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Abstract

Excitatory inputs drive burst firing of locus coeruleus (LC) norepinephrine (NE) neurons in
response to a variety of stimuli. Though a small number of glutamatergic LC afferents have been
investigated, the overall landscape of these excitatory inputs is largely unknown. The current study
used an optogenetic approach to isolate three glutamatergic afferents: the prefrontal cortex (PFC),
the lateral hypothalamus (LH) and periaqueductal grey (PAG). AAV5-DIO-ChR2 was injected
into each region in male and female CaMKII-Cre mice and the properties of excitatory inputs

on LC-NE cells were measured. Notably we found differences among these inputs. First, the
pattern of axonal innervation differed between inputs such that LH afferents were concentrated

in the posterior portion of the LC-NE somatic region while PFC afferents were denser in the
medial dendritic region. Second, basal intrinsic properties varied for afferents, with LH inputs
having the highest connectivity and the largest amplitude excitatory postsynaptic currents (EPSCs)
while PAG inputs had the lowest initial release probability. Third, while orexin and oxytocin had
minimal effects on any input, dynorphin strongly inhibited excitatory inputs originating from the
LH and PAG, and corticotrophin releasing factor (CRF) selectively inhibited inputs from the PAG.
Overall, these results demonstrate that individual afferents to the LC have differing properties,
which may contribute to the modularity of the LC and its ability to mediate various behavioral
outcomes.
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Norepinephrine (NE) neurons in the locus coerueleus (LC) receive glutamatergic inputs from
various regions of the brain that drive their activity. In order to characterize how these afferents
differ from one another with respect to synaptic properties, an optogenetic approach was used

to isolate inputs from three specific regions: lateral hypothalamus (LH), periaqueductal grey
(PAG), and prefrontal cortex (PFC). CaMKII-Cre mice were injected with channelrhodopsin into
these target afferents and optically-evoked excitatory postsynaptic currents (EPSCs) were recorded
from LC-NE cells using whole-cell slice electrophysiology. We found that basally, EPSCs from
PFC afferents had the lowest amplitude. LH inputs conversely had the highest amplitude and
also the highest probability of connectivity. PAG inputs were similar in size to PFC, though

they were facilitating indicating a higher release probability. Further exploring these connections
in the context of neuromodulation, we found that only LH and PAG inputs were sensitive to
dynorphin-induced synaptic depression. PFC afferents were unaffected by dynorphin treatment.
The PAG inputs were also sensitive to CRF, exhibiting a slight depression in the presence of the
peptide, which was not observed in LH or PFC inputs. These results overall show that different
glutamatergic afferents to the LC have unique properties that may result in differential influences
on LC-NE activity.

INTRODUCTION

The locus coeruleus (LC) consists of a dense cluster of norepinephrine (NE) neurons
projecting widely throughout the brain and spinal cord (Berridge and Waterhouse, 2003;
Jones and Moore, 1977; Sara, 2009). These cells serve as the primary source of NE to the
brain and regulate a wide array of behaviors including arousal, attention, sensory gating,
pain, and stress (Foote et al., 1991). This ability to mediate such diverse behaviors is not
fully understood, though it is proposed to involve a modular organization of the LC that is
generated by efferent specificity as well as activity-dependent recruitment of specific LC
inputs (Chandler et al., 2019). A more thorough description of these inputs is required for a
full picture of this modularity.
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Through mapping of the afferent inputs to the LC, studies suggest that LC-NE neurons
receive input from many regions (Aston-Jones et al., 1991; Cedarbaum and Aghajanian,
1978; Luppi et al., 1995; Schwarz et al., 2015). LC-NE neurons are tonically active, with

the rate of activity linked to arousal and attention (Aston-Jones and Bloom, 1981; Foote et
al., 1980). They also exhibit burst firing dependent on glutamatergic signaling, especially in
response to noxious stimuli (Akaoka and Aston-Jones, 1991; Ennis and Aston-Jones, 1988;
Ennis et al., 1992; Hajés and Engberg, 1990; Page et al., 1992). The source of glutamate

has historically been attributed to only a few regions (Aston-Jones et al., 1986), primarily
the medial prefrontal cortex (PFC) (Jodo and Aston-Jones, 1997) and the paragigantocellular
nucleus of the ventrolateral medulla (Ennis et al., 1992). However, other regions have been
identified based on fractional input density as having relatively strong LC afferents (Schwarz
et al., 2015) but have not been widely explored in regard to their synaptic connectivity. The
lateral hypothalamus (LH) is known to exert an excitatory influence over the LC (Sears et
al., 2013) and a subpopulation of LH cells are glutamatergic projection neurons (Godfrey
and Borgland, 2019; Poller et al., 2013). The periaqueductal grey (PAG) sends a particularly
dense afferent to the LC (Lopes et al., 2016; Mantyh, 1983) and its lateral region has

been shown excite LC-NE neurons (Ennis et al., 1991). Little work however has focused

on identifying and comparing the properties of other excitatory LC inputs, though a better
description of these afferents would allow for a deeper understanding as to how the LC is
able to integrate information originating from various sources.

While glutamate release in the LC leads to burst firing, neuromodulatory peptides influence
the tonic firing rate of LC-NE neurons (Van Bockstaele and Valentino, 2013; Zitnik, 2016).
Some of these peptides are associated with specific LC-related behaviors. Corticotropin
releasing factor (CRF) and dynorphin are both released in the LC in response to stress
(Curtis et al., 1993, 1997; Kreibich et al., 2008; McCall et al., 2015) while orexin A (OxA)
is linked to arousal (Bourgin et al., 2000; Carter et al., 2010, 2012; Gompf and Aston-Jones,
2008). Other peptides, such as oxytocin (OT), are present in the LC but do not have a
well-defined function (Hawthorn et al., 1984; Ostrowski, 1998; Petersson et al., 1998; Rosen
et al., 2008). In addition to driving the activity of LC-NE neurons, there is evidence that
several peptides including CRF, dynorphin, OxA and OT may modulate LC glutamatergic
synapses (Hooshmand et al., 2019; Kodama and Kimura, 2002; Kreibich et al., 2008; Prouty
etal., 2017; Wang et al., 2021). When and how these changes occur however is not well
understood, including whether they display input-specificity.

In the current study, we used a viral-mediated optogenetic approach to isolate and compare
LC afferents. The well-known glutamatergic afferent of the PFC was compared to the LH
and PAG, two regions suggested to positively regulate the LC but not yet examined in

this context. We found that the PFC, PAG, and LH all form monosynaptic glutamatergic
connections with LC-NE neurons. These inputs had differing basal properties, consistent
with a model by which they are able to differentially drive LC activity. Importantly, they
displayed differences related to regulation by dynorphin and CRF, allowing for another level
of input-specific neuromodulation. These results represent an important step toward better
understanding the afferent landscape of the LC.
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MATERIALS and METHODS

Ethical Approval

All methods were in accordance with the guidelines of and approved by the Institutional
Animal Care and Use Committee (IACUC Approval #00155) at the University of Colorado
Anschutz Medical Campus. For all experiments, heterozygous CaMKIlla-Cre mice were
used (Tsien et al., 1996). Animals were bred in house between homozygous CaMKlla.-
Cre (B6.Cg-Tg(Camk?2a-cre)T29-1Stl/J; Jackson Labs, Stock No. 005359) and C57/BL6J
(Jackson Labs, Stock No. 000664). Mice were maintained on a 12 hour light:dark cycle and
were provided access to food and water ad libitum. Male and female mice were used for all
experiments.

Stereotaxic Surgery

Mice underwent stereotaxic surgery between P25 and P35. Following anesthesia (1 — 2 %
isoflurane) animals were placed on a stereotaxic apparatus (Kopf Instruments). Injections
were performed at the following coordinates measured from bregma, LH: AP —.6 mm,

ML +/- 1.2 mm, DV -5.3 mm; PAG: AP -3.15 mm, ML +/- 0.5 mm, DV -2.7 mm;

PFC: AP +2.45 mm, ML +/- 0.5 mm, DV —1.8 mm. Using a Nanoject 11l (Drummond
Scientific), either AAV-EF1la-doubled floxed-hChR2(H134R)-mCherry (AddGene 20297-
AAV5) or AAV-EFla-doubled floxed-hChR2(H134R)-EYFP (AddGene 20298-AAV5) was
injected at a volume of 100 nL for LH, 50 nL for PAG, and 300 nL for PFC. As

per nomenclature suggestions outlined in Laubach et al., 2018, injections to the medial
prefrontal cortex specifically targeted the prelimbic and infralimbic cortices, with the
target plane corresponding to 1.78 mm anterior from bregma in the mouse brain atlas
(Franklin & Paxinos 3rd Edition, 2007). For simplicity, this afferent is referred to in the
text as “PFC”. The volume of each injection site was optimized to the spread of the virus
within that region, without spreading into neighboring regions. Mice received carprofen (5
mg/kg, subcutaneous) at the beginning of surgery and 24 hours post, after which they were
monitored daily to ensure proper recovery.

Slice Preparation

Acute slices of the locus coeruleus were prepared at least 21 days after stereotaxic surgery
(between P49 and P194). The mice were anesthetized with isoflurane and underwent cardiac
perfusion with ice cold cutting solution (in mM: 75 NaCl, 2.5 KCI, 6 MgClI2, 0.1 CaCl2, 1.2
NaH2PO04, 25 NaHCO3, 2.5 D-glucose, 50 sucrose; bubbled with 95% O2 and 5% CO2).
The brains were then removed and placed on a VT1200 vibratome (Leica) where they were
submerged in cutting solution that was continuously oxygenated (95% 02, 5% CO2) in a
chamber surrounded by ice. For all animals, 240 um slices were collected from the LC as
well as the site of injection (LH, PAG, or PFC); horizontal slices were obtained for the

LC, LH, and PAG and the PFC was cut coronally. LC slices were transferred to a holding
chamber containing oxygenated artificial cerebrospinal fluid (ACSF) containing in mM: 126
NaCl, 2.5 KCl, 1.2 MgCl2, 2.5 CaCl2, 1.2 NaH2PO4, 21.4 NaHCO3, and 11.1 D-glucose;
bubbled with 95% O2 and 5% CO2. Slices were allowed to recover for 1 hour in a water
bath warmed to 32°C, where they remained until being transferred to the recording chamber
for each experiment.
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Slices obtained to verify the site of injection were moved to 4% paraformaldehyde
immediately after they were collected and allowed to fix for 30 minutes at room temperature
or overnight at 4°C. After fixation they were washed in PBS, mounted on a slide, and
visualized (see imaging methods below). After visual inspection of the injection sites,
animals were excluded if the center of the injection sat outside of the target area.

Electrophysiology

After at least one hour of recovery, electrophysiology experiments were recorded on LC
slices. Slices were continuously perfused at 1.5 — 2 mL per minute with ACSF warmed to 30
+/- 2°C. To isolate excitatory postsynaptic currents, picrotoxin (1 uM) was included in the
bath for all experiments except for the case where the presence of potential GABAx synaptic
responses were being examined (shown in Fig 2). For dynorphin, CRF, oxytocin, and orexin
A wash on experiments, the peptidase inhibitors bestatin (10 pm) and thiorphan (1 uM)
were added to the ACSF with the peptide. Cells were visualized with a BX51WI microscope
(Olympus) and the LC was identified as a cell body dense region between the corner of the
4™ ventricle and the motor neurons of the mesencephalic tract; an unbiased approach was
used to select cells throughout the LC, thus the recordings do not represent responses from
any particular subregion. However, given the thickness of the slices, only 2-3 sections of
the LC are able to be collected and most of the recordings represent the center of the LC
within the DV axis. An AxoPatch 200B Amplifier (Molecular Devices) was used to collect
recordings that were acquired with Axograph X (Axograph Scientific) at 5 kHz and filtered
to 2 kHz. Pipettes were pulled from borosilicate glass (World Precision Instruments) using
a PC-10 pipette puller (Narishige) and had a resistance around 1.5-2.0 MOhm. For cell
attached experiments, the pipettes were filled with (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCI2,
2.5 CaCl2, 1.2 NaH2P0O4, 21.4 NaHCO3, and 11.1 D-glucose. For whole cell recordings,
KCI internal solution (135 mM KCI, 0.1 mM CaCl2, 2 mM MgClI2, 10 mM HEPES,

0.038 mM EGTA, 1 mg/ml ATP, 0.1 mg/ml GTP, 1.5 mg/ml phosphocreatine (pH 7.4,

275 mOsm)) was used for picrotoxin wash on experiments and Cesium Methanesulfonate
internal solution (135 mM CsMeSulf, 0.1 mM CaCl2, 2 mM MgCl2, 10 mM HEPES,

0.1 mM EGTA, 6 mM TEA, 5 mM QX-314, 1 mg/ml ATP, 0.1 mg/ml GTP, 1.5 mg/ml
phosphocreatine (pH 7.4, 275 mOsm)) was used for all other experiments. Cells were held
at —60 mV for all whole cell experiments and recordings were excluded if a change in
series resistance of more than 15 MQ was detected. In a subset of cells, an electrically
evoked (WPI Stimulus Isolator) a2-mediated synaptic current (Egan et al., 1983) was used
to confirm identity of LC-NE cells. For the cell fill experiments, biocytin was added to the
internal solution (0.1%) and allowed to perfuse into the cell for at least 5 minutes. After
careful removal of the patch pipette, the slices remained in the recording chamber for 10-20
minutes to allow residual biocytin to wash and slices were then transferred to 4% PFA.

Optogenetic stimulation was achieved using an LED (470 nm) through a 40x water
immersion objective. Currents were evoked with wide-field stimulation using a 1-ms flash
at a power at 0.8-1.0 mW/mm?2. Whole cell recordings used either a paired pulse (50 ms
IS1) or a train of 5 pulses (50-400 ms ISI) and an intersweep interval of 30 seconds. Cell
attached recordings used a train of 10 pulses (50 ms ISI) and an intersweep interval of 30
seconds.
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Immunohistochemistry and Imaging

For verification of injection site, slices around the virally targeted region for each afferent
type were collected and fixed as described above (slice preparation). The extent of viral
expression and spread was visualized on a VS120 Slide Scanner (Olympus). No animals
were included in the analysis that had off-target injections.

For visualization of biocytin-filled cells, slices were fixed in 4% PFA for 30 minutes at
room temperature or overnight at 4°C. Slices were then incubated in streptavidin conjugated
to Alexa-647 (1:500; ThermoFisher) and a tyrosine hydroxylase primary antibody (1:500;
Millipore AB152), and then incubated in an Alexa488-conjugated secondary antibody
(1:500; AbCam). Images were collected on a Zeiss LSM780.

For representative images of injection sites and terminal fields, a subset of mice that were
not used for electrophysiology experiments underwent cardiac perfusion with 4% PFA.
Brains were removed, incubated in 30% sucrose for at least 24 hours and rapidly frozen in
embedding media (Richard Allan Scientific). Coronal sections (40 um) were collected using
a cryostat (Leica CM1950). Slices were immunostained for TH as above and the mCherry
signal was amplified with Alexa-594 conjugated anti-mCherry (1:500; ThermoFisher).
Images were collected on a Zeiss LSM780 and analyzed with ImageJ. Masks were drawn
over the cell body region and the medial dendritic region according to the appearance of
the TH signal. Within those regions, a mask was created within the mCherry channel using
2 standard deviations above the average mCherry signal of the image as a threshold. This
mask was made binary and the raw integrated density within each masked region was
divided by the area of that region to calculate the fractional density of the fibers.

Synaptophysin Labelling
Mice were injected as above with AAV-DIO-mGFP-2A-SyPhy-mRuby (Beier et al.,
2015; Boxer et al., 2021). 240 um horizontal sections of the LC were prepared as for
electrophysiology experiments. As for the biocytin cell filling described above, LC-NE
cells were targeted for whole cell recording with 0.1% biocytin in the patch pipette and
ACSF as external solution. To allow for sufficient diffusion of biocytin to distal regions
of the dendritic field, cells were held for 20 minutes. Pipettes were then gently removed
from the cell surface and the slices went into 4% PFA for fixation after a 10-20 minute
wash in ACSF. To increase visibility throughout their width, the slices were cleared with
a CUBIC protocol. They were incubated in CUBIC Reagant 1 (in % wi/v: 25 Urea, 25
Quadrol, 15 Triton X-100) at room temperature overnight, blocked in 0.5% fish gelatin
(Sigma), immunostained with streptavidin conjugated to Alexa-647 (1:500; ThermoFisher),
and incubated in CUBIC Reagant 2 (in % w/v: 25 Urea, 50 Sucrose, 10 Triethanolamine)
overnight.

Images were collected on a Zeiss LSM780 and analyzed using ImageJ as follows. A 3D
binary mask of the filled cell was generated manually using the Simple Neurite Tracer (SNT
plugin for Fiji) with the default fill ‘Distance Threshold’. To ensure that the cell soma was
properly represented, a cylindrical region was manually defined and the cell mask within
this region was dilated once using the Image J 3D Dilate function. A mask of the cell soma
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could then be created by cropping the 3D cell fill mask to within the defined cylindrical
region. A geodesic distance transform of the cell fill was generated using the MorphoL.ib
toolbox (1JPB-plugins plugin for Fiji) Geodesic Distance function, with both the cell fill and
soma masks as inputs. In the resulting distance image, each pixel represents the 3D distance
along the cell fill to the soma. The MorphoL.ib function requires an equal XYZ pixel

size so images were resized as needed without interpolation. Synaptophysin puncta were
automatically identified by first applying a series of 2 filters to enhance punctate structure
and signal; a 3D gaussian filter (sigma xyz = 1 px), followed by a 3D Laplacian filter (kernel
xyz =[2 2 1] px) (MorphoL.ib 3D Filter). An intensity threshold was applied to the filtered
image using the IsoData threshold on the full stack histogram with a light background

to generate a puncta mask. This mask was visually inspected to confirm detected puncta
matched the signal from the raw data; any clear instances of false puncta were manually
deleted from the puncta mask. The resulting puncta mask was then multiplied by the

cell fill mask (generated as described above) using an AND operation to include only
regions co-localized to the cell fill. Cells were excluded from additional analysis if the
maximum dendritic extension detected was less than 400 um or if fewer than 15 overlapping
puncta were detected (representing 1 standard deviation from the mean number of detected
puncta). The 3D ROI toolbox (3D ImageJ Suite plugin for Fiji) was used to identify and
label individual synaptophysin puncta. For each labeled puncta, two measurements were
calculated using the 3D ROI toolbox. 1) The geodesic distance from the puncta to the cell
soma. This was calculated using the 3D Intensity measure function with both the labeled
synaptophysin puncta and the distance image (generated as described above) as inputs. 2)
The surface area of the puncta, representing the contact surface area between synaptophysin
and the cell. This was calculated using the 3D Geometrical Measure function, with the
labeled puncta as input. Surface area measurements for each synaptophysin puncta were
then binned based on their corresponding geodesic distance from the soma to generate

a contact surface area profile. All Image J analysis macros available at https://github.com/
mjkennedylab/Barcomb_etal2022

Picrotoxin (Tocris 1128). Tetrodotoxin (Tocris 1069), CRF (Tocris 1151), dynorphin A
(Tocris 3195) OXA(17-33) (Tocris 5115), Oxytocin (Tocris 1910), Bestatin (Tocris 1956),
and QX-314 (Tocris 2313) were obtained from Tocris. DL-Thiorphan (EMD-Millipore
598510) was obtained from Millipore. All other chemicals were from Sigma.

Statistical Analysis

All statistical analysis was performed with GraphPad Prism software. Data shown are all
mean +/— SD in figures and mean +/- SD in text, with the exception of the time course
data showing drug application that is presented in the upper panels of Figure 4 which
illustrate mean +/- SEM. When applicable, parametric tests were used (paired t-test, one
sample t-test, One-Way ANOVA/RMANOVA with post hoc Tukey’s or Dunnett’s test

as applicable). Otherwise nonparametric analysis was used (Kruskal-Wallis ANOVA with
post hoc Dunn’s test). To compare distributions, a Komolgorov-Smirnov test was used. To
calculate percent reduction after acute peptide wash on, data were normalized to control
experiments with wash on of peptidase inhibitors alone, which resulted in a small run down
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of EPSC amplitudes (10%). Statistical significance is denoted as */T p< 0.05, **/f p< 0.01,
*** n<0.001, and ns = not significant. Sample sizes are referred to by n/N = number of
cells / number of animals.

Data Availability

All data are available upon request from the corresponding author
(christopher.ford@cuanschutz.edu)

RESULTS

Anatomical distribution of isolated afferents within the LC

We first examined the pattern of expression of afferent inputs innervating the LC,

by injecting CaMK11-Cre*/~ mice with AAV5-DIO-ChR2-mCherry into the lateral
hypothalamus (LH), the lateral portion of the periaqueductal grey (PAG), or the medial
prefrontal cortex (PFC). Injections resulted in a strong fluorescent signal at the injection site
(Fig. 1A-C), which was verified for all animals.

Fluorescently labeled terminals from all three regions could be seen innvervating the LC
(Fig. 1D). Overall among groups we found that density of mCherry* terminals innervating
the LC was greatest from the LH, which was significantly greater than PAG (One-Way
ANOVA, F(2,20) = 4.31, p=0.0277, Post-Hoc Tukey’s Test: LH > PAG, p=0.0394)

(Fig. 1E), suggesting that the LH may send a stronger input to the LC than the other

two regions. Previous studies have noted sub-region differences in afferent distribution
such that PFC and PAG afferents preferentially target the medial extension of the dendritic
field with only sparse labelling within the cell body region (Arnsten and Goldman-Rakic,
1984; Ennis et al., 1991) whereas LH inputs display the opposite pattern, with a stronger
innervation of the somatic region (Cedarbaum and Aghajanian, 1978). To examine this
further, we compared the density of mCherry* terminals along the anteroposterior (A/P) axis
and between the somatic and dendritic fields. LH inputs varied across the A/P axis, with the
lowest density of mCherry™ terminals found in the anterior end of the LC and the highest
density in the posterior LC (One-Way ANOVA; F(2,20) = 41.56, p< 0.0001) (Fig. 1D, 1F
& 1G). A similar density of LH inputs was found across somatic and dendritic areas. These
results indicate that the LH preferentially targets the posterior zone of both LC somatic and
dendritic regions. No differences were found with respect to PAG input density for either
AJP axis or subcellular region, indicating that PAG inputs may equally target all areas of
the LC (Fig 1D, 1F and 1G). Conversely, PFC inputs had stronger innervation of dendritic
areas compared to the soma (t = 6.84, p< 0.0001) but did not vary across the A/P axis,
suggesting that the PFC more selectively innvervates dendritic portions of the LC but does
so equally across the anteroposterior axis (Fig 1D, 1F & 1G). Thus while the LH has the
highest density of afferents innervating the LC, each region exhibits differing patterns of
innervation with the region.

While fluorescent afferents suggests that each region projects to the LC, mCherry-labeled
axons may represent fibers of passage or synapses on to neighboring non-NE neurons,
especially in the pericoerulear area medial to the LC. To further confirm the presence of
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synapses onto LC-NE cells for each afferent, we injected an AAV encoding Cre-dependent
mRuby-tagged synaptophysin (AAV-DIO-mGFP-2A-SyPhy-mRuby) (Beier et al., 2015;
Boxer et al., 2021) into the LH, PFC or PAG of CaMKII-Cre*/~ mice. This method allows
for the visualization of synaptic puncta from each afferent region. Individual LC-NE cells

in horizontal slices were filled with biocytin and the slices were cleared using a CUBIC
protocol (Fig. 1H). mRuby* puncta overlapping with biocytin-filled LC-NE cells were
identified and the number of puncta determined. Surprisingly, no significant difference was
detected in the overall puncta density between afferents, though there was a trend toward the
PFC having a lower density than the other two (Fig. 11; One Way ANOVA, F(2,24) = 2.73,
p=0.08). We also examined the distribution of the puncta over the extent of the neurons,
comparing somatic to dendritic regions (Fig. 1J). Segments of dendrites were analyzed in
100 um bins and the surface area covered by mRuby™* puncta within that bin was measured
(Fig. 1J) and the percent of puncta within each bin for the soma and first four distance
segments was calculated (Fig. 1K). For both the LH and PAG, there was a similar proportion
of puncta on the soma and the most proximal dendritic segment and a marked reduction
across the segments farther than 200 pm from the soma (RMANOVA, LH: F(2.8, 25.4) =
37.3, p<0.0001; PAG: F(2.8, 19.5) = 32.9, p< 0.0001). Though there was a significant
difference between bins for PFC puncta, they more regularly distributed, with the proportion
of puncta in the farthest distance bin not significantly different than the soma (RMANOVA,
F(2.6, 21.2) = 3.23, p=0.048).

Thus the PFC, LH and PAG all innervate LC-NE neurons, with the LH and PAG more
heavily targeting proximal somatodendritic regions with the PFC displaying a broader
distribution.

Glutamate afferents to the LC differ in their basal properties

While the above results, as well as previous tracing studies (Arnsten and Goldman-Rakic,
1984; Cameron et al., 1995; Cedarbaum and Aghajanian, 1978; Ennis et al., 1991; Hurley
etal., 1991; Mantyh, 1983) suggest that the LH, PAG and PFC all innervate the LC, we
reasoned that the strength and properties of synaptic inputs may vary among the different
regions. To test this whole-cell voltage clamp recordings were made from LC neurons

in slices from CaMKII-Cre*/~ mice injected with AAV-DIO-ChR2-mCherry (or eYFP) in
either the LC, PAG or the PFC, and afferent terminals were optogenetically activated to
evoke excitatory postsynaptic currents (EPSCs). LC-NE cells in horizontal slices were
identified by their location in relation to the 4! ventricle, large soma size, and the presence
of a characteristic a2-mediated IPSC (Courtney and Ford, 2014; Egan et al., 1983). In a
subset of cells, we also included biocytin (0.1%) in the patch pipette and subsequently
counter-stained the tissue for tyrosine hydroxylase (TH) to confirm post-hoc that recordings
were made from TH* neurons (Fig. 2A). Correct targeting of injection sites by fluorescence
expression was verified in all mice.

In the presence of the GABA-receptor antagonist picrotoxin (100 pM), photo-activation

of LH afferents (1 ms, 470 nm) elicited EPSCs in nearly all LC-NE cells (95%, 181/190
cells, N = 45 mice) (Fig. 2B). Optogenetic stimulation of PAG and PFC afferents also
resulted in EPSCs in a majority of cells (PAG: 67%, 173/260 cells, N = 49 mice; PFC: 85%,
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362/424 cells, N = 82 mice), however a lower proportion of LC-NE neurons were activated
by these inputs (XZ = 67.80, p<0.0001) (Fig. 2B). Thus, afferents significantly differ with
respect to connectivity within the LC such that a higher percentage of LC-NE cells receive
LH input as compared to PFC and PAG, which is in line with the previous anatomical

data that found a higher density of afferents innervating the LC from the LH compared

to the other two regions. As expected, optically-evoked synaptic responses resulted from
monosynaptic connections to LC-NE neurons as EPSCs driven by each input were abolished
by tetrodotoxin (TTX; 1 uM) but restored by subsequent application of 4-aminopyridine
(4-AP; 500 pM), which allows for presynaptic glutamate release while blocking axonal
action potential propagation (Petreanu et al., 2009) (% baseline EPSC amplitude: LH: TTX
=15+ 5%, 4-AP =139 + 27%, n = 4, t = 8.40, **p=0.0035; PAG: TTX =7 + 2%, 4-AP
=264 £ 50%, n =4, t=10.17, **p=0.0020; PFC: TTX = 18 + 22%, 4-AP = 272 + 203%,
n=16,t=5.11, ***p=0.0001; paired t-test) (Fig. 2C-2D). To confirm that EPSCs were
mediated by glutamate we repeated these experiments in the absence of synaptic blockers.
For all three inputs, EPSCs were inhibited by the addition of the non-NMDA ionotropic
glutamate receptor antagonist DNQX (10 uM) ([Baseline — DNQX]: LH: 108.0 + 35.9 pA,
paired t = 6.73, p=0.0013, n/N = 5/5; PAG: 72.9 £ 48.0 pA, paired t = 4.02, p=0.0035, n/N
=7/6; PFC: 39.9 + 33.8 pA, paired t = 2.36, p=0.0496, n/N = 4/4) but were unaffected by
the GABA-receptor antagonist picrotoxin (100 uM) ([Baseline — Picro]: LH: 0.8 + 4.4 pA,
paired t = 0.38, p=0.36, n/N = 5/2; PAG: 19.3 + 59.0 pA, paired t = 0.65, p=0.28, n/N =
4/1; PFC: 4.5 + 8.5 pA, paired t = 1.75, p=0.06, n/N = 12/6) (Fig. 2E-2F). Thus LH, PAG
and the PFC form monosynaptic glutamatergic connections with LC-NE neurons.

Having shown that the three afferents form glutamatergic synapses onto LC-NE neurons, we
next examined how inputs may differ in their basal synaptic properties. For this analysis,
data were collected throughout the duration of the study and pooled in order to visualize the
distribution for each parameter (LH: n/N = 177/45; PAG: n/N = 165/49; PFC: n/N = 311/82).
We found that synaptic responses differed among inputs in regards to their basal amplitude,
onset latency, and activation and decay kinetics (Fig. 2G-2J).

LH afferents on average evoked the largest amplitude EPSCs (145.8 + 106.7 pA), followed
by afferents from the PAG (83.0 + 63.3 pA) and PFC (71.2 £ 70.6 pA) (H(2) = 88.36, p

< 0.0001; LH vs. PAG p<0.0001, LH vs. PFC p< 0.0001, PAG vs. PFC p=0.0244;
Kruskal-Wallis ANOVA with posthoc Dunn’s test) (Fig. 2G, 2H). Thus, consistent with the
higher density of LH fibers in the LC and greater proportion of LC-NE neurons showing
LH-induced increases in excitability, LH afferents evoked the largest amplitude responses
compared with the other two inputs.

To compare the kinetics of the synaptic events from each input, we measured the activation
kinetics (10 — 90 % rise time) and decay Kinetics (time constant of decay) following
optogenetic stimulation of each set of afferents. Inputs from the PFC had faster activation
kinetics (1.42 + 0.77 ms) than those from the LH (2.06 £ 1.23 ms) or PAG inputs (1.98 £
1.43 ms) (Kruskal Wallis H(2) = 52.96, p < 0.0001; Dunn’s test, LH vs. PAG p = 0.286,
LH vs. PFC p< 0.0001, PAG vs. PFC p< 0.0001) (Fig. 2G, 2I) while inputs from the LH
evoked EPSCs with slower rates of decay (6.30 * 2.45 ms) than those from the PAG (5.48
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+2.90 ms) or PFC (5.58 + 3.23 ms) (Kruskal Wallis H(2) = 22.54, p< 0.0001; Dunn’s test,
LH vs. PAG p=0.0003, LH vs. PFC p< 0.0001, PAG vs. PFC p> 0.99) (Fig. 2G, 2)J).

In addition to making comparisons between inputs, all measures were compared between
males and females. The LC is noted for its sexual dimorphism (Bangasser et al., 2016;
Joshi and Chandler, 2020), including greater volume and dendritic complexity in females
(Bangasser et al., 2011; Luque et al., 1992). Though a greater total number of inputs is
observed in female mice, the density of innervation from the cortex, hypothalamus, and PAG
specifically has not been found to not differ (Sun et al., 2020). There were no consistent
differences across all inputs, though there were some subtle differences observed for PFC
inputs in that the decay constant was longer in females (6.26 + 4.04 ms) than males (5.05
+ 2.29 ms) (Mann-Whitney U = 9830, p= 0.0140). No differences in kinetics or basal
amplitudes were observed for LH or PAG inputs. This lack of major differences between
males and females is consistent with the observations of Sun et al. (2020).

Finally, we wanted to examine whether the activity of the glutamatergic inputs from the
LH, PAG and PFC could drive phasic firing increases in LC cells. Firing rate was measured
in cell attached recordings, which were followed by whole cell recordings to verify the
presence of a synaptic response. Prior to stimulation, LC-NE cells had a characteristic
pacemaker firing (0.54 + 0.33 Hz; n/N = 28/16) (Fig. 2K-2M). Optogenetic stimulation (10
flashes, 20 Hz, 1 ms each) of LH terminals, PAG terminals, or PFC terminals all led to a
phasic increase in the firing rate of LC-NE cells (LH inputs: 1.76 + 0.71 Hz, n/N = 7/6;
paired t-test, t = 5.24, p=0.0019; PAG inputs: 1.43 + 0.71 Hz, n/N = 13/3; paired t-test, t =
4.36, p=0.0009; PFC inputs: 1.72 + 0.81 Hz, n/N = 8/7; paired t-test, t = 3.52, p = 0.0098)
(Fig. 2 K-=2M). Thus, all three regions mediate an excitatory influence on LC-NE neuron
activity that initiates a burst firing pattern.

Taken together, these observations support a model by which LH inputs are basally stronger
and synapse close to the cell body. They also have a longer active time due to a slower
decay. On the other hand, PFC inputs were rather weak with a short active time due to a fast
onset and rise time. Inputs from the PAG had a notably long onset and were also weaker than
those from the LH.

Glutamatergic afferents to the LC differ in release probability

We next examined how the probability of glutamate release varies among these inputs by
measuring the paired-pulse ratios (PPRs) of EPSCs in LC-NE neurons during brief trains
of stimulation. We first pooled data from recordings obtained throughout the study where
inputs were stimulated with paired optogenetic stimuli with a 50 ms interstimulus interval
(IS1) (LH: n/N = 149/44; PAG: n/N = 130/50; PFC: n/N = 298/58) (Fig. 3A-3B). PAG
inputs differed from the other two regions, such that PAG-evoked EPSCs facilitated (PPR
=1.20 £ 0.51) whereas LH- and PFC-mediated EPSCs depressed (PPR = 0.71 + 0.27 and
0.81 + 0.50, respectively) (Kruskal Wallis H(2) = 80.11, p< 0.0001; Dunn’s test, LH vs.
PAG p<0.0001, LH vs. PFC p=0.874, PAG vs. PFC p<0.0001) (Fig. 3B). This suggests
that inputs from the LH and PFC have a higher probability of release than those from the
PAG. Throughout this data set we found that PPRs did not correlate with the amplitude
of the initial oEPSC, indicating that observed differences in release probability (Pr) were
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unlikely due to potential differences in the strength of input stimulation due to differences in
channelrhodopsin expression (Fig. 3C).

Like the amplitude and kinetic measures, we also compared PPRs between males and
females for all inputs. Of the three, only LH inputs displayed sexual dimorphic PPR values
for the 50 ms ISI. On average, the PPR for females (0.77 = 0.23, n = 82) was greater than
that for males (0.63 + 0.30, n = 67) (t = 3.32, p=0.0011; data not shown).

In addition to comparing the single paired pulse response, a train of 5 pulses at a 50 ms ISl
(20 Hz) was applied in a subset of cells. These data provide additional information related
to release probability during repeated stimulation. For LH inputs, depression was present on
each subsequent pulse to the first (Fig. 3D) (RMANOVA (F(4,40) = 19.70, p< 0.0001). The
PAG responses facilitated on all pulses with no observed differences in ratios for any pulse
(RMANOVA F(4,28) = 1.83, p=0.15; Fig. 3E). The PFC responses were similar to LH
responses such that depression was observed on all pulses (Fig. 3F) (RMANOVA, F(4,56) =
2.72, p=0.0383.

As the extent of presynaptic facilitation and depression varies in a frequency-dependent
manner, we next measured the PPRs in a subset of cells across a range of inter-stimulus
intervals. While all three inputs varied across stimulation frequencies (LH: RMANOVA
F(4,40) = 5.93, p=0.0008; PAG: RMANOVA F(4,28) = 2.95, p=0.0376; PFC: RMANOVA
F(4,60) = 5.60, p=0.0007), the pattern differed for LH and PFC inputs compared to PAG
(Fig. 3G-3lI). Low frequency stimulation led to a greater depression of EPSCs evoked from
LH and PFC inputs (Fig. 3G, 3lI), indicating that low frequency LH and PFC inputs are more
preferentially filtered. In contrast, PAG inputs varied across I1SIs with both low and high
frequency stimulation evoking EPSCs that facilitated while moderate frequency stimulation
(200 ms) evoked EPSCs that depressed (Fig. 3H).

Taken together, these results show that basal synaptic strength varies between inputs, with

glutamatergic synapses created by PAG inputs having a comparatively lower initial release
probability compared to the higher release probability of LH and PFC inputs. The high Pr

of LH inputs, together with their denser innervation and larger amplitude of evoked EPSCs
suggests that this input is a stronger excitatory input than inputs from the PAG and PFC.

CRF inhibits glutamate inputs from the PAG

CRF has an established role in increasing the activity of LC-NE neurons, especially during
stress (Curtis et al., 1993, 1997; Imaki et al., 1993; McCall et al., 2015; Valentino et al.,
1983). Though CRF may be acting directly on LC-NE neurons through postsynaptic CRF
receptors (Reyes et al., 2006, 2008), there is also evidence for modulation of glutamatergic
synapses. CRF release sites in the LC are found on presynaptic terminals apposed to
glutamatergic synapses (Van Bockstaele et al., 1996) and a proportion of CRF receptors are
presynaptic (Reyes et al., 2008). Induction of CRF release within the LC /n vivo is sufficient
to drive anxiety-like behavior (McCall et al., 2015) and acute stress led to a decrease in

the amplitude of SEPSCs in rats (Borodovitsyna et al., 2018). Further, a previous study in
rats found that acute application of CRF dose dependently induces a small but significant
change in the amplitudes of spontaneous EPSCs (SEPSCs) (Prouty et al., 2017). Notably,
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the relatively small magnitude of the change may be consistent with selective targeting of
individual afferents rather than a large, global effect on all glutamatergic inputs.

To determine if modulation of the individual glutamatergic afferents occurs, we examined
the effect of CRF on the isolated LH, PAG, and PFC inputs. EPSCs were again recorded
from LC-NE neurons and 100 nM CRF was applied. While CRF had no effect on EPSCs
evoked from LH or PFC inputs (LH: 97.00 £ 17.33%, t = 0.67, p= 0.513; PFC: 106.1

+ 19.84%, t =1.15, p=0.272), it did inhibit the amplitude of EPSCs evoked following
stimulation of PAG terminals by 18.58 + 21.94% (one sample t-test, t = 3.05, p=0.0100)
(Fig. 4A). Thus while CRF does not alter glutamate transmission from all terminals it
inhibits inputs from the PAG.

OrexinA and Oxytocin do not strongly modulate selected glutamatergic synapses

The LC expresses high levels of the orexin 1 receptor (Ox1R) (Marcus et al., 2001; Trivedi
et al., 1998). OrexinA (OxA) is a potent agonist of Ox1R and is synthesized within
hypothalamic cells that send a very dense projection to the LC (de Lecea et al., 1998;
Nambu et al., 1999; Peyron et al., 1998; Sakurai et al., 1998). Release of OxA within the LC
has been linked to arousal (Bourgin et al., 2000; Carter et al., 2010; Gompf and Aston-Jones,
2008) and fear-dependent behavioral responses (Soya et al., 2017). OxA increases the firing
of LC-NE neurons (Bourgin et al., 2000; Hagan et al., 1999; van den Pol et al., 2002) and
increases glutamate release within the LC (Kodama and Kimura, 2002) however it is not
know whether it selectively alters glutamatergic transmission of different inputs to the LC.
To determine if OxA altered the strength of glutamate inputs from the LH, PAG and PFC,
EPSCs were again recorded and the effect of OxA (1 uM) examined following optogenetic
stimulation of inputs from each region. Acute OxA (1 uM) however had no effect on EPSCs
evoked from any of the three regions (Fig. 4B) (LH: 99.93 + 14.71%, t = 0.02, p= 0.985;
PAG 81.40 + 46.10%, t = 1.46, p=0.171; PFC: 104.20 + 29.05%, t = 0.52, p= 0.613). Thus
the excitatory effects of OxA found previously may result from other mechanisms or from
alterations in the strength of other inputs not examined here.

Oxytocin (OT), and its associated receptor have been found within the LC (Hawthorn et

al., 1984; Ostrowski, 1998; Rosen et al., 2008). Though it is commonly linked to social
behavior, its role in the LC is not well understood. Because it decreases the firing rate of
LC-NE neurons, it has been proposed to be anxiolytic. Conversely, it has also been shown to
increase the frequency of SEPSCs (Wang et al., 2021). However like OxA, oxytocin however
did not alter the amplitude of EPSCs originating from the PAG, LH or PFC (Fig. 4C) (LH:
100.30 + 18.53%, t = 0.05, p=0.960; PAG 93.11 + 23.13%, t = 1.11, p=0.285; PFC: 94.34
+ 25.79%, t = 0.79, p = 0.444). This suggests that similar to OxA, effects of OT may result
from modulation of inputs other than those from the PAG, LH or PFC.

Dynorphin inhibits glutamate inputs from the LH and PAG

Dynorphin is released in the LC at the succession of a stress response (Abercrombie

and Jacobs, 1988; Kreibich et al., 2008). Kappa receptor activation has been shown to
depress excitatory inputs in the LC (McFadzean et al., 1987) and endogenous dynorphin
release depresses glutamate-dependent burst firing (Kreibich et al., 2008). Further, electron
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microscopy studies have suggested that dynorphin release sites are present on putative
excitatory synapses and have the potential to modulate glutamatergic release (Reyes et al.,
2009, 2007), however it is not know whether dynorphin and kappa opioid receptor activation
has differential effects on select inputs. We found that dynorphin (200 nM) reduced the
amplitude of LH-evoked EPSCs by 51.5 + 15.19% (t = 13.99, p < 0.0001, n/N = 17/10,

one sample t-test) (Fig. 4D). Similarly, dynorphin reduced PAG-evoked EPSCs by 44.17 +
30.31% (t =5.65, p< 0.0001, n/N = 15/10) (Fig. 4D). Conversely, PFC inputs were much
less sensitive to the effect of dynorphin (Fig. 4D). There was not a significant change in
amplitude after dynorphin (t = 1.89, p=0.0784, n/N = 16/11) and the percent reduction

was 12.9 £ 6.8%. This reduction was significantly less than that observed from LH and

PAG inputs (One-Way ANOVA, F(2,45) = 11.1, p=0.0001; Tukey’s test: ****|_H vs PFC,
**PAG vs. PFC, LH vs. PAG ns) (Fig. 4D). This small effect of dynorphin on EPSCs evoked
from PFC terminals however was not reversed by naloxone, suggesting either a non-selective
effect of dynorphin on these inputs or a small amount of run-down in the amplitude of
PFC-evoked EPSCs (Fig. 4D). Thus, PFC inputs are less sensitive to dynorphin treatment
than PAG and LH inputs.

No differences existed between males and females for any peptide-dependent effects.

DISCUSSION

While glutamate release within the LC has long been known to be important for driving
burst activity, the LC afferent landscape has largely been understudied. Here, we used

a combined optogenetic and electrophysiological approach to classify three isolated
excitatory afferents, comparing their basal properties and capacity for peptide-dependent
neuromodulation. We confirmed the presence of functional glutamatergic synapses from LH,
PAG, and PFC inputs onto LC-NE neurons and found that they differ with respect to (1)
anatomical innervation of the LC, (2) basal properties of kinetics, connectivity, and release
probability, and (3) extent of neuromodulation.

Anatomical innervation of the LC:

We found differences in the pattern of terminals within the area of the LC. For PFC
afferents, previous studies have suggested afferents target the dendritic region medial to the
LC, with only sparse labeling within the cell body region, and are more localized to the
rostral extent of the LC (Arnsten and Goldman-Rakic, 1984; Hurley et al., 1991). Though
we did not find a significant pattern along the rostrocaudal axis, PFC inputs did more
densely innervate the dendritic region than the somatic region. Conversely, LH afferents
strongly targeted the cell body region, which is consistent with previous results (Cedarbaum
and Aghajanian, 1978). Interestingly, LH inputs also displayed a higher density in the
posterior end of the LC, though the presence of fluorescence may represent fibers of passage
rather than terminals. PAG inputs were not concentrated in any of the regions mentioned.
Notably, prior tracing experiments related to the PAG afferent have found inconsistent
results in the distribution of terminals and differential patterning dependent on the subregion
of the PAG targeted (Bajic and Proudfit, 1999; Cameron et al., 1995; Ennis et al., 1991,
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Mantyh, 1983). We focused on the ventrolateral PAG, as it has been shown to exert an
excitatory influence within the LC (Ennis et al., 1991).

Because the medial extensions of LC dendrites intermingle with non-noradrenergic cells,
including a population of pericoerulear inhibitory cells (Breton-Provencher and Sur, 2019),
it has historically been difficult to distinguish afferents that synapse on distal dendrites

with those on other cell types using traditional tracing techniques (Aston-Jones et al.,

1986; Cedarbaum and Aghajanian, 1978; Schwarz et al., 2015). Importantly, we also used
synaptophysin labeling to look for directly overlapping synaptic puncta with individual
LC-NE neurons. This labelling showed a consistent distribution of puncta along the extent of
LC-NE neurons for PFC afferents, in contrast with an increased concentration of puncta on
the cell soma and proximal dendritic region from LH and PAG inputs.

Basal synaptic properties of afferents:

Surprisingly, the strongest afferent of the three in terms of connectivity and average response
magnitude was the LH (Fig. 3-4). As the LH has not previously been appreciated as a

major glutamatergic afferent to the LC, this result together with anatomical data suggests
that it may play a significant role in regulating LC-NE neuron excitability. Various other
differences in kinetics and paired pulse ratios may also be indicative of possible differences
in presynaptic release machinery or postsynaptic receptor composition. In support of the LH
being potential major excitatory input to the LC, we also found that this input along with
PFC inputs to have a high release probability of glutamate release. Such specializations and
functional consequences may be explored in more detail in future studies.

Peptidergic neuromodulation:

While OxA and OT had no effects on any of the inputs examined, both dynorphin and CRF
had differential effects across inputs with dynorphin strongly inhibiting both LH and PAG
inputs while CRF had modest but selective effects only on inputs from the PAG. These
differences may be due the localization of receptors in the vicinity of the selected terminals.
Dynorphin has long been known to regulate the LC and glutamate release onto these cells
(Kreibich et al., 2008; McFadzean et al., 1987; Reyes et al., 2009, 2007) however it has

not been clear which inputs, if any, it may selectively inhibit. The strength of inhibition
however varied as both LH and PAG were strongly inhibited by dynorphin while there was
no effect on inputs from the PFC. Past work has also found that CRF alters glutamatergic
transmission (Prouty et al., 2017), matching anatomical work that has found CRF receptors
on presynaptic afferents in the LC (Reyes et al., 2008). The distribution of these receptors
and the strength of CRF to globally modulate gluatamate inputs however has been unclear
as spontaneous EPSCs are only slightly altered in the presence of CRF (Prouty et al., 2017).
As we found that only PAG inputs were sensitive to CRF, the effect of CRF on spontaneous
EPSCs may result from modulation of only selective inputs such as those originating from
the PAG.

Peptide Interactions/Stress

While the present study examined the acute effects of dynorphin, OxA, OT and CRF,
neuromodulation, the extent by which these peptides alter the strength of glutamatergic
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inputs to the LC may be experience dependent, differing from that seen in naive mice
studied here. The magnitude of glutamate-dependent burst firing is known to change in
response to behavioral manipulations such as binge eating (Bello et al., 2019) and alterations
in glutamate receptor expression have been found in post mortem brains from human
patients with depression (Bernard et al., 2011; Chandley et al., 2014; Davis et al., 2019).

In addition to an apparent plasticity from the glutamate perspective, a number of changes

in peptide receptor expression are induced by exposure to both acute and chronic stress.
CRF receptor expression and sensitivity are upregulated (Curtis et al., 1999; Reyes et al.,
2008, 2019), as is the expression of KORs (Llorca-Torralba et al., 2020). Similarly, the
CRF-induced increase in tonic LC-NE firing rate becomes enhanced after stress (Jedema and
Grace, 2003). If the surface expression of either CRF receptors or KORs changes on specific
terminals, then the capacity for CRF and dynorphin modulation may likewise be unmasked.

There is also evidence for a change in OxA activity during opiate withdrawal, such

that it displays a synergistic effect with glutamate on the firing rate of LC-NE neurons
(Hooshmand et al., 2019). Further, OxA induces an atypical pattern of glutamatergic
plasticity within the VTA such that it potentiates NMDAR responses in the short term

while AMPAR responses potentiate 3 hours after OxA application (Borgland et al., 2006).
Because the current study only considered the immediate, acute actions of OxA, a similar
potential long term effect may be possible. This raises the possibility that OxA along with
potentially the other peptides examined here may modulate LC glutamatergic synapses on
either a longer time scale, target non-AMPAR-dependent responses, or affect another subset
of afferents, such as the paragigantocellular nucleus (Ennis et al., 1992).

Afferent Landscape

The results in this study confirm the presence of a monosynaptic glutamatergic connection
from the PFC to the LC, and also suggest that the LH and PAG also form such connections.
The LH in particular appears to be a strong input as it had the highest connectivity, basal
amplitude, and initial release probability. The LH had been identified previously as the
primary source of OxA to the LC, and a population of orexinergic afferents have been
isolated previously (Gonzalez et al., 2012; Sears et al., 2013; Soya et al., 2017). These prior
studies targeted LH cells by the presence of OxA expression (Hcrtl+ cells), as opposed to
the current strategy of isolating glutamatergic cells by the presence of CaMKII. Notably, the
orexinergic terminals in the LC co-release glutamate (Henny et al., 2010; Sears et al., 2013)
and have an asymmetric morphology, consistent with excitatory synapses (Horvath et al.,
1999). There is additionally a third population of LC-projecting LH neurons that have been
identified as GABAergic (Dimitrov et al., 2013). Whether these pathways overlap with the
glutamatergic afferent isolated in the current study remains to be determined.

In addition to the afferents described here, it is likely that there are other glutamatergic
afferents that have yet to be appreciated as many other LC afferents have not been fully
explored. More studies such as this one comparing LC afferents are required to have a full
understanding of the afferent landscape and how LC inputs contribute to the downstream
effects of LC activation.
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Of course, the field of GABAergic inputs to the LC is similarly understudied and further
targeting of those afferents is also needed. Notably, a number of studies have focused on
local GABAergic regulation of the LC from the pericoerulear region (Breton-Provencher and
Sur, 2019; Gasparini et al., 2020; Kuo et al., 2020; Luskin et al., 2022). These neighboring
cells intermingle with the dendritic region of the LC and display an inhibitory drive on
LC-NE neurons. They also receive similar inputs as LC-NE neurons and future studies may
consider the microcircuit effects of pericoerulear GABAergic neurons with LC-NE cells and
their afferents. Inhibitory connections may also serve as a target of neuromodulation, in
particular modulation of IPSCs by OxA has been noted previously (Kargar et al., 2018).

Afferent contributions to LC modularity

Summary

The LC is thought to be organized in modules defined by their projection target (Chandler
etal., 2019; Plummer et al., 2020). An open question relates to whether there is input-output
specificity within these modules. Most studies are consistent with a model of unbiased
integration, such that afferents do not display a strong efferent-specific organization
(Schwarz et al., 2015). Though this question was not explored in the current study, the

high degree of connectivity, especially from LH inputs, is consistent with a lack efferent-
specificity, at least for the three inputs examined here. Notably, an unbiased approach

for cell selection was used, which did not permit for cell-type specific categorization

of responders. Future studies may explore retro-labelling of efferent types or post-hoc
immunostaining for markers of specific subtypes, such as galanin+ LC-NE neurons.

Though the current study does not provide evidence for or against input-output specificity,
it does suggest that afferents display differing basal strengths and sensitivities to
neuromodulation, which may confer a level of modularity. Because PFC afferents were
insensitive to dynorphin-dependent depression, inputs from the PFC would be expected to
maintain their basal level of strength during endogenous dynorphin release (e.g. offset of
stress response). Conversely, LH and PAG inputs would decrease in strength.

The current results demonstrate the presence of multiple glutamatergic afferents to the LC
that differ in their basal synaptic properties. These findings add to the body of evidence that
the LC is not a homogeneous structure, but rather has a degree of heterogeneity that supports
its role in a wide array of behaviors. An important caveat of the current study however is that
some differences in ChR2-mediated evoked responses could be attributed to differences in
viral uptake and expression). Further, it is possible that the viral spread either extends into
neighboring regions that also project to the LC or does not fully encompass the projection
within a particular subregion. Because the targeted regions are largely different in size (e.g.
the PFC is much larger than the PAG) it is unlikely that the projections contained the same
number of cells. Using more specific markers for each projection will be required to be

able to allow for more complete targeting without the risk of significant spread into other
potential afferents. However, the major takeaways of the current study are that monosynaptic
glutamatergic connections exist between the targeted brain regions and that a subset of these
synapses display differential sensitivity to neuromodulation. Future studies will be necessary
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to probe the downstream consequences and network effects of these connections in order to
provide a full picture of the input-output control of LC-NE neurons.
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Key Points Summary:

Excitatory inputs to the locus coeruleus (LC) are important for driving
norepinephrine neuron activity and downstream behaviors in response to
salient stimuli, but little is known about the functional properties of different
glutamate inputs that innervate these neurons

We used a viral-mediated optogenetic approach to compare glutamate
afferents from the prefrontal cortex (PFC), the lateral hypothalamus (LH)
and the periaqueductal grey (PAG).

While PFC was predicted to make synaptic inputs, we found that the LH and
PAG also drove robust excitatory events in LC norepinephrine neurons.

The strength, kinetics and short-term plasticity of each input differed as did
the extent of neuromodulation by both dynorphin and corticotrophin releasing
factor.

Thus each input in displayed a unique set of basal properties and modulation
by peptides. This characterization is an important step in deciphering the
heterogeneity of the LC.
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Figure 1. Differential targeting of glutamtergic inputs from the LH, PAG, and PFC to LC

neurons.

(A-C) Schematics of viral expression. AAV5-DIO-ChR2-eYFP/mCherry was injected into
target sites in CaMKII-Cre*/~ mice. Representative images of injection sites are shown

for each region. Targeted regions consisted of (A) lateral hypothalamus (LH), (B) lateral
periaqueductal grey (PAG), and (C) medial prefrontal cortex (PFC) (cp = caudate putamen,
Aq = aqueduct, M1/M2 = motor cortices, PrL = prelimbic cortex, MO = motor orbital

cortex).

(D) Representative images of terminal fields of LH (left), PAG (center), and PFC (right)
afferents within the LC at anterior (“ant”; top), mid-anteroposterior (middle row), and
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posterior (“post”; bottom) sections. Gray/red channels show mCh corresponding to viral
expression, green channel shows immunostain for TH. (4V = fourth ventricle)

(E) Quantification of the signal density for mCh expressing terminals at the locus coeruleus.
The LH afferents (0.40 + 0.21 +px/px, N = 9) had a higher density than those from the PAG
(0.20 + 0.08 +px/px, N = 7); PFC afferents did not significantly differ (0.23 £ 0.07 +px/pX,
N =7) (One-Way ANOVA, F(2,20) = 4.31, p=0.0277, post hoc Tukey’s test). N = injected
hemispheres.

(F) Quantification of the signal density for mCh expressing terminals at 3 anteroposterior
(A/P) levels. The density of LH afferents (E) was lowest at the anterior and highest end

of the LC (One-Way ANOVA, F(2,22) = 31.77, p< 0.0001, post hoc Tukey’s test). PAG
afferents (F) and PFC afferents (G) did not display a significant pattern along the A/P axis. n
= images analyzed.

(G) Quantification of the signal density for mCherry* terminals between the somatic region
(TH* cell bodies) and the dendritic region (medially extending TH+ signal). For PFC inputs
(n/N = 24/5), the dendritic region had a greater signal density than the somal (paired t-test, t
=6.84, p<0.0001). n/N = images analyzed/mice.

(H) CaMKII-Cre*/~ mice were injected with AAV-DIO-mGFP-2A-SyPhy-mRuby into LH,
PAG, or PFC. Representative image (from LH-injected animal) shows overlap between
mRuby* synaptophysin puncta with a biocytin filled LC-NE cell, labelled with Alexa-647
conjugated streptavidin.

(1) Quantification of puncta density, measured by number of puncta per 100 um? cell surface
area. No difference was found between LH (n/N = 10/3), PAG (n/N = 8/5), or PFC (n/N =
9/4) terminals (One Way ANOVA, F(2,23) =2.42, p=0.11).

(J) 3D reconstruction of a cell fill, displaying distance bins used for analysis; overlapping
puncta shown in white. Puncta within the somal region (blue) were compared to those in the
dendritic region, which was binned in 100 um increments.

(K) Quantification of puncta area within each distance bin. mRuby* terminals were more
concentrated in the soma than the dendrites past 100 um from the edge of the soma

for afferents from LH (Left; RMANOVA, F(2.82,25.35) = 37.32, p < 0.0001; post-hoc
Dunnett’s test comparing each bin to soma) and PAG (Center; RMANOVA, F(2.79,19.51)
= 32.87, p<0.0001; post-hoc Dunnett’s test comparing each bin to soma). Distance from
soma was also a significant factor in the distribution of puncta for PFC afferents, though
only for a more distal section of the LC dendrites at 300 um from the edge of the soma
(Right; RMANOVA, F(2.64,21.15) = 3.23, p=0.0480). n = filled LC cells.

Summary data are mean £ SD. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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Figure 2. Synaptic properties of glutamatergic afferents from LH, PAG, and PFC to LC-NE
neurons differ.

(A) Representative image of recorded LC-NE neurons filled with biocytin (left) and
immunostained for TH (center); merged channels shown on right.

(B) Percent connectivity of LH, PAG, and PFC inputs with LC-NE cells. Number in the
colored section represents cells with significant response and in the grey section represents
cells with no measurable response. At 95% response rate, LH was significantly greater than
PAG (67%) and PFC (85%), x2 = 67.80, p < 0.0001.

(C) Representative traces in control, TTX (1 M), and TTX + 4-AP (0.5 mM).

(D) Quantification of EPSC amplitude in the presence of TTX and TTX + 4-AP normalized
to baseline amplitude for LH (purple), PAG (orange) and PFC (green). Paired t-tests
comparing normalized responses between TTX and TTX+4-AP were significant for all
afferents such that 4-AP significantly rescued EPSCs.

(E) Representative traces of EPSCs recorded from LC-NE neurons with optogenetic
stimulation of each afferent under control conidtions and in the presence of picrotoxin (100
M) or DNQX (10 pM).

(F) Quantification of EPSC amplitude in the presence of picrotoxin and DNQX normalized
to baseline amplitude for each afferent.
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(G) Representative traces for optically-evoked EPSCs from LH (purple), PAG (orange) and
PFC (green) afferents.

(H) Quantification of EPSC amplitudes as a cumulative frequency distribution (top) and of
the mean + SEM (bottom). Kruskal-Wallis ANOVA with posthoc Dunn’s test, H(2) = 88.36,
p<0.0001; ***LH vs. PAG p<0.0001, ***LH vs. PFC p< 0.0001, *PAG vs. PFC p=
0.044.

(1) Quantification of EPSC rise times as a cumulative frequency distribution (top) and of the
mean + SEM (bottom). Kruskal-Wallis ANOVA with posthoc Dunn’s test, H(2) = 52.96, p <
0.0001; LH vs. PAG p=0.3, ***LH vs. PFC p< 0.0001, ***PAG vs. PFC p=0.0244.

(J) Quantification of EPSC decay constants as a cumulative frequency distribution (top) and
of the mean £ SEM (bottom). Kruskal-Wallis ANOVA with posthoc Dunn’s test, H(2) =
22.54, p<0.0001; ***LH vs. PAG p=0.0003, ***LH vs. PFC p< 0.0001, PAG vs. PFC p>
0.99.

(K-M) Firing rates of LC-NE neurons following optogenetic stimulation of LH, PAG or PFC
afferents (20 Hz; 1 ms pulse; 0.5 sec duration; cell attached recordings) (K) Activation of
ChR2 in LH afferents, n/N = 7/6. (L) Activation of ChR2 in PAG afferents, n/N = 13.3. (M)
Activation of ChR2 in PFC afferents, n/N = 8/7.

Summary data are mean £ SD. * = p < 0.05, *** = p < 0.001.
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Figure 3. Glutamate release probability varies among LC-NE inputs.
(A) Representative traces showing paired pulse ratios (PPR) at a 50 ms interstimulus interval

(1S1) for LH (left; purple), PAG (center; orange), and PFC (right; green).

(B) Quantification of paired pulse ratios at a 50 ms ISI (mean £ SEM). Kruskal Wallis
ANOVA with post-hoc Dunn’s Test, H(2) = 80.11, p< 0.0001; ***LH vs. PAG p < 0.0001,
LH vs. PFC p=0.87, ***PAG vs. PFC p< 0.0001.

(C) Scatter plots showing the relationship between PPRs and EPSC amplitudes; the size of
the response did not significantly account for variability in PPR.

(D-F) Quantification (left) and representative traces (right) for trains of 5 pulses with 50
ms ISIs. For each input a RMANOVA with post hoc Tukey’s test was used to compare

the ratio of pulse, to pulse;. (D) LH had a significantly lower ratio for pulses 4 and 5

as compared to pulse 2 (F(4,40) = 19.70, p < 0.0001). (E) PAG facilitated on all pulses
with significant differences between them (F(4,28) = 1.83, p=0.15). (F) PFC responses on
average depressed for all pulses (F(4,56) = 2.72, p=0.0383).

(G-1) Quantification (left) and representative traces (right) for PPRs of varying ISI (50 -
400 ms). For each input a RMANOVA with post hoc Tukey’s test was used to compare
PPRs. (G) LH inputs depressed at all ISIs, with PPR3qg < PPRgg, PPR409 < PPR5g, PPR1q,
& PPRygq (F(4,40) = 5.93, p=0.0008). (H) PAG inputs facilitated at all ISIs except 200
ms, which was significantly less than 50 ms (F(4,28) = 2.95, p=0.0376). (I) PFC inputs
depressed for all frequencies with PPR1gg > PPR3q0 and PPR4qq (F(4,60) = 5.60, p=
0.0007). Traces for each of the 5 ISls are shown overlapped with their first peak normalized
to 1; the shade of each trace corresponds to that in the bar graph, going from lightest to
darkest with increasing ISI.
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Figure 4. Peptidergic modulation of isolated afferents
(A) Effect of CRF (100 nM) on LH, PAG and PFC inputs. Quantification of average

amplitudes normalized to baseline is shown for (A) LH (n = 15/9), (B) PAG (n = 9/8), and
(C) PFC (n = 18/9), with representative traces of the last 5 minutes of baseline (black) and
CRF (blue) to the right of the time course. Bottom: Quantification of the average EPSC
amplitude after 6-10 minutes CRF application. CRF significantly reduced EPSC amplitudes
only in PAG afferents (18.58 + 21.94% decrease, t = 3.054, p=0.01).

(B) Effect of orexin A (OxA; 1 uM) on LH, PAG and PFC inputs. Quantification of average
amplitudes normalized to baseline is shown for (A) LH (n = 16/9), (B) PAG (n = 12/10),
and (C) PFC (n = 13/8), with representative traces of the last 5 minutes of baseline (black)
and OxA (blue) to the right of the time course. Bottom: Quantification of the average EPSC
amplitude after 6-10 minutes OxA application.

(C) Effect of oxytocin (OT, 1 uM) on LH, PAG and PFC inputs. Quantification of average
amplitudes normalized to baseline is shown for (E) LH (n = 11/8), (B) PAG (n = 14/11),
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and (C) PFC (n = 13/10), with representative traces of the last 5 minutes of baseline (black)
and OT (blue) to the right of the time course. Bottom: Quantification of the average EPSC
amplitude after 6-10 minutes OT application.

(D) Effect of dynorphin (Dyn, 200 nM) on LH, PAG and PFC inputs. Quantification of
average amplitudes normalized to baseline is shown for (E) LH (n = 17/10), (B) PAG (n =
15/10), and (C) PFC (n = 16/11), with representative traces of the last 5 minutes of baseline
(black) and Dyn (blue) to the right of the time course. Bottom: Quantification of the average
EPSC amplitude after 6-10 minutes dynorphin application. LH and PAG amplitudes reduced
significantly more than PFC (One Way ANOVA, F(2,44) = 15.47, p< 0.0001; Post-Hoc
Tukey’s Test, ***LH < PFC, ***PAG < PFC).

Time course data are mean = SEM. Summary data in bar graphs are mean £ SD. $ = p<
0.01, ** =p <0.01, *** = p < 0.001.

J Physiol. Author manuscript; available in PMC 2023 November 01.



	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS and METHODS
	Ethical Approval
	Stereotaxic Surgery
	Slice Preparation
	Electrophysiology
	Immunohistochemistry and Imaging
	Synaptophysin Labelling
	Chemicals
	Statistical Analysis
	Data Availability

	RESULTS
	Anatomical distribution of isolated afferents within the LC
	Glutamate afferents to the LC differ in their basal properties
	Glutamatergic afferents to the LC differ in release probability
	CRF inhibits glutamate inputs from the PAG
	OrexinA and Oxytocin do not strongly modulate selected glutamatergic synapses
	Dynorphin inhibits glutamate inputs from the LH and PAG

	DISCUSSION
	Anatomical innervation of the LC:
	Basal synaptic properties of afferents:
	Peptidergic neuromodulation:
	Peptide Interactions/Stress
	Afferent Landscape
	Afferent contributions to LC modularity
	Summary

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

