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This study investigates how DNA methylation regulates motor behavior in single neuron type resolution. This topic is

important for understanding that the behaviors like hyperactivity in relevant diseases are also regulated by epigenetic

factors. Although accumulative researches have demonstrated that epigenetic factor is a potential regulator for brain

function, the specific role of these factors in certain type of neurons is still unclear, especially in motor neurons, has not

been studied. We aim to examine if the DNA methylation level of neurons are regulated by DNA methyltransferase and

how is the consequence in locomotion.

The study generated a transgenic mouse model with overexpression of Dnmt3a2 and Dnmt3L, the DNA methyltransferase

and its partner, in dopaminergic neurons which controls locomotor function. We found that the DNA methylation level was

up-regulated in neurons with overexpression, and the spontaneous activity and exercise performance of the mice were

increased significantly. Furthermore, the higher fire frequency and excitability of dopaminergic neuron were detected

without dopaminergic biosynthesis change.
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Dnmt3a2, a de novo DNA methyltransferase, is induced by neuronal activity and participates in long-term memory

formation with the increased expression of synaptic plasticity genes. 

1. Introduction

Accumulative studies have demonstrated epigenetic factors as a potent regulator for brain function in the nervous system.

Epigenetics encompasses modifying changes in DNA and/or chromatin without altering the basic genetic code, involving

DNA methylation, histone post-translational modifications, and post-transcriptional regulation by non-coding RNAs

(ncRNAs) . DNA methylation as one of the major epigenetic processes is mediated by DNA methyltransferases.

These enzymes regulate many important cellular processes involved in neuronal activity and brain functions , such

as neuron survival, differentiation, memory formation, and several neuropsychological impairments. De novo DNA

methyltransferase Dnmt3a2, the shorter isoform of Dnmt3a , functions by adding a methyl group onto the C5 position of

cytosine to form 5-methylcytosine, the dominant form of DNA methylation in mammals . Dnmt3L, the non-enzymatic

cofactor, directly enhances Dnmt enzyme activity  and specifically interacts with Dnmt3a2 in the nucleus to stimulate

regional DNA methylation in mouse embryonic stem cells . Moreover, Dnmt3L is specifically required by Dnmt3a2 upon

functioning in mouse gonocytes , indicating the pivotal role of Dnmt3L for the function of Dnmt3a2. Recently, the role of

Dnmt3a2 in the brain was revealed. It was reported that Dnmt3a2 expression can be transiently induced by neuronal

activity, which in turn induces the expression of synaptic plasticity genes and memory formation . Enhanced fear-

conditioning in old mice was observed during transient over-expression of Dnmt3a2 in the hippocampus. In contrast,

transient knock-down of Dnmt3a2 resulted in cognitive deficits , indicating that Dnmt3a2 could be a key modulator in

regulating neuronal functions regarding learning and cognition. In addition, Dnmt1 and Dnmt3a1 double knock-out mice,

as well as single Dnm3a knock-out mice have learning deficits . A key regulator in specific synaptic changes is

dopamine (DA), particularly in the hippocampal-prefrontal working memory network . Authors therefore wanted to

determine whether Dnmt3a2 with its cofactor Dnmt3L (Dnmt3a2/3L) influences DA activity. To this end, a dopaminergic

neuron-specific Dnmt3a2/3L overexpression transgenic mouse line (Dnmt3a2/3LDat/wt) was generated. The

dopaminergic neurons of the substantia nigra pars compacta (SNc) have been intensively studied and their

electrophysiological properties are well known . Their firing characteristics are homogeneous, therefore even subtle

deviations from the common pattern can be detected.

[1][2][3]

[4][5][6]

[7]

[8]

[9]

[10]

[9]

[11][12][13]

[11]

[14][15]

[16]

[17]



2. Effect of Dnmt3a2/Dnmt3L Overexpression

The role of Dnmts were so far mostly investigated in mammalian development . Previous studies demonstrated that

Dnmts including Dnmt1 and Dnmt3a are required for plasticity in adult forebrain neurons , and that hippocampal

Dnmt3a2 is essential for cognitive functions in adult mice . In our study, we uncovered a novel role of Dnmt3a2/3L

for regulation of locomotor function and spontaneous activity specifically in the population of dopaminergic neurons.

We showed that Dnmt3a2/3L overexpression in DA SNc neurons increases the firing frequency and excitability of SNc DA

neurons from Dnmt3a2/3L  mice. SNc neurons project to the striatum, forming the nigrostriatal pathway. A key feature

of these neurons is their steady, autonomous pacemaking which maintains extracellular DA levels necessary for basal

ganglia network operation . We hypothesized that because of the higher SNc fire frequency, locomotor activity would be

increased as well. Indeed, we found higher spontaneous motor activity of young adult Dnmt3a2/3L  mice in cylinder

and open field tests. This indicates that Dnmt3a2/3L overexpression regulates motor activity on the behavioral level

through neuronal activity of nigrostriatal DA neurons.

We further expected that higher SNc fire frequency would increase tonic dopamine release and thus dopamine tissue

concentration and/or metabolite concentration in Dnmt3a2/3L  mice. Interestingly, ex vivo whole tissue analysis

revealed that striatal DA concentration was the same in both groups. Furthermore, concentrations of the DA metabolites

3MT, DOPAC and HVA were significantly lower in Dnmt3a2/3L  mice, indicating that long-term DA synthesis was not

increased. Earlier studies, where a short-term increase of fire frequency was induced by electrical stimulation of the

medial forebrain bundle, demonstrated a frequency-dependent release of dopamine , increased activity of tyrosine

hydroxylase  and elevated tissue concentration of DOPAC . However, DA tissue concentration remained constant .

A recent study employing deep brain stimulation of the medial forebrain bundle in rats confirmed that striatal DA release

was elevated at onset of stimulation , but data on long-term effects are still lacking. DA release is strongly controlled by

several mechanisms, including dopamine transporter activity (reuptake), D2 autoreceptor activity (inhibition of DA

release), glutamatergic activity of neighboring synapses (H O  as transsynaptic messenger), and cholinergic activity (via

muscarinergic receptors) . Thus, DA fire frequency provides temporal information, while the quantity of DA release and

therefore DA synthesis may be regulated independent from firing rate.

To examine DA synthesis capacity in vivo, we performed PET imaging with the tracer 6-[ F]FMT. We have chosen this

dopamine analog because it is not a substrate of the degrading enzyme catechol O-methyl transferase (COMT), and is

only metabolized by amino acid decarboxylase (AADC; the enzyme that converts L-DOPA into DA) and subsequently

monoamine oxidase (MAO) . 30 min after injection, most of brain radioactivity is derived from the metabolite 6-

[ F]fluoro-3-hydroxyphenylacetic acid (6-[ F]FPAC) . Because 6-[ F]FPAC does not cross the blood–brain barrier, it is

trapped in the brain . When peripheral AADC is blocked, e.g., by benserazide, it is assumed that 6-[ F]FMT uptake

mainly shows cerebral AADC activity with high image contrast . Although AADC is not the rate-limiting step of DA

synthesis, it has been shown that the enzyme is regulatable . In the striatum, where dopaminergic input is dominating,

AADC activity is thought to reflect presynaptic DA biosynthesis. In extrastriatal areas, such as the thalamus and midbrain,

a considerable amount of 6-[ F]FMT is taken up by other monoaminergic presynaptic terminals containing noradrenaline

and serotonin as transmitters . In addition, monoenzymatic AADC neurons, e.g., in the nucleus of the solitary tract ,

take up 6-[ F]FMT as well. Although global 6-[ F]FMT uptake is a mixture of DA and non-DA AADC activity, we found a

tendency of increased global uptake in Dnmt3a2/3L  mice. In the striatum, however, there was no significant

difference between groups, indicating that DA biosynthesis was not increased in nigrostriatal presynaptic terminals of

Dnmt3a2/3L  mice. In contrast, we found a significantly elevated 6-[ F]FMT uptake in the left ventral pallidum of

Dnmt3a2/3L  mice. The ventral pallidum receives DA afferents from both SNc and VTA and is involved in reward

signaling . Increased dopamine biosynthesis indicates stronger activation of reward pathways in Dnmt3a2/3L  mice.

In addition, 6-[ F]FMT uptake was also increased in the hypothalamus and the pituitary gland indicating increased DA

signaling in the tuberoinfundibular pathway of Dnmt3a2/3L  mice. This pathway originates in the hypothalamic arcuate

nucleus and projects to the pituitary gland, where DA inhibits prolactin release . Prolactin is involved in the regulation of

energy and metabolic homeostasis , and increases proportionally to exercise intensity .

The other areas where 6-[ F]FMT uptake was significantly increased in Dnmt3a2/3L  mice (piriform and sensory

cortex) receive only weak DA inputs. We suspect that 6-[ F]FMT uptake changes in these brain regions reached

statistical significance more easily because of low baseline AADC activity, in contrast to regions where AADC activity is

already very high in wildtype mice (e.g., striatum). Taken together, in vivo 6-[ F]FMT PET results support our ex vivo

tissue analysis finding that striatal DA biosynthesis was not increased in Dnmt3a2/3L  mice. We can only speculate

about how increased nigrostriatal firing may have led to higher locomotor activity without increasing DA synthesis. When
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inter-spike intervals are shorter than 200 ms, DA cannot be completely cleared from the synaptic cleft before the the next

release . This may lead to an overstimulation of postsynaptic receptors, facilitating movement . Further experiments

are needed to investigate the relationship between SNc neuronal activity and locomotion.

Next, we wanted to investigate if neuronal activity in motor regions including the basal ganglia and/or the hypothalamus

were altered in Dnmt3a2/3L  mice. To this end we used metabolic PET imaging with the tracer [ F]FDG, which

reflects synaptic activity . We compared [ F]FDG uptake during two behavioral settings, continuous treadmill

running and staying in the home cage. This was done with all animals pooled to describe the basic motor patterns. During

running, we found increased activity in the medial part of the cerebellum in both groups. This region corresponds to the

cerebellar motor region, which is involved in the control of rhythmic movements . The dorsal hippocampus was also

activated during running, probably caused by an increase of theta frequency during locomotor behavior . Striatum and

sensory cortices were more active during home cage activity, which may reflect random non-automatic motor behaviors

such as sporadic walking, grooming, and gnawing. The motor cortex-basal ganglia loops are important for initiation of

movement , but are no longer needed to maintain rhythmic automatic activity such as running, which leads to a lower

activity in the treadmill condition.

For group comparison, we analyzed the difference images “treadmill minus homecage”. They correspond to the pattern

described above, i.e., they reflect the individual activity changes between the two behavioral conditions. No significant

group differences were present in the areas described above. While this indicates that general motor patterns were the

same in Dnmt3a2/3L  mice and controls, we found significant differences between groups in other areas. A negative

cluster emerged in the right deep cerebellar nuclei and the periaqueductal gray, indicating that “treadmill minus home

cage” was greater in controls compared to Dat-Dnmt3a2/3L mice. This was driven by a group difference in the home cage

condition, where the deep cerebellar nuclei and the periaqueductal gray were more active in Dnmt3a2/3L  mice during

their home cage stay compared to controls. However, no group difference was seen in these brain areas during running.

This result indicates that brain activation patterns were different between groups when the animals engaged in random

home cage activity. These differences disappeared when the mice were involved in treadmill running. The home cage

differences may therefore merely reflect the individual behaviors of the mice during the 40 min uptake period, rather than

inherent activity differences related to the transgene.

However, this explanation does not account for the hypothalamus. Dnmt3a2/3L  mice showed a lower hypothalamic

activity in the home cage condition, statistically significant in the medial preoptic nucleus and the ventromedial

hypothalamus. During treadmill running, hypothalamic activity was higher compared to controls, significant in the lateral

preoptic nucleus. These results suggest that hypothalamic activity was more tightly linked to motor behaviour in

Dnmt3a2/3L  mice compared to controls. With 6-[ F]FMT we have found a higher dopaminergic activity in the

hypothalamus, which was correlated to the metabolic activity changes observed with [ F]FDG. Hypothalamic dopamine

plays a crucial role in central fatigue mechanisms. The serotonin-to-dopamine ratio in the hypothalamus is positively

correlated with the time to fatigue . Higher dopamine concentrations, particularly in the preoptic area, block the signal

for exercise cessation  and lead to higher motor performance . The higher motor activity of Dat-Dnmt3a2/3L mice

may therefore be caused by increased dopamine signaling in the hypothalamus rather than in the nigrostriatal system.
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