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Abstract

Time windows for postnatal changes in morphology
and membrane excitability of genioglossal (GG) and
oculomotor (OCM) motoneurons (MNs) are yet to be
fully described. Analysis of data on brain slices in vitro
of the 2 populations of MNs point to a well-defined
developmental program that progresses with common
age-related changes characterized by: (1) increase of
dendritic surface along with length and reshaping of
dendritic tree complexity; (2) disappearance of gap
junctions early in development; (3) decrease of membrane
passive properties, such as input resistance and time
constant, together with an increase in the number of cells
displaying sag, and modifications in rheobase; (4) action
potential shortening and afterhyperpolarization; and (5)
an increase in gain and maximum firing frequency. These
modifications take place at different time windows for each
motoneuronal population. In GG MNs, active membrane
properties change mainly during the first postnatal week,
passive membrane properties in the second week, and
dendritic increasing length and size in the third week of
development. In OCM MNs, changes in passive membrane
properties and growth of dendritic size take place during
the first postnatal week, while active membrane properties
and rheobase change during the second and third weeks
of development. The sequential order of changes is
inverted between active and passive membrane properties,
and growth in size does not temporally coincide for both
motoneuron populations. These findings are discussed on
the basis of environmental cues related to maturation of
the respiratory and OCM systems.

Key words: Development; Motoneurons; Respiratory
system; Oculomotor system; Neuronal plasticity
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Core tip: For more than 2 decades, numerous studies
have tried to describe time windows of changes of
membrane properties of motoneurons. This review aims
to show what mechanisms are implied in those changes
as well as how they are triggered. Our findings are
focused on genioglossal and oculomotor motoneurons
from birth to adult age. The perspective adopted
is the description of how those changes correlate
with both intrinsic and extrinsic factors. Data in this
review is relevant to understand pathologies related to
development.
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and P21-P30™"**!, A detailed comparison of the results
obtained could provide information on: (1) the existence
of a common maturation sequence in mammalian
MNs; (2) the description of the progression of the phy-
siological and anatomical features to reach an adult
stage; (3) the different strategies and time windows
that are used in the sequence of maturation; and (4) the
causes behind all these phenomena. The identification
of the time windows in which changes of morphological
and electrophysiological properties take place would
make these MNs a suitable model in order to study
the mechanisms and molecules that are involved in
such changes. To understand the existence of time
windows of changes, we must keep in mind that the
adult neuronal phenotype is shaped by a combination
of genetic and epigenetic features®®®. Therefore, some of
the changes that we present could also be a consequence
of internal watches, or changes in trophic factors
and/or synaptic inputs converging on MNs with age, or
probably due to modifications that affect the properties
of target muscle fiber composition™*>?,

INTRODUCTION

For the past 20 years, our lab has carried out research
in order to understand how the anatomical and electro-
physiological properties of MNs may change during
postnatal development. Our studies have included
analyses of rat MNs during their first month of life, from
birth to day 30, when they become young adults. Our
work has focused on respiratory MNs of the hypoglossal
nucleus (genioglossal subpopulation, GG)™*®, as
well as of the oculomotor (OCM) nucleus®*. The
genioglossus is innervated by the ventromedial section
of the hypoglossal nucleus™*. The genioglossus is
responsible for tongue protrusion and is activated
before the diaphragm during respiration in order to
keep the upper airway open!®. MNs within the OCM
nucleus innervate extra-ocular muscles™ and drive eye
movements™" ™, Our studies have incorporated in vitro
techniques with brain slices that can keep the tissue
alive for hours. In these slices, it is possible to perform
intracellular recording techniques and simultaneous
labeling that allow for the morphological analysis of the
cells recorded!*>*7%113200 1n this jn vitro preparation
the ionic setting can be easily controlled while the
neurotransmitters and the drugs are being added to
the extracellular medium®®®**?*?*Qur results reveal
that both pools of MNs undergo important modifications
in their morphological and physiological characteristics
during postnatal development. These changes are likely
to start in embryologic stages and that what we are
showing is the achievement of the typical characteristics
of the adult phenotype®27,

For the purpose of comparison, data from GG and
OCM MNs were grouped in P1-P5, P6-P10, P11-P15,
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DENDRITIC TREES MODIFY THEIR
COMPLEXITY DURING POSTNATAL
DEVELOPMENT

Dendrite morphogenesis involves an active and complex
process of formation, maintenance or elimination of
dendritic branches®*?*”), We have observed that the
number of primary dendrites per MN is approximately
6, for the GG MNs, and 5 in the case of OCM MNs,
numbers that remain unchanged with age™**!. However,
the tree is largely remodeled during development.
Dendritic trees of GG MNs are equally complex at birth
and in the adult age, but they go through a stage of
transient simplification (reduced complexity around
P15)"! during development. The dendritic complexity
observed at birth gradually decreases during the first
ten days in the number of branches per neuron, branch
order, and number of terminal branches per neuron
(Figure 1A-C). The elimination of dendritic branches
(with a complete loss of the 6"-8" order branches) tends
to increase the symmetry of the tree (schematically
represented in Figure 2C). Then dendrites recover at
P21-30 in the adult, exhibiting a similar complexity
level as the one found in the newborn. This pattern of
postnatal maturation in dendritic complexity was also
described for spinal MNs***?!, However, a postnatal
simplification of the dendritic tree may not be a general
principle governing postnatal maturation of MNs, as
proposed by Nufiez-Abades et af”!, A different temporal
pattern of dendritic complexity was later found in OCM
MNs (Figure 1A-C). During the first stage (up to P10),
the number of first order dendrites did not change, but
the number of branches constantly increased as being
observed in the number of branches per neuron, the
branch order and the number of terminals per neuron
(Figure 1A-C). During the second stage, the number of
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Figure 1 Postnatal maturation of morphological properties of motoneurons from genioglossal and oculomotor nuclei. A-C: Changes in dendritic complexity
measured as number of branches per neuron (A), branch order (B) and number of terminals per neuron (C). Note that in GG MNs complexity decreases up to P15 and
then increases, while in OCM MNs there is an increase up to P10 and then decreases. The 2 opposite development strategies lead to the same outcome in the adult
rat when compared with initial values; D and E: Changes in neuronal length measured as combined dendritic length (D) and maximum distance from soma to dendritic
terminal (E). Note in D-E that dendritic length progressively increases for both populations of MNs with the most relevant changes at the late stages of development;
F and H: Changes in neuronal size measured as diameter of primary dendrites (F), somatic surface (G) and total surface area (H). Note that in F and H OCM MNs
grow between P1 and P10, while GG MNs increase mainly between P15 and P30. OCM MNs show a slow growth of the somatic surface along development, while
it is already established at birth in the case of GG MNs. In this figure and the following: (1) the plots illustrate mean values for each parameter and age for OCM (red
circle) and GG (black square) MNs; (2) measures are expressed in mean * standard error; (3) the “a“ indicates statistical significance between two consecutive age
groups; and (4) the “b* represents statistical significance between age group 1 and age group 4. The age groups 1, 2, 3 and 4 correspond to P1-P5, P6-P10, P11-P15
and P21-P30, respectively. The data from GG®" and OCM™" come from previous studies. MNs: Motoneurons; GG: Genioglossal; OCM: Oculomotor.
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Figure 2 Summary of the main morphological changes of motoneurons from genioglossal and oculomotor nuclei. A: Photomicrographs of representative
GG MNs injected intracellularly with Lucifer yellow in a newborn (left image) and juvenile adult rat (right image). Note the presence of coupling between neonatal
MNs. Only one cell was injected, however 3-4 are labeled; B: Changes in nucleus size and dendritic arborization orientation of MNs during postnatal development. It
is remarkable that dendrites in the younger MNs are restricted to the nucleus boundaires, whereas the 2 oldest groups show some portions of dendrites outside those
limits, preferably in the ventrolateral axis. The outer line indicates the boundary of the nuclei, and the inner line shows the limits of the GG nucleus; C: Dendrograms
for a representative dendrite for each age group of GG (left) and OCM (right) MNs. Note the growth in length for both groups of MNs and the changes in dendrite
architecture that take place during development. The data from GG™® and OCM™" come from previous studies. MNs: Motoneurons; GG: Genioglossal; OCM:
Oculomotor.

branches went down to newborn values'!. The results DENDRITES ELONGATE DURING

described above may indicate that there is not a single

maturational pattern of dendritic complexity in MNs. POSTNATAL DEVELOPMENT

However, the observed changes in dendritic complexity ~ The enlargement of dendrites during postnatal develop-
may underlie a strategy that allows for dendritic ment is a common characteristic for every pool of
elongation, as reported by Cameron et a/*®. MNs studied, including brainstem and spinal MNs of
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different species™'***?, In GG MNs, dendritic combined
length is maintained from birth to day 15 (Figure 1D)
and they show an evident tendency to increase in
maximum dendritic length (Figure 1E). Later, between
P15 and P21-30, this proliferation of branches, that
occurs in the intermediate parts of terminal branches™,
significantly augment the combination of dendritic
length and maximal distance (Figure 1D and E). In
accordance with that data, sholl diagrams evidence
how adult MNs exhibit dendrites about two-fold larger
than those stated around P10 in OCM nucleus MN™Y, In
OCM MNs, therefore, dendritic elongation takes place
between P10 and P21-30, in maximal dendritic distance
(Figures 1E and 2C), and gradually from birth to P21-30
in dendritic combined length (Figures 1F and 2C). An
interesting aspect is to know whether neurons elongate
in preferential directions to establish the adult territories.

The lengthening of neonatal mouse lumbar MNs
during the first 2 week after birth can be compared with the
growth of the spinal cord™”. However, the remarkable
growth in length of GG and OCM dendrites is bigger
than the size the nuclei increase. Then, dendrites can
be found outside the boundaries of the GG and OCM
nuclei in adult MNs in a area larger and in a higher
percentage than those for newborn MNs (Figure 2B).
Studies carried out on adult rat hypoglossal MNs™*
indicate the existence of extranuclear dendrites that
are distributed along four separate areas, including
the nucleus of tractus solitaries, the nucleus raphe
obscurus, the medullary reticular formation, and the
contralateral hypoglossal nucleus. We have found that
these dendritic domains are not established at birth but
rather their proliferation shows up during development™..
Two and three-dimensional analyses showed a new
tree configuration for GG MNs from birth up to days 5-6
consisting of the resorption of dendrites in the medial,
dorsal, and dorsomedial directions (Figure 2B). Dendrite
growth expands in all directions between days 13-15
and 19-30, but with a greater increase in the medial
and lateral sectors (Figure 2B), and dendrites are now
placed outside the nucleus, mostly oriented towards
the dorsolateral and ventrolateral regions, particularly
in the adult age. As described for the GG nucleus,
dendrites of OCM MNs of adult rats extend outside the
nucleus in a larger area and in a higher percentage than
those found in newborn MNs (Figure 2B). Dendrites in
the transverse section for P11-P15 and adult MNs, are
mainly oriented outside the nucleus in the dorsal and
ventrolateral directions.

An interesting question that arises is how dendritic
fields and the boundaries of dendritic fields are estab-
lished®®***), We must bear in mind that dendrites of
the GG and OCM MNs remain inside the boundaries
of their nuclei from birth to P10 (Figure 2B) with clear
signs of dendritic retractions that keep them inside
the nuclei displaying a round-shaped distribution. It
is known that the repulsive dendro-dendritic contacts
determine the basis of contact-mediated inhibition of
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dendritic growth™®!. Then, our findings might suggest
that those dendro-dendritic interactions also constitute
a regulation element for GG and OCM MNs in the first
10 d of life. Another question is how the direction of
dendrite out-growth is determined. A large number
of transcription factors regulate various aspects of
dendrite development®***!, However, the way in which
they regulate the size and the pattern of dendritic fields
in order to produce the MN identity is not yet fully
understood™” "), Furthermore, local signals activate
processes of arborization and elongation of the growth
cones that are located in the terminal branches of
the dendritic trees®®*****¥, Extrinsic signals, such as
neurotrophins, and neuronal activity seem to induce
dendrite development modifying the organization and
dynamics of the cytoskeleton®*****"1, We have found
that GG and OCM MNs show a differential enlargement
of dendrites in some orientations from P10 to P21.
Then, it can be proposed that dendrites in GG and OCM
MNs respond unevenly to extracellular cues, suggesting
that they are asymmetrically distributed in different
dendrites. Furthermore, the observed dendritic growth
in particular time windows may be related to the arrival
of new synaptic inputs®. In GG MNs, dendrites that
extend dorsolaterally into the tractus solitaries between
P15-P30 may synaptically connect from peripheral
respiratory receptors®™® that are important to induce
hypoglossal reflexes (i.e., swallowing)®®!. Dendrites
extending laterally could be targeted by trigeminal
afferents that are related with coordination of the tongue
and jaw™®”, and dendrites orientated ventrally could be
the target of innervation from nucleus raphe obscurus,
related to state-dependent activity (e.g., sleep/wake,
rest/exercise)’®! and mediating CO2 chemosensitivity®*
or from excitatory and inhibitory respiratory premotor
neurons®*®*®, The ventrally oriented dendrites in OCM
MNs in P15-P30 would display a location closer to the
medial longitudinal fasciculus. These vestibular afferents
elicit eye movements at around P217°"4, In addition,
the elongation and simplification of dentritic trees with
postnatal development may underlie the stratification of
different synaptic inputs”?. and, in OCM MNs, they may
provide a means for the separate control of visuomotor
and vestibular functions”?..

POSTNATAL DENDRITIC RESHAPING
GOES ALONG WITH GAP JUNCTION

WITHDRAWAL

Gap junctions couple MNs at the embryonic and the
early postnatal periods. This coupling is present in
newborn GG MNs up to 8 d after birth as demonstrated
by intracellular injection with Lucyfer yellow (Figure
2A)P. A similar finding was found in OCM MNs™!, The
loss of electronic coupling in MNs with age is allows for
the acquisition of individual motor units”*. While present
in early postnatal stages, gap junctions contribute to
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synchronous firing” and, likewise they could help to
synchronize collective discharge in GG MNs. This has
the immediate effect of producing a strong and uniform
tongue protusion that is required in important motor
tasks (such as sucking, breathing, and swallowing) from
the moment the animal is born®. However, it is not
easy to extend this hypothesis to ocular MNs, since the
latter are only ready in P21. This is the precise moment
when eye movements are performed as a result of the
visual and vestibular stimuli”®”". Another hypothesis
is that this early coupling before P11 helps to establish
the necessary “prewiring” for the progressive formation
of neural circuits”®. When gap junctions are removed
the polyneuronal innervation of muscle fibers is also
eliminated in a process that seems to be under the
control of trophic factors””’®, In fact, the timing for that
disappearance may be disrupted when the muscle is
paralized in the neonatal rat, demonstrating that trophic
factors arising from the target muscle are needed to
maintain gap junctions in MNs”?!. Thus we propose
that coupling in GG and OCM MNs is removed when
polyneuronal innervation has also disappeared in the
muscles that they innervate, and when prewiring of
neuronal circuits on those MNs has been established.

POSTNATAL INCREASE IN SIZE IS NOT
A CONTINUOUS PROCESS

Somatic and dendritic neuronal size is not established
at birth®®. In a pioneer study, researchers found that
the growth in membrane surface area of developing
spinal MNs of the cat can be considered a continuous
process®*®!1, However, our investigations of phrenic MNs
in the cat®, as well as in GG MNs of the rat'”’ disagree
with that hypothesis. In fact, GG MNs (from birth to
P15) were characterized by a lack of growth in dendritic
diameter and dendritic surface area (Figure 1F-H). In this
time window, maturation results in more surface area
being placed at distances farther away from soma by the
redistribution of the preexisting membrane (Figure 2C)"\.
Later, beyond day P15, the dendritic surface area doubles
because of the generation of new terminal branches
and the increase in dendritic diameter at all branch
orders (especially significant was the increase in the 1%
order diameter, see Figure 1F). Growth in diameter in
cat spinal MNs has also been reported to occur late in
development™**!, However, an earlier time window for
growth in dendritic size was found in OCM MNs. In these
MNs, dendrites increase exponentially until around P10
(Figure 1F-H)M™!. In this period, the membrane area
of dendritic trees increases by a greater arborization.
Later (beyond P10), maturation produces a greater
area farther away from the soma, by the use of the pre-
existing membrane, but at the expense of lowering the
complexity of the dendritic arborization (Figure 2D).
Despite growth observed in somal dimensions in OCM
MNs measured postnatally (Figure 1G)"*Y, the dendritic
to somal surface area ratio increases postnatally in GG
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and OCM MNs, as concluded for other similar studies on
developing spinal MNs®***#Y, In general, it seems that
there is more dendritic surface area available for afferent
synapses in developing MNs than in newborn MNs.

A DECREASE IN TIME CONSTANT AND
INPUT RESISTANCE CHARACTERIZES
DEVELOPMENT

In Figure 3A we illustrate that the same current amplitude
evokes a larger hyperpolarization in the youngest MN,
which implies a larger input resistance when compared
with the adult. Input resistance was about 50% less in
GG motoneurons and about 25% less in OCM MNs (Figure
3B and C)™. This reduction is common to different pools
of MNs®®, Figure 3C depicts how the drop in resistance
for GG MNs happens in a narrow time window between
P10-P15, while the same drop takes place between
P5-P10 in the case of OCM MNs.

As seen in Figure 3A, in newborn GG MNs (and
also in OCM MNs, not shown), the voltage response to
current negative pulses approaches a steady-state level
exponentially. Furthermore, the relationship between
current negative pulses and voltage response is almost
linear (Figure 3B). As a response to negative current
steps, adult GG MNs present a membrane potential
rectification that is characterized by a depolarizing drift
or “sag” (Figure 3A)". This physiological phenomenon
has also been reported in other motoneuronal pools®*¢-8,
The frequency of sag increases ten times gradually in
GG and OCM MNs, without the appearance of a clear
time window for changes'*'”. An inward rectification
current (Ih) is believed to be underlying this sag. This
current is largely carried by sodium ions and can be
blocked by extracellular cesium™®” and may participate
in the postinhibitory rebound seen in the adult MN as
illustrated in Figure 3A. The increasing frequency of
sag with age is paralell to a bigger density of channels
carrying Th current (Figure 4)*°.. Although Ih current is
half-active at rest, as demonstrated by voltage-clamp
experiments®*®? it is unlikely that this conductance
underlie the decrease in input resistance during develop-
ment!*4,

If we accept that specific membrane capacitance
stays unchanged during development, the decrease in
time constant in MNs would be a consequence of the
reduction in the specific membrane resistance®!. In
Figure 3D, we illustrate how the time constant in GG
and OCM MNs falls around 40% and 30%, respectively,
in the time window found for the decrease in input
resistance. This coincidence in time framing points to
one mechanism that can explain both phenomena: A
decrease in specific membrane resistance. In summary,
the decrease in time constant, input resistance, and
probably specific membrane resistance must be
genetically programmed during postnatal development
for all MNs, and it is even observable in MNs in culture™.
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Figure 3 Postnatal maturation of passive membrane properties of motoneurons from genioglossal and oculomotor nuclei. A: Voltage membrane response
for one representative GG neonatal MN and one representative adult MN to negative current pulses of 0.8 nA. As shown, the same current amplitude of current
evokes a larger hyperpolarization in the youngest MN. Also note the presence of sag (see arrow) and postinhibitory rebound (asterisk) in the adult MN but not in the
neonatal one; B: Relationship between current intensity and voltage response in neonatal and adult MNs: Neonatal OCM MN (filled red circle); adult OCM MN (open
red circle); neonatal GG MN (filled black square); adult GG MN (open black square). The slope of the relationship determines input resistance. Note that, for both
populations of MNs, input resistance decreases with development although this decrement is bigger for GG MNs; C-F: Plots illustrating changes on input resistance
(C), time constant (D), rheobase (E) and voltage depolarization (F) during postnatal development for GG and OCM MNs. Input resistance and time constant decrease
during development in both populations, while rheobase increases in GG MNs and decreases in OCM MNs. The "a" indicates statistical significance between two
consecutive age groups; and the "b" represents statistical significance between age group 1 and age group 4. The age groups 1,2,3 and 4 correspond to P1-P5,
P6-P10, P11-P15 and P21-P30, respectively. The data from GG* and OCM™ come from previous studies. MNs: Motoneurons; GG: Genioglossal; OCM: Oculomotor.

However, the differential time window of changes in
passive membrane properties for each population of
MNs would lead to the conclusion that extrinsic factors
trigger the onset of the change, revealing that each

The drop in specific membrane resistance within
postnatal development could be attributed to a larger
membrane surface®. Our data demonstrate a significant
correlation between total membrane surface and

population might be specialized depending on their
function.
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input resistance in newborn and in adult OCM MNs!*?,
However, when we combine neonatal and adult MNs
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Figure 4 Hypothesis of mechanisms underlying input resistance and rheobase modifications during development. Schematic drawings illustrating proposed
differences in ion channels (number, type and distribution) and axon initial segment (length and proximity to soma), between neonatal (A) and adult (B) MNs. Note
that, in the adult MN, the axon initial segment is represented larger and closer to soma. Besides, in the neonatal MN, leak potassium channels are located more distal
to the soma and in a less number. Hyperpolarization-activated cationic channels responsible to the sag are only present in the adult MN, with a high number of non-
specific cationic channels responsible for the persistent calcium and sodium currents. MNs: Motoneurons.

in a single group, size and input resistance do not
correlate well®**, This disagreement could be explained
by the fact that changes in input resistance and size are
not linked, as demonstrated in spinal MNs“.,

The proliferation of tonically active synaptic inputs
was used to analyze the postnatal decrease in the
passive membrane properties in rat GG MNs. Both
hypoglossal and OCM MNs may be receiving GABA,
glycine, and glutamatergic synaptic inputs that may
be tonically active!”?*°***], Then, developmental
alterations in the number or kinetics of the neuro-
transmitter receptors may produce some of the electro-
physiological observable changes™®®”. The role of the
synaptic input was evaluated by the selective blockage
of neurotransmitter release associated with action
potentials, calcium-dependent and calcium-independent
release in developing GG MNs™. From these experiments
we concluded that: (1) synaptic input contributes to
the resting conductance of the MN membrane under
development; (2) the role that glycine/GABAA receptors
may play to determine resistance becomes dominant
in the adult, suggesting a proliferation of inhibitory
synaptic inputs with age; and (3) the proliferation
of synaptic inputs is not enough to explain the large
decrease in input resistance occurring between days
P10 and P15 in developing GG MNs. In OCM MNs, it
seems that GABA, but not glutamate, may contribute to
membrane resistance in juvenile rats’”**Y. On the other
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hand, noradrenergic and serotoninergic modulation in
hypoglossal MNs has also been associated with significant
changes in neuronal input resistance*®,

Second, we have studied whether a possible
proliferation of K* channels during postnatal development
could be the reason for the decrease in input resistance
in GG MNs between P10-P15™), The addition of a
potassium channel blocker, tetraethylammonium, to the
extracellular medium in the presence of high magnesium
largely increases both input resistance and time constant,
indicating a major role for K* channels that are not related
to synaptic transmission. More drastic changes occur when
external barium is applied, known to be able to block
the “leak” K" channel®®. An additional manipulation of
K* channels was obtained by the intracellular injection of
cesium™. Thus, from these experiments it was concluded
that cells with a low resistance have a greater number of
cesium- and barium-sensitive channels than cells with a
high resistance. Then, the current hypothesis (Figure 4)
suggests that the main factor to explain the fall in passive
membrane properties is probably an increase in the
expression of a leak K" current over development, that
is partly mediated by TASK-1 and TASK-1/3 heteromeric
channels™®*®, between P10-P15 in GG that can be
extended to OCM MNs!"*?. Furthermore, both anatomical
evidence®” and the data obtained with a model for
sympathetic neurons™® applied to GG MNs""! support a
differential distribution of leak K* channels in dendrites. We
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propose that the potassium conductances more distally
located at birth are probably uniformly redistributed across
the adult MN membrane (Figure 4)™",

CHANGES IN SPECIFIC MEMBRANE
RESISTANCE WOULD LEAD TO
PHYSIOLOGICAL ALTERATIONS IN
MOTONEURON EXCITABILITY DURING
POSTNATAL DEVELOPMENT

The minimum injected current required to elicit an action
potential (rheobase) is a measure of cell excitability™.
Considering that the amount of depolarization required
to reach threshold in GG MNs does not change with
age (Figure 3F), the 2 times increase found in rheobase
during postnatal development in these MNs must be the
result of a decrease in specific resistance (Figure 3E).
Supporting this conclusion is the fact that the increase
in rheobase happens in a time window identical to the
one shown by the decrease of the input resistance. This
finding suggests that the membrane of the GG MNs
behave as an ohmic membrane. By contrast, in OCM
MNs, we found a gradual decrease in the rheobase with
age (Figure 3E)™ as found in cortical pyramidal cells with
age!®, These results may suggest that the postnatal
development in rheobase depends on the population
of MNs. In OCM MNs, the decrease in the rheobase
(Figure 3E) goes along a decrease in the depolarization
voltage needed to reach threshold (Figure 3F). Thus, in
these MNs, the excitability within the nucleus increases
in spite of the lower membrane resistance’. The drop
of the voltage threshold with age in OCM nucleus MNs
could motivated by an increase in long lasting Ca**
currents and persistent Na* conductance. These inward
currents, which are activated at the subthreshold
level, may produce excitation and be implied in MN
recruitment!®>*%), Several studies report about these
conductances in brainstem and spinal MNs[®*88110111]
If these currents actually increase during postnatal
maturation™?, thus influencing spike threshold, they
might explain the decreased depolarization voltage in
adult OCM nucleus MNs. We propose that these currents
are increased gradually during postnatal maturation
(Figure 4), but their influence on action potential generation
differs between the two pools. Different explanations
could be given to explain the diminution of voltage
threshold at postnatal age in OCM MNs. For instance,
new findings have shown plasticity in the axonal initial
segment that influences cell excitability!**’. A possible
hypothesis is how synaptic deprivation or chronic
depolarization can modify the location and extent of this
spike triggering zone!*****®!, The enlargement of the axon
initial segment, which goes along bigger voltage-gated
sodium currents, decreases both the current and voltage
threshold to trigger action potential™®. The same can be
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proposed in OCM MNs during development (Figure 4).
Extended studies on the modifications in ionic currents
(voltage gated sodium current, persistent inward current,
etc.) and in the axon initial segment should provide
further insight to interpret the physiological bases of
changes in the rheobase and voltage threshold during
development. We have demonstrated that an active
membrane property, namely voltage threshold, not
associated with cell size - input resistance, is the one that
determines the recruitment order of MNs during postnatal
development™. Furthermore, we have also reported that
voltage threshold is modulated by acetylcholine in OCM
MNs™ and this modulation is enhanced with age™.

CHANGES IN ACTION POTENTIAL

PROPERTIES WITH AGE

GG and OCM MNs undergo several changes in their
action potential properties, and the subsequent medium
afterhyperpolarization (mAHP), during the first 3 wk of
life (Figure 5A-D). The first week is characterized by a
decrease in the duration of the action potential and the
mAHP in developing GG MNs. Even though no change
can be observed in the resting membrane potential
or action potential height during development, the
action potential is shortened as a result of more rapid
depolarization and repolarization stages. Duration of the
action potential and mAHP in OCM MNs also diminishes
half in time between the newborn and the adult ages,
but these changes take place gradually, and more slowly
than in the GG MNs, between the first two weeks (duration
of the action potential) and the three weeks (mAHP) of
development. One possible mechanism for the changes
observed in action potential width is the increase in
channel density or alternatively a more synchronized
opening of voltage-gated Na* channels and delayed
rectifier K* channels underlying action potentials™*’*?4,
Both mechanisms are proposed in Figure 5E to explain
postnatal alterations in action potentials with age.
The increase in channel density!**”! may also be a
consequence of the previously described changes in
the axon initial segment length™® with development.
Considering that firing rate mainly depends on mAHP
duration*?*#! 3 comparison of the mAHP data between
the two pools is appropriate since it would produce a
higher discharge rate in the adult cells. In Figure 5E, we
also propose that a decrement in voltage-activated Ca®*
conductance with age, underlying the action potential
afterdepolarization, could also be responsible of the
decay in mAHP duration with development. This stage is
known to depend on a Ca**-dependent K* current®*?4,
A similar interpretation may be proposed to understand
the behavior of other brainstem and spinal MNs®**®,
The shortening of the mAHP is more evident in OCM
(approximately 100%) than in GG MNs (approximately
25%) (Figure 5D)*'? as a consequence of a longer time

December 28, 2015 | Volume 5 | Issue4 |



Carrascal L et a/. Time windows for postnatal changes

A Neonatal MN Adult MN B Neonatal MN Adult MN

190 ms

P S E—— ]
2 ms
100 ms
C 230 e Oculomotor MN D 220 r
= Genioglossal MN #Oculomotor MN
2.25 200 = Genioglossal MN
_ 2.00 - g 180
£ c
=z 1.75 .% 160 L
& 3
S 150 s 140 -
N T
% g
< 125 120 L
1.00 + 100 +
0.75 ‘ ‘ ! ‘ 80 w | ! ap
Age group Age group

X

Neonatal MN Adult MN

4
I

‘;

! ©_ Maturation

P

Caz*/ )

2+

% —

\@ Voltage-gated Na* channel v Voltage-gated K* channel Voltage-gated Ca** channel

Figure 5 Postnatal maturation of action potential characteristics of motoneurons from genioglossal and oculomotor nuclei. A and B: Recordings illustrating
a representative action potential from one neonatal and one adult MN, at two different time scales, emphasizing the duration of the action potential (A) and the
duration of the medium afterhyperpolarization phase of the action potential (B). Note the shortening in both phases during development. Also remarkable the presence
of afterdepolarization phase in the adult MN (see asterisk); C and D: Plots illustrating the changes on action potential duration (C), and medium afterhyperpolarization
phase duration (D) during postnatal development for GG and OCM MNs. Both populations show a decrease in these parameters. However it should be noted that, in
GG MNs, changes in the afterhyperpolarization phase cease to decrease at the second postnatal week and, in the OCM MNs, this decrease is bigger and continuous
up to P30; E: Schematic drawing illustrating proposed differences in ion channels (number and kinetics) underlying action potentials between neonatal and adult
MNs. Note, for the adult MN, a higher number of potassium and sodium voltage gated channels and larger conductances (thick arrows) when compared with the
neonatal MN. We also proposed the existence of less voltage gated calcium channels with lower conductances (thin arrows) for the adult MNs. The "a" indicates
statistical significance between two consecutive age groups; and the "b" represents statistical significance between age group 1 and age group 4. The age groups
1,2,3 and 4 correspond to P1-P5, P6-P10, P11-P15 and P21-P30, respectively. The data from GG and OCM"™ come from previous studies. MNs: Motoneurons; GG:
Genioglossal; OCM: Oculomotor.

window of changes (Figure 5D). Then, the decrement be stronger in OCM MNs, since those conductances are
in voltage-activated Ca®* conductance with age must lower in adult OCM than in hypoglossal MNs™,
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TIME-DEPENDENT CHANGES IN FIRING
PROPERTIES: FIRING FREQUENCY, GAIN

AND MAXIMUM FREQUENCY

At birth, all GG MNs display an adapting discharge
pattern (Figure 6A). Later, after the first week, adapting
firing pattern is converted to a non-adapting firing
(phasic-tonic pattern, Figure 6A). It is possible that the
progressive decrease in the duration of the mAHP found
in these train discharges is the result of the progressive
activation of a Ca®*-mediated K* conductance!™*® because
processes of Ca®* sequestration and extrusion'? are
not well developed in MNs at birth, allowing for an
increase in the concentration of intracellular Ca®* with
each successive spike. By contrast, and regardless the
age group, all OCM MNs repetitively discharge with a
phasic-tonic pattern to sustained depolarizing currents.
Therefore, the firing pattern is already established at
birth in this population™.

In Figure 6B, firing frequency gain was obtained from
the slope of the F/I plot in four representative neurons
(two of each MN pool). 1t is evident from the figure that
gains are higher in adult than in newborn MNs in both
nudlei (Figure 6C)“**®. GG MNs share with OCM MNs!**“!
and spinal MNs'®! a tendency to increase the firing
rate with postnatal development. The main difference
between the two populations is that the increase in
gain extends to P15 in GG MNs but continues up to
P30 in OCM MNs, resulting in a higher discharge rate
in adult OCM MNs when compared with adult GG MNs
(Figure 6C). The balance between tonic inward currents
and the outward currents has been suggested to be a
major determinant of the F-I relationship'?"*>25131],
Physiological mechanisms that may underlie the trend
toward higher discharge frequencies during postnatal
development include an increase in the hyperpolarizing-
activated mixed-cationic currents®”: a rise in both
persistent sodium conductance and long-lasting calcium
current®107:109111. 5 decrease in the low-voltage-
activated calcium currents®’; and a reduction of A-type
potassium current®®. Neurotransmitter and trophic
factors may be controlling most of these conductances
and those underlying the mAHP24122132-135],

Figure 6D illustrates changes of maximum frequency
with age. Neonatal GG and OCM MNs have lower
maximum firing frequency than the one found in the
adult. Furthermore, increase in the maximum firing rate
takes place between P16-P30 in OCM MNs, whereas in
GG MNs the rise continues up to the adult stage'®. An
explanation for a higher frequency during development
is @ more rapid activation of the delay rectifier or a
shorter inactivation stage of the voltage-gated Na*
channels™®, Furthermore, the maximum frequency of
adult OCM MNs overcomes that of the newborn three
times, while the increase in GG discharge is less than
twice (Figure 3B). Then, we suggest that extraocular
MNs develop a higher pattern of discharge to achieve
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their function of producing faster contraction times
of the extraocular muscles when compared with the
genioglossus and other skeletal muscles!***®,

TIME WINDOWS OF CHANGES IN
MEMBRANE PROPERTIES

A time window exists when a brain circuit that subserves
a given function is specifically receptive to acquiring
certain kinds of information, or when the circuit needs
a signal for their normal development'®®. Changes in
morphological and electrophysiological properties of
the membrane can, for simplification purposes, be
distributed in 3 distinct time windows, i.e., the first,
second and third-fourth weeks of life (Figure 7). We first
describe changes in GG MNs (left of the Figure 7) and
then changes in OCM MNs (right of the Figure 7).

In GG MNs the dendritic tree is simplified and gap
junctions disappear during the first postnatal week,
while the membrane surface is maintained. The action
potential and the hyperpolarization stage diminish. The
firing pattern becomes phasic-tonic. During the second
week, the dendritic tree completes its simplification
by augmenting its dendritic length. Also, membrane
resistance and time constant decrease and there exists
a compensatory change in the rheobase. During the
third postnatal week, the dendritic complexity increases
until reaching values found at birth. This increase was
produced by the formation of new dendritic branches,
as a consequence of the enlarging diameter of primary
dendrites and the total dendritic surface. This dendritic
re-organization was elaborated, in an asymmetrical way,
on some axes mainly (i.e., the ventrolateral axis) and
it produces an increase of the dendritic length. During
this third week, firing frequency gain and maximum
frequency reach a significant increase that had slowly
started at birth.

For the OCM MNs, the first postnatal week is charac-
terized by an increase of the dendritic surface which
shows larger dendritic complexity. At the same time, we
can observe changes in the membrane passive properties
(input resistance and time constant). During the second
week, this dendritic complexity gets simplified to values
found at birth, the dendritic length increases by the use
of the pre-existent membrane, and the action potential
diminishes in duration. The simplification and elongation
of the dendritic trees is completed during the third
postnatal week, and dendrites grow in length, preferably
along some spatial axes in order to achieve the dendritic
spatial pattern typical of the adult population. Also during
the third week, the membrane active properties change:
(1) the decrease in duration of mMAHP and rheobase (due
to a drop in the voltage threshold) are completed; (2)
the increase of firing frequency gain started at birth is
concluded; and (3) there is an increase of the maximum
frequency.
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Figure 6 Postnatal maturation of repetitive firing properties of motoneurons from genioglossal and oculomotor nuclei. A: Instantaneous firing frequency
evoked by depolarizing current stimulus of 0.3 nA for a representative MN from the GG nucleus. Only the neonatal MN shows an adapting firing pattern while the
adult MN shows a phasic-tonic pattern; B: Relationship between current (1) and firing (F) for a representative neonatal MN (filled red circle) and an adult OCM MN
(open red circle); and for a representative neonatal MN (filled black square) and an adult MN (open black square). The slope of the I-F relationship is the gain; C, D:
Plots illustrating the changes on gain (C) and maximum firing frequency (D) during postnatal development for GG and OCM MNs. Note that gain and maximun firing
frequency increase with age, although these increments are larger for OCM MNs. The "a" indicates statistical significance between two consecutive age groups; and
the "b" represents statistical significance between age group 1 and age group 4. The age groups 1,2,3 and 4 correspond to P1-P5, P6-P10, P11-P15 and P21-P30,
respectively. The data from GG and OCM" come from previous studies. MNs: Motoneurons; GG: Genioglossal; OCM: Oculomotor.

fact that the tongue is present in various motor tasks,

TIME WINDOWS IN THE CONTEXT OF including suckling, swallowing and respiration necessary

DEVELOPMENT OF THE RESPIRATORY for the animal from the moment they are born, while
houl k 21.
AND OCM SYSTEMS the extraocular muscles should be ready to work at P21

For example, breathing, which is genetically determined
Time windows for changes in membrane properties to work at birth, is the result of a well-defined develop-
of MNs are probably determined by extrinsic signals mental program™*. This difference in muscle functions
(synaptic inputs and growth factors) related to the could explain the distinct temporal sequences of changes
circuits in which they participate. The brain-derived between the two populations of motoneurons studied
neurotrophic factor, when acting through its high-affinity here. The shortening in action potential duration and
receptor TrkB, has intensively been studied in brainstem mAHP occurs in GG MNs during the first week™, while the
neurons during development because of its growth- same appears at P15-P20 in OCM MNs™. Furthermore,
promoting and trophic effects, including those involved the maximum firing discharge is reached after the third
in respiratory control and normal breathing®®*3, postnatal week in both populations but its increase is
It it known that the loss of specific trophic signaling much more localized for OCM MNs in the third week™'?.
modifies the development of different subpopulations of Although the evidence is not clear, we could assume
motoneurons in heterogeneous way™”. Thus, the lack that the earliest shortening of the action potential and

of cardiotrophin-1""**?! or IGF-1 significantly reduces mAHP in GG MNs correlates with tongue functions that
the number of brainstem motoneurons™*. GG and OCM become mature just after birth. The slower frequency
MNs are brainstem motoneurons that innervate tongue of discharge found in newborn MNs is appropriately
and extraocular muscles, respectively. One of the main matched to the slower contraction times found in

functional differences between the two muscles lies in the neonatal skeletal muscles'™'****', The matching of MN
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Figure 7 Summary of changes during postnatal periods for genioglossal (black) and oculomotor (red) motoneuron. MNs: Motoneurons.

and muscle properties during postnatal development
has been previously described™®'*"1, As the speed of
respiratory muscle contraction increases with age, the
adapting firing pattern is converted to a non-adapting
one. This conversion to a faster, non-adapting firing
(phasic-tonic pattern) may be required to sustain a fused
tetanus of the muscular contraction. Modifications in the
maximum firing rate in GG MNs late in development may
enable more refined motor functions, and also allow for
other tasks including mastication, sneezing, coughing,
emesis and “vocalization%*4],

The changes described in the reshaping of the
dendritic tree and passive membrane properties of GG
motoneurons must be understood in the context of the
development of respiration in the rat in the first 3-4
weeks of life*®!, Respiratory frequencies are characterized
by a constant increase with age that reaches peak values
at P13 and declines onwards until P21. During the first
postnatal week, the absolute tidal volume adopts relative
plateau shape, followed by a constant rise until P21
denoting the achievement of more mature, deeper, and
slower breaths. Furthermore, the second week after birth
shows a highly plastic and narrow window of respiratory
maturation. This time window is a period in which the
neuronal circuits that subserve respiratory control are
structurally and/or functionally shaped™”. These time
windows in GG MNs coincide with the decrease in
resistance™, and also with a critical period in the rat
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(around P12-13) when a functional transient imbalance
between excitation and inhibition is found. This imbalance
is characterized by a decrease in the amplitude and
frequency of excitatory postsynaptic current and an
increase in the amplitude and frequency of inhibitory
postsynaptic currents®®® as a result of a transient reduced
expression of brain-derived neurotrophic factor and TrKB
expression®, Concurrently with the abrupt fall in brain-
derived neurotrophic factor at P12-13, the expression
of excitatory neurochemicals (glutamate and NMDA
receptor subunit 1) is drastically reduced, whereas that of
inhibitory neurochemicals (GABAs, GABAs receptors and
glycine receptors) is significantly enhanced in hypoglossal
MNs and in other respiratory-related nuclei'**. Then,
a proliferation of excitatory synaptic inputs must take
place later on in order to compensate for the decrease in
input resistance and the decrease of excitation to reach
threshold. That proliferation of synaptic inputs may be
coincident with the increase in surface area that GG MNs
exhibit during the third postnatal week™, In addition,
the lowest values in rheobase are found in GG nuclei
at birth™, and have been understood to ensure the
recruitment of most MNs so that suckling movements
can be executed, a critical motor task after birth™®. Also
for GG MNs, we propose that voltage-gated K™ channels
undergo an increase in number and kinetics during
development, and they may be critical determining firing
frequency and maximum frequency. The modulation of
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these K" channels causes genioglossus inhibition due to
postsynaptic inhibition of GG MNs in rapid eye movement
sleep!****? which in turn produces periods of upper
airway motor suppression, atonia of the GG muscle,
hypoventilation and obstructive apneas. Patency of the
upper airway (i.e., tone of the genioglossus muscle)
is essential to maintain ventilatory processes during
wakefulness as well as nonrapid eye movement (NREM)
and rapid eye movement (REM) sleep™?. Then, defects
in maturation patterns in GG MNs may contribute to the
development of sleep apnea and other cranial motor
disorders including Rett syndrome, and sudden infant
death syndrome!*****%,

OCM MNs drive eye movements following vestibular
and visual sensory signalst**. MN excitability, synaptic
circuitry and extraocular muscles mature together.
However, to establish that the maturation of OCM MNs is
driven by a change in both their afferents and extraocular
muscles is still to be proved. We may, however, accept
that the early developmental processes go along in OCM
MNs, vestibular and visual signals and the extraocular
muscles they innervate. For example, rodent extraocular
muscles are very immature when they are born™* and
their muscle fibers contain supernumerary motor nerve
terminals™®. Maturation in rats has been proven to be
ready one week after birth in all vestibular components:
the vestibular organ, hair cell sensitivity, and the circuitry
that transmits the signal to the vestibular nucleus!*”.
Likewise, the circuitry that transmits the signal from
the vestibular nuclei to the ocular MNs is ready before
P10™7"*, On the other hand, visual deprivation or lesion
to hair cells cause maldevelopment of the extraocular
muscles!®*®*" and impairment in the vestibulo-ocular
reflex!*®?l. Should visual sensory signals participate
in the development of OCM MNs, it would have to be
after P12, when the eyelids open. In addition, rodents
present eye movements that are evoked by visual and
vestibular stimuli from about P21 onwards, although
the precision of these reflexes augments later on to
achieve clear vision during self-motion””®”*, Therefore,
the maturation of distinct pathways that drive optokinetic
and vestibulo-ocular reflexes, including the cerebellar-
dependent mechanisms, is ready in the first 3-4 weeks
after birth”®. OCM MNs grow and lower their input
resistance with age®®*"*), We have found that passive
membrane properties mature shortly after birth (P1-P5),
while changes in active properties require a longer
time scale™. Similar findings have been described for
vestibular neurons!*®® with the conclusion that changes
in membrane properties with development happen
to enable mature firing properties when required by
the proper optokinetic response. The same may apply
to the OCM MNs. Eyelids open at about P12 and eye
movements evoked by visual and vestibular stimuli
occur after the third week after birth”®, when MNs
finally present adult firing properties™®*", Visual synaptic
inputs to MNs may determine recruitment threshold**",
In accordance with this last finding, the decrease in
rheobase with age in OCM MNs would guarantee the
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recruitment of most of these cells after P21, in order to
lead to eye movements®., With postnatal development,
the most active MNs have competitive advantages in
muscle synaptic refinement*®. Extraocular MNs generate
burst-tonic activity that enables rapid shifts (saccades)
and fixation of the eye orbit!”*?. Furthermore, muscle
derived factors (neurotrophins) are important to ensure
neuronal survival during maturation and their range of
actions support the phasic and tonic activities of MNs in
conducting eye movement™*. We conclude that lower
rheobase and higher maximum frequency of OCM MNs
would be needed in the third week of development to
generate faster contraction times, shifts (saccades) and
fixation of the orbit of the eye!*”*¥,

CONCLUSION

From our data on GG and OCM MNs'**! we conclude
that there exists a clear-cut developmental program
that produces age-related changes. Common to both
populations are modifications in dendritic structure
(complexity, length and size), passive properties (input
resistance, time constant, and rheobase) and active
properties of action potential and firing pattern. However,
the time windows of changes in these properties are
different and the sequences are even inverted between
GG and OCM MNs. Then, most of the described temporal
windows of the changes in membrane properties could
be understood to be related with the maturation of the
respiratory and OCM systems. However, future research
in the field would need to address the following issues:
(1) how (genetically determined) intrinsic factors shape
dendritic branching structure and membrane properties;
(2) what processes may be under the control of the
targeted muscles, such as motoneuronal survival and
electrotonic coupling; (3) how postnatal development
of the respiratory and the vestibulo-OCM circuitries
determines the dendritic enlargement of dendrites to reach
adult territories, as well as changes in passive membrane
properties of GG and OCM MNs, respectively; and (4) how
active membrane properties of GG and OCM MNs rely on
the activation of circuits at the onset of breathing and eye
opening.
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