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Tyrosine hydroxylase (Th) expression has previously been reported in Purkinje cells (PCs) of rodents and humans, but its role in the regulation of behavior is not understood. Catecholamines are well known for facilitating cognitive behaviors and are expressed in many regions of the brain. Here, we investigated a possible role in cognitive behaviors of PC catecholamines, by mapping and testing functional roles of Th positive PCs in mice. Comprehensive mapping analyses revealed a distinct population of Th expressing PCs primarily in the posterior and lateral regions of the cerebellum (comprising about 18% of all PCs). To identify the role of PC catecholamines, we selectively knocked out Th in PCs using a conditional knockout approach, by crossing a Purkinje cell-selective Cre recombinase line, Pcp2-Cre, with a floxed tyrosine hydroxylase mouse line (Thlox/lox) to produce Pcp2-Cre;Thlox/lox mice. This manipulation resulted in approximately 50% reduction of Th protein expression in the cerebellar cortex and lateral cerebellar nucleus, but no reduction of Th in the locus coeruleus, which is known to innervate the cerebellum in mice. Pcp2-Cre;Thlox/lox mice showed impairments in behavioral flexibility, response inhibition, social recognition memory, and associative fear learning relative to littermate controls, but no deficits in gross motor, sensory, instrumental learning, or sensorimotor gating functions. Catecholamines derived from specific populations of PCs appear to support cognitive functions, and their spatial distribution in the cerebellum suggests that they may underlie patterns of activation seen in human studies on the cerebellar role in cognitive function.
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INTRODUCTION

Mechanistically, a role for the cerebellum in cognition has been primarily understood from an anatomical perspective, with several studies focusing on how specific regions of the cerebellum have connectivity with other brain regions that are more traditionally associated with cognitive function, such as the ventral tegmental area (VTA) or prefrontal cortex (PFC; Kelly and Strick, 2003; Rogers et al., 2011; Watson et al., 2014; Parker et al., 2017; Locke et al., 2018; Carta et al., 2019). However, neurotransmitter systems classically known for their involvement in cognitive functions are abundant within the cerebellum. For example, dopamine (DA), norepinephrine (NE) and their metabolites have been observed in the cerebellar vermis, hemispheres, and each of the cerebellar nuclei in rodents (Bloom et al., 1971; Versteeg et al., 1976; Freedman, 1977; Freedman et al., 1977; Panagopoulos et al., 1991). DA and NE are neuromodulatory neurotransmitters that are well known for facilitating learning of associations of salient cues with specific outcomes and modulating cognitive processes guiding approach and avoidance behaviors (Schultz, 2013; Aston-Jones and Waterhouse, 2016). DA is found at a similar concentration in the whole cerebellum as it is in the hippocampus in mice (Laatikainen et al., 2013). Cerebellar nuclei have higher concentrations of norepinephrine and DA than the cerebellar cortex in the rat, as well as similar levels of these catecholamines relative to the frontal cortex (Versteeg et al., 1976). Furthermore, there is a rich literature on the role of NE, supplied extrinsically from the locus coeruleus (LC), in modulating classical cerebellar functions (Paredes et al., 2009). NE is necessary for cerebellar-dependent motor learning (Watson and McElligott, 1983, 1984), modulates plasticity of the vestibulo-ocular reflex (McElligott and Freedman, 1988), and is important for multiple phases of cerebellar-dependent classical conditioning of eyeblink responses, including acquisition, consolidation and extinction (McCormick and Thompson, 1982; Winsky and Harvey, 1992; Paredes et al., 2009).

These observations are important in the context of cerebellar cognitive function: first, subpopulations of Purkinje cells identified express tyrosine hydroxylase (Th), the rate-limiting enzyme in the synthesis of catecholamines (Hess and Wilson, 1991; Takada et al., 1993; Fujii et al., 1994; Abbott et al., 1996), as well as DA D3 receptors (Levant and DeSouza, 1993; Barik and de Beaurepaire, 1996, 2005), DA transporter and the vesicular monoamine transporter 2 and are thus likely to release DA (Kim et al., 2009). Second, TH expression in a subset of Purkinje cells is also seen during development in humans (Fujii et al., 1994). Third, Th expression is linked to evolutionary volume expansions in cerebellum thought to underlie cognitive evolution in humans (Harrison and Montgomery, 2017). Fourth, in subjects with Alzheimer’s Disease, an illness defined by its deficits in cognitive function, post-mortem catecholamine levels, Th expression, and adrenergic receptor expression in the cerebellum are strongly correlated with neuropsychiatric symptoms, more so, in fact than they are in frontal and temporal cortex (Russo-Neustadt and Cotman, 1997; Russo-Neustadt et al., 1998; Vermeiren et al., 2014a,b). However, the roles and sources of catecholamines in the cerebellum are not well understood, and specifically, the functional role of PC-derived catecholamines is unknown.

We hypothesized that Th expression in Purkinje cells could be important for the cognitive functions of the cerebellum. To test this hypothesis, we generated a line of mice in which Th was genetically deleted specifically in PCs and performed behavioral analyses in these mice to interrogate cognitive functions of the cerebellum. Comprehensive mapping of Th immunohistochemical and mRNA expression revealed a cerebellum-wide distribution of Th+ PCs with specific enrichment in posterior and lateral regions that have been implicated in cerebellar cognitive functions. PC-specific knockout of Th in mice resulted in specific impairments in behavioral flexibility, response inhibition, the rate of learning to discriminate between cues in an associative fear conditioning task, and social recognition memory, and notably, had no effect on gross motor function, or sensorimotor gating. These findings may imply that catecholamine-facilitated learning mechanisms, within the cerebellum, encode learning signals and are necessary for modulation of certain cognitive functions.



MATERIALS AND METHODS


Mice

The University of Washington Institutional Animal Care and Use Committee approved all experimental protocols (4249-01). Heterozygous transgenic mice with Cre recombinase driven by the Pcp2-promoter B6.129-Tg(Pcp2-Cre)2Mpin/J line (Zhang et al., 2004) were crossed with Thlox/lox mice (previously described in Jackson et al., 2012) to produce Pcp2-Cre;Thlox/lox mice, which were genotyped by PCR. Littermates without Pcp2-Cre or those expressing only one or no Thlox allele (Thlox/+ and Th+/+) were used as controls. Only male mice were used for behavioral experiments in this study. Three to Five-month-old 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. For immunohistochemistry, adult C57/BL6 mice purchased from JAX were used under protocols approved by the Johns Hopkins University Animal Care and Use Committee (MO16M464).



Immunohistochemistry

For immunostaining, mice were deeply anesthetized with 2,2,2-tribromoethanol (also known as avertin, 0.5 mg/g) and then were transcardially perfused with PBS containing heparin (10 U/ml) followed by 4% paraformaldehyde (PFA) in PBS. Brains were dissected out from the skull, postfixed overnight in 4% PFA in PBS and cryoprotected in 30% sucrose PBS. Those brains were then embedded in gelatin to prevent separation of the cerebellum from the brainstem. The gelatin blocks were hardened on ice and were then trimmed and fixed overnight with 4% PFA in 30% sucrose PFA. Coronal or sagittal serial sections were cut at a thickness of 40 μm with a freezing microtome. After rinsed with PBS containing 0.15% Triton-X (PBST), the sections were stored in PBS containing 0.1% sodium azide at 4°C until use.

Immunostaining was performed with Nickel-enhanced 3,3′-diaminobenzidine (DAB) visualization or fluorescent visualization. For the DAB processing, before antibody incubation, sections were treated three times with 1.0% hydrogen peroxide and 1.0% sodium azide dissolved in distilled water to quench intrinsic peroxidase activity. For both DAB and fluorescent visualization, sections were then rinsed with PBST and incubated Three overnights on a shaker at 4°C with the primary antibody, rabbit anti-tyrosine hydroxylase (1:300, AB152, Millipore, Kankakee, IL, USA), sheep anti-tyrosine hydroxylase (1:100, P60101, Pel Freez), and/or rabbit anti-Aldolase C (1:1,000, Dr. Izumi Sugihara). After being rinsed five times with PBST for more than an hour in total, sections were incubated overnight at 4°C with donkey secondary antibody conjugated with biotin (1:500, Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA), AlexaFluor 488, or AlexaFluor 594 (1:400 for fluorophores, Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA), and 5% NDS in PBST. Fluorescently stained sections were then rinsed with PBS, mounted on a sliding glass, and coverslipped with ProLong Glass Antifade Mountant (P36980, Thermo Fisher Scientific, Waltham, MA, USA). Sections for DAB visualization were further processed as follows. After rinsing with PBST as in the previous step, sections were then incubated overnight at 4°C with the ABC-kit solution (PK-6100, Vector Labs) according to the manufacturer’s recommendations. Then, followed by five times of rinsing with tris-buffered saline, sections were preincubated with filtered DAB solution (DAB 0.4 mg/ml, ammonium chloride 4 mg/ml, D-glucose 4 mg/ml, nickel ammonium sulfate 2 mg/ml) at dark for 10 min. The DAB reaction was initiated by adding glucose oxidase ( 0.8 mg/ml as reaction concentration, G6125, Sigma). The reaction was continued for 20–40 min at dark until the black labeling reached the desired level, and sections were thoroughly rinsed with PBS, mounted on a sliding glass, and coverslipped with DPX mount (Sigma). Chemicals were purchased from Sigma. Images were taken with a CCD camera (ORCA-100, Hamamatsu) attached with a microscope (BX61, Olympus) or a confocal microscopy (FV1000, Olympus), or were acquired using a 10× objective on a Keyence slide microscope, or a Nikon Eclipse E600 upright microscope, and processed using NIH ImageJ software. Contrast and brightness were adjusted in Photoshop CS6 (Adobe).



Serial Section Alignment Analysis

To demonstrate the distribution of the Th+ PCs in the vermis, we applied the serial section alignment analysis (Fujita et al., 2012, 2014). In each photomicrograph from a set of coronal cerebellar sections of the same animal, immunostained for TH, the Purkinje cell bodies including some fraction of their dendrites were clipped into strips in the entire mediolateral extent of the vermis. These clipped strips were aligned to each other so that the aligned order reflected the continuity of the cerebellar cortical layers that were folded to form lobules of the intact cerebellum. Some clipped strips were rotated and/or shifted so that they would show good alignment with neighboring strips. We performed this analysis with every three serial sections. This analysis could not be performed in the hemispheric regions where extrinsic Th+ fibers innervating PCs and molecular layers were too dense to effectively identity Th+ PC cell bodies and dendrites.



Verification of Th Knockout With Western Blot

Western blots of the lateral cerebellar nucleus, locus coeruleus, or parafloccular tissue isolated by hole punch of a section of cerebellum after the termination of the experiment were performed after tissue homogenization and protein extraction with 1:10,000 Millipore Rabbit anti-Th antibody AB152 stain, quantified after normalization to Millipore mouse anti-β-actin antibody stain, AB1501, concentration = 1:8,000.



Behavioral Analysis

Male animals were run on our behavioral pipeline in a fixed temporal order. The pipeline for this study consisted of social interactions (1 day), rotarod (4 days), startle curve measurement and prepulse inhibition of the acoustic startle reflex (PPI; 1 day), Fixed Ratio 1 (FR1) lever training (5 days), delayed alternation and reversal (DA; 10 days), elevated plus maze (1 day), and fear conditioning (3 days), followed by another round of elevated plus maze (1 day), for a total of approximately 1 month (26 days) of behavioral assays. Additional male animals were generated to test on the same pipeline, but instead of delayed alternation, they were run on the differential reinforcement of low rate responses (DRL task) for 4 days, for a total of approximately 3 weeks (20 days) of behavioral assays.



Fear Conditioning Behavior

In order to test attention to salient sensory stimuli, we used a discriminative delayed cued fear conditioning paradigm in which the subject was exposed to an auditory cue (a specific tone, 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 measured 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 Inc.) equipped with a tone generator and house light. Baseline responses to two distinct auditory stimuli (10 kHz pulsatile tone and a 20 kHz continuous tone, each 10 s in duration) were established by three interleaved presentations of the cues. Mice were then conditioned to CS+ presentations (10 s auditory cue) co-terminating with the US and CS− presentations (distinct 10 s auditory cue that did not co-terminate with a US) on two consecutive days. Daily sessions that were repeated over two consecutive days consisted of 10 presentations of the CS+ co-terminating with a 0.3 mA foot shock alternating pseudo-randomly with 10 presentations of the CS− on a 60 s intertrial interval (ITI). The assignment of the tones as the CS+ and CS− was counterbalanced across groups. Twenty-four hours after conditioning, on two consecutive days, mice were probed for discriminative threat responding by monitoring freezing in response to three interleaved presentations of the CS+ and CS−, which were delivered at a 60 s interval in the absence of the US. 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 analyzed with Ethovision (Noldus) tracking software after video recording.



Elevated Plus Maze

Mouse entries into, and time spent in all areas of an elevated plus-maze (Med Associates), was monitored for 10 min 1–3 days before discriminative delayed cued fear conditioning and 1–3 days following conditioning using a video acquisition system. Data were analyzed using Ethovision tracking software (Noldus).



Prepulse Inhibition of the Acoustic Startle Reflex

Prepulse inhibition was performed in sound-attenuated chambers (San Diego Instruments, San Diego, CA, USA). To measure prepulse inhibition, mice were given five trials of 120 dB startle pulse-alone, followed by 50 trials which pseudorandomly alternated between 120 dB pulse-alone, one of three prepulse intensities, or null (no startle), with a variable ITI. Prepulse trials consisted of 20 ms duration prepulse at the indicated intensity occurring 100 ms before the 40 ms 120 dB startle pulse. Acoustic startle curves were measured similarly 1 day before measurement of PPI, but without prepulse tones, at each of six different amplitudes of a startle tone.



Rotarod

Mice were placed on a rotating rod apparatus (Columbus Instruments, Columbus, OH, USA) with increasing speed (4–40 rpm over 300 s; performed on a 3 cm diameter rod spindle, with a 44.5 cm fall height), and the latency to fall was recorded. This procedure required three sessions a day for 5 days for each animal.



Operant Behaviors

Before DRL or DA, mice were calorie-restricted to 85% of their baseline weight and lever trained [fixed ratio 1 (FR1): one press for one pellet] in Med Associates operant chambers. In the delayed alternation task, the subject chose one of two levers, levers retracted, and then there was a delay of 2 s; FR1 training took 4 days, and delayed alternation took 6 days of training for a 2 s delay duration. The reversal of the alternation was then performed for 4 days, with a delay of 8 s. In the reversal, a subject chose one of 2 levers, levers retracted, and then, instead of pressing the opposite lever in the original alternation, they are required to press the same lever after the delay.



Instrumental Conditioning

Conditioning was performed in sound-attenuated chambers (Med Associates, Georgia, VT, USA). To test simple reward learning and motivation, we used an established appetitive simple instrumental conditioning task (Gore and Zweifel, 2013; Locke et al., 2018). Calorie restricted (to 85% of body weight) mice were monitored for learning in a fixed-ratio 1 (FR1) reward for one lever press results in the delivery of a food 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 impulsivity, we used the DRL operant task paradigm as previously described (Nautiyal et al., 2015), with minor alterations. Mice began training on the DRL-10 paradigm the day after they completed 5 days of lever training on an FR1 schedule. In the DRL-10, responses before 10 s have elapsed after the last press result in a reset, while presses that are preceded by at least 10 s are rewarded. Mice were trained daily for 4 days at the 10-s interval. All sessions lasted 1 h, and no limit was placed on the number of rewards the animal could receive (but the physical limit would be 360 rewards). When catecholamines are depleted in the PFC, performance on this task is decreased in rats (Sokolowski and Salamone, 1994). Experimental and control mice on both operant behaviors were compared using a Two-way RM ANOVA (group × day).



Delayed Alternation and Reversal

To gauge working memory, we used an operant version of delayed alternation paradigm as previously described with minor alterations (Rossi et al., 2012; Locke et al., 2018). Mice began training on the delayed alternation paradigm the day after they completed 4 days of lever training on an FR1 schedule. In this paradigm, mice are first presented with a free choice of pressing one of two levers. After choosing which lever to press, both levers are retracted, and a time interval of 2 s ensues. After this delay, the levers are then presented, and the mouse must learn to press the opposite lever than was originally pressed. There is a 20 s inter-trial interval, and the process is repeated. Mice were trained daily for 1 week on a 2 s delay interval. The percentage of correct alternations and pellets rewarded is measured. Experimental and control mice on both operant behaviors were compared using a Two-way RM ANOVA (group × day).



Three Chamber Social Assay

Social interactions in male mice were assessed using a 3-chambered test as previously described (Silverman et al., 2010; Locke et al., 2018). Animal activity was recorded on video and analyzed using Ethovision Software (Noldus, Leesburg, VA, USA). The test mouse was placed in the center chamber at the beginning of each session. A cylindrical wire cage was used as an inanimate object or the cage housing a stranger mouse. The mouse then freely explored each chamber for 10 m. In the second 10-min session, an age- and gender-matched C57BL/6J mouse that had never been exposed to the subject was placed in one of the two-wire cages. Then, the test mouse freely explored the chamber again for 10 min. The test mouse was removed and, in the last 10-min session, a second age- and gender-matched novel stranger mouse that had never been exposed to the test mouse was placed in one cage, which previously served as the empty cage. Thus, the test mouse had the choice between a mouse that was already familiar and a new stranger mouse. The test mouse was again allowed to freely explore the chamber for 10 min. Time spent in each chamber was measured.



Statistical Analyses

Data were analyzed using Excel (Microsoft, Redmond, WA, USA) and Prism software (GraphPad, San Diego, CA, USA), using ANOVA (with repeated measures and appropriate post hoc analyses when indicated), or Student’s t-test as indicated. P < 0.05 was considered significant. No randomization was used to assign experimental groups, but groups were assigned without bias. One animal was removed from the delayed alternation due to the failure of the lever apparatus. Behavioral data were acquired and analyzed in an unbiased way by an investigator without knowledge of the experimental groups.




RESULTS


Mapping Tyrosine Hydroxylase Positive Purkinje Cells in the Mouse Cerebellum

Several reports have noted the presence of Th expression in a subset of Purkinje cells across species (Hess and Wilson, 1991; Takada et al., 1993; Fujii et al., 1994; Abbott et al., 1996). Here, we comprehensively map cerebellar Th expression and show that it is enriched in cerebellar regions implicated in cognitive function. To elucidate the cellular and subcellular expression of Th in PCs, we assessed the expression of Th in immunostained cerebellar sections (Figures 1A–G). We confirmed strong Th+ PC expression in the cerebellar lobules IX and X (Figures 1A,B), paraflocculus (Figures 1F,G), and flocculus (Figures 1F,G). Several PCs exhibit high expression of Th in cell bodies and apical dendrites extending into the molecular layer (Figures 1B,C arrow, Figure 1F). Th+ immunopositive puncta were observed in the granular cell layer and could reflect expression in recurrent collaterals of the PC axons (Figure 1C, arrowhead).
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FIGURE 1. Immunostaining for Th reveals the striped distribution of the Th+ Purkinje cells (PCs) in the cerebellar cortex of the posterior vermis and parafloccular/floccular complex. (A) Immunostaining for Th reveals physiological Th expression in the cerebellum. Expression in lobules IX and X are shown in the coronal section. (B) Robust immunoreactivity for Th is identified in a subset of Purkinje cells that are arranged in parasagittal stripes. Cell bodies and dendrites of these PCs were labeled. ml, molecular layer; pc, Purkinje cell layer; gl, granule cell layer. (C) High magnification of Th+ PCs demonstrates Th+ puncta (arrowhead) that are in close apposition to PCs. Purkinje cell bodies and apical dendrites (Arrow) again show intense immunoreactivity for Th. ml, molecular layer; pc, Purkinje cell layer; gl, granule cell layer. (D) Serial section alignment analysis for the entire vermal cortex to visualize stripes of Th+ PCs. The result demonstrates an unfolded flat map of the vermal cortex reconstructed from the serial cerebellar sections immunostained for Th (see “Materials and Methods” section). (E) Schematic representation of the striped distribution of the Th+ vermal PCs. Drawn from the analysis in panel (D). Red dotted lines indicate the approximate location of the images in panel (H). (F) Th-immunoreactive PCs identified in the parafloccular/floccular (PFL/FL) complex. (G) Schematic representation of the distribution of the Th+ parafloccular/floccular PCs. (H) Double immunostaining for Th and Aldoc of cerebellar sections. Colabeling of Th (magenta) and Aldoc (green) is revealed in a subset of Aldoc+ Purkinje cells. Images of lobules IXc or VII, at levels indicated in (B), are shown. Below each panel is magenta and green bars that represent striped expression patterns of Th and Aldoc, respectively. Inset shows a higher magnification image of PCs, at an area marked with a white rectangle, that is colabeled with Th and Aldoc.



To comprehensively assess the distribution of Th+ PCs, we performed a cerebellum-wide serial section analysis of Th expression in PCs in the mouse (Figure 1D). We then used this data to make a map of Th expression in the vermis and parafloccular/floccular complex (Figures 1D–G). Th+ Purkinje cells were arranged in several longitudinal stripes in the central (VIc–VII) and posterior vermis (VIII–XI), and nodulus (X), with the strongest expression in the lobule IXc. PCs in the anterior vermis were barely stained for Th. The paraflocculus contained Th+ PCs mainly in its rostral part, and the Th+ PCs in the flocculus were clustered in its caudal part (Figures 1F,G).

Each of the parasagittally arranged band of PCs is known to have distinct circuit connections with the downstream cerebellar nuclei and upstream climbing fiber projections from the inferior olive (Oscarsson, 1979; Voogd and Glickstein, 1998). These bands of PCs exhibit alternating expression of Aldoc (zebrin II) and the correspondence between Aldoc stripes, circuit connections, and their functions have been well studied (Itō, 1984; Apps and Hawkes, 2009; Apps et al., 2018). To assess the correspondence between Th stripes and Aldoc stripes, we performed double immunostaining for these markers on the cerebellar sections. The resultant labeling demonstrated that Th expression was detected only in the Aldoc-immunopositive PCs. In the vermal regions, labeling for Th overlapped with subsets of Aldoc-immunopositive PC (Figure 1H). Although it was challenging to visualize weak TH expression of the Crus I PCs with reliable immunofluorescent staining intensity, it would be reasonable to assume that the TH+ PCs in the Crus I and PFL overlap with Aldoc expression since these hemispheric regions are known to all express Aldoc (Apps and Hawkes, 2009; Fujita et al., 2014).

To further confirm Th expression in mouse cerebellum, we analyzed six brains from the Allen Brain Atlas (Lein et al., 2007) in which in situ hybridization was performed for the Th mRNA transcript. Sagittal and coronal sections show distinct Th mRNA expression in PCs (Figures 2A,B). We also analyzed four brains from the Allen Mouse Brain Atlas with in situ hybridization for genes (Pcp2, Syt7, Gng13, Slc32a1) enriched in all PCs to estimate total numbers of PCs in mouse brain. We then estimated the percentage of PCs that were Th+ in total cerebellum (approximately 18%) and each cerebellar subregion and found a reliable and specific pattern of expression (Figure 2C). We also plotted this as a fraction of counted Th+ PCs (Supplementary Figure S1). Th mRNA was prominent in posterior lobules VI–X, with high expression in the vermis, low expression in the paravermis, and medium expression in the lateral hemispheres (Figures 2C,D).
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FIGURE 2. Th+ Purkinje cell counting with in situ hybridization (ISH). Th+ Purkinje cells (dark blue) populate multiple regions of the cerebellum. Th mRNA was measured in six brains from the Allen Brain Atlas (Table 1). (A) Coronal section from Allen Mouse Brain Atlas (2004). Image credit: Allen Institute (Experiment 1056; Lein et al., 2007). (B) Sagittal section from Allen Mouse Brain Atlas (2004). Image credit: Allen Institute (Experiment 1058; Lein et al., 2007). Scale bar = 652 microns. N = 6 brains. Inset, higher magnification from area in square. Inset scale bar = 100 microns. (C) Estimated percentage of Purkinje cells with Th+ expression in each cerebellar cortical region. (D) A fraction of counted Th+ Purkinje cells in sagittal sections along medial to the lateral axis. Error bars are SEM.





Generation of a Purkinje Cell-Specific Knockout of Tyrosine Hydroxylase

To specifically assess the effects of catecholamines derived from Th+ PCs, without confounding influences of catecholamines derived from LC, we generated mice with conditional deletion of Th expression in PCs. Targeted Thlox/lox mice in a C57BL/6J background strain (Jackson et al., 2012) were crossed with mice expressing a Pcp2 gene promoter-driven Cre recombinase (Cre) transgene (Pcp2-Cre) [B6.129-Tg(Pcp2-Cre)2Mpin/J line (Zhang et al., 2004)] in a C57BL/6J background to generate a double mutant, Purkinje cell neuron-specific knockout of Th (Pcp2-Cre;Thlox/lox mice) (Figure 3A). Pcp2-Cre;Thlox/lox mice were verified by the Western blot of LCN tissue isolated by the hole punch of a section of the cerebellum (Figures 3B,C). Littermates without Pcp2-Cre or those expressing only one or no Th lox allele (Thlox/+ and Th+/+) were used as controls. Tyrosine hydroxylase protein was reduced by 50% in the lateral cerebellar nucleus (LCN: Figure 3C). We additionally confirmed Purkinje cell knockout of Th with immunohistochemical staining for Th in coronal sections of LCN, paraflocculus, and cerebellar cortex in control mice (Figures 3D–F) and Pcp2-Cre;Thlox/lox mice (Figures 3G–I). Additionally, we verified Th knockout with Western blot from hole punches of the cerebellar cortex from paraflocculus and flocculus, as well as the LC (Figure 3C and Supplementary Figure S2A). Th protein expression was significantly decreased by approximately 50% in paraflocculus and flocculus, yet no difference was seen between groups in Th protein expression in LC, indicating the specificity of this manipulation to PCs, and that many of the Th+ fibers in cerebellum originate from PCs. Th+ fibers were present in the molecular layer of the cerebellar cortex, even after PC-specific deletion of Th, which suggests that these Th+ fibers are from a different source (likely LC) than PCs (Figures 3F,I).
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FIGURE 3. Generation and confirmation of mouse with conditional deletion of Th in Purkinje Cells. (A) Schematic for Purkinje Cell-specific knockout of Th: Pcp2-Cre mice crossed with Thlox/lox mice to generate Pcp2-Cre;Thlox/lox mice. (B) Western Blot from LCN with five representative controls on the left and five Pcp2-Cre;Thlox/lox mice on the right. The top band is Th, the β-actin band is on the bottom. (C) Quantification of Western Blots, from LCN, paraflocculus, and locus coeruleus. Error bars are SEM. Each Th band normalized to β-actin. ***p < 0.0003, one-tailed t-test, t(8) = 6.03. **p < 0.0065, one-tailed t-test, t(8) = 3.69. For LC comparison, p = 0.9. (D–I) Staining of Th in the red color channel in LCN, paraflocculus, and vermis (Lobule IX) of control (D–F) and Pcp2-Cre;Thlox/lox mice (G–I). Labels: ml = molecular layer, pc = Purkinje cell layer, gl = granule cell layer. Scale bars = 100 microns. The manipulation resulted in a significant reduction in the Th+ fibers innervating the LCN (D vs. G), and complete deletion of the Th signals in the PCs [D vs. G, E vs. H, for the paraflocculus, F vs. I for the posterior vermis (Lobule IX)], though some Th fibers (white arrowheads) are still present in the ml and gl layers in Pcp2-Cre;Thlox/lox mice, likely representing extrinsic sources of Th.





PC-Derived Catecholamines Modulate Pavlovian Fear Learning

As the cerebellum is known to process signals predicting perceptual cues (O’Reilly et al., 2008), we hypothesized that Pcp2-Cre;Thlox/lox mice would exhibit decreased discrimination between predictive and non-predictive cues. To test attention to salient sensory stimuli, we used a fear conditioning paradigm in which the subject is exposed to two types of auditory cues: a specific tone (CS+), predictive of a low amplitude foot shock (0.3 mA, 0.5 s) and a tone cue of different frequency that is not predictive of the shock (CS−; Figure 4A). This test requires the subject to learn to a cue that predicts a shock and discriminate between cues to freeze in the context of a predicted shock; learning is measured by the amount of freezing after playing CS+ or CS− during the probe trial. Over the entire testing period, controls learned to differentiate CS+ from CS− (Figure 4B, Supplementary Figure S2B). Pcp2-Cre;Thlox/lox mice learned to associate CS+ with shock, and no differences were found between Controls and Pcp2-Cre;Thlox/lox mice in freezing for CS+. When we compared Pcp2-Cre;Thlox/lox mice CS+ to Control CS−, there was significantly more freezing in the Pcp2-Cre;Thlox/lox mice CS+ group (Figure 4B). However, over the entire testing period, there was no significant difference between freezing to CS+ or CS− in the Pcp2-Cre;Thlox/lox mice, meaning that Pcp2-Cre;Thlox/lox mice were unable to discriminate tones that did or did not predict shock. Over the entire testing period, there was also no difference between Control CS+ and Pcp2-Cre;Thlox/lox CS−. On post hoc analysis, Pcp2-Cre;Thlox/lox did show a significant difference in freezing to CS+ compared to CS−, but only after 2 days of training. This difference, the slower rate in sensory discrimination learning, did not appear to be related to anxiety, as Pcp2-Cre;Thlox/lox mice showed no differences in the exploration of an elevated plus-maze, as measured by time in each region of the maze or number of entries into open arms when compared to controls (Figures 4C,D). This difference also does not appear to be a result of a gross motor deficit, as Pcp2-Cre; Thlox/lox did not have changes in performance on the accelerating rotarod (Figure 4E, Supplementary Figure S2E) which is a cerebellar dependent task.
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FIGURE 4. Conditional knockout of Th in all Purkinje cell fibers results in altered fear conditioning and social recognition memory, but not anxiety, sensorimotor gating, or gross motor deficits. (A) Schematic for fear conditioning experiment. (B) Freezing after fear conditioning of Pcp2-Cre;Thlox/lox mice (Green, n = 10) and littermate controls (Black, n = 18) on a fear discrimination task with a low-amplitude shock (0.3 mA) in both groups showed an increased association of CS+ to shock on the probe. There was an effect of genotype, F(3,52) = 6.59, p = 0.0007, but not an effect of training F(5,260) = 1.37, p = 0.236, or an effect of interaction between genotype and training F(15,260) = 0.96, p = 0.498, Two-way rmANOVA. On post hoc analyses (Tukey’s multiple comparisons test) Control mice discriminated between CS+ and CS− over the entire period (**p < 0.01), while Pcp2-Cre;Thlox/lox mice did not. Both groups discriminated between CS+ and CS− after 2 days of conditioning, *p < 0.05. Error bars are SEM. (C) Time spent in the center area, open and closed arms before (Pre FC), and after (Post FC) fear conditioning. Pcp2-Cre;Thlox/lox mice (Green, n = 10) and littermate controls (Black, n = 18) mice showed no differences in time spent in any region before or after fear conditioning. Error bars are SEM. (D) Number of entries into open arms before (Pre FC) and after (Post FC) fear conditioning. Pcp2-Cre;Thlox/lox mice (Green, n = 10) and littermate controls (Black, n = 18) mice showed no differences in time spent in open arms before or after fear conditioning. Error bars are SEM. (E) Performance of control (black, n = 9) and Pcp2-Cre;Thlox/lox mice (green, n = 6) on accelerating rotarod over 4 days of training. No difference observed between groups or the effect of group interaction with training. Error bars are SEM. (F) Prepulse inhibition of the acoustic startle reflex was not significantly different between groups; Pcp2-Cre;Thlox/lox mice (Green, n = 10), controls (Black, n = 10). No difference observed between groups or the effect of interaction between group and prepulse volume. Error bars are SEM. (G) Schematic of social interaction assays. (H) Social approach as measured by time spent in the arena with a novel mouse or novel object. Factor for time spent in zone(F(2,78) = 71.53, p < 0.0001) was significant, but interaction (genotype group × zone, F(2,78) = 2.22, *p = 0.115) and genotype (F(1,78) < 0.0001, p = 0.996) were not. On post hoc analysis, both controls and Pcp2-Cre;Thlox/lox had preferences for novel animal over novel objects (Black, n = 11, *p < 0.05), Pcp2-Cre;Thlox/lox mice (Green, n = 7, ****p < 0.0001), Two-way rmANOVA, Sidak’s multiple comparison’s test. Error bars are SEM. (I) Social approach as measured by time spent in interaction zones with a novel mouse or novel object. Factors for time spent in interaction zone (F(1,16) = 20.63, ***p < 0.001) and interaction (genotype group × zone, F(1,16) = 5.2, *p < 0.05) were significant, but genotype (F(1,16) = 2.79, *p < 0.114) was not. On post hoc analysis, only Pcp2-Cre;Thlox/lox had preferences for novel animal interaction zone over the novel object (Green, n = 7, ***p < 0.001), Two-way rmANOVA, Sidak’s multiple comparison’s tests. Error bars are SEM. (J) Social preference as measured by time spent in the arena with a novel or familiar mouse. Factors for interaction (genotype group × zone, F(2,32) = 3.87, *p < 0.05) and zone (F(2,32) = 25.33, p < 0.0001) were significant, as well as for time spent (preference for novel mouse over a familiar mouse) in control mice (Black, n = 11, **p < 0.01), but not Pcp2-Cre;Thlox/lox mice (Green, n = 7) on post hoc analysis. Two-way rmANOVA, Sidak’s multiple comparison test. Error bars are SEM. (K) Time spent in interaction zones in the social novelty phase of the test. No significant difference in the factors of time, genotype or interaction was found between controls and Pcp2-Cre;Thlox/lox mice in this comparison. Error bars are SEM.



We also assessed prepulse inhibition of the acoustic startle reflex (PPI) as a standard test for sensorimotor gating. PPI is thought to engage pre-attention systems, may influence freezing to a cue, requires intact auditory function, and is modulated by the cerebellum (Takeuchi et al., 2001; Locke et al., 2018). Pcp2-Cre;Thlox/lox mice did not show any differences in PPI compared with controls (Figure 4F; Supplementary Figure S2F).



PC-Derived Catecholamines Influence Social Recognition Memory

Decreased social cognition is associated both with multiple mental illnesses and with neurodegenerative diseases associated with changes in the cerebellar function (Bauman and Kemper, 2005; Penn, 2006; Van Overwalle et al., 2014; Schmahmann, 2019; Schmahmann et al., 2019). Preference for social novelty is influenced by LCN cells expressing the DA D1 receptor (Locke et al., 2018). To determine whether social recognition memory requires Th+ PCs, we tested social preference with the three-chamber assay (Figure 4G; Supplementary Figure S2G, Silverman et al., 2010; Locke et al., 2018). When we performed the social approach phase of the assay, we found that both controls and Pcp2-Cre;Thlox/lox mice preferred to spend time in the novel mouse chamber vs. the novel object chamber (Figure 4H; Supplementary Figure S2G). Pcp2-Cre;Thlox/lox mice spent significantly more time in the interaction zone with the novel mouse than the novel object, whereas controls did not have a preference for either interaction zone in the social approach phase (Figure 4I). After the social approach phase of this assay, we replaced the object with a novel mouse, establishing a familiar mouse in one chamber and an unfamiliar mouse in the second chamber. Control mice spent more time in the chamber with the novel mouse, while Pcp2-Cre;Thlox/lox mice failed to discriminate between novel and unfamiliar mice in this task (Figure 4J, Supplementary Figure S2H). Neither group had a preference for either interaction zone in the social novelty phase of this task (Figure 4K).



PC-Derived Catecholamines Modulate Behavioral Flexibility Involving Working Memory

We hypothesized that the deletion of Th from PCs would result in decreased performance on a working memory task; instead, we found that this manipulation resulted in deficits in behavioral flexibility. Delayed alternation, a term for several similar tasks requiring working memory which can be evaluated in humans and animals, is deficient in neuropsychiatric disorders associated with prefrontal cortical catecholaminergic dysfunction including autism, Alzheimer’s disease, attention deficit disorder, schizophrenia, and frontal lobe disease (Freedman and Oscar-Berman, 1986a,b; Park and Holzman, 1992; Freedman, 1994; Arnsten and Li, 2005; Arnsten, 2006; Berridge et al., 2006; Loveland et al., 2008; Rossi et al., 2012). Performance on delayed alternation tasks, over longer intervals of delay, requires an intact PFC (Rossi et al., 2012) and LCN neurons expressing D1Rs (Locke et al., 2018). Pcp2-Cre;Thlox/lox mice did not show differences in learning in a delayed alternation task with a 2 s delay (Figures 5A,B, Supplementary Figure S2J). However, when we changed the task to a reversal of the rule (subjects had to press the same lever as the previous press) and increased the delay to 8 s (Figure 5C), then, Pcp2-Cre;Thlox/lox mice showed significantly decreased performance (Figures 5B–D, Supplementary Figure S2K). Since we altered both time and the rule, we cannot fully attribute this deficit to either working memory maintenance (time) or behavioral flexibility (change of the rule).
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FIGURE 5. Conditional knockout of Th in all Purkinje cells results in altered behavioral flexibility and response inhibition, but not instrumental learning, or working memory. (A) Schematic of delayed alternation test for working memory, adapted from Beas et al. (2017). (B) Performance between Pcp2-Cre;Thlox/lox mice (Green, n = 8) and littermate controls (Black, n = 8) in delayed alternation with a 2-s delay. No difference observed between groups or the effect of interaction between group and time. Error bars are SEM. (C) Schematic of reversal of delayed alternation test for behavioral flexibility, adapted from Beas et al. (2017). (D) Performance of Pcp2-Cre;Thlox/lox mice (Green, n = 8) relative to littermate controls (Black, n = 8) in performance of delayed alternation reversal with 8-s delay. There was an effect of genotype group, F(1,13) = 5.96, *p < 0.03 and training F(3,39) = 6.68, *p < 0.001, but not for an effect between group × training F(3,39) = 1.23, p = 0.313. Two-way rmANOVA. Error bars are SEM. (E) Schematic of differential reinforcement of low rate responses test for impulsive pressing, adapted from Nautiyal et al. (2015) and Locke et al. (2018). (F) Burst pressing performance (presses <3 s after last rewarded press, ITI = intertrial interval) of Pcp2-Cre;Thlox/lox mice (Green, n = 6) relative to littermate controls (black, n = 7) on DRL task over 4 days of training. There was an effect of group, F(1,11) = 6.59, *p < 0.03. There was not an effect of training or the effect of interaction between group and training. Two-way rmANOVA. Error bars are SEM.





PC-Derived Catecholamines Modulate Response Inhibition

We hypothesized that Th+ PCs would play a similar role as catecholaminergic modulation of response inhibition in prefrontal cortical circuits (reviewed in Arnsten and Li, 2005). To test this, we chose an operant task called differential reinforcement of low rate responding (DRL) which assesses the ability to inhibit responses until a specific time has elapsed (Figure 5E; Nautiyal et al., 2015). We assessed DRL learning by quantifying the number of lever presses within 3 s after the last rewarded press (which we refer to as “impulsive pressing”). Pcp2-Cre;Thlox/lox mice showed more impulsive pressing after the last press (or more failure to inhibit responses) than littermate controls over several weeks of training (Figure 5F, Supplementary Figure S2L). Deficits in performance on DRL were likely not due to motor deficits, as no differences in the ability to press a lever for a food reward were seen over 4 days of fixed-ratio 1 (FR1) lever training between groups (Supplementary Figure S2I).




DISCUSSION

In this study, we have confirmed and quantified the location and begun to characterize the role of Th+ PC-derived catecholamine signaling in the cerebellum in the mouse, with a focus on cognitive behaviors. Catecholamines provide a “learning signal” that acts to alter the excitability of cells receiving their inputs via their canonical action on G-protein coupled receptors and non-canonical action on β-arrestin (Harley, 2004; Urs et al., 2014; Schultz et al., 2017). Previous studies have shown that catecholaminergic signaling in the PFC, thalamus, amygdala, and striatum are important for top-down and bottom-up control of cognitive functions, particularly in explorative and exploitative cognitive strategies in approach and avoidance behaviors in novel contingencies or environments (Aston-Jones and Cohen, 2005; Yu and Dayan, 2005). Studies linking cerebellum to these behaviors have mostly focused on its connections with other brain regions, e.g., thalamus and VTA, but here, we show that catecholaminergic signaling, within a subset of PCs in the cerebellum, modulates Pavlovian fear conditioning, social recognition memory, working memory involving behavioral flexibility, and response inhibition. It is also notable that in this study, we found a specific pattern of Th+ PCs in different regions of the cerebellum, and particularly enriched in lobules VI-X of the vermis and Crus I and Crus II of the hemispheres. This pattern is remarkably similar to the spatial distribution of the cocaine- and amphetamine-regulated transcript peptide (CART) expression in a specific subset of climbing fibers arising from the inferior olive (Reeber and Sillitoe, 2011). CART has been shown to regulate memory, motivation, and fear in rodents (Chaki et al., 2003; Couceyro et al., 2005; Upadhya et al., 2011). Furthermore, we showed that the distribution of Th+ PCs was a subpopulation of the Aldoc+ PCs but not of the Aldoc- PCs that are thought to be primarily responsible for cerebellar motor functions (Voogd, 2014). Crus I and II, which are largely located by Aldoc+ PCs, exhibit evolutionary expansion in size in humans, when compared to other non-human primates (Chimps and Capuchin monkeys; Balsters et al., 2010; Luo et al., 2017). These neocerebellar regions also show activations during different cognitive, non-motor functions (Stoodley and Schmahmann, 2009, 2010; Stoodley et al., 2012; Schmahmann et al., 2019) and participate in known non-motor intrinsic connectivity networks (Buckner et al., 2011). To our knowledge, this is the first report of the behavioral consequences in cognitive functional domains of cerebellar catecholamines. This study shows that catecholamine signaling, intrinsic to the cerebellum, is yet another locus of catecholaminergic neuromodulation of cognitive functions. Given that cerebellar Th expression is linked to the evolutionary expansion of cerebellar volume thought to underlie cognitive functions (Harrison and Montgomery, 2017), it is interesting to speculate about why.

An important caveat for the interpretation of our behavioral findings is the possible effect of compensatory changes against conditional deletion of Th from PCs in our mouse model. We used the B6.129-Tg(Pcp2-Cre)2Mpin/J mouse, in which activity of the Cre recombinase in the PCs become detectable at postnatal day 6 (Zhang et al., 2004). Therefore, it is possible that the Th deletion from PCs in this study would start at P6, and that animal development after P6 would be affected. Particularly, developmental processes in the cerebellum including neurogenesis, axon guidance, dendritic development, synaptogenesis, and synapse refinement are still ongoing during this postnatal stage till atleast 4th postnatal week (Leto et al., 2016). Although Th function in the cerebellar development is an interesting research avenue, very little, if anything, is known about how deletion of Th affects later stages of neural development and morphology in general anywhere in the CNS.

Catecholamines have a wide variety of functions in the central nervous system ranging from the regulation of baseline activity, arousal, and locomotion to the modulation of fear and reward. Notably, there are several recent reports that the cerebellar cortex processes non-motor signals related to fear (Sacchetti et al., 2002, 2004, 2007; Scelfo et al., 2008) and reward (Wagner et al., 2017; Heffley and Hull, 2019; Kostadinov et al., 2019; Tsutsumi et al., 2019), which lends to the hypothesis that cerebellum supports and participates in cognitive and emotional functions, but cerebellar catecholamines have not been directly tied to these. It is these functions that are hypothesized to be aberrant in many mental illnesses, including ADHD and schizophrenia (Berridge and Waterhouse, 2003; Kapur, 2003; Heinz and Schlagenhauf, 2010; Schultz, 2013). NE is hypothesized to signal several types of information, including unexpected uncertainty and task-related utility (Aston-Jones and Cohen, 2005; Yu and Dayan, 2005). DA and NE are integral to several cognitive domains, including attention, working memory, episodic memory, social cognition, and behavioral flexibility. Accordingly, several drug classes, based on their modulation of specific components of catecholamine neurotransmission, have been developed or are proposed for the treatment of cognitive impairments in psychiatric disorders, including D1R agonists, D3R antagonists, Alpha 2A adrenergic receptor agonists and antagonists, norepinephrine transporter blockers, and catechol-O-methyltransferase inhibitors (Millan et al., 2012). In our study, the deletion of PC-derived Th demonstrates a role for it in modulating aspects of learning in appetitive, aversive, and social learning domains.

Th is found in fibers projecting throughout the cerebellar cortex and cerebellar nuclei in mice (Nelson et al., 1997). Each DA receptor subtype (D1R, D2R, D3R, D4R, and D5R) is found in the cerebellar cortex, mostly in Purkinje cell but also other layers, with varying expression in different lobules (Barili et al., 2000; Khan et al., 2000; Kim et al., 2009). Extrinsic and intrinsic sources of cerebellar catecholamines have previously been identified in multiple mammalian species (Hess and Wilson, 1991; Takada et al., 1993; Fujii et al., 1994; Abbott et al., 1996; Nelson et al., 1997; Melchitzky and Lewis, 2000). Well-differentiated dopaminergic and noradrenergic fibers innervate the cerebellar cortex in non-human primates (although their sources are unknown; Melchitzky and Lewis, 2000). Our results show that much of the Th found in the cerebellum arises from Purkinje cells. However, it is likely that much of the Th+ puncta we saw in the granular cell layer (Figure 1C) arise from LC projections. Projections from locus coeruleus to the cerebellar cortex and nuclei in rodents have long been recognized and are estimated to be the fourth largest extrinsic neuronal innervation of the cerebellum (Schweighofer et al., 2004) after mossy fibers from the basilar pons, climbing fibers from the inferior olive and serotonergic fibers from the medullary and pontine reticular formation (Hökfelt and Fuxe, 1969; Olson and Fuxe, 1971; Landis and Bloom, 1975; Landis et al., 1975; Loughlin et al., 1986a,b; Nelson et al., 1997). Despite these findings, several questions remain regarding specific sources, roles, and interactions between these catecholaminergic inputs in specific cerebellar regions and on varying cerebellar-dependent behaviors.

Although we have not established the identity of the catecholamine released by Th+ PCs in this study, or if they release catecholamines in the cerebellar nuclei, a previous report demonstrated that PCs in the posterior vermis exhibit autocrine and paracrine release of DA (Kim et al., 2009). PC-derived DA signaling is required for depolarization-induced slow current in PCs, which is triggered by calcium influx, and may play a role in regulating both pre- and post-synaptic plasticity (Kim et al., 2009). Notably, PCs in the posterior vermis also express the DA transporter and the vesicular monoamine transporter-2 (Kim et al., 2009); their spatial distribution suggests that they likely are the same as Th+ PCs we describe in this study. We showed that knockout of Th in PCs also results in decreased Th expression in LCN, suggesting that axon terminal release of catecholamine from PCs is theoretically possible. Our findings in wildtype mice confirm previous reports in mutant mouse strains that Th+ PCs co-express Aldoc (Abbott et al., 1996; Jeong et al., 2001). Differences in Aldoc staining is associated with different responses to both simple spikes and complex spikes in different functional modules of the cerebellum, with possible consequences for connections between PCs and neurons in the cerebellar nuclei (e.g., LTD vs. LTP, phase-locking vs. rebound excitation; Zhou et al., 2015; Tang et al., 2017), which may, in turn, be related to whether or not PCs express Th and release DA. PCs that are distinguished by Aldoc expression have different cerebellar nuclear projections than those that do not (Sugihara, 2011). We have previously shown that D1R+ cells exist in the LCN and modulate many cognitive behaviors (Locke et al., 2018); if DA is released from Th+ PC axon terminals, and D1R+ cells are postsynaptic to these, then this form of signaling may represent a novel and specific downstream circuit that goes beyond traditional GABAergic PC neurotransmission and may be critical in supporting cognitive functions that involve the cerebellum.

Curiously, it appears that ectopic Th expression can occur both in specific mouse mutants that are ataxic (Sawada et al., 1999a,b, 2010; White et al., 2016), and in wild type mice under hyperosmotic stress (Sakai et al., 1995). Baseline Th expression in the cerebellum also appears to be variable; in one Allen Mouse Brain Atlas experiment we examined (Table 1, Experiment #79804565), sections from a male in a 129S1SvlmJ background strain had less than half of countable Th+ PCs seen in other experiments. Parkinson’s disease is associated with reduced expression of Th, D1R, and D3R in cerebellar lobules IX and X in humans (Hurley et al., 2003). Furthermore, it appears that Th expression precedes ataxia in one strain of ataxic mice (Sawada et al., 1999a). Ectopic Th expression in PCs is also observed in calcium channel mutations (Fureman et al., 1999, 2003; Jeong et al., 2001; Sawada et al., 2010), and PC-specific knockout of Vgat (White et al., 2014). Calcium channels are associated with many neuropsychiatric illnesses and regulate aspects of both presynaptic and postsynaptic plasticity (Nanou and Catterall, 2018). While ataxias and PD are classified as movement disorders, they can be associated with prominent cognitive deficits as well (Bürk et al., 1999, 2001, 2003; Braak et al., 2005; Aarsland et al., 2010). Thus, it may be possible that increases or decreases in Th expression confer a plastic response to certain conditions or stressors. Additionally, the pattern of ectopic expression seen in ataxic models appears to be mediated by calcium and seems to maintain some zonal patterning (Sawada et al., 1999a; White et al., 2016). Most reports in ataxic mouse models show upregulation of Th expression throughout the vermis, including in the anterior lobes (Sawada et al., 1999a), though one report also notes increased Th expression throughout the hemispheres, flocculus and paraflocculus (White et al., 2016). One possibility is that Th+ PCs confer additional plasticity not seen in Th PCs that is adaptive for different environmental or pathological stressors, or that ectopic Th expression is a compensatory response to homeostatic stress (or some systemic indicator that something is wrong), which the cerebellum then tries to help correct by boosting its Th protein level. For example, Th expression is increased in expression in response to sound exposure in lateral olivocochlear (LOC) efferent neurons, which appears to be an adaptive response to changes in auditory nerve firing to possibly protect hair cell synapses from noise damage (Wu et al., 2020). On the other hand, increases in Th expression may be associated with negative consequences as well: spinocerebellar ataxias are associated with increased Th expression in the substantia nigra, which may confer risk for psychotic symptoms in these patients (Turk et al., 2018). Further experiments will be needed to test these ideas, as well as to explore the necessity and sufficiency of subregional Th expression in PCs for certain behaviors, or whether these PCs are capable of catecholamine release in the cerebellar nuclei.

TABLE 1. Allen mouse brain atlas data from six brains with in situ hybridization (ISH) for Tyrosine hydroxylase (Th).
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