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Abstract
Recent animal and human studies connected the Morc family CW-type zinc finger 1 (Morc1) gene with early life stress and 
depression. Moreover, the Morc superfamily is related to epigenetic regulation in diverse nuclear processes. So far, the Morc1 
gene was mainly studied in spermatogenesis, whereas its distribution and function in the brain are still unknown. In a first 
attempt to characterize Morc1 in the brain, we performed a Western Blot analysis as well as a real-time PCR analysis during 
different stages of development. Additionally, we detected Morc1 mRNA using real-time PCR in different mood-regulating 
brain areas in adult rats. We found that MORC1 protein as well as Morc1 mRNA is already expressed in the brain at embry-
onic day 14 and is stably expressed until adulthood. Furthermore, Morc1 mRNA is present in many important brain areas 
of mood regulation like the medial prefrontal cortex, the nucleus accumbens, the hippocampus, the hypothalamus, and the 
amygdala. The ample distribution in the brain and its molecular structure as a zinc finger protein indicate that Morc1 might 
act as a transcription factor. This function and its expression in mood-regulating areas already in the early brain development 
turn Morc1 into a possible candidate gene for mediating early life stress and depression.
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Abbreviations
ELS  Early life stress
PFC  Prefrontal cortex
MDD  Major Depressive Disorder
mPFC  Medial prefrontal cortex
MORC1  MORC family CW-type zinc finger 1

NAc  Nucleus accumbens
RT  Real time

Introduction

For a long time, MORC family CW-type zinc finger 1 
(Morc1) was only known for its function in mammalian sper-
matogenesis (Inoue et al. 1999) where its deficiency leads 
to male-specific germ cell loss and infertility in mice (Pas-
tor et al. 2014). Then, a rat RNA BodyMap scan detected 
Morc1 RNA in multiple organs, e.g., the brain, testis, and the 
highest amount of Morc1 RNA found in the rat thymus (Yu 
et al. 2014). Recent psychiatric studies connected Morc1 to 
early life stress (ELS) and depression in animals and humans 
highlighting the potential role of Morc1 in development 
and mood regulation (Nieratschker et al. 2014; Schmidt 
et al. 2016; Mundorf et al. 2018, 2021; Thomas et al. 2020; 
Bölükbas et al. 2020). However, until now, no study charac-
terized the existence of Morc1 in the brain.

In general, early childhood is a period of neuroplasticity 
and maturation of the brain (Johnston 2004). However, mul-
tiple factors, one of them being ELS, can cause impairments 
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in neurodevelopment resulting in severe and long-lasting 
consequences (Teicher 2002). Thus, ELS can induce long-
lasting severe physical and mental changes (Carr et  al. 
2013). Traumatic or uncontrollable stressful events in early 
childhood, like sexual or physical abuse, loss of a caregiver, 
or a natural disaster, are associated with the development of 
depression during adolescence (Putnam 2003; Kendler et al. 
2004; Andersen and Teicher 2008). Even neuroanatomical 
alterations as a result of ELS have been reported resulting 
mostly in volume reductions of, e.g., the hippocampus, the 
amygdala, the prefrontal cortex (PFC), and the corpus cal-
losum (Hart and Rubia 2012; Frodl and O’Keane 2013). 
Neuroanatomical changes subsequently lead to deficits in 
behavior, memory, and emotional perception (Hart and 
Rubia 2012). Also, ELS is affecting the activity of certain 
genes, such as Morc1, by altering their DNA methylation 
pattern. The altered methylation state of specific genes after 
ELS can subsequently influence the gene expression pat-
tern (Weaver et al. 2004; Labonté et al. 2012; Nieratschker 
et al. 2014; Mundorf and Freund 2019). Besides changes 
in gene methylation, the individual genetic background can 
also play an important role in the etiology of depression and 
genome-wide association studies have already reported an 
association between different genetic variation and depres-
sion (Power et al. 2017; Ormel et al. 2019).

In a cross-species study, Nieratschker and colleagues 
found altered methylation of MORC1 in children`s cord 
blood and the brains of male rats after exposure to prenatal 
stress as well as in the blood of male nonhuman primates 
after ELS (Nieratschker et al. 2014). Moreover, they discov-
ered that certain genetic variants of MORC1 are connected 
to major depressive disorder (MDD). In a subsequent study, 
we were able to validate that a Morc1 gene knockout leads 
to depressive-like behavior in adult female mice (Schmidt 
et al. 2016).

Lower Morc1 RNA expression in the medial prefrontal 
cortex (mPFC) was furthermore found after postpartum 
stress in rats and was accompanied by other subclinical 
markers connected to depression (Bölükbas et al. 2020).

Studies with humans reinforce the link between MORC1 
methylation and depression as MORC1 hypermethylation 
was correlated to signs of depression measured by the Beck 
Depression Inventory (BDI) in healthy humans (Mundorf 
et al. 2018). Interestingly, the number of birth complica-
tions was also associated with altered MORC1 methylation 
(Mundorf et al. 2018). In a multicentric study investigating 
childhood maltreatment, depressive symptoms, and MORC1 
methylation, no association was found between childhood 
maltreatment and MORC1 methylation. However, the asso-
ciation between MORC1 methylation and depressive symp-
toms could be confirmed in all three cohorts (Thomas et al. 
2020) highlighting the need for further investigation of the 
role of Morc1 in ELS and depression. In a follow-up of our 

previous study (Mundorf et al., 2018), a subsample of the 
participants was analyzed for neuronal alterations derived 
from magnetic resonance imaging and neurite orientation 
dispersion and density imaging in the hippocampus and 
mPFC (Mundorf et al. 2021). Again, MORC1 methylation 
was positively associated with increased BDI scoring, and, 
interestingly, peripheral MORC1 methylation was further-
more negatively associated with volume reduction and sev-
eral neurite orientation dispersion and density markers in 
the hippocampus and mPFC (Mundorf et al. 2021). Further 
studies investigating the neuronal implications of MORC1 
in depression are needed to disentangle the potential role of 
the MORC1 gene. At this stage, however, even the general 
distribution of MORC1 in the brain and during neuronal 
development is unknown.

The MORC1 protein has been characterized to have a 
CW-zing finger protein domain (Perry and Zhao 2003). This 
protein domain is related to chromatin methylation status 
or early embryonic development (Perry and Zhao 2003), 
reinforcing the important role of MORC1 in development. 
In this study, Morc1 expression levels in the rat brain from 
embryonic day 14, postnatal day 2, 22, 42 and >60 were ana-
lyzed by Western Blotting and real-time PCR. Moreover, 
we used real-time PCR to examine the expression pattern of 
Morc1 mRNA in different brain regions involved in mood 
regulation.

Materials and methods

Animals

Animals were group-housed on a standard light–dark cir-
cle (12/12 h, light period 07:00–19:00) with water and food 
access ad libitum and constant temperature and humidity 
conditions (22 ± 2 °C and 55 ± 25%).

As all studies investigating MORC1 in humans do not 
report sex differences in MORC1 methylation (Nieratschker 
et al. 2014; Mundorf et al. 2018, 2021; Thomas et al. 2020), 
only male animals were used in this study according to the 
3R principles. The only exception is the Morc1 − / − mouse, 
since male Morc1 − / − mice have a very low life expectancy 
and are thus very difficult to breed. All experiments were 
performed according to the principles regarding the care and 
use of animals adopted by the German Animal Welfare Law 
for the prevention of cruelty to animals after approval by the 
LANUV (Landesamt für Natur, Umwelt und Verbraucher-
schutz Northrhine-Westfalia).

Experimental design

Western Blotting was performed with protein extracted from 
whole brain tissue of male Spraque Dawley rats (Charles 
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River Laboratories, Sulzfeld, Germany) at different ages 
throughout development resulting in the following groups:

• 5 animals from one litter at embryonic day 14 (E14), 
protein was pooled into one sample

• 4 animals from one litter at postnatal day (P) 2, protein 
was pooled into one sample

• 1 animal at P22
• 1 animal at P42
• 1 animal at > P60.

For E14 and P2, the brains had to be pooled to enable the 
extraction of sufficient amounts of protein. No sex determi-
nation was conducted for the embryos.

Western blotting was further carried out with the brain of 
one adult female C57BL/6 N mouse with a Morc1 − / − loss 
 [MorcTg(Tyr)1Az/J, own breeding originally from the Jackson 
Labs (Bar Harbour, Maine, USA)] to serve as a negative 
control. As male Morc1 − / − mice have a very low chance 
of survival, females had to be analyzed. Protein extract 
from testes of an adult (> P60) male rat served as a positive 
control.

For real-time (rt) PCR analysis, protein extracted from 
male Spraque Dawley rat brains (Charles River Laboratories, 
Sulzfeld, Germany) was analyzed. For the analysis of Morc1 
mRNA expression throughout life (rtPCR part I, Fig. 2A), 
mPFC RNA was extracted from three animals per age result-
ing in the following groups:

• 3 animals at E14 (cortices)
• 3 animals at P2
• 3 animals at P22
• 3 animals at P42
• 3 animals at P62.

For the rtPCR analysis of Morc1 expression levels of dif-
ferent brain regions (rtPCR part II, Fig. 2B), the brains of 
three male adult rats (> postnatal day 60) were dissected 
and included for analysis. To avoid genetic influences, the 
three rats per group were not related. Furthermore, rats were 
housed in different groups with their respective siblings. 
Again, no sex determination was conducted for the embryos.

Western blotting

Protein was extracted using the whole brain including the 
cerebellum. To obtain sufficient protein for all ages, the pro-
tein of five E14 embryo brains from one litter were pooled. 
Furthermore, the protein was pooled for the P2 sample from 
four male pups from one litter. For the other ages, as well as 
the Morc1 (−/−), extracted protein was gained from one ani-
mal in sufficient quantities. All samples were homogenized, 
and protein was extracted with a Protease Inhibitor (Protease 

Inhibitor Cocktail Tablets complete from Roche, 1 tablet 
diluted in 2 ml distilled  H20) and radioimmunoprecipita-
tion assay buffer. An 8% SDS-polyacrylamide gel was pro-
duced (ingredients from Roth). As marker Color Presteined 
Protein Standard (P7712S, New England Biolabs) was used 
(245–11 kDa). Previous experiments revealed that for brain 
samples, 100 µg of protein was necessary for a successful 
anti-MORC1 staining, whereas 20 µg protein of testis was 
sufficient. All samples were loaded with protein mixture and 
5 µl Lämmli Buffer on an 8% SDS-polyacrylamide gel first 
at 100 V for 20 min, and then for 1 1/2 h at 120 V (BIO-
RAD Power Supply). The protein was transferred from the 
gel to a methanol-activated PVDF- Membrane (0.45 µm, 
Carl Roth GmbH) for 1 h at 100 V on ice. Afterward, the 
membrane was blocked for 1 h with gentle agitation in 5% 
non-fatty milk in 1 × TBST at room temperature. Then, the 
membrane was incubated for one night at 4 °C with the pri-
mary antibody anti-MORC1 gained out of rabbit (1:500; 
14,080–1-AP, Proteintech). On the next day, after washing, 
the secondary antibody anti-rabbit HPR from goat (1:5000, 
65–6120, Invitrogen) was incubated in 2% non-fatty milk 
in 1 × TBST for 1 h. After stripping, blots were incubated 
overnight with anti-beta-Actin gained from rabbit (1:1500, 
4967S, Cell Signaling) with gentle agitation in 0.5% BSA 
in 1 × TBST. The second antibody was incubated in 0.5% 
BSA in 1 × TBST for 1 h. For chemiluminescent detection, 
the membrane was incubated with the enhanced chemilu-
minescent Thermo Scientific™ SuperSignal™ West Pico 
PLUS kit (1:1, 34,087, Thermo Fisher). Blot imaging was 
then performed using the ChemiDoc™ MP Imaging System 
(BIO-RAD).

Real‑time PCR

For rtPCR quantification of Morc1, RNA brain regions were 
dissected from three adult (> P60) male rats. The mPFC, 
nucleus accumbens (NAc), hippocampus, amygdala, and 
hypothalamus were dissected according to the rat brain 
atlas (Paxinos and Watson 2006). Additionally, the mPFC 
of three male rats of each developmental stage (E14, P2, 
P22, P42, and P62) were dissected. RNA isolation was 
performed using the NucleoSpin® TriPrep Kit (Mach-
erey–Nagel, Düren, Germany) with slight modifications, 
meaning that 40 μl of RNase-free water was added to obtain 
RNA. After the quantification and quality assessment, RNA 
was reverse transcribed to cDNA using the High-Capacity 
RNA-to-cDNA™ Kit (Thermofisher Scientific, Darmstadt, 
Germany) according to the manufacturer’s protocol. Experi-
ments for establishing Morc1 rtPCR revealed a minimum of 
60 ng RNA needed per sample to detect stable results (see 
also Bölükbas et al. 2020). Thus, 60 ng cDNA was used to 
measure Morc1 mRNA levels in all regions and ages for 
all animals separately. For rtPCR analysis, TaqMan™ Gene 
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Expression Master Mix (Thermofisher) and TaqMan gene 
expression assay for Morc1 (Rn01474745_m1) as well as for 
Glyceraldehyde-3-phosphate dehydrogenase (Rn01775763_
g1) and Actin, beta (Rn00667869_m1) serving as house-
keeping genes were used. The CFX Connect Real-Time PCR 
System (Bio-Rad) was used according to the manufacturer’s 
protocol. All samples and gene assays were assayed in dupli-
cates. RNA levels were quantified by the number of cycle 
thresholds (Delta CT method). The ∆Ct value of each sam-
ple was calculated by subtracting the mean Ct value of the 
housekeeping genes from the mean Ct value of Morc1. To 
account for individual plate differences, the three P62 mPFC 
samples were run on all plates and values were calculated 
as percent expression related to the mean expression of P62 
mPFC.

Results

Western blotting

The rat brain samples revealed a prominent band at 
110 kDa at all age stages (E14, P2, P22, P42, and P > 60) 
(Fig. 1, red arrow). Beta-actin staining revealed promi-
nent bands in all samples at 45 kDa confirming an equal 
protein amount per sample (Fig. 1). Interestingly, a light 
band at 110 kDa was also detected in the Morc1 (−/−) 
mouse brain sample when the total protein amount was 
increased to 100 µg (Fig. 1). The strongest band was seen 

in the rat testis sample using 20 µg of the total protein. 
All brain protein samples also show a prominent band at 
around 180 kDa which is especially prominent in P42 and 
adult brain samples when applying 100 µg of total protein. 
This band is not detected when applying 50 µg from the 
Morc1 (−/−) protein sample. However, multiple bands 
besides the one at 110 kDa were detected, possibly due to 
the polyclonal properties of the chosen antibody and the 
high amount of lysate loaded for the brain protein samples.

Real‑time PCR

Morc1 mRNA was detected in all developmental stages 
and all brain regions using rtPCR. It seems that Morc1 
is expressed almost equally in all developmental stages 
(Fig.  2A). However, slightly more Morc1 mRNA was 
detected in the developmental stages P2 and P42 compared 

Fig. 1  Western blot imaging of MORC1 protein [anti-MORC1 from 
rabbit (1:500; 14,080–1-AP, Proteintech)] in rat brain at the age 
of E14 (pooled from 5 embryos), P2 (pooled from 4 pups), P22, 
P42, adult (P > 60), and protein from an adult rat testis (1 animal 
each). Moreover, MORC1 protein was stained in one adult female 
C57BL/6  N Morc1 (−/−) brain using 50  µg and 100  µg protein. 
Imaging was performed with the ChemiDoc™ MP Imaging System 
(BIO-RAD). A prominent band was detected at 110 kDa (red arrow) 
in all rat samples but not the Morc1 (−/−) sample. Beta-actin staining 
revealed prominent bands at 45 kDa (ßActin) in all samples

Fig. 2  Relative Morc1 mRNA expression in the rat brain. Values are 
given as percent expression related to the mean expression of P62 
mPFC. The mean value of the three investigated animals per age/
region is given as Morc1 expression in % as well as the standard devi-
ation (SD). A Morc1 expression in different developmental stages. 
E: embryonic stage, P: postnatal day. B Morc1 expression in differ-
ent brain regions in adult male rats. NAc nucleus accumbens, mPFC 
medial prefrontal cortex
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to other ages investigated. The Morc1 expression levels 
seem to be also very equally in all brain regions (Fig. 2B).

Discussion

Western blotting of the mouse and rat tissue detected 
prominent bands at 110 kDa which correspond to the esti-
mated molecular weight of Rattus norvegicus MORC1 
protein of 109 kDa (NCBI 2016). Less protein was needed 
for detecting MORC1 in rat testis than for brain samples 
as the testis is known to contain a high amount of Morc1 
RNA (Yu et al. 2014). This finding is in line with the 
high amount (60 ng) of RNA needed for rtPCR analysis 
of Morc1 in the brain.

However, finding a promising antibody for anti-MORC1 
staining proved to be difficult. As the used antibody is poly-
clonal thus targeting multiple epitopes within the same 
antigen, multiple bands besides the one at 110 kDa were 
detected. Moreover, the high amount of brain lysate needed 
to detect MORC1 protein can lead to increased non-spe-
cific binding of the antibody, resulting in multiple bands 
as detected in our Western Blotting. This hypothesis is in 
line with the fact that the prominent band at 180 kDa is less 
prominent when loading a lower amount of lysate (20 µg 
from the testis and 50 µg Morc1 -/- brain), indicating that the 
high amount of 100 µg lysate results in non-specific staining 
besides the band at 110 kDa. Thus, investigating MORC1 
protein expression in different brain regions, even though it 
is very important to analyze, would not have been accurate 
given the problematic balance between the high quantity 
needed and the increasing non-specific bindings.

Interestingly, Western blotting against the MORC1 pro-
tein displayed a slight band at 110 kDa in the Morc1 (−/−) 
mouse, too, when increasing the amount of total protein to 
100 µg. Given the properties of the Morc1 (−/−) knockout 
construct, this might not be surprising. For the knockout 
of MORC1, the Exons 2–4 were deleted and replaced by 
a sequence of almost the same length in the 3` region of 
MORC1 cDNA which leads to an aberrant mRNA transcript 
(Inoue et al. 1999). Thereby, the Morc1 (−/−) mouse may 
express a shortened protein which in turn is not functional as 
it would be lacking the first residues of the MORC N-termi-
nal region essential for functioning (Inoue et al. 1999). How-
ever, Pastor and colleagues (2014) did not detect MORC1 
protein in the Morc1 (−/−) mouse testis using immunohis-
tochemistry (Pastor et al. 2014). Yet, the antibody used by 
Pastor et al. was self-constructed and was thus not avail-
able for replication. Our commercially available antibody 
might bind to different sites of the protein and therefore also 
detect the truncated, unfunctional protein of the knockout. 
Moreover, Western blotting might be more sensitive than 

immunohistochemistry as much more total protein was used 
for detection in our study.

Detecting Morc1 RNA in the amygdala, and the hip-
pocampus suggests a role of Morc1 in mood regulation as 
these regions are part of the limbic system (Borsook et al. 
2016). Interestingly, parts of the mesolimbic dopaminergic 
pathway, such as the NAc, the amygdala, and the hypo-
thalamus, also express Morc1 RNA. These structures are 
part of the reward circuitry whose function is impaired in 
MDD (Dichter et al. 2012).

In general, ELS can lead to altered methylation state 
of genes (Weaver et al. 2004; Labonté et al. 2012; Nier-
atschker et al. 2014), one of them being the MORC1 gene 
(Nieratschker et al. 2014; Mundorf et al. 2018), and thereby 
affect gene expression. So far, the absence of MORC1 pro-
tein leads to depressive-like behavior (Schmidt et al. 2016), 
and certain genetic variants of MORC1 are connected to 
MDD (Nieratschker et al. 2014). Recently, we could report 
an association between the hypermethylation of MORC1 and 
higher BDI scores, as well as changes in the methylation 
pattern after ELS (Mundorf et al. 2018). All these findings 
reinforce the important role the MORC1 gene plays during 
development and in the development of depression.

Based on the performed Western blotting including dif-
ferent developmental stages of the brain, it was possible to 
detect MORC1 protein expression at all different ages. The 
time points investigated by Western Blotting were chosen 
to cover the most important neurodevelopmental stages as 
prenatal (E14), postnatal (P2), early childhood (P22, after 
weaning), early adolescence (P42), and early adulthood 
(> P60). Given the fact that MORC1 is expressed in early 
embryonic development, as well as in the entire brain, the 
gene may take an important part in early neurodevelopment. 
As the expression does not seem to differ during develop-
ment, altered MORC1 expression induced by experienced 
ELS could be triggering structural changes. Impaired signal 
processing in specific brain regions could then lead to severe 
dysfunctions and structural changes, such as the reduced 
volume of the hippocampus, amygdala, PFC, and corpus cal-
losum reported after ELS (Hart and Rubia 2012; Frodl and 
O’Keane 2013). It is already well known that dysfunction of 
transcriptional genes leads to impaired plasticity and thereby 
to severe disorders (Johnston 2004) and cognitive impair-
ment (Johnston et al. 2003). Given these facts, it does not 
seem too far-fetched to assume that MORC1 as a transcrip-
tion factor might be involved in the development of severe 
disorders like MDD.

Generally, there are already several studies linking ELS 
with depressive-like behavior and dysfunctional brain net-
works, but the pathogenesis is still unclear. A study in rat pups 
discovered that ELS results in a dysfunction of prefrontal and 
mesolimbic regions in the young rat brain, which may con-
tribute to behavioral changes later in life (Spivey et al. 2011). 
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The mesolimbic system is one region where Morc1 was found 
in our study, so altered Morc1 expression after ELS in mes-
olimbic structures could be one reason for behavioral changes. 
Furthermore, in male rats, ELS disrupts the dendritic morphol-
ogy of neurons in the PFC, hippocampus, and NAc (Monroy 
et al. 2010). A disrupted function in any of these regions leads 
to MDD symptoms. Altered expression of Morc1, specifically 
given its role as a transcription factor, could be the reason for 
this dysmorphology.

Taken together, Morc1 seems to be present in many impor-
tant areas whose dysfunction can lead to the clinical picture 
of MDD. The wide distribution in the brain and its molecular 
structure indicate that Morc1 acts as a transcription factor in 
the brain, as well. Therewith, Morc1 would be able to influence 
gene expression patterns within pathways involved in mood 
regulation and emotion and might be the decisive structure that 
causes MDD after exposure to ELS. This hypothesis is in line 
with our reported negative association between MORC1 meth-
ylation and macro- and micro-structural markers in subclinical 
participants (Mundorf et al. 2021). As high values of total 
protein are needed for the detection of Morc1 expression, no 
region-specific protein expression pattern could be analyzed 
during development. Moreover, only regions providing at least 
60 ng of total RNA were included for rtPCR analysis. Thus, 
more studies investigating different brain regions are needed 
to support Morc1s role in the brain.

Given that MORC1 protein already exists in early embry-
onic stages, ELS might influence its expression pattern right 
from the beginning and thereby impair regular brain devel-
opment. Besides recent human studies investigating MORC1 
which significantly increased its connection to mood disor-
ders, its functional role in the brain is still unknown. Therefore, 
more studies investigating the Morc1 gene in the brain are 
highly needed.

Acknowledgements We would like to thank Marie-Pierre Manitz and 
Felix Ströckens for their constant, fast, and supportive advice regard-
ing the methods and Vanessa Nieratschker for fruitful discussions. We 
thank the Mercator Research Center Ruhr (MERCUR) for financially 
supporting this study.

Authors’ contributions AM and NF designed the study. The first draft 
of the manuscript was written by AM. NF, PG, and MS advised on 
the manuscript and provided critical feedback. JK and NK performed 
the experiments and were supported by SW. PG and MS provided the 
knockout mouse. All authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Data availability Data are available upon request from the correspond-
ing author.

Declarations 

Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Andersen SL, Teicher MH (2008) Stress, sensitive periods and matura-
tional events in adolescent depression. Trends Neurosci 31:183–
191. https:// doi. org/ 10. 1016/j. tins. 2008. 01. 004

Bölükbas I, Mundorf A, Freund N (2020) Maternal separation in 
rats induces neurobiological and behavioral changes on the 
maternal side. Sci Rep 10:22431. https:// doi. org/ 10. 1038/ 
s41598- 020- 80087-6

Borsook D, Linnman C, Faria V et al (2016) Reward deficiency 
and anti-reward in pain chronification. Neurosci Biobehav Rev 
68:282–297. https:// doi. org/ 10. 1016/j. neubi orev. 2016. 05. 033

Carr CP, Martins CMS, Stingel AM et al (2013) The role of early life 
stress in adult psychiatric disorders: a systematic review accord-
ing to childhood trauma subtypes. J Nerv Ment Dis 201:1007–
1020. https:// doi. org/ 10. 1097/ NMD. 00000 00000 000049

Dichter GS, Damiano CA, Allen JA (2012) Reward circuitry dys-
function in psychiatric and neurodevelopmental disorders and 
genetic syndromes: animal models and clinical findings. J Neu-
rodev Disord 4:19. https:// doi. org/ 10. 1186/ 1866- 1955-4- 19

Frodl T, O’Keane V (2013) How does the brain deal with cumulative 
stress? A review with focus on developmental stress, HPA axis 
function and hippocampal structure in humans. Neurobiol Dis 
52:24–37. https:// doi. org/ 10. 1016/j. nbd. 2012. 03. 012

Hart H, Rubia K (2012) Neuroimaging of child abuse: a critical 
review. Front Hum Neurosci. https:// doi. org/ 10. 3389/ fnhum. 
2012. 00052

Inoue N, Hess KD, Moreadith RW et al (1999) New Gene Family 
Defined by MORC, a Nuclear Protein Required for Mouse Sper-
matogenesis. Hum Mol Genet 8:1201–1207. https:// doi. org/ 10. 
1093/ hmg/8. 7. 1201

Johnston MV (2004) Clinical disorders of brain plasticity. Brain Dev 
26:73–80. https:// doi. org/ 10. 1016/ S0387- 7604(03) 00102-5

Johnston MV, Alemi L, Harum KH (2003) Learning, memory, and 
transcription factors. Pediatr Res 53:369–374. https:// doi. org/ 10. 
1203/ 01. PDR. 00000 49517. 47493. E9

Kendler KS, Kuhn JW, Prescott CA (2004) Childhood sexual abuse, 
stressful life events and risk for major depression in women. Psy-
chol Med. https:// doi. org/ 10. 1017/ S0033 29170 40026 5X

Labonté B, Suderman M, Maussion G et al (2012) Genome-wide 
epigenetic regulation by early-life trauma. Arch Gen Psychiatry 
69:722–731. https:// doi. org/ 10. 1001/ archg enpsy chiat ry. 2011. 2287

Monroy E, Hernández-Torres E, Flores G (2010) Maternal separation 
disrupts dendritic morphology of neurons in prefrontal cortex, 
hippocampus, and nucleus accumbens in male rat offspring. J 
Chem Neuroanat 40:93–101. https:// doi. org/ 10. 1016/j. jchem neu. 
2010. 05. 005

Mundorf A, Freund N (2019) Early Life Stress and DNA Methyla-
tion. In: Jurga S, Barciszewski J (eds) The DNA, RNA, and His-
tone Methylomes. Springer International Publishing, Cham, pp 
215–227

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.tins.2008.01.004
https://doi.org/10.1038/s41598-020-80087-6
https://doi.org/10.1038/s41598-020-80087-6
https://doi.org/10.1016/j.neubiorev.2016.05.033
https://doi.org/10.1097/NMD.0000000000000049
https://doi.org/10.1186/1866-1955-4-19
https://doi.org/10.1016/j.nbd.2012.03.012
https://doi.org/10.3389/fnhum.2012.00052
https://doi.org/10.3389/fnhum.2012.00052
https://doi.org/10.1093/hmg/8.7.1201
https://doi.org/10.1093/hmg/8.7.1201
https://doi.org/10.1016/S0387-7604(03)00102-5
https://doi.org/10.1203/01.PDR.0000049517.47493.E9
https://doi.org/10.1203/01.PDR.0000049517.47493.E9
https://doi.org/10.1017/S003329170400265X
https://doi.org/10.1001/archgenpsychiatry.2011.2287
https://doi.org/10.1016/j.jchemneu.2010.05.005
https://doi.org/10.1016/j.jchemneu.2010.05.005


3005Experimental Brain Research (2021) 239:2999–3005 

1 3

Mundorf A, Schmitz J, Güntürkün O et al (2018) Methylation of 
MORC1: A possible biomarker for depression? J Psychiatr Res 
103:208–211. https:// doi. org/ 10. 1016/j. jpsyc hires. 2018. 05. 026

Mundorf A, Schmitz J, Hünten K et al (2021) MORC1 methylation 
and BDI are associated with microstructural features of the hip-
pocampus and medial prefrontal cortex. J Affect Disord 282:91–
97. https:// doi. org/ 10. 1016/j. jad. 2020. 12. 056

NCBI (2021) MORC1 protein. http:// www. ncbi. nlm. nih. gov/ prote in/ 
NP_ 00116 5561.1. Accessed 01 June 2021

Nieratschker V, Massart R, Gilles M et al (2014) MORC1 exhibits 
cross-species differential methylation in association with early 
life stress as well as genome-wide association with MDD. Transl 
Psychiatry 4:e429. https:// doi. org/ 10. 1038/ tp. 2014. 75

Ormel J, Hartman CA, Snieder H (2019) The genetics of depres-
sion: successful genome-wide association studies introduce new 
challenges. Transl Psychiatry 9:1–10. https:// doi. org/ 10. 1038/ 
s41398- 019- 0450-5

Pastor WA, Stroud H, Nee K et al (2014) MORC1 represses transpos-
able elements in the mouse male germline. Nat Commun 5:5795. 
https:// doi. org/ 10. 1038/ ncomm s6795

Paxinos G, Watson C (2006) The Rat Brain in Stereotaxic Coordinates, 
6th edn. Elsevier

Perry J, Zhao Y (2003) The CW domain, a structural module shared 
amongst vertebrates, vertebrate-infecting parasites and higher 
plants. Trends Biochem Sci 28:576–580. https:// doi. org/ 10. 1016/j. 
tibs. 2003. 09. 007

Power RA, Tansey KE, Buttenschøn HN et al (2017) Genome-wide 
association for major depression through age at onset stratifica-
tion: major depressive disorder working group of the psychiatric 
genomics consortium. Biol Psychiatry 81:325–335. https:// doi. 
org/ 10. 1016/j. biops ych. 2016. 05. 010

Putnam FW (2003) Ten-year research update review: child sexual 
abuse. J Am Acad Child Adolesc Psychiatry 42:269–278. https:// 
doi. org/ 10. 1097/ 00004 583- 20030 3000- 00006

Schmidt M, Brandwein C, Luoni A et al (2016) Morc1 knockout evokes 
a depression-like phenotype in mice. Behav Brain Res 296:7–14. 
https:// doi. org/ 10. 1016/j. bbr. 2015. 08. 005

Spivey JM, Padilla E, Shumake JD, Gonzalez-Lima F (2011) Effects 
of maternal separation, early handling, and gonadal sex on 
regional metabolic capacity of the preweanling rat brain. Brain 
Res 1367:198–206. https:// doi. org/ 10. 1016/j. brain res. 2010. 10. 038

Teicher MH (2002) Scars that won’t heal: the neurobiology of child 
abuse. Sci Am 286:68–75

Thomas M, Coope A, Falkenberg C et  al (2020) Investigation of 
MORC1 DNA methylation as biomarker of early life stress and 
depressive symptoms. J Psychiatr Res 120:154–162. https:// doi. 
org/ 10. 1016/j. jpsyc hires. 2019. 10. 019

Weaver ICG, Cervoni N, Champagne FA et al (2004) Epigenetic pro-
gramming by maternal behavior. Nat Neurosci 7:847–854. https:// 
doi. org/ 10. 1038/ nn1276

Yu Y, Fuscoe JC, Zhao C et al (2014) A rat RNA-Seq transcriptomic 
BodyMap across 11 organs and 4 developmental stages. Nat Com-
mun 5:3230. https:// doi. org/ 10. 1038/ ncomm s4230

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jpsychires.2018.05.026
https://doi.org/10.1016/j.jad.2020.12.056
http://www.ncbi.nlm.nih.gov/protein/NP_001165561.1
http://www.ncbi.nlm.nih.gov/protein/NP_001165561.1
https://doi.org/10.1038/tp.2014.75
https://doi.org/10.1038/s41398-019-0450-5
https://doi.org/10.1038/s41398-019-0450-5
https://doi.org/10.1038/ncomms6795
https://doi.org/10.1016/j.tibs.2003.09.007
https://doi.org/10.1016/j.tibs.2003.09.007
https://doi.org/10.1016/j.biopsych.2016.05.010
https://doi.org/10.1016/j.biopsych.2016.05.010
https://doi.org/10.1097/00004583-200303000-00006
https://doi.org/10.1097/00004583-200303000-00006
https://doi.org/10.1016/j.bbr.2015.08.005
https://doi.org/10.1016/j.brainres.2010.10.038
https://doi.org/10.1016/j.jpsychires.2019.10.019
https://doi.org/10.1016/j.jpsychires.2019.10.019
https://doi.org/10.1038/nn1276
https://doi.org/10.1038/nn1276
https://doi.org/10.1038/ncomms4230

	Morc1 as a potential new target gene in mood regulation: when and where to find in the brain
	Abstract
	Introduction
	Materials and methods
	Animals
	Experimental design
	Western blotting
	Real-time PCR

	Results
	Western blotting
	Real-time PCR

	Discussion
	Acknowledgements 
	References




