
Institute of Biotechnology
Helsinki Institute of Life Sciences

Faculty of Biological and Environmental Sciences
Doctoral Programme in Integrative Life Sciences

Doctoral School of Health Sciences
University of Helsinki

EXPLORING THE ROLE OF CDNF AND 
MANF REMOVAL IN THE BRAIN AND  

IN THE UNFOLDED PROTEIN RESPONSE

EMMI PAKARINEN

ACADEMIC DISSERTATION

Doctoral dissertation, to be presented for public discussion with 
the permission of the Faculty of Biological and Environmental 

Sciences of the University of Helsinki, in Auditorium 1041, 
Viikki Biocenter 2, on the 17th of June, 2022 at 14 o’clock.

dissertation emmi final.indd   1 18.5.2022   13.29



Thesis supervisors  Research director Mart Saarma, PhD
   Institute of Biotechnology, HiLIFE 
   University of Helsinki, Finland

   Docent Maria Lindahl, PhD
   Institute of Biotechnology, HiLIFE 
   University of Helsinki, Finland

Thesis Committee  Professor Matti Airaksinen, PhD
   Faculty of Medicine
   University of Helsinki, Finland

   Professor Kari Keinänen, PhD
   Faculty of Biological and Environmental Sciences
   University of Helsinki, Finland 

Reviewers  Privat docent Liliane Tenenbaum, PhD
   Department of Clinical Neuroscience
   Lausanne University Hospital, Switzerland

   Research director Annakaisa Haapasalo, PhD
   A.I. Virtanen Institute of Molecular Sciences
   University of Eastern Finland, Finland

Opponent  Professor Claudio Hetz, PhD
   Biomedical Neuroscience Institute 
   Faculty of Medicine
   University of Chile, Chile

Custos   Professor Kari Keinänen, PhD
   Faculty of Biological and Environmental Sciences
   University of Helsinki, Finland

The Faculty of Biological and Environmental Sciences uses the Ouriginal 
system (plagiarism recognition) to examine all doctoral dissertations.

ISBN 978-951-8193-0 (paperback)
ISBN 978-951-8194-7 (PDF)
ISSN 2342-3161 (paperback)
ISSN 2342-317X (PDF)
http://ethesis.helsinki.fi
Helsinki 2022

dissertation emmi final.indd   2 18.5.2022   13.29



dissertation emmi final.indd   3 18.5.2022   13.29



  

dissertation emmi final.indd   4 18.5.2022   13.29



I

ABSTRACT 

Protein homeostasis is essential for the whole cell function. Therefore, cells monitor 
protein synthesis, folding, and degradation closely. Disturbances in secretory and 
membrane protein folding can cause accumulation of misfolded and unfolded 
proteins in the endoplasmic reticulum (ER). This condition, called ER stress, can 
predispose for manifestation of various diseases including neurodegenerative 
diseases such as Parkinson’s disease. Cells activate the unfolded protein response 
(UPR) to alleviate ER stress and restore homeostasis. Members of a novel 
neurotrophic factor family, cerebral dopamine neurotrophic factor (CDNF) and 
mesencephalic astrocyte-derived neurotrophic factor (MANF), are components 
of the UPR machinery. They are small proteins widely expressed in mammalian 
tissues and mostly localized to the ER lumen. CDNF and MANF can reduce 
ER stress with a mechanism that is not fully understood. In addition, they also 
promote survival of neuronal and non-neuronal cells in different animal disease 
models. In animal models of Parkinson’s disease, they both protect and even 
restore the function of midbrain dopamine neurons. However, the involvement of 
endogenous CDNF and MANF in the maintenance and regulation of dopamine 
neurons in mice is not known

The aim of this thesis was to examine the role of endogenous CDNF and 
MANF deletion in UPR regulation in vivo. We also aimed to investigate the role of 
their deficiency in the maintenance and function of midbrain dopamine neurons 
as knockdown of MANF results in changes in the dopamine system in fruit fly 
and zebrafish. In this thesis, we characterized CDNF and MANF knockout mice 
and analyzed their UPR gene expression and the midbrain dopamine system by 
gene expression analyses, immunohistochemical methods, and behavioral tests. 
Compensation between CDNF and MANF was investigated in the third study 
where we developed and characterized mice lacking both CDNF and MANF.

This study demonstrates that MANF ablation causes an increase in UPR gene 
expression in the developing, adult, and aged brain in vivo and in cortical neurons 
in vitro. In particular, the inositol-requiring enzyme 1 α (IRE1α) pathway of UPR 
is persistently activated in the MANF-deficient brain. CDNF ablation, instead, 
induces UPR gene upregulation in the skeletal muscle, which is aggravated by 
MANF ablation. This indicates that MANF can functionally compensate for 
CDNF. We show that vice versa, CDNF cannot compensate for MANF function 
in the tissues studied.

Furthermore, this thesis addresses the role of CDNF and MANF in the 
function and maintenance of the midbrain dopamine system. We investigated the 
integrity of dopamine fibers and dopamine neurons in aged mice lacking CDNF, 
MANF, or both. Furthermore, motor behavior of these mice was investigated 
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to measure the function of the dopamine system. Our data indicated that these 
mice did not show degeneration of the midbrain dopamine system upon aging 
although CDNF-deficient mice display functional changes in dopamine neurons. 

In conclusion, this thesis work elucidates the importance of CDNF and 
MANF in regulating the UPR with tissue specificity in vivo. In addition, we 
provide data about the role of endogenous CDNF and MANF in the maturation 
and maintenance of the midbrain dopamine system.
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TIIVISTELMÄ 

Proteiinitasapaino on elintärkeää solujen toiminnalle. Tästä syystä solut 
seuraavat proteiinien tuotantoa, laskostumista ja hajotusta tarkasti. Häiriöt 
eritettävien tai kalvoproteiinien laskostumisessa voivat aiheuttaa väärin 
laskostuneiden tai laskostumattomien proteiinien kertymistä solulimakalvostoon  
(endoplasmic reticulum, ER). Tätä tilaa kutsutaan ER-stressiksi, joka voi altistaa 
useiden sairauksien puhkeamiselle. Etenkin hermorappeumasairauksissa, 
kuten Parkinsonin taudissa, ER-stressin on osoitettu olevan osa taudin 
syntyä. Solut käynnistävät ER-stressiä lievittääkseen reaktion nimeltä 
laskostumattomien proteiinien vaste (unfolded protein response, UPR). Uuden 
hermokasvutekijäperheen jäsenet – dopamiinihermokasvutekijä (CDNF) ja 
mesenkefaalinen astrosyyttiperäinen hermokasvutekijä (MANF) – ovat osa 
UPR-koneistoa. Ne ovat pieniä proteiineja, joita tuotetaan laajasti nisäkkäiden 
eri kudoksissa. Solussa ne sijaitsevat pääosin ER:n ontelossa. Sekä CDNF että 
MANF vähentävät ER-stressiä toistaiseksi tuntemattomalla tavalla. Tämän lisäksi 
ne suojelevat hermosoluja sekä muita soluja erilaisten tautien eläinmalleissa. 
Parkinsonin taudin eläinmalleissa ne suojaavat dopamiinihermosoluja ja 
pystyvät palauttamaan näiden hermosolujen toiminnan. Toistaiseksi ei tiedetä 
osallistuvatko endogeenisesti tuotetut CDNF ja MANF dopamiinisolujen 
ylläpitoon ja säätelyyn hiirillä. 

Tämän väitöskirjan tavoitteena oli tutkia endogeenisen CDNF:n ja MANF:n 
poiston vaikutusta UPR:n säätelyyn. Me myös tutkimme niiden puutteen vaikutusta 
keskiaivojen dopamiinisolujen selviytymiseen ja toimintaan, koska MANF:n 
puuttumisen on aiemmin osoitettu aiheuttavan muutoksia dopamiinisoluissa niin 
banaanikärpäsillä kuin seeprakaloilla. Tässä työssä analysoimme poistogeenisiä 
hiiriä, joilta on poistettu CDNF:n tai MANF:n ekspressio hiirten kehitysvaiheessa. 
Näiden hiirten avulla selvitimme CDNF: ja MANF:n poiston vaikutuksia 
analysoimalla muutoksia geenien ja proteiinien ekpressiossa, hyödyntämällä 
immunohistokemiallisia menetelmiä, sekä tutkimalla hiirten käytöstä. 
Kompensaatiota CDNF:n ja MANF:n välillä tutkittiin väitöskirjan kolmannessa 
osatutkimuksessa, jossa tuotettiin ja analysoitiin hiiriä, joilta puuttuu sekä CDNF 
että MANF.

Tämä väitöskirjatutkimus osoittaa, että MANF:n poisto aiheuttaa UPR-geenien 
ekspression lisääntymistä niin kehittyvien, aikuisten, kuin ikääntyneiden hiirten 
aivoissa sekä kortikaalisissa hermosoluissa. UPR:n reiteistä erityisesti IRE1α-reitti 
(inositolia vaativa entsyymi 1 α) säilyy aktivoituna aivoissa, joista MANF puuttuu. 
CDNF:n poisto sen sijaan aktivoi UPR-geenien ekspressiota luustolihaksessa ja 
tämä aktivaatio voimistuu, kun MANF poistetaan myös. Tämä viittaa siihen, 
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että MANF voi korvata CDNF-proteiinin toimintaa. Tämä ei kuitenkaan ole 
vastavuoroista, sillä CDNF ei näytä kompensoivan MANF-proteiinia tutkituissa 
kudoksissa. 

Lisäksi tämä työ havainnollistaa CDNF:n ja MANF:n roolia keskiaivojen 
dopamiinisolujen toiminnassa. Dopamiinisäikeiden ja dopamiinisolujen tilaa 
tutkittiin hiiriltä, joilta puuttui CDNF, MANF tai molemmat. Lisäksi motorista 
käytöstä tutkittiin selvittääksemme dopamiinisolujen toimintaa. Tulokset osoittivat, 
että näillä hiirillä ei ollut havaittavissa dopamiinisysteemin degeneraatiota 
ikääntymisen myötä vaikkakin CDNF-puutteisilla dopamiinisoluilla oli muutoksia 
toiminnassa.

Johtopäätöksenä voimme sanoa, että tämä väitöskirjatyö havainnollistaa 
CDNF:n ja MANF:n tärkeää osaa UPR:n säätelyssä ja osoittaa, että niiden vaikutus 
UPR:n säätelyyn riippuu kudoksesta. Lisäksi päättelemme, että malliemme 
perusteella nämä proteiinit eivät ole välttämättömiä dopamiinisolujen kehitykselle 
tai selviytymiselle.
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1. INTRODUCTION

Proteins are macromolecules with various biological functions that enable 
life as such. Production of new proteins is a multistep process. Building blocks 
of proteins – amino acids – are added in chains according to the order that is 
encoded in genes and mediated by messenger RNA (mRNA) during translation. 
Then, amino acid chains are folded into unique tertiary structures. Without these 
folded three-dimensional conformations, proteins are not functional. Protein 
production uses a large amount of energy and logically, this energy consuming 
machinery must be well-controlled. Control is particularly needed in neurons as 
mRNA is transported from somas to axons and dendrites where a large number 
of proteins used is translated (Biever et al., 2020). A single dopamine neuron may 
have tens of thousands of axonal branches, thus, a functional system is needed.

Protein homeostasis – proteostasis – aims for cellular protein stability. 
Proteostasis is a large molecular network that controls biosynthesis, translational 
processing, folding, trafficking, and degradation of proteins to maintain the right 
protein balance in cells. Protein folding is one of the proteostasis processes where 
secreted or transmembrane proteins acquire their unique three-dimensional 
structures and it takes place in the endoplasmic reticulum (ER). Occasionally, 
folding remains incomplete or folding fails. It can also be that cellular circumstances 
make folding difficult for the cell. When too many unfolded or misfolded proteins 
accumulate in the lumen of the ER, the cell is referred to undergo ER stress. Cells 
monitor the amount of misfolded proteins and when ER stress passes a certain 
threshold, cells activate an unfolded protein response (UPR) to attenuate protein 
production, boost folding capacity, and relieve stress. The UPR operates through 
three branches, which all have multiple target genes (Walter and Ron, 2011). 
Therefore, we talk about a complex cellular response when we talk about the UPR.

Cerebral dopamine neurotrophic factor (CDNF) and mesencephalic astrocyte-
derived neurotrophic factor (MANF) are components of the UPR machinery. 
They localize mostly to the ER lumen where they participate in controlling the 
UPR with a mechanism that is not understood. However, they are not only UPR 
regulators but also form a novel family of neurotrophic factors. Neurotrophic 
factors are survival-promoting proteins involved in the development and 
maintenance of the peripheral and central nervous system. At the time of its 
discovery, CDNF was shown to promote survival of dopamine neurons in an 
animal model of Parkinson’s disease (Lindholm et al., 2007). Soon after, a similar 
survival-promoting property was discovered for MANF (Voutilainen et al., 2009). 
Interestingly, invertebrates have only one orthologous Manf/Cdnf gene, and loss 
of MANF causes developmental defects in dopamine neurons of fruit fly and 
degeneration of dopamine neurons in nematodes (Palgi et al., 2009; Richman 
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et al., 2018). However, it is not known whether endogenous CDNF and MANF 
are involved in either the development or maintenance of dopamine neurons in 
vertebrates, including mice. 

This thesis investigates the biological functions of CDNF and MANF by global 
or conditional removal in mice and addresses how CDNF and MANF participate 
in proteostasis by controlling the UPR. Furthermore, this thesis explores what 
happens to the midbrain dopamine system in the absence of CDNF, MANF, or 
both. Due to a positive outcome in preclinical studies, CDNF has been successfully 
tested in Parkinson’s disease patients. Understanding the function of endogenous 
CDNF and MANF in the brain provides important information for their role in 
diseases, diagnostics, and in the development of therapeutic agents.
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2. REVIEW OF THE LITERATURE

2.1. Unfolded Protein Response (UPR)

2.1.1. Overview
Endoplasmic reticulum (ER) is a cell organelle responsible for several functions, 
such as protein synthesis, calcium storage, lipid biosynthesis, and protein 
glycosylation (Schwarz and Blower, 2016). Structurally, the ER consists of 
continuous membranes that form tubules and sheets. The ER surrounds the 
nucleus extending to the periphery of the cell and its membranes constitute 
more than half of the total membranes in a eukaryotic cell. Protein synthesis 
and folding are the main functions of the ER. Secretory and membrane proteins 
are translated in the ribosomes attached to the cytosolic side of the ER and after 
synthesis, an ER signal sequence carrying proteins are transported to the lumen 
of ER for folding, assisted by chaperones. Chaperones recognize incompletely 
folded proteins based on exposed hydrophobic patches and help them to fold 
correctly (Schröder and Kaufman, 2005). Several molecular interactions create 
a three-dimensional active protein structure. Correctly folded proteins travel 
from the ER to the Golgi apparatus and further to their final destination on the 
cell membrane and extracellular space. Despite the help of chaperones, not all 
proteins achieve the correct folded conformation. If folding fails, incompletely 
folded or misfolded proteins are directed to proteasomal clearance. ER-associated 
degradation (ERAD) is the main degradation pathway for misfolded proteins. 
Proteins directed for destruction are translocated to the cytosol where they 
are ubiquitinated. Ubiquitination functions as a tag guiding these proteins for 
intracellular proteolytic destruction by the proteasome. This quality control step 
prevents unfolded proteins from exiting the ER. 

Various physiological and pathological insults disturb ER homeostasis and 
proteostasis. Cells are confronted with proteotoxic stressors, such as heat, oxygen 
species, or infections, which can lead to accumulation of unfolded proteins. 
Accumulation of unfolded and misfolded proteins in the ER lumen challenges 
its capacity to maintain protein folding. Consequently, accumulated unfolded 
proteins cause a phenomenon known as ER stress. When the capacity of ERAD 
exceeds, the ER triggers a reaction called the unfolded protein response (UPR) to 
restore homeostasis (Walter and Ron, 2011). This highly conserved mechanism in 
mammalian cells consists of three main pathways and several components that all 
aim to bring back the basal situation to the ER and to maintain proteostasis. The 
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ER transmembrane proteins initiating the pathways are inositol-requiring enzyme 
1 (IRE1), double stranded RNA-activated protein kinase-like ER kinase (PERK), 
and activating transcription factor 6 (ATF6) (Figure 1). Through activation of these 
pathways, the UPR reduces mRNA translation, induces expression of chaperones 
to improve folding capacity, and increases expression of degradative enzymes to 
reduce accumulated misfolded proteins. Furthermore, ERAD is enhanced and 
demand of protein folding minimized. 

Overall, the UPR is an adaptive and protective mechanism that cells use to 
maintain their viability. Mild ER stress is regarded as beneficial and is described 
with the term ER hormesis (Matus et al., 2012; Mollereau et al., 2016). This term 
refers to a favorable biological response induced by exposure to low levels of toxins 
or stressors. Adaptive UPR increases protein folding and secretion, and reduces 
protein load. However, if the UPR fails to restore homeostasis, it can direct a 
cell to undergo apoptosis and in this way protects an organism by eliminating 
damaged cells. Prolonged or severe ER stress can shift the UPR from the adaptive 
state to the terminal, proapoptotic state (Walter and Ron, 2011; Hetz et al., 2020). 
The proapoptotic UPR induces apoptosis through caspases and other mediators. 
Therefore, UPR outcome is about balancing between survival promotion and 
cell death. However, death-inducing signaling mechanisms are rather undefined. 
Many of the signaling cascades are capable of both promoting cell survival and cell 
death depending on the context and duration of the activation. The switch from 
the adaptive UPR to the proapoptotic UPR is not clear. This pleiotropy increases 
the complexity of the UPR network. 

2.1.2. UPR signaling pathways

IRE1α
The first UPR receptor – IRE1 – was discovered in yeast (Cox et al., 1993). IRE1 is an 
evolutionarily highly conserved transmembrane receptor, and mammals express 
two isoforms of IRE1 - IRE1  and IRE1β. Whereas IRE1β expression is restricted 
to the gastrointestinal tract, IRE1  is ubiquitously expressed and therefore, has 
gained more research attention (Miyoshi et al., 2000; Bertolotti et al., 2001). IRE1  
has one domain in the ER lumen and both a serine/threonine protein kinase 
and an endoribonuclease (RNase) domain in the cytosolic region. The luminal 
domain of IRE1  senses misfolded proteins and consequently activates IRE1 , 
although the exact mechanism is not agreed. The classical view is that under the 
basal situation IRE1  is bound to a chaperone called glucose-regulated protein 
of 78 kDa (GRP78, known as BiP). Under ER stress, GRP78 disassociates from 
IRE1  releasing it to dimerize and autophoshorylate the cytoplasmic domain 
(Bertolotti et al., 2000). However, a direct binding model questions this view by 
showing that IRE1  mutants, which cannot bind GRP78, still efficiently activate 
the UPR (Kimata et al., 2004; Pincus et al., 2010). This direct model proposes that 
the luminal domain of IRE1  could sense and bind unfolded proteins directly 
without the help of GRP78 (Gardner and Walter, 2011).

Following phosphorylation of IRE1 , the activated RNase domain cuts a 
26-nucleotide intron away from pre-mRNA of x-box binding protein 1 (XBP1). 
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Two exons ligate to form active mRNA called spliced Xbp1 (sXbp1), which when 
translated, can enter the nucleus to induce gene expression. This splicing is called 
unconventional referring to the localization of splicing outside of the nucleus in 
the cytosol. Although less studied, it has been shown that Xbp1 pre-mRNA can 
also be translated and this protein negatively regulates sXBP1 levels in mammals 
(Yoshida et al., 2006). The target genes of sXbp1 include, for example Edem1, 
Erdj4, p58IPK and chaperones, such as Grp78 (Lee et al., 2003). EDEM1 and ERDJ4 
are components of ERAD. EDEM1 binds the ERAD client, non-native proteins 
and targets them for degradation with its mannosidase-like domain (Cormier et 
al., 2009). ERDJ4 functions as a GRP78 co-chaperone and it facilitates removal 
of misfolded proteins from the ER lumen (Lai et al., 2012). XBP1 also regulates 
expression of components for the regulated IRE1-dependent decay of mRNA – 
RIDD. Indeed, IRE1  RNase activity was also discovered to cleave other mRNAs 
and it was named as a RIDD mechanism (Hollien and Weissman, 2006). The 
validated RIDD target genes not only localize to the ER, but also share a similar 
XBP1-like cleavage site (Maurel et al., 2014). Whereas the sXBP1 pathway 
promotes cell survival by increasing cell adaptation to stress, the outcome of RIDD 
activation can be either cytoprotective or it can induce cell death. RIDD activity 
has been suggested to activate proapoptotic pathways by targeting micro-RNA 
(miRNA) precursors, which would normally inhibit translation of certain mRNAs 
(Upton et al., 2012). For example, IRE1 -dependent cleavage of miRNA-17 leads 
to increased expression of thioredoxin-interacting protein (TXNIP), which 
promotes cell death (Lerner et al., 2012).

IRE1  kinase activity induces pathways different from RNase activity. Kinase-
phosphorylated IRE1  interacts with an adaptor protein called tumor necrosis 
factor receptor-associated factor 2 (TRAF2). By further recruiting apoptosis 
signal-regulating kinase 1 (ASK-1) this complex activates a c-Jun amino-terminal 
kinase (JNK) pathway (Urano et al., 2000; Nishitoh et al., 2002). The JNK 
pathway mediates various functions but generally, it induces apoptotic signaling 
(Dhanasekaran and Reddy, 2008). Upon ER stress, phosphorylated JNK can 
promote survival at early stages or cell death at the late stress stage of continued 
ER stress (Darling and Cook, 2014; Brown et al., 2016). More specifically, IRE1  
mediates cell death by JNK activation, but IRE1 -mediated phosphorylation of 
c-Jun by JNK contributes to the protection against ER stress (Darling and Cook, 
2014). 

The IRE1 /TRAF2 complex can also activate a nuclear factor B (NF-
B) pathway (Kaneko et al., 2003). NF- B is a known mediator of immune, 

inflammatory, and stress responses (Liu et al., 2017). Inactive NF- B locates in 
the cytoplasm bound to an inhibitory protein I B. In a canonical pathway, I B 
kinase phosphorylates I B, which is degraded, and this releases the DNA-binding 
domain of NF- B allowing it to enter the nucleus and bind to the target genes. 
However, the exact mechanism of NF- B activation during ER stress is not fully 
understood. First, it was shown that released Ca2+ from the ER and reactive oxygen 
intermediates induce cytoplasmic NF- B activation (Pahl and Baeuerle, 1996). 
Later, it was shown that NF- B activation is triggered by an interaction between 
the IRE1 /TRAF2 complex and I B kinase (Hu et al., 2006). The target genes of 
NF- B during ER stress are not well known, but it seems that NF- B converges 
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with the UPR in the nucleus through different transcription factors rather than 
inducing one signaling cascade (Schmitz et al., 2018). 

IRE1  has been reported to have multiple binding partners (Urra et al., 2020). 
The status of IRE1  is regarded to depend on the multi-protein assembly of 
binding partners at the ER membrane named as UPRosome (Hetz and Glimcher, 
2009). Different binding partners can either inhibit or enhance IRE1  signaling 
and crosstalk with other pathways. The assembly of the UPRosome explains how 
IRE1  downstream responses are variable depending on its positive and negative 
regulators (Urra et al., 2020). In addition, phosphorylation of different serine and 
threonine residues in the kinase domain of IRE1  affects its activity. IRE1  is 
regulated by phosphorylation of serine residues in the kinase domain and linker 
region and the threonine residue in the RNase domain (Prischi et al., 2014). For 
example, phosphorylation of serine residues in the activation loop of the IRE1  
kinase domain increases RNase splicing (Prischi et al., 2014). Phosphorylation of 
the threonine residue in the RNase domain, instead, has only a minor impact on 
splicing activity. 

In mammals, IRE1  and XBP1 are indispensable for embryonic development 
and liver growth. XBP1 full knockout (KO) mice are not viable due to liver 
hypoplasia and consequent anemia during embryonic development (Reimold 
et al., 2000). The first study of IRE1  full KO mice showed that they are not 
viable but developing embryos have disturbed liver growth (Zhang et al., 2005). 
Embryonic lethality of IRE1  KO mice was later discovered to be independent 
of liver hypoplasia but dependent on placental IRE1 -deficiency. Deletion of 
IRE1  expression only from embryonic tissue produced viable mice without liver 
hypoplasia (Iwawaki et al., 2009). These conditional IRE1  KO mice have defects 
instead in the pancreatic exocrine gland and salivary gland (Iwawaki et al., 2010). 
Furthermore, these mice have increased blood glucose levels and reduced insulin 
levels indicating defects in the beta cell function.
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PERK
The second UPR pathway is initiated by a transmembrane serine-threonine 
kinase, PERK. Similar to IRE1α, it is bound to GRP78 in the basal situation and 
dissociation from GRP78 causes its activation (Bertolotti et al., 2000). Activation 
of PERK causes its dimerization and autophosphorylation of serine and threonine 
residues of the kinase domains in the receptor (Shi et al., 1998; Harding et al., 1999). 
The activated kinase domain of PERK phosphorylates the  subunit of eukaryotic 
initiation factor two  (eIF2 ), which is an important regulator of the initiation 
of protein synthesis (Shi et al., 1998; Harding et al., 2000). Phosphorylated eIF2  
(p-eIF2 ) inhibits guanine nucleotide exchange factor eIF2B (Scorsone et al., 
1987). Since GDP in eIF2 needs to be changed to GTP for multiple rounds of 
translation initiation to occur, inhibition of eIF2B results in global translational 
reduction, which transiently slows down the demand of protein folding in the ER 
(Harding et al., 2000). As fewer proteins are loading the ER, the capacity to handle 
misfolded or unfolded proteins increases. It is important to note here that PERK 
is only one of the kinases that can phosphorylate eIF2 . There are three other 
kinases targeting eIF2  and they are activated in distinct forms of stress (Donnelly 
et al., 2013).

However, there are certain proteins that escape this global translational 
blockage. One of these selectively translated proteins is activating transcription 
factor 4 (ATF4), which in turn induces expression of CCAAT-enhancer-binding 
protein homologous protein (CHOP) and growth arrest and DNA damage-
inducible protein 34 (GADD34) that regulate ER stress-induced apoptosis 
(Ron, 2002). Both CHOP and GADD34 mutant mice are protected from the 
lethal effects of ER stress (Zinszner et al., 1998; Marciniak et al., 2004). CHOP 
is a proapoptotic effector that promotes various downstream pathways to trigger 
cell death (Oyadomari and Mori, 2004). CHOP induces expression of several 
apoptotic genes, such as cell death receptor 5 (Yamaguchi and Wang, 2004), 
and downregulates expression of antiapoptotic Bcl-2 and enhances production 
of reactive oxygen species (ROS), for example (McCullough et al., 2001). 
Additionally, CHOP directly activates GADD34, which dephosphorylates eIF2  
and reverses translational inhibition, enhancing protein client synthesis and ER 
stress (Marciniak et al., 2004). 

Although PERK activation can guide cells towards apoptosis, it can also 
mediate pro-survival activities. Phosphorylated PERK triggers localization of 
nuclear factor erythroid 2-related factor 2 (NRF2) from the cytosol to the nucleus, 
where it induces expression of antioxidant genes including thioredoxins and 
glutathione synthesis (Cullinan et al., 2003). Thus, NRF2 mediates cell survival 
through an antioxidant response. Moreover, PERK can also activate the NF-κB 
pathway. The translational inhibition by p-eIF2  has been shown to decrease 
levels of the inhibiting I B protein and to activate NF-κB (Deng et al., 2004). On 
the other hand, PERK has been shown to activate NF-κB through a transcription 
factor STAT3 in addition to the canonical I B pathway (Fan et al., 2018). Moreover, 
according to some studies, the combined activation of IRE1α and PERK pathway is 
required for NF-κB pathway activation (Tam et al., 2012). Overall, PERK induces 
pro-survival effects in addition to more pronounced apoptotic effects. 
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In mammals, PERK is essentially involved in the function of the pancreas. 
PERK full KO mice have normal pancreases at birth but gradually lose insulin-
producing beta cells resulting in manifestation of diabetes (Zhang et al., 2002). 
Furthermore, PERK KO mice present multiple skeletal dysplasias and have 
reduced postnatal growth.

ATF6
ATF6  is an ER transmembrane protein that was discovered based on its ability 
to bind to the  ER stress response element (ERSE) that is present in the promoter 
region of many chaperones and to be important for their transcriptional induction 
(Yoshida et al., 1998). In comparison to IRE1  and PERK, which activate 
cytoplasmic proteins and transduce signals to the nucleus via other proteins, 
the cytosolic domain of ATF6  itself functions as a signal mediator. Following 
activation, ATF6  is transported from the ER to the Golgi apparatus where serine 
protease site-1 and metalloprotease site-2 cleave off its transmembrane anchor to 
produce a cytosolic fragment. This N-terminal fragment of ATF6 , p50ATF6 , 
continues its migration to the nucleus where it functions as a transcription factor 
inducing gene expression of chaperones, including Grp78 and Grp94 (Haze et al., 
1999; Lee et al., 2003; Yamamoto et al., 2007). By binding to the ERSE cis-elements, 
ATF6  activates expression of cysteine-rich with EGF-like domain protein 
domain 2 (CRELD2), and CHOP (Yoshida et al., 2000; Oh-hashi et al., 2009). 
ATF6  also induces XBP1 expression (Yoshida et al., 2000). In fact, ATF6  can 
form heterodimers with XBP1 and induce gene expression by binding to unfolded 
protein response elements (UPRE) (Yamamoto et al., 2007). Heterodimer of 
XBP1-ATF6  binds UPRE with a higher affinity than XBP1 homodimers.

ATF6  has a homolog ATF6  in mammalian cells that similarly localizes in the 
ER membrane and is cleaved upon ER stress (Haze et al., 2001). The N-terminal 
ATF6  inhibits binding of N-ATF6  to the ERSE element of the Grp78 promoter 
and therefore, is a transcriptional repressor controlling ATF6  during ER stress 
(Thuerauf et al., 2007). Their relative expression levels may change over ER stress. 
ATF6 , being a stronger transcriptional activator, is activated first and is followed 
by a weaker activator ATF6  (Glembotski et al., 2012). Whereas ATF6  and 
ATF6  single KO mice develop normally, deletion of both ATF6  and ATF6  
causes an embryonic lethal phenotype (Yamamoto et al., 2007).

‘
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Figure 1. Schematic overview of the unfolded protein response (UPR). Unfolded and misfolded 
proteins load the ER and initiate the UPR via three transmembrane receptors: inositol-requiring 
enzyme 1  (IRE1 ), PKR-like ER kinase (PERK) and activating transcription factor 6 (ATF6). Increased 
amount of misfolded proteins causes dissociation of a chaperone called GRP78 from the receptors 
allowing their activation. Activation of IRE1  induces its dimerization and transphosphorylation. The 
ribonuclease domain of IRE1  cleaves an intron away from Xbp1 mRNA in the cytosol, producing 
spliced Xbp1 (sXbp1) mRNA that when translated, locates to the nucleus and induces transcription 
of target genes. The kinase domain of IRE1  recruits an adaptor protein TRAF2 and induces different 
pathways. Activation of PERK also induces its dimerization and transphosphorylation. The kinase 
domain of PERK phosphorylates eIF2 , which causes global translational arrest. Transcription factor 
ATF4 escapes this arrest and enters the nucleus where it induces Chop expression among other 
genes. An activated ATF6 transmembrane protein travels to the Golgi apparatus, where its cleavage 
produces an N-terminal fragment that locates to the nucleus to increase target gene expression. 
(Figure inspired by (Gonzalez-Teuber et al., 2019). P=phosphorylation. ATF4, activating transcription 
factor 4; CHOP, CCAAT-enhancer-binding protein homologous protein; eIF2 , eukaryotic initiation 
factor 2 ; ER, endoplasmic reticulum; ERAD, ER associated degradation; GADD34, growth arrest 
and DNA damage-inducible protein 34; GRP78, glucose regulated protein 78; JNK, c-Jun amino-
terminal kinase; NF- B, nuclear factor -light-chain-enhancer of activated B cells; NRF2, nuclear 
factor erythroid 2-related factor 2; TRAF2, tumor necrosis factor receptor-associated factor 2; XBP1, 
X-box binding protein 1.

2.1.3. Examples of the UPR in health and disease 

Developmental processes
Development is a critical time for protein processing and quality control. In the 
brain, the UPR participates in the regulation of developmental processes, such as 
cortex development (Laguesse et al., 2015). XBP1, for example, is highly expressed 
during neurodevelopment affecting neurite outgrowth (Hayashi et al., 2007). 
ATF4, instead, has been shown to regulate cell cycle control and neurogenesis 
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(Frank et al., 2010). Disturbances in the UPR can cause developmental defects 
(Laguesse et al., 2015). As an example, Zika virus (ZIKV) -infected human 
cortices show increased ER stress and therefore, ZIKV has been implicated to 
cause impaired cortical development due to dysregulated UPR (Gladwyn-Ng et 
al., 2018). Injection of ZIKV to mouse embryos results in microcephaly, which 
can be prevented by inhibiting the PERK pathway (Gladwyn-Ng et al., 2018). The 
difference between the effects of ZIKV infection on the developing or mature 
brain demonstrates distinct roles of the UPR during development. 

Another example of UPR participation in the development is formation of 
the skeletal muscle – myogenesis (Afroze and Kumar, 2019). Muscle cells have a 
specialized ER called the sarcoplasmic reticulum. It has a high Ca2+ concentration 
as muscle contraction involves release and reuptake of calcium by the sarcoplasmic 
reticulum. XBP1 has been shown to regulate expression of a large subset of genes 
including ER chaperones and DNA repair genes during myogenesis (Acosta-
Alvear et al., 2007). It has also been shown that silencing of XBP1 expression in 
the muscle increases apoptosis and autophagy (Tokutake et al., 2019). In addition 
to myogenesis, the UPR plays a role in muscle regeneration, muscle atrophy, 
genetic muscle myopathies, and muscle response to exercise (Afroze and Kumar, 
2019). PERK, for example, is involved in the satellite cell-mediated regeneration 
of skeletal muscles (Xiong et al., 2017). However, the role of UPR in muscles is not 
as studied as in many other organs and tissues and a lot remains to be investigated.

Neurodegenerative diseases
Abnormally folded proteins and protein aggregates are the cause of a wide 
range of human diseases. For example, protein aggregates are characteristic in 
neurodegenerative diseases: amyloid beta plaques and tau aggregates in Alzheimer’s 
disease or Lewy bodies in Parkinson’s disease. The initiative trigger for protein 
aggregation and accumulation in Alzheimer’s disease and Parkinson’s disease is 
not understood. In Huntington’s disease, instead, the aggregation initiation is 
known: a polyglutamine expansion in a huntingtin gene produces shorter protein 
fragments that are prone to misfold and aggregate, creating neuronal inclusions 
that directly or indirectly cause toxicity (Lipinski and Yuan, 2004). Commonly, 
misfolded protein polypeptides form fibrils and create structures of multiple 
beta sheets that are particularly resistant to proteolysis. Therefore, proteasomes 
are unable to clear aggregates and rescue cells from cell death. Oligomers formed 
from different proteins, such as Aβ42 – the major component of amyloid plaques, 
have been shown to increase free cellular calcium levels (Kawahara et al., 2000; 
Demuro et al., 2005). Subsequently, increased free calcium is further known to 
induce cell death (Zhivotovsky and Orrenius, 2011). In addition, oligomers can 
cause perturbations in the membrane integrity. For example, oligomeric Aβ42 and 
oligomeric α-synuclein, which is present in Lewy bodies, have been shown to 
increase membrane permeability (Demuro et al., 2005; van Rooijen et al., 2010). 

Neurodegenerative diseases are associated with increased UPR activation. 
Postmortem analysis of brains from Alzheimer’s disease patients have shown 
increased GRP78 expression in the temporal cortex and hippocampus and 
immunoreactivity for phosphorylated PERK, p-eIF2α, and p-IRE1α in the 
hippocampus (Hoozemans et al., 2005; Hoozemans et al., 2009). Similar findings 
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have been observed in the brains of Parkinson’s disease patients, which will 
be discussed more in chapter 2.2.4. Whether UPR activation is a cause or a 
consequence in the disease pathogenesis is unclear. Since protein aggregates impair 
proteostasis, UPR hyperactivation can be a cause for increased accumulation 
of protein aggregates. As in Parkinson’s disease and Alzheimer’s disease, the 
aggregates are cytoplasmic and they cannot directly activate UPR in the ER 
lumen, thus, induction of UPR hyperactivation would require some mediators 
that are unknown. On the other hand, there are also secreted chaperones that are 
associated with neurodegenerative diseases and chaperone gene polymorphisms 
increase the risk for disease development (Chaplot et al., 2020), which suggests 
that defective UPR would be the cause and not a consequence. 

Aging has a high impact on the proteostasis network. Different compartments 
of proteostasis are altered during the aging process and the so-called buffering 
capacity of the proteostasis network declines (Martínez et al., 2017). Aging 
weakens protein quality control systems and proteasome function declines in 
various tissues. For example, basal expression levels of various chaperones, 
including protein disulfide isomerase (PDI) and GRP78, have been shown to 
decrease in the hippocampus of aged rats (Paz Gavilán et al., 2006). A study of 
human brains identified clear changes in the chaperone expression pattern in aged 
brain showing a repression of a subset of chaperones and an induction of another 
subset (Brehme et al., 2014). These can be contributing factors to the manifestation 
of neurodegenerative diseases at an older age, as defective UPR can also be the 
cause for protein aggregation. However, the UPR activation during the disease 
progression and aging is not well-understood and more investigation is needed. 

Lipotoxicity
The UPR is not solely activated by unfolded proteins or directed to increase 
ER protein folding capacity. Excessive accumulation of lipids or aberrant lipid 
processing, referred as lipotoxicity, can induce ER stress as well (Fu et al., 2011; 
Han and Kaufman, 2016). Dietary and genetic obesity in mice have been indicated 
to cause elevated ER stress in the liver and adipose tissue with consequent defects 
in insulin signaling (Ozcan et al., 2004). In line with rodent data, UPR activation 
has been detected in the adipose tissue and liver of humans with obesity (Boden et 
al., 2008; Gregor et al., 2009). It is becoming evident that activated UPR regulates 
lipid metabolism and all three pathways are involved in the regulation by targeting 
enzymes in lipogenesis and lipid metabolism. Specific deletion of XBP1 from 
the liver, for example, causes decreased lipid synthesis and downregulation of 
lipogenic genes (Lee et al., 2008). Similarly, ATF4 ablation in mice reduces hepatic 
expression of lipogenic genes (Xiao et al., 2013). Yet, it is not fully understood how 
lipotoxicity induces the UPR, but there is evidence of IRE1α and PERK sensing 
lipid saturation directly, independent of their luminal domains but dependent on 
the transmembrane domain (Volmer et al., 2013; Kono et al., 2017).

In addition to the liver and adipose tissue, lipotoxicity can cause ER stress 
in pancreatic beta cells (Han and Kaufman, 2016). In fact, chronic exposure to 
saturated fatty acids is regarded as one of the main causes for type 2 diabetes (Lee 
et al., 1994). The mechanism of how saturated fatty acids impair function of the 
beta cells has been under investigation. Saturated fatty acids, including palmitate, 
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activate the UPR and inhibition of ER stress by small molecules can prevent 
palmitate-induced beta cell dysfunction (Choi et al., 2008; Chen et al., 2013). In 
addition to chronic hyperlipidemia, chronic hyperglycemia also impairs beta cell 
function and survival predisposing to type 2 diabetes (Back and Kaufman, 2012). 
Since metabolic diseases are a serious and increasing health risk, the role of UPR 
in lipid metabolism has started to receive more attention and warrants further 
investigation.

UPR components are also involved in the communication between neuronal 
and peripheral organs. It has been shown that neuronal sXBP1 can regulate lipid 
metabolism in the intestine of nematodes (Imanikia et al., 2019b; Daniele et al., 
2020). Overexpression of sXBP1 in neurons increased lysosomal activity and 
reduced triglycerides in the gut of nematodes through molecules not identified 
(Imanikia et al., 2019b; Imanikia et al., 2019a). More specifically, it was reported 
that neuronal sXBP1 induces lipophagy mediated by EHBP-1 protein and it is 
independent of chaperone activity (Daniele et al., 2020). Consequently, increased 
lipophagy results in increased longevity (Daniele et al., 2020). So far, these studies 
have been conducted in nematodes. Thus, it would be highly interesting to 
examine whether mammals express a similar control system. 

UPR as a target for therapy
Modulation of UPR has been a key interest for the development of drugs for 
treating ER stress-related diseases. Alleviation of ER stress has been proven 
to be beneficial in animal models of Alzheimer’s disease, Parkinson’s disease, 
amyotrophic lateral sclerosis (ALS), and prion-related diseases (Hetz and Saxena, 
2017). Especially inhibition of the PERK pathway by chemical compounds has 
been tested in various disease models. A GSK2606414 inhibitor of PERK has 
demonstrated efficacy in the Parkinson’s disease model, prion-diseased mice, 
ALS disease model, and frontotemporal dementia (Moreno et al., 2013; Kim et 
al., 2014; Radford et al., 2015; Mercado et al., 2018) as well as an ISRIB compound 
in prion-diseased mice (Halliday et al., 2015). Inhibition of the IRE1α pathway 
has been analyzed with kinase-inhibiting RNase attenuators (KIRAs) in the type 
1 diabetes models (Ghosh et al., 2014; Morita et al., 2017). KIRA6 preserved beta 
cells and reduced hyperglycemia in Akita mice modeling type 1 diabetes (Ghosh 
et al., 2014). KIRA8, instead, rescued beta cell function in NOD mice modeling 
type 1 diabetes (Morita et al., 2017). 

So far, no UPR-targeted drug is used in clinics to treat any disease. However, 
there are many candidates in clinical trials. For example, there was a recent 
study reporting the outcome of a clinical trial for type 1 diabetes patients with 
imatinib treatment. Imatinib, which reduces terminal UPR by targeting ABL-
IRE1α signaling (Morita et al., 2017), preserved beta cell function at the 12 month 
timepoint (Gitelman et al., 2021). One of the challenges is the complexity of the 
whole UPR network. Since activation of the UPR is aimed to promote survival, 
dampening the response is not necessarily beneficial. It would be essential to 
target the UPR when it becomes harmful for the cell. Overall, a more detailed 
understanding of the UPR is still required to facilitate specific targeting of UPR-
modulating drugs. 
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2.2. The Midbrain Dopamine System

2.2.1. Dopamine as a neurotransmitter
Dopamine is one of the main neurotransmitters and belongs to the group of 
catecholamines. Its function as a neurotransmitter in the brain was discovered 
in 1957 (Carlsson et al., 1957; Carlsson et al., 1958) and has been under intensive 
investigation ever since. Dopamine is synthetized from an amino acid tyrosine 
(Figure 2). Tyrosine hydroxylase (TH) catalyzes the conversion of tyrosine to 
L-3,4-dihydroxyphenylalanine, which is further decarboxylated into dopamine 
by aromatic L-amino acid decarboxylase (AADC). The reaction catalyzed by 
TH is a rate-liming step in dopamine synthesis. Both expression and activity of 
TH is regulated by various means on the transcriptional level and through post-
translational modifications (Daubner et al., 2011). After synthesis, dopamine is 
packed into acidic vesicles through vesicular monoamine transporter 2 (VMAT2) 
that localizes in the membrane of synaptic vesicles. VMAT2 is responsible for 
dopamine storage minimizing free cytosolic dopamine concentration. In the 
acidic environment, dopamine is less degraded than in the cytosol, where excessive 
dopamine can be converted into toxic ROS (Hastings et al., 1996). VMAT2 also 
controls the amount of dopamine released from the vesicles. 

Upon activation by calcium influx, vesicles release dopamine to the synaptic 
cleft, where dopamine binds to dopamine receptors located on presynaptic and 
postsynaptic membranes. Dopamine receptors are G-protein coupled receptors 
that are divided into type 1 (D1) and type 2 (D2) receptors based on the G-protein 
they stimulate. The class of D1 receptors includes D1 and D5 receptors that 
couple with stimulatory G-proteins (Gs). The class of D2 receptors – D2, D3, and 
D4 – stimulates inhibitory G-proteins (Gi) (Neve et al., 2004). In downstream 
signaling, Gs proteins stimulate adenylyl cyclase to increase intracellular cyclic 
adenosine monophosphate (cAMP) and Gi proteins, instead, lower cAMP levels 
as a second messenger. Therefore, response to dopamine on a postsynaptic 
neuron depends on which types of dopamine receptors are activated: in general, 
D1 receptors mediate excitatory neurotransmission and D2 receptors reduce 
neuron excitability (Gerfen and Surmeier, 2011). The gene D2R2 encodes D2 
receptors and alternative splicing produces two isoforms of the receptor – a short 
and a long form (Dal Toso et al., 1989). The long form of D2 receptor locates 
on the postsynaptic membrane, whereas the short form locates along presynaptic 
neurons. On presynaptic membranes, D2 receptors have other functions: they 
autoregulate dopamine synthesis by inhibiting TH activity (Lindgren et al., 
2001). Stimulation of D2 receptors on presynaptic membranes also decreases 
dopamine release (Benoit-Marand et al., 2001). With this kind of autoinhibition, 
neurotransmitters can modulate their own release.

After release from the synapse, dopamine diffuses in the synaptic cleft and is 
taken up back to the presynaptic neurons or glial cells via dopamine transporter, 
DAT (Rice and Cragg, 2008). DAT produces an inward current of dopamine with 
simultaneous entry of Na+. The regulation of DAT activity is multidimensional 
involving post-translational modifications, plasma membrane localization, and 
protein-protein interactions (German et al., 2015). Phosphorylation of DAT 
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is the most studied post-translational modification. The N-terminal DAT has 
multiple phosphorylation sites and phosphorylation of them regulates DAT 
activity by changing its cellular localization, for example (German et al., 2015). 
Phosphorylation of serine residues results in DAT internalization, decreasing the 
uptake activity. Phosphorylation of the threonine residue 53 also affects uptake 
activity, but without altering surface localization of DAT (Foster et al., 2012; 
Challasivakanaka et al., 2017). Moreover, DAT is regulated by a direct interaction 
with the D2 receptor that facilitates the recruitment of DAT to the plasma 
membrane (Lee et al., 2007). It has been shown that stimulation of presynaptic D2 
receptors increases cell surface localization of DAT and consequently enhances its 
activity (Bolan et al., 2007).

DAT is a target for many psychostimulants, such as cocaine and amphetamines. 
Cocaine is a monoamine transporter blocker: it inhibits DAT activity and 
therefore, increases dopamine levels in the synaptic cleft (Volkow et al., 1997). 
Amphetamines, D-amphetamine and methamphetamine, also elevate dopamine 
levels, but with a different mechanism compared to cocaine. Amphetamine is a 
substrate for DAT (Sonders et al., 1997) and competes with dopamine for binding 
on DAT. Once taken up by the cell, amphetamine induces calcium-independent 
release of dopamine from synaptic vesicles increasing cytosolic dopamine levels 
(Sulzer et al., 1995). This, in turn, stimulates reverse transport of dopamine from 
the cytosol to the extracellular space through DAT. Together these mechanisms 
increase dopamine concentration in the synaptic cleft, enhancing dopamine 
neurotransmission. 

Once taken back up from the synapse, dopamine is metabolized 
through different steps. In neurons, dopamine is mainly metabolized into 
3,4-dihydroxyphenyl acetaldehyde (DOPAL) by a monoamine oxidase, which 
localizes on the outer mitochondrial membrane, and DOPAL is converted further 
into 3,4-dihydroxyphenyl acetic acid (DOPAC) (Meiser et al., 2013). In glial cells, 
dopamine is converted into 3-methoxytyramine and further homovanillic acid 
(HVA) or first processed into DOPAC and then into HVA by catechol-O-methyl 
transferase.
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Figure 2. Overview of a dopamine synapse. Dopamine is synthetized from tyrosine and packed to 
the acidic vesicles by VMAT2. Upon activation, dopamine is released from vacuoles to the synaptic 
cleft. Dopamine binds to dopamine receptors on post- and presynaptic membranes. D1 receptors 
locate on postsynaptic neurons. The long form of D2 receptors (D2L) locate on the postsynaptic 
membrane and the short form of D2 receptors (D2S) on the presynaptic membrane. Dopamine is 
taken up to microglia or the presynaptic neuron by DAT and metabolized into DOPAC and HVA. 
DA, dopamine; DAT, dopamine transporter; DOPAC, 3,4-dihydroxyphenylacetic acid; DOPAL, 
3,4-dihydroxyphenylacetaldehyd; HVA, homovanillic acid; TH, tyrosine hydroxylase; VMAT2, vesicular 
monoamine transporter 2. Inspired by Meiser et al., 2013.

Dopamine-containing neurons form nine distinctive cell groups in the mammalian 
brain and these cell groups are named A8–A16 to clarify nomenclature and 
facilitate comparison between species (Figure 3). In general, dopamine neurons 
can be detected in brains based on TH expression, but also VMAT2, DAT, and 
AADC expression are used for their identification. By the current view, cell groups 
A8–A10 comprise the mammalian midbrain (Björklund and Dunnett, 2007). The 
A8 neurons in a retrorubral area project to the striatal, cortical, and limbic areas. 
The A9 cell group locates cell somas in the substantia nigra pars compacta (SNpc) 
and project axons to the dorsal striatum, which with ventral striatum forms the 
biggest nucleus of the basal ganglia. Neurons in the ventral tegmental area (VTA) 
next to the SNpc project into not only the nucleus accumbens but also to the 
prefrontal cortex and striatum, and are named as A10 cells. Neurons projecting to 
the striatum form the nigrostriatal pathway. Projections to the nucleus accumbens 
and limbic areas are called the mesolimbic pathway and projections to the cortex 
are named as the mesocortical pathway. The classification of midbrain dopamine 
neurons into groups A8-A10 is based on anatomy. However, midbrain dopamine 
neurons can be divided into distinct subtypes based on other characteristics. For 
example, single-cell RNA sequencing identified seven different subtypes based on 
their distinct gene expression profiles (Tiklová et al., 2019). Midbrain dopamine 
neurons can also be distinguished based on their calcium channel composition 
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(Evans et al., 2017), neurotransmitter co-release (Zhang et al., 2015), or circuit 
connectivity (Lerner et al., 2015), just to mention a few.   

 
Figure 3. Overview of dopamine networks in the rodent brain. The group A8 represents dopamine 
neurons located in the retrorubral area projecting to the striatum, cortex, and limbic areas. A9 
neurons locate in the substantia nigra pars compacta and extend axons to the dorsal striatum. A10 
cell somas locate in ventral tegmental area and project into the nucleus accumbens and prefrontal 
cortex. A11 neurons locate in the posterior periventricular nucleus and have projections to the spinal 
cord. The group A12 comprises of dopamine neurons in the arcuate nucleus of the hypothalamus. A13 
neurons are located in the rostromedial part of zone incerta. A14 neurons are found in the preoptic 
periventricular nucleus. A15 neurons locate in the rostral hypothalamus and preoptic area. The group 
A16 represents TH-positive neurons in the olfactory bulb. Drawn from Björklund and Dunnett, 2007.

In the striatum, nigral dopamine neurons form synapses with projection neurons 
called medium spiny neurons (MSNs). MSNs are heterogeneous in dopamine 
receptor expression – nearly half of MSNs express D1 receptors and another half D2 
receptors, in addition to a portion expressing both of them (Gagnon et al., 2017). 
Post-synaptic GABAergic MSNs expressing D1 receptors make further synapses 
with neurons in the internal segment of the globus pallidus (GPi) and substantia 
nigra pars reticulata (SNpr) and increase their intrinsic excitability. This is called 
the direct pathway. MSNs, which express mostly D2 receptors, project to the 
external segment of the globus pallidus (GPe) and decrease intrinsic excitability 
of those post-synaptic neurons. From the GPe, signals transmit to the GPi and 
the subthalamic nucleus and this circuit is called the indirect pathway. Together, 
these direct and indirect pathways control voluntary and involuntary movements, 
respectively (Gerfen and Surmeier, 2011). Direct and indirect pathways underlie 
the function of the basal ganglia. GPi and SNpr are two output nuclei of the basal 
ganglia. GPi controls axial and limb movements and SNpr regulates movements 
of the head and eye. In addition to movement control and motor behavior, the 
midbrain dopamine system is also related to learning functions. Dopamine 
regulates synaptic strength by inducing long-term potentiation or long-term 
depression (Gerfen and Surmeier, 2011).

2.2.2. Maintenance
Neurons have unique characteristics as a cell population. They are born in 
excessive amounts, but a large amount of them undergoes programmed cell 
death. This applies for neurons both in the central nervous system (CNS) and 
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peripheral nervous system (PNS). Even 50% of peripheral sensory neurons 
undergo programmed cell death during development (Ryu et al., 2016). It has been 
hypothesized that only neurons that have adequate connections will survive. The 
molecules helping neurons to establish and maintain connections with the target 
are named as target-derived neurotrophic factors. The hypothesis of the function 
of growth factors has been based on discoveries about nerve growth factor (NGF) 
by Rita Levi-Montalcini in the 1950s. She discovered that NGF induces neurite 
sprouting from sensory ganglia isolated from a chicken embryo. Together with 
Stanley Cohen, she isolated NGF from the snake venom and they discovered 
that by blocking NGF with specific antibodies they abolished sympathetic nerve 
development in mice showing that peripheral tissues guide neuronal development 
(Cohen and Levi-Montalcini, 1956; Levi-Montalcini and Cohen, 1956). Indeed, 
it has been debated whether target-derived neurotrophic factors only specifically 
guide the development of peripheral neurons. In the brain, it has been challenging 
to dissect specific factors that regulate the development of a certain neuron 
population. The only clear exception are motoneurons, which follow the same 
principles as PNS neurons.

Another special feature of the vast majority of neurons is that they are 
postmitotic and need to survive the whole lifetime of an organism. Although 
spontaneous neurogenesis also takes place in the adult brain, in general neurons are 
non-dividing and terminally differentiated. Therefore, trophic support is needed: 
neurotrophic factors are proteins not only guiding the neuronal development 
but also giving trophic support and maintaining adult neurons (Airaksinen and 
Saarma, 2002). Neurotrophic factors are involved in various other functions as 
well, such as guidance of axonal growth and synapse formation. There are four 
major classes of neurotrophic factors categorized by their structure (Table 1).

 Table 1. Neurotrophic factor families.

Family Family members

Neurotrophins Nerve growth factor, brain-derived neurotrophic 
factor, neurotrophin 3 and 4

GDNF family ligands Glial cell line-derived neurotrophic factor 
(GDNF), artemin, neurturin, persephin

Neurokines Ciliary neurotrophic factor, interleukin 6, 
cardiotrophin 1 and 2, leukemia inhibitory factor 

CDNF and MANF 
protein family

Cerebral dopamine neurotrophic factor 
(CDNF), mesencephalic astrocyte-derived 
neurotrophic factor (MANF) 

Out of neurotrophic factors, GDNF has been suggested to be one of the trophic 
factors required for the maintenance of dopamine neurons in the nigrostriatal 
pathway since GDNF protects dopamine neurons in vitro and in Parkinson’s 
disease animal models in vivo (Lin et al., 1993; Hoffer et al., 1994). Based on 
these findings, the role of endogenous GDNF as a factor maintaining dopamine 
neuron survival has been investigated with GDNF KO mouse models. GDNF 
full KO mice have a normal number of dopamine neurons at birth, but mice do 
not survive perinatally due to deficits in the kidney and enteric nervous system 
development (Moore et al., 1996; Pichel et al., 1996; Sánchez et al., 1996). When 
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GDNF was deleted from adult mice, Pascual with colleagues observed dramatic, 
approximately 60% reduction of dopamine neurons in the SNpc and VTA areas 
(Pascual et al., 2008). Moreover, noradrenergic neurons in the locus coeruleus 
were fully lost in aged mice. However, another study showed that when GDNF 
was ablated from neuronal precursors during embryonic development, in adult 
animals, or only in the midbrain, the catecholamine neurons survived during 
aging (Kopra et al., 2015). Authors used the same Esr-Cre mouse line that Pascual 
and others have used and additionally reduced GDNF expression in adult mice 
by injecting adeno-associated virus (AAV)-Cre to the striatum. Results indicated 
that dopamine neurons were not degenerated despite the loss of brain GDNF 
expression. Differences in the genetic background as well the timing of GDNF 
ablation were speculated to explain the discrepancy between the studies. The more 
recent study reported another conditional GDNF KO mouse model. This time, 
GDNF ablation was obtained by using tamoxifen-inducible UBC-Cre-ERT2 mice. 
After 6 and 12 months of tamoxifen administration, the amount of catecholamine 
neurons in the substantia nigra and locus coeruleus were reduced although loss 
of GDNF was not complete (Enterría-Morales et al., 2020). Thus, authors claimed 
that indeed, GDNF is needed for the maintenance of adult catecholamine neurons. 
It should be noted that despite these contradictory results, GDNF deficiency has 
a clear impact on the function of adult dopamine neurons (Kopra et al., 2017). In 
addition, overexpression of GDNF was shown to increase the number of dopamine 
neurons in the SNpc and protect against lactacystin-induced toxicity (Kumar et al., 
2015). Evidently, GDNF has an effect on the physiology of the midbrain dopamine 
system, but its dispensability for the survival of dopamine neurons is not clear. 
Interestingly, DAT-driven conditional deletion of GDNF receptor RET from 
dopamine neurons was observed to cause degeneration of striatal dopamine fibers 
and nigral dopamine neurons in old mice (Kramer et al., 2007). Degeneration 
started only at 9 months of age and gradually developed, showing over 50% loss of 
TH-positive fibers at the age of 2 years. Thus, RET-mediated signaling is required 
for adult maintenance of dopamine neurons.

There is a list of transcription factors and neurotrophic factors that protect 
dopamine neurons in vitro and in Parkinson’s disease models (Arenas et al., 
2015). Many of the factors can protect neurons when added before toxin in the 
disease model, but very few can regenerate neurons when added after the toxin-
induced lesion. The latter represents the disease situation. Protective efficacy 
in the disease model does not directly mean that their endogenous expression 
would be indispensable for dopamine neuron survival. Nuclear receptor related 1 
protein (NURR1) is one of the transcription factors needed for dopamine neuron 
development and survival. Mice lacking NURR1 are incapable of generating 
midbrain dopamine neurons (Zetterström et al., 1997) and NURR1-deficient 
mice have abnormal motor behavior, reduced dopamine levels and decreased 
dopamine cell number in aged mice (Jiang et al., 2005). Thus, NURR1 regulates 
both the development and maintenance of midbrain dopamine neurons. PITX3 
is another essential transcription factor for dopamine neuron development. 
Dopamine neurons in the nigrostriatal pathway fail to develop properly in PITX3 
KO mice and are gradually lost during the perinatal period (Hwang et al., 2003; van 
den Munckhof et al., 2003). Netrin-1 is one of the most recent proteins reported 
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to be important for dopamine neuron survival (Jasmin et al., 2021). Netrin-1 
belongs to the Netrin family of extracellular matrix proteins and functions as an 
axon guidance molecule, and signals through so-called dependence receptors. It 
was reported that Cre-mediated silencing of Netrin-1 expression in adult mice 
resulted in up to 70% loss of dopamine neurons and defects in motor performance 
(Jasmin et al., 2021).

2.2.3. Parkinson’s disease
Disturbances in the function of the midbrain dopamine system have been 
associated with many disorders. Parkinson’s disease is one of the dopamine-related 
disorders and the second most common neurodegenerative disease. Parkinson’s 
disease is characterized by the selective loss of dopamine neurons in the substantia 
nigra. During disease progression, other areas also present neuronal loss. The 
pathogenic cause for dopamine neuron degeneration has not been resolved 
despite decades of extensive studying, except in a few cases of familial forms of 
Parkinson’s disease, where mutation in a single gene causes the disease. However, 
characteristics of dopamine neurons in the substantia nigra partly explain their 
selective vulnerability. For example, dopamine axons in the striatum have large 
arborization: one nigral neuron has thousands of axonal terminals in the striatum 
(Matsuda et al., 2009; Pacelli et al., 2015). Estimations based on reconstruction of 
stained dopamine neurons suggest that one single dopamine neuron can influence 
approximately 2.7% of striatal neurons in rats (Matsuda et al., 2009). In Parkinson’s 
disease, neuronal degeneration starts from the axons via a so-called dying-back 
mechanism. Due to large axonal arborization, symptoms appear only when a large 
amount of axons are already lost (Kordower et al., 2013). Large axonal arborization 
requires energy and efficient intracellular trafficking and indeed, dopamine axons 
have higher a mitochondrial content and massive mRNA transport (Pacelli et al., 
2015). Consequently, higher mitochondrial activity causes toxic ROS production. 
Furthermore, nigral dopamine neurons have a pace-making activity meaning that 
they continuously release low levels of dopamine. Pace-making activity produces 
oxidative stress to dopamine neurons due to continuous calcium flux in the cells 
making them more vulnerable than neighboring VTA neurons (Guzman et al., 
2010). 

The loss of dopamine neurons in the substantia nigra results in reduced striatal 
dopamine levels, which alters neuronal circuits and consequently, causes motor 
symptoms of patients (Lindholm et al., 2016). Diagnosis for Parkinson’s disease is 
given based on motor symptoms: shaking, muscle rigidity, postural instability, and 
bradykinesia. Current medication restores dopamine levels by administration of 
a dopamine precursor. In addition to motor symptoms, patients have non-motor 
symptoms including depression, sleep disorders, constipation, hyposmia etc. 
The origin of these non-motor symptoms is unknown but is possibly explained 
by defects in other neuronal populations in addition to dopamine neurons. For 
example, noradrenergic neurons in the locus coeruleus are degenerated and 
regarded to contribute to the depression of the patients (Remy et al., 2005). 
Alterations in dopamine neurons of the olfactory bulb are speculated to explain 
the hyposmia (Huisman et al., 2004), although a consensus has not been reached.
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At the cellular level, Parkinson’s disease is recognized by the presence of Lewy 
bodies in neurons. Lewy bodies are clusters of protein where -synuclein is the 
main protein (Spillantini et al., 1997). -synuclein is a small, abundant protein 
locating mainly in the presynaptic terminals (Unni et al., 2010), where it is involved 
in synaptic vesicle transmission and SNARE complex formation (Larsen et al., 
2006; Darios et al., 2010). Missense mutations and duplications in the SNCA gene 
encoding -synuclein cause a dominant-type familial form of Parkinson’s disease. 
However, in idiopathic Parkinson’s disease, which accounts for 90% of the cases, 
initiation of -synuclein aggregation is not understood. Studies have implicated 
that -synuclein can adopt different structures from monomers to insoluble 
fibrils. There is no consensus about the toxicity of -synuclein structures, but the 
current view emphasizes toxicity of -synuclein fibrils in contrast to other forms 
of -synuclein (Fink, 2006). In general, -synuclein can undergo a number of 
post-translational modifications from glycosylation to ubiquitination. In Lewy 
bodies, -synuclein is phosphorylated, predominantly at the serine residue 129 
(Anderson et al., 2006), therefore, phosphorylated -synuclein has been utilized 
as a marker for Lewy bodies. Recent results also highlight the importance of 

-synuclein tyrosine 39 phosphorylation in the pathogenesis of Parkinson’s 
disease (Brahmachari et al., 2016). Since -synuclein participates in SNARE 
complex formation, it also impacts dopamine uptake and release (Janezic et al., 
2013). 

2.2.4. Parkinson’s disease and the UPR
The contribution of ER stress to Parkinson’s disease is regarded to be important 
during disease progression. As one of the supporting evidence, the analysis of 
postmortem Parkinson’s disease brains have indicated phosphorylation of PERK 
and phosphorylated eIF2  in the dopamine neurons of the SNpc (Hoozemans 
et al., 2007). Moreover, phospho-PERK immunoreactivity colocalized with 

-synuclein, whereas no immunoreactivity was observed in the control brains. 
Phosphorylated PERK and p-eIF2  have also been observed in other brain areas 
of Parkinson’s disease patients: hippocampus, pons, and medulla oblongata 
(Mercado et al., 2018). Furthermore, increased expression of GRP78 and CHOP 
was observed in the SNpc region of Parkinson’s disease patients (Selvaraj et al., 
2012). However, the reason for increased UPR activation in postmortem brains 
is not fully understood. Genetic models of Parkinson’s disease are linked with 
ER dysfunction (Martinez et al., 2019). Accumulation of aggregated -synuclein 
has been proposed to account for ER stress observed in the Parkinson’s disease 
brains. Increased interaction between -synuclein aggregates and SERCA pump 
can result in calcium dysregulation and consequently in ER stress, for example 
(Betzer et al., 2018). Moreover, normally cytoplasmic -synuclein has been shown 
to accumulate to the ER when aggregated and to interact with GRP78 (Bellucci 
et al., 2011). This accumulation further induces expression of GRP78 and ATF4, 
indicating activation of the PERK pathway. 

Involvement of different UPR pathways in Parkinson’s disease has been 
demonstrated with toxin-induced and genetic animal models (Table 2). Mice 
with CHOP deficiency, for example, are more resistant to dopamine neuron 
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degeneration induced by neurotoxins of 6-hydroxydopamine (6-OHDA) and 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Silva et al., 2005). 
In contrast, ATF6 ablation causes more severe loss of dopamine neurons in 
the MPTP models (Egawa et al., 2011; Hashida et al., 2012). When XBP1 is 
deleted during embryonic development, it results in neuroprotection in the 
6-OHDA model, whereas silencing of XBP1 in adult mice causes a more severe 
loss of dopamine neurons (Valdés et al., 2014). Moreover, overexpression of 
sXBP1 by AAV-mediated delivery reduces dopamine neuron loss indicating 
neuroprotection (Valdés et al., 2014). Based on these findings, the ATF6 and 
IRE1α pathways provide protection against vulnerability for neurotoxins. On the 
contrary, ATF4 overexpression induces neurodegeneration even without an insult 
and CHOP ablation protects dopamine neurons suggesting that PERK pathway 
activation increases vulnerability of dopamine neurons. To conclude, modulation 
of UPR clearly contributes to the pathology in Parkinson’s disease, although 
the mechanisms are not clearly defined. It is important to note that the genetic 
ablation itself did not induce degeneration of the dopamine neurons without an 
insult of a neurotoxin. 

Currently, there are no drugs available to stop the degenerative progression 
of dopamine neurons in Parkinson’s disease. One of the therapeutic approaches 
has aimed to modulate the UPR. As a proof of concept for gene therapy, studies 
mentioned above represent possible therapies. Pharmacological approaches to 
attenuate UPR activation have also been investigated (Table 2). For example, 
inhibition of PERK by GSK2606414 improved motor performance and reduced 
dopamine neuron loss in the toxin-induced lesion model (Mercado et al., 2018). 

The opposite approach to modulate UPR was presented in the study of Fouillet 
and others, where a small dose of tunicamycin was used for ER preconditioning 
meaning an induction of mild ER stress (Fouillet et al., 2012). Tunicamycin is 
an antibiotic which inhibits phosphotransferases in the first step of protein 
N-linked glycosylation and is commonly used to induce ER stress (Yoo et al., 
2018). Glycosylation is one of the major biosynthetic functions of the ER and its 
blockage causes accumulation of proteins in the ER. Intraperitoneal injection of 
tunicamycin protected dopamine neurons and alleviated rotational behavior in 
the 6-OHDA model in mice (Fouillet et al., 2012). Furthermore, tunicamycin also 
protected neurons in the Parkinson’s disease model in fruit flies. ER-mediated 
protection was shown to depend on autophagy. Thus, mild ER stress was shown to 
be neuroprotective. Taken together, targeting UPR can be a possible way to treat 
Parkinson’s disease, but only when the optimal way is discovered. 
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Table 2. The effect of UPR modulation in Parkinson’s disease models in vivo. 

Model UPR target Outcome Reference

Gene knockout

6-OHDA, MPTP CHOP ablation Neuroprotection: reduced dopa-
mine cell loss in both models

(Silva et al., 
2005)

MPTP ATF6  ablation Neurodegeneration: increased 
dopamine cell loss and increased 
loss of dopamine content 

(Egawa et 
al., 2011)

MPTP ATF6  ablation Neurodegeneration: increased 
dopamine cell loss

(Hashida et 
al., 2012)

6-OHDA XBP1 condi-
tional ablation 

Neuroprotection: elimination 
of dopamine cell loss

(Valdés et 
al., 2014)

- XBP1 silencing 
in adult mice

Neurodegeneration: sponta-
neous dopamine cell loss and 
dopamine fiber degeneration

(Valdés et 
al., 2014)

Human 
-synuclein 

overexpression

GRP78 silencing 
in old rats

Neurodegeneration: increased 
dopamine cell loss and increased 
loss of dopamine content

(Salganik et 
al., 2015)

Gene overexpression

- ATF4 
overexpression

Neurodegeneration: increased 
dopamine cell loss, reduced 
dopamine content

(Gully et 
al., 2016)

MPTP XBP1 
overexpression

Neuroprotection: reduced 
dopamine cell loss

(Sado et 
al., 2009)

6-OHDA XBP1 
overexpression

Neuroprotection: reduced 
dopamine cell loss and reduced 
dopamine fiber degeneration

(Valdés et 
al., 2014)

Transgenic 
-synuclein 

mouse model

GRP78 
overexpression

Neuroprotection: reduced 
dopamine cell loss, attenuated 
loss of dopamine levels, 
elimination of motor deficits

(Gorbatyuk 
et al., 2012)

Human 
-synuclein 

overexpression

GRP78 
overexpression

Neuroprotection: reduced 
dopamine cell loss, attenuated 
loss of striatal dopamine 
levels and TH expression

(Salganik et 
al., 2015)

6-OHDA XBP1-ATF6 
dimer 
overexpression

Neuroprotection: reduced 
dopamine cell loss

(Vidal et 
al., 2021)

Pharmacological UPR modulation

6-OHDA Inhibition of 
PERK pathway 
by GSK2606414

Neuroprotection: reduced 
dopamine cell loss, improved 
motor performance

(Mercado et 
al., 2018)

6-OHDA UPR activation 
by tunicamycin

Neuroprotection: reduced 
dopamine cell loss, reduced 
rotational behavior

(Fouillet et 
al., 2012)

6-OHDA, 6-hydroxydopamine; ATF, activating transcription factor; CHOP, CCAAT-enhancer-binding 
protein homologous protein; GRP78, glucose-regulated protein 78; MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; PERK, double-stranded RNA-activated protein kinase-like ER kinase; UPR, unfolded 
protein response; XBP1, X-box binding protein 1
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2.3. The Protein Family of CDNF and MANF

2.3.1. Structure 
MANF protein was discovered in 2003 when it was isolated from the culture 
medium of rat type-1 astrocyte ventral mesencephalic cell line (Petrova et al., 
2003). Prior to this, MANF was discovered as a gene that is mutated in carcinomas 
and named as arginine-rich, mutated in early stage of tumors, ARMET (Shridhar 
et al., 1996b), but a causal link between these mutations and cancers has never 
been shown. However, due to the protein purification from the astrocyte cell 
culture the gene was renamed to MANF. Later in 2007, CDNF was discovered 
based on its structural homology with MANF (Lindholm et al., 2007). Indeed, 
CDNF and MANF share a highly similar amino acid identity: 59% in humans 
and 58% in mice. Furthermore, they are highly conserved as human and mouse 
MANF share 98% homology (Lindholm et al., 2007).

The crystal structure of MANF and the N-terminal domain of CDNF were 
resolved in 2009 (Parkash et al., 2009). Their 3D-structures consist of two 
separate domains connected with a linker (Figure 4). They do not contain any 
prosequences, but a signal sequence directs them to the ER after translation. 
There, cleavage of the ER signal peptide produces mature proteins with the 
molecular weight of approximately 18 kDa (Mizobuchi et al., 2007). The crystal 
structure and nuclear magnetic resonance spectroscopy analysis indicated that 
the N-terminal part of MANF and CDNF resembles saposin-like proteins, which 
bind lipids and membranes (Hellman et al., 2011), indicating the possibility that 
CDNF and MANF could also bind lipids. Subsequently, MANF was discovered 
to bind sulfatide lipids, 3-O-sulfogalactosylceramides (Bai et al., 2018). Binding 
to sulfatides through the N-terminal domain was indicated to promote MANF 
uptake into mammalian cells. This finding provides a hypothesis that MANF is 
endocytosed into the cell after binding to sulfatides on the plasma membrane. 

The C-terminal domains of CDNF and MANF have a homology to a SAF-A/B, 
Acinus, and PIAS (SAP) domain that is present in Ku70 protein (Hellman et al., 
2011; Latge et al., 2015). MANF was suggested to inhibit apoptosis via binding to 
Bax protein through this SAP domain (Hellman et al., 2011). Nevertheless, this 
interaction has never been identified. Ku70 is involved in DNA damage repair: it 
can bind double-stranded DNA and activate its repair process (Featherstone and 
Jackson, 1999). Whether MANF binds to DNA through this domain remains to 
be investigated. At the C-terminal domain, CDNF and MANF have two cysteine 
residues separated by two other amino acids (Parkash et al., 2009). Commonly, 
these CXXC motifs are present in thiol-disulfide oxidoreductases that catalyze 
formation of disulfide bonds. This motif is found for example in protein disulfide 
isomerases that during protein folding can form or break disulfide bonds between 
cysteine residues within proteins (Ellgaard and Ruddock, 2005). The redox activity 
of MANF was tested in an insulin reduction assay and a substrate-trapping 
experiment, but MANF did not show oxidoreductase activity (Hartley et al., 2013; 
Mätlik et al., 2015). 

At the end of the C-terminus, CDNF and MANF have short tetrapeptide 
sequences – KTEL and RTDL, respectively. These sequences resemble a canonical 
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ER retention signal, KDEL. In general, this signal sequence guides soluble ER 
proteins to bind specific KDEL receptors in the Golgi apparatus. KDEL receptor-
bound proteins are retrogradely transported in COPII-vesicles back to the ER, 
where they dissociate from the receptor. It was indirectly shown that MANF 
binds KDEL receptors (Henderson et al., 2013). MANF was proposed to bind 
to the cell surface and its surface localization was increased by KDEL receptor 
overexpression. Moreover, a peptide known to bind KDEL receptors inhibited 
binding of MANF to the plasma membrane. Another study also supported the 
possibility of KDEL receptor 1 functioning as a MANF receptor at the plasma 
membrane (Jia et al., 2021). Recently, the function of CDNF as cardiomyokine 
was discovered to be dependent on KDEL receptor binding (Maciel et al., 2021). 
Therefore, KDEL receptors may function as one of the receptors for MANF and 
CDNF, although data about their direct interaction are lacking and more studies 
are needed to validate their interaction.

The ER localization of MANF has been confirmed with double immunostaining 
of MANF and ER markers (Mizobuchi et al., 2007; Apostolou et al., 2008; Mätlik 
et al., 2015). Deletion of the RTDL sequence resulted in MANF localization both 
into the ER and Golgi (Henderson et al., 2013), and also MANF retrieval from 
the Golgi apparatus to the ER was disabled in superior cervical ganglion (SCG) 
neurons (Mätlik et al., 2015). In contrast, MANF lacking RTDL localized only to 
the ER in dorsal root ganglion (DRG) neurons (Mätlik et al., 2015). 

Figure 4. Structure of CDNF and MANF. A) CDNF and MANF consist of two domains. The N-terminal 
domain contains a signal peptide, which translocates MANF precursor to the ER, and a domain 
resembling saposin-like domains. The C-terminal domain, instead, resembles a SAF-A/B, Acinus, and 
PIAS (SAP) domain. The C-terminal domain contains two cysteine residues with two amino acids in 
between (CXXC motif). The N-terminal domain also contains a similar CXXC motif and other four 
cysteine residues. Together cysteine residues form four intramolecular disulphide bonds. At the end 
of the C-terminus, MANF has a KTEL sequence and CDNF a RTDL sequence, which guide them to the 
ER. Figure modified from (Jäntti and Harvey, 2020). B) The NMR solution structure of MANF [PDB 
ID: 2KVD, (Hellman et al., 2011)]. 
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2.3.2. Expression
CDNF is expressed in various neuronal and non-neuronal tissues in mice 
(Lindholm et al., 2007). Its highest expression has been detected in the heart, 
skeletal muscle, and testis (Lindholm et al., 2007; Danilova et al., 2019b). Lack 
of specific antibodies for mouse CDNF has hindered the detailed analysis of its 
expression. In contrast, MANF expression profile in mice has been extensively 
studied and specified into several tissues. The highest MANF expression is detected 
in the pancreas, liver, pituitary gland, and testis (Lindholm et al., 2008; Danilova 
et al., 2019b). In general, MANF expression is relatively high in secretory tissues 
(Danilova et al., 2019b). Serum levels of MANF are well detectable in mice with an 
average around 3.8 ng/ml (Galli et al., 2019a). In most mouse tissue, MANF levels 
are about 100 times higher than CDNF levels (Danilova et al., 2019b). Systemic 
MANF expression is temporarily regulated as it has been indicated to decline in 
the mouse sera also during aging (Sousa-Victor et al., 2019).

In the mouse brain, Manf mRNA signal has been detected as early as at 
embryonic day (E) 11.5 and Cdnf mRNA at E12 (Magdaleno et al., 2006; Lindholm 
et al., 2007). MANF protein expression in the mouse brain has been confirmed at 
E13 (Lindholm et al., 2008). The analysis of MANF protein expression during 
the postnatal rat brain development showed highest expression in the beginning 
on day one and three, but expression declined gradually along brain maturation 
(Wang et al., 2014). In specific regions, such as hypothalamic nuclei and a Purkinje 
cells layer, MANF expression was highly sustained into adulthood. In the adult 
mouse brain, MANF localizes to neurons (Lindholm et al., 2008; Wang et al., 2014; 
Tseng et al., 2017) and is not found in astrocytes of naïve mouse brains (Tseng et 
al., 2017). MANF is widely expressed throughout the brain with high expression 
in the cortex, hypothalamus, hippocampus, midbrain, and cerebellar Purkinje 
cells (Lindholm et al., 2008). In the adult mouse brain, CDNF protein expression 
has been observed in the cortex, hippocampus, Purkinje cells, and locus coeruleus 
and co-localizes with a neuronal marker (Lindholm et al., 2007).

In the human brain, expression of CDNF and MANF has been investigated 
mainly at the mRNA level, which cannot be directly translated to the protein level. 
CDNF mRNA has been detected in astrocytes and myelinating oligodendrocytes 
and MANF mRNA in astrocytes, neurons, oligodendrocytes, and microglia (Zhang 
et al., 2016). In addition to brain, CDNF and MANF are expressed in many other 
tissues including endocrine tissues, muscle tissues, gastrointestinal tract as well 
as male and female tissues (Uhlén et al., 2015). In the proteomics analysis, CDNF 
had the highest expression in the skeletal muscle and MANF highest expression 
in the thyroid gland (Uhlén et al., 2015). Moreover, CDNF and MANF protein 
levels are detectable in human serum with the difference that CDNF levels are 
much lower than MANF levels (Galli et al., 2019b). Similar to mice, MANF levels 
decreased in human serum during aging (Sousa-Victor et al., 2019).

2.3.3. ER stress response in vitro
DNA microarray analysis showed for the first time that MANF expression was 
induced by tunicamycin in mouse embryonic fibroblast cells revealing MANF 
expression being upregulated in response to ER stress (Lee et al., 2003). However, 
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the effect was lost in XBP1 KO cells, where ATF6  was silenced by RNA interference 
(RNAi). Thus, ER stress-induced MANF expression was demonstrated to be 
dependent on either XBP1 or ATF6 . The promoter region of MANF contains 
ERSE elements. ATF6 and XBP1 induce MANF expression possibly through these 
elements (Lee et al., 2003). It was confirmed that indeed, MANF expression is 
regulated through its ERSE element in the promoter region (Mizobuchi et al., 
2007). Tunicamycin injection was also shown to increase MANF expression in the 
developing mouse brain (Wang et al., 2015). In addition to tunicamycin, MANF 
expression is upregulated in response to lactacystin - a proteasome inhibitor - 
and thapsigargin in human HeLa cells (Apostolou et al., 2008). Thapsigargin is an 
inhibitor of a sarco/endoplasmic reticulum Ca2+-ATPase pump causing depletion 
of ER Ca2+ followed by UPR activation (Lytton et al., 1991; Sehgal et al., 2017). 
Tunicamycin also increased CDNF expression in cardiomyocytes and in primary 
neurons (Liu et al., 2018a; Zhang et al., 2018). 

Originally, MANF was isolated from the culture medium indicating MANF 
secretion (Petrova et al., 2003). In the study of Apostolou and others, MANF 
was detected in the medium as well (Apostolou et al., 2008). In general, proteins 
expressed in response to ER stress remain within the cell, but MANF was 
discovered not only to be expressed but also to be secreted in response to ER stress. 
MANF secretion was also discovered from cultured cardiac myocytes in ischemic 
conditions (Tadimalla et al., 2008). Later, it was demonstrated that MANF is 
secreted by calcium depletion in vitro (Glembotski et al., 2012). Inhibition of 
COPII-mediated transport decreased MANF secretion suggesting that MANF is 
secreted from the ER to the Golgi via COP-II transport (Oh-Hashi et al., 2012). 
CDNF was documented to have a similar secretion pattern with MANF as COP-
II-mediated transport inhibition increased its expression (Norisada et al., 2016). 

Furthermore, overexpression of GRP78 was shown to reduce MANF secretion 
in vitro (Oh-Hashi et al., 2012). An interaction between MANF and GRP78 was 
reported in a human cell line by cross-linking and immunoprecipitation assays 
(Glembotski et al., 2012). More closely, it is the C-terminus of MANF that binds 
a substrate-binding domain of GRP78 and especially when GRP78 is loaded with 
high-molecular-weight proteins (Yan et al., 2019). MANF binds to GRP78 in its 
ADP-bound form and delays substrate release from GRP78. In conclusion, MANF 
function as a nucleotide exchange inhibitor of GRP78 as it stabilizes its ADP-
bound conformation. The interaction between GRP78 and MANF was originally 
shown to be dependent on calcium (Glembotski et al., 2012). However, a recent 
study argues about calcium dependence by showing that the direct interaction 
between MANF to GRP78 is not affected by the calcium concentration (Eesmaa 
et al., 2021). In addition to GRP78, MANF also binds other chaperones: GRP170, 
PDIA1 and PDIA6 (Eesmaa et al., 2021).

2.3.4. Cytoprotection in vitro
Discovery of increased MANF expression in response to ER stress led to 
investigation of the effect of MANF on ER stress-mediated cell death. MANF 
and CDNF were discovered to have the capability to protect cells from various 
stressors. Table 3 presents studies about the cytoprotective effects of both MANF 
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and CDNF applied as a protein or overexpression induced through plasmid 
transfection, lentiviral transduction, or direct microinjection. As explained above, 
the mechanism of how MANF and CDNF enter the cell is not fully understood. 
The plasma membrane receptor for CDNF and MANF has not been confirmed. 
It is possible that extracellularly these proteins can activate different signaling 
pathways, although this seems improbable due to the results, where both protein 
overexpression by plasmid transfection or protein administration results in a 
similar outcome.  

Several reports indicate that MANF and CDNF can decrease cell death, 
apoptosis, and caspase activity or increase cell viability and survival after treatments 
with different stressors (Table 3). Experiments have been conducted in primary cells 
and various cell lines indicating the effect not being specific to a certain cell type. 
However, mechanistically it is not clear how these proteins exert cytoprotection. 
One suggested mechanism for MANF has been the downregulation of ER stress, 
as indicated to occur in response to Aβ42 and 6-OHDA treatments (Hao et al., 
2017; Xu et al., 2019). CDNF was also shown to affect ER stress levels in response 
to thapsigargin: CDNF upregulates the adaptive UPR, but downregulates the 
terminal UPR (Arancibia et al., 2018). Structurally speaking, the CXXC motif has 
been shown to be essential for the survival-promoting activity of MANF (Mätlik 
et al., 2015). Interestingly, CDNF has no effect on SCG, DRG, or motoneuron 
survival in a growth factor paradigm and MANF no effect on dopamine neurons 
in a similar paradigm (Lindholm et al., 2007; Eesmaa et al., 2021). 

Table 3. List of in vitro studies where MANF or CDNF demonstrates cytoprotection. The form of 
administration, whether by protein delivery or plasmid- or virus-mediated overexpression, is stated 
in brackets.

Cells Administration Effect Reference

ER stress inducers

Tunica-
mycin

U2OS epithelial 
cell line

MANF (lentivirus) Cell death (Apostolou 
et al., 2008)

Primary cortical 
neurons

MANF (protein) Apoptosis (Yu et al., 
2010)

H9C2 cardiomy-
ocyte cell line

CDNF (plasmid) Cell viability  
Apoptosis  

(Liu et al., 
2018a)

Primary SCG 
neurons

MANF (plasmid), 
MANF (protein 
microinjection)

Cell survival (Eesmaa et 
al., 2021)

Primary astrocytes CDNF (lentivirus) Cytotoxicity  
Inflammatory 
cytokines 

(Cheng et 
al., 2013)

Thapsi-
gargin

HEK293-T cell line CDNF (plasmid) Cell viability  
Apoptosis 

(Arancibia et 
al., 2018)

Primary DRG 
neurons

MANF (plasmid) Cell survival (Mätlik et 
al., 2015)

Primary dopamine 
neurons

MANF (protein) Cell survival (Eesmaa et 
al., 2021)
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A 1-42 Primary cortical 
neurons

MANF (protein), 
MANF (plasmid)

Cell viability  
Apoptosis             
ER stress 

(Xu et al., 
2019)

Apoptotic stimuli

Etoposide, 
NGF 
deprivation

Primary SCG 
neurons

MANF (plasmid), 
MANF (protein 
microinjection)

Cell survival (Hellman et 
al., 2011)

Nutrient deprivation

Glucose 
deprivation

U2OS epithelial 
cell line

MANF (lentivirus) Cell death (Apostolou 
et al., 2008)

Serum 
starvation

Primary cardiac 
myocytes

MANF (AAV), 
MANF (protein)

Caspase 
activity 

(Tadimalla et 
al., 2008)

Ischemia/ hypoxia

Simulated 
ischemia

Primary cardiac 
myocytes

MANF (AAV), 
MANF (protein)

Cell death (Tadimalla et 
al., 2008)

Neurotoxins

6-OHDA SH-SY5Y neuronal 
cell line

MANF (protein) Cell viability  
Apoptosis  
Autophagy 

(Zhang et 
al., 2017a)

SH-SY5Y neuronal 
cell line

MANF (AAV), 
MANF (protein)

Cell viability         
ER stress 

(Hao et 
al., 2017)

Primary mesence-
phalic neurons

CDNF (protein) Cell viability (Latge et 
al., 2015)

Metham-
phetamine

PC12 neuronal 
cell line

CDNF (protein) Cell survival (Wang et 
al., 2017)

MPP+ SH-SY5Y neuronal 
cell line

MANF (protein) Cell viability  (Liu et al., 
2018b)

Protein aggregates

-synuclein 
oligomers

Primary mesen-
cephalic neurons, 
N2a cell line

CDNF (protein) Cell viability (Latge et 
al., 2015)

Mutant 
TBP

PC12 cell line MANF (lentivirus) Cell survival   
Neurite 
growth 

(Yang et al., 
2014a)

6-OHDA, 6-hydroxydopamine; AAV, adeno-associated virus; DRG, dorsal root ganglion; ER, 
endoplasmic reticulum; MPP+, 1-methyl-4-phenylpyridinium; NGF, nerve growth factor; SGC, superior 
cervical ganglion; TBP, TATA-binding protein 

2.3.5. Knockout models in non-mammals

Fruit fly
Manf has an orthologue in fruit flies, called DmManf (Palgi et al., 2009). The first 
ever MANF KO model was produced in fruit fly (Palgi et al., 2009). DmManf 
mutants were developing slower and became immobile after the maternal pool 
of DmMANF faded away, causing larval lethality. Analysis of zygotic DmManf 
mutants, however, revealed that their dopamine neurites were degenerated. 
Maternal and zygotic DmManf mutants had a more severe phenotype and were 
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late embryonic lethal, possibly due to impaired cuticle formation. They had 
dopamine cell somas present, but no dopamine neurites indicating a more severe 
dopamine pheotype. Furthermore, dopamine levels were reduced in maternal 
and zygotic DmManf mutants. In contrast, dopamine levels were later shown to 
be increased in zygotic DmManf mutants (Lindström et al., 2013). All in all, the 
dopamine phenotype of fruit flies lacking DmMANF was notable. The lethality of 
DmManf mutants was rescued by ectopic expression of human MANF (Palgi et 
al., 2009). Moreover, full-length DmMANF rescued DmManf mutants, whereas 
N- and C-terminal domains independently could not (Lindström et al., 2013). 
Interestingly, hCDNF was also shown to rescue the DmManf mutant phenotype 
(Lindström et al., 2013). Microarray-based analysis revealed transcriptional 
changes following loss or overexpression of DmMANF (Palgi et al., 2012). Zygotic 
DmManf mutants displayed downregulation of genes related to protein folding. 
Zygotic and maternal DmManf mutants had downregulated metabolic genes and 
genes related to cuticle development explaining the defective cuticle formation. 
Both mutants had upregulated UPR genes and downregulated genes in the 
exocytosis pathway. A screen of DmManf interacting partners revealed genetic 
interactions with Hsc3 (a homolog to mammalian GRP78), Xbp, PEK (a homolog 
to mammalian PERK), and Sip3 that is an ERAD component (Lindström et al., 
2016). 

In the developing fruit fly, DmMANF is expressed in the CNS by glial cells 
but in the adult flies DmMANF also localizes into neuronal cells including 
dopamine neurons (Palgi et al., 2009; Stratoulias and Heino, 2015). Interestingly, 
overexpression of DmMANF in glial cells, neurons or TH-positive neurons did 
not affect the dopamine system (Stratoulias and Heino, 2015). Knocking down 
DmMANF expression by RNAi in glial cells produced viable flies, but no loss 
of dopamine cell somas was observed. Knockdown of DmMANF expression in 
neurons or TH-positive neurons did not cause any changes in dopamine neurons 
in the adult brain either. The controversy to DmManf null mutants was explained 
by less effective knockdown of DmMANF levels by RNAi. When RNAi was 
boosted with simultaneous overexpression of Dicer-2, a dopamine phenotype 
was oberserved. However, expression of Dicer-2 in TH-positive neurons itself has 
been reported to affect motor behavior and possibly to dopamine neuron survival 
and therefore, the result was biased. Authors concluded that DmMANF is not 
cell-autonomously needed for dopamine neuron differentiation (Stratoulias and 
Heino, 2015). 

Downregulation of DmMANF in glial cells has been shown, instead, to result 
in degeneration of the lamina and a shorter lifespan (Walkowicz et al., 2017). The 
effect of DmMANF modulation on lifespan was reported by another group as 
well: ubiquitious knockdown of DmMANF caused shorter lifespan (Sousa-Victor 
et al., 2019). Moreover, knockdown of DmMANF in immune cells, hemocytes, 
also shortened lifespan. On the contrary, overexpression of DmMANF in the 
fatbody (equivalent to vertebrate liver and adipose tissue) or hemocytes resulted 
in extended lifespan postulated to be due to the anti-inflammatory effect of 
DmMANF. Surprisingly, neuronal overexpression of DmMANF reduced lifespan, 
which was not reported in the previous study. 
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Nematode
MANF was discovered to have an orthologue in nematodes, called manf-1 (Bai 
et al., 2018). Manf-1 null mutants were reported to have increased expression of 
hsp-4p (homolog to mammalian GRP78). The increased hsp-4p expression was 
reduced when ire-1 or xbp1 was silenced, indicating involvement of the IRE1 
pathway in the UPR regulation of manf-1 in nematodes. Manf-1 null mutants 
chronically exposed to tunicamysin had decreased progeny compared to wildtype 
(WT) controls. All in all, loss of manf-1 was concluded to have increased the ER 
stress response. Similarly, Richman and others showed increased hsp-4 expression 
in manf-1 mutants (Richman et al., 2018). They reported that development 
of serotonergic, GABAergic, and dopamine neurons was not affected in manf-
1 mutants. Interestingly, after day 3, dopamine neurons started to gradually 
degenerate and by day 9 manf-1 mutants had lost less than one third of dopamine 
neurons compared to WT. Interestingly, -synuclein expression and aggregation 
increased in body wall muscles of manf-1 mutants. It was concluded that manf-1 is 
important for neuroprotection and -synuclein expression in nematodes.

In contrast, another study reported that loss of manf-1 did not cause a dopamine 
phenotype (Hartman et al., 2019). Depletion of manf-1 decreased lifespan, but 
locomotion or chemotaxis were not different from control animals. Dopamine 
neurons developed normally and at least in animals at the age of day 1 and day 
2, no degeneration was observed. In contrast to the previous study, analysis was 
done prior to day 3 when degeneration was observed to begin. Similarly to the 
previous studies, hsp-4 expression was increased in manf-1 mutants. Interestingly, 
depletion of IRE1 pathway components together with manf-1 resulted in larval 
death and sterility whereas loss of PERK or ATF6 pathway components in addition 
to loss of manf-1 produced fertile offspring. In contrast to the previous study, 
manf-1 mutants were more resistant to ER stress triggered by tunicamycin. It was 
postulated that manf-1 negatively regulates innate immunity since when grown on 
tunicamycin, manf-1 mutants were repressed or failed to express immune-related 
genes. To confirm this, authors demonstrated how manf-1 mutant larvae were 
growing on Pseudomonas aeruginosa that caused growth delay in WT larvae. To 
summarize, they suggested that manf-1 functions as a modulator of the innate 
immunity and ER stress modulator through IRE1/XBP1 pathway. 

Zebrafish
Zebrafish express both MANF and CDNF. A MANF knockdown model was 
produced in zebrafish by an antisense oligonucleotide technology (Chen et al., 
2012). Generated manf mutants had significantly lower MANF levels, but did 
not express significant abnormalities. However, a more detailed analysis in the 
CNS revealed defects in the dopamine neurons: manf mutants had less dopamine 
neurons and lower dopamine metabolite levels. In zebrafish, there are two 
non-allelic forms of the th gene. Th1 is expressed in dopamine neurons in the 
telcephalon and diencephalon and noradrenaline neurons in locus coeruleus 
whereas th2 is exclusively expressed in the diencephalon (Filippi et al., 2010). 
Results showed a decrease in the mRNA levels of th1 or th2, in the number of 
TH1-positive neurons and in total dopamine levels in manf mutants. Thus, there 
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were clear changes in the dopamine system after MANF knockdown whereas 
serotonergic and GABAergic neurons remained unaffected.  

Recently, zebrafish lacking cdnf were produced by CRISPR/Cas9 editing (Chen 
et al., 2020). It was observed that th2 mRNA levels and TH2-positive dopamine 
cell number were upregulated in caudal hypothalamus whereas TH1-positive 
dopamine cell number was descreased in the prethalamus region, although the 
overall dopamine levels were not different in zebrafish mutants lacking cdnf. 
Generated cdnf mutants had higher swimming speed, abnormal social behavior, 
and increased seizure susceptibility. Thus, lack of cdnf in zebrafish did not directly 
cause the loss of dopamine neurons but resulted in changes in the dopamine 
system. 

Taken together, knockdown studies on model organisms of fruit fly, nematode, 
and zebrafish have focused on the role of MANF in the brain without having a 
consensus of its conserved function in dopamine neurons. Nevertheless, the 
consensus is that knocking down MANF affects ER stress response and therefore 
MANF has a conserved role as an ER stress regulator.

2.3.6. Knockout studies in mice
The first study of MANF KO mice was published in 2014 (Lindahl et al., 2014). 
The discovery of the MANF KO mouse phenotype was striking compared to 
studies in lower animal models: Manf-/- mice developed severe insulin-dependent 
diabetes. First, blood glucose levels were observed to increase dramatically by 
the age of 8 weeks, and serum insulin levels were decreased. Next, the analysis of 
the pancreas revealed postnatal decreased proliferation and increased apoptosis 
of insulin-producing beta cells and the consequent, gradual loss of beta cells. 
In contrast, pancreatic alpha cells were not affected by loss of MANF indicating 
the specific vulnerability to beta cells and possibly to insulin production. More 
detailed investigation revealed increased UPR activation in the pancreas, which 
was suggested to be the cause for the beta cell death. Diabetes was proved to be due 
to the loss of MANF in the pancreas as conditional deletion of MANF specifically 
from the pancreas, but not from the CNS, mimicked the diabetic phenotype of 
Manf-/- mice (Lindahl et al., 2014; Danilova et al., 2019a). Pancreas-specific MANF 
removal also induced UPR activation in postnatal pancreatic islets. Additionally, 
removal of MANF in adult beta cells also led to the loss of beta cells and diabetes 
manifestation, although a bit milder phenotype, which reflected the amount of 
beta cells still expressing MANF (Danilova et al., 2019a). 

The clearly visible phenotype of Manf-/- mice is a growth defect: mice are smaller 
since embryonic development and can be distinguished by visual observation 
(Lindahl et al., 2014). The mechanism behind the short stature was investigated 
by analyzing the pituitary gland, which plays an important role in regulating 
the growth. It was recognized that the morphology of the adenohypophysis was 
altered and size reduced in Manf-/- mice. The adenohypophysis also contained less 
growth hormone-producing and prolactin-secreting cells (Danilova et al., 2019b). 
Consequently, Manf-/- mice have lower mRNA levels of growth hormone in the 
pituitary gland. Similar to the pancreas, the pituitary gland showed increased UPR 
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activation that was regarded to cause the loss of somatotropes and lactotropes at 
least partly leading to the growth defect. 

In addition to the pancreas and pituitary gland, the development of the cortex 
in the Manf-/- brains has been examined in detail. Interestingly, the neocortex 
development and the migration of cortical neurons were delayed in postnatal Manf-

/- mice (Tseng et al., 2017). This is observed as a relatively thinner cortex layer II/
IV and V still in early postnatal brains of Manf-/- mice. The delay in the neocortex 
development was not caused by the number of neural stem cells or neuronal 
progenitor cells, cell proliferation, or programmed cell death. The neuronal 
number was not decreased in Manf-/- mice either, but the neuronal density and 
distribution between the cortical layers was altered. Immunofluorescence staining 
did not reveal changes in the amount of neurites, however, the neurites were found 
to be shorter. The study concluded MANF not being essential for neurogenesis but 
for neurite growth. The brain/body ratio was not altered in Manf-/- mice compared 
with littermates at 8 weeks of age indicating that the Manf-/- adult mouse brains 
do not have decreased volume despite developmental alterations. Furthermore, 
neuronal precursors from Manf-/- mice showed no change in their proliferation 
(Tseng et al., 2017). This is in contrast to Manf-/- beta cells, which have a decreased 
proliferation rate (Lindahl et al., 2014). 

Manf-/- mice in the ICR/CBA/Ca strain were discovered to have a hearing 
impairment caused by loss of outer hair cells (Herranen et al., 2020). Specific 
deletion of MANF in the epithelial cells and neurons in the inner ear caused 
similar loss of outer hair cells and elevated hearing threshold. Although MANF 
is highly expressed in the inner hair cells and spiral ganglion neurons, these cells 
were not affected by MANF deletion. Immunostaining indicated increased GRP78 
expression in outer and inner hair cells as well as in spinal ganglion neurons. 
However, an increase in CHOP expression was limited to outer hair cells, which 
follows specific cell death of outer hair cells. 

Interestingly, Manf-/- mice are lethal when they are bred in an inbred C57Bl/6 
strain (Yang et al., 2014a; Neves et al., 2016; Bell et al., 2019). Embryonic lethality is 
suggested to be due to a respiratory failure (Bell et al., 2019). In the C57Bl/6 strain, 
a deletion of one Manf allele produces viable mice. However, these mice manifest a 
severe liver phenotype during aging (Sousa-Victor et al., 2019). Findings of these 
mice will be discussed more in chapter 2.4.3. 

In addition to conventional MANF KO mice, a great variety of conditional 
MANF KO lines have been generated (Table 4). The target tissues of MANF 
ablation include cartilage, hepatocytes, microglia, and inner ear, for example. 
Phenotypes of these mice differ notably. Independent of the target tissue, MANF 
ablation results in increased apoptosis, decreased proliferation, and/or significant 
increase in ER stress. Conditional MANF KO mice have also been tested in various 
disease models: hepatic fibrosis (Hou et al., 2019), stroke (Mätlik et al., 2018), 
hepatocellular carcinoma model (Liu et al., 2020), and chronic alcohol feeding 
model (Chhetri et al., 2020). 
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Table 4. List of studies where conditional MANF knockout mice are characterized. The outcome of 
genetic MANF ablation in a specific tissue or cell type and used Cre lines are summarized in the table. 

Tissue  Cre Phenotype and cellular changes  Reference 

Pancreas  Pdx1 • Insulin-dependent diabetes  (Lindahl et 
al., 2014)

Pancreas Pdx1 • Reduced beta cell mass and 
beta cell phenotype

• Increased apoptosis and increased 
ER stress in pancreatic beta cells 

(Danilova 
et al., 
2019a)

Beta cells  MIP-1  • Insulin-dependent diabetes 

• Reduced beta cell survival and proliferation

• Increased apoptosis and ER stress 
in the pancreatic islets

(Danilova 
et al., 
2019a)

Cartilage  Col2  • Chondrodysplasia-like phenotype 

• Decreased chondrocyte proliferation,  
dysregulated apoptosis, and  
increased ER stress in the cartilage

• Increased disease severity in the mouse 
model of multiple epiphyseal dysplasia

(Bell et 
al., 2019)

Monocytes, 
microglia 

Cx3cr1  • Hepatosteatosis

• Increased apoptosis in hepatocytes and 
increased amount of CD68+ cells 

(Sousa- 
Victor et 
al., 2019)

Mono 
macrophages 

LYZ2 • Increase in splenic M1 macrophages

• More severe splenomegaly in the carbon 
tetrachloride-induced hepatic fibrosis model 

• Increase in M2 macrophages and CD68+ 
cells in response to carbon tetrachloride

(Hou et 
al., 2019)

Mono 
macrophages 

LYZ2   • More severe outcome in the 
acute kidney injury model 

• Increase in TNF , IL-1  and iNOS levels in 
a renal tissue and peritoneal macrophages 
both with and without an injury induction 

(Hou et 
al., 2021)

Mono 
macrophages 

LYZ2 • Aggravated inflammation and injury in the 
LPS-induced myocarditis mouse model

• Increased macrophage infiltration to the 
myocardium tissue with and without LPS

• Increased NF- B activation in response to LPS

(Wang et 
al., 2021b)

Inner ear  Pax2   • Hearing loss 

• Loss of outer hair cells, stereocilia damage 
and increased ER stress 

(Herranen 
et al., 
2020)

CNS Nestin • Increased infarction size after ischemic stroke 

• No effect on immune-cell 
related gene expression

(Mätlik et 
al., 2018)

CNS Nestin • Accelerated neurodegeneration in ethanol- and 
tunicamycin-induced degeneration models

• Exacerbated ER stress in the brain in 
response to ethanol and tunicamycin

• Blocking of ER stress prevented ethanol- and 
tunicamycin-induced neuronal apoptosis

(Wang et 
al., 2021d)
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Hepatocytes 

 

Alb 

 

• Accelerated cancer progression in the 
hepatocellular carcinoma model 

• Increased pro-inflammatory 
cytokines in response to injury

(Liu et al., 
2020)

Hepatocytes  Alb • More severe liver injury in the 
chronic alcohol-feeding model 

• Increased hepatic ER stress under 
basal condition that is aggravated 
after ethanol exposure

• Increased production of pro-inflammatory 
cytokines and sensitivity to oxidative stress

(Chhetri et 
al., 2020) 

Hepatocytes   Alb • Aggravated liver injury in the liver 
ischemia-reperfusion model 

• ER stress aggravated and hepatocyte 
apoptosis increased in response to injury 

• Increased ER stress and JNK/c-Jun/
CHOP pathway activation in the liver 

(Yang et 
al., 2021)

Hepatocytes   Alb • Aggravated liver injury in the rifampicin-
induced cholestatic hepatic injury model 

• Increased rifampicin-induced 
proliferation in the liver

• Increased serum levels of hepatic 
enzymes and upregulated hepatic ATF4 
expression levels in response to injury

(Wang et 
al., 2021c)

Hepatocytes  Alb • Aggravated lipid accumulation in the liver in 
response to alcohol-induced hepatic steatosis

• Decreased expression of autophagy markers 
compared to controls after ethanol feeding

(Zhang et 
al., 2021)

Hepatocytes  Alb • Exacerbated high fat diet-induced 
obesity and hepatosteatosis

• Weakened thermogenesis, decreased 
expression of thermogenic genes and inhibited 
lipolysis in response to high fat diet

• Increased liver size and hepatic triglyceride 
content in response to high fat diet

(Wu et al., 
2021)

Fat Adi-
ponec-
tin

• Normal glucose and insulin tolerance 
under both normal and high fat diet

(Wu et al., 
2021)

Alb, albumin; ATF4, activating transcription factor 4; CD, cluster of differentiation; CHOP, CCAAT-
enhancer-binding protein homologous protein; CNS, central nervous system; Col2, collagen type 2; 
Cxcr1, CX3C motif chemokine receptor 1; ER, endoplasmic reticulum; IL-1 , interleukin  1 ; iNOS, 
inducible nitric oxide synthase; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; LYZ2, lysozyme 
2; M1, classically activated; M2, alternatively activated; MIP-1, mouse insulin 1 gene promoter; NF- B, 
nuclear factor kappa-light-chain-enhancer of activated B cells; Pax2, paired box transcription factor 2; 
Pdx1, pancreatic and duodenal homeobox 1; TNF , tumor necrosis factor 
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2.4. CDNF and MANF in Diseases and Disease Models

2.4.1. Neuronal protection in animal disease models 

Parkinson’s disease
The 6-OHDA model is one of the most used animal models to mimic Parkinson’s 
disease. Typically, 6-OHDA is injected into the striatum of rodents, where it is 
taken up by DAT and causes cell death by producing free oxygen radicals and 
inhibiting mitochondrial respiratory chain (Blandini and Armentero, 2012). The 
unilateral lesion by 6-OHDA results in misbalance in striatal dopamine levels and 
the severity of the produced lesion is evaluated in a drug-induced rotation test. 
Administration of indirect dopamine agonist, such as D-amphetamine, results in 
dopamine efflux in the intact side and causes the animal to turn into the ipsilateral 
side of the lesioned striatum; the more amphetamine-induced ipsilateral turns, 
the bigger lesion. Furthermore, loss of TH-positive neurons is measured by 
comparing the cell number of the lesioned side to the intact side.

During the discovery of CDNF, it was tested for its ability to protect 
dopamine neurons in the 6-OHDA model. First, human CDNF was injected 
into the striatum prior to administration of 6-OHDA. CDNF-treated rats had 
decreased amphetamine-induced ipsilateral rotations, higher striatal TH-positive 
fiber density and more TH-positive cell bodies left in the SNpc compared to 
vehicle-treated rats (Lindholm et al., 2007). Next, CDNF was given two weeks 
after a 6-OHDA injection, and again ipsilateral turns were decreased, and more 
dopamine neurons were left in the SNpc of CDNF-treated rats. Thus, CDNF was 
demonstrated to have both neuroprotective and neurorestorative capability in this 
Parkinson’s disease model. Numerous studies continued examining the effect of 
CDNF in the same model but with different delivery approaches. Chronic infusion 
of CDNF protein two weeks after 6-OHDA injection resulted in the recovery of 
amphetamine-induced rotations and protection of striatal TH-positive fibers 
and nigral TH-positive neurons (Voutilainen et al., 2011). The effect of CDNF 
gene therapy via AAV vector-mediated delivery was also tested in the 6-OHDA 
model. AAV serotype 2 (AAV2) vector-mediated CDNF delivery to the striatum 
two weeks prior to 6-OHDA toxin reduced ipsilateral rotations, but caused 
only modest protection for TH-positive neurons in the substantia nigra (Bäck 
et al., 2013). In another study, AAV2-CDNF delivered 6 weeks after 6-OHDA 
injections improved rotational asymmetry, protected TH-positive neurons in the 
SNpc, and indicated improved DAT activity in PET imaging (Ren et al., 2013). 
These two studies used the same serotype with the same promoter for CDNF 
transduction in the striatum, but delivery was applied at a different time, which 
could partially explain the significant difference between efficacies. Furthermore, 
AAV8-CDNF reduced rotational behavior, increased TH-positive fiber density 
and neuron number when given two or five weeks after 6-OHDA (Wang et al., 
2017). Lentivirus-mediated CDNF expression in the striatum did not have a 
positive effect, but the delivery to the substantia nigra reduced ipsilateral turns 
and increased density of TH-positive fibers (Cordero-Llana et al., 2015). However, 
CDNF expression level after lentiviral delivery was not confirmed in the study. It 
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is important to note here that CDNF is not anterogradely transported from the 
substantia nigra to the striatum (Albert et al., 2019). 

CDNF efficacy has been tested in other Parkinson’s disease models as well. 
Striatal protein delivery of CDNF in the MPTP mouse model improved motor 
behavior and TH-positive fiber density and TH-positive neurons when given 
before or after the toxin (Airavaara et al., 2012). The late-stage Parkinson’s disease 
is modeled with an injection of 6-OHDA into the medial forebrain bundle. In 
this model, however, CDNF did not rescue TH-positive neurons (Huotarinen et 
al., 2018). The effect of CDNF was also tested in a combination of subthalamic 
lesion model, which mimics long-term subthalamic deep-brain simulation that 
is used to treat advanced Parkinson’s disease patient. Results showed that deep 
brain simulation with simultaneous CDNF administration improved forepaw 
asymmetry and apomorphine-induced rotational behavior in this late-stage 
Parkinson’s model (Huotarinen et al., 2018). 

Interestingly, recently, CDNF was discovered to interact directly with 
α-synuclein (Albert et al., 2021). The interaction between CDNF and α-synuclein 
was demonstrated in vitro as well as in vivo. Following injection of preformed 
α-synuclein fibrils into mice, there was seeding of endogenous α-synuclein into 
inclusions and behavioral deficits in the cylinder test measuring symmetry of paw 
use, but no dopamine neurons loss. CDNF was able to ameliorate the changed 
paw use in mice treated with preformed α-synuclein fibrils, although it did not 
reduce the amount of α-synuclein inclusions in the substantia nigra. Authors 
concluded that CDNF affects α-synuclein and it might also affect formation of 
toxic α-synuclein aggregates but does not prevent formation of α-synuclein fibrils. 
Interestingly, CDNF had no effect on naïve mouse and rat dopamine systems 
(Voutilainen et al., 2011; Airavaara et al., 2012).

The effect of MANF in Parkinson’s disease models has been tested although 
not to as great an extent as CDNF. In the 6-OHDA model, single injection of 
human MANF (hMANF) applied 6 hours before the toxin reduced amphetamine-
induced rotations and improved TH-positive neuron survival, but not TH-
positive fiber density (Voutilainen et al., 2009). Single injection of hMANF four 
weeks after the 6-OHDA-induced lesion was not as efficient – MANF improved 
only the rotational behavior but not dopamine neuron survival. Furthermore, 
chronic delivery of hMANF did not have any positive effect in the 6-OHDA 
model (Voutilainen et al., 2011). Instead, AAV vector-mediated gene therapy 
of MANF had positive outcomes. Striatal delivery of AAV9-hMANF improved 
amphetamine-induced ipsilateral rotations in the 6-OHDA model (Hao et al., 
2017). It also promoted regeneration of striatal TH-positive fibers, survival of 
TH-positive neurons in the SNpc, and increased striatal dopamine levels. It was 
confirmed that AAV9-hMANF did not have any effect on the dopamine system 
in naïve rats. In contrast to AAV vector-mediated delivery, lentivirus-mediated 
MANF expression in the striatum did not improve behavior or protect either 
TH-positive neurons or axons, but nigral delivery protected TH-positive neurons 
(Cordero-Llana et al., 2015). However, the study did not report MANF expression 
levels. Similar to CDNF, MANF was also tested in the MPTP model, where MANF 
protein improved motor behavior in the rotarod test, increased striatal dopamine 
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levels, and protected TH-positive neurons in the substantia nigra (Liu et al., 
2018b).

The mechanism behind neuroprotection of MANF is not fully understood 
and studies examining the possible mechanism have been conducted mostly in 
vitro. Experiments in human neuroblastoma SH-SY5Y cell line demonstrated that 
intracellular overexpression of hMANF via AAV-hMANF plasmid reduced ER 
stress in 6-OHDA-treated cells (Hao et al., 2017). MANF expression decreased 
the mRNA levels of UPR genes from all three pathways providing a possible 
mechanism for positive outcome seen in vivo. However, extracellularly applied 
hMANF did not decrease 6-OHDA-induced UPR gene expression, but instead, 
activated the PI3K/Akt/mTor pathway, which is known to regulate cell survival 
(Hao et al., 2017). In another report, protective effect of MANF was associated 
with inhibition of autophagy via AMPK/mTor pathway (Zhang et al., 2017a). In the 
SH-SY5Y cell line, Zhang and others showed that MANF upregulated expression 
of NRF2 in response to the 6-OHDA treatment and promoted translocation of 
NRF2 into the nucleus (Zhang et al., 2017b). The PI3K/Akt/GSK3β pathway was 
shown to modulate this process. Huang and others showed, on the contrary, that 
MANF increased expression of GRP78 and in this way promoted neuroprotection 
(Huang et al., 2016). The only in vivo data suggesting the mechanism for MANF 
neuroprotection was obtained with the MPTP model where it was shown that 
MANF improved anti-oxidative capacity in MPTP-treated mice (Liu et al., 2018b). 

Alleviation of ER stress was also suggested to be the mechanism behind the 
protective effect of CDNF in vivo (Voutilainen et al., 2017). Rats were first injected 
with 6-OHDA and four weeks afterwards, CDNF was injected into the striatum 
and brains were collected only four hours later. The effect of CDNF on GRP78 
protein expression and levels of p-eIF2  in vivo remained mild in 6-OHDA-
treated rats and the decrease was not significant. Data demonstrate only the acute 
effect of CDNF and other time points would be needed to provide more evidence 
for the theory. Thus, mechanism of action for both CDNF and MANF in the 
6-OHDA Parkinson’s disease animal models remains to be investigated further.

Stroke
Ischemic stroke is caused by an arterial blockage that restricts the blood flow to 
a focal brain area causing hypoxia and neuronal death in the ischemic core. In 
ischemia, calcium homeostasis is disturbed, which is one of the factors causing ER 
stress (Bodalia et al., 2013). When MANF was identified as an ER stress-inducible 
protein, its expression was also analyzed in an in vivo condition involving ER 
stress. MANF expression, indeed, was shown to be increased in a rodent model of 
cerebral ischemia (Apostolou et al., 2008; Lindholm et al., 2008; Yu et al., 2010). 
In fact, expression of MANF was also increased in the ischemic heart in rodents 
(Tadimalla et al., 2008). These finding initiated MANF studies in the stroke field. 
The therapeutic effect of MANF in stroke was studied in a rat middle cerebral 
artery occlusion (MCAO) model. When MANF was applied to the cortex before 
the stroke as protein or via AAV7-vector, it reduced infarction size and promoted 
behavioral recovery (Airavaara et al., 2009; Airavaara et al., 2010). Infarction 
volume was decreased and neurological function improved in other studies with 
MANF administration (Yang et al., 2014b; Wang et al., 2016). Administration 
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of hMANF one day after permanent MCAO promoted regional cerebral blood 
flow and increased total blood vessel surface area, indicating that proangiogenic 
effects could account for the recovery-promoting effect of MANF (Gao et al., 
2020). The effect of MANF on stroke recovery was also investigated with AAV7-
MANF (Mätlik et al., 2018). Overexpression of MANF in the peri-infarct area 
2 to 3 days after stroke promoted behavioral recovery of rats, although did not 
affect the lesion size. In addition, CDNF demonstrated a positive outcome in the 
MCAO model: CDNF reduced volume of cerebral infarction and improved motor 
behavior (Zhang et al., 2018). 

Hemorrhagic stroke, instead, is caused by rupture of a blood vessel in the 
brain followed by bleeding. Similar to ischemic stroke, MANF expression is 
increased in the rat model of intracerebral hemorrhage (Xu et al., 2018; Li et 
al., 2019). Intracerebroventrical delivery of recombinant hMANF promoted 
neuronal survival and improved neurological function when applied one hour 
after intracerebral hemorrhage (Xu et al., 2018). Moreover, results indicated that 
hMANF reduced apoptosis via the Akt/MDM2/p53 pathway. Furthermore, MANF 
improved recovery and reduced apoptosis similarly in subarachnoid hemorrhage 
(Li et al., 2019). Taken together, MANF promotes neurological recovery and 
protects neurons both in ischemic and hemorrhagic strokes. 

Other neurodegenerative disease models
Spinocerebellar ataxia is a neurodegenerative disease caused by an expansion of 
polyglutamine repeats in the Tbp gene, which results in neuronal accumulation of 
TBP aggregates. In the study of Yan and others, aging was discovered to exacerbate 
the phenotype of mice with induced mutant TBP expression resulting in an 
ataxia-like phenotype (Yang et al., 2014a). Chaperone activity was also shown to 
decrease during aging. Interestingly, aging was discovered to affect the interaction 
between mutant TBP and sXBP1 and consequently, to decrease MANF expression. 
Reduced MANF levels in Purkinje cells in the cerebellum were associated with 
increased neurodegeneration. On the contrary, overexpression of MANF was 
able to alleviate neurodegeneration of Purkinje cells through the protein kinase C 
signaling pathway (Yang et al., 2014a). 

In the APP/PS1 mouse model of Alzheimer’s disease, CDNF improved long-
term memory, but did not induce neurogenesis in the dentate gyrus nor alleviated 
amyloid pathology (Kemppainen et al., 2015). Interestingly, CDNF also improved 
long-term memory in WT mice referring to some mechanism independent of 
amyloid pathology. MANF expression was shown to be increased in the brains of 
APP/PS1 mice, but the effect of MANF treatment was not investigated in vivo (Xu 
et al., 2019).

The effect of both CDNF and MANF has been investigated in the traumatic 
spinal cord injury model. Overexpression of CDNF from transplanted bone 
marrow-derived mesenchymal stem cells suppressed inflammation in the 
traumatic spinal cord injury model (Zhao et al., 2016). MANF, instead, was shown 
to reduce neuronal apoptosis via the Akt/MDM2/p53 pathway in traumatic 
spinal cord injury since an Akt inhibitor MK2206 reversed the protective effect 
of MANF (Gao et al., 2018). The same inhibitor abolished the effect of MANF in 
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the intracerebral hemorrhage (Xu et al., 2018), indicating the importance of this 
pathway in neuronal cytoprotection of MANF.

Recently, CDNF was discovered to improve motor coordination and reduce 
ataxia of rats in the toxin-induced Huntington’s disease model (Stepanova et 
al., 2020). Intrastriatal delivery of CDNF protected neurons from the toxin-
induced lesion and enhanced neurogenesis. An in vitro model of Huntington’s 
disease suggested that neuroprotection was due to the activation of the IRE1α 
pathway by increased expression of sXBP1, although this was not reported in 
vivo. To conclude, CDNF was suggested to exert cytoprotection by inducing UPR 
activation. This agrees with an in vitro study, where CDNF was shown to induce 
activation of prosurvival UPR pathways by increasing expression of ATF4, ATF6, 
GRP78, and sXBP1 (Arancibia et al., 2018). On the contrary, CDNF inhibited 
pro-apoptotic UPR-mediated cell death by decreasing expression of CHOP and 
cleaved caspase-3.

2.4.2. Immune cells and inflammation
Neurodegeneration, stroke, traumatic brain and spinal cord injuries induce 
neuroinflammation. The field of neuroinflammation research has developed 
fast and inflammatory processes are now regarded as an essential part of the 
pathogenesis in aforementioned diseases. The CNS has myeloid cells that mediate 
innate immune responses (Ransohoff and Brown, 2012). These myeloid cells 
include microglia, macrophages, and dendritic cells. Microglia are essential for 
both maintaining brain homeostasis and detecting damage. MANF expression 
has been indicated to increase in the disease conditions with neuroinflammation. 
Transient focal ischemia induces MANF expression in neurons and in microglia, 
macrophages, and oligodendrocytes (Apostolou et al., 2008; Yu et al., 2010; Shen 
et al., 2012). 

Macrophages exist in different functional stages – they can have anti-
inflammatory or pro-inflammatory properties depending on the stage of the 
inflammation or the context. In the study of a photoreceptor replacement 
therapy, it was discovered that MANF increased the amount of anti-inflammatory 
macrophages after light-induced retinal damage in fruits flies and mice indicating 
a transition of pro-inflammatory macrophages into anti-inflammatory (Neves 
et al., 2016). Extracellularly applied hMANF also reduced photoreceptor 
degeneration as well as modulated the environment so that the photoreceptor 
transplantation was more efficient in a mouse model of retinal degeneration. It 
was suggested that MANF is an immune modulatory agent. A similar idea was 
investigated in a rat stroke model. AAV vector-mediated overexpression of MANF 
promoted functional recovery in rats and induced activation of macrophages 
in the peri-infarct area and number of phagocytic immune cells in subcortical 
regions (Mätlik et al., 2018). However, AAV7-MANF did not affect expression 
of M2-type marker genes indicating that MANF did not induce M2-type 
polarization. In the same study, it was investigated whether lack of endogenous 
MANF affected stroke outcome. Mice lacking neuronal MANF had increased 
infarct size, but interestingly, inflammation markers were not changed between 
Manffl/fl::NestinCre/+ and control mice. When the proteomic analysis was analyzed in 
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the peri-infarct region of AAV-MANF-treated rats 4 days post-stroke, MANF was 
shown to downregulate expression of calgranulins A (S100A8) and B (S100A9) 
(Teppo et al., 2020). Calgranulins are calcium-binding proteins that are related to 
pro-inflammatory functions (Perera et al., 2010). 

One approach to study MANF in the immune system has been MANF ablation 
specifically from immune cells by the use of Cre lines targeting macrophages. 
Monocyte-macrophage-specific deletion of MANF was found to increase the 
amount of M1 macrophages in the spleen and hepatic fibrosis-induction, instead, 
to increase splenic M2 macrophages and CD138-positive plasma cells (Hou et al., 
2019). The size or morphology of the spleen or the amount of splenic T and B cells 
was not affected by MANF deletion from macrophages. In the following study, 
the same mice were treated with lipopolysaccharide (LPS) to induce acute kidney 
injury and as a result, macrophage-specific MANF KO mice had a more severe 
injury as well as increased pro-inflammatory cytokines and M1 macrophages 
in renal tissue (Hou et al., 2021). Additionally, LPS-induced myocarditis was 
more severe and myocardial inflammation increased in macrophage-specific 
MANF KO mice (Wang et al., 2021b). CXC3r-driven deletion of MANF from 
macrophages, instead, resulted in hepatosteatosis including increased activation 
of macrophages and stress pathways in the liver (Sousa-Victor et al., 2019). To 
conclude, macrophage-specific MANF contributes to liver, spleen, kidney, and 
heart homeostasis.

Among inflammatory pathways, MANF has been indicated to affect NF-κB 
signaling (Zhao et al., 2013; Chen et al., 2015; Zhu et al., 2016; Hakonen et al., 
2018; Danilova et al., 2019a; Liu et al., 2020). As discussed in chapter 2.1.2, the 
UPR can induce activation of the NF-κB pathway. However, NF-κB has been more 
studied in the context of inflammation and studies with MANF demonstrate an 
association with NF-κB to inflammatory activation. The first time MANF was 
connected with NF-κB was when MANF was shown to decrease the p65 subunit 
of NF- B in astrocytes deprived of oxygen and glucose (Zhao et al., 2013). 
Additionally, MANF suppressed expression of the proinflammatory cytokines IL-
1β, IL-6, and TNF-α, which are downstream components of the NF- B pathway. 
MANF also suppressed NF- B activation induced by TNF-α (Chen et al., 2015). 
It was suggested that MANF translocates to the nucleus, where it inhibits binding 
of p65 to the target gene promoters (Chen et al., 2015). Later, MANF and p65 
interaction was recognized by immunoprecipitation and MANF import to the 
nucleus was shown to be enhanced by small ubiquitin-related modifier 1 (Liu 
et al., 2020). Authors also demonstrated that knockdown of MANF increased 
activation of IL-1α, IL-6 and TNF-α, which is in agreement with the study of Chen 
and others. Despite these two reports, translocation of MANF to the nucleus has 
not been confirmed in any other studies. Instead, there is evidence showing that 
MANF reduces localization of p65 to the nucleus and affects the upstream of 
the NF- B pathway (Hakonen et al., 2018). In the study of Hakonen and others, 
addition of MANF to cytokine-treated human beta cells significantly decreased 
expression of only one gene – BCL10 – that is an upstream regulator of NF- B. 
Furthermore, MANF inhibited NF- B activation in cytokine-treated human beta 
cells.
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Mechanistically speaking, MANF was discovered to suppress the NF- B 
pathway through binding to neuroplastin on the plasma membrane (Yagi et al., 
2020). Binding of MANF with neuroplastin was discovered by a Ligand Receptor 
Capture technology. Neuroplastin was shown to activate NF- B pathway in 
response to ER stress. However, ER stressors did not affect the interaction between 
MANF and neuroplastin. The study provides a mechanistic link between MANF 
and inflammation induction, although it still requires more investigation. Related 
to this, RNA sequencing from stroke brains treated with MANF revealed a 
remarkable increase in the expression of S1008 (Teppo et al., 2020). Neuroplastin is 
also a receptor for S1008/9 (Sakaguchi et al., 2016). Both of these studies emphasize 
the involvement of neuroplastin in the immune response of MANF. However, it is 
plausible that neuroplastin is not the only plasma membrane receptor of MANF. 

Similarly to MANF, CDNF has been associated with inflammation although 
not with the NF- B pathway. CDNF has been shown to decrease production of 
proinflammatory cytokines in tunicamycin-treated astrocytes and LPS-treated 
primary microglia in vitro (Cheng et al., 2013; Zhao et al., 2014). Later, it was 
shown that CDNF mediates protection through the AKT/FoxO1/mTor pathway 
in LPS-induced microglia (Zhang et al., 2019). The overexpressed CDNF reduced 
IL-6 levels, but not TNF-α or IL-1β, in the substantia nigra of 6-OHDA-treated 
rats in vivo (Nadella et al., 2014). In addition, CDNF reduced iNOS levels aka 
nitrosative stress and glial activation. Nevertheless, the mechanistic link between 
CDNF and inflammation is missing.

2.4.3. MANF and metabolism
Metabolic functions are divided between several organs in mammals. The brain 
functions as an endocrine tissue secreting hormones required for controlling 
energy intake and eating behavior. The pancreas secretes insulin and glucagon 
to inform other tissues to store glucose or release glucose, respectively, in order 
to maintain blood glucose levels. The liver, instead, processes nutrients from 
the diet and delivers them to other organs. Interestingly, emerging evidence 
indicates that MANF affects metabolic functions precisely in the brain, pancreas, 
and liver. Metabolic function of MANF in the mouse brain was implied in the 
study of Yang and others. They noticed that MANF expression was upregulated 
in the hypothalamus in response to fasting (Yang et al., 2017). Characterization 
of a transgenic mouse line with a mouse prion promoter-induced MANF 
overexpression caused an increase in food intake, called hyperphagia, and a 
consequent increase in body weight gain. The involvement of the hypothalamus 
was confirmed by inducing MANF expression selectively in the hypothalamus 
via AAV-mediated delivery, which similarly resulted in hyperphagia and obesity. 
In contrast, inhibiting MANF in the hypothalamus by siRNA caused hypophagia 
and decreased body weight. Hypothalamic overexpression of MANF also altered 
insulin signaling causing insulin resistance. The reason behind this was suggested 
to be an interaction between MANF and phosphatidylinositol 5-phosphate 
4-kinase type-2 beta (PIPk2b) followed by localization of PIPk2b to the ER. 
Overexpressed MANF was explained to drive more PIPk2b to the ER, where it 
inhibited insulin signaling through phosphorylation of Akt.
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The Langerhans islets in the pancreas respond to high blood glucose 
concentration by secreting insulin produced in beta cells and reacts to low glucose 
levels by secreting glucagon from alpha cells. Functional insulin secretion is 
fundamental for the organism and reduced insulin production due to beta cell 
death causes hyperglycemia, characterizing diabetes. As discussed before, mice 
lacking MANF develop diabetes due to loss of beta cells indicating that MANF 
is vital for proper metabolic function (Lindahl et al., 2014). The finding has been 
followed by studies presenting MANF levels in type 1 and type 2 diabetic patients 
(Galli et al., 2016; Wu et al., 2017). In both conditions, MANF levels are increased 
upon diagnosis in patients’ sera. Although the mechanism is not understood, 
serum MANF levels can refer to the metabolic status of a patient. It has also been 
demonstrated that MANF protects human beta cells from inflammation-induced 
ER stress (Hakonen et al., 2018). Additionally, a recent study showed that MANF 
protected beta cells by increasing autophagy during ER stress (Fu et al., 2020). 
Investigation of the therapeutic potential of MANF to treat diabetes is ongoing. 

Liver is a central player in metabolism – it catalyzes carbohydrate digestion, 
and conversion of fatty acids into triacylglycerides to adipose tissue for storage, 
for example. Liver has a high metabolic flexibility responding to energy demand 
or supply depending on diet (Smith et al., 2018). Restricted energy intake during 
fasting causes metabolic changes in the liver: the body needs to secure energy 
supply for the brain, therefore, liver increases production of glucose for fuel. A 
study of therapeutic fasting in humans revealed that MANF protein levels in the 
serum were increased after fasting compared to the levels before fasting (Galli 
et al., 2019a). Corresponding fasting was mimicked in mice by high-fat diet 
withdrawal. A change from high-fat diet to normal diet upregulated MANF 
expression in the liver (Galli et al., 2019a). A consistent observation from another 
study showed WT mice having lower circulating MANF levels when fed a high-
fat diet (Sousa-Victor et al., 2019). Excessive energy supply, such as a high-fat 
diet, causes lipid burden and the body has difficulties in storing lipids. Abnormal 
accumulation of lipids in the liver results in a condition called fatty liver – steatosis. 
Interestingly, Sousa-Victor and others observed increased accumulation of lipids 
in aging Manf+/- mouse livers, indicating development of hepatosteatosis. Livers 
from Manf+/- mice also expressed more inflammation markers and had increased 
apoptosis compared to WT mice. Specific silencing of MANF via AAV vector-
mediated hepatocyte-specific Cre delivery to the liver caused accumulation of 
lipids but did not induce inflammation. MANF ablation from monocytes, instead, 
mimicked the inflammation phenotype similar to Manf+/- mice. To conclude, both 
liver- and spleen-derived MANF affects liver homeostasis. Finally, MANF delivery 
to old mice improved liver functions and aging-related metabolic dysfunction 
revealing the rejuvenating potential of MANF. 

Nonalcoholic fatty liver disease (NAFLD) includes a variety of conditions with 
high hepatic fat content that are not caused by excessive alcohol consumption. 
MANF protein levels were reduced in ob/ob mice modeling obesity and NAFLD 
in vivo (He et al., 2020). The effect of MANF was further investigated in an in vitro 
model of NAFLD. Overexpression of MANF decreased and knockdown of MANF 
increased lipid droplets in HepG2 cells treated with free fatty acids. Furthermore, 
overexpressed MANF decreased mRNA levels of genes involved in lipogenesis, 
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fatty acid synthesis, cholesterol synthesis, and fatty acid uptake. Overall, MANF 
was suggested to alleviate lipid accumulation and decreased de novo lipid synthesis 
in NAFLD. The effect of MANF on lipogenesis was agreed on in another study, 
where MANF was appointed as hepatokine (Wu et al., 2021). Authors proposed 
that MANF is secreted to the serum from the liver in response to feeding. It was 
shown that hepatic overexpression of MANF protected mice from high-fat diet-
induced hepatosteatosis and on the contrary, hepatic MANF ablation exacerbated 
high-fat diet-induced obesity. Besides these reports, several other studies have 
focused on the role of hepatic MANF in different liver disease models listed in 
Table 4. All these studies have analyzed hepatocyte-specific MANF KO mice 
in disease conditions, where liver-specific MANF KO mice consistently show a 
worse outcome. 

Interestingly, MANF interactome includes proteins involved in glucose 
metabolism, such as glycolytic enzymes phosphoglycerate mutase 1 (PGAM1) 
and alpha-enolase (Eesmaa et al., 2021). These enzymes function in the glycolytic 
pathway, which converts glucose to pyruvate and releases ATP. The interaction 
between MANF and cytosolic PGAM1 was confirmed to occur outside of the 
ER by a bimolecular fluorescence complementation assay (Eesmaa et al., 2021). 
Further analysis, however, was not conducted with these proteins.

2.4.4. Endogenous expression in human diseases
Expression of endogenous CDNF and MANF is altered in various disease conditions 
in humans as listed in Table 5. In Parkinson’s disease patients, for example, MANF 
protein levels are increased in the serum and CDNF levels, instead, are elevated 
in the hippocampus (Galli et al., 2019b; Virachit et al., 2019). However, it is not 
known what causes increased expression in these diseases. Diseases listed in Table 
5 are pathogenically highly different, but many of them share common nominators 
related to inflammation and metabolism. MANF expression is increased in at least 
three autoimmune diseases – rheumatoid arthritis, systemic lupus erythematous, 
and type 1 diabetes – and in metabolic conditions of NAFLD and hyperlipidemia. 
In fact, the diseases listed in Table 5 reflect the functions of CDNF and MANF 
that are related to neuronal protection, inflammation, and metabolism. Therefore, 
altered expression of CDNF and MANF in these disease conditions provides 
information about how endogenous CDNF and MANF function in diseases and 
under inflammation. On the other hand, it suggests that these proteins could 
possibly be used as biomarkers for the disease diagnosis. Altered protein levels 
in the serum could serve as an easily measurable diagnostic marker. By now, at 
least MANF levels in the liver have been evaluated as a diagnostic and prognostic 
indicator for hepatocellular carcinomas (He et al., 2020). 

As aforementioned, MANF was originally named ARMET due to predicted 
cancer-associated mutations in the human MANF gene. Point mutations or 
deletions in the MANF gene were spotted in sporadic renal carcinomas, and later 
in lung, breast, and prostate cancers (Shridhar et al., 1996a; Shridhar et al., 1996b). 
However, soon after, these polymorphisms in the MANF gene were also discovered 
in healthy matched controls demonstrating normal variation (Evron et al., 1997). 
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In 2015, a young human patient with diabetes was identified to carry a missense 
mutation in the MANF gene that was estimated to result in a loss of MANF 
protein product (Yavarna et al., 2015). The patient had short stature, obesity, mild 
intellectual disability, and type 2 diabetes. Moreover, the patient was diagnosed for 
hypothyroidism, hypogonadism, alopecia, and myopia, demonstrating a variety 
of complications caused by the lack of MANF. Recently, another patient with a 
homozygous variant in the exon 1 of the MANF gene was discovered (Montaser et 
al., 2021). The patient was diagnosed for early childhood-onset insulin-deficient 
diabetes and had short stature, deafness, developmental delay, and microcephaly. 
Embryonic stem cells with an introduced mutation in the MANF gene similar 
to the MANF mutant patients were differentiated into functional beta-like cells. 
Beta cells lacking human MANF had increased proliferation rate and a trend for 
increased expression of GRP78 and GRP170, but not significant UPR activation 
in vitro. Furthermore, MANF-deficient human islet aggregates were grafted into 
immunocompromised mice. An insulin sensitivity test showed that these mice 
had impaired insulin secretion and demonstrated defects in proinsulin processing. 
MANF-deficient grafts demonstrated a clear ER stress-related increased expression 
of GRP78 and GRP170 in vivo. 

So far, there are no known mutations in the CDNF gene, but polymorphisms 
of CDNF are associated with different disease conditions: schizophrenia (Yang et 
al., 2018), Parkinson’s disease (Choi et al., 2011), and cocaine dependence (Lohoff 
et al., 2009). It is worth mentioning that all these disease conditions associated 
with the CDNF polymorphism are dopamine-related disorders. 

Given that both CDNF and MANF have such a high therapeutic potential 
in various animal disease models, the ultimate goal is to study whether they 
could be used to treat human patients. It is interesting that, as seen in Table 5, 
endogenous expression of CDNF and MANF is altered in many of the diseases 
that they are predicted to be used as a treatment. By understanding the function 
of endogenous CDNF and MANF, we can understand their mechanism of action 
in disease models better. Therefore, this thesis aims to provide information about 
the function of endogenous CDNF and MANF. 
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Table 5. Human diseases identified with altered CDNF or MANF expression levels. Changed 
expression levels have been measured at the mRNA, protein level, or both, and in different target 
tissues.  designates for an increase and  for a decrease in the expression level.

Disease Tissue Measure Change Reference

CDNF

Hepatocellular 
carcinoma

Liver mRNA (Liu et al., 2019)

Parkinson’s disease Hippocampus Protein (Virachit et 
al., 2019)

Stroke White blood cells mRNA (Joshi et al., 2020)

Type 2 diabetes Liver mRNA (Liu et al., 2019)

MANF

Adult growth hor-
mone deficiency

Serum Protein (Ren et al., 2021)

Alzheimer’s disease Cortex Protein (Liu et al., 2021)

Hepatitis B Liver mRNA, 
protein

(Wang et al., 2018)

Hepatocellular 
carcinoma

Liver mRNA (Liu et al., 2019)

Hyperlipidemia Serum Protein (Fu et al., 2020)

Nonalcoholic 
steatohepatitis

Serum Protein (Sousa-Victor 
et al., 2019)

Obesity Serum Protein (Wu et al., 2021)

Parkinson’s disease Serum Protein (Galli et al., 2019b)

Polycystic ovary 
syndrome

Serum Protein (Wei et al., 2020)

Rheumatoid arthritis White blood cells mRNA (Chen et al., 2015)

Systemic lupus 
erythematous

White blood cells mRNA (Chen et al., 2015)

Type 1 diabetes Serum Protein (Galli et al., 2016)

Type 2 diabetes Serum Protein (Wu et al., 2017)

Type 2 diabetes Liver mRNA (Liu et al., 2019)

Type 2 diabetes Serum Protein (Fu et al., 2020)

Type 2 diabetes Plasma Protein (Wang et al., 2021a)
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3. AIMS OF THE STUDY

In an attempt to study the function of endogenous CDNF and MANF proteins, 
the main goal in the thesis was to characterize mice lacking CDNF, MANF, or 
both. By analyzing the consequences of the gene deletion, we aimed to understand 
the processes and functions where those genes are involved. 

The specific aims of the studies were:

I. To examine the effect of CDNF and MANF 
ablation on UPR gene expression in vivo

II. To study the role of CDNF and MANF in the 
midbrain dopamine system in mice

III. To investigate vulnerability of MANF KO neurons in vitro

IV. To analyze compensation between CDNF and MANF 
by characterizing CDNF/MANF double KO mice
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4. MATERIALS AND METHODS

4.1. List of used methods

This thesis is based on the methods listed in Table 6. The studies where each 
method is used are marked in the table.

Table 6. Methods used by the author of this thesis. u=unpublished

Original study

Mouse lines

Planning of breedings I, III

DNA isolation I, II, III

Genotyping I, II, III

Primary neuronal cultures

Cortical neuron cultures I

Dopamine neuron cultures I

Gene expression analysis

Quantitative PCR I, II, III, u

Protein expression analysis

ELISA III

Immunohistochemistry I, II, III

Immunocytochemistry I

Western blotting I, III

Behavioral analysis of mice

Open field I, III

Rotarod I

Coat hanger I

Multiple static rods I

Barnes maze I

Morphometric analysis

Optical density measurements I, II, III

Primary cell counting I

Cell counting I, II, III

Statistical analysis I, II, III

dissertation emmi final.indd   49 18.5.2022   13.29



50

MATERIALS AND METHODS

4.2. Mouse lines

Studies in this thesis are based on characterization and analysis of different mouse 
KO lines (Table 7). The Manf-/- mouse line has been previously generated (Lindahl 
et al., 2014), but was further analyzed in studies I and III. In addition to analysis of 
the mice at different ages, Manf-/- mice were used as a source for primary cultures 
in study I, where cortical and dopamine neuron cultures were prepared from 
Manf+/+, Manf+/-, and Manf-/- embryos. 

Conditional Manffl/fl::NestinCre/+ mice have been introduced before (Lindahl et 
al., 2014). Mice were developed by using the Cre/loxP recombination system. In 
this system, two identical small nucleotide sequences, loxP sites, are inserted into 
the genome around an exon in the gene of interest, which is aimed to be deleted 
(Gu et al., 1994). In this case, Manffl/fl mice have lox-P sites flanking an exon 3. 
These mice were crossed with mice carrying a Cre recombinase gene under the 
Nestin promoter. Cre recombinase catalyzes DNA recombination between loxP 
sites (Sauer and Henderson, 1989). Thus, in Manffl/fl mice, Cre enzyme cuts exon 
3 from the gene producing a shorter non-sense Manf mRNA, which does not 
translate into functional protein. Generated conditional Manffl/fl::NestinCre/+ mice 
were analyzed in detail in study I. 

In study II, we introduced Cdnf-/- mice for the first time. In study III, 
conventional Cdnf-/-::Manf-/- mice and conditional Cdnf-/-::Manffl/fl::NestinCre/+ mice 
were characterized for the very first time. We utilized Manf-/-, Cdnf-/- and Manffl/

fl::NestinCre/+ mice to produce dKO mice. All animal experiments were performed 
according to licenses accepted by National Animal Experiment Board. 

Table 7.  Mouse lines used in the studies. u = unpublished

Mouse Strain Origin, reference Study

Manf -/- Hsd:ICR Lindahl et al., 2014 I, III

Manf fl/fl Hsd:ICR, C57Bl6 Lindahl et al., 2014 I, III

Nestin Cre/+ C57Bl6 Gift from Edgar Kramer I, III

Cdnf -/- Hsd:ICR, C57Bl6 Article II II, III, u

4.3. Gene expression analysis

Quantitative PCR: RNA was isolated from tissue and cell samples by the classical 
phenol-chloroform extraction. Samples were homogenized to phenol-containing 
Trizol or Tri-reagent and mixed with chloroform. Centrifugation at 14,000 
rpm for 20 min caused phase separation leaving RNA in the upper phase and 
DNA and proteins in other phases. The transparent supernatant was collected 
and mixed with isopropanol. Precipitated RNA was centrifuged down and the 
resulting pellet was washed twice with 75% ethanol. The final pellet was dried and 
diluted in sterile water. RNA concentration was measured with NanoDrop and 
purity was evaluated simultaneously. The cDNA synthesis from the RNA samples 
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was catalyzed by reverse transcriptase. Diluted cDNA samples were mixed with 
Lightcycler 480 SYBR Green Master mix and analyzed by Lightcycler 480 Real-
Time PCR System. Quantification was performed with a standard curve method 
and values were normalized to the levels of with a reference gene that was β-actin. 

4.4. Protein expression analysis

Immunohistochemistry: Paraffin-embedded 5-μm-thick tissue sections were 
deparaffinized and boiled in citrate buffer (10 mM sodium citrate tribasic 
dihydrate + 0.05% Tween 20) to retrieve antigens. After washes with Tris-buffered 
saline (TBS, pH 7.4), sections were incubated in 0.6% hydrogen peroxidase to 
inactivate endogenous peroxidase in the tissues. Blocking was performed with 
1.5% horse or goat serum in TBS with 0.1% Tween 20 (TBS-T) depending on 
the primary antibody, which was applied after blocking for overnight. Next 
day, biotinylated secondary antibody incubation was applied for sections. For 
detection, avidin-biotin complex was added on top of section for half an hour. 
Signal was detected by adding a diaminobenzidine (DAB) peroxidase substrate. 
Incubation with the DAB substrate depended on the primary antibody used. After 
DAB reaction, sections were dehydrated and mounted. Immunofluorescence 
staining for paraffin-embedded sections was performed similarly but with few 
exceptions. After antigen retrieval, sections were washed and blocked for a longer 
time. After primary antibody incubation overnight, sections were incubated 
with the secondary antibody for 3–4 hours and mounted with DAPI-containing 
mounting media. 

Immunocytochemistry: Primary cortical neuron cultures on the 96-well plates 
or primary dopamine neuron cultures on micro islands were fixed by 4% PFA. 
Cells were first permeabilized with 0.2% Triton X-100 in phosphate-buffered 
saline (PBS) and then blocked with 5% horse serum in 0.2% Triton X-100 in 
PBS. Primary antibody was applied in blocking buffer for overnight. Secondary 
antibody conjugated with Alexa fluorophore was applied for an hour and nuclei 
were stained with DAPI. 

ELISA: In-lab designed ELISA assays were used to quantify CDNF and MANF 
protein levels in serum and tissue samples (Danilova et al., 2019b; Galli et al., 
2019a). Whole blood was collected from euthanized mice and serum was isolated 
from blood by centrifugation. For MANF ELISA, serum samples were diluted 
in blocking buffer (1% casein PBS with 0.05% Tween 20) and for CDNF ELISA, 
samples were diluted to 3% BSA in PBS. Quadriceps muscle, pituitary gland 
and pancreas tissues were lysed in 20 mM Tris buffer (pH 8.0) containing 137 
mM NaCl, 2.5 mM EDTA, 1% IGEPAL CA-360, 10% glycerol, 0.5 mM sodium 
orthovanadate and protease inhibitors.

Western blotting: Protein expression levels in different samples were 
quantitatively measured with Western blotting. Tissue or cell samples were 
homogenized in homogenization buffer. The buffer in the study I was composed 
of 10 mM Tris-HCl (pH 8.0), 300 mM NaCl, 4 mM EDTA, 0.2% Triton X-100, a 
protease inhibitor cocktail and either a phosphatase inhibitor cocktail or 1 mM 
sodium orthovanadate. In study I, for DAT detection, buffer of 10 mM HEPES 
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(pH 7.2) with 0.3 M sucrose, 1 mM EDTA and protease inhibitors was used. The 
homogenization buffer in study III was 25 mM Tris-HCl (pH 7.5) with 150 mM 
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitors and 
phosphatase inhibitors. Protein homogenates were centrifuged for 14,000 rpm at 
4˚C for 20 min to remove cellular debris. Protein concentrations were measured 
with a BCA protein assay. Samples containing an equal amount of protein were 
mixed with Laemmli buffer containing 2-mercaptoethanol to reduce disulphide 
bonds, and heated at 95˚C for 10 min for denaturation. Proteins were separated 
on polyacrylamide gels and transferred into nitrocellulose membranes by 
Western blotting. Membranes were blocked and incubated with primary antibody 
overnight. Next day, membranes were incubated with a horseradish peroxidase-
conjugated secondary antibody. Following incubation with an ECL Western 
blotting substrate, chemiluminescence signal was detected with exposure to films 
or LAS-3000 and iBright imaging systems. Quantitation of protein bands on 
membranes was performed with ImageJ or ImageStudioLite.

4.5. Behavioral assays

Open field: Open field test measures locomotor activity of mice. Mice were placed 
in the corner of the open field arena and monitored for 30 min. The open field box 
has diameters of 30 cm x 30 cm. Beams in the open field box detected horizontal and 
vertical activity. The response to amphetamine was analyzed by first habituating 
mice in the open field arena for 30 min. Mice were then removed from the arena, 
injected with amphetamine (3 mg/kg) intraperitoneally and placed back to the 
same open field box. Post-injection activity was monitored for 90 min. 

Rotarod: Rotarod assay measures motor coordination in mice. In the test, mice 
are placed on a slowly moving rod, which starts to accelerate. During 4 min time 
of the measurement, the speed is increased from 4 rpm to 40 rpm. Mice were 
trained for the rotarod once with similar settings. 

Coat hanger: Coat hanger test measures forelimb strength and coordination. 
Mice were placed in the middle of the lower coat hanger rod. Performance was 
monitored for 60 sec and latency to fall was measured. 

Multiple static rods: Performance on the multiple static rod test evaluates motor 
coordination and balance. A multiple static rod stand consists of five wooden rods 
attached to the home plate. Mice are trained to walk along the thickest rod to the 
home platform before the actual test. In the real test setting, a mouse is place at 
the end of the thickest rod facing away from the home platform. The time to turn 
180 degrees towards the home platform and time to walk 60 cm towards the home 
platform are measured within a maximum of 2 min. In addition, latency to fall is 
measured in case a mouse does not reach the home platform. After the first rod, 
mouse is placed to the second, thinner one and the measurements are repeated. 
Rod diameters are 1 – 27 mm, 2 – 21 mm, 3 – 15 mm, 4 – 11 mm, and 5 – 8 mm. 

Barnes maze: Barnes maze assay is used to measure the long-term memory 
and learning. It is a dry-land version of Morris-water maze test without the aspect 
of forced swimming. Barnes maze arena consists of round table with 100 cm 
diameter and 20 equally distributed holes (5 cm diameter) along the edge of the 
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round table. The escape box is placed under one of the holes and mice are trained 
to learn the location of the box. The trial ended when a mouse entered the escape 
box or when 3 min elapsed, and a mouse was gently guided to the escape box. 
Learning is performed 3 times per day with 2 hours interval on three consecutive 
days. On day 4, the escape box is removed from the maze and the time to find the 
right hole (max 1.5 min) is regarded are a measure for the long-term memory. For 
reverse training, the escape box is placed on the opposite side of the maze. Reverse 
training was repeated 3 times per day (max 3 min) on two consecutive days. On 
the last day, mice performed probe trial II. All trials were recorded with video 
tracking software Ethovision XT10.

4.6. Morphometric analysis

Optical density measurement: Immunohistochemical stainings for striatal brain 
sections were quantified by optical density measurements. Stained sections 
were scanned with Pannoramic 250 Flash II scanner (3DHISTECH, Budapest, 
Hungary). The area of interest was defined and optical density was measured from 
this region. 

Primary cell counting: Primary cortical neuron cultures on 96-well plates were 
stained and NeuN-positive fluorescence signal was scanned with CellInsight CX5 
instrument (Thermo Fisher Scientific). Images were analyzed by designed image 
analysis workflow in CellProfiler and CellProfiler Analyst programs. Primary 
dopamine neuron cultures on micro islands were TH-stained and pictures from 
islands were taken with Leica fluorescent camera DC300F. TH-positive cells were 
quantified from images with ImageJ.

Dopamine cell counting: Relative dopamine neuron numbers were counted 
with different methods that have been validated for dopamine neuron analysis 
(Penttinen et al., 2016; Penttinen et al., 2018). TH-stained nigral sections were 
digitized with a whole-slide scanner (Pannoramic 250 Flash, 3DHISTECH, 
Budapest, Hungary). In studies I and II, dopamine neurons were counted with 
a Matlab-based algorithm (Penttinen et al., 2016). In study III, scanned sections 
were uploaded to an image management server (Aiforia, Technologies Oy, 
Helsinki, Finland) and dopamine neurons were counted with a deep learning 
artificial intelligence-based method (Penttinen et al., 2018). The algorithm was 
specifically trained to recognize cells from the stainings performed in the study.
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5.1. The effect of CDNF and MANF deficiencies on  
the UPR

As aforementioned, CDNF and MANF are recognized as ER stress regulators. Loss 
of MANF results in upregulated UPR gene expression in many model organisms. 
In conventional and conditional MANF KO mice, UPR gene expression increases 
in various peripheral tissues. Therefore, this thesis focused on the effect of CDNF 
and MANF ablation on UPR gene expression in the brain and in the muscle tissue, 
which have not been studied before. Additionally, we characterized mice lacking 
both CDNF and MANF to investigate whether they can compensate each other’s 
functions regarding UPR regulation.

5.1.1. Endogenous MANF regulates the UPR in the developing, adult, and 
aged mouse brain (I)

MANF expression in the brain fluctuates during development, being highest 
in the perinatal phase and lowest in adult rat (Wang et al., 2014). Therefore, we 
thoroughly studied UPR gene expression in MANF-deficient mice at different time 
points during development. First, we analyzed UPR gene expression in embryonic 
and perinatal Manf-/- mouse brains. We performed real-time quantitative PCR 
(RT-qPCR) analysis for the brain tissue collected from E13.5, postnatal day (P) 1, 
and P14 mice. At all of these times points, Manf-/- mice had significantly increased 
UPR gene expression (Figure 5A). All the analyzed genes – Atf6α, Atf4, Chop, 
Grp78, sXbp1, and total Xbp1 (tXbp1) – were upregulated in Manf-/- mouse brains 
compared to littermate WT brains. The highest increase was in the mRNA levels 
of sXbp1 in the IRE1α pathway. 

Next, we assessed UPR gene expression in young 5-week-old female  
Manf-/- mice in dissected brain regions. The specific brain regions of the cortex, 
striatum, hippocampus, substantia nigra, and cerebellum were selected for the 
analysis based on their high MANF expression (Lindholm et al., 2008). In all the 
regions studied, both Grp78 and sXbp1 mRNA levels were significantly increased 
(Figure 5B). In addition, the mRNA levels of Chop were increased in the cortex 
and cerebellum and tXbp1 levels in the cortex, striatum, and cerebellum. It is 
important to note here, that some of the Manf-/- mice had already increased blood 
glucose levels at the time of tissue collection, but not all. The impact of diabetes 
manifestation on UPR gene expression in the brain cannot be excluded. Therefore, 
we then repeated the analysis for the same brain regions of 2-month-old Manffl/

dissertation emmi final.indd   55 18.5.2022   13.29



56

RESULTS

fl::NestinCre/+ female mice, which do not develop diabetes since MANF expression 
is maintained in the pancreas. In all the regions studied, both Grp78 and sXbp1 
mRNA levels were significantly increased (Figure 5C). 

Following qPCR analysis, we analyzed the expression of certain UPR markers at 
the protein level. In 2-month-old Manffl/fl::NestinCre/+ male mice, GRP78 expression 
was also significantly increased at the protein level in the cortex, striatum and 
cerebellum measured by Western blotting (I: Fig. 2E). Additionally, we measured 
the phosphorylation of eIF2α by Western blotting and found that the p-eIF2α 
levels were significantly increased only in the cerebellum (I: Fig. 2F).

Since sXbp1 mRNA levels were notably increased in the brains of both Manf-

/- and Manffl/fl::NestinCre/+ mice, we wanted to explore the IRE1α pathway activation 
further. Thus, we additionally analyzed the mRNA levels of Txnip from the 
pro-apoptotic branch of IRE1α. However, the Txnip levels were not changed in 
2-month-old Manffl/fl::NestinCre/+ mice (I: Fig. 2H). The mRNA levels of Bcl10 were 
not increased either (I: Fig. 2H).

Figure 5. UPR gene expression in the brain of conventional and conditional MANF KO mice. A) UPR 
gene expression levels measured by qPCR in the whole brain of E13.5, P1 and P14 Manf-/- and WT mice 
(n = 5–9). B) 5-week-old Manf-/- and WT female mice (n = 3–6). C) 2-month-old Manffl/fl::NestinCre/+ and 
control Manffl/fl female mice (n = 4–9). Results are scaled to the average value of the control samples. 
Data are presented as mean ± SEM. For statistical analysis, Mann-Whitney U test was used. Figure 
modified from publication I.

Finally, we performed the similar qPCR analysis for aged, 16-month-old Manffl/

fl::NestinCre/+ male mice to see whether the UPR magnitude changes upon aging. 
This time we included NestinCre/+ male mice as additional controls. Similar to 
2-month-old mice, Grp78 and sXbp1 mRNA levels were increased in the cortex 
of 16-month-old Manffl/fl::NestinCre/+ mice compared to both Manffl/fl and NestinCre/+ 
mice (Figure 6A). In contrast, UPR genes Atf6α, Atf4, Grp78, sXbp1, and tXbp1 
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were increased in the substantia nigra of Manffl/fl::NestinCre/+ mice (Figure 6B). Thus, 
both IRE1α and PERK pathways were activated in addition to increased Grp78 
expression. Immunostaining illustrated co-localization of GRP78 expression 
with TH-positive neurons in Manffl/fl::NestinCre/+ mice (Figure 6C). In addition, we 
measured the mRNA levels of Bcl10 and Txnip in the substantia nigra and cortex 
samples but did not see changes in their expression between the genotypes (I: Fig. 
3C).

Figure 6. UPR gene expression in aged conditional MANF KO mice. A) The mRNA levels of UPR 
genes measured by RT-qPCR in the cortex and B) substantia nigra of 16-month-old Manffl/fl::NestinCre/+

male mice and Manffl/fl and NestinCre/+ control male mice (n = 4–6). Results are scaled to the average 
value of the control samples. C) Representative figures of GRP78 expression and its co-localization 
with TH-positive neurons in 1-year-old Manffl/fl::NestinCre/+ and Manffl/fl mice. Scale bar 50 μm. One-way 
ANOVA followed by Tukey’s post hoc test was used for statistical analysis. Data expressed as mean ± 
SEM. Figure modified from publication I.

5.1.2. Loss of MANF increases neuronal vulnerability to thapsigargin  
in vitro (I)

In order to study the effect of neuronal MANF ablation in more detail, we cultured 
cortical neurons isolated from Manf+/+, Manf+/- and Manf-/- embryos and analyzed 
UPR gene expression in the cultures. Neurons were cultured on plates for 14 days 
followed by RNA isolation and qPCR analysis for UPR genes. Identically to the 
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cortex tissue of Manf-/- mice, cortical neurons isolated from Manf-/- embryos had 
increased expression of Atf4, Grp78, sXbp1, and tXbp1 (Figure 7A).  

Recombinant MANF has been found to promote survival of primary dopamine 
neurons treated with an ER-stressor thapsigargin (Eesmaa et al., 2021). Therefore, 
we wanted to study the survival of Manf-/- cortical neurons after the treatment 
with thapsigargin. Treatment with 5 nM thapsigargin for 48 hours decreased 
the survival of NeuN-positive cells in all genotypes (Figure 7B). Treatment with 
higher thapsigargin concentration, 10 nM, caused a more severe loss of NeuN-
positive cells in Manf-/- cultures compared to WT and Manf+/- cultures. We then 
assessed the effect of 10 nM thapsigargin treatment on UPR gene expression in 
the cultures prepared from Manf+/+, Manf+/- and Manf-/- embryos. Thapsigargin 
treatment increased the expression of all UPR markers (I: Fig. 6D–6I). However, 
there were no differences in the expression of UPR genes between Manf+/+, Manf+/- 
and Manf-/- cultures, except in the mRNA levels of sXbp1 (I: Fig. 6H). As the sXbp1 
expression was differently expressed in Manf-/- cultures compared to controls in 
response to thapsigargin, we decided to further explore the IRE1α pathway after 
ER stress induction. Thus, the mRNA levels of Txnip were measured but no 
difference between the genotypes was found (I: Fig. 6K). 

As aforementioned, MANF has been demonstrated to control the NF-κB 
pathway in various studies. A trend to increased phosphorylation was observed 
in the isolated pancreatic islets of Manf-/- mice and expression of the NF-κB 
upstream regulator and apoptosis inducer, Bcl10, was upregulated in the P1 islets 
from pancreas-specific MANF KO mice (Danilova et al., 2019a). Therefore, we 
hypothesized that activation of the NF-κB pathway could explain the increased 
vulnerability of MANF-devoid cortical neurons to thapsigargin. However, we did 
not find differences between the genotypes when measuring the mRNA levels 
of Bcl10 (I: Fig. 6J). Furthermore, NF-κB phosphorylation was not differently 
increased between MANF-devoid and control cultures (I: Fig. 6L–6M). Thus, the 
increased vulnerability of Manf-/- cortical neurons to thapsigargin does not seem 
to be due to the activation of the apoptotic arm of the IRE1α pathway.

dissertation emmi final.indd   58 18.5.2022   13.29



59

RESULTS

Figure 7. MANF-devoid cortical neurons have increased UPR activation and increased vulnerability 
to thapsigargin. A) UPR gene expression in cortical cultures isolated from Manf+/+, Manf+/- and Manf-/- 
embryos. Neurons were cultured for 14 days and collected for RNA isolation and analyzed by real-time 
quantitative PCR (n = 4–8). B) The effect of thapsigargin treatment on cell survival. Cortical neurons 
were cultured for 9 days followed by treatment with 5 mM and 10 mM thapsigargin for 48 hours. 
Neuronal cultures were fixed and stained with the NeuN antibody (n = 3–5). The neuronal survival was 
quantified by comparing the NeuN-positive neuron number with vehicle-treated cultures. Each data 
point represents one animal and is an average of two wells. For statistical analysis, one-way ANOVA 
followed by Tukey’s post hoc test (A) and two-way ANOVA followed by Tukey’s multiple comparison 
tests (B) were used. The data represent the mean ± SEM. Figure modified from publication I. 

5.1.3. Loss of CDNF does not aggravate UPR activation in MANF-deficient 
brain (III)

In study II, we generated and characterized Cdnf-/- mice for the first time. 
Cdnf-/- mice were viable, fertile, and have normal growth. Clinical biochemical 
parameters in the serum of Cdnf-/- mice were similar compared with littermate 
WT mice. Organ weights of Cdnf-/- mice did not differ from WT mice either. Thus, 
loss of CDNF did not cause any visible, gross defects in mice. Due to findings of 
CDNF affecting ER stress, UPR gene expression was analyzed in the striatum or 
substantia nigra of Cdnf-/- mice. However, there were no changes in the mRNA 
levels of UPR genes in the midbrain of Cdnf-/- mice at the age of 9–12 months. 

Since loss of CDNF alone did not alter the UPR gene expression in the brain, 
we wanted to study whether CDNF ablation in MANF-deficient mice would 
alter UPR activation. To elucidate whether CDNF deficiency would aggravate 
the increased UPR gene expression in Manf-/- brains, we analyzed the brains of 
Cdnf-/-::Manf-/- mice. First, we investigated UPR gene expression in the brains of 
developing Cdnf-/-::Manf-/- mice at E13.5. This timepoint was selected since UPR 
gene expression was increased in Manf-/- embryos at E13.5 and it has been shown 
that also Cdnf expression has also started at E13.5. The results showed that all UPR 
genes studied were upregulated in the Cdnf-/-::Manf-/- mice in a similar way as in 

dissertation emmi final.indd   59 18.5.2022   13.29



60

RESULTS

Manf-/- mice (III: Fig. 4A). Next, we analyzed UPR gene expression by RT-qPCR 
in the striatum of Cdnf-/-::Manf-/- and control mice at the age of 6 weeks. Again, the 
UPR gene expression was similar between Manf-/- and Cdnf-/-::Manf-/- mice (III: 
Fig. 4B). The UPR genes of Atf4, Grp78, sXbp1, and Pdia6 were upregulated both 
in Manf-/- and Cdnf-/-::Manf-/- mice compared to WT and Cdnf-/- mice. In addition, 
genes Grp94, Erdj4, and tXbp1 were significantly upregulated in the striata of 
Manf-/- mice. Thus, the loss of CDNF did not affect the UPR gene upregulation 
caused by loss of MANF alone.

Following the qPCR analysis, changes at the Grp78 mRNA levels were 
confirmed at the protein level. Results from Western blotting experiment indicated 
that the GRP78 expression was indeed increased in the brains of P1 Manf-/- and 
Cdnf-/-::Manf-/- mice compared to WT and Cdnf-/- mice (III: Fig. 4C). Similarly, 
in the striatal tissue lysate of 6-week-old Manf-/- and Cdnf-/-::Manf-/- mice, GRP78 
protein levels were significantly increased compared to WT and Cdnf-/- mice but 
not differently from each other (III: Fig. 4D).

5.1.4. Combined CDNF and MANF deficiency aggravates ER stress in the 
muscle (III)

In addition to the brain, we wanted to investigate the effect of CDNF ablation on 
another tissue. CDNF is highly expressed in the muscle (Lindholm et al., 2007; 
Danilova et al., 2019b), therefore, skeletal muscle was selected for the investigation. 
We performed RT-qPCR analysis for the quadriceps femoris muscles of 6-week-
old mice. Data implicated that the mRNA levels of Grp78, sXbp1 and Pdia6 were 
significantly increased in Cdnf-/-::Manf-/- mice compared to WT, Cdnf-/-::Manf+/- and 
Manf-/- mice (Figure 8A). Moreover, the mRNA levels of tXbp1, Erdj4, and Grp94 
were increased compared to WT and/or Cdnf-/-::Manf+/- mice as well. Expression 
of Grp78 and sXbp1 were also increased in single Cdnf-/- and Manf-/- mice, but only 
Pdia6 significantly increased compared to WT mice. Thus, the IRE1α pathway was 
significantly activated in the skeletal muscle devoid of both CDNF and MANF.

Since the mRNA levels of Grp78 were increased in Cdnf-/-::Manf-/- mice, we 
also assessed expression of GRP78 protein level. Quadriceps muscle tissues from 
6-week-old mice were analyzed by Western blotting and data acquired indicated 
that GRP78 expression was increased in Cdnf-/- and Cdnf-/-::Manf+/- mice compared 
to WT mice (Figure 8B). Instead, GR78 expression was not increased in the Manf-/- 
muscle compared to WT mice. Notably, the GRP78 expression was exacerbated in 
Cdnf-/-::Manf-/- mice compared to Cdnf-/-, Cdnf-/-::Manf+/- and Manf-/- mice. Finally, 
we wanted to measure CHOP protein levels in the same samples. In agreement 
with Chop mRNA levels, CHOP levels were unaltered between phenotypes (III: 
Fig. 3C).
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Figure 8. UPR gene expression in the skeletal muscle devoid of CDNF, MANF or both. A) UPR gene 
expression levels in the quadriceps muscle collected from 6-week-old male mice (n = 4). B) GRP78 
protein expression levels in the quadriceps muscle collected from 6-week-old female mice (n = 3–5).
Gene expression values are scaled to the control WT values. One-way ANOVA followed by Tukey’s post 
hoc test was used for statistical analysis. Data are presented as mean ± SEM. Figure modified from 
publication III.

5.1.5. CDNF regulates the UPR in the skeletal muscle in response to exercise 
(unpublished)

Considering that Cdnf-/- mice had increased UPR gene expression in the skeletal 
muscle, we explored whether further stress would affect the UPR status in the 
muscle. To elucidate the effect of CDNF ablation on the muscle UPR in response 
to long-term physical activity, we trained 9-month-old male mice for four 
consecutive days on a treadmill. On the fifth day, quadriceps femoris and soleus 
muscles were collected from the trained mice and non-trained control mice. RNA 
was isolated from the muscle tissue samples and analyzed for different UPR gene 
expression. 

Similar to previous findings, we observed increased mRNA levels of Grp78
and sXbp1 in the soleus and quadriceps muscles of non-trained Cdnf-/- mice 
compared to WT mice (Figure 9A, 9B). The genotype effect was also seen in Manf 
expression showing that its mRNA levels were increased in Cdnf-/- mice. At the 
time of analysis, Cdnf-/- mice were 9 months of age. Thus, we can conclude that the 
increased Grp78 and sXbp1 expression continues upon aging.

Surprisingly, long-term consecutive training had an effect on UPR gene 
expression depending on the genotype. Two-way ANOVA was used to evaluate 
the genotype x exercise interaction, which was significant for Atf6α and sXbp1
in the soleus muscle and for Creld2, Grp78 and Manf in the quadriceps muscle. 
Based on results, the mRNA levels of aforementioned genes were decreased in 
the Cdnf-/- muscle after exercise to the same level with WT mice. Expression of 
Mthfd2 was included as a control not related to UPR. MTHFD2 functions in the 
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mitochondrial folate pathway. It has been shown that a single bout of exercise in 
a treadmill increases its expression (Ost et al., 2015). Indeed, the mRNA levels 
of Mthfd2 were increased after training in the soleus muscle, but not in the 
quadriceps muscle of non-exercised WT and Cdnf-/- mice.

Figure 9. The effect of CDNF ablation on UPR gene expression after repetitive exercise. The mRNA 
levels of different UPR-related genes measured in A) the soleus muscle and B) the quadriceps muscle 
of 9-month-old WT and Cdnf-/- mice after repetitive training by RT-qPCR (n = 4–6). Gene expression 
values are scaled to the control WT values. Two-way ANOVA was used to evaluate the genotype and 
exercise interaction followed by Tukey’s multiple comparison test. Data are presented as mean ± SEM. 
Unpublished results.

5.2. Expression of CDNF and MANF and their compensation

The spatial distribution of CDNF and MANF expression is widespread, covering 
most, if not all, of rodent tissues. As CDNF and MANF share various similarities 
in structure, function, and expression, we wanted to study their possible 
compensation. In general, CDNF levels in most mouse tissues are 100 times lower 
than MANF levels (Danilova et al., 2019b).

5.2.1. The effect of MANF ablation on CDNF expression in vivo (I, III)
First, we wanted to investigate whether CDNF expression would be changed in the 
systemic circulation of 6-week-old Manf-/- mice measured by ELISA. Surprisingly, 
Manf-/- mice had less CDNF protein in the serum compared to littermate WT 
mice both in male and female mice (Figure 10A, 10B). It is important to note, that 
Manf-/- mice already had highly increased blood glucose levels at the time of the 
serum collection, which might affect the result.

In the quadriceps femoris muscle, ELISA measurements showed that CDNF 
protein levels were not changed in Manf-/- female mice compared with WT mice 
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at the age of 6 weeks (Figure 10C). MANF has high expression in the pituitary 
gland and pancreas, therefore, these tissues were examined for CDNF expression 
in Manf-/- mice by ELISA. Results indicated that CDNF levels were increased in 
the pituitary gland of Manf-/- male and female mice compared to WT mice (Figure 
10D, 10E).. In the pancreas, Manf-/- mice had increased CDNF protein levels 
compared to WT mice (Figure 10F).

In the brain, the effect of MANF deficiency on CDNF expression was 
investigated only at the mRNA level. The RT-qPCR analysis from different brain 
regions in 2-month-old Manffl/fl::NestinCre/+ female mice did not show significantly 
altered Cdnf mRNA levels compared with littermate Manffl/fl mice (Figure 10G).

Figure 10. CDNF expression levels in MANF-deficient mice A) CDNF protein levels in the serum of 
male and B) female Manf-/- and WT mice at the age of 6 weeks (n = 5–7). C) CDNF protein levels in 
the WT, Manf-/- and Cdnf+/:: Manf-/- skeletal muscle (n = 3–5). D) CDNF levels in the pituitary gland 
of male Manf-/- mice and (n = 3–6) E) female Manf-/- mice (n = 4–5) compared with WT mice. F) 
CDNF levels in the pancreas of male and female mice (n = 5–12). G) Cdnf mRNA levels in the brains 
of 2-month-old Manffl/fl and Manffl/fl::NestinCre/+ mice (n = 4–9). Student’s t-test and one-way ANOVA 
followed by Tukey’s post hoc test were used for statistical analysis. Data are expressed as mean ± SEM. 
Figure modified from publications I and III.

5.2.2. The effect of CDNF ablation on MANF expression in vivo (II, III)
Next, we investigated whether MANF expression is altered in the serum of 
6-week-old Cdnf-/- mice. ELISA measurements showed that Cdnf-/- mice had 
increased MANF levels in the serum compared to WT littermates in female mice 
(Figure 11A). 

MANF protein levels were also measured in the skeletal muscle, pituitary 
gland, and pancreas of Cdnf-/- mice. Data from ELISA revealed that 6-week-old 
CDNF KO mice had increased MANF levels in the quadriceps muscle (Figure 
11B). In contrast, MANF expression levels were not altered in the pituitary gland 
of Cdnf-/- male or female mice compared with WT mice (Figure 11C, 11D). 
However, MANF expression was higher in the pituitary gland of female WT mice 
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compared to male WT mice. In the pancreas, despite high variation, there was no 
significant difference in MANF levels between Cdnf-/- and WT mice (Figure 11E).

In the end, data obtained with RT-qPCR showed that Manf mRNA levels were 
not changed in the brain or gut of Cdnf-/- mice (Figure 11F, 11G).

Figure 11. MANF expression levels in Cdnf-/- mice. A) MANF protein levels in the serum of female 
Cdnf-/- and WT mice at the age of 6 weeks (n = 5–6). B) MANF protein levels in the WT, Cdnf-/-, and 
Manf+/-::Cdnf-/- skeletal muscle (n = 4–5). C) MANF levels in the pituitary gland of 6-week-old Cdnf-/- 
and WT male mice (n = 4) and D) female mice (n = 4). E) Pancreatic MANF levels in male and female 
Cdnf-/- and WT mice (n = 7–11). F) Manf mRNA levels in the striatum and substantia nigra measured 
by RT-qPCR (n = 3–5). G) Manf mRNA levels in the gut of WT and Cdnf-/- mice (n = 5–7). Student’s 
t-test and one-way ANOVA followed by Tukey’s post hoc test were used for statistical analysis. Data are 
presented as mean ± SEM. Figure modified from publications II and III.

5.2.3. CDNF does not functionally compensate for MANF deficiency in the 
pancreas or pituitary gland (III)

To study functional compensation between CDNF and MANF, we generated 
Cdnf-/-::Manf-/- mice. This thesis includes the first ever development and 
characterization of Cdnf-/-::Manf-/- mice. We utilized Cdnf+/- and Manf+/- mice and 
bred them together in the Hsd:ICR background strain and breedings produced 
viable Cdnf-/-::Manf-/- mice.

As discussed in chapter 2.3.6, conventional Manf-/- mice have a smaller body 
size and their growth is disturbed since embryonic development (Lindahl et 
al., 2014). The defects in the pituitary gland were suggested to partially explain 
this phenotype (Danilova et al., 2019b). Given that CDNF is also expressed in 
the pituitary gland, we measured the body weights of Cdnf-/-::Manf-/- mice. The 
decrease in body weight was similar between Manf-/- mice and Cdnf-/-::Manf-/- mice 
in both genders (III: Fig. 2A, 2C). 

At the time of birth, Manf-/- mice have functional beta cells, but they start 
to degenerate immediately after birth and beta cell mass declines resulting in 
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manifestation of diabetes (Lindahl et al., 2014). Since CDNF is also expressed 
in the pancreas, we wanted to know whether it plays a role in the function of 
beta cells. Therefore, we monitored Cdnf-/-::Manf-/- mice with control mice and 
measured their blood glucose levels at the age of 6 weeks. At that time, we did not 
observe differences between Manf-/- mice and CDNF-deficient Manf-/- mice. The 
blood glucose levels were similarly high in Cdnf-/-::Manf-/- mice compared with 
Manf-/- mice (III: Fig. 2B, 2D). In general, MANF-deficient female mice seemed to 
develop hyperglycemia a bit later than male mice. To visualize beta cell morphology 
in diabetic mice, we stained pancreas section from WT, Cdnf-/-, Cdnf+/-::Manf-/- , 
and Cdnf-/-::Manf-/- mice at P41–P42. Immunostaining with an insulin antibody 
showed high expression in WT and Cdnf-/- pancreas whereas Cdnf+/-::Manf-/-  and 
Cdnf-/-::Manf-/- mice showed reduced amount of insulin-positive beta cells in the 
islet (III: Fig. 2F). Immunostaining with a glucagon antibody visualized alpha cells 
surrounding islets in WT and Cdnf-/- mice, but infiltration of alpha cells into islets 
of diabetic MANF-deficient mice (III: Fig. 2F).

5.3. The effect of CDNF and MANF ablation on dopamine 
neurons

As aforementioned, the knockdown studies of MANF in fruit flies and zebrafish 
have revealed a clear dopamine phenotype. In addition, knockdown of CDNF 
in zebrafish results in changes in dopamine-related gene expression. Moreover, 
the capability of CDNF and MANF for dopamine neuron protection has been 
investigated in different animal models of Parkinson’s disease and both CDNF 
and MANF indeed not only protect but also restore midbrain dopamine neurons 
in these models. Therefore, we hypothesized that both of them could function as 
survival-promoting neurotrophic factors for dopamine neurons. In this thesis, we 
investigated the effect of CDNF and MANF ablation on the survival of midbrain 
dopamine neurons in mice.

5.3.1. Maturation of dopamine neurons in CDNF- and MANF-deficient mice 
(III)

In this thesis, we took a glance at the early development of dopamine neurons in 
CDNF- and MANF-deficient mice. Midbrain dopamine neurons exit the cell cycle 
around E11–E12 and start to express TH. We dissected the brains from E13.5 
embryos with the genotypes of Cdnf+/-, Cdnf-/-, Cdnf+/-::Manf-/-, and Cdnf-/-::Manf-/-. 
The mRNA levels of Th were not altered between the genotypes listed (III: Fig. 
5A). The developing midbrain floors were stained with the TH antibody in E13.5 
embryos of Cdnf+/- and Cdnf-/-::Manf-/- mice (III: Fig. 5B). TH-positive area in the 
embryos did not differ between genotypes.

As a next step, we evaluated TH expression in the brains of Cdnf+/-, Cdnf-/-, 
Cdnf+/-::Manf-/-, and Cdnf-/-::Manf-/- mice at the age of one day. Quantification of 
the band intensities in Western blot membranes did not show differences between 
the genotypes (III: Fig. 5C). To clarify TH protein expression specifically in the 
striatum, we collected striatal tissue from 6-week-old WT, Cdnf-/-, Manf-/-, and Cdnf-
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/-::Manf-/- mice. Again, TH expression was not altered (III: Fig. 5D). Furthermore, 
DAT levels were also similar between the genotypes (III: Fig. 5E). Similarly, TH 
and DAT expression levels were also assessed in 2-month-old Manffl/fl::NestinCre/+ 
mice. However, striatal TH and DAT expression were not altered between Manffl/

fl::NestinCre/+ and control Manffl/fl mice (I: Suppl. Fig. 4).
In addition, we aimed to investigate the survival of MANF-deficient dopamine 

neurons in vitro. We isolated midbrain floors from WT and Manf-/- embryos and 
cultured them on micro islands. Cultures were fixed on day 1 and day 5. The 
amount of TH-positive neurons on day 5 was compared to day 1 (I: Fig. 6A). 
Data indicated that MANF-deficient dopamine neurons had similar survival on 
the plate. 

5.3.2. Maintenance of dopamine neurons in CDNF- and MANF-deficient 
mice (I, II, III)

In study I, the effect of MANF deficiency on dopamine neuron survival was 
analyzed in one-year-old Manffl/fl::NestinCre/+ mice. We examined the relative 
dopamine neuron numbers in the SNpc and dopamine neuron projections to 
the dorsal striatum by TH- and DAT-immunostainings. Data implicated that 
were no differences in the relative dopamine neuron numbers between Manffl/

fl::NestinCre/+ mice and control Manffl/fl littermate mice (Figure 12A). Furthermore, 
striatal dopamine neuron fibers did not show degeneration, as the optical density 
of both TH- and DAT-staining was similar between the genotypes (Figure 
12B). Additionally, we measured total tissue dopamine levels and its metabolite 
concentrations in the striatum of aged mice with high-performance liquid 
chromatography (HPLC). Mice used for the HPLC analysis were already 16 
months of age. Results indicated that there were no difference between Manffl/fl 
and Manffl/fl::NestinCre/+ mice but control NestinCre/+ mice had increased dopamine 
content compared to Manffl/fl::NestinCre/+ mice (I: Fig. 4E). The levels of dopamine 
metabolites DOPAC and HVA as well as serotonin and its metabolite 5-HIAA 
were similar between the mice (I: Fig. 4E). 

In study II, similar analysis was performed for 1-year-old and 2-year-old Cdnf-

/- mice and littermate WT mice. The TH-positive cell number in the substantia 
nigra was quantified, but no differences were observed in one-year-old (II: Fig. 6E) 
or 2-year-old mice (Figure 12C). Optical densities of TH- and DAT-positive fibers 
in the dorsal striatum were quantified, but Cdnf-/- mice did not show alterations 
compared with littermate WT mice at the age of one year (II: Fig. 6F) or two years 
(Figure 12D,12E). 
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Figure 12. The morphological integrity of the midbrain dopamine system in aged MANF-deficient 
and CDNF-deficient- mice. A) Representative pictures of TH-stained sections of the substantia nigra 
in 1-year-old Manffl/fl and Manffl/fl::NestinCre/+ female mice and quantification of TH-positive neurons in 
the substantia nigra (n = 5). Scale bar 500 μm. B) Representative pictures of striatal TH- and DAT-
stainings and optical densities of the stainings in 1-year-old Manffl/fl and Manffl/fl::NestinCre/+ female 
mice (n = 5). Scale bar 2 mm. C) Dopamine cell number in the section of the substantia nigra in 
2-year-old WT and Cdnf-/- mice (n = 3–4). D) Optical density of TH-positive fibers and E) DAT-positive 
fibers in the dorsal striatum of 2-year-old WT and Cdnf-/- mice (n = 3–4). Data are expressed as mean 
± SEM. Figure modified from publications I and II.

In study III, we produced conditional Cdnf-/-::Manffl/fl::NestinCre/+ mice in order to 
investigate the maintenance of the midbrain dopamine neurons in the absence 
of both CDNF and MANF. These mice were viable and they were aged until one 
year of age. Male Cdnf-/-::Manffl/fl::NestinCre/+ mice did not show gross alterations, 
but their weights were reduced compared to CDNF-deficient mice but not when 
compared with Cdnf+/-::Manffl/fl::NestinCre/+ mice (III: Fig. 6A). The maintenance 
of dopamine neurons was investigated in one-year-old Cdnf-/-::Manffl/fl::NestinCre/+ 
mice. As controls, we used Cdnf+/-, Cdnf-/-, and Cdnf+/-::Manffl/fl::NestinCre/+ mice. 
Data showed that CDNF-deficient Manffl/fl::NestinCre/+ mice did not differ from 
the control mice in relation to dopamine neuron numbers in the substantia nigra 
(Figure 13A, 13C) or TH-positive fiber density in the striatum (Figure 13B, 13D).
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Figure 13. The morphological integrity of the midbrain dopamine system in aged mice lacking 
both CDNF and MANF. A) Representative pictures of TH-stained sections from the substantia nigra 
and B) striatum of 1-year-old mice. Scale bars are 2000 μm (A) and 1000 μm (B). C) Quantification 
of TH-positive cell number in the substantia nigra (n = 4). D) Optical density measurement of TH-
staining in the dorsal striatum (n = 4–5). Data are presented as mean ± SEM. Figure modified from 
publication III.

5.4. Behavioral testing of CDNF- and MANF-deficient mice 

The functionality of brain circuits in mice are commonly evaluated using arrays 
of behavioral tests. Therefore, we investigated the behavior of CDNF- and 
MANF-deficient mice with several behavioral tests. We focused on the analysis of 
locomotor activity and motor behavior, which are controlled by the nigrostriatal 
dopamine pathway. We also analyzed long-term memory and learning, which are 
dependent on the hippocampus. 

5.4.1. Locomotor activity and motor behavior (I, III)
In study I, we used an open field test to monitor the locomotor activity in male 
Manffl/fl::NestinCre/+ mice. As controls, we used littermate male Manffl/fl mice and 
non-littermate male NestinCre/+ mice. A 30-minutes-long exploration in an open 
field arena was monitored in mice first at the age of 4 months (I: Fig. 5E) and 
later at the age of 12 months (I: Fig. 5F). Both times, the distance travelled was 
not altered between Manffl/fl and Manffl/fl::NestinCre/+ mice, but young NestinCre/+ 
mice were significantly more active than  Manffl/fl::NestinCre/+ mice. Motor behavior 
was assessed by multiple static rods, coat hanger, and rotarod tests. Performance 
of Manffl/fl::NestinCre/+ mice in multiple static rod test was similar compared with 
control mice (I: Fig. 5A). Latency to fall from coat hanger did not show differences 
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between the genotypes either (I: Fig. 5B). Similar to the locomotor test, the rotarod 
test was assessed both in young and aged mice. However, Manffl/fl::NestinCre/+ mice 
had similar performance as littermate Manffl/fl mice at 4 months (I: Fig. 5C) and at 
14 months of age (I: Fig. 5D).

Locomotor activity is altered in response to psychostimulants. As explained 
in chapter 2.2.1, amphetamine releases dopamine from the dopamine terminals, 
which results in hyperactivity that can be measured as increased horizontal 
activity in the open field arena. The response to amphetamine was examined in 
4-month-old Manffl/fl::NestinCre/+ male mice. Administration of 3 mg/kg resulted 
in hyperactivity peak in horizontal activity in mice (I: Fig. 5G). Statistical analysis 
did not find a significant interaction between the genotype and amphetamine and 
thus, the response to amphetamine was similar between Manffl/fl::NestinCre/+, Manffl/

fl and NestinCre/+ mice. The test was repeated in 14-month-old mice. The increase 
in the activity was milder this time and similarly to young mice, there was no 
difference in the amphetamine-induced activity between the aforementioned 
genotypes (I: Fig. 5H).  

In study III, the effect of combined CDNF and MANF deficiency on locomotor 
activity was monitored. Data showed that CDNF-deficient Manffl/fl::NestinCre/+ mice 
had similar activity as Manffl/fl::NestinCre/+ mice and was not significantly different 
from other controls either (III: Fig. 6B). We also monitored the vertical activity 
(III: Fig. 6C). However, there were no differences in rearing behavior between the 
mice.

5.4.2. Memory consolidation in MANF-deficient mice (I)
Memory consolidation in Manffl/fl::NestinCre/+ mice was investigated by the Barnes 
maze test. Data implicated that the learning of 4-month-old Manffl/fl::NestinCre/+ 
mice was not altered compared with Manffl/fl and NestinCre/+ mice (I: Fig. 5I). 
Moreover, memory was not changed either (I: Fig. 5J). Results showed that mice 
learned the location of the escape box similarly and performed the memory part 
of the test also in a similar way. 
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6.1. CDNF and MANF as negative UPR regulators

MANF as a UPR regulator
In this thesis, MANF ablation is demonstrated to cause an increase in UPR gene 
expression in the brain at various time points starting from development and 
continuing until middle age in mice. We have used two different MANF KO mouse 
models – conventional and brain-specific conditional MANF KO mice – to examine 
UPR gene expression at mRNA and protein level. All UPR pathways are activated 
in the brain of Manf-/- mice during development and perinatal phase but UPR 
activation diminishes in 5-week-old mice. This fluctuation agrees with temporal 
expression of MANF in the brain being highest during the postnatal phase and 
decreasing during aging in rodents (Wang et al., 2014). While conventional Manf-

/- mice are terminated due to hyperglycemia before the age of 2 months, the UPR 
gene expression analysis was continued with conditional Manffl/fl::NestinCre/+ mice 
concomitantly, excluding the impact of hyperglycemia on ER stress in the brain. 
In 2-month-old conditional Manffl/fl::NestinCre/+ mice, only increased Gpr78 and 
sXbp1 expression is still present. We can conclude that endogenous MANF plays 
a role in UPR regulation particularly in the early brain maturation, but the role 
changes upon aging. On the other hand, significant IRE1α activation continues 
during aging staying at a high level in the cortex and substantia nigra, indicating 
that MANF is required for proper ER homeostasis during the whole lifespan. 

In study I, we show that the specificity of IRE1α activation and increased 
GRP78 expression in MANF-deficient brains is notably similar between different 
timepoints of development. In study III, we further examined the expression of 
sXbp1 target genes, Edem1 and Erdj4, in 6-week-old conventional Manf-/- and 
Cdnf-/-::Manf-/- brains. Indeed, target genes of sXbp1 were upregulated as well 
confirming the IRE1α pathway activation in MANF-deficient mouse brains. 
Following our findings, MANF was discovered to bind IRE1α and compete 
with GRP78 for binding to IRE1α (Kovaleva et al., 2020). Rationally, if MANF 
controls IRE1α activation, in the absence of MANF, this pathway is upregulated 
in agreement with what we show here. MANF was also shown to bind PERK 
and ATF6 but with lower affinity (Kovaleva et al., 2020). Our results support the 
finding of MANF binding to IRE1α with highest affinity of UPR sensors. Results 
from studies I and III clearly indicate increased activation of the IRE1α pathway in 
the absence of MANF. Thus, we conclude that MANF regulates the UPR primarily 
through IRE1α in the adult mouse brain. Following the publication of study I, 
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there was another report about characterization of Manffl/fl::NestinCre/+ (Wang et al., 
2021d). In agreement with our findings, the authors reported increased expression 
of GRP78 in MANF-deficient brains. 

In general, the UPR gene expression pattern looks vastly similar between 
different brain regions of MANF-deficient mice: in the cortex, striatum, 
hippocampus, substantia nigra, and cerebellum. As a comparison, XBP1 deficiency 
in the brain increases ER stress selectively in the SNpc, but not in the cortex or 
striatum (Vidal et al., 2012; Valdés et al., 2014). In study I, we demonstrate by 
double-immunofluorescence staining that GRP78 expression was high in TH-
positive dopamine neurons but also in other neurons in the SNpc. In addition, the 
qPCR analysis shows similar increase in Grp78 and sXbp1 expression throughout 
the studied areas with the conclusion that it is not specific to dopamine neurons. 

In this thesis, we show that MANF-devoid cortical neurons are more susceptible 
to thapsigargin than control cortical neurons. However, we do not know the 
reason for this increased vulnerability. Thapsigargin treatment increases UPR 
gene expression but not differently between MANF-devoid and control neurons. 
Recently, it was reported that blocking the IRE1α or PERK pathway abolishes the 
protective effect of MANF in thapsigargin-treated dopamine cell cultures with 
the conclusion that MANF exerts its neuroprotective effect through IRE1α and 
PERK pathways (Eesmaa et al., 2021). In that study, ATF6 inhibition was not 
studied, thus, the involvement of the ATF6 pathway in neuroprotection cannot 
be excluded. Speculatively, the results refer that MANF functions upstream from 
UPR sensors. Eesmaa and others showed that binding of MANF to GRP78 is not 
required for its anti-apoptotic activity (Eesmaa et al., 2021). We could speculate 
whether it means that binding of MANF directly to UPR sensors is required for its 
neuroprotective mechanism or that MANF exerts neuroprotective activity despite 
involving the UPR. 

In this thesis work, we investigated the NF-κB pathway activation in 
unchallenged MANF-deficient brains and thapsigargin-treated neuronal cultures. 
In contrast to pancreas-specific MANF KO mice (Danilova et al., 2019a), we could 
not see an increase in Bcl10 mRNA expression in brain-specific Manffl/fl::NestinCre/+ 
mice compared with controls. In MANF-devoid cortical cultures, thapsigargin 
induces Bcl10 mRNA expression and NF-κB phosphorylation in a similar way as 
in controls. Thus, the NF-κB pathway is not activated only by MANF ablation in 
the brain. Given that evidence of the involvement of MANF in NF-κB pathway 
regulation is mostly conducted in inflammation-induced circumstances, such 
as in response to cytokines and LPS, it is not too surprising that we did not see 
changes in unchallenged mice in vivo. 

The impact of altered UPR gene expression was also investigated at the 
functional level in vivo. There are reports showing that increased phosphorylation 
of eIF2α and increased ATF4 expression impairs memory consolidation by 
affecting synaptic plasticity (Costa-Mattioli et al., 2005; Jiang et al., 2010). On 
the contrary, enforced expression of sXBP1 in the hippocampus improves spatial 
memory (Martínez et al., 2016). As shown in this thesis work, sXbp1 mRNA levels 
are highly upregulated in the hippocampus of Manffl/fl::NestinCre/+ mice. Long-term 
memory tests did not show impairment in the memory of young or old Manffl/

fl::NestinCre/+ mice. In the study of Martínez and others, sXBP1-induced BDNF 
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expression was shown to mediate improved spatial memory. However, we did 
not see changes at the mRNA levels of Bdnf in the hippocampus. Despite this, it 
is possible that our finding of increased sXbp1 levels in the hippocampus could 
ameliorate disturbances in memory consolidation that MANF ablation is causing. 

Given that the UPR is a highly conserved mechanism, we can compare our 
data with results from other model organisms. Our results about MANF are well 
in line with studies about the role of MANF in the UPR conducted in fruit flies 
and nematodes. DmMANF in fruit flies regulates the UPR by interacting with 
genes encoding fruit fly homologs of GRP78, PERK, and XBP1 (Lindström et 
al., 2016). In our studies, similarly, the relationship of MANF with GRP78 and 
XBP1 is highlighted. In the study of Hartman and others, the function of MANF is 
tightly associated with the IRE1 pathway and MANF is hypothesized to function 
as a conserved negative regulator of xbp-1 transcriptional activation (Hartman et 
al., 2019). Our data fully agree with this hypothesis as in the absence of MANF, 
sXbp1 levels are significantly increased in both of our MANF KO models. 

CDNF as a UPR regulator
In study III and unpublished data, we show that loss of CDNF activates the 
IRE1α pathway and increases GRP78 expression in the skeletal muscle in vivo. 
The effect of CDNF ablation in UPR gene expression was investigated in different 
skeletal muscle tissues of a mouse hindlimb: quadriceps femoris and soleus. In 
both muscle samples, mRNA levels of sXbp1 are increased. Quadriceps femoris 
is a group of muscles that functions as knee extensors whereas soleus is an ankle 
flexor (Charles et al., 2016). Skeletal muscle fibers are classified into two types: 
slow twitch fibers (type I) and fast twitch fibers (type II). Type I fibers have 
high oxidative capacity and low glycolytic capacity whereas type II fibers have 
high glycolytic capacity. The majority of muscle fibers in soleus muscle are type 
I, slow-twitch fibers. Quadriceps femoris muscle, instead, is rather a mixture of 
both fiber types (Yamada et al., 2012). Mitochondrial function has been shown to 
differ between these muscles as the soleus muscle has higher respiratory capacity 
compared to the quadriceps muscle (Jacobs et al., 2013). Mitochondrial function 
of mouse quadriceps femoris mimics human skeletal muscle better than mouse 
soleus muscle. Despite differences between the skeletal muscles investigated, we 
suggest that CDNF regulates the UPR in a similar manner in these muscles. 

In this thesis, we also aimed to investigate the impact of CDNF ablation on 
skeletal muscles under stress in the form of repetitive exercise. In general, there 
are not many reports about the effect of muscle exercise on ER stress. A single 
exhausting run in a treadmill increased various UPR genes tested in the quadriceps 
muscle (Wu et al., 2011). Repetitive training, instead, increased only expression 
of chaperones. The authors speculated that heavy exercise induces the UPR but 
long-term training leads to adaptation to moderate exercise to prevent damage 
caused by further stress. The UPR during exercise is about adaptation and is not 
pathological. In another study, ultra-endurance exercise – a 200 km run – was 
reported to increase mRNA levels of both sXBP1 and tXBP1 as well as expression 
of GRP78 in men (Kim et al., 2011). The conclusion was that exercise affects the 
IRE1α and ATF6 pathways but not PERK pathway. In our study settings, muscle 
tissues were collected 24 hours after exercise. Now, we did not see any impact 
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of exercise on UPR gene expression between non-exercised and exercised WT 
mice that an earlier timepoint could possibly have shown. However, at this time 
point we were able to see how increased mRNA levels of Grp78 and sXbp1 were 
reduced to the WT level after exercise in Cdnf-/- mice. Interestingly, the mRNA 
levels of Atf6α and its target gene Creld2 were decreased after training in the Cdnf-

/- soleus muscle and quadriceps muscle, respectively. Thus, training alters ATF6 
pathway induction in Cdnf-/- mice. The association of CDNF ablation with sXbp1 
and Atf6α expression in the muscle is a novel finding but agrees with previous 
reports about the involvement of IRE1α and ATF6 pathways in exercise-induced 
UPR modulation.

Interestingly, we discovered that the combined loss of CDNF and MANF 
accelerates activation of the IRE1α pathway in the skeletal muscle. Experiments 
on GRP78 protein expression in the muscle revealed a significant increase only 
in the Cdnf-/- and Cdnf-/-::Manf-/- muscles. Therefore, we can conclude, that MANF 
can functionally compensate for CDNF in the muscle. Loss of MANF alone did 
not cause that clear increase in UPR activation in the muscle compared to the 
pancreas or pituitary gland (Lindahl et al., 2014; Danilova et al., 2019b). 

Although this thesis does not address the therapeutic mechanism of CDNF, 
our results agree with the current view that CDNF functions as a UPR regulator 
in the upstream of UPR pathways. As discussed in chapter 2.1.3, targeting UPR 
is a prominent way for therapeutics. Various chemical compounds tested in the 
preclinical studies have shown clear efficacy in neuroprotection and are directed 
to inhibit a specific UPR pathway. CDNF, instead, has been shown to target all 
three UPR pathways by downregulating them in a disease model of ALS (De 
Lorenzo et al., 2020). In more detail, CDNF decreased UPR gene expression in the 
lumbar spinal cord and dissected lumbar motoneurons. A bit controversial results 
were presented in the study of the effect of CDNF in a Huntington’s disease model 
where CDNF was speculated to upregulate the IRE1α pathway (Stepanova et al., 
2020). Our data agree with the importance of IRE1α in CDNF function but suggest 
that CDNF downregulates IRE1α activation in the naïve situation. It is possible, 
however, that CDNF regulates UPR pathways differently in naïve neurons and 
neurons in disease conditions. As a comparison to the skeletal muscle, we show 
in study II and III that loss of CDNF does not cause UPR activation in the brain 
measured at different time points. Therefore, endogenous neuronal CDNF does 
not seem to play an essential role in UPR regulation in basal conditions.

One important consideration in mouse studies is genetic quality. Characteristics 
of mice depend on not only genes and environment but also different strains, 
colonies, mutations etc. In this thesis, we analyzed mice that were bred into both 
an outbred and an inbred strain. In studies I, II, and III we used conventional KO 
mice that were bred in an outbred Hsd:ICR (CD-1) stock. When analyzing Manf-

/- mice from these breedings, we got highly similar results on UPR gene expression 
in study III when compared with study I and similarly, when analyzing Cdnf-/- 
mice, we got similar result from study II and III. We conclude that our outbred 
stock has not gained mutations that would have influenced UPR regulation. In 
addition, we analyzed both male and female mice and did not observe differences 
in UPR gene expression. Thus, we conclude that the effect of MANF and CDNF 
on UPR regulation does not depend on sex. Moreover, these similarities showed 
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that we were technically able to reproduce findings from studies I and II in study 
III. In study I, we analyzed 16-month-old Manffl/fl::NestinCre/+ mice that were in the 
Bl6 background. Nevertheless, the results were similar compared with MANF-
deficient mice in the Hsd:ICR background. Thus, we can conclude that the effect 
of MANF ablation on UPR is not strain-dependent.

We are aware that there are limitations in the way UPR gene expression is 
studied in this thesis. Our UPR analysis relies mostly on studies of gene expression 
at the mRNA level. The problem with confirming gene expression at the protein 
level is due to the lack of specific antibodies. Despite various attempts, we were 
not able to find specific enough antibodies for our purposes. Only antibodies 
against GRP78, phosphorylated eIF2α, and CHOP showed enough specificity. The 
common problem with antibodies recognizing ER stress proteins is unspecificity 
seen as multiple bands on Western blot membranes or inability to recognize 
proteins in paraffin-embedded brain sections. In addition, ATF6 activation should 
be confirmed by the nuclear localization rather than looking at gene expression 
level. To overcome lack of specific antibodies, reporter systems could be utilized. 
These issues should be taken into account in future studies. 

The main findings about changes in UPR gene expression in mice lacking 
CDNF, MANF or both have been collected in Figure 14.
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Figure 14. Main findings about UPR activation in the brain and muscle of mice lacking MANF, 
CDNF or both. A) Upregulation of UPR genes is observed already at embryonic day 13.5 in the brains 
of Manf-/- mice and upregulation continues upon brain development. However, upregulation gradually 
diminishes with only the IRE1  pathway staying clearly activated. B) In the brain of Manffl/fl::NestinCre/+ 
mice, upregulation of Grp78 and sXbp1 mRNA is observed in various brain regions of young mice 
and aged mice. More UPR genes are upregulated in aged mice. C) Comparison between Manf-/- and 
Cdnf-/-::Manf-/- mice shows similar upregulation of UPR genes in the brain at the age of 6 weeks. 
D) Comparison between Manf-/-, Cdnf-/-, and Cdnf-/-::Manf-/- quadriceps muscles shows that UPR 
activation is more severe in mice lacking both factors than in mice lacking only CDNF. E = embryonic 
day, P = postnatal day

6.2. The role of CDNF and MANF in the midbrain dopamine 
system

In study I, we showed that MANF deficiency in the brain does not cause 
degeneration of the midbrain dopamine neurons in aged mice. Intactness of the 
midbrain dopamine system was investigated by different means: evaluation of the 
integrity of striatal dopamine neuron fibers by TH- and DAT-immunostainings, 
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measurement of striatal dopamine levels as well as counting of the relative 
dopamine cell number in the substantia nigra. Functionality of the midbrain 
dopamine system was analyzed by evaluating the motor behavior and response 
to amphetamine. Based on our results, we did not detect differences in the 
morphological or functional integrities between MANF-deficient and control 
mice.

In study II, Cdnf-/- mice were analyzed by similar methods but no neuronal 
degeneration was observed, even in 2-year-old mice. The pronounced difference 
between MANF- and CDNF-deficient mice is their response to D-amphetamine. 
Whereas Manffl/fl::NestinCre/+ mice did not show a significant interaction between 
amphetamine-induced locomotor activity and genotype, Cdnf-/- mice demonstrate 
a notably increased hyperactivity response to amphetamine (Lindahl et al., 
2020). This was confirmed with mice bred in both inbred and outbred strains. 
Thus, CDNF plays a significant role in the function of dopamine neurons. The 
mechanism was further examined with fast-cyclic voltammetry. Data obtained 
showed that loss of CDNF did not affect the kinetics of D-amphetamine uptake or 
vesicular effects in the cytosol. Instead, the increased sensitivity to D-amphetamine 
response is plausibly caused by more pronounced D-amphetamine-induced DAT 
reversal activity in Cdnf-/- mice. To confirm this, Cdnf-/- mice were treated with the 
GBR 12909 compound that mimics cocaine by blocking DAT but not affecting 
DAT reversal. Administration of GBR 12909 resulted in hyperactivity measured 
as increased locomotor activity, but the response was not different between Cdnf-

/- and WT mice. Thus, the effect of amphetamine on DAT reversal is a key point 
explaining the difference between Cdnf-/- mice and WT mice. The altered DAT 
activity in Cdnf-/- mice would be interesting to examine further but has not been 
the focus of this thesis work. We could speculate that CDNF possibly alters DAT 
modification after amphetamine administration, for example by phosphorylation.

In study III, we demonstrated that combined loss of CDNF and MANF does 
not result in neurodegeneration of the midbrain dopamine neurons. We used 
striatal TH-positive fiber density and dopamine neuron numbers in the substantia 
nigra as measures for evaluating the intactness of the midbrain dopamine system. 
In study III, we used a new method for dopamine cell counting that has been 
validated for this purpose (Penttinen et al., 2018). Despite different techniques 
used for counting dopamine neurons, we were able to reproduce data from studies 
I and II where we showed that either loss of CDNF or MANF alone does not cause 
cell loss when compared with control. Reproducibility is a big challenge in animal 
studies, therefore, confirmation of our findings with independent experiments 
increases reliability of our conclusions. We caution that in study III, control mice 
were not WT mice, but Cdnf+/- mice due to a demanding breeding scheme used for 
generating conditional Cdnf-/-::Manffl/fl::NestinCre/+. We are also aware that our study 
focused on all TH-positive neurons in the substantia nigra and no investigation 
between different dopamine neuron subtypes were conducted in this thesis work. 
Different measures of the midbrain dopamine system in mice lacking MANF, 
CDNF or both are presented in Table 8. 
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Table 8. Measures of the midbrain analysis in mice lacking MANF, CDNF or both.  indicates 
no change compared with control,  indicates an increase compared to control and nd means not 
determined. 

Manf fl/fl::NestinCre/+ Cdnf -/-
Cdnf -/-::

Manf fl/fl::NestinCre/+

Dopamine levels 
in the striatum

nd

Dopamine 
neurons in the 
substantia nigra 
pars compacta

Dopamine neuron 
fiber density

Locomotion in 
the open field

Response to 
amphetamine

nd

A previous study has demonstrated that a single injection of CDNF protein to 
the striatum does not affect TH or DAT expression, the number of TH-positive 
neurons, nor striatal TH-positive fibers in naïve mice (Airavaara et al., 2012). 
Similarly, chronic infusion of CDNF or MANF does not affect the number of 
nigral dopamine neurons or TH-positive dopamine fibers in the striatum of naïve 
rats (Voutilainen et al., 2011). In agreement, MANF does not have an effect on 
non-treated dopamine neurons in vitro (Eesmaa et al., 2021). All these studies 
support our findings that CDNF and MANF do not play a significant role in the 
survival of dopamine neurons in non-challenged conditions. In addition, loss of 
CDNF does not affect dopamine neuron function measured by locomotor activity 
in the basal situation, but changes are seen only after amphetamine induction. 
Our observations can be linked to the study showing that loss of MANF does not 
induce neuronal degeneration (Wang et al., 2021d). Wang and other authors did not 
find indications about neuronal apoptosis in Manffl/fl::NestinCre/+ mice. Thus, they 
came to the same conclusion that MANF ablation alone does not induce neuronal 
apoptosis in vivo (Wang et al., 2021d). In agreement with our results, authors also 
reported the absence of behavioral changes in Manffl/fl::NestinCre/+ mice, although 
data was not shown. Additionally, they showed that ER stress induction by 
tunicamycin and ethanol increased neuronal vulnerability in the brains of young 
Manffl/fl::NestinCre/+ mice. Blocking of ER stress by sodium phenylbutyrate (PBA) 
before ethanol or tunicamycin injections prevented neuronal apoptosis (Wang et 
al., 2021d). PBA also decreased MANF expression in the WT mouse brain. Thus, 
additional stress induced neurodegeneration in postnatal Manffl/fl::NestinCre/+ mice. 
In line with these observations, Mätlik and others showed that loss of endogenous 
MANF causes a more severe lesion in the stroke model (Mätlik et al., 2018). To 
conclude, endogenous MANF plays a crucial role in neuroprotection under severe 
stress.

The current knowledge of CDNF and MANF in terms of neuroprotection 
mostly relies on studies about exogenous proteins in Parkinson’s disease models 
– particularly in the 6-OHDA model. As aforementioned, particularly CDNF 
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has proven to be efficient in protecting dopamine neurons when applied before 
6-OHDA. Since this thesis focuses on the effect of endogenous CDNF and MANF 
on dopamine neuron maintenance, the question is whether we can compare 
our findings to effects of exogenous CDNF and MANF in disease models. For 
example, 6-OHDA causes various changes in the dopamine neurons: formation of 
free oxygen radicals, microglial activation, reduced levels of antioxidant enzymes, 
and increased iron levels (Perumal et al., 1992; Oestreicher et al., 1994; Glinka et 
al., 1997; Rodriguez-Pallares et al., 2007). It is possible that these circumstances 
alter the function of CDNF and could explain differences between exogenous 
CDNF in stress conditions and endogenous CDNF in non-stressed conditions. 
It is also important to remember that currently we are not aware how CDNF is 
taken up by cells and therefore, understanding of how CDNF works exogenously 
is still fragmented. As aforementioned, MANF binds sulfolipids and neuroplastin 
whereas CDNF does not (Bai et al., 2018; Yagi et al., 2020). Binding of CDNF has 
been indirectly shown to bind KDEL receptors (Maciel et al., 2021), thus, it can be 
the way how CDNF enters the cell. This hypothesis still requires evidence showing 
the direct interaction. Given that exogenously added CDNF reduces the UPR in 
injured mice, but not in non-injured mice, we wonder whether CDNF is taken up 
only in injured cells. However, this does not seem to be the case as injected CDNF 
has been shown to colocalize with TH-positive neurons in naïve rat brains (Albert 
et al., 2019).

Considering that beta cells in the pancreas are susceptible to cell death in Manf-

/- mice (Lindahl et al., 2014; Danilova et al., 2019a), we wonder why dopamine 
neurons are not. One of their main differences between beta cells and neurons 
is protein synthesis and secretion. Beta cells produce, fold, and secrete insulin 
in large quantities; thus, they have a high protein load. In fact, mice have higher 
basal insulin levels in the blood than rats and humans (Fu et al., 2013). Previously, 
MANF has been hypothesized to be involved in biosynthesis of proinsulin (Eesmaa 
et al., 2021). Interestingly, it has been shown that IRE1α is related to insulin 
biosynthesis (Lipson et al., 2006). Given that IRE1α regulates insulin biosynthesis 
and the fact that MANF binds IRE1α, it could be that the role of MANF in insulin 
biosynthesis is independent of ER stress-induced UPR. Therefore, susceptibility of 
MANF-devoid beta cells might not only depend on ER stress status but impaired 
insulin biosynthesis. Another important difference between beta cells and neurons 
in MANF-deficient mice is the NF-κB pathway activation. Chronic ER stress is 
thought to induce inflammation in MANF-deficient islets (Danilova et al., 2019a). 
Instead, in this thesis, we did not see ER stress-induced inflammation in MANF-
deficient neurons. We conclude that MANF ablation results in sublethal ER stress 
in the brain compared to detrimental ER stress in the pancreas. 

We should not forget the finding that the AAV vector-mediated delivery 
of sXBP1 to the substantia nigra protects dopamine neurons in the 6-OHDA 
Parkinson’s disease model (Valdés et al., 2014). Since we show that sXbp1 mRNA 
levels are significantly increased in our MANF-deficient mouse model, and 
even in the region of substantia nigra, we wonder whether expression of sXbp1 
is compensating for the loss of MANF. Would dopamine neurons degenerate in 
MANF-deficient mice if sXbp1 overexpression was downregulated? In the study 
of Valdés and others, XBP1 ablation was conducted genetically in the developing 
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mice and by silencing in adult mice. Whereas genetic XBP1 ablation caused 
neuroprotection, knocking down XBP1 expression in adult mice made dopamine 
neurons more vulnerable. One of the differences was that in genetically ablated 
XBP1-deficient mouse brain there was no increase in Chop expression, but XBP1 
knockdown in adult mouse brain caused an increase in Chop expression indicating 
for activation of apoptosis. We conclude here, that despite the general consensus of 
prolonged UPR being detrimental, we should rather specify the activated pathway. 
The prolonged activation of the sXBP1 branch of IRE1α pathway does not seem 
not to be detrimental. However, possible anti-apoptotic mechanisms of IRE1α/
sXBP1pathway are not clear. 

We can also compare our findings with other UPR components that have been 
studied in the Parkinson’s disease models presented in Table 2. By now, there are 
only a few reports where the relationship with a UPR gene and dopamine neurons 
have been investigated without an insult of neurotoxin or α-synuclein aggregates. 
These reports demonstrate that silencing of Xbp1 or ATF4 overexpression alone 
causes degeneration of dopamine neurons indicating that either blocking of the 
IRE1α pathway or boosting of PERK pathway is detrimental for dopamine neuron 
survival (Valdés et al., 2014; Gully et al., 2016). These results go in line with the 
idea that the sXBP1 branch of IRE1α is mostly a prosurvival pathway and the 
p-eIF2α branch of PERK is a proapoptotic pathway (Lin et al., 2009). In the disease 
paradigm, regardless of the Parkinson’s disease model used, overexpression of 
XBP1 or GRP78 provides neuroprotection. Given that MANF deficiency in the 
brain mostly induces activation of the IRE1α pathway and GRP78 expression, it 
could be that these factors are protecting the brains of Manffl/fl::NestinCre/+ mice. 
We could speculate whether this is an example of ER hormesis taking place in 
the MANF-deficient brain. All in all, there is a shortage of evidence that lack of 
a certain component alone would result in dopamine neuron degeneration and 
more evidence is needed to specifically dissect their roles in the UPR in Parkinson’s 
disease progression. We can speculate that lack of certain UPR components is not 
detrimental for dopamine cell survival. 

CDNF and MANF are highly different from classical neurotrophic factors due 
to their mechanism of action in UPR regulation. However, based on their neuron 
survival-promoting capability, they can be compared with other neurotrophic 
factors. For example, the role of GDNF in the survival of dopamine neurons 
has been under detailed investigation with the still debated conclusion whether 
GDNF is needed for the maintenance of dopamine neurons, although GDNF 
expression levels impact various aspects in the function of the midbrain dopamine 
system (Kumar et al., 2015; Kopra et al., 2017; Turconi et al., 2020). In light of 
all the reports about GDNF, our results about CDNF and MANF are not too 
surprising. Efficacy in Parkinson’s disease models does not necessarily refer to the 
dispensability of endogenous proteins in the maintenance of dopamine neurons. 
GDNF even protects naïve dopamine neurons in vitro (Lin et al., 1993), which 
is different from CDNF and MANF. The unique property of CDNF and MANF 
is unquestionably the fact that they act on stressed cells. In thapsigargin-treated 
dopamine neurons, GDNF, instead, did not affect UPR status (Voutilainen et al., 
2017). Due to their different modes of action, it would be interesting to generate 
mice lacking GDNF and MANF or GDNF and CDNF.
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Another target for comparison are the studies of MANF in relation to 
dopamine neurons conducted in other model organisms. The very first MANF-
deficient animal model was produced in fruit fly and consequently, MANF was 
nominated as an essential factor in the development of dopamine neurons (Palgi 
et al., 2009). Later, the role of MANF in dopamine neuron survival in adult flies 
was questioned by showing how loss of MANF in adult fruit fly did not result 
in a similar phenotype, suggesting that MANF would not be needed for the 
maintenance of dopamine neurons (Stratoulias and Heino, 2015). In nematodes, 
MANF does not affect development but maintenance of dopamine neurons 
(Richman et al., 2018; Hartman et al., 2019). After several reports emphasizing the 
role of MANF in dopamine neurons, our reports were surprising. In studies I and 
III, we show that loss of MANF does not affect either development or maintenance 
of dopamine neurons. However, there are differences between species such 
as the fact that DmMANF is expressed in glia, which contrast the situation in 
mice, where MANF is mainly expressed in neurons in the adult brain. Moreover, 
dopamine is important for cuticle formation in fruit fly, therefore, speculatively, 
the reduced dopamine levels cause a possible more severe phenotype than only 
the lack of MANF.

CDNF is expressed only in vertebrates. In addition to mice, the only other 
model organism where CDNF ablation has been studied is zebrafish. In general, 
the cdnf expression pattern in adult WT fish shows high expression in the brain, 
eye, liver, and kidney (Chen et al., 2020), which differs significantly from the 
CDNF expression pattern in the adult mouse. Zebrafish lacking cdnf demonstrate 
alterations in the dopamine cell number, but not in the A9 cell group that 
corresponds to the substantia nigra region in mice and has been the focus in this 
thesis work. Interestingly, histaminergic neurons as well as GABAergic neurons 
are reduced in cdnf mutant fish. These cell populations were not investigated in 
Cdnf-/- mice in this thesis work, thus, they would be important to analyze in future 
studies. Given that in cdnf-deficient zebrafish, th2 expresion is increased (Chen 
et al., 2020), we were curious to see whether the same thing applies in mice. In 
study III, we assessed expression levels of TH during mouse development to also 
investigate possible developmental delays in CDNF-, MANF-, and CDNF/MANF-
deficient mice. However, no changes in TH expression were observed between 
genotypes. Unfortunately, we were not able to examine migration of dopamine 
neurons. Thus, the development was not studied in great detail, but no indications 
for developmental delays or effects in TH or DAT expression were found. 

Dopamine neurons are not limited to the central nervous system – TH and DAT 
expression is found in the mouse gut, for example (Li et al., 2004). Interestingly, 
dopamine neurons in the ileum are reduced in Cdnf-/- mice at the age of 1.5, 3, and 
11 months, suggesting that CDNF is needed for the development and maintenance 
of enteric dopamine neurons in mice (Chalazonitis et al., 2020). Chalazonitis 
and others demonstrated that age-related decline of dopamine neurons in the 
submucosal plexus was accelerated in Cdnf-/- mice compared to WT mice and TH 
as well as DAT expression were reduced. Loss of submucosal neurons resulted in 
functional deficits in the gastrointestinal tract of old mice. There, defects included 
delayed gastrointestinal transit time, slower colonic motility, and slower gastric 
emptying. However, the neuronal loss was not specific to dopamine neurons, 
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but also GABAergic neurons were decreased in the submucosal plexus. Notably, 
CDNF was able to promote development and survival of dopamine neurons from 
enteric neural crest-derived cells in vitro. This is in contrast to what has been 
shown in SGC, DRG, and motor neurons, where CDNF cannot promote neuronal 
survival in vitro (Lindholm et al., 2007). Speculatively, the ability of CDNF to 
promote enteric dopamine neurons is due to another mechanism of action than 
via UPR regulation. The fact that CDNF functions differently between enteric and 
cerebral neurons both in vitro and in vivo refers to a different mechanism of action 
that remains to be discovered. 

In phase I-II clinical trials on Parkinson’s disease patients, CDNF achieved 
the main endpoint by being safe and well-tolerated (Bondarenko and Saarma, 
2021; Huttunen, 2021). Additionally, motor scoring and motor tests revealed 
improvement of motor behavior of some patients, therefore, planning for future 
studies on CDNF clinical trials is ongoing. MANF is also intended to be tested 
in clinical trials. It is important to note that our finding of endogenous CDNF 
not being required for dopamine neuron maintenance is not contradictory with 
its therapeutic potential for Parkinson’s disease. There are no reports indicating 
that patients with Parkinson’s disease would have decreased CDNF expression in 
dopamine neurons in the substantia nigra or that CDNF deficiency would explain 
vulnerability of dopamine neurons. In fact, CDNF expression is even increased in 
the hippocampus of Parkinson’s disease patients, although the reason is not known 
(Virachit et al., 2019). The current view is that CDNF affects injured neurons, not 
naïve, and can rescue neurons that might have lost their phenotype but are still 
alive (Huttunen and Saarma, 2019). Our results support this view of CDNF not 
affecting basal function of the neurons. We could think that this is beneficial when 
it comes to designing CDNF therapeutics as the probability for adverse side effects 
decreases. 

6.3. Compensation between CDNF and MANF

Genetic redundancy refers to a phenomenon of two genes having the same 
function and therefore, loss of one of these genes has a mild or no impact on the 
phenotype. This kind of compensation often originates from gene duplication and 
can be found in many organisms (Kafri et al., 2005). Genetic compensation is seen 
as changes in RNA or protein levels that can functionally compensate for a loss of 
another gene (El-Brolosy and Stainier, 2017). In fact, genetic compensation was the 
main reason behind the study of CDNF/MANF dKO mice. We wanted to examine 
whether CDNF and MANF could compensate for each other. As mouse CDNF 
and MANF has an amino acid identity of 58% in addition to similar structure 
and localization, it could hypothetically be possible that they compensate for each 
other. The possible compensatory effect during development was investigated 
by conventional KO mice and during aging by conditional KO mice. To our 
knowledge, this is the first time Cdnf-/-::Manf-/- mice have been developed and 
characterized. We focused on certain research questions selected based on our 
previous findings. However, we did not find that the phenotypes of conventional 
Cdnf-/-::Manf-/- mice were more severe than the single Manf-/- mice. The limiting 
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factor in the analysis was demanding breedings and small probabilities to produce 
Manf-/- mice and Cdnf-/-::Manf-/- mice. Thus, the groups remained rather small 
throughout the study. Though our analysis was limited to few tissues, there were 
no gross defects observed in other tissues.

Characterization of Cdnf-/-::Manf-/- mice showed that they have a similar 
growth defect compared with MANF-deficient mice. In the pituitary glands 
of Manf-/- male and female mice, CDNF expression is increased, but whether 
compensation or not, it does not affect the growth defect of Manf-/- mice as they 
are the same weight compared with Cdnf-/-::Manf-/- mice. Interestingly, both CDNF 
and MANF expression levels are higher in the pituitary glands of female WT mice 
compared to male WT mice. We conclude that there could be a gender-specific 
effect of CDNF and MANF on the function or hormone production in the pituitary 
gland. Although we observed increased CDNF expression in the pancreas of 
Manf-/- mice, the expression level remained extremely low. Data indicated that the 
diabetes phenotype is not significantly manifesting earlier in Cdnf-/-::Manf-/- mice 
compared with Manf-/- mice.

In study III, we show that MANF protein expression levels are increased in 
the serum and skeletal muscle of Cdnf-/- mice, which indicates possible genetic 
compensation. Furthermore, compensation is present at the functional level as 
UPR gene expression is increased in Cdnf-/-::Manf-/- muscles compared to Cdnf-

/- muscles. However, this occurs only in the skeletal muscle, not in the brain. The 
Manf mRNA levels are not increased in the Cdnf-/- brain as shown in study II. 
Thus, compensation is specific to muscle. On the other hand, we demonstrated 
that sXbp1 mRNA levels are increased in the same muscle as MANF expression 
is increased. Since it is known that sXBP1 induces MANF expression (Lee et 
al., 2003), we cannot exclude this possibility of MANF expression being only 
the consequence of increased sXbp1 expression. In this case, the functional 
compensation would still exist. Interestingly, the functional compensation does 
not occur the other way around: CDNF does not compensate for MANF as the 
UPR gene expression is not altered in Cdnf-/-::Manf-/- mice compared to Manf-/- 
mice in the brain. Furthermore, the Cdnf mRNA levels are not increased in the 
brain of Manffl/fl::NestinCre/+ mice. 

6.4. Biological functions of MANF

Proteins can be classified based on their biological functions: antibodies, enzymes, 
structural proteins, transport proteins etc. The biological function of CDNF and 
MANF can be categorized as growth factors or signaling proteins in the UPR. 
In addition to these functions that have been discussed above, MANF has been 
named as a hepatokine (Wu et al., 2021). MANF was shown to be secreted from 
the liver in response to refeeding and to protect against high fat diet-induced 
obesity. The consequences of MANF overexpression and ablation in the liver 
were explained by the effect of MANF on thermogenesis (Wu et al., 2021). The 
involvement of the UPR was not discussed, although in the previous study of 
Chhetri and others, MANF ablation was shown to increase UPR gene expression 
in the liver (Chhetri et al., 2020). As discussed in chapter 2.1.3, aberrant lipid 
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processing can also induce the UPR. Given that lipid biogenesis takes place in the 
ER and the UPR regulates lipogenic genes, we think that all this is linked together. 
MANF is possibly a key player in the liver function and not solely in regards of 
thermogenesis or UPR regulation. Given that the IRE1α and ATF6 pathways 
induce lipid synthesis, we hypothesize that MANF could also exert its effects on 
lipid metabolism through the interaction with these UPR sensors in the liver. 

In studies I and III, we reported the involvement of MANF in growth 
control. As discussed above, a decrease in growth hormone-producing cells and 
growth hormone mRNA levels in the adenohypophysis of the pituitary gland 
in conventional Manf-/- mice partially explain the growth defect. Association 
between the growth hormone deficiency and reduced MANF serum levels has 
also been reported in humans (Ren et al., 2021). However, decreased body weights 
of Manffl/fl::NestinCre/+ mice cannot be explained by defects in the pituitary gland. 
Instead, Nestin-Cre transgenic mice have been reported to have reduced body 
weights (Briancon et al., 2010), thus, this can be a contributing factor. Despite 
reduced body weights, the brain/body ratio is not decreased in Manffl/fl::NestinCre/+ 
mice (Wang et al., 2021d). We suggest that there are other factors contributing to 
the body weight that require further research. Whether it has something to do 
with energy metabolism or decreased proliferation rate, is still to be discovered.

The use of Nestin-Cre transgenic mouse line is known to have limitations 
(Harno et al., 2013). Nestin is an intermediate filament protein and highly 
abundant in neural progenitor cells. Its expression has been observed as early as 
E11 (Liang et al., 2012). Although Nestin is widely used as a promoter for gene 
deletion in the CNS, there are studies reporting Cre activity outside of the CNS 
in Nestin-Cre mice (Delacour et al., 2004; Dubois et al., 2006). Furthermore, 
Nestin-Cre mice have reduced body weights and body length (Briancon et al., 
2010; Declercq et al., 2015). In fact, it has been discovered that Nestin-Cre mice 
suffer from mild hypopituitarism, which could explain smaller size but is not 
caused by suggested Nestin-Cre activity in the pituitary gland (Galichet et al., 
2010). Nestin-Cre mice are also shown to have problems with insulin secretion in 
response to glucose, referring to metabolic defects (Briancon et al., 2010). Under a 
high fat diet, Nestin-Cre mice gain less weight than control mice and show worse 
performance on the glucose tolerance test. Due to these issues, we do not think 
that our Manffl/fl::NestinCre/+ mice would be ideal for conducting metabolic studies 
or in case of examining the effect of MANF on metabolism, these cautions should 
be noted. With this in mind, we confirmed that our Manffl/fl::NestinCre/+ mice do 
not develop diabetes and have normal glucose response at old age (Pakarinen et 
al., 2020). Although Nestin-Cre mice have not been reported to have changes in 
locomotion or memory consolidation (Giusti et al., 2014), we included these mice 
as another control in behavioral studies in addition to littermate Manffl/fl controls. 
Furthermore, we included them as an additional control for UPR gene expression, 
but did not see any differences when compared with Manffl/fl mice. One could 
argue that Nestin-Cre-driven deletion is not adequate for MANF ablation in the 
brain since myeloid cells can still express MANF. Indeed, we cannot exclude the 
possibility of mild MANF expression in the brain, although no clear Manf mRNA 
levels were detected in Manffl/fl::NestinCre/+ mouse brains. Keeping in mind that 
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MANF is a stress protein, its expression might change in response to acute stress 
in Manffl/fl::NestinCre/+ mouse brains.

There are numerous similarities with MANF KO mice and mice deficient 
with different UPR components. For example, CRELD2 KO mice have similarly 
increased expression of UPR components in the liver (Kern et al., 2021). 
Cartilage-specific CRELD2 KO mice have reduced chondrocyte proliferation and 
short stature (Dennis et al., 2020), which is a similar phenotype that is observed 
in cartilage-specific MANF KO mice (Bell et al., 2019). Similar to MANF, XBP1 
ablation in the CNS has no neurological dysfunction (Hetz et al., 2008), but XBP1 
ablation in the liver and pancreas has a drastic effect on the function of these 
tissues (Reimold et al., 2000; Akiyama et al., 2013; Olivares and Henkel, 2015). 
Similarities can also be found between MANF KO and conditional IRE1α KO 
mice and PERK KO mice including growth disturbances, skeletal problems, and 
changes in the function of the pancreas (Zhang et al., 2002). Overall, commonalities 
of phenotypes between MANF KO mice and the aforementioned UPR component 
KO mice emphasize the essential role of MANF as a biological regulator of the 
UPR in mammalian tissues. The outcome of MANF ablation reflects diversity of 
biological functions of MANF. 

As aforementioned, human patients with MANF mutations express similar 
disorders with Manf-/- mice (Yavarna et al., 2015; Montaser et al., 2021). One of 
the differences, however, is the microcephaly that human patients have. We have 
not observed microcephaly in our Manf-/- mice. The size of a brain is smaller in 
developing Manf-/- mice, but not in relation to the body weight (Tseng et al., 2017). 
As mentioned in chapter 2.1.3, ZIKV-induced ER stress in the embryonic brain 
results in microcephaly in mice. In this thesis, we show that the UPR activation 
is upregulated in Manf-/- mouse brain; however, the morphology of the head is 
normal in developing mice, although the cortex development is delayed (Tseng 
et al., 2017). Thus, it is plausible that the development of microcephaly present 
in human patients is not related to ER stress. To conclude, the biological role of 
MANF is similar between humans and mice, however, the lack of MANF results 
in a slightly different phenotype between them.

6.5. Biological functions of CDNF

Unlike MANF, CDNF is found only in vertebrates. From an evolutionary 
perspective, it is not clear why CDNF has evolved. We could speculate that 
endogenous CDNF is specialized for definite tasks. Given that CDNF has high 
expression in the heart and skeletal muscle (Lindholm et al., 2007; Danilova et al., 
2019b), its function is plausibly more essential for these tissues. Observations in 
this thesis suggest an important function in the skeletal muscle as discussed above 
in chapter 6.1. Speculatively, CDNF could have evolved in vertebrates precisely 
for the function in the muscle tissue as muscle tissue differs significantly between 
vertebrates and invertebrates (Hooper et al., 2008). A recent study highlighted the 
function of CDNF in the heart and nominated CDNF as a cardiomyokine (Maciel 
et al., 2021). Maciel and others showed that pretreatment with exogenous CDNF 
prevented thapsigargin-induced calcium depletion in human-induced pluripotent 
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stem cell differentiated into cardiomyocytes. In fact, CDNF not only prevented 
calcium depletion but also potentiated calcium transient into values that were 
higher than control values. This suggests that there is a direct or indirect effect 
of CDNF on calcium. Given that muscle contraction is based on the release and 
reuptake of calcium, the calcium regulation is important for the skeletal muscle 
ER. The role of CDNF in the muscle tissue, however, requires further research.

In this thesis, we investigated CDNF-deficient muscles after repetitive exercise 
and found alterations in UPR gene expression after exercise. One important 
question that remained unanswered is whether CDNF is differently expressed or 
secreted from the muscle after exercise. As a comparison to other neurotrophic 
factors, expression of BDNF is upregulated in response to exercise (Cuppini et 
al., 2007). Both exercise and fasting forces muscles to spare glucose and use fatty 
acid oxidation to provide ATP. Interestingly, BDNF was discovered to function as 
a fasting-induced myokine that regulates this switch from the use of carbohydrate 
to fatty acids for fuel (Yang et al., 2019). Could it be that CDNF is also a myokine 
and secreted during exercise? In fact, the effect of exercise on CDNF expression 
in the brain has already been studied. Intensive exercise increased CDNF levels in 
the cerebral cortex, although the increase was mild (Shirvani et al., 2019). Exercise 
also protected from CDNF loss caused by 6-OHDA treatment, meaning that 
positive effect of exercise was possibly mediated by increased CDNF expression in 
the striatum (Fallah Mohammadi et al., 2019). Neither of these studies presented 
whether there was increased CDNF expression in the hypothalamus in response 
to exercise, which would have reported if CDNF is able to induce possible 
hormone signaling from the hypothalamus. More recently, it was demonstrated 
that exercise also increases CDNF expression in the spinal cord (da Silva et al., 
2021). Evidence from both of these studies suggests a possible role of CDNF as a 
myokine. In the end, skeletal muscle is also a metabolic organ (Smith et al., 2018). 
Whereas MANF plays a significant metabolic role in the pancreas, liver, and brain, 
CDNF is possibly a metabolic regulator in the skeletal muscle. 

As aforementioned, polymorphisms in the CDNF gene are associated with 
schizophrenia, Parkinson’s disease, and cocaine dependence (Lohoff et al., 2009; 
Choi et al., 2011; Yang et al., 2018). Since these disorders are dopamine related, it 
can be speculated that endogenous CDNF affects the dopamine system in humans 
as well as in mice. Furthermore, it has been shown that CDNF administration 
increases DAT activity in the nonhuman primate model of Parkinson’s disease 
(Garea-Rodríguez et al., 2016). Therefore, we could hypothesize that the effect 
of CDNF is mediated through DAT also in humans. This could also explain the 
motor improvement of some patients in clinical I-II trials. Our results in the study 
II already demonstrate that CDNF has an effect on DAT activity in mice, although 
the exact mechanism is unknown. Given that loss of CDNF causes such an 
increase in locomotor activity in response to amphetamine, we could hypothesize 
whether loss of CDNF is compensated with some other factor that increases the 
sensitivity of dopamine neurons to amphetamine. Understanding the function of 
CDNF-ablated dopamine neurons better would benefit the development of CDNF 
as a therapy for Parkinson’s disease.
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6.6. Future studies

In this thesis, we focused on characterizing different KO mice primarily under 
unchallenged conditions. In future studies, it is important to examine conditional 
MANF KO mice and conditional CDNF/MANF KO mice under additional stress. 
Tunicamycin injected into Manffl/fl::NestinCre/+ mice caused increased vulnerability 
(Wang et al., 2021d), therefore, we could speculate that the phenotype of Manffl/

fl::NestinCre/+ mice is more severe in other stressed conditions as well. LPS induction 
has been tested in mono-macrophage-specific MANF KO mice (Wang et al., 
2021b), but LPS should also be injected into Manffl/fl::NestinCre/+ mice. LPS induces 
inflammation and this would be a highly interesting aspect to add to brain studies. 
Moreover, CDNF and MANF KO mice should be properly tested in Parkinson’s 
disease animals models, such as models induced by toxins 6-OHDA, MPTP, or 
lactacystin. We think that vulnerability of CDNF- and MANF-deficient neurons 
is increased in case of increased ER stress and therefore, the effect of neurotoxins 
on ER stress requires deeper understanding. Given that CDNF was recently 
published to affect α-synuclein cell entry and seeding in vivo (Albert et al., 2021), 
preformed α-synuclein fibrils could be injected into Cdnf-/- mice and pathology 
propagation monitored. Speculatively, the progress of α-synuclein pathology 
might be hastened by increased aggregation and seeding in Cdnf-/- mice. 

As aforementioned, the debate around the role of GDNF in the maintenance 
of dopamine neurons is highly related to the method used for gene ablation. 
Keeping this in mind, it would be important to investigate the effect of CDNF 
and MANF ablation by different means. For example, CDNF and MANF could 
be deleted from adult mice by induced Cre expression. In this paradigm, we 
could exclude possible developmental compensatory mechanisms. In addition, 
as MANF expression has been proven to locate in nigral dopamine neurons, we 
could ablate MANF specifically from dopamine neurons by using inducible DAT-
Cre transgenic mice, for example. This would be highly important to confirm our 
results presented in this thesis. 

In light of our data, it would be important to examine the relationship of CDNF 
and MANF with the IRE1α pathway in more detail. Particularly, the analysis of 
the consequences of MANF-IRE1α interaction in vivo is needed. Our discovery 
of the effect of CDNF ablation on UPR gene expression in the skeletal muscle at 
the basal level and in response to exercise also requires further understanding. To 
elucidate the role of CDNF in the muscle tissue, it would be interesting to examine 
the ER structure in Cdnf-/- muscle cells. As discussed above, muscle cells have a 
specialized ER and therefore, it would be important to study whether there are 
structural changes in muscle cells lacking CDNF. Furthermore, Cdnf-/- mice could 
be tested for some muscle-specific toxin model to see the role of CDNF in muscle 
regeneration, for example. 

In future studies, it is important to explore a possible genetic interaction 
between CDNF and MANF more carefully. In this thesis, we observed changes in 
MANF levels by CDNF ablation and vice versa, changes in CDNF levels by MANF 
ablation. We were not able to answer the important issue of from where CDNF 
and MANF are secreted to the serum. The origin of CDNF and MANF in the 
serum is plausibly different. These unresolved questions are important for future 
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research and for evaluation of MANF and CDNF as potential serum biomarkers 
for diseases where serum levels are altered. As listed in Table 5, expression levels of 
CDNF and especially MANF levels have been tested in various disease conditions. 
Due to the fact that Cdnf-/- mice have such a drastic phenotype in the gut, it would 
be interesting to investigate whether CDNF expression levels are altered in the 
gut of Parkinson’s disease patients. Furthermore, based on results in this thesis, 
it would be interesting to study CDNF and MANF protein levels in congenital 
myopathies or acquired myopathies due to metabolic diseases or traumas.
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7. CONCLUSIONS

This thesis work aimed to characterize phenotypes of mice lacking MANF (I, III), 
CDNF (II, III), or both (III). We investigated the consequences of CDNF and 
MANF gene ablation on UPR regulation. In addition, we analyzed the midbrain 
dopamine system on the morphological and functional levels of these KO mice. 
The following conclusions based on the studies are summarized below:

I. Endogenous MANF is an essential negative regulator of the 
neuronal UPR in vivo. Importantly, endogenous MANF regulates 
the brain UPR in different developmental stages in mice.

II. Both CDNF and MANF deficiency increase GRP78 expression and 
the IRE1 /sXBP1 pathway activation with tissue-specificity in vivo. 

III. MANF exerts its neuroprotective effect under stress as thapsigargin-
induced ER stress increases vulnerability of MANF-devoid neurons in 
vitro. Thus, endogenous MANF functions as a neuroprotective protein.

IV. CDNF and MANF do not function as target-derived 
neurotrophic factors for the midbrain dopamine neurons in 
mice. Furthermore, they are dispensable for the maintenance 
of dopamine neurons in unchallenged conditions. However, 
CDNF-deficient dopamine neurons have functional defects.

V. MANF can functionally compensate for CDNF in the muscle UPR, 
but CDNF cannot compensate for MANF in the brain UPR. 

VI. CDNF and MANF removal has an effect on each other’s expression 
at the protein level indicating a possible genetic interaction.

Beyond the findings related to CDNF and MANF, this thesis emphasizes how 
the UPR is a highly complex network with cell-type specificity and temporal 
dependence. We conclude that chronic activation of the IRE1α pathway triggered 
by MANF and CDNF deficiency does not induce neurodegeneration in the mouse 
brain. Thus, this thesis provides insight on continuous UPR activation in vivo. 
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