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Abstract
After peripheral nerve injuries to a motor nerve the axons of motoneurons and proprioceptors are
disconnected from the periphery and monosynaptic connections from group I afferents and
motoneurons become diminished in the spinal cord. Following successful reinnervation in the
periphery, motor strength, proprioceptive sensory encoding, and Ia afferent synaptic transmission
on motoneurons partially recover. Muscle stretch reflexes, however, never recover and motor
behaviors remain uncoordinated. In this review, we summarize recent findings that suggest that
lingering motor dysfunction might be in part related to decreased connectivity of Ia afferents
centrally. First, sensory afferent synapses retract from lamina IX causing a permanent relocation
of the inputs to more distal locations and significant disconnection from motoneurons. Second,
peripheral reconnection between proprioceptive afferents and muscle spindles is imperfect. As a
result, a proportion of sensory afferents that retain central connections with motoneurons might
not reconnect appropriately in the periphery. A hypothetical model is proposed in which the
combined effect of peripheral and central reconnection deficits might explain the failure of muscle
stretch to initiate or modulate firing of many homonymous motoneurons.
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Introduction
Recovery of normal neural function after injury requires the regeneration of damaged axons
and the reestablishment of synaptic connections between neurons. Although some
compensation can be achieved as the result of redundancy and plasticity in the adult nervous
system,1, 2 behavior cannot be normal if a significant number of connections are lost. This
lends strong justification for the research effort to promote axonal regeneration, in particular
after spinal cord injuries.3, 4, 5 Axonal regrowth is only one step, however, in the
recuperation of normal circuitry and unfortunately axonal regeneration is not synonymous
with functional recovery. Failure to reestablish synapses of adequate strength together with
non-adaptive secondary plasticity in surviving circuits could greatly interfere with normal
function. This is best illustrated by the incomplete recovery of motor function that occurs
after peripheral nerve injuries. Here we summarize recent findings on the plasticity of
central synaptic connections between sensory afferents and spinal motoneurons that are
triggered by injury to a peripheral nerve. These alterations are rather permanent and
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therefore likely contributors to the motor deficits that remain after normal regeneration in
the periphery.

Peripheral regeneration does not fully restore motor function
In contrast to central axons, axons injured in the periphery readily regenerate and reconnect
with dennervated target tissues.6 As a consequence, voluntary control over muscle
contraction is restored and muscle strength is recovered.7 Similarly the flow of sensory
information into the central nervous system from reinnervated skin or muscle is
reestablished.8 These gains assist functional recovery, which nonetheless remains
incomplete. The most relevant data comes from experiments on muscles reinnervated by
their own cut nerve (self-reinnervated) in which axon navigating errors are minimized and
target reinnervation, at a macro level, is most successful. In this situation, muscle activity
patterns and interjoint coordination after reinnervation are normal during certain kinds of
locomotion.9,10 Still, there is unmistakable disability outside the bounds of movements
restricted to treadmill locomotion at low speed, over level ground, and in the absence of
perturbations. Specifically, animals with reinnervated ankle extensor muscles exhibit
abnormal ankle yield, lose coordination between ankle and the knee joints, and stumble
during downhill walking.10 In addition, changing the speed of locomotion brings out
abnormalities in ankle-knee-hip coordination.11 These global deficits in limb movement are
made all the more impressive by the fact that experimental nerve damage in these cases
involved only one or two muscles and that deficits persist long after peripheral reinnervation
is completed.

Proprioceptive deficits after peripheral nerve regeneration
Ataxia expressed in limbs with reinnervated muscles prompted analysis of the
proprioceptive system and, more specifically, the stretch reflex pathway after peripheral
nerve injuries and surgical reunion. Surprisingly, after complete nerve transections, self-
reinnervated muscles are absolutely unresponsive to stretch,12, 13 even though the
reinnervated muscle is perfectly capable of contracting in response to other uninjured inputs,
for example from cutaneous afferents. Muscle stretch superimposed on ongoing reflex
activity yielded no additional force production highlighting two important conclusions. First,
regenerated motoneurons are capable of responding to synaptic input. Second, stretch
signals carried centrally by regenerated afferents are largely ineffective. Even a smaller than
usual stretch synaptic input that is not strong enough to bring motoneurons from rest to
firing threshold, should nevertheless exert some modulation of ongoing motoneuron firing.14

Lack of modulation therefore suggests a complete failure of stretch signals to reach the
motoneuron.

Lack of stretch reflexes is not due to compromised motoneuron or
proprioceptive sensory neuron survival or peripheral reinnervation

One common explanation for lingering motor dysfunction after large peripheral nerve
injuries is that the reconnection of regenerating sensory and motor axons with their targets is
incomplete or non-specific.2, 15, 16 Incomplete regeneration in self-reinnervated muscles
could result from injury induced cell death of the axotomized sensory or motor neurons.
After injuries to major nerve branches, e.g. sciatic nerve, approximately 10 to 50% of dorsal
root ganglia (DRG) neurons are lost, but large DRG neurons, including proprioceptive
sensory neurons, are relatively spared and die only after long delays (several months) if
regeneration is prevented.17 Regarding motoneurons, their viability is not impaired after
axotomy, even when regeneration is prevented,18 as long as the injury does not happen in
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early life19, 20 (neonates) or occur very proximally to the motoneuron soma (for example,
after ventral root avulsion21).

Physiological and anatomical evidence further suggests that after self-reinnervation of the
medial gastrocnemius (MG) muscle there is a significant reinnervation of muscle spindle
receptors (~75-84%13, 22). Moreover, stretch-activated regenerated afferents display
dynamic and static responses to stretch that are comparable to normal Ia afferents.13, 23

Similarly, motor unit properties recover after self-reinnervation quite successfully and only
10% of MG motoneurons fail to elicit a contraction.24, 25

Despite this impressive recovery of peripheral connections, there are important questions
about their specificity. Afferent and motor axons have the capacity to regenerate into wrong
tissue and reinnervate wrong targets, for example muscle afferents can innervate cutaneous
territories with some recovery of afferent firing properties and central connectivity with
motoneurons.26, 27 Moreover, after lesions of major nerve trunks, many motoneurons indeed
fail to reinnervate their parent muscle.6, 15 When muscles are self-reinnervated, i.e.
reinnervated by their original nerve, failure of motor axons to reform neuromuscular
junctions with their original muscle fibers is offset by re-specification of muscle fiber
properties, thereby restoring the normal proportion of motor unit types and sizes.24, 25 Thus,
few differences are observed in force generation and motor unit recruitment is similar in
self-reinnervated and normal muscle.28

More complex, however, is the situation involving sensory afferent peripheral reinnervation.
Proprioceptive afferents in muscle can reinnervate the wrong receptor type (non-specific
reinnervation), but cannot respecify receptor structure. Accordingly, Ib afferent fibers can
successfully innervate muscle spindle receptors and replace the original Ia afferents with
little difference in the resulting structure of the annulospiral endings or encoding properties
to muscle stretch.22, 29 Therefore, group I afferents can change their peripheral apparatus
and responses depending on the receptor type they innervate, but this afferent receptor
switch seems not to be matched by re-specification of their central projections. In addition, a
proportion of afferents fail to reinnervate any peripheral end organ and become
unresponsive to natural stimuli. Thus, there are indeed significant targeting failures during
sensory reconnection in the periphery. Nevertheless, there is also substantial specific
reinnervation, whereby regenerating spindle afferents reconnect with spindle receptors,
making it difficult to envision how non-specific reinnervation alone could be responsible for
the total collapse of the stretch reflex. One possibility is that peripheral errors are
accompanied by major reorganizations of central connectivity. It is well known that
peripheral nerve injuries frequently result in profound structural and functional
reorganizations of central synaptic circuits that can spread as far rostral as the cerebral
cortex.2, 30 An obvious place to look for a functional deficit is then the central synapses
established on spinal motoneurons by Ia afferent fibers.

Monosynaptic sensory inputs on motoneurons are altered following
peripheral nerve injury and recover after regeneration, however stretch
synaptic potentials are diminished or absent

Monosynaptic transmission between sensory afferents and motoneurons undergoes complex
changes following peripheral nerve injuries. Within the first week and peaking at 3 days
after nerve cut or crush, electrically-evoked group I EPSPs increase substantially in size.
31-33 A few days later, however, there is a general decline in EPSP amplitude and an
increase in time course.13, 34-39 There is also enhanced synaptic depression at high firing
frequencies27 that lasts for several weeks. These changes revert toward normal values
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following peripheral regeneration and target reinnervation, such that electrically-evoked
group I EPSPs regain the ability to sustain nearly normal amplitudes during low or high-
frequency stimulation.13, 34, 38 Figure 1 shows no evidence of enhanced depression in
regenerated afferents using frequency-modulated electrical stimulation patterns that replicate
the normal Ia firing in response to a ramp and hold stretch paradigm of the same muscle.40

In other words, the regenerated group I afferent-motoneuron circuit operates normally when
activated electrically. While consistent with reports of full recovery of the electrically-
evoked H-reflex,41 these observations cannot explain the failure of muscle stretch to elicit
any reflex activity or firing modulation of motoneurons.

Intriguingly, recuperation of electrically-evoked EPSPs is not accompanied by the recovery
of muscle stretch-evoked synaptic excitation of motoneurons. In normal animals, muscle
stretch causes a motoneuron membrane depolarization that we call a stretch synaptic
potential (SSP).42 SSPs faithfully follow the time course and intensity of stretch-responsive
spindle afferent firing. After peripheral regeneration in a rat model of MG self-
reinnervation, SSPs are smaller than normal or completely absent in many motoneurons.
This abnormality is observed even though normal electrically-evoked group I EPSPs occur
in every motoneuron13, 40 (Fig. 1). These observations raise the question of whether after
peripheral injuries electrically-evoked group I motoneuron EPSPs are evoked centrally by
the same afferents that respond to stretch following reinnervation.

Spike triggered-averaging (STA) was used to test directly the central synaptic actions of
individual regenerated afferents that responded with spindle-like firing to muscle stretch.
From dorsal root filaments we discriminated action potentials of single regenerated afferents
that fired identically to normal spindle afferents and tested their synaptic actions in
homonymous regenerated motoneurons in control rats or in animals with regenerated medial
gastrocnemius nerves.43 In control rats we found that single group I spindle afferents
activated by stretch produced STA EPSPs in nearly all homonymous motoneurons, just as is
observed for control cats.44 In contrast, after nerve injury and successful regeneration in the
periphery, sensory afferents displaying normal responses to muscle stretch failed to generate
STA EPSPs in nearly all homonymous motoneurons tested. More surprisingly, these same
motoneurons displayed relatively normal sensory afferent EPSPs after electrical stimulation
of the peripheral nerve.43 Two potential explanations can be put forward. First, that after
regeneration the population of afferent fibers activated by stretch is different from the
afferent inputs responsible for generating monosynaptic electrically-evoked EPSPs on
motoneurons. Second, that stretch-evoked impulses entering the spinal cord lead to central
suppression of the afferent synaptic input in a manner that does not occur after electrical
stimulation. The following studies on the central structural remodeling of Ia afferent
connections provide some support for the first explanation; however these data do not
exclude the alternative possibility.

Central reorganization of synaptic connections after peripheral injury
One possible explanation for the reduction of SSPs is profound and permanent
reorganization of central synapses as a consequence of peripheral nerve injury. This
reorganization could weaken or suppress Ia synapses and/or change the balance between
inhibition and excitation during the arrival of stretch-evoked signals into the spinal cord.
There is indeed evidence for such possibilities. Synapses become detached (“stripped”) from
somata and proximal dendrites of motoneurons that are axotomized after nerve injuries.45-49

This appears to be a relatively general phenomenon that is reproduced on other central and
peripheral neurons after they become disconnected from their targets by either axotomy or
excitotoxic lesions.50-52 The purpose of synaptic stripping has been frequently explained as
a switch in the axotomized postsynaptic cell from “signaling” to “regenerative” function.
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Unfortunately, this hypothesis has never been experimentally tested nor does it explain why
motoneurons need to lose proximal synapses to switch on a “regeneration” mode. Therefore,
it is an open question whether synaptic stripping is a well-adapted response necessary for
neurons to regenerate their axons or an unfortunate outcome of target disconnection that is a
possible source of functional abnormalities after peripheral regeneration is completed.

In early studies, it was argued that synaptic stripping explained the changes in amplitude and
time course of sensory afferent-evoked EPSPs in motoneurons after nerve injury.39, 53, 54

Indeed, the functional recovery of electrically-evoked group I EPSPs coincides temporally
with the recovery of central synapses after motoneurons reinnervate peripheral targets.55-58

Later studies, however, discredited the early view of synaptic detachment as a relatively
homogenous phenomenon that similarly affects all synapses. In fact, the degree of synaptic
depletion after injury and recovery after regeneration depends on the type of synaptic input.
For example, inhibitory terminals are more resistant to stripping55, 59-61 and recover even in
the absence of peripheral regeneration.60, 62 One possible reason for their differential
behaviors is that each synaptic input seems preferentially dependent on different trophic
factor signals that can originate in the target or other sources. Brain-Derived Neurotrophic
Factor (BDNF) is more effective in maintaining inhibitory and tonic inputs, while
neurotrophin-3 (NT3) is best related to excitatory and phasic inputs including Ia afferent
synapses.61, 63, 64 Major sources of NT3 and BDNF are (in addition to the motoneuron),
respectively, the muscle spindle and spinal glia, which exhibit distinct regulation and
relationships to regenerating afferents and central synapses after injury. As a result,
imbalances in the excitatory/inhibitory ratio or synaptic composition are usually created
during recovery of central synapses on motoneurons that have reconnected with muscle.55,
56, 60, 61 In summary, despite significant recovery of central synapses after peripheral
reconnection there seems to be also important changes in synaptic composition that have not
yet been studied in enough detail. What is then the exact behavior of Ia afferent synapses
during synaptic stripping and recovery?

Ia afferents display distinctive dynamics during synaptic stripping and their
lost central synapses are never recovered

Despite earlier assumptions, it is difficult to extrapolate data gathered on stripping of
excitatory synapses in general to the Ia synapses in particular. Ia synapses represent a small
proportion (~2%) of all synapses on the motoneuron surface65, 66 and their contributions
during central synaptic remodeling are likely diluted in overall quantitative analyses of all
synapses. Moreover, Ia synapses mostly target the dendritic arbor (5-10% of Ia synapses
target motoneuron somata65, 66), while most studies on synaptic stripping have concentrated
the analysis on the proximal somatodendritic region. Finally, a different behavior for Ia
synapses should not be too surprising. This is because of all motoneuron inputs, they alone
belong to presynaptic axons that are directly injured in the periphery.

Until recently, the main obstacle to uncover the fate of Ia afferent synapses after peripheral
nerve injuries has been the lack of appropriate markers. Fortunately, the vesicular glutamate
transporter isoform 1 (VGLUT1) was recently found enriched in the central terminals of
proprioceptive primary afferents including the central synapses of Ia afferents.67, 68, 69 After
peripheral nerve injuries, VGLUT1 content in these central synapses is rapidly reduced.70

We therefore investigated the extent of recovery following reinnervation. To our surprise,
depletions of VGLUT1 varicosities in lamina IX and around motoneuron cell bodies (Fig.
2A) were rather permanent and similar in intensity and time course after nerve injuries in
which peripheral nerve regeneration was allowed or prevented. In both situations, VGLUT1
synapses that were lost in lamina IX were not recovered.69 VGLUT1 contacts on
motoneuron cell bodies remained depleted by more than 90% six months after the injury and
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following successful regeneration (Fig. 2B,C).69 Depletions on dendrites were also
permanent and concentrated to the proximal regions (viewed in a transverse plane).
VGLUT1 contacts were significantly depleted by 40-50% in the first 100 μm of dendrite,
but no significant differences were detected beyond this point (Fig. 2D, unpublished results).
It is possible that these data underestimated the real amount of VGLUT1 detachment from
motoneuron dendrites because rostrocaudally oriented dendrites receive the maximum
percentage of Ia afferent inputs (60% of all Ia synapses received by single motoneurons65)
and these dendritic branches distribute within lamina IX, the region showing the maximal
depletion in VGLUT1 varicosities. Unfortunately, rostrocaudally oriented dendrites could
not be analyzed in the transverse plane of sectioning used. Independent of the exact amount
of depletion, it is evident that a significant number of Ia afferent central synapses are lost as
a consequence of peripheral injuries and these are not recovered even long after regeneration
has been completed in the periphery.

Overall, the data strongly suggest a significant removal of Ia afferent synapses from lamina
IX. This possibility was further confirmed by intraaxonal recording and labeling of
individual regenerated afferents that were activated by stretch and showed responses typical
of normal Ia afferents. In good agreement with the VGLUT1 data, of five identified stretch-
activated regenerated afferents recorded intraaxonally and filled with neurobiotin to trace
their central terminations, only one displayed a terminal collateral in lamina IX with a few
varicosities.69 In contrast, all control afferents (n=14) profusely send branches into lamina
IX that were studded with many varicosities. Synaptic varicosities on regenerated afferents
were mainly found in branches terminating in lamina V and to a lesser extent in lamina VII.

The data lead us to propose the working model depicted in Figure 3 to explain the lack of
stretch-evoked afferent information reaching some motoneurons. After peripheral nerve
injury and disconnection of Ia afferents from muscle spindles, there is a significant
retraction of central Ia afferent collaterals projecting into lamina IX. These central branches
are not regrown following peripheral reconnection. As a result, a large number of Ia
synapses are removed from the proximal region of motoneurons. The retention of synapses
on distal dendritic branches might explain why all regenerated motoneurons display
electrically-evoked compound monosynaptic EPSPs. But normally intact uninjured
individual Ia afferents establish relatively few synapses on single motoneurons. For
homonymous connections, each single Ia afferent establishes, on average, only 10 contacts
per motoneuron. Moreover, the exact number is highly variable depending on the exact
location of motoneurons within the pool and with respect to the entry rootlet of the Ia
afferent.65, 66 Therefore, a significant reduction of proximal synapses, as observed using
VGLUT1 as a marker, might result in a large number of disconnections of Ia afferent-
motoneuron pairs. On the other hand, a proportion of Ia afferents that remain connected to
motoneurons might incorrectly regenerate in the periphery. In the self-reinnervated medial
gastrocnemious muscle of the cat, approximately 50% of Ia afferents are unsuccessful
reconnecting with muscle spindle receptors, some of which were reinnervated by other
afferents including Ib afferents.22

The combined effect of fewer Ia afferents connected peripherally to muscle spindle
receptors after regeneration (some of which could be Ib afferents not monosynaptically
connected to motoneurons, Fig. 3) compounded with a significant reduction in the number
of central synapses and central Ia-motoneuron connectivity might explain the lack of stretch-
evoked responses in a significant proportion of motoneurons despite the presence of enough
connectivity from dorsal root afferents to elicit monosynaptic EPSPs on most of the
regenerated motoneurons that reconnect with muscle.
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If the above proposed hypothesis is correct, restorative actions could be taken to favor Ia
afferent regrowth centrally in order to ensure that motoneurons retain innervation from at
least a few afferents correctly innervating peripherally muscle spindles. We predict that
manipulations intended to facilitate the proliferation of central afferent arborizations could
contribute to the recovery of the lost stretch reflex and diminish the coordination deficits
that impair motor function after peripheral nerve injuries and regeneration. Presently it is
unknown if the failure of central axons from sensory afferents to repopulate lamina IX with
VGLUT1 varicosities is due to lack or diminished peripheral signals that promote or
maintain these central connections (for example spindle-derived NT364, 71, 72) or if
alternatively, this is because the presence of negative factors in the adult spinal cord that
impair regrowth of central sensory afferent synaptic arborizations.5, 73
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Figure 1. Synaptic responses in the stretch reflex circuit following peripheral nerve injuries
(A) Diagram depicts the monosynaptic stretch reflex circuit and elements of the
experimental paradigm. Adult rats with muscles normally innervated or reinnervated by a
cut nerve were anesthetized for in vivo study wherein motoneuron membrane potential was
recorded intracellularly during stimulation of afferents by either (1) electrical stimulation at
group I strength or (2) ramp-hold-release stretch of the muscle by a motor. (B) Synaptic
responses to afferent firing produced either mechanically (stretch-evoked synaptic
potentials, SSP; right column) or electrically by trains designed to simulate the responses of
single Ia afferents to the same ramp-hold-release stretch (train of group I EPSPs; left
column), both recorded from each of 3 motoneurons: top traces from one control rat; middle
traces from 2 motoneurons in one rat with the MG muscle reinnervated 1 year after nerve
section and surgical reunion. Note the absence of a SSP in MN2 despite the presence of an
electrically-evoked EPSP and the presence of a smaller than normal SSP in MN1.
Electrically evoked EPSPs were present in all control and in all reinnervating motoneurons,
and showed no signs of amplitude depression when firing at high-frequencies. (Modified
from data in references # 13, 40 & 43).
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Figure 2. Permanent depletion of VGLUT1 contacts after peripheral nerve injuries
(A) Low magnification confocal image of control and experimental ventral horns in an
animal in which the left tibial nerve was completely resectioned and immediately surgically
rejoined and then allowed to regenerate for 6 months. Middle inset (inside the dashed
rectangle) shows electrically-evoked EMGs from the control and recovered MG muscles
demonstrating peripheral reconnection. The section was dual immunostained for VGLUT1
(FITC, green) and NeuN (a general neuronal marker, Cy3, grey). In this section from the
lumbar 5 segment most motoneurons are distributed in lateral pools (large NeuN-labeled cell
bodies). In the ventral horn and particularly in lamina IX VGLUT1 punctae preferentially
label presynaptic vesicle clusters of proprioceptive afferent synapses. The yellow dashed
outline indicates the location of motor pools sending axons through the tibial nerve in the
injured side. Compared to the contralateral side there is diminished density of VGLUT1
punctae in the experimental side. As a result many cell bodies (yellow arrows) are VGLUT1
denervated. (B,C) High magnification confocal images of one control (B) and two
experimental motoneurons (C) (4 or 5 confocal planes at 1 μm z-steps and through the mid-
region of each motoneuron are shown). Even 6 months after the injury and following
successful reinnervation in the periphery, motoneurons in the injured side do not recover
their somatic VGLUT1 contacts. Similarly the surrounding lamina IX neuropil shows
diminished density of VGLUT1 punctae and these are usually of smaller size than in the
control side. (D) VGLUT1 losses preferentially occur in the proximal somatodendritic
regions. Neurolucida reconstructions of two MG motoneurons, one in the control and one in
the injured side, that were retrogradely labeled from the MG muscle with cholera-toxin b
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subunit coupled to Alexa-555 (Ctb-555) one week before the analysis and 5.5 months after
the injury (thus demonstrating peripheral connectivity in both cases). The distribution of
VGLUT1 contacts was then plotted on their dendritic trees (black filled circles). A large
depletion in VGLUT1 contacts is apparent in the cell body and proximal dendrite of MG
motoneurons in the regenerated side compared to the uninjured side. Histograms show
quantification of VGLUT1 contact density in dendritic segments within 100 μm distance
from the cell body or beyond that point. Ten Ctb-555 labeled and reconstructed MG
motoneurons were analyzed in the control and injured side. A significant 41% average
depletion in VGLUT1 density was found in proximal dendrites (asterisks, p=0.01, t-test;
error bars indicate SEM) while no significant differences were detected in more distal
dendrites. Scale bars, 500 μm in A; 50 μm in C (B at the same magnification and C). (Panels
A, B and C are modified from reference #69; Panel D include data from unpublished
materials from FJA & TC).
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Figure 3. Working model consistent with available data including those described here for spinal
motoneurons and their synaptic associations with muscle proprioceptors after muscle nerve cut
and regeneration
(A) Depicts retraction of afferent axon (dashed line) and the loss of afferent synapses from
proximal somatodendritic regions located in lamina IX while contacts on more distal
dendrites located in LVII are retained. It is possible that local sprouting (regeneration) in this
region might add some synapses (dotted black line), however these never reach the more
proximal somatodendritic regions. (B) Model: severing peripheral nerve cuts both motor and
sensory axons, which undergo Wallerian degeneration peripherally and synaptic stripping
(decreased VGLUT1) and presynaptic axon retraction centrally (dashed grey lines). With
peripheral regeneration there is: (a) non-specific reinnervation of some spindle receptors (Ib
afferents, top dotted black arrow), (b) specific reinnervation of some spindle receptors by Ia
afferents (Ia2, bottom dotted black arrow), and (c) no reinnervation of spindle receptors by
some Ia afferents (Ia1). Centrally Ia afferents fail to regain axonal projections into LIX on
motoneuron soma and proximal dendrites; Ib afferent projections remain remote to LIX and
not monosynaptically connected with motoneurons. The functional results are that stretch
evoked synaptic potentials (SSPs) are lost in some motoneurons (MN 2) or and reduced in
others (MN 1), yet group I electrical stimulation of the whole nerve evokes EPSPs in every
motoneuron. (Modified from reference #43).

Alvarez et al. Page 14

Ann N Y Acad Sci. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


