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Abstract
Velica, A. 2026. The role of Chrna2+ Martinotti cells in the primary motor cortex. A study 
using retrograde rabies virus-based tracing and chemogenetics. Digital Comprehensive 
Summaries of Uppsala Dissertations from the Faculty of Medicine 2276. 85 pp. Uppsala: Acta 
Universitatis Upsaliensis. ISBN 978-91-513-2857-7.

This thesis investigates the connectivity of Chrna2+ Martinotti cells (MCα2s) and their influence 
on cortical pyramidal cell (PC) assemblies during motor learning and execution. In paper I, 
we developed a systematic flowchart for control experiments in monosynaptic rabies virus–
based tracing. Following the flowchart, we identified Cre-independent leakiness of the TVA 
receptor in RΦGT responder mice, resulting in nonspecific labeling. In paper II, we observed 
different experimental outcomes depending on the agonist dose during chemogenetic activation 
of MCα2s, illustrating the complexity of the tool. In paper III, we mapped monosynaptic 
presynaptic inputs to MCα2s in the forelimb area of the primary motor cortex using rabies 
virus-based tracing. Traced cells were predominantly PCs in the ipsilateral primary motor 
cortex (72.1%) and secondary motor cortex (12.9%), with additional input from the primary 
somatosensory cortex (9.8%), thalamus (3.3%), contralateral cortex (1.2%), basal ganglia and 
basal forebrain. Local inhibitory input was mainly originating from parvalbumin interneurons 
near the injection site. Chemogenetic activation of MCα2s increased falls in the hanging wire 
test, indicating a role in sensorimotor integration. In paper IV, we examined how MCα2 activity 
modulates PC assemblies during motor learning using chemogenetic activation combined with 
calcium imaging. During a session in the skilled forelimb single-pellet reaching task, in which 
the pellet presentation was more challenging, Chrna2-Cre+ mice exhibited a restricted cortical 
assembly area and reduced session-to-session changes in assembly composition compared to 
controls. These results suggest that elevated MCα2 excitability constrains PC assembly plasticity 
during relearning. Moreover, chemogenetic activation of MCα2s increased success rates in 
the skilled forelimb single-pellet reaching task in mice that had already learnt the task and 
enhanced theta-band local field potential power, indicating a role in stabilization and refinement 
of learned motor behaviors. Collectively, these studies provide an integrative view of MCα2 

connectivity and function, indicating that MCα2s influence both sensorimotor integration and 
PC assembly plasticity, with distinct roles during learning versus execution. They further 
emphasize the necessity of careful controls and the combined use of viral tracing, chemogenetics 
and population calcium imaging to dissect the circuit mechanisms underlying skilled motor 
behavior.
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Abbreviations 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
AAV adeno-associated viruses  
Chrna2 cholinergic receptor nicotinic α2 subunit 
DREADD designer receptor exclusively activated by designer drugs 
EnvA envelope protein A 
GABA gamma-aminobutyric acid 
GCaMP green fluorescent protein calmodulin M13 peptide 
GCaMP6f green fluorescent protein calmodulin M13 peptide fast 
G-protein glycoprotein ligand 
hM3Dq human muscarinic acetylcholine subtype 3 receptor 
hM4Di human muscarinic acetylcholine subtype 4 receptor 
L1 cortical layer 1 
L2/3 cortical layer 2 and 3 
L4 cortical layer 4 
L5 cortical layer 5 
L5a cortical layer 5 upper part 
L5b cortical layer 5 lower part  
L6 cortical layer 6 
LFP local field potential 
M1 primary motor cortex 
MCα2 cholinergic receptor nicotinic α2 subunit+ Martinotti cells 
NMDA N-methyl-D-aspartate  
PC pyramidal cell 
PV parvalbumin 
RΦGT responder mouse line for rabies virus-based tracing 
RVΔG-EnvA glycoprotein-deleted rabies virus pseudotyped with EnvA 
SST somatostatin 
TVA tumor virus A receptor
VIP vasoactive intestinal polypeptide 
5HT3aR serotonin receptor 5HT3a  
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Introduction 

Human behavior is fascinating to most of us. It is exciting to think that com-
plex human interaction is driven by basic chemical signaling. The cerebral 
cortex is the origin of cognitive processing and voluntary control of behavior. 
Understanding how appropriate behavior is generated based on incoming in-
formation and past experiences requires knowledge of the anatomical patterns 
and rules of connectivity between different structures and cells. The complex-
ity of neuronal circuits makes neuroscience even more fascinating, since there 
is so much left to discover. Even though our behaviors are driven by basic 
chemical signaling, we are far from full understanding of how the brain works 
and how neuronal circuits are organized.  

The interaction between biology and physics, giving rise to new techniques, 
has drastically changed the conditions for neuroscientific progress. By using 
these new techniques, we hope to add on bits of information regarding cortical 
organization and function, that in years to come, lead to a broader understand-
ing of how the brain processes information and how neuronal signaling gen-
erates behavioral output.  
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Neuronal circuits  
Cortical organization  
The mammalian neocortex is organized into functional areas, six horizontal 
layers (L1-L6) and multiple vertical macrocolumns1–4. Cortical areas are di-
vided by function into motor cortices, sensory cortices and association corti-
ces. Primary cortical areas perform initial, modality-specific sensory or motor 
processing, whereas association areas integrate information across cortical re-
gions to support higher-order perception and cognition5.  

The cortex is a hierarchical structure in which feed-forward and feedback 
pathways have a layer-specific termination pattern. Simplified, neurons of dif-
ferent layers have different main targets and functions. L1 is involved in syn-
aptic integration and information processing6, L2/3 sends intracortical con-
nections7, L4 is the major source of sensory input from the thalamus, L5 is the 
major source of output to subcortical structures and L6 the major source of 
output to the thalamus8. However, neurons typically have complex morphol-
ogies that usually span multiple layers. Intracortical projections can originate 
from L2-L6 and depending on the origin target L1-6. Thalamocortical projec-
tions predominantly terminate on L1 or L4 depending on the projecting class 
of the cell, but they can also target L5-6. Corticothalamic projections originate 
from both L5 and L62. The cortical circuit organization differs slightly be-
tween different cortical areas9 and the layer-specific termination pattern can 
differ between species10. Cortical areas that have direct intracortical connec-
tions, usually also have parallel connections through the thalamus, adding up 
to the circuit complexity11.  

A neocortical column is a cylinder of neurons with similar response prop-
erties, forming an interlaminar local processing network, ranging from L1 at 
the cortical surface to L6 above the white matter12–14. Though neocortical col-
umns are found in the sensory cortices, their presence and role in other parts 
of the cortex are under debate15. Excitatory pyramidal cells (PCs) and inhibi-
tory interneurons further form functional cell-type specific radial clusters, 
with a diameter of ~30 – 50 µm, termed microcolumns14. The activity of the 
PCs is synchronized by different subpopulations of interneurons within the 
microcolumns16. Interference and pathophysiology in microcolumnar pro-
cessing has been linked to a variety of neurological and psychiatric conditions 
including epilepsy, Alzheimer’s disease, autism spectrum disorder, drug ad-
diction and schizophrenia17–21.  

On the microlevel, different types of neurons innervate their target cell in 
a characteristic manner onto selected cellular domains22,23 and target different 
cortical layers24 as well as different columns25,26. Neurons that preferentially 
target the axon or the cell body are optimally positioned to affect the 



 

 13 

generation and timing of action potentials, giving them a strong role in phasing 
and synchronizing neuronal activity27–29. Neurons that preferentially target the 
dendritic domain are optimally positioned to influence the dendritic pro-
cessing and integration of synaptic inputs influencing synaptic plasticity30,31. 

Excitatory-inhibitory balance 
Neural circuits are composed of excitatory principal output cells and modula-
tory, mostly inhibitory, interneurons that increase circuit complexity and fa-
cilitate plasticity by shaping the output of principal cells26,32. Most excitatory 
cells are glutamatergic, while most inhibitory cells express gamma-aminobu-
tyric acid (GABA)33. In the cerebral cortex, the principal cells are constituted 
of PCs. Most PCs need simultaneous excitatory inputs from several presynap-
tic PCs to reach spike threshold, and in turn excite neighboring PCs when 
spiking. Without inhibitory feed-forward and feedback circuits, the range and 
combinations of afferent signals that could be differentially represented by 
firing PCs would be strongly limited. Conversely, excitation and inhibition are 
inseparable events, always occurring concomitantly, significantly increasing 
the spatiotemporal control of cortical activity34–40. The balance between exci-
tation and inhibition plays an important role in controlling movement execu-
tion and learning. By regulating the gain, timing, and selectivity of PC activ-
ity, inhibitory interneurons allow motor commands to be refined and context-
dependent41,42. Although there are three times more interneurons in the human 
cortex compared to the mouse, the excitatory-inhibitory balance is similar be-
tween species, illustrating how important the excitatory-inhibitory balance is 
for adequate neuronal processing43.   

Pyramidal cell assemblies 
PC assemblies are groups of excitatory neurons that are co-activated, in a tem-
porally coordinated manner, operating as functional units44,45. Based on 
Hebb’s cell assembly theory, co-activation strengthens synaptic connections, 
increasing the chance of the neurons to be recurrently co-activated, allowing 
them to collectively represent actions or memories46. The assemblies are dy-
namic rather than anatomically fixed, forming and dissolving with changes in 
brain state, modulatory input, task demand and learning47. Inhibitory interneu-
rons play an important role in assembly formation by regulating neuronal 
composition, timing, gain, tuning, bursting properties, synchrony and enabling 
flexible recruitment48. 
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Lateral inhibition 
Lateral inhibition is a form of inhibition in which excited neurons reduce the 
activity of their neighbors. Thus, only the neurons that are the most stimulated 
and least inhibited respond to a certain stimulus. Through lateral inhibition, 
fine discrimination of incoming sensory information is preserved throughout 
the different levels of the nervous system41,49. In the motor system, lateral in-
hibition can aid the selective execution of desired movements50,51. This type 
of inhibition is also the foundation in the computational principle “winner-
take-all”, in which only neurons with the highest activity stimulated by the 
strongest input continue to fire while the surrounding neurons are silenced52,53. 

Plasticity  
Synaptic plasticity is the ability of synapses to change their strength depending 
on the circuit activity. Long-term potentiation refers to an increase in synaptic 
strength. A well-described mechanism involves the ionotropic α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-as-
partate (NMDA) receptors. Brief high-frequency stimulation of AMPA recep-
tors allows sodium influx and depolarization of the postsynaptic cell, which 
removes the voltage-dependent magnesium block from the NMDA receptors, 
enabling a rapid influx of calcium ions. This rapid increase in calcium ions 
activates intracellular signaling cascades and protein kinases, ultimately lead-
ing to the insertion of additional AMPA receptors into the postsynaptic mem-
brane, thereby strengthening the synapse54,55. Long-term depression refers to 
a weakening of synaptic strength. Persistent low-frequency stimulation pro-
duces a smaller and slower calcium influx through NMDA receptors, which 
preferentially activates protein phosphatases. This leads to internalization of 
AMPA receptors from the postsynaptic membrane and a long-lasting decrease 
in synaptic efficacy56,57. However, there are also NMDA-independent mecha-
nisms of long-term potentiation and depression through activation of among 
others glutamate metabotropic receptors, α7 nicotinic acetylcholine receptors, 
serotonin 5-HT3 receptors, calcium-permeable AMPA receptors and endo-
cannabinoid receptors58,59.  

Spike-timing-dependent plasticity is one of several factors influencing 
long-term potentiation and depression. In Hebbian spike-timing–dependent 
plasticity, long-term potentiation occurs when the presynaptic neuron fires 
shortly before the postsynaptic neuron, typically within ~20 milliseconds. In 
contrast, long-term depression occurs when the postsynaptic neuron fires be-
fore the presynaptic neuron, usually within a broader time window of up to 
~100 milliseconds60,61. 
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At the population level, strengthened synapses lead to co-activation of cer-
tain cells and assemblies46. Consequently, different neurons are active during 
different tasks62,63 and the temporal correlation of task-related neurons in-
creases with learning62, as the synaptic strength between those neurons in-
creases.  

Oscillations  
During slow-wave sleep, large populations of thalamic and cortical neurons 
engage in a synchronized low-frequency rhythm, reflecting tightly coordi-
nated interactions between thalamic and cortical circuits. During these 
rhythms, cortical PCs alternate between depolarized “up” states and hyperpo-
larized “down” states, in which neurons are less responsive to sensory input. 
In contrast, wakefulness and arousal are characterized by fast desynchronized 
activity that maintains cortical neurons in a constantly responsive state, with 
a subset of cells always in the “up” state64. The rhythms are influenced by 
brain state and neuromodulators like acetylcholine, noradrenaline, serotonin, 
histamine and orexin which promote fast desynchronized activity65,66. Perfor-
mance is highly state-dependent, at least in signal detection tasks, following 
an inverted-U-shaped relationship with arousal and modulatory activity, 
where optimal performance is achieved at intermediate arousal levels67–69. 
Pathological changes in oscillatory patterns can lead to diseases such as epi-
lepsy70, movement disorders71, neuropsychiatric disorders72, cognitive impair-
ment and dementia73. To understand how different rhythms are generated, 
maintained and influenced by different types of neurons in different brain re-
gions at different brain-states is therefore an important step towards clarifying 
the pathophysiology of these diseases. 

Delta oscillations 
Delta waves (0.5 – 4 Hz) are the dominant rhythms during slow-wave sleep 
and drowsiness in healthy subjects64 and play an important role in sleep-de-
pendent memory consolidation74.  

Delta waves during wakefulness are pathological and appear after cortical 
lesions, subcortical white matter lesions or thalamic lesions. While cortical 
lesions produce focal delta waves, subcortical white matter or thalamic lesions 
mostly produce diffuse or unilateral slowing of brain activity75. For instance, 
a characteristic 3 Hz slow-wave rhythm is seen in patients with absence epi-
lepsy, which is related to dysfunction in a calcium channel in neurons of the 
thalamic reticular nucleus contributing to seizure propagation76. After is-
chemic stroke, the regional distribution of delta waves is constant during re-
habilitation and recovery, while the delta amplitude decreases in parallel with 
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recovery of language function77. An increase in delta oscillations during wake-
fulness can predict poorer functional outcome after traumatic brain injury78,79 
or ischemic stroke80. Delta waves also occur during wakefulness in premature 
infants81.  

Theta oscillations 
Theta waves (4 – 12 Hz in rodents, 4 – 8 Hz in humans) are present during 
rapid eye movement sleep and various types of locomotor activity or noxious 
stimuli and are most prominent in the hippocampal formation82,83. Theta 
waves are associated with working memory and spatial orientation in both 
humans and mice, and are thought to enable and bias encoding and retrieval 
in the hippocampus during different phases of the theta rhythm82–84, as long-
term potentiation and depression are induced preferentially during the differ-
ent phases of the oscillation85. In the hippocampus, theta waves propagate 
along the septotemporal axis, which influences both the temporal and spatial 
control of neuronal activity86. In the neocortex, theta power is enhanced fol-
lowing errors in the mediofrontal region and correlates with trial-to-trial ad-
justments in behavior87. 

Alpha oscillations 
Alpha waves (8 – 12 Hz) occur during quiet rest, mostly over the posterior 
regions of the brain, and are most prominent when the eyes are closed88. They 
originate primarily from the neocortex, propagate from association areas to 
primary cortical areas and prime thalamic alpha oscillations, suggesting that 
alpha oscillations mediate top-down cortical control and feedback throughout 
the thalamocortical system89. Alpha waves also contribute to attentional gat-
ing, as they are more prominent within cortical areas that process task-irrele-
vant or distracting inputs90. 

Beta oscillations  
Beta waves (12 – 30 Hz) are most prominent in frontocentral regions during 
normal wakefulness. In sensorimotor regions, beta power is reduced prior to and 
during voluntary movements followed by a post-movement rebound increase91. 
Beta oscillations are also decreased following motor-related errors92,93, espe-
cially when the adaptive drive is high during the initial phases of learning94. 
Excessive beta-band synchronization within basal ganglia-thalamocortical cir-
cuits is seen in patients with Parkinson’s disease which leads to symptoms such 
as bradykinesia and rigidity. Dopaminergic medications or deep brain stimula-
tion of the subthalamic nucleus can reduce beta power and synchrony in these 
circuits, alleviating symptoms in Parkinson’s disease95–97. Beta oscillatory ac-
tivity also leads to delayed movement onset98. Hence, beta oscillations are 
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involved in suppression of movement initiation. Additionally, beta-band tran-
scranial alternating current stimulation applied to the motor cortex immediately 
following motor skill acquisition can enhance performance in the skill, probably 
through increased consolidation and retention99.   

Gamma oscillations  
Gamma waves (30 – 90 Hz) occur all over the brain, mostly focally nested 
within theta or alpha phases, often in regions with active perception or con-
scious processing, but can also propagate and co-occur across brain re-
gions100–102. They are associated with local information processing, percep-
tion and encoding of memories103. Gamma oscillations promote synaptic 
plasticity by synchronizing neurons within the 10 – 20 millisecond window 
optimal for spike-timing-dependent plasticity104, with the induction of long-
term potentiation or depression depending on the phase of the oscillation105. 
High-frequency gamma oscillations increase in the motor cortex during vol-
untary movement106. During training, elevated gamma oscillations in the 
hippocampus, as well as the left temporal and frontal cortices, predict suc-
cessful verbal memory formation107. Dysfunctional gamma oscillations are 
seen in schizophrenia, mood disorders as well as Alzheimer’s disease and 
Parkinson’s disease108.  

Neuromodulatory systems  
Glutamate and GABA are the primary fast excitatory and inhibitory neuro-
transmitters in the brain, acting predominantly through ionotropic receptors. 
In contrast, monoamines such as dopamine, serotonin, and norepinephrine of-
ten function as neuromodulators, regulating neuronal excitability and synaptic 
transmission primarily via metabotropic receptors. Additionally, neuromodu-
lators are not always released at well-defined synaptic clefts but can also sig-
nal through volume transmission, diffusing through the extracellular space to 
influence broader neural populations. Consequently, their effects are often 
slower in onset and more spatially diffuse109. By modulating neuronal excita-
bility and network dynamics, neuromodulators play a central role in processes 
such as reward processing, risk signaling, attention, decision-making, emo-
tion, social behavior, and goal-directed actions110. 

While acetylcholine acts as a fast excitatory neurotransmitter in the periph-
eral nervous system, in the brain it primarily functions as a neuromodulator 
via metabotropic muscarinic receptors and can exert both fast excitatory and 
modulatory effects through ionotropic nicotinic receptors111. The major 
sources of acetylcholine in the brain are long-range projection neurons in the 
brain stem112, medial habenula113 and basal forebrain114. However, 
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acetylcholine is also produced and released locally by some interneurons in 
the striatum115, nucleus accumbens116 and the cerebral cortex117–122. In the cor-
tex, long range cholinergic inputs from the basal forebrain depolarize somato-
statin (SST) interneurons in L2/3 and L5 through activation of heteromeric 
nicotinic receptor subunits, facilitating lateral inhibition123. In addition, basal 
forebrain stimulation causes prominent decorrelation between neurons and 
marked improvement in information processing124 through activation of SST 
interneurons125. Similarly, attention improves performance in the orientation 
change-detection task primarily by reducing intraneuronal correlations126. 

Interneuron diversity  
Cortical interneurons 
Cortical interneurons can be grouped into subpopulations based on morphol-
ogy, electrophysiological properties and genetic markers26. Based on genetic 
markers, inhibitory cortical interneurons are typically grouped into three dis-
tinct classes expressing SST, parvalbumin (PV) or the ionotropic serotonin 
receptor 5HT3a (5HT3aR). Further, the 5HT3aR class is subdivided based on 
the expression of vasoactive intestinal polypeptide (VIP) into VIP and non-
VIP interneurons127–129. There are general similarities regarding connectivity 
and functionality within each class130. For instance, cortical PV interneurons 
mostly target other PV interneurons and the somatic compartments of PCs, 
SST interneurons mostly target PV interneurons, VIP interneurons and the 
distal dendrite of PCs and VIP interneurons mostly target SST interneu-
rons131,132 (Figure 1). Hence, PV interneurons provide fast, perisomatic inhi-
bition that sharpens spike timing, synchronizes PC assemblies and plays a key 
role in gamma oscillations133; SST interneurons regulate dendritic integration 
and plasticity of PCs; and VIP interneurons modulate inhibition through dis-
inhibitory circuits26. Through inhibition of SST interneurons, VIP interneu-
rons boost the activity of PCs assemblies improving sensory processing and 
sensory-dependent learning132,134–138. Further, activation of thalamocortical in-
puts increase VIP and PV interneuron activity and decrease SST interneuron 
activity, which leads to disinhibition of PCs and increased synaptic plasticity85. 
Together, these interneuron populations dynamically sculpt cortical output. 
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Figure 1: Schematic illustration of local somatostatin (SST) interneuron connectivity. 
Vasoactive intestinal peptide (VIP) interneurons mainly inhibit SST interneurons, 
which in turn inhibit VIP and Parvalbumin (PV) interneurons as well as the dendrites 
of pyramidal cells (PC). PV interneurons mainly inhibit other PV interneurons and the 
cell body of PCs.  

Although the gross connectivity of these three classes of interneurons appears 
conserved across cortical areas, it is not clear whether this is true for more dis-
tinct subpopulations of interneurons8. Moreover, the heterogeneity within each 
class is large and each class can be further subdivided based on morphological 
and electrophysiological properties as well as other genetic markers130,131,139. For 
instance, SST interneurons can be subdivided into large basket cells, double-
bouquet cells, long-range GABAergic projection cells, bitufted cells and Marti-
notti cells131. In addition, these major classes of interneurons span across cortical 
layer 2-6, and several studies have shown layer specific differences in connec-
tivity130,140–144, receptor expression145,146 and functionality142,144 within each in-
terneuron class. For example, the majority of VIP interneurons are located in 
L2/3, and these VIP interneurons predominantly target SST interneurons in 
L2/3 and L5a140,142. Contrary, SST interneurons with their somata in L5b do not 
receive VIP interneuron input. Further, these connectivity differences among 
SST interneurons of different cortical layers, result in opposite activity patterns 
during whisking, suggesting that connectivity patterns can anticipate func-
tion142. Comparably, in the barrel cortex, L2/3 SST interneurons are spontane-
ously active during periods of quiet wakefulness and hyperpolarized during 
whisker sensing, leading to disinhibition of PC distal dendrites and likely 
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improved sensory processing147. Contrary, a majority of L5b SST interneurons 
show an increased spike rate following whisking onset148. 

Recently, sequencing data has resulted in the discovery of more specific 
genetic markers, which can subdivide SST interneurons into more homoge-
nous subpopulations139,149. One of the most promising markers is the cholin-
ergic receptor nicotinic α2 subunit (Chrna2), which is expressed in a subset of 
Martinotti cells throughout the neocortex in L5b149,150. 

Martinotti cells  
Martinotti cells are found in L2-6, they have an ovoid-shaped cell body, 
bitufted or multipolar dendritic trees and axons with spiny boutons ascending 
from the superficial side of the cell body projecting to L1 where they densely 
ramify and spread horizontally across neighboring columns more than 1 mm 
providing synaptic inhibition across cortical columns. Besides projecting to 
L1, Martinotti cells also have axonal clusters around their own cell body141. In 
L1, Martinotti cells synapse on the dendrites of PCs where they modulate syn-
aptic input, integration and plasticity of PCs by gating the access of incoming 
information30,31,141,151. Within a certain area, more than half of the PCs target 
the same Martinotti cells and each Martinotti cell targets almost 80% of the 
PCs in neighboring areas151. They are spontaneously active, interconnected 
through gap-junctions and rapidly responsive to incoming activity as they 
mostly have low-threshold burst firing patterns and relatively high membrane 
potentials141,152–154. Moreover, the activity of Martinotti cells changes with be-
havioral states, which means that they regulate the impact of synaptic input on 
PCs in a behavioral-state-dependent fashion142,155.  

However, the morphology, connectivity and firing pattern of Martinotti 
cells differs slightly depending on the cortical layer in which their soma is 
located. Layer 2/3 Martinotti cells have more extensive dendritic arbors and 
project their dendrites to deeper layers. Contrary, the dendritic and axonal dis-
tribution of L4 Martinotti cells is mostly restricted within the layer. Layer 5 
Martinotti cells have more axonal branches and longer axonal lengths com-
pared to L2-4 Martinotti cells. Moreover, in addition to targeting L1, L5-6 
Martinotti cells also target L4. While L5 Martinotti cells predominantly target 
L4, L6 Martinotti cells predominantly form axonal clusters within L6. Though 
most Martinotti cells display accommodating responses upon electrophysio-
logical stimulation, 8% of Martinotti cells display non-accommodating re-
sponses analogous to fast-spiking properties. These fast-spinking Martinotti 
cells are found only in L2-4. In response to depolarization, the firing pattern 
of Martinotti cells can be divided into regular and burst firing responses. 
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Martinotti cells with regular firing response are found across all layers, while 
Martinotti cells with burst firing responses are found predominantly in L5141. 

Cortical interneurons are also classified based on their differential expres-
sion of genes, referred to as genetic markers. About 30% of the inhibitory 
interneurons in the cortex express the neuropeptide SST, including most Mar-
tinotti cells as well as some non-Martinotti cells132,156. The SST interneurons 
are a heterogenous group of neurons with different morphologies and proper-
ties. Most studies investigating the role of Martinotti cells have used SST as a 
genetic marker26,157, but to dissect the specific function of different subpopu-
lations of interneurons, more specific genetic markers are needed.  

Chrna2+ cells 
In the central nervous system, inhibitory interneurons expressing Chrna2 par-
ticipate in negative feedback loops that regulate and synchronize principal cell 
activity150,158,159. In rats and mice, Chrna2 is highly expressed in neurons of 
the olfactory bulb, brain stem and spinal cord, and moderately expressed in 
neurons of the cerebral cortex, hippocampal formation, basal forebrain and 
amygdala. In rats, but not in mice, a few cerebellar Purkinje cells also express 
Chrna2160. According to the Human Protein Atlas, Chrna2 is also widely ex-
pressed in the human central nervous system, including the brain stem, spinal 
cord, cerebral cortex, hippocampal formation, amygdala, cerebellum, basal 
ganglia, thalamus and hypothalamus161. Deletion of Chrna2 has no effect on 
anxiety or locomotor activity in mice, but leads to a mild motor coordination 
deficit, where mice show a decreased latency to fall during the accelerating 
rotarod test162. Moreover, it leads to potentiated nicotine self-administration 
and withdrawal behavior162.  

Although Chrna2 is widely expressed, it has been shown to label specific 
homogenous subpopulations of interneurons, like Renshaw cells in the spinal 
cord159 and Oriens-Lacunosum-Moleculare cells in the hippocampus158. On 
the other hand, striatal Chrna2+ interneurons are a heterogenous group, prob-
ably consisting of several subpopulations163. While the majority of hippocam-
pal and neocortical Chrna2+ interneurons co-express SST and do not express 
PV, most striatal Chrna2+ interneurons co-express PV and do not express SST. 
Also, compared to hippocampal and neocortical Chrna2+ interneurons, most 
striatal Chrna2+ interneurons are fast-spiking, indicating that Chrna2+ inter-
neurons might have different functional properties in different brain re-
gions163. 

Specific isoforms or haplotypes of Chrna2 are associated with schizophre-
nia164, cannabis use disorder165, nicotine dependence166 or a lower risk of de-
veloping Alzheimer’s disease167. Chrna2 is also expressed in non-neuronal 
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tissue like hepatocytes in the liver168 and adipocytes169 in fatty tissue and sig-
naling through Chrna2 can protect against metabolic dysfunction168. Interest-
ingly, deletion of Chrna2 seems to affect nicotine modulated behaviors differ-
ently in male and female mice170.  

Mutations in Chrna2 have been linked to epilepsy and can alter nicotinic 
receptor function in different ways. Some variants increase receptor sensitiv-
ity, as reported in familial sleep-related focal epilepsy171, while others lead to 
loss of function, as reported in autosomal dominant nocturnal frontal lobe ep-
ilepsy172,173. Nevertheless, mutations in Chrna2 are a rare cause of nocturnal 
frontal lobe epilepsy174. Mutations in Chrna2 have also been reported in a fam-
ily with benign familial infantile seizures175. For nocturnal epilepsy, it is be-
lieved that the thalamocortical synchronization seen during slow-wave sleep 
increases the risk of seizures at night176. Thalamocortical networks play an 
important role in the pathophysiology of epilepsy177. Hence, mutations in 
Chrna2 are likely to cause epilepsy through dysfunction of thalamic or/and 
cortical Chrna2+ interneurons.  

Chrna2+ Martinotti cells (MCα2s) 
In the cerebral cortex, Chrna2 specifically labels a subset of SST interneurons, 
more specifically T-shaped Martinotti cells in L5b (herein referred to as 
MCα2s; Figure 2)149,150. The T-shaped Martinotti cells only represent about 
10% of L5 SST interneurons143, indicating that their activity pattern and func-
tional role might be overlooked in studies using SST as a genetic marker. In 
vitro, MCα2s synchronize the activity of large thick-tufted type A PCs in a 
frequency-dependent manner via lateral disynaptic inhibition, controlling the 
spread of excitation in the cortex150,151. Type A PCs are subcortically project-
ing, synonymously named pyramidal tract neurons, and constitute the main 
output cells of the cerebral cortex, to subcortical structures such as the spinal 
cord178,179. In the primary auditory cortex, loud noise-exposure hyperpolarizes 
the resting membrane potential of MCα2s in vitro and leads to an increased 
initial and steady state firing frequency, possibly alternating the activity of the 
descending auditory system180. In the ventral hippocampus, Chrna2+ interneu-
rons control type 2 theta oscillations, affecting anxiety-related behavior in 
mice181. Given that hippocampal Chrna2+ interneurons and MCα2s share sev-
eral common features182, it might be possible that MCα2s also play an im-
portant role in oscillations. Further in vivo studies are needed to elucidate the 
functional role of MCα2s. 
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Figure 2: Schematic illustration of Chrna2+ Martinotti cells (MCα2) and pyramidal 
tract pyramidal cells (PC) located in cortical layer 5 (L5). Thin lines dendrites, thick 
black lines axons, dotted lines border between cortical layers 1-6 (L1-6).   

The motor system 
The motor system constitutes of the motor cortex responsible for planning of 
voluntary movement and the initiation of complex skilled movements, the 
brain stem responsible for basic movements and postural control, the basal 
ganglia responsible for action selection, the cerebellum responsible for coor-
dination of ongoing movements, the spinal cord responsible for execution of 
motor commands and finally the skeletal muscles responsible for movement 
production33 (Figure 3). All these components are important for the execution 
of skilled forelimb movements and modulate the movement at different levels. 
However, the focus of this thesis is on the primary motor cortex (M1) and 
motor learning. 
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Figure 3: The motor system and its subsystems. Adapted from Purves 2012. 

The primary motor cortex 
Complex voluntary movements of skeletal muscles are initiated by PCs in the 
M1, whose axons form the corticospinal tract (also called the pyramidal tract) 
and terminate in the spinal cord, where they synapse onto interneurons and α-
motor neurons33. The M1 plays a critical role in the execution of complex ac-
quired motor skills183 and in demanding locomotor tasks that require skilled 
paw placement, whereas its contribution to rhythmic locomotion is relatively 
limited184. Different areas of the M1 control different parts of the body, which 
is illustrated by the motor homunculus in humans185. However, the represen-
tations of different body parts within M1 are highly overlapping and PCs in 
the M1 do not control specific muscles, but instead coordinate movement pat-
terns that involve multiple joints and muscles186. For instance, electrical stim-
ulation of a specific area evokes complex postures that involve many joints 
and body parts and that result in the same final posture regardless of the direc-
tion of movement required to reach the posture, indicating that M1 activation 
controls goal-directed movement rather than specific muscle groups187. More-
over, motor skill training involving specific body parts expands the represen-
tation of those body parts in the M1, often at the expense of neighboring rep-
resentations188. Similarly, after local damage to the M1, rehabilitative training 
can result in reorganization of the adjacent intact cortex and motor recovery 
of lost functions189.  

The M1 is a powerful model for studying learning, as the activity of PCs 
within M1 can be directly correlated with specific movements190, it exhibits a 
well-characterized somatotopic organization185, PCs undergo experience-de-
pendent changes191, and the effects of neuronal modulation can be examined 
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separately for the execution of acquired skills and the learning of new motor 
tasks157. 

Motor learning 
There are three important steps in memory processing: encoding, storage and 
retrieval192. Regional brain activity is increased and decreased in different 
brain regions during different stages of learning193 and the functional inter-
regional connectivity of cortical networks changes during and after motor 
learning in humans194. In the M1, the number of PCs active during a task are 
first increased during learning, to then gradually decrease as the skill is con-
solidated. Simultaneously, the variability of movement-related activity is ini-
tially high in PCs, while a more reproducible temporal sequential activation 
emerges over time and the activity patterns of PCs become more consistent 
and fine-tuned as performance improves with training191.  

Motor skill learning refers to the process by which movements are executed 
more quickly and accurately with practice and is a form of hippocampal-inde-
pendent non-declarative learning. Initially, training leads to rapid improve-
ment of skill acquisition, but after a while the learning reaches a plateau, where 
further training only improves the skill slightly and at a slower rate195,196. In-
triguingly, the M1 is required for learning but some studies show that it is not 
required for executing an already acquired motor skill197  

Motor learning involves experience-dependent reorganization of cortical 
circuits, requiring transient shifts in excitatory and inhibitory balance. Thus, 
motor learning is not driven by excitation alone, but by coordinated and cell-
type-specific modulation of inhibitory circuits198,199. During the learning pro-
cess, the brain needs to encode and store new information without disrupting 
previously encoded memories. Thus, different motor tasks elicit dendritic cal-
cium spikes on distinct apical branches of PCs, promoting branch-specific 
synaptic potentiation and reducing interference between motor memories200. 
As skills are consolidated, inhibitory tone is progressively increased, stabiliz-
ing newly formed circuits and reducing variability that could otherwise com-
promise the retention of acquired skills201. During the acquisition of new 
skills, ablation of SST interneurons in the motor cortex of mice, disrupts the 
maintenance of synaptic potentiation associated with previously learned skills, 
leading to impaired performance on earlier mastered tasks and highlighting a 
critical role for SST interneurons in preserving consolidated motor memo-
ries200.  
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Methodological considerations  

The Cre-lox system 
Cre is a bacterial enzyme that can combine DNA strands at specific locations 
called loxP sites. It is used for introducing deletions, insertions, translocations 
and inversions at specific sites in the DNA of cells. As the Cre enzyme only 
combines DNA at the loxP sites, only cells expressing Cre will get their DNA 
recombined202. This technique is therefore often used for introducing new 
transgenes in a specific subpopulation of neurons. Transgenic mice with Cre-
expression driven by specific promotors can be bred with various other re-
sponder mouse lines carrying other transgenes. In many cases, the transgenes 
in responder mice are driven by a general neuronal promotor, but they are 
silenced by a loxP-flanked STOP cassette. However, in cells expressing Cre, 
the stop cassette will be removed, and the transgenes thus translated (Figure 
4A). The transgenes, as well as the Cre enzyme, can also be introduced into 
the cell by viral vectors (Figure 4B). In this thesis, a mouse line with the Cre-
expression driven by the Chrna2 promotor is used150,158, combined with viral 
vectors carrying different Cre-dependent transgenes.   
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Figure 4: Schematic illustration of the Cre-loxP system. A) A mouse, expressing Cre in 
Chrna2+ cells, is bred with a responder mouse that carries the green fluorescent protein 
(GFP) in its genome. GFP is silenced in the responder mouse as it contains a stop cas-
sette. In the offspring, Cre is expressed in Chrna2+ cells and thus removes the stop cas-
sette allowing expression of GFP in Chrna2+ cells. B) A mouse, expressing Cre in 
Chrna2+ cells, is injected with a viral vector (AAV) carrying GFP. In the area infected 
by the virus, GFP will be expressed in Chrna2+ cells as Cre removes the stop cassette. 
However, the GFP coding sequence is not incorporated into the mouse genome. 

Immunohistochemistry 
Immunohistochemistry is a technique used to detect specific proteins in tissue 
sections using antibodies. A primary antibody is generated to recognize a specific 
epitope of the target protein, typically produced as a polyclonal antibody by im-
munization of a host animal or as a monoclonal antibody using hybridoma or re-
combinant techniques. A secondary antibody, generated in a different host spe-
cies, then binds to the constant (Fc) region of the primary antibody. The secondary 
antibody is commonly conjugated to an enzyme or a fluorescent dye, enabling 
amplification of the signal and visualization under light or fluorescence micros-
copy. Immunohistochemistry provides spatial information about protein expres-
sion within tissues203,204. The positive and negative predicative value of immuno-
histochemistry is highly context-dependent and influenced by pretest probability 
as well as pre-analytical and analytical variables, including tissue processing, fix-
ation time, antigen retrieval methods and antibody specificity. As a result, reliable 
quantification of immunohistochemical staining requires careful standardization 
and validation205. Photobleaching of the fluorescent signal usually occurs over 
time and during imaging, further complicating reliable quantification206. Digital 
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image analysis, compared to visual scoring, is highly reproducible with reduced 
subject bias and preferable for large sample sizes207.  

Viral vectors 
Adeno-associated viruses (AAVs) are the most commonly used vector for 
transgene delivery to the central nervous system208–210. Different promotors 
are used to drive the transgene transcription, restricting transcription of virally 
encoded genes to certain cell types. After viral injection into the central nerv-
ous system, the neurons of interest are infected by the virus, and virally en-
coded transgenes are produced in the cell211. For instance, it is possible to con-
trol the activity of neurons in living organisms by the use of viral vectors 
packed with genes encoding proteins that interfere with cellular activity. 

Serology of AAVs is an important functional characteristic for cell specific 
infection efficiency. There are differences in infection capacity based on sero-
type, target cell properties, viral delivery method, viral delivery timing, and 
AAV transgene expression stability over time210.  

Cellular tropism is another important aspect to consider when choosing the 
right AAV serotype for experimental designs. In M1, AAV9 infects primarily 
neurons of L5 and astrocytes of L6, while AAV1 infects cells mostly in L6, 
and a few PCs of L5 and L2/3208. Intraparenchymal injection of AAV5, 8 and 
9 in the hippocampus, auditory cortex and striatum displays similar and strong 
expression levels of the transgene, while injection of AAV2 gives lower 
transgene expression levels. AAV2, 5, 8 and 9 are able to infect inhibitory 
interneurons, oligodendrocytes, microglia and astroglia212.  

Another aspect when designing the experiment, is the ability of anterograde 
and retrograde axonal transport of the virus. A virus that is only transported in 
the anterograde direction must be injected near the cell body of the targeted 
cell. On the other hand, a virus that is taken up by the axon terminal and trans-
ported in the retrograde direction can be injected along the axon, leading to 
infection in distant brain regions. The ability of a viral vector to travel in the 
retrograde direction along the axon of a cell is dependent on cell type and 
circuit213. Some serotypes, like AAV1 and AAV9, can also spread from ini-
tially infected cells to postsynaptic cells. However, AAV5 and AAV8 do not 
exhibit anterograde trans-synaptic transport abilities despite similarly strong 
local infection capacity of neurons at the injection site214. It is therefore im-
portant to perform control experiments, determining the expression pattern 
and directional spread of the viral vector in the experimental set-up used.   
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Retrograde monosynaptic neuronal tracing  
A modified rabies viral vector carrying a fluorescent marker can be used for 
monosynaptic retrograde neuronal tracing. The viral genome is modified by 
deletion of the viral glycoprotein ligand (G-protein) essential for rabies viral 
trans-synaptic spread. Pseudotyping the virus with a certain ligand, Envelope 
protein A (EnvA), results in a viral coat that facilitates cell entry into cells 
engineered to express the tumor virus A receptor (TVA). If the infected starter 
cell is manipulated to also express the G-protein, the virus can jump one syn-
apse in the retrograde direction and infect presynaptic cells215 (Figure 5).  

Noteworthy, there are viral vectors originating from different rabies virus 
strains, such as the SAD-B19 vaccine strain and the CVS-N2c(ΔG) strain. 
While the SAD-B19 vaccine strain is the most commonly used216–229 the CVS-
N2c(ΔG) strain is less neurotoxic230. Deleting additional viral genes, in addi-
tion to the G-protein, like the L-gene encoding the viral polymerase, is also an 
option for minimizing neurotoxicity and decreasing the risk of further nonspe-
cific synaptic spread from initially traced cells231. Moreover, psuedotyping the 
virus with different types of ligands enables the virus to enter cells with dif-
ferent types of receptors. An EnvA coated virus only enter cells expressing 
the TVA216–218,221–223,227–229. Similar to wild type rabies virus, a G-protein 
coated viral vector can enter most type of neurons219–222,225,226. 

There are also several methods available for introducing the transgenes 
necessary for monosynaptic tracing into the neurons of interest. The most 
common way is to use AAVs, so called helper viruses218,219,223,225, but there are 
also responder mouse lines expressing the transgenes in a Cre-dependent man-
ner216,224,232. Nonetheless, Cre-independent expression of TVA has been re-
ported, which can lead to nonspecific rabies virus cell entry and expression 
contributing to unreliable results219,233.  
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Figure 5: Schematic illustration of rabies virus-based monosynaptic retrograde trac-
ing. A modified rabies virus (RVdG-EnvA) carrying a fluorescent marker and lacking 
the G-protein (G) required for transsynaptic spread is coated with EnvA and injected 
into the brain of mice expressing the G-protein (yellow dot), TVA-receptor (green Y) 
and green fluorescent protein (green cell) in a Cre-dependent manner. Binding of 
EnvA to the TVA-receptor enables RVdG-EnvA (purple dot) entry into TVA-express-
ing cells. In cells expressing G, the RVdG-EnvA then eventually crosses a single syn-
apse in the retrograde direction to infect presynaptic cells. Both the initially infected 
starter cells (Cre) and the presynaptic traced cells (T) are fluorescently labelled (pur-
ple) by the RVdG-EnvA. The starter cells can be distinguished from the traced cells 
as they express both fluorophores (green and purple). Adapted from Velica et.al. 2024, 
with permission from Springer Nature. 

Acute modulation of neuronal activity 
Ablation of cells early in life can lead to developmental compensatory mech-
anisms maintaining a normal output in their absence, interfering with the anal-
ysis of their function234. Acute reversible neuronal modulation partially cir-
cumvents this problem. Transgenes expressing light-sensitive proteins (opto-
genetics) or engineered receptors (chemogenetics) enable acute and reversible 
spatiotemporal control of neuronal activity within freely moving animals, al-
lowing scientists to study cellular function during behavior235–237.  

Optogenetics 
Channelrhodopsin is a light-gated ion channel that undergoes conformational 
changes when exposed to blue light. These changes cause depolarization and 
cell activation by creating an opening in the cell membrane that allows inward 
flow of sodium and potassium ions238. Conversely, the light-gated ion pump 
halorhodopsin can silence activated cells by using the energy of green light to 
move chloride ions into the cell and thereby hyperpolarize it239. Hence, after 
injection of viral vectors carrying these light-sensitive proteins and surgical 
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implantation of optic fibers into the region of interest, neuronal activity can 
be modulated with light. This method modifies the activity of cells immedi-
ately when the light is turned on and off, meaning that the behavioral effects 
can be linked to the cellular activity with a temporal precision of millisec-
onds240. Consequently, the cellular activity can be adjusted at the exact desired 
timepoint in a movement or memory task236. 

Chemogenetics 
Transducing neurons with viral vectors encoding engineered muscarinic ace-
tylcholine G-protein coupled receptors, in other words designer receptor ex-
clusively activated by designer drugs (DREADDs), is another method that 
permits reversible spatiotemporal control of neuronal activity241. The engi-
neered receptors are unresponsive to endogenous ligands but can be activated 
by synthetic drug-like molecules like clozapine N-oxide, clozapine or Com-
pound21242 (Figure 6). The DREADDs are either inhibitory or excitatory, 
meaning that the cellular activity can be silenced or enhanced243. Signaling 
through the modified human muscarinic acetylcholine subtype 4 receptor 
(hM4Di) leads to decreased intracellular cyclic adenosine monophosphate 
levels and thereby decreased cellular activity243–245. The modified human mus-
carinic acetylcholine subtype 3 receptor (hM3Dq)246 activates the phospho-
lipase C signaling cascade in the cell which leads to calcium release and pro-
tein kinase C activation and ultimately to cell activation247. However, slightly 
different pathways might be activated in different cell types, as shown for as-
trocytes248, indicating that the exact signaling pathways for each cell type 
should be investigated separately to fully understand the intracellular mecha-
nisms that drive the observed effects of hM3Dq-activation in a specific set-up. 
Further, the effect of the activation is dose-dependent, usually with greater and 
longer periods of neuronal depolarization after higher doses. Likewise, the risk 
of unintended off-target effects increases with increased agonist dose249. How-
ever, in some cases, higher agonist doses paradoxically lead to a reduction in 
field excitatory postsynaptic potentials following hM3Dq activation, highlight-
ing the complexity of the response250. Following administration of designer 
drugs, the cellular activity is altered for minutes to hours237,251–253. Small detect-
able changes in the signaling pathways mentioned above occur even in the ab-
sence of ligand-binding, meaning that the modulation of cell activity might be 
less temporally precise than desired243. Advantages using this technique over 
optogenetics are for example, no need of optic fiber implantation and the possi-
bility to modulate the cellular activity for a longer period of time without induc-
ing phototoxicity254,255 or light-induced neuronal changes256. However, the tem-
poral resolution is poorer compared to optogenetics.   
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Figure 6: Schematic illustration of chemogenetics. A) Intracranial injection of a Cre-
dependent viral vector (AAV) carrying the excitatory engineered hM3Dq. The AAV 
(red dot) enters many cells, but the transgenes it carries are expressed only in Cre⁺ 
cells. After a few weeks of incubation, Cre⁺ cells express the hM3Dq (red Y) on their 
surface. B) Following intraperitoneal injection of clozapine (CLZ; purple square), 
CLZ crosses the blood–brain barrier and binds to hM3Dq, leading to increased cellular 
excitability (activated cell shown in green) for minutes to hours. Adapted from Velica 
et. al. 2025, with permission from Wiley.  

In vivo recording of neuronal activity 
During behavioral tests and acute neuronal modulation, the cellular activity 
can be recorded using optogenetic sensors, small molecules with fluorescent 
signals that respond to changes in membrane potential257 or calcium ion con-
centration258. Green fluorescent protein Calmodulin M13 peptide (GCaMP) is 
a calcium indicator that induces a strong fluorescent light when calcium ions 
are present in the cell258–260. The increase in calcium ions is associated with 
action potentials, however, only a minority of single spikes are possible to 
detect during normal conditions261,262. Thus, GCaMP enables visualization of 
a proxy for neuronal firing. Newer variants, like GCaMP6, reliably detects 
single action potentials in neuronal somata and capture orientation-specific 
calcium signals in individual dendritic spines. Within the GCaMP6 family, 
there are also slower and faster forms, with the slower forms binding calcium 
ions more tightly than the fast ones, resulting in higher sensitivity and longer 
fluorescence transients, but slower kinetics that limit resolution of closely 
spaced action potentials258. Moreover, the strong interest in these tools lead to 
the constant development of GCaMPs with faster kinetics and higher sensitiv-
ity for neuronal activity263.  

The detected light can then be traced within living organisms so that activ-
ity of microcircuits can be investigated while the animal performs different 
tasks264. To detect the light from calcium indicators, either one-photon or two-
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photon microscopy can be used. In one-photon microscopy, the fluorophore 
is excited when it absorbs light of a specific wavelength, causing one of its 
electrons to move from the ground state to a higher-energy state. When the 
excited molecule relaxes back to the ground state, it emits a photon of lower 
energy that can be detected by the microscope. While the microscope can 
focus on a specific plane, fluorophores above and below this plane are also 
excited, producing emission that contributes to out-of-focus background 
signals. In two-photon microscopy, near-infrared laser pulses are used to 
excite the fluorophore via the simultaneous absorption of two lower-energy 
photons rather than one higher-energy photon. Because this process relies 
on a high photon density, it predominantly occurs at the laser focus, pro-
ducing localized light emission at the focal plane and enabling deep, high-
resolution imaging with minimal photodamage265,266. Historically, the use 
of two-photon microscopy in awake mice required head-fixation267–269. 
Hence, the use of optical lenses implanted in the brain270 together with small 
portable one-photon widefield microscopes, miniscopes, mounted on the 
head of the mouse have been extensively used for calcium imaging, as they 
allow flexible experimental set-ups271. The resolution is poorer than with 
two-photon imaging, but the advantage is that the mice can move freely. 
Recently, a miniaturized two-photon microscope has been developed which 
combines the advantages of two-photon microscopy with the possibility of 
large-scale recordings in freely moving mice272–274.  

Combined prims and gradient-index lenses make it possible to record neu-
ronal activity in deeper layers of the neocortex without damaging superficial 
cortical layers275. The prism makes it possible to study the neuronal population 
from the side instead of from above, which in the cortex facilitates intact con-
nections to the superficial layers and less interference with the columnar cir-
cuitry. Unlike ordinary lenses, a gradient-index lens is a cylinder with a radial 
gradient in refractive index resulting in a gradual change in refractive index 
from the center to the edges. This gradient in refractive index bends light grad-
ually, allowing focusing and image relay without curved surfaces, which ena-
bles compact transmission of light from deep tissue with minimal optical 
bulk275–277. 

Calcium imaging analysis 
It is inevitable to not have small displacement of the brain tissue during re-
cordings of calcium signals, especially with awake freely moving animals. 
Hence, the first step of the analysis is to adjust for these small displacements 
through motion correction278. The second step includes noise reduction to 
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improve the signal to noise ratio279, followed by identification of regions of 
interest either manually or automated280. Constrained Non-negative Matrix 
Factorization is a method for analyzing calcium imaging data, including one-
photon miniscope recordings where background fluorescence otherwise can 
be problematic. It enforces tailored spatial and temporal constraints so that 
each neuron only occupies a small region, fluorescent traces are non-negative 
and follow biological calcium dynamics with fast rises and slow decays281. 
After collecting fluorescence intensity over time for each region of interest, 
the signal is normalized to the baseline fluorescence (F0) to calculate the rela-
tive changes in fluorescence over time (DF/F0)282, which are then used to de-
tect calcium transients corresponding to neuronal activity.  

Local field potentials  
Local field potentials (LFPs) are extracellular voltage fluctuations recorded 
with electrodes placed in the brain tissue. To achieve high spatial resolution, 
it is necessary to have many electrodes placed close together, whilst minimiz-
ing damage to the surrounding brain tissue283. LFPs primarily reflect the 
summed activity of a local neuronal network, arising from synaptic and den-
dritic currents of excitatory and inhibitory neurons, including postsynaptic po-
tentials. Action potentials contribute only briefly, and their high-frequency 
components are often filtered out during LFP analysis. LFPs are typically an-
alyzed in frequency bands to study network oscillations and the synchronous 
activity of neuronal populations284. At the population level, PC assemblies are 
often reflected in the LFP signal285.  

Because oscillations are strongly influenced by brain state and arousal, an-
esthesia alters the frequency and amplitude of LFPs. Urethane anesthesia in-
duces alternating brain states that resemble slow-wave sleep and rapid eye 
movement sleep in their LFP activity, with periods of slow, high-amplitude 
oscillations alternating with faster theta and gamma rhythms286. Noteworthy, 
different anesthetic agents affect LFPs differently287,288. For instance, urethane 
preserves evoked cortical responses better than isoflurane in neonatal rats289.  

Skilled forelimb single-pellet reaching task 
In the skilled forelimb single-pellet reaching task mice are trained to reach 
through a slit for a pellet. It is a suitable behavioral test of fine motor function, 
motor learning and motor memory, since the animals need to train repeatedly 
in order to increase their success rate290. A single training session can lead to 
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growth of new learning-induced dendritic spines on PCs in M1 contralateral 
to the trained limb, which are then stabilized over subsequent training sessions 
and persist long after training terminates291. To motivate the mice to reach for 
the pellets, food restriction protocols are typically used. Nonetheless, there are 
mice that, despite repeated exposure to the task, never learn to perform the 
task190,290,292,293. One limitation of the test is that the success rate might differ 
over time independent of the learning phase, as mice that master the task be-
come increasingly motivated and increase their attempts per minute, which 
might decrease the success rate even though the speed of success (number of 
successful attempts per minute) increases290.  
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Aims and questions 

The primary aims of this thesis are to: 
 

1. investigate the presynaptic connectivity of MCα2s in the primary mo-
tor cortex of mice (paper III). 

2. investigate the functional role of MCα2s in skilled forelimb move-
ments and motor learning in mice, using chemogenetics, calcium im-
aging and local field potentials (paper IV).  

 
Other questions addressed in this thesis relate to the methods used and the 
reliability of them. In paper I, the aim is to validate tools for rabies virus-
based retrograde monosynaptic tracing, whereas in paper II the aim is to il-
lustrate the complexity of DREADD-based neuronal modulation and to en-
courage the use of ultralow-dose clozapine as a DREADD agonist. 
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Work progress 

It will become apparent that the workplan changed considerably as the pro-
jects evolved, creating new questions and new projects along the way. To start 
with, many of the tools that were initially used for introducing TVA and the 
G-protein into Cre+ cells for retrograde monosynaptic tracing proved to be 
unspecific. Firstly, the commercially available transgenic mouse line RΦGT, 
expressing the TVA and G-protein in a Cre-dependent manner, was used216. 
Unfortunately, we did not manage to get reliable results using this approach, 
since there was expression of TVA in the absence of Cre in RΦGT mice (pa-
per I). Instead, we set out to use helper viruses to introduce the transgenes. 
The first helper virus used (AAVDJ-Ef1a-DIO-HTB, Salk Institute, viral titer 
1.83x1011 virus particles/ml) did not give any starter cells in L5 nor any traced 
cells. The second helper virus used was a combination between a helper virus 
expressing GFP and TVA (AAV2-Ef1a-FLEX-GT, Salk Institute, LOT 
A021404b, viral titer 3.33x1011 virus particles/ml) and another helper virus 
expressing an optimized G-protein (AAV9-CAG-FLEX-oG-WPRE-SV40-
pA, Salk Institute viral titer 1.78x1011 virus particles/ml). At first, it did not 
work, since there were no detectable starter nor traced cells after viral injec-
tions with the helper viruses and the rabies virus. Since there were detectable 
starter cells after injecting solely the GFP and TVA carrying helper virus, we 
hypothesized that the G-protein levels were too high, leading to neurotoxicity 
and cell death. Rightly, decreasing the concentration of the helper virus carry-
ing the G-protein resulted in detectable starter cells as well as traced cells. 
However, like in the RΦGT mice, there was still some Cre-independent leak-
age of the transgenes294. Finally, we found a helper virus with a modified TVA 
resulting in decreased ligand-binding affinity, with negligible Cre-independ-
ent expression of the transgenes295, which was used in paper III.  

Secondly, we decided to use chemogenetics in paper IV to study the ef-
fects of MCα2 activation on skilled forelimb movements and motor skill learn-
ing. Chemogenetics was chosen to get a broader time-window of manipulation 
compared to optogenetics. We hypothesized that using a broader time-window 
of manipulation would increase the chances of the neuronal modulation to im-
pact behavior. The plan was to use optogenetics and more precise temporal 
control in future projects. Another reason for choosing chemogenetics over 



 

 38 

optogenetics was that there is less interference with the fluorescent signal dur-
ing miniscope recordings, since the engineered receptors are activated by syn-
thetic drugs and not light. However, along the way we observed general unin-
tended off-target effects of commonly used drugs for DREADD activation, 
interfering with the analysis of calcium imaging. Hence, we had to optimize 
the DREADD agonist dose, which unfolded into the work described in paper 
II.  

Thirdly, establishing the skilled single-pellet forelimb reaching task (used 
in paper IV) in our lab proved to be more difficult than expected. At first, we 
set out to find the coordinates for viral tracer injections by performing a pilot 
study mapping the c-Fos expression after skilled forelimb movement in mice, 
since c-Fos is a commonly used marker for cell activation296. Wild type 
C57Bl6 mice (n=4) were trained for seven test sessions, by Juan Jiang at Umeå 
University to reach for millet seeds placed in front of the slit of the forelimb 
reaching arena. Mice were sacrificed 135 minutes after reaching for seeds and 
the tissue was sent to Uppsala University and analyzed for c-Fos expression. 
It was not possible to define a demarcated area within the M1 responsible for 
forelimb movement based on this experiment. However, a general c-Fos ac-
tivity was observed in the motor, visual, somatosensory, and prefrontal cortex 
as well as the thalamus, hippocampus, medial septum and striatum. In con-
trast, mice that did not perform the test before they were sacrificed (n=2), did 
not have a clear up-regulation of c-Fos in the M1. Since the pilot study was 
inconclusive regarding the exact coordinates for viral injections, the injection 
coordinates for viral vectors were chosen based on the Allan brain atlas, as 
well as previous studies mapping the motor cortex190,297.  Next, Juan Jiang 
came to Uppsala University and introduced the skilled forelimb reaching 
task293. Initially, we conducted a work-space test in which millet seeds were 
distributed in a semicircular area in front of the slit. After 10 minutes, the area 
cleared of seeds was quantified for each mouse. In this task, mice were able 
to shovel the seeds through the slit using both paws. As no differences were 
observed between Chrna2-Cre+ and control mice in either the cleared area or 
the time required to clear the area, we proceeded to the single-pellet reaching 
test. In the single-pellet reaching test, a single pellet was placed in front of the 
slit. By positioning the pellet slightly to the right of the slit opening, mice were 
required to use their left paw to retrieve it. This setup demands more controlled 
and precise forelimb movements. Notably, mice that had previously per-
formed the work-space test were slower learners in the single-pellet reaching 
task compared to mice that were naive to the work-space test. Therefore, we 
excluded the work-space test from subsequent experiments and continued ex-
clusively with the single-pellet reaching paradigm.  
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Unfortunately, there were many mice that did not learn the test at all. To 
increase their motivation to perform the test, different treats were tested: millet 
seeds, coconut flakes, sesame seeds, sweet cereals, peanuts and sugar pellets. 
Sugar pellets were the most motivating treat, which is why we decided to use 
sugar pellets instead of millet seeds. Food restriction prior to the test was also 
increased from 15 hours to 20 hours to increase the motivation to reach for 
pellets. Also, the first analysis of the single-pellet reaching task was made 
manually, which was very time-consuming. It was not until Thawann Malfatti 
managed to write a script for an automated analysis that the data analysis could 
be efficiently managed. 

Fourthly, based on literature studies, we started out using mostly AAV8 as 
viral vectors. However, the spread of the virus and the transduction efficacy 
of MCα2s in M1 proved to be much lower than for AAV9, which is why we 
later started using mostly AAV9 as viral vectors.   

Lastly, the technique for imaging cells in the cerebral cortex of mice using 
miniscopes was optimized in-house by Jessica Winne and Richardson Leao275. 
This was a time-consuming process influencing the timeline and workflow of 
the projects. The analysis of the calcium imaging data was also developed in 
parallel to the data collection by Adriano Tort, Richardson Leao and George 
Nascimento, which led to small changes of the experimental set-up along the 
way. As the calcium imaging data was not fully analyzed until years after its 
collection, the possibility to improve the data quality and quantity according 
to the problems that unfolded during analysis was minimized. Perhaps, if we 
had established an analysis pipeline from the start, we could have applied 
stricter exclusion criteria, including only data complete across all training ses-
sions, while simultaneously adding more data to increase sample size and sta-
tistical power. 

Optimizing and developing a number of protocols and variables in parallel 
has required a massive amount of work and several rounds of experiments and 
re-dos, work that is not described in the methods or results of the papers of 
this thesis, nonetheless has laid the ground for the presented data. One im-
portant lesson learned is that it would have been more productive and time-
efficient to focus on a single methodological issue or experimental question at 
a time, rather than attempting to address multiple challenges simultaneously. 
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Results and conclusions  

Paper I  
Following injection of a glycoprotein-deleted rabies virus pseudotyped with 
EnvA (RVΔG-EnvA) into the brain region of interest, the goal is to selectively 
label presynaptic inputs to a predefined Cre-expressing cell population. In this 
study, we developed a flowchart outlining appropriate control experiments for 
retrograde monosynaptic rabies virus–based tracing. 

As an initial control, RVΔG-EnvA should be injected either into helper 
mice (responder mice) or into wild-type mice previously injected with a Cre-
dependent helper virus. If no traced cells are detected at this stage, additional 
control experiments addressing potential leaky expression are not required. 
However, if traced cells are observed in this initial step, further experiments 
must be performed to determine the mechanism underlying Cre-independent 
leakiness of RVΔG-EnvA (Figure 7). 
 

 
Figure 7: Flowchart of proposed control experiments in rabies-virus based mon-
osynaptic retrograde tracing experiments. Adapted from Velica et.al. 2024, with per-
mission from Springer Nature.  
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Following the proposed flowchart, we identified Cre-independent leakiness of 
the TVA in RΦGT mice, a responder line designed for Cre-dependent expres-
sion of TVA and G-protein. After injection of RVΔG-EnvA, quantification of 
traced cells at the injection site revealed no significant difference between 
Chrna2Cre-RΦGT mice (mean 158 cells, SD = 38, n = 2) and RΦGT mice 
(mean 280 cells, SD = 247, n = 5; Kruskal–Wallis rank-sum test: χ² = 0.6, df = 
1, p = 0.4386). These findings indicate nonspecific viral cell entry independent 
of Cre expression. As injection of RVΔG-EnvA into wild-type mice did not 
yield any traced cells, the observed nonspecific labelling was attributed to leaky 
TVA expression. 

In conclusion, the use of RΦGT mice is not optimal for monosynaptic trac-
ing experiments; instead, helper viruses are preferable. A major advantage of 
helper virus–based approaches over responder mouse lines is the ability to 
adjust the viral titer to achieve optimal transgene expression while minimizing 
Cre-independent leakiness of the TVA receptor233. Furthermore, rigorous con-
trol experiments are essential when performing rabies virus–based tracing ex-
periments to exclude unintended TVA or G-protein expression and following 
our simple flowchart for adequate control experiments facilitates this process. 

Paper II 
The excitatory hM3Dq DREADD was used to activate MCα2s in M1. To val-
idate activation, Chrna2-Cre-RCE:loxP mice expressing hM3Dq received 
0.01 mg/kg clozapine (n=2). Immunohistochemistry showed a clear increase 
in c-Fos expression in hM3Dq⁺ cells compared to baseline cortical levels, con-
firming neuronal activation. This effect was not due to clozapine alone, as 
control mice without hM3Dq expression showed no increase in c-Fos after 
0.01 mg/kg clozapine (n=2). A higher dose (0.1 mg/kg clozapine, n=2) pro-
duced similar c-Fos expression as 0.01 mg/kg. 

Behavioral effects were assessed using the hanging wire test. Chrna2-Cre+ 
mice (n=7) and Cre-negative controls (n=7) injected with a Cre-dependent vi-
ral vector carrying hM3Dq received saline, 0.01 mg/kg clozapine, or 0.1 
mg/kg clozapine. Both genotype (F(1)=5.52, P=0.024) and treatment 
(F(2)=4.11, P=0.025) significantly affected performance, with a significant 
genotype × treatment interaction (F(2)=5.09, P=0.011). The Tukey post hoc 
analysis showed that Chrna2-Cre+ mice treated with 0.01 mg/kg CLZ had sig-
nificantly more falls compared to all other groups (P=0.0010 – 0.0134). No 
other pairwise differences were observed. Notably, 0.1 mg/kg CLZ did not 
alter behavior compared to controls or saline.  
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In conclusion, the agonist dose used to activate the excitatory hM3Dq 
DREADD can affect the experimental outcome and hence the comparability 
between studies and experiments that have used different agonist doses, illus-
trating the complexity of the tool.  

Paper III 
The study mapped presynaptic inputs to MCα2s in the forelimb area of the M1 
using RVΔG-EnvA combined with a helper virus. In Cre-negative control 
mice previously injected with the helper virus, only an average of one rabies 
virus infected cell was found by the injection site, with no rabies virus infected 
cells in distant brain regions, validating the specificity of the viral tools.  

In Chrna2-Cre+ mice (n=4), most traced cells were located in the ipsilateral 
cortex, predominantly in the M1 (72.1%), secondary motor cortex (12.9%), 
and primary somatosensory cortex (9.8%), with smaller contributions from 
the ventral anterolateral complex of the thalamus (3.3%), contralateral cortex 
(1.2%), substantia innominata (0.2%), globus pallidus externa (0.2%), and 
striatum (0.1%). In the cortex, most traced cell bodies had a pyramidal shape 
and were predominantly found in L2/3 (34.6%) and L5 (63.5%). At the injec-
tion site, a small proportion of traced cortical cells co-expressed GABA 
(2.5%). However, none of the traced cells located more than 0.5 mm from the 
injection site expressed GABA. Within 0.5 mm of the injection site, 4.2% of 
traced cells co-expressed PV (Figure 8). No traced cortical cells expressed 
SST or VIP. To examine potential cholinergic inputs, we performed im-
munostaining for choline acetyltransferase and found traced cholinergic cells 
in substantia innominata in the basal forebrain.  

 



 

 43 

 
Figure 8: Chrna2+ Martinotti cells (MC) in the primary motor cortex (M1) receive 
monosynaptic long-range inputs from secondary motor cortex (M2), primary soma-
tosensory cortex (S1), ventral anterolateral complex of the thalamus (VAL), globus 
pallidus externa (GPe) and substantia innominata (SI). Most structures probably pro-
vide excitatory input, whereas the globus pallidus externa most likely provides inhib-
itory input (red). Locally, MCα2s receive input from pyramidal cells (PCs) in cortical 
layer 2/3 and 5 and from parvalbumin (PV) interneurons. 

The connectivity patterns suggest that MCα2s integrate sensorimotor infor-
mation, receiving inputs from the primary somatosensory cortex (forelimb area) 
and the motor thalamus. To test their role in sensorimotor integration, Chrna2-
Cre+ mice expressing either the excitatory hM3Dq or inhibitory hM4Di were 
evaluated in the hanging wire test following saline or clozapine administration, 
with Cre-negative littermates serving as controls. Following chemogenetic ac-
tivation, we observed a significant interaction effect of genotype and treatment 
on the number of falls (ANOVA, F(1,12) = 10.894, p = 6.0e−03). Specifically, 
after clozapine administration, Chrna2-Cre+ mice exhibited more falls per mi-
nute than control mice (n = 7 control and 7 Chrna2-Cre+; Tukey's HSD effect 
size = 1.656; p = 1.4e−02), and more falls compared to the baseline saline con-
dition (NaCl; n = 7; t test effect size = 1.636; p = 2.5e−02). 

In conclusion, MCα2s in M1 receive long-range input predominantly from 
the ipsilateral cortex, but also from the thalamus, substantia innominata, glo-
bus pallidus and contralateral cortex. Short-range input was predominantly 
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form PC and PV interneurons. Further, chemogenetic activation of MCα2s im-
paired performance in the hanging wire test indicating a role for MCα2s in 
sensorimotor integration.  

Paper IV 
In this study, we examined how PCs were influenced by modulation of MCα2s 
during motor learning. To address this, we employed chemogenetic activation 
of MCα2s. Control mice refer to Cre-negative littermates that received the 
same treatment as the experimental Chrna2-Cre⁺ mice. Fine motor perfor-
mance and motor skill acquisition were assessed using the skilled forelimb 
single-pellet reaching task. Recordings were conducted during the initial “na-
ive” session, the second “learning” session, the fifth “training” session and a 
final “retraining” session in which a more challenging pellet presentation was 
introduced to further probe task adaptation (Figure 9A). Genotype had no sig-
nificant effect on reaching performance in mice treated with clozapine prior 
to each session (n = 13; 6 Chrna2-Cre⁺ and 7 controls; ANOVA, F(1,11) = 
0.978, p = 0.344; Figure 9B). 

 
Figure 9: Repetitive chemogenetic MCα2 activation during learning did not impact 
success rate. A: Timeline of experiments. B: Scatter plots of success rate. 

Using calcium imaging, we examined how PC assemblies reorganize during 
motor learning. Chrna2-Cre+ mice (n = 2) and control littermates (n = 2), previ-
ously injected with a Cre-dependent viral vector encoding the excitatory 
hM3Dq and a calmodulin-dependent protein kinase 2 promoter–driven 
GCaMP6f vector (predominantly expressed in PCs), received clozapine prior to 
each session of the skilled forelimb single-pellet reaching task (Figure 10A-B). 
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We mapped the cortical location of each individual PC within detected as-
semblies and quantified the spatial extent of each assembly. During the re-
training session, assemblies in Chrna2-Cre⁺ mice occupied a more restricted 
cortical area than those in control mice (Figure 10C). Assembly salience, a 
measure of how specifically a neural assembly’s activity is related to the pre-
hension movement, also differed between groups. In control mice, assembly 
activity during successful prehensions was reduced in the retraining session 
compared to both the naive and learning sessions. In contrast, no significant 
changes in salience were observed across sessions in Chrna2-Cre⁺ mice (Fig-
ure 10D). Further, we quantified changes in neuronal composition across 
learning sessions, relative to the final configuration observed during retrain-
ing. This metric, termed assembly resilience, was defined as the percentage of 
neurons shared between sessions, with 100% indicating no addition or loss of 
neurons over time. Both genotype and training session significantly influ-
enced resilience, with assemblies in Chrna2-Cre⁺ mice exhibiting greater re-
silience than those in control mice (Figure 10E). Together, these findings sug-
gest that enhanced MCα2 excitation during learning constrains PC assembly 
plasticity. 
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Figure 10: Repetitive activation of MCα2 during learning reduced pyramidal cell as-
sembly plasticity. A: Timeline of experiments. B: schematic illustration of how 
clozapine (CLZ) administration activates hM3Dq in MCα2 (MC), which leads to in-
creased inhibition onto PC dendrites in L1. With the help of calmodulin-dependent 
protein kinase 2 (CamKII)-GCaMP6f and a combined gradient-index and prism lens 
(blue) the PC activity is recorded in L5. C: decreased PC assembly area upon MCα2 
activation during relearning. D: no decrease in salience upon MCα2 activation. E: in-
creased resilience upon MCα2 activation.  

To examine whether increased MCα2 excitability affects the execution of an al-
ready acquired motor skill, we first trained mice (Chrna2-Cre⁺, n = 5; control, n 
= 6) for seven sessions. After this training phase, mice were injected with a Cre-
dependent hM3Dq carrying viral vector and subsequently reassessed in the 
skilled forelimb single-pellet reaching task following saline (session 8-10) and 
clozapine administration (session 11-13; Figure 11A). We observed a signifi-
cant overall effect of session on success rate (ANOVA, F(6,54) = 4.27, p = 1.0e-
03). Moreover, when analysing by genotype, clozapine treatment increased the 
success rate in Chrna2-Cre⁺ mice compared to saline treatment, an effect not 
observed in control mice (Figure 11B).  

To further clarify how MCα2 modulation influences motor planning and ex-
ecution, we recorded LFPs from the same mice during task performance in 
clozapine-treated sessions (sessions 11–13), again focusing on a 1 second win-
dow before and after reach onset. LFP analysis revealed increased power in 
the full theta band in Chrna2-Cre⁺ mice compared to controls (ANOVA, 
F(1,8) = 6.783, p = 3.1 × 10⁻²), highlighting a possible role for MCα2s in trial-
to-trial adjustments in performance87. 
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Figure 11: MCα2 activation during execution of an acquired motor skill improved per-
formance. A: timeline of experiments. B: boxplots of success rate.  

In conclusion, enhancing MCα2 excitability during acquisition of the skilled 
forelimb single-pellet reaching task did not alter the success rate but reduced PC 
assembly plasticity. In contrast, increasing MCα2 excitation during task execu-
tion, after the skill had already been learned, improved performance. These find-
ings suggest that elevated MCα2 activity may support the stabilization and re-
finement of previously acquired motor skills. 
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Discussion 

Always question the method 
When planning new experiments, it is easy to get impressed by new tech-
niques and tools. However, more often than not, even the most straightforward 
and simple techniques show challenges when used in new settings. As more 
and more people start using a technique, the knowledge about potential cave-
ats and pitfalls increases. Unfortunately, some of this knowledge never 
reaches the broad scientific community, as the methods troubleshooting that 
is a major part of preclinical studies is not included in the final versions of the 
published papers. Therefore, many tricks, tips and warnings are not univer-
sally available for people that are new in the field. Instead, this information is 
passed along verbally between colleagues at meetings and conferences. This 
leads to wasted resources and time, as new scientists make that same mistakes 
over and over again. Also, a consequence of the pressure to only show inter-
esting and promising data when publishing papers is that negative data and 
failed experiments seldom reach the broader audience. For instance, we spent 
a significant amount of work, time and money evaluating and validating dif-
ferent tools for rabies virus-based retrograde monosynaptic neuronal tracing. 
Even though all of the tools had been used and validated before in peer-re-
viewed published papers, several of them proved to be problematic in our set-
ting. The TVA-leakage observed in the RΦGT mice initially caused a lot of 
confusion. There were not many reports of TVA-leakage at the time, and the 
general impression when evaluating the literature was that the new tracing 
technique worked flawlessly. However, when digging deeper into the methods 
sections of the papers that had used this technique, several papers lacked con-
trol experiments controlling for TVA-leakage216,221,298–302. Surprisingly, the 
first author of the original publication in which the RΦGT mouse was devel-
oped, admitted knowing about the TVA-leakage upon direct confrontation. To 
his defence, only the G-protein expression was used in the original paper, as 
the experiments were conducted with G-protein coated, and not EnvA coated, 
viral vectors. Sadly, this information was never included in the original pa-
per216, misleading the scientific community and leading to several publications 
with questionable correctness regarding results.  

In the research unit where I was active during my doctoral studies, there 
were several researchers experiencing TVA-leakage in the RΦGT mouse that 
significantly impacted the interpretation of the tracing results. Years later, 
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already after finding the helper virus used in paper III, which exhibited none 
to negligible TVA-leakage, a new PhD student started in the unit. The other 
co-workers, who had also been unsuccessful in validating the RΦGT mouse 
as a tool for specific rabies-virus based retrograde monosynaptic tracing, were 
then long gone. The new PhD-student was attracted by the idea of using the 
RΦGT mouse instead of the helper virus, to minimize the number of surgeries 
needed to obtain the tracing. Luckily, we discussed the limitations of the tool 
before she started her experiments, and she ended up choosing the helper virus 
for introducing the G-protein and TVA instead of the RΦGT mouse. However, 
if we would not have discussed the limitations of the RΦGT mouse in the 
lunchroom, she might have repeated the same tedious control experiments, 
ending up wasting her time on a tool with major caveats. Hence, we decided 
to make the problems with the RΦGT mouse public, to prevent others from 
making the same mistakes. However, publishing the data indicating Cre-inde-
pendent leakiness of TVA in RΦGT mice proved to be more difficult than 
expected. The manuscript was rejected several times and the information pro-
vided by Jackson laboratories (where the mouse is commercially available) 
regarding the RΦGT mouse was updated during the review process with new 
information claiming that, in addition to the translational stop cassette that 
prevented translation of TVA in the absence of Cre, they had also suddenly 
discovered that the RΦGT allele contained a 1 base pair insertion immediately 
following the TVA start codon that causes a frameshift and that the resulting 
protein was predicted to be non-functional in the absence of Cre. Information 
that, based on the results of paper I, was clearly incorrect. Noteworthy, the 
information provided by the Jackson laboratories was never updated after the 
publication of paper I, and the publication is not linked on their website even 
though we sent it to them. In the future, I hope that the scientific community 
and editors of journals put more value into work that validates or illuminates 
problems with commonly used techniques and tools, and that scientists make 
their work available for a broader audience even when the techniques or tools 
used do not work as expected.  

Chrna2+ Martinotti cells (MCα2s)  
In paper III, we found that MCα2s receive direct input from the ventral anter-
olateral complex of the motor thalamus, as well as from the secondary motor 
cortex, primary somatosensory cortex, basal ganglia and basal forebrain. Fur-
ther, activation of MCα2s during the hanging wire test resulted in an increased 
number of falls, indicating that MCα2 activation interferes with sensorimotor 
integration. The ventral anterolateral complex is the major thalamic nucleus 
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projecting to M1303 relaying information from among others the dentate/inter-
positus nuclei of the cerebellum, a pathway important for initiation of sensory-
triggered context-dependent motor actions304. Activation of this pathway does 
not trigger skilled forelimb movements in the absence of learnt sensory 
cues304, indicating that the pathway is mainly important for sensorimotor inte-
gration in learned motor skills. In paper IV, we found that MCα2 activation 
improves the execution of an already learned motor skill but has no impact on 
the learning outcome in naive mice in the same motor task. Hence, MCα2s, 
receiving sensory input from several brain areas, might play a role in cue-
triggered movement initiation. Further studies are warranted to elucidate their 
exact role and to determine if the thalamic input relays information from the 
dentate/interpositus nuclei of the cerebellum.  

During skilled forelimb motor learning, VIP interneuron activity is initially 
high and decreases with learning, SST interneuron activity is initially low and 
increases, whereas PV interneuron activity remains largely stable. The anti-
correlation between VIP and SST interneuron activity is strongest in M1. 
Chemogenetic activation of VIP interneurons in M1 enhances L2/3 SST inter-
neuron activity and impairs motor learning305. However, SST interneuron re-
sponses during motor learning are heterogeneous, with some cells showing 
increased activity with learning and some decreased. The majority of SST in-
terneurons show opposite responses across different motor tasks. Elevated 
SST interneuron activity during the initial phase of motor learning disrupts 
performance improvement, sequential activation of L2/3 PCs and learning as-
sociated L2/3 PC spine calcium changes in M1. Contrary, chemogenetic inhi-
bition of SST interneurons during the initial phase of learning does not affect 
these outcomes. However, inhibiting SST interneurons during the acquisition 
of new motor skills impairs performance in previously learned tasks, an effect 
prevented by calmodulin-dependent protein kinase II inhibitors that reduce PC 
synaptic plasticity. These findings suggest that SST interneuron activity helps 
maintain motor learning-induced sequential activation of L2/3 PCs by limiting 
PC synaptic plasticity, thereby preserving performance in previously acquired 
skills during new motor training157.  

As previously mentioned, SST interneurons are a heterogenous group of 
cells149. Available mouse lines for studying subsets of SST interneurons and 
Martinotti cells include the GIN, X94 and X98 lines. The GIN line labels 
mostly SST interneurons in L2/3 and L5a with sparse labelling in L4, the X94 
line labels SST interneurons in L4 and L5b with sparse labelling in L2/3, L5a 
and L6, and the X98 line labels SST interneurons in L5b and L6 with sparse 
labelling in L2/3. However, the SST interneurons in the X94 line do not target 
L1 and therefore represent non-Martinotti cells156. Hence, MCα2s are not 
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included in the GIN and X94 lines. In the X98 line, less than 25% of the SST 
interneurons co-express Chrna2306. However, these mouse lines are primarily 
used for characterization of subsets of SST interneurons and not for functional 
studies. Hence, most functional studies investigating the role of SST interneu-
rons in motor learning have examined the SST interneuron population as a 
whole, rather than specific subsets. Consequently, there is a lack of compara-
ble studies addressing the functional roles of distinct SST interneuron subpop-
ulations in motor learning. 

In accordance with previous studies that examined SST interneurons as a 
whole, we found in paper IV that increased MCα2 activation during motor 
learning reduced PC assembly plasticity, and that increased MCα2 activation 
during the execution of already acquired motor skills improved performance. 
In contrast to earlier studies, however, we did not observe any effect on motor 
performance following increased MCα2 activation during the learning of a new 
motor task. This suggests that other SST interneuron subtypes may underlie 
the impaired motor performance observed during chemogenetic activation of 
SST interneurons in the initial phase of learning, whereas MCα2 activation ap-
pears to be primarily involved in preserving previously acquired motor skills. 
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Limitations 

Animal model 
In rodents, corticospinal projections mainly target dorsal horn and premotor in-
terneurons, with little to no direct innervation of a motor neurons. Contrary, the 
primate corticospinal tract arises from a larger cortical area and forms direct 
monosynaptic connections with a motor neurons, particularly to hand muscles, 
a feature that is strongly associated with manual dexterity and is most pro-
nounced in humans307–309. Moreover, after similar spinal cord lesions, primates 
recover their locomotor function and dexterity better than rodents, implicating 
that these anatomical differences impact function and circuit adaptation310. Ad-
ditionally, according to the Human Protein Atlas, Chrna2 is widely expressed 
in the human brain, but it is especially enriched in the thalamus and cerebel-
lum161. Noteworthy, Chrna2 is not expressed in the thalamus of rats or mice160, 
illustrating some potential translational difficulties between the species. 

Hence, there are obvious translational problems when using mice to study 
motor function and dexterity, especially if the aim is to understand human 
pathology and develop clinical applications based on the results. Nonetheless, 
mice offer numerous validated human motor disease models311–313 and a vast 
array of genetic tools, and their relatively low cost and rapid breeding make 
them ideal for high-throughput studies linking genetics, neural circuitry, and 
behavior314. 

Monosynaptic retrograde rabies-virus based tracing  
The characterization of the presynaptic rabies virus traced neurons should be 
interpreted cautiously for several reasons. First, Martinotti cells are interlinked 
with each other through gap junctions153,315,316, and it is likely that these elec-
trical connections cannot be traced using rabies virus-based techniques. Sec-
ond, infection with rabies virus can modify the host proteome, including the 
downregulation of proteins involved in calcium signaling317–319. Third, certain 
neuronal populations exhibit resistance to retrograde rabies virus infection220, 
and retrograde viral tracers differ in their neurotropism, neurotoxicity and re-
gional brain preferences320. Fourth, the recommended in vivo incubation time 
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after viral tracer injection is between 3 and 10 days321. A longer incubation 
time eventually leads to cell death, as the rabies virus is neurotoxic. Hypothet-
ically, some cell types could be more sensitive to the neurotoxic effects than 
others, leading to a biased cell loss. Contrary, a shorter incubation time might 
not be enough for adequate intracellular transport of the viral particles, leading 
to false negative results. Since viral particles might be transported at different 
speeds in different cell types, this too could lead to biased tracing. Indeed, in 
dorsal root ganglia, the majority of traced cells present 5 days after spinal cord 
injection have undergone cell death 10 days after the injection220. The highest 
number of traced cells in the dorsal root ganglia is observed 7 days post spinal 
cord injection322. However, the optimal incubation time might differ depend-
ing on traced cells and regions. Hence, false negative tracing results cannot be 
excluded. However, given the rigorous control experiments and the low num-
ber of labelled cells in control mice in paper III, it is highly unlikely that the 
traced neurons represent anything other than genuine connections. 

We did not find any input from VIP interneurons to MCα2s, which is con-
sistent with the fact that VIP interneurons primarily target SST interneurons 
in L2/3 and L5a140,142 whereas not in L5b142. However, we did find calretinin 
positive traced cells. As Calretinin is not co-expressed with PV323, these 
calretinin positive interneurons are likely SST or 5HT3aR (including VIP and 
non-VIP) interneurons130. Further, calretinin is more often co-expressed with 
VIP (50 – 70% of VIP interneurons co-express calretinin) than SST (15 – 30% 
of SST interneurons)130,323. Hence, it cannot be excluded that the calretinin 
positive cells represent VIP interneurons and that our immunolabeling for VIP 
was false negative. However, the calretinin positive traced cortical cells might 
also represent non-VIP 5HT3aR interneurons like neurogliaform cells or sin-
gle bouquet cells130. 

In summary, several factors influence the reliability of viral tracing exper-
iments. Both positive and negative results have to be interpreted with caution, 
and rigorous control experiments need to be conducted to validate the results. 
Additionally, rabies virus-based approaches provide a static snapshot of con-
nectivity and do not capture activity-dependent or state-dependent changes in 
synaptic strength. 

Chemogenetics 
Homeostatic plasticity refers to the mechanisms that promote stability over 
time and enable neurons to change their excitability in the correct direction to 
move activity back toward a set point. Keeping the neuronal excitability close 
to a set value enables the neurons to stay responsive and adaptive to new 
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input324. For instance, acute DREADD-mediated activation of dopaminergic 
neurons increased locomotion in mice. However, following repeated activa-
tion, dopamine neuron firing rates and basal locomotion were reduced relative 
to controls, an effect that was attenuated after a two-month washout period325. 
Moreover, neurons with variable intrinsic excitability can yield similar circuit 
outputs due to compensational circuit synaptic-interactions326, indicating that 
artificially increasing the excitability of a cell type might not affect the output 
of the circuitry that it functions in. For instance, DREADD-based activation 
and inhibition of L5 PCs in the visual cortex affects microglia and astrocyte 
reactivity bidirectional327. Also, unintended off-target effects might mask the 
effect of DREADD-based activation328. Hence, the effects of neuronal manip-
ulation might be far more complicated than expected, making it hard to draw 
mechanistic conclusions based on single experiments. Yet, neuronal modula-
tion is a powerful and essential tool in neuroscience. However, it is important 
to remember its limitations and to understand that the observed effects might 
reflect unphysiological changes. 

Compared to optogenetics, chemogenetic manipulation acts over longer 
time windows, which might be more physiologically accurate for some neu-
ronal populations and behaviours329. Nonetheless, it might also blur tempo-
rally specific contributions of neurons and miss behaviorally relevant time 
windows. Hence, the most appropriate method for neuronal modulation varies 
depending on the neuronal population and behavior that is being studied. Per-
haps, optogenetic modulation might have been a better choice for studying the 
impact of MCα2 modulation on motor learning and skilled forelimb move-
ments.  

Calcium imaging 
To start with, a limitation of the study is the low number of animals that make 
up the calcium imaging data. We think that this is partially overcome by the 
high number of cells in each animal, but of course adding more animals to the 
data would probably increase the strength of the results.  

Secondly, calcium transients are an indirect measurement of neuronal fir-
ing, and spike interference algorithms only estimate firing rates. The relation-
ship between spikes and changes in fluorescent signal is nonlinear and varia-
ble across neurons258.  

Thirdly, with the technique used in paper IV, we can image only a fraction 
of the neurons comprising the network. For example, hippocampal and corti-
cal PCs assemblies have been proposed to consist of 150–300 cells44. In our 
experiments, we imaged an average of 61.4 neurons per animal and analyzed 
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assemblies containing, on average, 5.6 neurons. Therefore, our conclusions 
are probably based on the activity of a small subset of the cortical cells in-
volved in skilled forelimb reaching and motor learning. While we hope that 
the activity patterns of the neurons we studied are generalizable and reflect the 
dynamics of the network as a whole, this cannot be confirmed. 

Fourthly, the choice of calcium sensor might influence the results. 
GCaMP6 was the newest most advanced GCaMP family that was available at 
the start of the experiments that are included in paper IV. As mentioned in 
the methodological considerations, there are different variants of the GCaMP6 
family that offer different advantages. The slower variants have a higher sen-
sitivity for calcium fluctuations, which can improve the detectability of 
smaller and sparse calcium events and are typically optimal for low-frequency 
activity monitoring. The fast variants are better for high temporal resolution 
and tracking of rapid transients258. As the slower variant of GCaMP6 can de-
tect nearly all action potentials in L2/3 PCs, perhaps it would have been a 
better choice than the fast variant that we used258. Nonetheless, there are also 
influential papers that have used the fast variant to study cortical PCs and pop-
ulation dynamics330.  
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Future perspectives 

Regarding the connectome of MCα2s, it will be highly informative to combine 
rabies virus-based retrograde tracing with RNA sequencing of traced cells to 
better characterize presynaptic inputs331. In addition, anterograde tracing ap-
proaches, such as herpes simplex virus-based methods332, would provide com-
plementary insights. 

Functionally, it would be valuable to investigate PC assembly activity dur-
ing chemogenetic activation and silencing of MCα2s in mice performing al-
ready acquired complex motor skills, such as the skilled forelimb single-pellet 
reaching task. In particular, it would be important to determine whether the 
decreased PC assembly plasticity observed during retraining in paper IV is 
also present during increased MCα2 activation in mice executing a consoli-
dated motor skill. Moreover, it would be informative to assess whether re-
duced MCα2 excitability during execution of learned motor skills leads to im-
paired performance accompanied by increased PC assembly plasticity. In ad-
dition, examining the activity of MCα2s themselves during the skilled forelimb 
single-pellet reaching task would be of great interest. Based on their activity 
patterns during reaching, optogenetic interventions could be designed to coun-
teract their endogenous activity, enabling precise investigation of their role in 
skilled motor execution and learning. 

Finally, it would be highly informative to perform comparative functional 
studies using different genetic markers to label subsets of SST interneurons 
across cortical layers, as well as distinct subsets within L5 that differ in mor-
phological and electrophysiological properties. For example, an intersectional 
strategy combining SST and calretinin markers labels a specific subset of SST 
interneurons in L2/3 and L5a149. Such approaches would likely reveal that SST 
interneuron subpopulations have distinct functional roles. 
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Sammanfattning på svenska  

Den här avhandlingen handlar om en speciell typ av nervceller i hjärnbarken, 
kallade Chrna2-positiva Martinotti-celler (MCα2). De har fått sitt namn eftersom 
de uttrycker en särskild del av en nikotinreceptor. Studien undersöker hur dessa 
celler kommunicerar med andra nervceller och hur de påverkar de nätverk som 
styr våra rörelser. Fokus ligger på hur dessa nätverk fungerar både när vi lär oss 
nya rörelser och när vi utför dem. Studierna är genomförda på möss. 

I den första delstudien tog vi fram ett systematiskt flödesschema för kon-
trollförsök vid kartläggning av kopplingar mellan nervceller med hjälp av ra-
biesvirus. Med hjälp av detta flödesschema upptäckte vi ett problem med ett 
kommersiellt tillgängligt verktyg (en muslinje) för rabiesvirusberoende kart-
läggning av neurala nätverk, vilket ledde till ospecifik märkning av celler. 

I den andra delstudien använde vi kemogenetik, en metod där man med 
hjälp av modifierade receptorer kan styra aktiviteten av specifika nervceller 
med hjälp av läkemedel. Vi upptäckte dock att resultaten varierade beroende 
på vilken dos av läkemedel som användes. Detta visar att metoden är komplex 
och känslig för dosering, vilket kan påverka jämförbarheten mellan olika stu-
dier och experiment. 

I den tredje delstudien kartlade vi vilka celler som skickar signaler till MCα2 
i den del av hjärnbarken som styr frambensrörelser hos möss. De flesta signa-
lerna kom från andra aktiverande nervceller (pyramidceller) i samma hjärn-
halva, särskilt från motoriska områden, men även från känselbarken och vissa 
djupare hjärnstrukturer som thalamus och basala ganglier. Hämmande signa-
ler kom främst från en annan typ av interneuron i hjärnbarken som uttrycker 
parvalbumin. När vi ökade aktiviteten i MCα2 blev möss sämre på ett test som 
mäter greppstyrka och koordination, vilket tyder på att dessa celler är invol-
verade i hur sinnesintryck och rörelser samordnas. 

I den fjärde delstudien undersökte vi hur MCα2 påverkar aktiviteten i mo-
torneuron under motorisk inlärning. När vi ökade aktiviteten i MCα2 såg vi att 
hjärnans nätverk blev mindre flexibelt och förändrades mindre över tid under 
inlärning av en svårare rörelseuppgift. Detta tyder på att hög aktivitet i MCα2 
kan begränsa hjärnans förmåga att omorganisera sig under inlärning. Samti-
digt förbättrades prestationen hos möss som redan hade lärt sig uppgiften, och 
hjärnaktiviteten visade mönster som kopplas till stabilisering av beteenden. 
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Sammantaget visar resultaten att MCα2 både påverkar hur hjärnan integre-
rar sinnesintryck och rörelser, och hur nervcellsnätverk förändras vid inlär-
ning. De verkar framförallt ha en viktig roll i stabilisering av inlärda rörelser. 
Studierna visar också hur viktigt det är med noggranna kontroller och att kom-
binera flera avancerade metoder för att förstå hur hjärnans kretsar styr kom-
plexa rörelser. 
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