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Abstract

This is a summary of the virtual presentation given at the 2021 meeting of the Society for Research on the Cerebellum and
Ataxias, https://www.meetings.be/SRCA2021/, where the therapeutic potential of the CCK-CCK1R pathway for treating
diseases involving Purkinje cell degeneration was presented. Spinocerebellar ataxia type 1 (SCAL1) is one of a group of
almost 50 genetic diseases characterized by the degeneration of cerebellar Purkinje cells. The SCA1 Pcp2-ATXNI1[30Q]
D776 mouse model displays ataxia, i.e. Purkinje cell dysfunction, but lacks progressive Purkinje cell degeneration. RNA-
seq revealed increased expression of cholecystokinin (CCK) in cerebella of Pcp2-ATXN1[30Q]D776 mice. Importantly,
the absence of Cckl1 receptor (CCK1R) in Pcp2-ATXNI1[30Q]D776 mice conferred a progressive degenerative disease with
Purkinje cell loss. Administration of a CCK1R agonist to Pcp2-AXTNI1[82Q] mice reduced Purkinje cell pathology and
associated deficits in motor performance. In addition, administration of the CCK1R agonist improved motor performance of
Pcp2-ATXN2[127Q] SCA2 mice. Furthermore, CCK1R activation corrected mTORCI1 signaling and improved the expres-
sion of calbindin in the cerebella of AXTN1[82Q] and ATXN2[127Q] mice. These results support the Cck-Cck1R pathway

is a potential therapeutic target for the treatment of diseases involving Purkinje neuron degeneration.
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Introduction

The Spinocerebellar ataxias (SCAs) are a genetically het-
erogeneous group of over 45 autosomal dominant neurode-
generative diseases. In many SCAs, dysfunction along with
degeneration of cerebellar Purkinje cells precedes pathol-
ogy in other neuronal cells/regions [1, 2]. This feature of
the SCAs supports the concept that Purkinje cells are more
vulnerable to cellular perturbations than other neurons [3-5].

Numerous unique features of Purkinje cells very likely
underlie their enhanced vulnerability to perturbations.
Purkinje cells are large neurons with an extensive and
elaborate dendritic tree that has a large excitatory synaptic
input. For example, climbing fiber synapses onto Purkinje
cells, which generate complex spike excitatory postsynaptic
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potentials, are among the most powerful excitatory synapses
in the brain. In addition, Purkinje cells generate autonomous
pacemaking spikes. Consistent with these electrophysiologi-
cal and structural properties, Purkinje cells have remarkably
high metabolic activity. Furthermore, as noted by Hekman
and Gomez (2015), several reports demonstrate that disrup-
tions in protein homeostasis impact Purkinje cells before
other neurons in mice and humans [6—10]. This aspect of
Purkinje cell vulnerability is particularly relevant to SCAs
as deficits in protein homeostasis are a recurring pathogenic
theme for these diseases [11].

The utilization of SCA mouse models has been critical
for gaining insight into the molecular basis of these disor-
ders [5]. In the case of Purkinje cell vulnerability in SCA1,
cerebellar transcriptomic analyses were used for the identi-
fication of both disease progression and protection pathways
[12]. Notably, it was found that the level of cholecystokinin
(CCKs) expression and its subsequent interaction with the
CCK1 receptor is a potential Purkinje cell protective path-
way in SCA1 mice. Subsequently, it was demonstrated that
administration of a Cck1R agonist improves motor per-
formance, corrects mTORCI1 signaling, and improves the
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Fig.1 Elevated CCK expression A 3009
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expression of calbindin in the cerebella of SCA1 and SCA2
transgenic mice. These results indicate that manipulation
of the CCK-CCKI1R pathway is a potential therapeutic tar-
get for the treatment of diseases involving Purkinje neuron
degeneration. This minireview discusses the evidence sup-
porting the CCK-CCKIR as a protective pathway in SCA
mice and speculates on the broader implications of these
findings.

Purkinje Cell Protection by CCK
is Dependent on Presence of CCK1 Receptor

The CCK-CCKIR line of investigation began with a
study to examine the role of ATXN1-S776 phosphoryla-
tion in Purkinje cell SCA1 pathogenesis. It was found that
replacing the serine amino acid with a potential phospho-
mimicking aspartic acid at position 776 transformed
wild type (WT) ATXN1[30Q] into a pathogenic protein.
Importantly, while mice expressing ATXN1[30Q]-D776
in Purkinje cells manifested severe ataxia from an early
age, i.e. as severe as mice with Purkinje cell expression
of ATXNI1[82Q], disease in ATXNI1[30Q]-D776 mice was
not progressive leading to Purkinje cell degeneration,
i.e. atrophy of the molecular layer, as was observed in
ATXN1[82Q] mice (Fig. 1A and B and [13]). Reason-
ing that perhaps the failure of Purkinje cell pathology to

ATXN1[30Q] ATXN1[82Q] ATXN1[30Q]
D776 D776/Cck-

progress in ATXNI[30Q]D776 mice is due to activation
of a neuroprotective pathway(s), it was hypothesized that
activation of a protective pathway might elevate expres-
sion of critical gene(s) in ATXN1[300Q]D776 cerebellar
RNA relative to WT and ATXN1[/82Q] cerebellar RNA.
An RNA-seq analysis revealed that CCKs expression
was much higher in ATXNI1[30Q]D776 compared to
ATXNI1[82Q] cerebella [12]. Moreover, absence of either
CCK (Fig. 1B) or CCKIR in ATXNI1[30Q]D776 mice [12]
resulted in a Purkinje cell disease that is as progressive as
in ATXN1[82Q] transgenic mice as assessed by atrophy of
the molecular layer and loss of Purkinje cells.

Cholecystokinin (CCK), originally discovered in the gas-
trointestinal tract and typically associated with regulation
of food intake and satiation, is one of the most abundant
neuropeptides in the brain [14]. Within the cerebellum, CCK
is predominately if not exclusively expressed by Purkinje
cells [15, 16], a point further supported by ISH data from
the Allen Brain Atlas [https://portal.brain-map.org/]. Cck
effects are mediated by two G-protein coupled receptors
[14], CCKIR and CCK2R (first designated as Cckar and
Cckbr), and CCKI1R is expressed in the adult mouse cer-
ebellum in a Purkinje cell-enriched manner (Allen Brain
Atlas). Based on the Purkinje cell protective effects of CCK
in ATXN1[30Q]D776 mice, we speculated that activation
of CCKI1R would be protective to Purkinje cells expressing
ATXN1 with an expanded polyglutamine tract.
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Fig.2 CCKIR agonist A71623
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CCK1R Activation in ATXN1[82Q]

and ATXN2[127] Transgenic Mice:
Restoration of Purkinje Cell Homeostasis
and mTORC1 Signaling

A71623, a CCKIR tetrapeptide agonist, is highly selective
for CCKIR [17]. In rodents, peripheral administration elicits
CNS-mediated behavioral effects [18, 19]. To examine fur-
ther the protective capability of CCKI1R activation in SCA
Purkinje cells, we assessed the ability of this CCKIR agonist
to improve Purkinje cell function in transgenic mouse mod-
els of SCA1 and SCA2 [20]. In these transgenic mice, the
expanded ATXNs were expressed specifically in Purkinje
cells using the Pcp2 regulatory region [21, 22].

Administration of the CCK1R-selective agonist A71623
mitigates motor performance deficits in both Pcp2-
ATXNI[82Q] and Pcp2-ATXN2[127Q] mice (Fig. 2).
Consistent with A71623 improving Purkinje cell function,
A71623 also increased expression of calbindin, a molecular
marker of Purkinje cell health [23], in Pcp2-ATXNI1[82Q]
and Pcp2-ATXN2[127Q] mice. These results provide direct
evidence that activation of CCK1Rs is protective to Purkinje
cells in SCA1 and SCA2.

Activation of CCKIR is known to impact a wide vari-
ety of signaling pathways [24]. Interestingly, among the
pathways affected by CCK1R activation is mMTORC1, and
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mTORCI1 signaling contributes to Purkinje cell dysfunction
in Atxn1"°*2?€ knock-in mice [25]. The status of mTORC1
was assessed in cerebella from Pcp2-ATXN1[82Q] and
Pcp2-ATXN2[127Q] mice by measuring the levels of phos-
phorylated ribosomal protein S6 (pS6) and phosphorylated
translational repressor 4e-bpl (p4e-bpl0), both targets of
mTORCI1 [26]. Though mTORC1 was altered in both Pcp2-
ATXNI1[82Q] and Pcp2-ATXN2[127Q] mice, intriguingly,
it was decreased in Pcp2-ATXNI1[82Q] mice and increased
Pcp2-ATXN2[127Q] mice. Yet, the CCKIR agonist A71623
normalized mTORCI cerebellar signaling in both Pcp2-
ATXNI[82Q] and Pcp2-ATXN2[127Q] mice.

Discussion

Data reviewed here support activation of Purkinje cell
CCKI1Rs as being protective to these neurons in Pcp2-
ATXNI1[82Q] and Pcp2-ATXN2[127Q] transgenic mice.
A critical aspect of the protective effects of CCKI1R acti-
vation is a subsequent restoration of normal mTORC1
signaling whether mTORCI1 signaling is decreased, as in
Pcp2-ATXNI1[82Q] Purkinje cells, or enhanced, as seen
in Pcp2-ATXN2[127Q] Purkinje cells. Characteristi-
cally, mMTORCI signaling is decreased in response to cel-
lular stressors [reviewed in 27]. That either depression
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or enhancement of mTORCI1 signaling can underlie
Purkinje cell impairment was previously shown in mice
where mTORCI signaling was decreased due to a loss of
mTORCI or in Purkinje cells in which mTORCI1 signaling
was enhanced due to the absence of the mTORCI inhibitor
TSC1, the function as well as survival of Purkinje cells were
adversely affected [28]. It is intriguing to speculate that, as
seen with mTORCI1 signaling levels in cerebella of Pcp2-
ATXNI1[82Q] and Pcp2-ATXN2[127Q] transgenic mice,
the SCAs might also be categorized according to mMTORC1
signaling activity with SCA1 having reduced Purkinje cell
mTORCI1 signaling and SCA2 showing enhanced Purkinje
cell mMTORCI signaling. Importantly, activation of the
CCKI1R in both instances restored mTORCI1 signaling to
a normal level. Understanding the mechanism and cellular
pathways by which CCK1R activation in Pcp2-ATXN1[82Q]
and Pcp2-ATXN2[127Q] transgenic Purkinje cells restores
mTORCI signaling to a normal level is an area of consider-
able importance regarding the potential of CCKI1R activa-
tion as a therapeutic target in the SCAs.

We suggest that the results reported in our studies [12,
20], support a model where a CCK/CCK1R/mTORCI1 path-
way enables Purkinje cells to adapt to stress. As Golgi dis-
covered many years ago, Purkinje cell axon recurrent collat-
erals form synaptic connections between Purkinje cell [29]
that have a role in modulating synchronized Purkinje cell
firing [30]. Perhaps these recurrent Purkinje cell synapses
also provide the pathway by which the release of CCK pep-
tide by Purkinje cells activates CCK1R/mTORCI1 pathway
in an autocrine fashion.

In the case of ATXN1[82Q] expressing Purkinje cells,
cumulative stress induced by mutant ATXN1 promotes the
cleavage of CCK to the octapeptide CCK-8, the natural
ligand with the highest affinity for Cck1R [31] that upon
secretion binds to and activates CCK1R on Purkinje cells. In
addition, expanded ATXN1 reduces CCK expression, thus
dampening the ability of Purkinje cells to respond to stress
and promoting ATXN1 pathogenesis. Activation of Purkinje
cell CCK1R stimulates mTORC1, which we speculate is a
critical component by which CCK1R activation dampens
the pathogenic effects of expanded ATXN1. Inactivation of
mTORCI1 induces a progressive loss of Purkinje cells by
apoptosis [28]. mTORCI1 signaling, in addition to respond-
ing to many stresses, is impaired in Azxnl>*??¢ knock-in
mice, and the absence of mTORCI1 in Purkinje cells of
Atxn1*92€ mice worsens disease [25]. We are intrigued
with the report that impaired striatal mMTORC]1 activity
underlies degenerative phenotypes in a Huntington’s disease
mouse model brain and activation of mTORCI alleviates
striatal atrophy [32]. Perhaps, manipulation of the CCK-
CCKI1R pathway might be a therapeutic target for treating
neurodegenerative diseases involving other neurons as well
as Purkinje cells.
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