window preceding each LC stimulation. Finally,
the signal of the NA sensor was expressed as a percentage change
influorescence: AF/F =100 x (F7°(t) — F* seiine i)/ F S asetinesic(£), Where
F*°(¢) signifies the filtered fluorescence value at each time point ¢
across the recording and F*, e rie(£) denotes the value of the fitted
415-nm signal at the time point ¢. The final AF/F signal was smoothed
with a 10-50-point moving mean filter. To capture the difference
in bleaching dynamics for the F*’° and F** of the GRABNEIm sensor
over thelong-term photometry recording, the 405 and 465-nm excited
signals were individually fitted with a third-degree polynomial function
using the MATLAB polyfit function. Fitting parameters were calculated
over atime window including a1-mininterval before the first stimula-
tiononsetand al-mininterval at the end of the recording (4 min after
the offset of the last stimulation). Each signal was then divided by
its fit to correct for bleaching and normalize each signal. Finally, the
AF/Ffor each time point was calculated as the difference between the
bleaching-corrected, normalized signals excited at 405 and 465 nm:
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AF/F=100 X ((AF/F)¥° 1 ormatized = (AF/F)*™ ormaiizea)- Similarly, the final AF/F
signal was smoothed with a100-point moving mean filter.

In vivo electrophysiology and fiber photometry analysis. Raw
electrophysiology data were processed to detect spikes and extract
single-unit activity. Briefly, wideband signals were bandpass-filtered
(0.6-6 kHz), spatially whitened across channels and thresholded for
theisolation of putative spikes. Clustering was performed using tem-
plate matching implemented in Kilosort3 (ref. 68); the computed
cluster metrics were used to preselect units for later manual curation
using custom-written software. Single units were classified as puta-
tive excitatory principal neurons and fast-spiking INTs based on their
extracellular waveforms (Fig. 3c). After classification, the response
of the principal neurons and INTs was used to evaluate the mean
response of the respective populations. For response characteriza-
tion, the spike rates were calculated in 100-ms bins. Each unit’s activity
was normalized to the average firing rate in the 5 s before the trigger
event (intrinsic GCaMPé6fresponse).

Photometry data were preprocessed and analyzed using cus-
tom programs written in MATLAB (v.2017b, MathWorks). Data with
obvious motion artifacts in the isosbestic channel were discarded.
Demodulated raw Ca*" traces were downsampled to 1kHz and then
detrended using alow-cut filter (Gaussian, cutoff of 2-4 min) to correct
for slow drift of the baseline signal due to bleaching. Filtered traces
were z-scored by the mean and s.e. of the entire trace.

fMRI data analysis. RO/ analysis.ROls were chosen anatomically using
the Mouse Brain Allen Common Coordinate Framework v.3 (CCv3) and
accordingto the hierarchical gradient of the mouse cortex as outlined
inref.43.For thelatter, atotal of 38 cortical ROIs were extracted: ACAd;
ACAv; Ald; Alp; Alv; AUDd; AUDp; AUDv; ECT; FRP; GU; ILA; MOp; MOs;
ORBI; ORBm; ORBVI; PERI; PL; PTLp; RSPagl; RSPd; RSPv; SSp-bfd;
SSp-ll; SSp-m; SSp-n; SSp-t; SSp-ul; SSs; TEa; VISal; VISam; VISC; VISI;
VISp; VISpl; VISpm. For visualization purposes, six additional cortical
and subcortical ROIs were extracted: mPFC, CPu, SSCtx, HC, TH and
AMY. Mean time series for selected anatomical ROlIs were extracted
and corrected for baseline.

GLM statistical mapping. Preprocessing and functional data analysis
was carried out using FSL FEAT (v.5.92, www.fmrib.ox.ac.uk/fsl) and
in-house MATLAB scripts. Preprocessingincluded the following steps:
(1) B1field inhomogeneity correction using the N4 algorithm as pro-
vided in the software package Advanced Normalization Tools (ANTSs)
v.2.1.0 (ref. 69); (2) discarding the first ten measurements to achieve
steady-state excitation; (3) high-pass filtering (with a cutoff of 90 s)
and motion correction using MCFLIRT. Because of the small size of
the optogenetically targeted LC and downstream activated regions,
no smoothing kernel was applied. To account for potential alignment
artifacts due to the implanted optical fiber, two study-specific tem-
plates based on all mean echo-planar images (EPIs) and T1-weighted
anatomical images were created using ANTs (http://stnava.github.io/
ANTs/). Registration was carried out first for the study-specific EPI
template and then for the T1-weighted template using FLIRT and FNIRT.
Time series statistical analysis was carried out using FILM and standard
motion parameter correction. To fully capture the biphasic nature of
the BOLD responses evoked by LC stimulation, we implemented a GLM
thatincorporated two mainregressors: one representing the ON-OFF
laser stimulation design and the other comprising an NA release trace
computed from an average of the 3-Hz tonic, 15-Hz burst and 5-Hz tonic
fiber photometry traces. The sum of these regressors (thatis, the logical
‘AND’) was then convolved with a standard double-gamma HRF. After
the application of standard motion parameters (MCFLIRT), group-level
analysis was conducted using a fixed-effects analysis. Statistical analysis
was done comparing whole-brain group-level activity maps for each
stimulation protocol against the sham condition and across stimulation

types. Alternatively, individual regressors were used to qualitatively
assess theirimpact on the evoked BOLD signal under the specific condi-
tions. All z-statisticimages underwent thresholding using the clusters
identified by z> 3.1, with a family-wise error-corrected cluster signifi-
cance threshold of P= 0.05 applied to the suprathreshold clusters’”.

For visualization purposes, averaged group and group contrast
activation maps were normalized to a high-resolution Allen Brain
Institute mouse brain atlas using affine and nonlinear greedy trans-
formations. To allow for detailed assessment of incurred distortion,
averaged group activation maps were additionally mapped onto the
study-specific GE-EPI template.

Time-resolved network analyses. To inspect functional connectivity
between the aforementioned 38 cortical ROIs, we used the Louvain
modularity algorithm from the Brain Connectivity Toolbox on the
functional connectivity edge weights to estimate community struc-
ture’”. The stability of the gamma parameter was determined through
a permutation process and defined as 1.3 for all analyses. We used
the partition from the modularity algorithm to estimate the PC from
unthresholded, weighted and signed connectivity matrices. The PC
quantifies the extent to which a region connects across all modules
(that is, between-module strength). The PC is close to 1 if its connec-
tions are uniformly distributed among all the modules and 0 if all of
itslinks are withinits own module. The mean and individual region PC
scores were then compared across animals for the different stimula-
tiontypes, after first correcting for the baseline associations observed
during prestimulation ‘resting-state’ epochs.

Statistics and reproducibility. The statistical details for every exper-
iment are provided in the figure legends, where ‘n’ represents the
number of animals per group. No statistical methods were used to
predetermine sample sizes but our sample sizes are similar to those
reported in previous publications®>”*, Data distribution was assumed
to be normal but this was not formally tested. Statistical significance
was defined as P < 0.05. Datawere excluded in the absence of pupillary
responses or because of fMRI coil-related artifacts. The experiments
were randomized; however, investigators were not blinded to alloca-
tion during the experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Datasupporting the findings of this study are available within the arti-
cleanditssupplementary information files. Raw MRl data are publicly
availableathttps://zenodo.org/record/7064020#.Yyw2ri8Rpjl (ref. 74).
Anatomical regions of the mouse brainwere chosen based onthe Mouse
Brain Allen Common Coordinate Framework v.3 (https://connectivity.
brain-map.org/static/referencedata#:~:text=The%20Allen%20
Mouse%20Brain%20Common,using%20serial%20two%2Dphoton%20
tomography).

Code availability

Imaging data were analyzed using FSL FEAT v.5.92 (www.fmrib.ox.ac.
uk/fsl) and Advanced Normalization Tools v.2.1.0 (http://stnava.github.
io/ANTs/). Scripts for analyzing the PC can be accessed via GitHub at
https://github.com/bmunn/IntegrationLCStim. Figures were created
using BioRender.com and Adobe Illustrator.
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Extended Data Fig. 1| Physiological effects of 30 s optogenetic LC-NA
stimulation. Related to Fig. 1. a Left: immunohistochemical macro view of
ChR2-EYFP targeting to the right (ipsilateral) LC. Dashes represent optical fibre
placement. Right: immunohistochemical view of ChR2-EYFP and cFos expression
in TH-positive neurons of the right (stimulated) LC. Immunohistochemistry

was performed in a separate cohort to evaluate LC targeting (n(male)=11).

b Pupil traces at 30 s of 3 Hz tonic (n=9), 15Hz burst (n=9), and 5 Hz tonic (n=7)
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LC stimulation (mean+SEM). c GRABy;,,, photometry recordings during nine
blocks 0of 30 s 3Hz tonic, 15Hzburst, and 5Hz tonic LC ChrimsonR stimulation.
Each stimulation block causes asharp spike in NA increase across all stimulation
protocols. Right: GRABy,,, photometry recordings during 30 s 3 Hz tonic, 15Hz
burst, and 5Hz tonic LC ChrimsonR stimulation averaged across nine stimulation
blocks (mean+SEM). Scale bars, 500pum,50pum. N(male)=2, n(female)=3. Figure
schematics in panels b and ¢ were created with Biorender.com.
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Extended Data Fig. 2| Cortical ROI parcellation. Related to Fig. 2. a Location of 38 regions-of-interest (ROIs) in EPI template space across the right cortical

hemisphere used for time series extraction. Mean timeseries of 38 cortical ROls during b 3 Hz tonic, c15Hz burst, d 5 Hz tonic, and e sham LC stimulation.
Figure schematics in panels a-c were created with Biorender.com.

Nature Neuroscience


http://www.nature.com/natureneuroscience
http://BioRender.com

Article

A

600 —y 600 —y
500 - 500
400 400

£ g
w300 we 300

- <
200 200
100 100
0 04

B
C 3 Hz tonic ) C 15 Hz burst )

https://doi.org/10.1038/s41593-024-01755-8

( 5 Hz tonic )

600 —

- 3Hz
=15Hz
- 5Hz

500

400

300

AFIF, (%)

200

100

0

T T T T T T T
0 2 4 6 8 10 0

Time [min]

~o—

Extended Data Fig. 3| Astrocytic activity upon repeated optogenetic
LC-NA stimulation. Related to Fig. 3. Changes in astrocytic Ca* release upon
nine blocks of 30 s optogenetic a3 Hz tonic, b15 Hz burst, and ¢ SHz tonic

LC ChrimsonR stimulation recorded in the hippocampus (mean+SEM). Each
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stimulation block causes an increase in Ca** signals across all stimulation
protocols. N(male)=2, n(female)=2. Pink traces represent 3 Hz tonic, green
traces 5Hz tonic, blue traces 15 Hz burst, and grey blocks indicate optogenetic
stimulation. Figure schematics in panels a-c were created with Biorender.com.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Brain-wide effects of optogenetic LC stimulation.
Related to Fig. 4.a GLM model fit of selected ROIs. b Cluster-corrected,
thresholded (z-score>3.1) GLM z-stat activation maps in EPI space of 3 Hz tonic, 15
Hzburst, and 5 Hz tonic groups compared to sham. General linear model (GLM)
model analysis including the LC ON/OFF laser stimulation protocol (that is, STIM
BLOCK) and the NA stimulus responses (that is, NA RAMP) as separate but highly
correlated regressors. Both are convolved with astandard double-gamma HRF
resultingin cluster-corrected, thresholded (z-score>3.1) GLM z-stat activation
maps of 3 Hz tonic, 15 Hz burst, and 5 Hz tonic groups compared to sham that
depend on c the ON OFF stimulation of LC-NA neurons or d on NA release
dynamics. e Changes in participation coefficients (PC) relative to activation of

cortical hierarchical regions during 3 Hz tonic vs 15Hz burst-like LC activation
(Spearman’s p=-0.69, P= 3.4x1079). fChanges in participation coefficients (PC)
relative to activation of cortical hierarchical regions during 3 Hz tonic vs 5 Hz
tonic LC activation (Spearman’s p=0.1, P=0.65). PFC, prefrontal cortex; mPFC,
medial prefrontal cortex; OFC, orbitofrontal cortex; CPu, caudate putamen;
Amy, amygdala; HC, hippocampus; SUB, subiculum; SC, superior colliculus; LC,
locus coeruleus; MRN, midbrain reticular nucleus; VPM, ventral posteriomedial
nucleus of thalamus; MOp, primary motor cortex; SSCtx, somatosensory cortex;
CB, cerebellum; NA, noradrenaline; Stim, stimulation. N(sham)=32; n(3Hz)=15;
n(5Hz)=16. Figure schematics in panels a-fwere created with Biorender.com.
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Validation Immunohistological stainings using above mentioned antibodies were confirmed using a confocal laser-scanning microscope (CLSM
880, Carl Zeiss AG, Germany).

Animals and other research organisms
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Wild animals No wild animals were used in this study.
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validation of LC targeting was verified (n(male)=11).
We used male NET-cre::Ai148 (GCaMP6f; n=3) mice. We report sex in our data.

Field-collected samples  No field-collected samples were used in this study.

Ethics oversight All animal procedures were conducted in accordance with the Swiss federal guidelines for the use of
animals in research and approved by the Cantonal Veterinary Office of Zurich.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Preprocessing

Preprocessing software Preprocessing and functional data analysis was carried out using FSL FEAT.

Normalization To account for potential alignment artefacts due to the implanted optical fiber, two study-specific templates based
on all mean-EPIs and T1-weighted anatomical images were created using ANTs
(version 2.1.0; http://stnava.github.io/ANTs/). Registration was carried out first to the study-specific EPI template
and then to the T1-weighted template using FLIRT and FNIRT.

Normalization template We used a study-specific standard space template. For visualization purposes, we used the Allen
Common Coordinate Framework Atlas (CCv3).

Noise and artifact removal N/A

Volume censoring N/A
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Effect(s) tested Stimulation intensities (3Hz vs 5Hz vs Sham), Stimulation type (3Hz vs 15Hz vs Sham)

Specify type of analysis: [ | whole brain || ROI-based X Both
Anatomical location(s) Manually defined and defined based on Allen Brain Atlas parcellation.

Statistic type for inference Cluster-wise, Z-statistic images were thresholded using clusters determined by z>3.1.
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