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(Spatially ordered recruitment of fast muscles in accordance with movement strengths in larval
zebrafish)

Vertebrate skeletal muscles are composed of slow and fast contracting muscles.
Each muscle is innervated by a distinct type of motor neuron and forms a motor unit.
The motor unit of fast muscles generates strong force or fast movement, while the
motor unit of slow muscles produces weaker force or slower movement. Motor units in
fast muscles tend to be larger in terms of the size of motor neurons and muscle fibers.
In many cases, as the strength or speed of movement increases, new motor units are
recruited in addition to those already active. The newly recruited motor units are
typically larger than the initially active ones.

In mammals, fast and slow muscle fibers are intermingled within the muscle. In
contrast, in the trunk muscles of fish, these fibers are spatially separated. Slow muscle
fibers are present only in the superficial layers of the muscle, while the majority of the
muscle is composed of fast muscle fibers. During slow swimming, only the slow
muscles are active, while the fast muscles are recruited during faster swimming.
However, the speed and strength of movement cannot be simply categorized as
"slow/weak™ and "fast/strong"; instead, they follow a continuous spectrum. This
suggests that within the fast muscle fibers, which make up most of the trunk muscles,
there may be a recruitment pattern that depends on the strength of the movement.

Neuroanatomical studies have shown that the largest motoneurons innervate the
entire area of the fast muscle, from medial to lateral. As motoneuron size decreases,
their innervation tends to be more restricted to the lateral areas of the muscle. This

suggests that there is a graded recruitment pattern in muscles, from the lateral to the



medial side. However, direct analysis of spatial recruitment patterns in fast muscles
has not yet been conducted. In this study, I addressed this question using Ca?* imaging
and electrophysiological techniques in larval zebrafish.

| generated transgenic fish expressing Ca?* indicators in fast muscle to study
muscle activity during different types of movements. | induced three movement types
with varying strengths: escape, turn, and slow swimming. Among these, the angular
velocity of the tail was highest during escape, followed by turn, and then slow
swimming. | conducted Ca?" imaging by observing the left and right fast muscles from
the dorsal side. For analysis, each fast muscle was divided into three sections: lateral,
intermediate, and medial. The fluorescent intensity of each region was then measured
to assess muscle activity. The results revealed distinct patterns of muscle activation
depending on the movement type. During escapes, all regions of the fast muscle were
active. During turns, activity was observed in both the intermediate and lateral regions,
while during slow swimming, only the lateral region was active. Furthermore, within
each region, the level of muscle activity increased in proportion to the strength of the
movement.

While Ca?* imaging allows spatial observation of fast muscle activity from lateral
to medial areas simultaneously, its low temporal resolution prevents analysis of
continuously changing movements. Furthermore, since larval fish do not swim at high
speeds in agarose gels, it is not possible to study their activity patterns during
high-frequency swimming. To overcome this limitation, | performed
electrophysiological analysis of fast muscles during fictive swimming. Larval fish
exhibit a wide range of swimming frequencies that vary continuously during fictive
swimming. To examine spatial patterns of muscle activity, whole-cell patch-clamp
recordings were made simultaneously from two muscle cells located at different depths
(superficial and more medial). The firing rates of each layer were examined to quantify

the results. For each frequency, the firing rate was highest in layer 1, followed by layer



2, layer 3, and layer 4, indicating a hierarchical structure. As the frequency increased,
the firing rates of all muscle layers increased.

| also conducted anatomical studies to examine the size of fast muscle fibers.
Measurements of the cross-sectional area of fast muscle fibers revealed that their size
gradually increased from the lateral to the medial side.

In summary, the present study revealed the existence of a spatially ordered
recruitment pattern among fast muscle cells. Specifically, during weaker or slower
movements, only the lateral portions of fast muscle cells are activated. As movement
speed or strength increases, additional fast muscle cells are progressively recruited
from lateral to medial regions. Furthermore, the spatially ordered recruitment of fast
muscles from lateral to medial is associated with a corresponding increase in muscle
fiber size. These findings provide significant insights into the organization and
function of fast muscles in larval zebrafish, illustrating how spatial recruitment and

fiber size interact to optimize movement performance.
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