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Catecholaminergic Innervation of the Lateral Nucleus of the
Cerebellum Modulates Cognitive Behaviors
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The cerebellum processes neural signals related to rewarding and aversive stimuli, suggesting that the cerebellum supports nonmotor
functions in cognitive and emotional domains. Catecholamines are a class of neuromodulatory neurotransmitters well known for encod-
ing such salient stimuli. Catecholaminergic modulation of classical cerebellar functions have been demonstrated. However, a role for
cerebellar catecholamines in modulating cerebellar nonmotor functions is unknown. Using biochemical methods in male mice, we com-
prehensively mapped TH " fibers throughout the entire cerebellum and known precerebellar nuclei. Using electrochemical (fast scan
cyclic voltammetry), and viral/genetic methods to selectively delete Th in fibers innervating the lateral cerebellar nucleus (LCN), we
interrogated sources and functional roles of catecholamines innervating the LCN, which is known for its role in supporting cognition.
The LCN has the most TH fibers in cerebellum, as well as the most change in rostrocaudal expression among the cerebellar nuclei.
Norepinephrine is the major catecholamine measured in LCN. Distinct catecholaminergic projections to LCN arise only from locus
coeruleus, and a subset of Purkinje cells that are positive for staining of TH. LC stimulation was sufficient to produce catecholamine
release in LCN. Deletion of Th in fibers innervating LCN (LCN-Th-cKO) resulted in impaired sensorimotor integration, associative fear
learning, response inhibition, and working memory in LCN-Th-cKO mice. Strikingly, selective inhibition of excitatory LCN output neu-
rons with inhibitory designer receptor exclusively activated by designer drugs led to facilitation of learning on the same working mem-
ory task impaired in LCN-Th-cKO mice. Collectively, these data demonstrate a role for LCN catecholamines in cognitive behaviors.
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Here, we report on interrogating sources and functional roles of catecholamines innervating the lateral nucleus of the cerebel-
lum (LCN). We map and quantify expression of TH, the rate-limiting enzyme in catecholamine synthesis, in the entire cere-
bellar system, including several precerebellar nuclei. We used cyclic voltammetry and pharmacology to demonstrate
sufficiency of LC stimulation to produce catecholamine release in LCN. We used advanced viral techniques to map and selec-
tively KO catecholaminergic neurotransmission to the LCN, and characterized significant cognitive deficits related to this
manipulation. Finally, we show that inhibition of excitatory LCN neurons with designer receptor exclusively activated by de-
signer drugs, designed to mimic Gi-coupled catecholamine GPCR signaling, results in facilitation of a working memory task
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Introduction

Several recent reports indicate that the cerebellum processes
nonmotor signals related to fear (Sacchetti et al., 2002, 2004,
2007; Scelfo et al., 2008) and reward (Mittleman et al., 2008;
Thoma et al., 2008; Rogers et al., 2011; Wagner et al., 2017; Carta
et al., 2019; Heffley and Hull, 2019; Kostadinov et al., 2019;
Tsutsumi et al., 2019), which supports the hypothesis that cere-
bellum participates in nonmotor functions. The catecholamines
dopamine (DA) and norepinephrine (NE) are neuromodulatory
neurotransmitters well known for processing such salient stimuli
and facilitating learning mechanisms related to approach,
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avoidance, and cognitive behaviors (Schultz, 2013; Aston-Jones
and Waterhouse, 2016). Dopaminergic (Ikai et al, 1992;
Melchitzky and Lewis, 2000) and noradrenergic (Hokfelt and
Fuxe, 1969; Olson and Fuxe, 1971; Landis and Bloom, 1975;
Landis et al., 1975; Loughlin et al., 1986a,b; Nelson et al., 1997)
innervation of the cerebellum has been documented in several
species, and NE modulates classical cerebellar functions (Watson
and McElligott, 1983, 1984; Paredes et al., 2009). Notably, NE
regulates associative synaptic plasticity between climbing fibers
and Purkinje cells (PCs) (Carey and Regehr, 2009), and PCs
release DA in an autocrine manner from dendrites to regulate
PC excitability (Y. S. Kim et al., 2009).

We previously found that DA D1 receptor-positive (DIR™)
neurons residing in a specific subregion of the lateral cerebellar
nucleus (LCN) in mice project to several brainstem, midbrain,
and thalamic nuclei associated with cognitive functions (Locke et
al, 2018). DIR" LCN neurons are necessary for spatial naviga-
tion memory, social recognition memory, temporally dependent
response inhibition, and maintenance of working memory in
mice (Locke et al, 2018). Pharmacological blockade of LCN
DI1Rs results in attenuation of neuronal firing patterns in PFC,
and impaired interval timing performance associated with these
patterns (Heskje et al., 2020). TH expression by PCs is required
for performance in many cognitive domains (Locke et al., 2020).
However, very little is known about whether the LCN receives
catecholaminergic innervation, or what the role of catecholami-
nergic innervation of the LCN is in facilitating learning or modu-
lating these cognitive functions in the context of cerebellar
function.

We hypothesized that the LCN could be targeted to interro-
gate catecholamine-dependent cognitive functions of the cerebel-
lum. In the context of cerebellar catecholamines, the LCN is of
great interest. Catecholamines modulate classical cerebellar asso-
ciative eyeblink conditioning in the interposed cerebellar nucleus
(Cartford et al., 2004). In humans, the dentate nucleus of the cer-
ebellum (analog of rodent LCN) shows activation during cogni-
tive performance, and has divisions with differential activations
during cognitive and motor tasks (S. G. Kim et al., 1994; Dum
and Strick, 2003; Kuper et al, 2011; Tellmann et al, 2015).
Furthermore, cerebellar nuclei (CN) contain output neurons
with axons that bifurcate with projections to both thalamus and
to cerebellar cortex (CCtx) (Houck and Person, 2015), process
efference copy signals from cerebral cortex (Houck and Person,
2015) and regulate associative learning in CCtx (Gao et al,
2016). Notably, the LCN sends projections to regions of CCtx
implicated in cognitive function (Locke et al., 2018). Here, we
confirm the presence, quantify the amount of TH" fibers in the
LCN (relative to all other cerebellar regions), and map their ori-
gins in mice. Using high-pressure liquid chromatography
(HPLC), we found that NE is the major catecholamine present in
LCN. Advanced mapping techniques revealed extrinsic (locus
coeruleus [LC]) and intrinsic (subpopulation of PCs) sources of
LCN catecholamines. Using fast scan cyclic voltammetry
(FSCV), we found that LC stimulation results in LCN catechol-
amine release. Selective deletion of Th from all fibers innervating
the LCN impaired sensorimotor integration, associative fear
learning, response inhibition, and learning of a working memory
task. Finally, we found that selective inhibition of excitatory LCN
output neurons with inhibitory designer receptor exclusively
activated by designer drugs (DREADD:s) led to facilitation of
learning on the working memory task impaired in LCN-Th-cKO
mice. These results suggest that catecholamine-facilitated learn-
ing mechanisms in the LCN are necessary for certain cognitive
functions.
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Materials and Methods

Mice. The University of Washington Institutional Animal Care and
Use Committee approved all experimental protocols. Heterozygous mice
with insertion of Cre recombinase at the Dbh locus (Dbh-IRES-Cre mice
have been previously described) (Roman et al., 2016) were bred and
used in this study. Heterozygous mice with insertion of Cre recombinase
at the DAT locus Slc6a3°™™* (Zhuang et al., 2005), the Slc17a6 locus
(Vglut2) (Vong et al,, 2011), and Th**"** (homozygous) mice (Jackson
et al,, 2012) were previously described, bred, and used in this study. For
quantification of Dbh™ cells in the LC, Dbh-IRES-Cre mice were crossed
with a TdTomato line expressing Tomato in a Cre-dependent manner
(Madisen et al., 2010). Only male mice were used for behavioral experi-
ments in this study. Mice were given ad libitum food and water, except
during food restriction to 85% of their ad libitum body weight, while
housed on a 12:12 light:dark cycle. Mice were genotyped by PCR.

Quantification of catecholamines and their metabolites with HPLC.
Brains from mice euthanized with Beuthanasia (250mg/kg) were
removed and placed on an ice-cold metal plate; 1-mm-thick slices were
taken through the frontal cortex, striatum, and cerebellum with a mouse
brain matrix (Activational Systems), and 1-mm-diameter tissue punches
were taken from LCN, medial nucleus (MN) and posterior vermis,
pooled from 6 to 9 individual animals and placed into 1.5 ml microcen-
trifuge tubes, and quickly frozen in liquid nitrogen. Samples were stored
at —8°C until they were shipped on dry ice to Neurochemistry Core Lab
(Vanderbilt University Center for Molecular Neuroscience Research) for
analysis. The brain sections were then homogenized, using a tissue dis-
membrator, in 100-750 ul of 0.1 M TCA, which contains 1072 m sodium
acetate, 10~ * M EDTA, and 10.5% methanol, pH 3.8; 10 ul of homoge-
nate was used for the protein assay. Then samples were spun in a micro-
centrifuge at 10,000 x g for 20 min. The supernatant was then removed
for biogenic monoamines analysis.

Biogenic amine analysis using HPLC-electrochemical detection.
Biogenic amine concentrations were determined using a Thermo Fisher
Scientific Dionex Ultimate 3000 ECD-3000RS module with dual electro-
chemical detection capabilities with 2-coulometric flow cells and an
Omni coulometric flow cell operated at 32°C; 20 ul samples of the super-
natant were injected using a Thermo Fisher Scientific Ultimate 3000
WPS-3000TBRS Thermostatted Biocompatible Rapid Separation Split-
Loop Autosampler. Vanquish Horizon UHPLC onto a Phenomenex
Kintex C18 HPLC column (100 x 3.0 mm, 2.6 um). Biogenic amines
were eluted with a mobile phase consisting of 89.5% 0.1 m TCA, 10>
M sodium acetate, 10°* M EDTA, and 10.5% methanol, pH 3.8.
Solvent was delivered at 0.6 ml/min using a Waters 515 HPLC pump.
Using this HPLC solvent, the following biogenic amines eluted in the fol-
lowing order: noradrenaline, adrenaline, 3,4-dihydroxyphenylacetic acid
(DOPAC), DA, 5-hydroxyindoleacetic acid, homovanillic acid (HVA), 5-
HT, and 3-methoxytyramine (3-MT) over 8 min. Data acquisition was
managed by Chromeleon 7.2 software. Isoproterenol (5 ng/ml) was included
in the homogenization buffer for use as an internal standard to quantify the
biogenic amines.

Protein assay. Protein concentration was determined by BCA
Protein Assay Kit (Thermo Fisher Scientific); 10 ul tissue homogenate
was distributed into 96-well plate, and 200 ul of mixed BCA reagent (25
ml of Protein Reagent A was mixed with 500 ul of Protein Reagent B)
was added. The plate was incubated at room temperature for 2 h for the
color development. A BSA standard curve was run at the same time.
Absorbance was measured by the plate reader (POLARstar Omega), pur-
chased from the BMG LABTECH. The electrochemical detector was an
Ultimate 3000 ECD-3000RS module with dual ECD capabilities with 2-
coulometric flow cells and an Omni coulometric flow cell.

Immunohistochemistry. For fluorescent immunostaining in mice,
40 um frozen sections were collected after the animals were transcar-
dially perfused with PBS followed by 4% PFA. Brains were dissected,
postfixed in 4% PFA for 12-24 h, and placed in 30% sucrose for 48 h.
Brains were then embedded in Tissue Freezing media and stored in a —
80°C freezer until sectioning. The following primary antibodies were
used: GFP, mouse monoclonal, 1:1000 (Invitrogen); (Rb anti-GFP,
Takara Clontech, 1:1000), DsRed mouse monoclonal, 1:1000 (Applied
Biological Materials); TH rat monoclonal, 1:200 (Sigma Millipore; all
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fluorescent secondary antibodies were 1:200; Jackson ImmunoResearch
Laboratories).

For serial section analysis of TH staining throughout the cerebellum,
brains were sent to NeuroScience Associates and were examined, treated
overnight with 20% glycerol and 2% DMSO to prevent freeze artifacts.
Embedding, sectioning, and staining were performed at NeuroScience
Associates. The specimens were then embedded in a gelatin matrix using
MultiBrain/MultiCord Technology (NeuroScience Associates). The blocks
were rapidly frozen, after curing by immersion in 2-methylbutane chilled
with crushed dry ice and mounted on a freezing stage of an AO 860 slid-
ing microtome. The MultiBrain/MultiCord blocks were sectioned in coro-
nally (35 um sections) setting on the microtome. All sections were cut
through the entire length of the specimen segment and collected sequen-
tially into series of 24 containers. All containers contained Antigen
Preserve solution (50% PBS, pH 7.0, 50% ethylene glycol, 1% polyvinyl
pyrrolidone); no sections were discarded. Every sixth section was taken
for immunohistochemistry. Serial sections were taken from 20 male mice.
Mice were ~3 months of age (10 mice) and ~6 months of age (10 mice).

For TH immunohistochemistry in serial cerebellar sections, free-
floating sections were stained with a rabbit anti-TH primary antibody
(1:1000, Pel Freez). All incubation solutions from the primary antibody
onward use TBS with Triton X-100 as the vehicle; all rinses are with
TBS. After a hydrogen peroxide treatment, the sections were immuno-
stained with primary antibody, overnight at room temperature. Vehicle
solutions contained Triton X-100 for permeabilization. Following rinses,
a biotinylated secondary antibody (anti IgG of host animal in which the
primary antibody was produced) was applied. After further rinses,
Vector Lab’s ABC solution (avidin-biotin-HRP complex; details in
instruction for VECTASTAIN Elite ABC, Vector) was applied. The sec-
tions were again rinsed, then treated with DAB and hydrogen peroxide
to create a visible reaction product. Following further rinses, the sections
were mounted on gelatin-coated glass slides and air dried. The slides
were dehydrated in alcohols, cleared in xylene, and coverslipped.

For subregional analysis of LC, cells were counted in coronal sections
from 5 brains and 20x magnification with ImageJ software measuring
tool (National Institutes of Health) at a defined ROI centered on the LC.
After every 40 um coronal section was collected sequentially into PBS,
sections were washed 2 X 10 min in PBS and blocked for 2-3 h at room
temperature in 3% normal donkey serum in TBST. Primary antibody
was diluted in 3% normal donkey serum in TBST and incubated over-
night at 4°C. After 3 x 10 min washes in TBS, secondary antibodies were
applied overnight at 4°C (anti-rabbit AlexaFluor-488, 1:200, Jackson
ImmunoResearch Laboratories), followed by 3 x 10 min washes in TBS.
Sections were additionally stained with DAPI. Regions with GFP positiv-
ity were manually counted from every 40 um section through the entire
brain in each of 4 animals per genotype. All images were acquired using
a 10x objective on a Keyence slide microscope or a Nikon Eclipse E600
upright microscope, and processed using National Institutes of Health
Image]J software.

Image analysis of TH staining in serial cerebellar sections. Slides with
TH-stained cerebellar sections were placed and scanned on an Aperio
AT? slide scanner (Leica Biosystems). Image analysis protocols were
developed for digital quantification of TH using Visiopharm software.
TH quantification was performed on the following brain nuclei: CN (lat-
eral, medial, and interposed), inferior olive (IO), reticularis tegmenti
pontis nuclei (RtTg), pontine nucleus, LC, medial vestibular nuclei
(MVN), lateral reticular nucleus (LRN), external cuneate nucleus. TH
quantification was also performed on both the molecular and granular
layers of the lobules and hemispheres of the cerebellum. Analyzing
nuclei involved the manual selection of the ROIs in 15-20 representative
images. Visiopharm deep learning APP analyzed the manually traced
ROI and then machine-learning was used to outline the ROI(s) in
remaining images. All images were then reviewed for ROI selection
accuracy. The ROIs for cerebellar lobules and hemispheres were all man-
ually traced. The selected ROI(s) were then subjected to computer
assisted analysis to recognize and quantify positive DAB-TH.
Specifically, each region came from the following datasets: IO: 37 images
were analyzed from 19 animals. RtTg: 46 images were analyzed from 20
animals. Basilar pontine nuclei: 42 images were analyzed from 20
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animals. Cerebellar hemispheres: 120 images were analyzed from 20 ani-
mals. Vermal lobules: 120 images were analyzed from 20 animals. CN:
80 images were analyzed from 20 animals. MVN: 77 images were ana-
lyzed from 20 animals. External cuneate nucleus: 54 images were ana-
lyzed from 20 animals. LRN: 15 images were analyzed from 15 animals.
The DAB intensity threshold within Visiopharm DAB APP was used to
determine positivity versus negativity of the TH expression.

Output variables measured were ROI area, TH area inside the ROI,
and average DAB intensity of TH expressed (Fristrup et al., 2013). The
average DAB intensity is subtracted from 255 to associate high values
with a high staining intensity, which is more intuitive. Positive area frac-
tion for each ROI was calculated (TH area/ROI area). The final TH
expression is calculated by multiplying the intensity and the positive
area fraction (Fristrup et al., 2013).

Viral vectors. Shuttle plasmids AAV-FLEX-Hm4Di-YFP, AAV-
FLEX-GFP, AAV1-DIO-Synaptophysin-GFP, AAV2retro-DIO-GFP,
CAV2-Cre, and CAV2-zsGreen were produced in house (titer ~1 x
10'%/ml), as described previously (Gore et al,, 2013). The promoter/
enhancer for Synapto-GFP virus is EFlalpha, and all other viruses have
the CAG promoter/enhancer. Serotype 1 was used for all viruses.
Packaging plasmid: pDGI1.

Viral injections, experimental groups, and verification of LCN TH
KO. KO of TH in catecholamine-positive projections to LCN was
achieved by stereotaxically guided injection (bilateral) of the retrograde
CAV2-Cre (0.5 ul, titer ~1 x 10"%/ml) to the LCN (LCN coordinates:
y=—63mm,x=* 24mm,z=—33mm down to —3.8 mm) in TH*>*
mice. For littermate controls, stereotaxic viral injections in mice, 0.5 ul of
CAV2-zsGreen (titer ~1 x 10'*/ml) was bilaterally injected into the LCN.
After surgery, mice recovered for 3 weeks before behavioral testing. Viral
expression was confirmed by immunohistochemistry with the TH antibody
detecting TH. Viral “hits” were verified by Western blot of LCN tissue
isolated by hole punch of a section of cerebellum or TH staining in
coronal sections after termination of the experiment. For Westerns,
we stained with 1:10,000 Millipore Rabbit anti-TH antibody AB152,
quantified after normalization to Millipore mouse anti-3-actin anti-
body stain, AB1501, concentration = 1:8000.

Expression of the inhibitory DREADD in LCN of Vglut2-Cre mice
was achieved by injecting 0.5 ul of AAV-FLEX-Hm4Di-YFP (titer ~1 X
10"%/ml) or control AAV-FLEX-GFP (titer ~1 x 10"%/ml) was bilaterally
injected into the dentate (or lateral) nucleus of the cerebellum (x =
* 24,y =—-63,z=—33 mm down to —3.8 mm). After surgery, mice
recovered for 3 weeks before behavioral testing. Viral expression was
confirmed by immunohistochemistry with the GFP antibody detecting
GFP or YFP. Stereotaxic injection was performed as described previously
(Gore et al., 2013).

Nonsurvival voltammetry surgeries. Mice 3-5months of age were
anesthetized with 1.5 g/kg urethane (intraperitoneal), and holes were
drilled over the LCN and LC. A carbon fiber electrode was implanted in
the LCN (coordinates relative to bregma: y = —6.3 mm, x = = 2.4 mm,
z=—3.3 mm down to —3.8 mm) along with an Ag/AgCl reference elec-
trode were implanted with a stereotaxic frame. Stimulating electrodes
were then placed in the ipsilateral LC.

Voltammetry recording sessions. A triangle waveform was applied
to the carbon fiber, which was ramped from —0.4 to 1.3 V and back
(vs Ag/AgCl) at a rate of 400 V/s and a frequency of 10 Hz (held at
—0.4 V between scans), as previously described (Wanat et al., 2013).
Catecholamine release was evoked by electrical stimulation (60 pulses
delivered at 60 Hz, 250 mA) via a bipolar stimulating electrode that
was incrementally lowered into the LC, and stimulations were per-
formed every 5 min.

Pharmacology experiments. Stimulations were performed every
5min at 60 pulses, 60 Hz, and 250 nA until a stable baseline was reached
(<10% deviation from the mean peak response of catecholamine between
four stimulations, over ~20 min), and after maximum catecholamine release
was achieved. After acquiring stable catecholamine transients, we applied in-
traperitoneal injections of either the DA D2 receptor (D2R) antagonist eti-
clopride (Tocris Bioscience; concentration=0.5mg/kg), or the adrenergic
alpha-2 receptor antagonist idazoxan (Tocris Bioscience; concentration=
1 mg/kg) and continued recording every 5 min for 60 min.
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Table 1. Measurement of catecholamines and catecholamine metabolites in different cerebellar regions in mouse”

Region NE Epinephrine DOPAC DA HVA 3-MT

LCN 474 + 0.4 0.00 =0 0.15° (1/8) 0.18 = 0.01° (3/8) 0.24 =+ 0.03° (5/8) 0.00 + 0
Medial CN 6.83 = 0.51 0.00 = 0 0.17° (1/8) 021 (1/8) 031 = 0.03° (6/8) 0.00 = 0
Posterior vermis 6.55 = 0.64 0.00 =0 0.00 * 0 047 =+ 0.06° (2/7) 041 =+ 0.02° 3/7) 0.00 * 0
Frontal cortex 9.66 == 0.84 000 + 0 0.00 0 213 + 071 321 +0.28 0.00 + 0
Striatum 10.03 = 0.77 000 =0 13.74 + 2.06 77.92 = 6.66 1172 + 0.88 444 + 037

N =6-9 pooled samples in each group. Data are mean = SEM (ng/mg protein).

®Not measured in each sample (number of samples with measurable amount/total sample), and only samples with measurable amounts are averaged.

Figure 1.

Insets, Origin of images from complete coronal section.

Mouse behavioral experiments. Male animals were injected at
10 weeks of age and were run on our behavioral pipeline in a fixed tem-
poral order starting at age of 90d. The pipeline for this study consisted
of rotarod (4d), startle curve measurement, and prepulse inhibition of
the acoustic startle reflex (PPI) (1d), open field test (1d), fixed ratio 1
(FR1) lever training (5d), delayed alternation and reversal (DA) (10d),
and fear conditioning (3 d), for a total of ~1 month (26 d) of behavioral
assays. Additional male animals were generated to test on the same pipe-
line, but instead of delayed alternation, they were run on the differential
reinforcement of low-rate responses (delayed reinforcement of low rates
[DRL] task) for 5weeks, for a total of ~6weeks (48d) of behavioral
assays. Additional male animals were generated to test performance on
the Barnes Maze (5 d).

Vglut2-Cre mice expressing either AAV-FLEX-Hm4Di-YFP or con-
trol AAV-FLEX-GFP in LCN were given 0.1 ml/10 g body weight of
0.1 mg/ml of clozapine-n-oxide (CNO) was applied via intraperitoneal

Immunohistochemistry reveals staining for TH-positive fibers (brown represents DAB, anti-TH antibody;
blue represents thionine/Niss| stain), which innervate multiple regions of cerebellum in coronal sections. Staining was
positive in each of 20 animals. 4, Microscope image of CCtx with staining for TH. ml, Molecular layer; pc, PC layer; gl,
granule cell layer. B, Representative image of TH™ staining in LCN, with green overlay of pixels determined to have
TH positivity by analysis software. €, Representative image of TH™ staining in CN (LCN, IN, and MN) analyzed in this
study with green overlay of pixels determined to have TH positivity by analysis software. D, Higher magnification of
image in B, with TH™ staining (brown) in the LCN. E, Higher magnification of image in F, with TH* staining overlain
with green pixels determined to have TH positivity by analysis software in the LCN. Scale bars: A-E, 250 um. 4, D, E,

injection to achieve a final dose of 1 mg/kg in each
mouse, 45min before each training trial or behav-
ioral task we measured. Vglut2-Cre mice expressing
either AAV-FLEX-Hm4Di-YFP or control AAV-
FLEX-GFP in LCN were run on a similar behavioral
pipeline as above, but limited to rotarod (4 d), startle
curve measurement and prepulse inhibition of the
acoustic startle reflex (PPI) (1d), open field test
(1d), FRI lever training (4d), delayed alternation
and reversal (DA) (19d), for a total of ~1 month
(25 d) of behavioral assays.

Fear conditioning. To test attention to salient
sensory stimuli, we used a discriminative delayed
cued fear conditioning paradigm in which the sub-
ject was exposed to an auditory cue (a specific tone,
conditioned stimulus [CS™]) predictive of a low-
amplitude shock (0.3 mA, 0.5 s) and an auditory cue
that was not predictive of the shock (CS™). This test
required the subject to discriminate between cues in
the context of a predicted shock; learning was meas-
ured by the amount of freezing after playing CS* or
CS™ during the probe trial. This test typically does
not result in generalized fear, and likely requires
more attention than tests with higher-amplitude
shocks (Sanford et al,, 2017). Conditioning and test
sessions were performed in a standard operant
chamber (Med Associates) equipped with a tone
generator and house light. Baseline responses to two
distinct auditory stimuli (10 kHz pulsatile tone and
a 20kHz continuous tone, each 10 s in duration)
were established by three interleaved presentations
of the cues. Mice were then conditioned to CS™ pre-
sentations (10 s auditory cue) coterminating with
the unconditioned stimulus and CS™ presentations
(distinct 10 s auditory cue that did not coterminate
with an unconditioned stimulus) on 2 consecutive
days. Daily sessions that were repeated over 2 con-
secutive days consisted of 10 presentations of the
CS™ coterminating with a 0.3 mA foot shock alter-
nating pseudo-randomly with 10 presentations of
the CS™ on a 60 s intertrial interval. Assignment of
the tones as the CS* and CS™ was counterbalanced
across groups. Twenty-four hours after condition-
ing, on 2 consecutive days, mice were probed for discriminative threat
responding by monitoring freezing in response to three interleaved pre-
sentations of the CS* and CS™, which were delivered at a 60 s interval in
the absence of the unconditioned stimulus. Test sessions were conducted
in a different context from the conditioning, consisting of solid white walls
and flat white floor with acetic acid olfactory cues. All sessions were ana-
lyzed with Ethovision (Noldus) tracking software after video recording.

Prepulse inhibition of the acoustic startle reflex. Prepulse inhibition of
the acoustic startle reflex was performed in sound-attenuated chambers
(San Diego Instruments). To measure prepulse inhibition, mice were given
5 trials of 120 dB startle pulse alone, followed by 50 trials, which pseudo-
randomly alternated between 120dB pulse alone, one of three prepulse
intensities, or null (no startle), with a variable intertrial interval. Prepulse tri-
als consist of 20 ms duration prepulse at the indicated intensity occurring
100 ms before the 40 ms 120 dB startle pulse on one day.
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Figure 2.

Quantification of regional TH expression in cerebellar and precerebellar structures. A, Relative TH expression in each vermal lobule, and hemispheric region, by cortical layer.

Differences were observed between groups for the effect of cerebellar region (F15605=11.81, p <<0.0001), cortical layer (F 0 =192, p <<0.0001), and interaction (F15gog) = 3.76,
#p < 0.0001) between these two factors on two-way ANOVA. N= 20 brains. Error bars indicate SEM. B, Relative TH expression in each cerebellar nucleus, and selected pre-CN. Differences
were observed between groups (F=27.76, p << 0.0001) on one-way ANOVA. On post hoc analysis, no difference was seen in TH expression between LCN and IN. Both LCN and IN had signifi-
cantly greater (p << 0.01) TH expression than MN. 10: N'= 19 animals. RtTg: N'= 20 animals. Basilar pontine nuclei (BPN): N' =20 animals. CN (LCN, IN, MN): N'= 20 animals. MVN: N = 20 ani-
mals. External cuneate nucleus (Ext Cu): N'=20 animals. LRN: N'=15 animals. Error bars indicate SEM. C, To aid in the analysis of data graphed in A, we graphed data (expressed as the
percentage of total PCs with Th expression in each cerebellar region) we developed from regional PC Th mRNA expression, as we reported previously (Locke et al., 2020). D, Relative TH expres-
sion in rostrocaudal subregions of each cerebellar nucleus. Differences were observed between groups for the effect of cerebellar nucleus (F 171y = 106.4, *p << 0.0001), rostrocaudal expression
(F,171y=35.16, p << 0.0001), but not interaction (F(4171)=1.28, p=0.28) between these two factors on two-way ANOVA. Post hoc analysis revealed significant differences between rostral
LCN and middle LCN (p << 0.0001), rostral LCN and caudal LCN (p << 0.004), rostral IN and middle IN (p << 0.007), but not rostral IN and caudal IN (p = 0.76), and no differences were seen in
TH expression in MN sections on the rostrocaudal axis. N=20 animals. Error bars indicate SEM. In each panel, asterisk indicates which comparison is noted by the significance bar.

#3%p < 0.01; #s+xp < 0.0001.

Gait analysis. A mouse’s hindfeet and forefeet were dipped in non-
toxic, acrylic paint (red and green, respectively) (Crayola), and then it
could walk up a slightly inclined, 1-m-long platform into a dark box. Print
dimensions (stride lengths, widths) were then measured for analysis.

Rotarod. A mouse was placed on a rotating rod apparatus (Columbus
Instruments) in a neutral position on a cylinder that was stationary. The
rotarod was then switched on at a speed of 4 rpm with increasing speed
(4-40 rpm over 5min), and the latency to fall was recorded by the appara-
tus and watched by an observer. This procedure required three sessions a
day for 5d for each animal. Mice that hung on to the cylinder were noted
by the observer at what time they began to hang and scored as a fall at that
time.

Barnes Maze. The Barnes Maze protocol was performed as previ-
ously described (Locke et al., 2018), with no alterations. The maze is an
elevated circular platform with 20 equally spaced holes along the perime-
ter. Animals receive a bright light reinforcement to escape from the open
maze surface to a small, dark recessed goal box under the target hole
located under the platform. Visual cues (with different colors and
shapes) surround the maze and were not moved during the experiment.
For adaptation, acquisition, and probe trials, each mouse is started in an
upside-down cup in the center of the maze, which is removed at the start
of the trial. During acquisition trials, each mouse explored the maze for
3 min. During this time interval, percent time in the target quadrant and
distance traveled were measured. Acquisition trials end after 3 min have
elapsed or when the mouse enters the goal box. Each mouse had four

trials per day for 4d with an intertrial interval of 15min. A probe trial
was conducted 24 h after the last training day. For probe trials, the goal
box under the target hole was removed. During the 90 s probe trial, nose
pokes into the target hole, holes in the target quadrant, and latency to
reach the goal were measured. Holes in the target quadrant were defined
by the target hole plus the 2 holes on either side of the target hole. Data
were acquired and analyzed using Ethovision software (Noldus).
Instrumental conditioning. Conditioning was performed in sound-
attenuated chambers (Med Associates). To test simple reward learning
and motivation, we used an established appetitive simple instrumental
conditioning task (Gore and Zweifel, 2013). Mice were calorie restricted
to 85% of body weight and were monitored for learning in an FR1 reward
schedule in which one lever press results in delivery of one sucrose pellet.
Four days of instrumental conditioning were performed in male mice.
The session continued until 50 trials were completed or 2 h had elapsed.
Differential reinforcement of low rate responding. To gauge impulsiv-
ity, we used the operant task, differential reinforcement of low-rate
responding (DRL) paradigm as previously described (Nautiyal et al.,
2015), with minor alterations. Mice began training on the DRL-10 para-
digm the day after they completed 4 d of lever training on an FR1 sched-
ule. In the DRL-10, responses before 10 s have elapsed after the last press
resulted in a reset, while presses that are preceded by at least 10 s were
rewarded with one sucrose pellet. The subject must learn to inhibit lever
press responses for the duration to receive the reward. Mice were trained
daily for 5weeks at the 10 s interval. All sessions lasted 1 h, and no limit
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Figure 3.

G, lllustrations from Franklin and Paxinos (2013).

was placed on the amount of rewards the animal could receive (but the
physical limit would be 360 rewards). Mice were not cued to the duration
or that it is elapsing. Learning is assessed by measuring average timing of
lever presses after the last press. To extract lever press timestamps for the
RL) task from the Med Associates data output, MATLAB scripts were
used. The lever press timestamps were binned by their interpress intervals
while being sorted into either occurring after a rewarded press or a press
within 3 s of a reset. Experimental and control mice were compared using
a two-way repeated-measures ANOVA (viral group x week of training).
Delayed alternation. To gauge working memory, we used an operant
version of a delayed alternation paradigm as previously described, with
minor alterations (Locke et al, 2018). Mice began training on the
delayed alternation paradigm the day after they completed 4d of lever
training on an FR1 schedule. In this paradigm, mice were first presented
with a free choice of pressing one of two levers. After choosing which le-
ver to press, a time interval of 2, 8, or 16 s ensued, during which both

Extrinsic and intrinsic catecholaminergic innervation of the LCN by LC mapped retrogradely with
retrobeads (A—F) and anterogradely (G,H) with synaptophysin-GFP in coronal sections. 4, lllustration of loca-
tion of LC in coronal section for reference to images in B-E. B, Dbh-IRES-Cre::TdTomto immunostaining with
antibody against DsRed (red channel). ¢, TH immunostaining (blue channel). D, Green retrobeads (green
channel). E, Merge of B-D. Red represents DsRed. Blue represents TH. Green represents retrobeads. Scale
bars, 250 um. F, Schematic of injection of green retrobeads into LCN of Dbh-IRES-Cre::TdTomato mice. G,
Schematic of injection of AAV-DIO-Synaptophysin-GFP (SynGFP) into LC of Dbh-IRES-Cre mice. H, Dbh-IRES-
(re-dependent SynaptoGFP (GFP immunostaining, green channel) expression in LCN. Scale bar, 250 wm. 4, F,
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levers were retracted, and no other cues (e.g., house light
or sound) were associated with the delay. The levers were
then presented after the delay, and the mouse had to learn
to press the opposite lever than was originally pressed for
the reward of one sucrose pellet; then, there was a 20 s
intertrial interval, and then the process is repeated.
Learning was assessed as a fraction of correct alternations
out of each opportunity, and the number of pellets deliv-
ered. For the reversal, instead of getting a food pellet
reward for pressing the opposite lever after the delay, the
subject had to learn to press the same lever after the delay
to get a food pellet reward. Mice were trained daily for sev-
eral days on each delay interval. For Vglut2-Cre mice
expressing either AAV-FLEX-Hm4Di-YFP or control
AAV-FLEX-GFP in the LCN, CNO was injected 45min
before training on each day. Experimental and control
mice were compared using a two-way repeated-measures
ANOVA (viral group x day of training).

Experimental design and statistical analyses. Data were
analyzed using Excel (Microsoft) and Prism software
(GraphPad), using ANOVA (with repeated measures and
appropriate post hoc analyses when indicated), or Student’s
t test as indicated. An « of p < 0.05 was considered signifi-
cant. Details of specific statistical analyses are found in the
figure legends, except where noted in Results. No random-
ization was used to assign experimental groups, but groups
were assigned without bias. Virus-injected animals in
which the target was missed were excluded (3 total ani-
mals). One animal was removed from the delayed alterna-
tion analysis because of failure of lever apparatus.
Behavioral data were acquired and analyzed in an unbiased
way by an investigator without knowledge of the experi-
mental groups.

—L

Results

Quantification of catecholamines and
metabolites in selected cerebellar regions

Previous reports in rodents indicate higher levels of
catecholamines in the CN than CCtx, or even hippo-
campus (Laatikainen et al., 2013), and levels similar to
those in areas of frontal cortex (Versteeg et al., 1976).
To confirm and extend previous measurements of
brain catecholamines in rats, we quantified NE, DA,
and their metabolites using HPLC in specific cerebellar
regions isolated from mice (Table 1). We hypothesized
that DA, NE, and their metabolites would be present
in the LCN, as they have been previously observed in
all of the vermal lobules, hemispheres, and each CN in
rodents (Bloom et al, 1971; Versteeg et al, 1976;
R. Freedman, 1977; R. Freedman et al, 1977;
Panagopoulos et al, 1991). We found that NE is
slightly higher in concentration in the mouse CN and
CCtx than what was previously reported in rats (Versteeg et al,
1976). DA and its metabolites, DOPAC and HVA, were lower in
concentration in the mouse CN and CCtx than previously reported
in rats (Versteeg et al., 1976), and were not measurable in every
sample. Epinephrine was not detected anywhere in the mouse brain
that we examined, and the DA metabolite 3-MT was only detected
in the striatum (Table 1). NE and DA levels in frontal cerebral cor-
tex and striatum in mouse were similar as previously measured in
rats (Table 1) (Versteeg et al., 1976).

Mapping catecholaminergic fibers in the cerebellum and
inputs to the LCN

TH is found in fibers projecting to all cerebellar lobules, laminae,
and nuclei in mouse, but relative quantification differences
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within the cerebellum are not described (Nelson et al., 1997). We
first wished to confirm and quantify protein expression of TH,
the rate-limiting enzyme in catecholamine synthesis, in the entire
cerebellar system, including the all regions of the CCtx (Figs. 14,
2A), the lateral, interposed, and medial nuclei of the cerebellum
(Figs. 1B-E, 2B,D), and several known pre-CN (Fig. 2B). We pre-
viously mapped all TH" PCs (Fig. 2C; reprinted from Locke et
al., 2020), and show this data here for comparison to mapping of
TH™ fibers in Figure 2A. In the CCtx, TH " fiber expression was
consistently higher in the molecular layer than the granular layer
(Figs. 1A, 2A). TH" fibers were highest in anterior vermis
(lobules II-IV), followed by posterior vermis regions (lobules
VII, VIII), and two lateral hemisphere regions (simple lobule and
the copula of pyramidis) (Fig. 2A), which notably are areas of
CCtx with lowest amounts of TH™ PCs (Fig. 2C). The lateral and
interposed nuclei had equivalent amounts of TH™ fibers and had
the highest amount of TH staining of anywhere we measured in
the cerebellar system (Fig. 2B). The LCN was distinctive, in that
it had the most change in rostrocaudal expression (lowest expres-
sion rostrally) among the CN (Fig. 2D). There was quite variable
expression of TH in known pre-CN, with the highest amounts
being found in the RtTg, the IO nucleus, and the LRN (Fig. 2B).
Additionally, there appeared to be a rostrocaudal gradient of TH
expression in the basilar pontine nuclei (Fig. 2B).

We then wished to determine the source of catecholamines
within the LCN. The LC is known to supply NE to CCtx (Bloom
et al., 1971; Grzanna and Molliver, 1980). In mice, possible sour-
ces of catecholamines in the LCN include the LC (C. C. Smith
and Greene, 2012; Kempadoo et al., 2016; Takeuchi et al., 2016;
Sanford et al., 2017), PCs (Fujii et al., 1994; Locke et al., 2020),
basal ganglia (Bostan et al., 2010), VT'A (Ikai et al., 1992), and
central NE nuclei (e.g., CA2/A2) in the brainstem (Robertson et
al., 2013). Based on these reports, we injected 4 DBH-IRES-Cre
mice (heterozygous for the DBH-IRES-Cre allele) crossed with
TdTomato reporter mice with green retrobeads into the LCN
(Fig. 3A-F). We found overlap of retrobeads and tomato staining
in the LC, suggestive of projections to LCN (Fig. 3A-E). In order
to confirm this retrograde method, we injected the anterograde
adeno-associated virus (AAV1) containing a Cre-dependent
expression cassette for the synaptic marker synaptophysin fused
to GFP (AAV1-DIO-SynGFP) (Carter et al., 2013) into the LC in
DBH-IRES-Cre mice, and found robust GFP expression in the
LCN (Fig. 3G,H). Several reports have noted the presence of TH
expression in a subset of PCs, which could potentially provide
catecholamines to CN (Hess and Wilson, 1991; Takada et al.,
1993; Fujii et al., 1994; Abbott et al., 1996). We confirmed that
injection of green retrobeads in the LCN results in colocalization
with TH expression (but not DBH-IRES-Cre driven tomato
expression) in PCs (Fig. 4A-C). We did not further pursue map-
ping the innervation of the LCN by TH' PCs, as we have
recently mapped this population of cells in the entire cerebellum
of mouse (Locke et al., 2020). Notably, we did not see colabeling
of retrobeads and TH expression in other noradrenergic or dopa-
minergic nuclei, such as the VTA, CA2/A2, substantia nigra pars
compacta, dorsal raphe, or retrorubral fields (Fig. 5A-F). We
also injected SNc and VTA of DAT-Cre mice (heterozygous for
the DAT-Cre allele) with AAV1-DIO-SynGFP and did not find
any GFP expression in the LCN (Fig. 6A-F), consistent with a
previous report of retrograde mapping with CAV2-Cre injected
into CCtx of a mouse reporter line, which failed to reveal any
labeling in VTA (Wagner et al., 2017). Finally, to generate pro-
jection maps for catecholamine-positive populations projections
in LC for cell counting, we injected the retrograde adeno-

Carlson et al. e Lateral Cerebellar Nuclear Catecholamines Modulate Cognition

Figure 4.  Colocalization of TH expression in PCs with green retrobeads. A, TH stain (red
color channel). B, Retrobeads (green color channel). C, Merged image of A, B, and DAPI
(blue channel), Scale bar, 100 m.

associated virus viral vector, AAV2retro (Tervo et al., 2016), con-
taining a Cre-dependent expression cassette for the fluorophore,
GFP (AAV2retro-DIO-GFP) into the LCN in 4 DBH-IRES-Cre
(heterozygous for the DBH-IRES-Cre allele) (Fig. 7A-G). We
then quantified cells positive for both TH and GFP in these
animals, which make up ~12% of the entire LC (Fig. 7G).
Projections to LCN primarily arise from caudal and middle LC
regions, with cells appearing throughout the dorsoventral axis of
LC, and to a lesser extent, rostral LC and the adjacent noradren-
ergic nucleus, subcoeruleus (Fig. 7A-C). Previous reports of pro-
jections from LC to CCtx in rat are slightly different and were
not precisely quantified, and consist of large, multipolar cells pri-
marily in the middle LC throughout the dorsoventral axis (but
not caudal LC, from which arise hippocampal projections)
(Loughlin et al., 1986b). Furthermore, there are several reports of
LC projections that diverge from the same LC neuron to project
to both cerebellar cortical and cortical targets (Olson and Fuxe,
1971; Nagai et al, 1981; Room et al, 1981; Steindler, 1981;
Schwarz et al., 2015). We saw labeled fibers in the LCN (Fig. 7D),
but we did not see divergent projections to both LCN and non-
cerebellar targets, and we saw only sparse GFP puncta in areas of
the CCtx, primarily in paravermal and lateral cerebellar regions
(Fig. 7F). This may be either because of the LC-LCN projection
being different from LC-CCtx projections, or limitations of the
retrograde viral approach.

FSCV of LC projections to the LCN

Since the concentration of NE present in the LCN was greater
than an order of magnitude more than what we could measure
in DA, we hypothesized that the LC is a sufficient source of cate-
cholaminergic innervation of the LCN. To further confirm this,
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resents TH; blue represents DAPI; green represents retrobeads). Scale bars, 250 pem.

we used electrophysiological stimulation of the LC and direct
recordings of catecholamine levels in the LCN using FSCV. NE
and DA are detected by their oxidation and reduction on the sur-
face of the electrode, which is proportional to their local concen-
tration (Rodeberg et al., 2017). Currently, we are not able to
differentiate between DA and NE with this method, but we are
unaware of any reported use of FSCV in the cerebellum to detect
changes in catecholamines.

We stimulated the LC in 13 anesthetized WT mice (Fig. 84),
at a frequency of 60Hz for 1 s (amplitude=250 pA) and
recorded cyclic voltammograms (CVs) from the ipsilateral LCN
(Fig. 8B; stimulation and recording site examples in Fig. 8C,D).
In Figure 8E, we show an example catecholamine transient
above a color plot of the recording. An experimental CV is
overlain in the figure by a known DA CV (Fig. 8E), which
shows strong similarity. Since FSCV does not directly differen-
tiate well between different catecholamines, we sought to deter-
mine whether pharmacologic antagonism of presynaptic
receptors for DA or NE on LC projections to the LCN would
potentiate the catecholamine transient in this preparation.
Previous reports indicate that LC fires primarily in the 1-10 Hz
frequency range during awake, behaving conditions (Aston-
Jones and Cohen, 2005). We were not specifically interested in
mimicking a physiological firing, but rather seeing if the LC

Extrinsic catecholaminergic innervation of the LCN was found only from the LC and subcoeruleus (not pic-
tured in this figure) with retrobeads. Red represents TH. Blue represents DAPI. Green represents retrobeads. No overlap
between retrobeads and TH™ cells was seen in VTA () (red represents DBH-IRES-CRE::DsRed; blue represents TH;
green represents retrobeads); substantia nigra pars compacta (B) (red represents DBH-IRES-CRE::DsRed; blue represents
TH; green represents retrobeads); basilar pontine nuclei (C), expected retrobead labeling of cells projecting mossy fibers
to cerebellum, but these are not TH* (red represents TH; blue represents DAPI; green represents retrobeads); dorsal
raphe (D) (red represents TH; blue represents DAPI; green represents retrobeads); CA2/A2 noradrenergic brainstem
nuclei () (red represents TH; blue represents DAPI; green represents retrobeads); or the retrorubral fields (F) (red rep-
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provided an input that was sufficient to
induce a catecholamine signal in carbon
fibers in the LCN, and what the identity of
the NT was. Thus, after acquiring stable cate-
cholamine transients, we applied intraperito-
neal injections of either the DA D2R antagonist
eticlopride (N=7, intraperitoneal injection,
concentration =0.5mg/kg) or the adrenergic
alpha-2 receptor antagonist idazoxan (N =4, in-
traperitoneal injection, concentration=1mg/
kg). We averaged the last four transients before
drug administration and compared them with
the average of the first four transients after drug
administration (Fig. 8F). Application of eti-
clopride did not result in potentiation of the
catecholamine signal (Fig. 8F,G,I); however,
application of idazoxan resulted in a twofold
potentiation of the catecholamine signal over
baseline (Fig. 8F,H.]I).

It is possible that the catecholamine signal
we observed in LCN could result from stimu-
lation of cross-circuit connections. Never-
theless, these data are strongly suggestive of
the LC being a major source of catechol-
amines, likely NE, in the LCN.

Genetic inactivation of Th in the LCN

We used the retrogradely transducing canine
adenovirus CAV2 encoding Cre recombinase
in male TH'*"°* mice (Jackson et al., 2012) to
knock out Th in all neurons located in or pro-
jecting to the LCN (Fig. 9A). We previously
did not see significant differences in perform-
ance between male and female mice in the
cognitive tasks we examined after our manipu-
lations in the LCN (Locke et al., 2018). Thus,
we selected only male mice for this study. We
wished to examine the role of catecholamines
in LCN in adult mice, so behaviors were per-
formed between the ages of 3 and 5months.
We injected 10-week-old homozygous for the Th lox allele
(TH*"°) mice with CAV2-Cre into the LCN (Fig. 9A).
Littermate Th'°* mice controls were injected with CAV2
encoding the fluorophore zsGreen (CAV2-zsGreen). Viral “hits”
were verified by Western blot of LCN tissue isolated by tissue
punch of a section of cerebellum (Fig. 9B,C). TH was reduced by
75% in the LCN with this manipulation (Fig. 9C). We addition-
ally confirmed LCN-Th-cKO with immunohistochemical stain-
ing for TH in control virus (CAV2-zsGreen) injected controls
(Figs. 9D, 10A) and CAV2-Cre injected TH% mice (Fig. 9E).
To further control for viral spread/expression, we also injected
mice heterozygous for the Slc17a6-Cre allele (Vglut2-Cre) mice
(Slc17a6 encodes the vesicular glutamate transporter-2 [Vglut2],
the major vesicular glutamate transporter expressed in CN out-
put neurons) with AAV1-DIO-GFP and examined GFP expres-
sion in the LCN, where it appeared well limited to LCN, but not
other cerebellar nuclear structures (Fig. 10B).

LCN catecholamines modulate sensorimotor gating, but are
not required for locomotor function, motor learning, or
auditory startle responses

Cerebellar NE has previously been shown to be necessary for
classical cerebellar functions, such as adaptation of the vestibulo-
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ocular reflex and eyeblink conditioning
(Watson and McElligott, 1983, 1984;
Paredes et al., 2009), and motor learning of
rod runway task (Watson and McElligott,
1984; Bickford et al., 1992). We hypothesized
that since cognitive functions are associated
with LCN and posterior and lateral regions
of CCtx, we would not see major sensorimo-
tor effects in LCN-Th-cKO mice. LCN-Th-
cKO mice did not have changes in perform-
ance on the accelerating rotarod, which is
dependent on cerebellar function (Caston et
al., 1995a,b) (Fig. 9F). We also used prepulse
inhibition of the acoustic startle reflex (PPI)
as a standard test for sensorimotor gating,
which is thought to engage preattention sys-
tems, and is modulated by the cerebellum
(Takeuchi et al.,, 2001; Locke et al., 2018).
While LCN-Th-cKO mice showed decreased
PPI (Fig. 9G), this did not appear to be de-
pendent on motor or auditory function, as
there were no differences in their baseline
acoustic startle reflex [mean percent = SEM
startle magnitude with null prepulse in
LCN-Th-cKO mice=75.14*6.64 (n=11)
vs Control mice=86.52*+ 226 (n=10),
p=0.14, unpaired two-tailed ¢ test, t=1.56,
df=19], which is also cerebellar-dependent
(Davis et al., 1982). Finally, we examined
gait in LCN-Th-cKO mice and found a small
(~6%) but significant increase in stride
length (but not stride width) (Fig. 10]). This
is not consistent with an ataxic phenotype, in which stride length
dramatically decreases (Cendelin et al., 2010). Clinically, distur-
bances in vestibular function may be manifested as reduced vis-
ual acuity and gaze stability in humans, and rodents with deficits
in vestibular function show spatial navigation deficits in tasks de-
pendent on visual cues (P. F. Smith et al, 2009, 2010, 2015;
Zheng et al., 2009a,b). Thus, we hypothesized that, if there were
perturbations in cerebellar modulation of vestibular function, we
would see it in performance deficits on the Barnes Maze, a spatial
navigation task that relies on learning extra-maze visual spatial
cues. However, LCN-Th-cKO mice did not show any differences
in spatial memory as measured by nose pokes in the goal quad-
rant [mean number of nose pokes in goal quadrant * SEM in
LCN-Th-cKO mice=73 * 16 (n=11) vs Control mice =70 % 20
(n=10), p=0.89, unpaired two-tailed ¢t test, t=0.14, df=19) or
goal (mean number of nose pokes in goal = SEM in LCN-Th-
cKO mice=49 = 13 (n=11) vs Control mice=52 * 17 (n=10),
p=0.88, unpaired two-tailed ¢ test, £=0.15, df = 19] on the probe
trial or the Barnes Maze.

Figure 6.

Catecholamines in the LCN required for Pavlovian fear
learning

We hypothesized that we would see decreased discrimination
between predictive and nonpredictive auditory cues in LCN-Th-
cKO mice because cerebellum is known to process signals pre-
dicting perceptual cues (O'Reilly et al., 2008). In order to test
this, we used a fear conditioning paradigm in which the subject
is exposed to an auditory cue (a specific tone, CS™) predictive of
a low-amplitude foot shock (0.3 mA, 0.5s) and an auditory cue of
different frequency that is not predictive of the shock (CS™)
(Sanford et al., 2017). This test requires that a subject learn a cue

A AAV-DIO-SynGFP

Substantia
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Extrinsic catecholaminergic innervation of the LCN was not found with anterograde viral expression AAV-
DI0-SynaptophysinGFP injected into substantia nigra (4,€) or VTA of DAT-Cre mice (B,D). LCN shows no GFP staining af-
ter injection into SNc (E) or VTA (F). Red represents TH. Blue represents DAPI. Green represents GFP. Scale bars, 250 pem.

that predicts a shock and discriminate between cues to freeze
(learning is measured by the amount of freezing after playing
CS"* or CS™ during the probe trial) in the context of a predicted
shock (Fig. 9H). After 1 d of conditioning, LCN-Th-cKO mice
were freezing more to the CS™ than controls (Fig. 9I). On the
second probe trial, LCN-Th-cKO mice were unable to discrimi-
nate between CS™ and CS™ (Fig. 9I), although it appears that
this is because LCN-Th-cKO mice failed to fully learn to associate
CS™ with the shock, as opposed to inappropriately identifying
CS™ as a fear predictive cue.

LCN catecholamines modulate learning of a working
memory task

Delayed alternation is a name for several similar tasks measuring
working memory that can be evaluated in humans and animals,
and has deficits in neuropsychiatric disorders with associated
prefrontal cortical catecholaminergic dysfunction, including au-
tism, Alzheimer’s disease, attention deficit disorder, schizophre-
nia, and frontal lobe disease (M. Freedman and Oscar-Berman,
1986a,b; Park and Holzman, 1992; M. Freedman, 1994; Arnsten
and Li, 2005; Arnsten, 2006a,b; Berridge et al., 2006; Loveland et
al., 2008; Rossi et al,, 2012). In the delayed alternation task we
used in this study, the subject chooses one of two levers, levers
retract, and then there is a delay of 2 s (Fig. 9]). The subject must
learn a specific rule of pressing the other lever to receive a food
reward after the delay (Fig. 9]). Performance on this task, over
longer intervals of delay, requires an intact PFC (Rossi et al,,
2012) and LCN neurons expressing DIRs (Locke et al., 2018).
Learning is assessed as fraction of correct alternations out of
each opportunity (Fig. 9K), and number of pellets delivered (Fig.
9L). LCN-TH-cKO mice showed a decreased rate of learning on
this task (Fig. 9K,L). However, once they learned this task, they
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mice=157.7*+ 285 (n=11) vs Control
mice=135.5*18.7 (n=10), p=0.53, un-
paired two-tailed t test, t=0.64, df=19;
mean velocity (cm/s) in open field = SEM in
LCN-Th-cKO mice=6.06 04 (n=11) vs
Control mice=6.19* 0.4 (n=10), p=0.82,
unpaired two-tailed ¢ test, t=0.23, df=19;
center crossings in open field = SEM in
LCN-Th-cKO mice=453*+6.1 (n=11) vs
Control mice=52*7.3 (n=10), p=047,
unpaired two-tailed f test, t =0.23, df =19].

LCN catecholamines modulate response
inhibition

Catecholamines modulate response inhibi-
tion in prefrontal cortical circuits (Arnsten
and Li, 2005); we thus hypothesized that
LCN catecholamines play a similar role. To
test this, we chose an operant task called
DRL to assess the ability to inhibit responses
until a specific time has elapsed (Nautiyal et
al., 2015). No differences in the ability to
press a lever for a food reward were seen
over 4d of FR1 lever training between
groups (Fig. 10D). A given subject must learn
to inhibit lever press responses for the dura-
tion (10 s for DRL-10) to receive the reward
(Fig. 9M). We assessed performance on this
task by number of lever presses within 3 s af-
ter the last rewarded press (which we refer to
as “impulsive pressing”). LCN-Th-cKO mice
showed more impulsive pressing after the
last press (or more failure to inhibit
responses) than littermate controls over sev-

F G ¢ Subcoeruleus-Jil ini i
&% Subcoeruleus eral weeks of training (Fig. 9N).
AAV2retro-DIO-GFP ; £ it — g (Fig. ON)
) 3 Iy — Inhibition of VGlut2* LCN output
c oerz:::jss § g Caudal LC neurons facilitates learning of delayed

Dbh-iCre mice
Figure 7.

and Paxinos (2013). Scale bars: A-E, 250 pum.

showed relatively normal performance when the delay was
increased to 8 s (Fig. 10C,E,I), and a small decrease in perform-
ance when the delay was increased to 16 s (Fig. 10C,F,]), and no
changes in performance on the reversal of this task (Fig. 10C,G,
K). Thus, it appears that learning the delayed alternation task
was affected more than working memory maintenance over lon-
ger time scales. This did not appear to be because of effects of
motor deficits in lever pressing, as mice acquired FR1 at the
same rate (Fig. 10C,D) or anxiety, as LCN-Th-cKO mice did not
show any apparent anxiety in the open field test: [mean time (s)
spent in center of open field * SEM in LCN-Th-cKO

0.00 0.05 0.10 0.15 0.20
Fraction of LC and SubC TH+ cells
labeled by retrograde GFP+
virus injected into LCN

Example slides of extrinsic catecholaminergic innervation of the LCN in LC mapped with retrograde viral
expression RetroAAV2-DIO-GFP injected into LCN of DBH-IRES-Cre mice in coronal sections. Cells were stained with TH
(red channel), GFP (green channel), and DAPI (blue channel). A-C, Examples of cells coexpressing TH and GFP in the
merged image. A, Example of cells coexpressing TH (red), DAPI (blue), and GFP (green) in nucleus subcoeruleus in a
merged image. B, Example of cells coexpressing TH (red), DAPI (blue), and GFP (green) in middle LC in a merged image.
C, Example of cells coexpressing TH (red), DAPI (blue), and GFP (green) in caudal LC in a merged image. D, Fibers
expressing GFP in LCN. E, Sparse fibers express GFP in CCtx. MI, Molecular layer; gl, granular layer; PCL, PC layer.
F, Schematic of injection of AAV2retro-DIO-GFP into LCN of Dbh-IRES-Cre mice. G, Quantification of GFP™ and TH™ cells
in different regions of LC after injection of AAV2retro-DIO-GFP into LCN of Dbh-IRES-Cre mice. F, Adapted from Franklin

alternation working memory task

Catecholaminergic fibers richly innervate the
LCN, but little is known about which cells
catecholamine release might regulate there.
Recently, we showed expression of DIR,
D2R, and D3R in the LCN, and that there is
a population of LCN DIR" neurons, which
are mostly inhibitory and regulate several
aspects of cognitive behavior (Locke et al.,
2018). DA DI1Rs have much less affinity for
NE than DA (Sunahara et al., 1990), but there
are reports that D1Rs can be activated by the
3 -adrenergic agonist isoproterenol (Lin et al.,
1995) and NE (Vanderheyden et al., 1986;
Kubrusly et al., 2007). We also showed that
Vglut2" neurons residing in the LCN are enriched in the DA
D3R, which is canonically a Gi-coupled protein coupled receptor.
Furthermore, activation of right crus I PCs and inhibition of LCN
neurons were sufficient to rescue autism-related social behavior
and aberrant single-unit firing in neurons in the prelimbic medial
PFC (Kelly et al., 2020). Since the D2 family of DA receptors can-
onically reduce PKA signaling and neural excitability via Gy,
GPCR signaling, and are potently activated by both NE and DA
(Sanchez-Soto et al., 2016), we hypothesized that catecholamine
release in the LCN would result in catecholamine-induced
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activation of G;-coupled catecholamine re-
ceptor GPCRs and inhibit VGlut2™ LCN
output neurons and positively facilitate
cognitive function. To test this, we first
performed immunohistochemistry for the
DA D2R in the LCN and found rich
expression in large soma of cells there
(Fig. 11A,B). Then, to mimic the activation
of Gi-coupled catecholamine GPCRs, we
expressed the inhibitory DREADD,
hM4Di or GFP (Controls), in the LCN of
Vglut2-Cre mice. To accomplish this, we
injected 0.5 ul of AAV-FLEX-hM4Di-YFP
or AAV-FLEX-GFP into the LCN of het-
erozygous Vglut2-Cre mice to create
Vglut2-Cre:hM4Di or Control (Vglut2-
Cre:GFP) mice (Fig. 11C,D). Experimental
Vglut2-Cre:hM4Di and Control Vglut2-
Cre:GFP mice both were pretreated with
CNO (1 mg/kg, i.p.) 45 min before all be-
havioral assessments. After lever training
on an FR1 schedule (Fig. 11E,F), we per-
formed the same delayed alternation para-
digm as we did for LCN-Th-cKO mice
(Fig. 11E-K); and strikingly, learning on
the 2 s DA was robustly facilitated in
Vglut2-Cre:hM4Di mice compared with
controls (Fig. 11G). Once they learned this
task, Vglut2-Cre::hM4Di mice showed bet-
ter than normal performance when the
delay was increased to 8 or 16 s, at least on
the measure of pellets rewarded (Fig. 11H,
I). There appeared to also be a small
increase in performance in Vglut2-Cre:
hM4Di mice on the reversal of this task:
the significance did not quite reach our «
of p < 0.05 (Fig. 11K), but post hoc analysis
revealed that Vglut2-Cre:hM4Di mice
received significantly more pellets on the
first day of the delayed alternation reversal.
Vglut2-Cre:hM4Di mice did not have
changes in ability to press a lever for food
reward (Fig. 11EF), acoustic startle
responses [mean percent * SEM startle
magnitude with null prepulse in Vglut2-
Cre:hMA4Di mice=81.97 *3.01 (n= 8) vs
Control ~ mice=83.96 *+ 1.81 n=7),
p=0.25, unpaired two-tailed t test, =121,
df=13], PPI (Fig. 11M), performance on
the accelerating rotarod (Fig. 11N), or on
measures of locomotion or anxiety on the
open field test [mean time (seconds) spent
in center of open field = SEM in Vglut2-
Cre:hM4Di mice=167*+42 (n=8) vs
Control mice=20.7 * 6.1 (n=7), p=0.62,
unpaired two-tailed ¢ test, £=0.51, df=13;
mean velocity (cm/s) in open field = SEM
in Vglut2-Cre::hM4Di mice=5.8* 04
(n=238) vs Control mice=6.1 = 0.6 (n=7),
p=0.66, unpaired two-tailed  test, £=0.45,

df=13; center crossing frequency * SEM in Vglut2-Cre:hM4Di
mice=144=*22 (n=8) vs Control mice=177*34 (n=7),
p=0.42, unpaired two-tailed ¢ test, £ =0.84, df = 13].
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Figure 8. Recording of catecholamine transients in the LCN of mice on stimulation of the LC. A, Stimulation sites in 13
mice. Each red “x" is a stimulation site confirmed by histology. Coronal section adapted from Franklin and Paxinos (2013). B,
Carbon fiber electrode placement in 13 mice. Each red “X" is a recording site confirmed by histology. Coronal section adapted
from Paxinos mouse atlas (Franklin and Paxinos, 2013). Stimulation in LC (fiber tract verification in C; arrows point at L()
results in a catecholamine signal in the lateral nucleus of the cerebellum (fiber tract verification in D). Scale bars: C, D, 250
um. E, Catecholamine transient recorded in LCN after stimulation of LC (red bars, 1 s duration, 60 Hz stimulation at 250
uA). Top, Relative change in catecholamine level. Bottom, Color plot of transient. Inset, Example CV from LCN overlain with
a reference DA CV. F, Time course of pharmacologic experiments with either alpha-2 adrenergic antagonist idazoxan (IDA,
red) or the DA D2 antagonist eticlopride (ETI, green) applied intraperitoneally. Main effect of drug: Fi; 1449=41.10,
p << 0.0001; interaction: F(ys,144)=2.756, p << 0.0009. In graph stars, post hoc analysis Dunnett’s multiple comparisons
14y =4.823. s5:6p < 0.0001, 149y =3.311; 3.196. *p < 0.05 compared with measurement at —15 min. G, Average
(Vs (== SEM in dots) overlain before and after administration of the DA D2R antagonist eticlopride (intraperitoneal injection,
concentration = 0.5 mg/kg). N=7. Blue bar represents stimulus application: 60 Hz, 60 p, 250 pA. H, Average (Vs (*+ SEM
in dots) overlain before and after administration of the adrenergic «x2 receptor antagonist idazoxan (intraperitoneal injection,
concentration = 1 mg/kg). N'=4. Blue bar represents stimulus application: 60 Hz, 60 p, 250 pA. I, Type of drug x adminis-
tration of drug interaction: *:p << 0.005, F(; 9= 14.25, post hoc analysis (Sidak'’s multiple comparison test); ¢ = 4.834,
p << 0.005; type of drug: not significant; administration of drug: ;.= 15.51 p < 0.005. A, B, lllustrations from Franklin
and Paxinos (2013).

Discussion

Our experiments show that the mouse LCN and interposed nu-
cleus (IN) have the greatest TH" fiber innervation of any part of
the cerebellar system. TH expression was highest in regions
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Figure 9.  Conditional KO of 7h in all fibers innervating the LCN results in sensorimotor gating and cognitive deficits, but not motor leaming deficits. A, Schematic for CAV2-Cre viral injection into
TH** mice into LN to generate LN Th conditional KO (LCN-Th-cK0) mice. B, Western blot with 3 representative CAV2-zsGreen controls on the left and 3 CAV2-Cre injected TH®™ mice on the right.
Top, TH band. Bottom, 3 -actin band. €, Quantification of Western blot, each TH band normalized to /3 -actin. =p << 0.01 (one-tailed t test, fi4) = 4.47). Staining of TH in red channel in LCN of control
(D) and LCN-Th-cKO (E) miice. Scale bars: D, E, 100 gm. F, Performance of CAV2-zsGreen injected littermate control (black) and LCN-Th-cKO mice on accelerating rotarod over 5 d of training. No difference
observed between groups or effect of interaction with training. N=10 or 11 per group. G, Prepulse inhibition of the acoustic startle reflex was significantly different between LCN-Th-cKO mice and CAV2-
zsGreen injected littermate controls for effect of group F; 57 =5.77, (p << 0.02) and effect of prepulse volume Fy57=5.63 (p << 0.01), but not interaction between group and prepulse volume.
n=10 or 11 per group. H, Schematic for fear conditioning experiment. /, Freezing after fear conditioning between LCN-Th-cKO mice and CAV2-zsGreen injected littermate controls on a fear discrimination
task with a low-amplitude shock (0.3 mA). N=10 in each group. There was an effect of training Fis14 =39.37 (p << 0.0001) and effect of interaction between group and training F1 144 = 2.51
(#xp << 0.01), but no effect of group, two-way repeated-measures ANOVA. On post hoc analyses (Bonferroni’s multiple comparisons test), Control mice had less freezing to the (S~ tone after 1 d of
training compared with LON-Th-cKO mice (p << 0.05) and Control mice discriminated between (S* and (S~ after 2d of conditioning, while LON-Th-ckO mice did not (:p << 0.05). J, Schematic of
delayed altemnation test for working memory. Adapted from Beas et al. (2017). K, Performance between LCN-Th-cKO mice and CAV2zsGreen injected littermate controls in delayed altemation with 2 s
delay, as measured by fraction of correct alternations. N=7 in each group. There was an effect of training, Fseq) = 38.06 (p << 0.0001) and effect of group, F;.1 = 6.63 (p << 0.03), but no effect of
the interaction between group and training, two-way repeated-measures ANOVA. L, Performance between LCN-Th-cKO mice and CAV2zsGreen injected littermate controls in delayed alternation with 2 s
delay, as measured by pellets rewarded. N=7 in each group. There was an effect of training, £ o) =19.46 (p << 0.0001) and effect of group, F115=6.2 (*p << 0.03), but no effect of the interaction
between group and training, two-way repeated-measures ANOVA. M, Schematic of differential reinforcement of low-rate responses test for impulsive pressing. Adapted from Locke et al. (2018). N, Burst
pressing performance (presses << 3 s after last rewarded press) between LCN-Th-cKO mice and CAV2-zsGreen injected littermate controls on DRL task over 5 weeks of training. N'=7 in each group. There
was an effect of training 445 =347 (p << 0.02) and effect of group £y 17 =6.38 (p << 0.03), but no effect of the interaction between group and training, two-way repeated-measures ANOVA. A,
llustration from Franklin and Paxinos (2013). In each panel, asterisk indicates which comparison is noted by the significance bar.
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Figure 10.  Viral injection controls for CAV experiments, and cognitive deficits seen in LCN-Th-cKO mice are not because of sensory, motor, or anxiety phenotypes. A, CAV-zsGreen injection
into LCN (red represents blank; blue represents DAPI; green represents zsGreen). Inset, Coronal schematic of cerebellum at rostral LCN. B, AAV-DIO-GFP injected into LCN of Vglut2-Cre mouse
(red represents blank; blue represents DAPI; green represents zsGreen). LatPC, LCN, parvicellular; IntA, interposed cerebellar nucleus, anterior; IntP, interposed cerebellar nucleus, posterior;
IntDL, interposed cerebellar nucleus, dorsal hump. A, Inset, Adapted from Franklin and Paxinos (2013). €, Schematic of instrumental learning, and operant-based delayed alternation test for
working memory at 8 s, 16 s, and reversal. Adapted from Beas et al. (2017). LCN-Th-cKO mice have no changes in performance on an FR1 instrumental leaming (lever training) schedule (D).
N=10 or 11 per group. LCN-Th-cKO mice showed no differences in performance at 8 s (1), a small, but significant, reduction in performance on the 16 s version of delayed alternation, as
measured by fraction of correct alterations (F) (but not pellets rewarded, J), and no differences in performance on delayed alternation reversal (G,K). N =7 in each group. H, LCN-Th-cKO mice
had a small, but significant, increase in hind stride length (but not stride width) on gait analysis. *p << 0.05 (unpaired Student’s ¢ test). *:p << 0.01. ns, not significant.

(molecular layer of CCtx, LCN, IN, IO) known for mediating
associative learning (Paredes et al., 2009; Heffley et al., 2018;
Locke et al,, 2018; Kostadinov et al., 2019). LC provides a large
projection (~12% of its total TH™ cells) to the LCN (with sparse
divergent innervation of nearby CCtx, but not elsewhere in the
brain), with projections arising from middle and caudal zones of
LC and, to a lesser extent, the rostral LC and subcoeruleus nu-
cleus. We failed to find divergent LC projections in the rest of
the brain, which could be because either (1) unlike the CCtx, the
LCN does not receive divergent LC axons; or (2) technical limita-
tions of our viral approach limit projection visibility (e.g., trop-
isms for different cell types, efficiency of retrograde transport/

transduction). Stimulation of LC elicited a transient catechol-
amine signal in the LCN, which was potentiated by adrenergic
a—2 receptor blockade, but not D2R blockade. Behavioral
experiments indicated that LCN catecholamines modulate the
cognitive behaviors we looked at (PPI, fear conditioning, delayed
alternation, response inhibition), but not motor, motor learning,
or sensory functions. Finally, to mimic the activation of Gy/,-
coupled catecholamine GPCRs, and to further disentangle
whether our experimental approach affected the LCN versus
other parts of the brain, inhibition of VGlut2™ LCN output neu-
rons with DREADDs facilitated learning of the same delayed
alternation task in which LCN-Th-cKO mice showed deficits.
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Figure 11.  Chemogenetic inhibition of VGlut2 ™ neurons in the LCN results in improved cognitive performance on the delayed altemation working memory task, but not sensory, sensorimo-
tor gating, or motor deficits. A, Schematic for localization of LCN in coronal section. Adapted from Franklin and Paxinos (2013). B, DA D2R staining in large neurons of the LCN. Red represents
DA D2R. Blue represents DAPI. Scale bar, 250 wm. €, Schematic for AAV-DIO-hM4Di viral injection into Vglut2-Cre mice into LCN to generate Vglut2-Cre::hM4Di LCN mice. D, Staining of hM4Di-
GFP in green channel in LCN of Vglut2-Cre::hM4Di LCN mice. Green represents GFP. Blue represents DAPI. Scale bar, 250 um. E, Schematic of instrumental learning and operant form of delayed
alternation test for working memory. F, Performance between Vglut2-Cre::hM4Di LCN mice (blue, N =8) and AAV-DIO-GFP injected littermate controls (black, N=7) on an FR1 instrumental
learning (lever training) schedule shows no difference between groups. G, Top, Performance between Vglut2-Cre::hM4Di LCN mice and AAV-DIO-GFP injected littermate controls in delayed alter-
nation with 2 s delay, as measured by fraction of correct alternations. N=7 or 8 in each group. There was an effect of training, Fses)="70.45 (p << 0.0001) and effect of viral group,
Fa,13y=6.23, (*p < 0.03), but no effect of the interaction between group and training, Fss)=1.34 (p =0.26), two-way repeated-measures ANOVA. Bottom, Performance between Vglut2-
(rehM4Di LCN mice and AAV-DIO-GFP injected littermate controls in delayed alternation with 2 s delay, as measured by pellets rewarded. N =7 or 8 in each group. There was an effect of
training, Fs 65y = 21.14 (p << 0.0001) and effect of group, F(;13y=7.76 (*p << 0.02), but no effect of the interaction between group and training, F(s s5) = 1.64 (p = 0.17), two-way repeated-
measures ANOVA. H, Top, Performance between Vglut2-Cre:hM4Di LCN mice and AAV-DIO-GFP injected littermate controls in delayed alternation with 8 s delay, as measured by fraction of
correct alternations. N =7 or 8 in each group. There was an effect of training, Fi452 = 2.9 (p << 0.05), but no effect of group, F(;13y=0.35 (p = 0.56), or the interaction between group and
training, F452=2.01 (p=0.11), two-way repeated-measures ANOVA. Bottom, Performance between Vglut2-Cre::hM4Di LCN mice and AAV-DIO-GFP injected littermate controls in delayed
alternation with 8 s delay, as measured by pellets rewarded. N=7 or 8 in each group. There was an effect of training, Fis 55 =7.71 (p = 0.0002) and effect of the interaction between group
and training, Fi4,57)=4.99 (**p << 0.002), but no effect of group, f(; 13)=3.26 (p = 0.094), two-way repeated-measures ANOVA. /, Top, Performance between Vglut2-Cre::hM4Di LCN mice and
AAV-DIO-GFP injected littermate controls in delayed alternation with 16 s delay, as measured by fraction of correct alternations. N=7 or 8 in each group. There was no effect of training,
Fi3,39)=3.64 (p=0.06), no effect of group, F(; 13y=2.26 (p =0.16), and no effect of the interaction between group and training, F3 39 = 0.2 (p = 0.88), two-way repeated-measures ANOVA.
Bottom, Performance between Vglut2-Cre:hM4Di LCN mice and AAV-DIO-GFP injected littermate controls in delayed alternation with 16 s delay, as measured by pellets rewarded. N =7 or 8 in
each group. There was no effect of training, F(3 39 =3.56 (p =0.064), no effect of group, F(1 13 =62 (p=0.05), and no effect of the interaction between group and training, F3 39 = 0.44
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These phenotypes are different from
Pcp2-Cre; TH”* mice, in which Th is
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this task (Locke et al.,, 2020). Pcp2-Cre;
TH'*/* mice show deficits in response in-
hibition (Locke et al., 2020); therefore,
this same phenotype in LCN-Th-cKO
mice is more likely attributed to KO of Th
expression in PCs. Pcp2-Cre; T mice
likely had Th deletion in PCs starting dur-
ing postnatal day 6 (Zhang et al., 2004),
when compensatory changes in postnatal
developmental processes (e.g., dendrito-
genesis, synaptogenesis) could occur and
reduce the severity of behavioral pheno-
types we saw in LCN-Th-cKO mice. In
LCN-Th-cKO mice, compensatory devel-
opmental changes are avoided, and likely
resulted in a more significant phenotype. Nevertheless, different
sources of cerebellar catecholamines may have different roles in
mediating cognition in different domains.

The role of LCN catecholamines in cognition, in the context
of cerebellar structure and function, is likely to be complex. The
cerebellum consists of uniform circuit motifs with PCs providing
strong inhibitory input to CN neurons. Given this uniformity, it
is notable that there are regional differences in TH fibers in CCtx
and CN, as well as TH™ PCs (Locke et al., 2020). CN neurons
generate the final cerebellar output: spiking activity, which is
both temporally and spatially controlled precisely by strongly in-
hibitory PC inputs (Gauck and Jaeger, 2000; Fujita et al., 2020).
CN play key roles in acquisition and long-term retention of
memory of cerebellar-dependent conditioned responses (Shutoh
et al., 2006; Pakaprot et al., 2009), which is consistent with spe-
cific deficits we observed in associative learning in fear condi-
tioning and learning of delayed alternation in LCN-Th-cKO
mice.

CN organization is also important in the appraisal of cate-
cholamine modulation of cognitive function. For example, MN

Figure 12.

reflex (Locke et al., 2018).

«—

(p=0.73), two-way repeated-measures ANOVA. J, Schematic of delayed alternation reversal
test for working memory at 2 s. K, Performance between Vglut2-Cre::hM4Di LCN mice and
AAV-DIO-GFP injected littermate controls in delayed alternation reversal with 2 s delay, as
measured by fraction of correct alternations. N=7 or 8 in each group. There was an effect
of training, Fi3 39 = 117.7 (p < 0.0001), but no effect of group, F; 13y=0.42 (p =0.53) and
no effect of the interaction between group and training, F339)=2.69 (p=0.06), two-way
repeated-measures ANOVA. L, Performance between Vglut2-Cre:hM4Di LCN mice and AAV-
DIO-GFP injected littermate controls in delayed alternation reversal with 2 s delay, as meas-
ured by pellets rewarded. N=7 or 8 in each group. There was an effect of training,
Fi339)=23.39 (p << 0.0001), no effect of group, F(;13=1.22 (p=0.29), and no effect of
the interaction between group and training, F330)=2.67 (p=0.06), two-way repeated-
measures ANOVA. On post hoc analysis (Sidak's multiple comparisons test), Vglut2-Cre:hM4Di
LCN mice did receive significantly more pellets on the first day of delayed alternation rever-
sal. *p << 0.05. Vglut2-Cre::hM4Di LCN mice have no changes relative to controls in prepulse
inhibition of the acoustic startle reflex (M), on accelerating rotarod over 5d of training: no
difference observed between groups or effect of interaction with training, N=7 or 8 per
group (N). ns, not significant.

Cerebellar Cortex

" 10

Lateral
Cerebellar Nucleus
Reduced LCN Cognitive
TH Expression Impairment

Schematic of changes in LCN activity modulated by LC, according to experiments in this paper and literature.
Decreased LCN TH expression results in decreased performance in PP, associative learning of fear, response inhibition, and
working memory. Decreased LCN VGIut2™ output neuron excitability results in facilitation of learing of a working memory
task in mice. Reduced PC TH expression results in decreased performance in behavioral flexibility, response inhibition, social
recognition memory, and associative fear leaming (Locke et al., 2020). Decreased LCN D1R™ neuron excitability results in
impaired spatial navigation memory, response inhibition, working memory, and prepulse inhibition of the acoustic startle

neuronal types connect with a specific set of PCs and 10 neurons
(Fujita et al., 2020), which may have important implications
given the differential innervation by TH" fibers of cerebellar
regions we observed. Areas with high TH expression, in general,
correlate to regions we previously showed to be characterized by
low numbers of TH™ PCs (Locke et al., 2020), raising the possi-
bility that NE and DA have differing roles in different cerebellar
regions. Furthermore, the rostrocaudal gradient of TH expres-
sion we observed in LCN is consistent and complementary to the
localization of LCN DIR" neurons we previously observed
(Locke et al., 2018). Each CN neuronal type innervates a distinct
collection of downstream targets (Fujita et al., 2020), their pro-
jection patterns include both excitatory and inhibitory neuronal
subtypes, and project to brain regions associated with motor and
nonmotor functions (Locke et al., 2018; Fujita et al., 2020). CN
terminal fields are likely to be complex as well; in the VTA, for
example, a region that receives input from CN (Rogers et al.,
2011; Locke et al., 2018; Carta et al., 2019), DA neurons are pri-
marily innervated by local inhibitory neurons and excitatory
inputs from elsewhere in the brain, whereas local VTA inhibitory
neurons are primarily innervated by inhibitory inputs from else-
where (Soden et al., 2020). PCs provide the majority of synapses
on CN neurons (Palkovits et al., 1977; de Zeeuw and Berrebi,
1995), but >25% of synaptic inputs come from sources, such as
climbing fibers, mossy fibers from brainstem pre-CN, and local
interneurons. Inhibition of CN neurons likely also acts in balance
with excitatory inputs (Gauck and Jaeger, 2000) from the IO
(providing sensory information), basilar pontine nuclei inputs
(providing efference copy from cerebral cortex), and other pre-
CN (including excitatory inputs from LC) (Fung et al., 1994) and
VTA (Ikai et al, 1992). Catecholamines modulate cerebellar
function at several levels: NE directly modulates PC mean firing
rate bidirectionally (Hoffer et al., 1971; Basile and Dunwiddie,
1984; Guo et al.,, 2016), modulates climbing fiber-PC synapse
plasticity (Carey and Regehr, 2009) and parallel fiber-CF synap-
ses (Lippiello et al., 2015), which may directly regulate output
from CN, via inhibitory PC-CN synapses. TH" PCs regulate
their own excitability by releasing DA in an autocrine/paracrine
fashion from dendrites (Y. S. Kim et al., 2009). Catecholamines
act on CN neurons via DA and NE receptors (Nicholas et al.,
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1993a,b; Di Mauro et al., 2003, 2013; Locke et al., 2018). These
may induce canonical and noncanonical GPCR signaling, result-
ing in altered excitability of CN output neurons, and alter cogni-
tive cerebellar outputs. We summarize the manipulations we
have performed for this and previous reports (Fig. 12) and pro-
pose that reduced catecholamine release in LCN will reduce
excitability of the largely inhibitory population of DIR" neurons
and increase excitability of Vglut2™ output neurons; increased
LCN catecholamines will result in increased DIR™ neuron excit-
ability and reduced Vglut2”™ neuron activity. The cerebellum
optimizes kinetic outcomes by comparing a motor plan with sen-
sorimotor feedback to make adjustments (Kawato and Gomi,
1992). In the context of decision-making, the cerebellum may
optimize valuation, temporal, and probabilistic discounting in
the context of midbrain-dependent associative learning of avoid-
ance and approach, as well as exert influence over the balance
between exploitative and exploration strategies in neocortical
networks.

The LCN has DA receptors, but the source of DA is not clear.
In primates, there is robust distinction between cerebellar DAT-
and DBH-positive axons (Melchitzky and Lewis, 2000). Distinct
DA and NE uptake mechanisms into synaptosomes isolated
from mouse cerebellum exist (Efthimiopoulos et al., 1991). All
CN have DAT-like binding (Delis et al., 2004, 2008); the source
of this may be from DAT™ PCs (Y. S. Kim et al., 2009). We did
not find other extrinsic sources of LCN catecholamines arising
from VTA, CA2/A2, SN¢, DR, or retrorubral fields. Cerebellar
projections from the noradrenergic brainstem nuclei exist
(Robertson et al., 2013), but these may innervate other regions in
addition to LCN. VTA—LCN projections in rat are glutamater-
gic (Ikai et al, 1992), and DAT-negative, TH" glutamatergic
projections from VTA exist elsewhere (Zell et al., 2020); thus, it
is possible TH deletion from other cells innervating the LCN
may have other unknown effects, such as reducing L-DOPA,
which is proposed to be a neurotransmitter (Goshima et al.,
2019). Another possible source of DA is the LC. The LC releases
DA in the hippocampus (C. C. Smith and Greene, 2012;
Laatikainen et al., 2013; Kempadoo et al., 2016; Takeuchi et al,,
2016). Furthermore, we showed that LCN receives input from
the caudal LC, a region of LC which also innervates the hippo-
campus (Loughlin et al., 1986b).

Currently, the nature of the catecholamine signals (i.e., pha-
sic, tonic, or both) that LC or PCs provide to LCN is unknown.
Given that LCN projects to LC (Locke et al., 2018), and LC also
receives input directly from PCs (Schwarz et al., 2015), it is possi-
ble that the cognitive cerebellum could provide similar neural
inputs to LC that influence the balance between tonic or phasic
NE release from LC throughout the brain.

In conclusion, in this report, we aimed to show that cerebellar
catecholamines were necessary to modulate cognitive function.
But the question of which CN is cognition modulated by cate-
cholamines remains: previous reports suggest a gradient of cere-
bellar nuclear topography with respect to motor and nonmotor
function (Fatemi et al., 2012). However, recent reports of circuit
anatomy and behavior of the MN suggest otherwise (Fujita et al.,
2020; Kelly et al., 2020; Vaaga et al., 2020). Future experiments
will examine cognitive modulation by catecholamines in other
CN.
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