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Abstract
Medial rectus motoneurons are innervated by two main pontine inputs. The specific function of each of these two inputs 
remains to be fully understood. Indeed, selective partial deafferentation of medial rectus motoneurons, performed by the 
lesion of either the vestibular or the abducens input, initially induces similar changes in motoneuronal discharge. However, at 
longer time periods, the responses to both lesions are dissimilar. Alterations on eye movements and motoneuronal discharge 
induced by vestibular input transection recover completely 2 months post-lesion, whereas changes induced by abducens 
internuclear lesion are more drastic and permanent. Functional recovery could be due to some kind of plastic process, such 
as reactive synaptogenesis, developed by the remaining intact input, which would occupy the vacant synaptic spaces left after 
lesion. Herein, by means of confocal microscopy, immunocytochemistry and retrograde labeling, we attempt to elucidate the 
possible plastic processes that take place after partial deafferentation of medial rectus motoneuron. 48 h post-injury, both 
vestibular and abducens internuclear lesions produced a reduced synaptic coverage on these motoneurons. However, 96 h 
after vestibular lesion, there was a partial recovery in the number of synaptic contacts. This suggests that there was reac-
tive synaptogenesis. This recovery was preceded by an increase in somatic neurotrophin content, suggesting a role of these 
molecules in presynaptic axonal sprouting. The rise in synaptic coverage might be due to terminal sprouting performed by 
the remaining main input, i.e., abducens internuclear neurons. The present results may improve the understanding of this 
apparently redundant input system.
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Introduction

Medial rectus motoneurons are located at the oculomotor 
nucleus. These innervate the ipsilateral medial rectus mus-
cle, whose action moves the eye nasally. Medial rectus moto-
neuronal firing is driven by two main pontine inputs: (1) 
the abducens internuclear neurons, located in the abducens 
nucleus, whose axons cross the midline at the level of the 
abducens nucleus, course through the medial longitudinal 
fascicle (MLF) and terminate on the contralateral medial 
rectus motoneurons (Biefang 1978; Highstein and Baker 

1978; Carpenter and Carleton 1983); and (2) the second-
order vestibular neurons located in the ipsilateral lateral 
vestibular nucleus, which reach the oculomotor complex 
through the ascending tract of Deiters (ATD; Baker and 
Highstein 1978; Reisine and Highstein 1979; Furuya and 
Markham 1981). This dual input system on medial rectus 
motoneurons plays an important role for conjugating the 
movements of both eyes in the horizontal plane (Delgado-
García et al. 1986). The lateral vestibular nucleus carries 
information related to head velocity, while the abducens 
internuclear neurons inform medial rectus motoneurons 
about information of eye velocity and position in horizon-
tal gaze (Baker and Highstein 1978; Furuya and Markham 
1981; Reisine et al. 1981). However, while abducens inter-
nuclear neurons receive afferents from many premotor areas 
and exhibit a firing pattern that resembles that of their neigh-
boring lateral rectus motoneurons, encoding eye position 
and velocity signals (Delgado-García et al. 1986), lateral 
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vestibular neurons receive direct sensory vestibular inputs 
and display mainly a head velocity signal with a weak eye 
position and velocity component (Reisine et al. 1981).

In addition, the somatodendritic distribution of these two 
inputs on medial rectus motoneurons is anatomically segre-
gated. While vestibular terminals end mainly on motoneu-
ron somata and proximal dendrites, abducens internuclear 
neuron terminals are located preferentially on more distal 
dendrites (Nguyen et al. 1999). The role of these two excita-
tory inputs might be modulated by inhibitory signals, whose 
origin remains to be fully understood, but might correspond, 
at least in part, to local oculomotor interneurons (de la Cruz 
et al. 1992). Other inputs to medial rectus motoneurons 
arise from the mesencephalic reticular formation (Bohlen 
et al. 2017), some of which carry vergence signals (Zhang 
et al. 1991), and from the superior colliculus (Izawa et al. 
1999) and prepositus hypoglossi nucleus (McCrea and Baker 
1985).

According to the literature, thus, extraocular motoneu-
rons, as many other motor neurons, receive different inputs 
carrying segregated signals that, once integrated, define 
a unified firing pattern that encodes muscle contraction 
(Büttner-Ennever 2006). However, medial rectus moto-
neurons represent an example of motoneurons that receive 
an already integrated, and apparently duplicated, signal. 
Whether this dual afferent system is indeed redundant, or 
instead, both inputs subserve different functions, remains to 
be fully clarified. In this context, we were interested in elu-
cidating plastic changes in this circuitry, which is involved 
in conjugate horizontal gaze, after the selective lesion of 
each tract.

We have previously shown that partial deafferentation of 
medial rectus motoneurons, achieved by the transection of 
either the MLF or the ATD, induces motor changes in the 
movement of the ipsilateral eye, as well as a reduction in 
motoneuronal sensitivity to eye position and velocity, dur-
ing both spontaneous and vestibular reflex eye movements. 
However, this effect is more drastic after MLF than after 
ATD transection in spite of the vestibular nature of the ATD 
projection (Hernández et al. 2017a). Given the similar quali-
tative consequences of MLF or ATD deprivation, it could 
be concluded that none of these routes can be replaced by 
the other. Thus, rather than being redundant, they could be 
considered complementary, and both would be necessary for 
the eyes to display a proper horizontal gaze coordination.

Vestibular lesions have transitory effects, while changes 
produced by MLF transection are permanent. The recov-
ery described after ATD transection could be due, on one 
side, to an increase in motoneuron excitability, as described 
previously in deafferented second-order vestibular neurons 
(Him and Dutia 2001), and on the other side, to a process 
of reactive synaptogenesis performed by the remaining 
(intact) input, the abducens internuclear projection. This 

second hypothesis seems more plausible, since a rise in 
synaptic coverage has already been described in this system 
2 months after partial deafferentation, when compared with 
data obtained 3 days after lesion (Hernández et al. 2017a). 
However, the time course of this plastic process remains 
to be elucidated, as well as the molecular basis in which it 
relies.

Reactive synaptogenesis occurs following the partial loss 
of an afferent input, when the remaining terminals from 
the incomplete lesion sprout and occupy the vacant spaces 
left by the degenerating terminals (Lund and Lund 1971; 
Matthews et al. 1976; Lee et al. 1977; Mendell et al. 1978; 
Nadler et al. 1980b; Sedivec et al. 1983; Masliah et al. 1991; 
Bäurle et al. 1992; Zhang et al. 1995). Thus, in the long 
term, the physiological properties of reinnervated neurons 
might recover, or be modified, depending on the signals 
encoded by the reinnervating axons. In the case of medial 
rectus motoneurons, the long-term (2 months after lesion) 
recovery observed after ATD lesion could be explained by 
sprouting from the MLF projection. The transection of the 
MLF also produces some degree of (partial) recovery with 
time (Hernández et al. 2017a) and, therefore, sprouting from 
the ATD projection after MLF lesion, although likely less 
prominent, cannot be excluded.

In this work, we aim to evaluate the short-term events 
(24, 48, and 96 h post-lesion), at the presynaptic level, which 
take place early after partial deafferentation of medial rec-
tus motoneurons to elucidate whether a sprouting process 
might support the long-term (2  months) physiological 
recovery described in deafferented medial rectus motoneu-
rons (Hernández et al. 2017a). In this line, it is important to 
emphasize that neurotrophic factors, such as neurotrophins, 
have been described to increase in response to deafferenta-
tion (Johnson et al. 2000), and could play an important role 
in the reactive synaptogenesis process induced by lesion. 
Both inputs to medial rectus motoneurons (abducens internu-
clear and vestibular neurons) have been described to express 
the high-affinity receptors of neurotrophins, TrkA, TrkB and 
TrkC (Benítez-Temiño et al. 2004), which implies that they 
can respond to these neurotrophic molecules. Therefore, we 
have also investigated changes in neurotrophin content dur-
ing the first 4 days after medial rectus motoneuron deaffer-
entation, which could mediate the synaptic remodeling on 
these cells after the selective lesion of the ATD or the MLF.

Materials and methods

Male Wistar rats, weighing 250–300 g, were divided into 6 
different groups to carry out the lesion of either the MLF (9 
animals) or the ATD (9 animals), and sacrificed 24, 48 or 
96 h after lesion (3 rats for each time point).
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Selective deafferentation of medial rectus 
motoneurons

Under deep anesthesia (sodium pentobarbital, 35 mg/kg, 
i.p.), animals were placed in a stereotaxic frame. The skin 
and muscles above the skull were gently removed and a 
hole was drilled in the occipital bone. A custom-made 
blade was guided using a Camberra-type micromanipu-
lator towards the appropriate coordinates (Paxinos and 
Watson 2009): 3.5 mm posterior to lambda, 7.5 mm deep, 

and using an anterior angle of 35°. For MLF section, the 
blade was 0.2 mm wide and its left corner was placed at 
the midline, to transect the right MLF unilaterally. For 
ATD section, a blade 0.5 mm wide was located 0.2 mm to 
the right of the midline, for transection of the right ATD. 
In this way, medial rectus motoneurons of the right ocu-
lomotor nucleus resulted partially deafferented of either 
the MLF or the ATD inputs (Fig. 1a). At the end of the 
surgical procedure, the skin was sutured and animals were 
monitored frequently for postsurgical care.

Fig. 1   Experimental design and 
lesion assessment. a Sche-
matic diagram of a simplified 
oculomotor system in horizontal 
view, showing the main circuits 
implicated in conjugated 
horizontal gaze. Note that 
medial rectus (MR) motoneu-
rons, which control horizontal 
eye movements, located in the 
oculomotor nucleus (OCM), 
receive two major inputs: one 
arising from the contralateral 
abducens (ABD) internuclear 
neurons whose axons course 
through the medial longitudinal 
fascicle (MLF), and the other 
originating in the ipsilateral 
lateral vestibular nucleus 
(LVN) and projecting through 
the ascending tract of Deiters 
(ATD). Lesions were made in 
either of these two projections 
to analyse the possible induction 
of compensatory mechanisms. 
Other abbreviations: LR lateral 
rectus muscle, IIIn third cranial 
nerve, VIn sixth cranial nerve. 
Lesion sites at the MLF or 
ATD are indicated by red lines. 
b, c Images showing coronal 
pontine sections at the lesion 
site after ATD transection, 
stained using either calretinin 
immunolabeling (b) or toluidine 
blue staining (c). Arrowheads 
point to the mediolateral ends of 
the lesion. Arrows point to the 
lesion side. Note that the lesion 
did not affect the MLF (encir-
cled by dashed lines). Vertical 
dashed lines indicate midline. d, 
e Same as in b, c, but sections 
were obtained from a MLF-
sectioned animal. Calibration 
bar: 300 µm
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Retrograde medial rectus motoneuron labeling

Medial rectus muscles were injected with rhodamine iso-
thiocyanate (Sigma, St. Louis, MO, USA) for motoneu-
ron retrograde identification. Deeply anesthetized animals 
were restrained and medial rectus muscles were bilaterally 
injected with 1 µl of 20% rhodamine prepared in a solution 
of 2% dimethylsulfoxide, using a Hamilton syringe.

In the case of animals destined to the groups of 48 or 
96 h, rhodamine injections and lesion were performed dur-
ing the same surgical session. Since rhodamine requires a 
minimum period of 48 h to reach the motoneuron soma, 
animals of the 24 h group were anaesthetized and injected 
24 h previous to lesion to guarantee the minimum transport 
period needed to allow rhodamine to reach the motoneuron 
soma. Thus, only this group of animals (24 h) underwent 
two surgeries.

Immunohistochemistry

Animals were deeply anesthetized (sodium pentobarbital, 
50 mg/kg, i.p.), and perfused transcardially with 0.9% saline 
followed by 4% paraformaldehyde, prepared in phosphate 
buffer 0.1 M, pH 7.4. After cryoprotection in 30% sucrose 
prepared in phosphate buffered saline (PBS), the brainstem 
was dissected. Coronal sections, 40-µm-thick, were cut using 
a cryostat, and collected serially in a solution of glycerol-
PBS (1:1) for storage at − 20 °C.

To assess the proper localization of the lesion site, brain-
stem sections from the mesopontine junction were selected. 
The proximal ends of sectioned axons were identified by 
immunocytochemistry against calretinin (goat anti-cal-
retinin; AB1550; Chemicon, Temecula, CA, USA), a cal-
cium-binding protein that is selectively expressed by both 
abducens internuclear neurons and neurons located at the 
ventral lateral vestibular nucleus (de la Cruz et al. 1998; 
Highstein and Holstein 2006). Sections were blocked with 
10% normal donkey serum (NDS) in PBS with 0.1% Triton 
X-100 (PBS-T) for 45 min, and incubated at room tempera-
ture for 12 h in a solution containing the primary antibody 
(1:2500) in PBS-T with 0.05% sodium azide and 5% NDS. 
Sections were then rinsed in PBS-T and incubated for 2 h in 
the secondary antibody solution (biotinylated donkey anti-
goat IgG, 1:250 in PBS-T; Vector Laboratories, Burlingame, 
CA, USA). After several washes, slices were incubated for 
90 min in the avidin–biotin-HRP complex (ABC, Vector 
Laboratories) prepared in PBS-T. Following sequential 
washes in PBS, Tris–HCl buffered saline pH 7.4, Tris buffer 
0.1 M pH 7.4 and Tris buffer 0.1 M pH 8, tissue was incu-
bated in a solution of 0.05% 3,3′-diaminobenzidine tetrahy-
drochloride as the chromogen, 0.01% hydrogen peroxide and 
nickel sulphate 1 mM prepared in Tris buffer 0.1 M pH 8. 
Sections were thoroughly washed, mounted in glass slides 

and cover-slipped with DPX (Sigma). In addition, some sec-
tions were selected for Nissl counter-staining using toluidine 
blue. All animals included in this study presented the com-
plete transection of either the MLF or the ATD.

For each animal, every fourth section was selected to 
characterize the synaptic organization at the medial rec-
tus motoneuron subdivision of the oculomotor nucleus. 
Immunofluorescence directed against calretinin was used 
to evaluate MLF or ATD innervation. After several washes 
and blockade, slices were incubated overnight at room tem-
perature in a solution containing the primary antibody (goat 
anti-calretinin, 1:500), prepared as mentioned above. Sec-
tions were then rinsed and incubated for 2 h in the secondary 
antibody solution (donkey anti-goat IgG coupled to Cy5, 
1:200; Jackson Immunoresearch, West Grove, PA, USA), 
prepared in PBS-T. After several washes in PBS, sections 
were mounted on glass slides and cover-slipped using Dako 
as the mounting medium (DakoCytomation, Glostrup, 
Denmark).

Besides calretinin immunostaining, the remaining three 
series were used to check possible changes in neurotrophin 
expression in partially deafferented medial rectus motoneu-
rons. For this purpose, we performed immunocytochemistry 
against brain-derived neurotrophic factor (BDNF), neurotro-
phin-3 (NT-3) or nerve growth factor (NGF). Sections were 
incubated for 10 min in PBS with 1% sodium borohydride 
for antigen retrieval, blocked as described above, and incu-
bated overnight at room temperature in a solution containing 
the primary antibody in PBS-T with 0.05% sodium azide 
and 5% NDS (rabbit anti-BDNF sc-546, rabbit anti-NT-3 
sc-547 or rabbit anti-NGF sc-548, 1:100; Santa Cruz Bio-
technology, Dallas, TX, USA). Sections were then rinsed 
in PBS-T and incubated in the secondary antibody (bioti-
nylated donkey anti-rabbit 1:250, Vector Laboratories) for 
2 h. After several washes, slices were immersed in a solu-
tion containing streptavidin conjugated with Cy2 (1:800 in 
PBS, 45 min; Jackson ImmunoResearch). Finally, sections 
were thoroughly washed in PBS, mounted in glass slides and 
cover-slipped using Dako.

Image analysis

Sections were visualized using a Zeiss LSM Duo confocal 
microscope (Zeiss, Oberkochen, Germany). Lasers DPSS 
561 nm, argon 488 nm and HeNe 633 nm were used to excite 
rhodamine, Cy2, and Cy5, respectively.

Two different kinds of analyses were carried out to 
evaluate the time course of afferent reorganization. First, 
the synaptic coverage around the somata of medial rectus 
motoneurons was measured bilaterally for control-experi-
mental comparisons. For this purpose, z-stack images at 63× 
magnification were captured. Neurons with visible nucleus 
were selected for the analysis using ImageJ software (NIH). 
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The somatic perimeter of medial rectus motoneurons was 
measured in all experimental situations to check possible 
changes in soma size. Somatic synaptic coverage was calcu-
lated as the percentage of the soma perimeter that was cov-
ered by calretinin-immunoreactive boutons, and expressed 
as calretinin linear density. We also measured the number 
of calretinin-immunoreactive terminals per 100  µm of 
soma perimeter. Second, the synaptic density of calretinin-
immunopositive boutons in the neuropil (the area surround-
ing medial rectus motoneuron cell bodies) was calculated 
from 3 × 3-stitched images, at 40× magnification. Random-
selected squares of approximately 20 × 20 µm through the 
neuropil were used to measure the intensity of calretinin 
immunostaining (i.e., optical density) at the medial rectus 
subdivision of the oculomotor nucleus. Mean background 
level, obtained from four different squares selected from 
non-stained areas, was subtracted, and the values of optical 
density were normalized with respect to the control side of 
the same section.

To evaluate the presence of BDNF and NT-3 in medial 
rectus motoneurons, optical density was measured inside 
the cytoplasm of control and deafferented cells of the same 
section. After background level subtraction, data were 
expressed for each cell as the percentage with respect to the 
mean of the control values in the same section. NGF was not 
present inside motoneuron somata, but stained dendritic-like 
processes in the neuropil, as previously described (Hernán-
dez et al. 2017b). Thus, we compared the presence of NGF 
under the different experimental conditions by measuring 
optical density in the neuropil as explained above. Data were 
expressed as mean ± SEM. Comparisons between control, 
MLF- or ATD-sectioned animals, at different post-lesion 
time intervals, were performed using the two-way ANOVA 
test, with an overall level of significance of 0.05, followed 
by post hoc comparisons using the Holm–Sidak method for 
multiple comparisons. Statistics was performed by means 
of SigmaPlot software, version 11.0 (Systat Software, Inc., 
San Jose, CA, USA).

Results

Lesions of the MLF or the ATD were assessed in coronal 
sections at the mesopontine junction that were treated for 
immunocytochemistry against calretinin (Fig. 1b, d) or Nissl 
staining (Fig. 1c, e).

Time course of changes in synaptic coverage 
on medial rectus motoneurons after partial 
deafferentation

Both abducens internuclear and vestibular neurons project-
ing to medial rectus motoneurons express calretinin (de la 

Cruz et al. 1998; Hernández et al. 2017a). Thus, we used 
calretinin as a marker to selectively label and compare the 
extension of afferent terminals arising from each of these 
two projections around medial rectus motoneurons, after 
either MLF or ATD transection.

First, we analyzed the optical density of calretinin-
immunostained sections through the medial rectus subdi-
vision of the oculomotor nucleus after each type of lesion, 
to compare the extension of the remaining (intact, unle-
sioned) projection in the neuropil at different time points. 
Data were normalized with respect to the control side 
(Fig. 2g, control).

Partial deafferentation induced by ATD lesion pro-
duced a decrease in calretinin staining (two-way ANOVA, 
F(4,3627)=21.03, Holm–Sidak method for pairwise mul-
tiple comparisons, p < 0.001) that was evident 24 h after 
lesion (79.84 ± 3.17%, n =180, p < 0.001; Fig. 2a, h), and 
even more pronounced by 48 h post-lesion (64.49 ± 4.14%, 
n = 234, p < 0.001; Fig. 2b, h). However, 96 h after ATD 
lesion there was a rise in calretinin staining (90.39 ± 2.86%, 
n = 324, p < 0.001; Fig. 2c, h). Although this increase was 
lower than the control value (p < 0.001), it was higher than 
mean values obtained at shorter time points (p = 0.012 and 
p < 0.001 when compared with 24 and 48 h, respectively; 
Fig. 2h, green columns). These data could be interpreted as 
the result of the formation of new terminals after ATD tran-
section, probably originating from the remaining calretinin-
positive afferents, i.e., the abducens internuclear axons.

24 and 48 h after MLF transection, results were simi-
lar to those obtained in ATD-lesioned animals at the same 
time points, that is, a significant decrease in calretinin opti-
cal density (24 h: 80.83 ± 1.81%, n = 369, Fig. 2d, h; 48 h: 
62.16 ± 1.36%, n = 304, Fig. 2e, h). Surprisingly, in contrast 
to ATD lesion, mean optical density did not recover 96 h 
after the lesion of the MLF. Instead, it remained similar 
to that observed 24 h before, and lower to control or val-
ues obtained 96 h after ATD transection (59.76 ± 1.57%, 
n = 400, p < 0.001; Fig. 2f, h, blue columns). Thus, in the 
case of MLF lesion, we could not identify any compensatory 
sprouting mechanism carried out by the remaining intact 
afferent system, i.e., the ATD projection.

We also compared the percentage of the soma perimeter 
that was occupied by calretinin-immunoreactive boutons, 
after either MLF or ATD transection. As described in the 
neuropil, ATD transection produced a progressive reduction 
in synaptic innervation around medial rectus motoneuron 
somata when compared to control (Fig. 3a, c, g, h). How-
ever, this tendency was reversed at 96 h post-lesion, when 
there was an increase in somatic synaptic coverage (Fig. 3e). 
MLF transection also produced a progressive decrease in the 
somatic innervation of medial rectus motoneurons, although, 
opposite to ATD results, this trend was present at any time 
point (Fig. 3b, d, f).
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Quantitatively, we did not observe any change in the 
somatic perimeter of medial rectus motoneurons at any 
time point after ATD or MLF transection (87.32 ± 0.79 µm 
for control cells, n = 315; Fig. 3i). However, there were 
changes in the percentage of soma perimeter covered by 

calretinin-positive terminals after both types of lesion (lin-
ear density; two-way ANOVA, F(4841)= 39.26; Holm–Sidak 
method for pairwise multiple comparisons, p < 0.001).

The linear density (measured as the percentage of the 
somatic perimeter surrounded by calretinin-immunoreactive 

Fig. 2   Time course of changes in calretinin immunostaining in the 
neuropil surrounding medial rectus motoneurons. a–g Confocal 
microscopy images of the medial rectus motoneuron subgroup of the 
oculomotor nucleus, 24 (a, d), 48 (b, e) or 96 h (c, f) after ATD (a–
c) or MLF (d–f) transection, and in the control situation (g). Medial 
rectus motoneurons were identified by retrogradely transported rho-
damine (red). Calretinin immunostaining is shown in white. Calibra-
tion bar: 100 µm. h Bar plot showing mean ± SEM of calretinin (CR) 
immunostaining intensity (measured as optical density) in the control 
group and at every time point analyzed for both types of lesion and 

expressed normalized to the control side. Asterisk indicates differ-
ences with respect to control, dots represent differences with respect 
to other time points within the same lesion type, and hashtags point 
to differences between lesions within the same time point. Two-way 
ANOVA test followed by Holm–Sidak method for multiple pairwise 
comparisons (p < 0.001). n = 1820 (control), 180, 234, 324 (ATD 
lesion 24, 48 and 96 h after lesion, respectively) and 369, 304, 400 
(MLF lesion 24, 48 and 96 h after lesion, respectively). Labels in d 
for a–f: l lateral and d dorsal. Labels in g for g: m medial, d dorsal
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per 100 µm of somatic perimeter. Asterisks indicate differences with 
the control group, dots represent differences with respect to other 
time points within the same lesion type, and hashtags point to differ-
ences between lesions within the same time point. For i–k, two-way 
ANOVA test followed by Holm–Sidak method for multiple pairwise 
comparisons (p < 0.001 for j and k). Levels of significance for pair-
wise comparisons are indicated in the text; n = 315 (control), 95, 80, 
78 (ATD-depleted cells 24, 48 and 96 h after lesion, respectively) and 
98, 71, 108 (MLF-depleted cells 24, 48 and 96 h after lesion, respec-
tively)
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boutons) decreased after ATD transection with respect to 
control (19.63 ± 0.47%, n = 315 for control; 10.95 ± 0.76%, 
6.16 ± 0.44% and 13.19 ± 0.78%, at 24, 48 and 96 h post-
lesion, n =95, 80 and 78, respectively, p < 0.001; Fig. 3j, 
green columns). However, there was a partial recovery 96 h 
after ATD lesion, which did not reach control values, but 
was statistically higher than the calretinin linear density 
obtained in previous time points (p = 0.049 and p < 0.001 
when compared with 24 and 48 h, respectively).

The decrease in calretinin-immunoreactive synaptic cov-
erage (i.e., linear density) after MLF transection was slower 
than after ATD lesion (p < 0.001). Thus, 24 h after MLF 
lesion mean values were similar to controls (20.05 ± 0.80%, 
n = 98). However, in the following time points, the ten-
dency to the reduction in linear density was constant 
(13.50 ± 0.70% and 7.05 ± 0.32%, n =71 and 108, for 48 
and 96 h post-lesion, respectively, p < 0.001; Fig. 3j, blue 
columns). The reduction was more severe in ATD- than in 
MLF-lesioned animals at any time point (p < 0.001), except 
for the 96 h group, when, as described above, there was a 
recovery in synaptic coverage after ATD section with respect 
to 48 h, which was not present in MLF-lesioned animals. 
These results could indicate that the degenerative process of 
axonic terminals that takes place in response to MLF tran-
section was still present 96 h post-lesion, but in the case of 
ATD-lesioned animals, a compensatory synaptic mechanism 
would contribute to the formation of new calretinin-posi-
tive terminals from the (intact) MLF projection that would 

compensate quantitatively for the disappearance of discon-
nected terminals.

In accordance to linear density changes, we found a 
similar time course of changes in the number of bou-
tons per 100 µm of soma perimeter (two-way ANOVA, 
F(4841)= 32.53; Holm–Sidak method for pairwise multiple 
comparisons, p < 0.001; Fig. 3k, same sample of cells at each 
time point after ATD or MLF lesion as in Fig. 3j). Control 
motoneurons were covered by a mean value of 13.06 ± 0.25 
boutons/100 µm of perimeter. 24 h post-lesion, this value 
was reduced in ATD-lesioned animals (7.24 ± 0.28 bou-
tons/100 µm; p < 0.001), but not in MLF-lesioned animals 
(12.15 ± 0.51 boutons/100 µm). 48 h post-lesion, after both 
ATD or MLF transection there was a decrease in the number 
of boutons located around the cell bodies of medial rectus 
motoneurons (4.77 ± 0.33 and 9.16 ± 0.53 boutons/100 µm, 
respectively) when compared with both control and 24 h 
post-lesion (p < 0.001), although the effect was more dras-
tic after the transection of the ATD (p < 0.001). However, 
at 96 h there was a rise in the number of boutons after ATD 
transection, which was not present after MLF lesion (Fig. 3k, 
96 h). Rather, the number of boutons after MLF transec-
tion was even lower at 96 h (9.29 ± 0.38 and 6.21 ± 0.29 
boutons/100 µm, after ATD or MLF lesion, respectively; 
p < 0.001).

Time course of changes in neurotrophin content 
in medial rectus motoneurons after partial 
deafferentation

BDNF and NT-3 were present in the soma of the great major-
ity of control medial rectus motoneurons (97.45 ± 1.17% and 
96.82 ± 1.64%, respectively), as we have described previ-
ously (Hernández et al. 2017a, b). Partial deafferentation 
did not change these percentages at any time point (two-way 
ANOVA).

The presence of BDNF or NT-3 in medial rectus moto-
neurons in the different situations was measured as the 
percentage of somatic optical density with respect to the 
mean obtained in the control side. We found an increase 
in BDNF content inside the cytoplasm of partially dener-
vated motoneurons from 48 h post-lesion onwards (two-
way ANOVA, F(4,1559)= 22.55, Holm–Sidak method for 
pairwise multiple comparisons, p < 0.001; Fig. 4a–g, v). 
Thus, in the case of ATD-lesioned animals and 24 h post-
lesion, the content of BDNF was similar to control values 
(104.20 ± 2.50%, n = 135). However, 48 and 96 h post-
lesion, mean optical density increased to 132.39 ± 3.93% 
(n = 90) and 135.07 ± 4.46% (n =  92), respectively 
(p < 0.001; Fig. 4v, green columns). Similarly, 24 h after 
MLF transection we found no change in BDNF optical 
density (94.98% ± 2.23, n = 150) when compared to con-
trol values (n = 769), although from that point onwards, 

Fig. 4   Time course of changes in neurotrophin content in medial rec-
tus motoneuron cell bodies after partial deafferentation. a–u Confo-
cal microscope images showing BDNF (a–g), NT-3 (h–n) or NGF 
(o–u) immunostaining in rhodamine-identified (insets) medial rec-
tus motoneurons in the control situation (a, h, o), 24 (b, i, p), 48 (c, 
j, q) or 96  h (d, k, r) after ATD transection, or 24 (e, l, s), 48 (f, 
m, t) or 96 (g, n, u) hours after MLF transection. Calibration bars: 
25 µm in g for a–n, and in u for o–u; 30 µm in insets (in g). Bar plots 
comparing BDNF (v), NT-3 (w) or NGF (x) immunostaining inten-
sity (measured as optical density) inside medial rectus motoneurons 
in control animals (black bars), after ATD transection (green bars) or 
MLF transection (blue bars) at different time points. Data correspond 
to mean ± SEM and are expressed as percentages relative to the con-
trol side. v. Number of motoneurons analyzed: n = 769 (control), 135, 
90, 92 (ATD-depleted cells 24, 48 and 96 h after lesion, respectively) 
and 150, 91, 236 (MLF-depleted cells 24, 48 and 96 h after lesion, 
respectively). w Number of motoneurons analyzed: n = 683 (control), 
92, 159, 100 (ATD-depleted cells 24, 48 and 96 h after lesion, respec-
tively) and 117, 108, 155 (MLF-depleted cells 24, 48 and 96 h after 
lesion, respectively). x Number of motoneurons analyzed: n =3300 
(control), 150, 200, 200 (ATD-depleted cells 24, 48 and 96  h after 
lesion, respectively) and 175, 175, 200 (MLF-depleted cells 24, 48 
and 96  h after lesion, respectively). Significance levels for pairwise 
comparisons indicated in the text. Asterisks indicate differences with 
the control group, dots represent differences with respect to other 
time points within the same lesion type, and hashtags point to differ-
ences between lesions within the same time point. For v–x, two-way 
ANOVA test followed by Holm–Sidak method for multiple pairwise 
comparisons, p < 0.001 for v, w and x 

◂
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optical density increased progressively (116.50 ± 4.65%, 
n = 91 and 132 ± 2.59%, n = 236, for 48 and 96 h post-
lesion, respectively, p < 0.001; Fig. 4v, blue columns). 
96 h post-lesion the intensity of the staining was similar 
in both experimental groups, so the transection of either 
the MLF or the ATD produced the same final effect on 
BDNF expression in partially deafferented medial rectus 
motoneurons.

In line with the BDNF results, NT-3 immunocyto-
chemistry produced, 24 h after the lesion of the ATD or 
the MLF, a staining that was similar to control values 
(n = 683), but increased 48 and 96 h after the injury of 
either of the two tracts (two-way ANOVA, F(4,1410) = 8.76; 
Holm–Sidak method for pairwise multiple comparisons, 
p < 0.001; Fig. 4h–n, w). Quantitatively, optical density 
24 h after ATD or MLF transection was 95.96 ± 2.68% 
(n = 92) and 104.19 ± 2.13% (n = 117) of control values, 
respectively (Fig. 4w). 48 h after partial deafferentation, 
these values increased to 114.91 ± 2.20% (n = 159) and 
115.95 ± 2.94% (n = 108), respectively, in comparison 
to control values, which were significantly higher than 
both control and 24 h values (p < 0.001), and remained 
high at 96 h post-lesion (121.33 ± 3.17%, n = 100 and 
120.44 ± 2.66%, n = 155, respectively; p < 0.001).

Opposite to BDNF and NT-3 staining, but in line 
with our previous results (Hernández et  al. 2017b), 
NGF immunocytochemistry barely stained medial rectus 
motoneuron somata. Instead, a profuse neuropil staining 
was present, frequently associated to long filamentous 
processes (Fig. 4o–u). This pattern of staining was con-
stant for all control and experimental groups. However, 
the intensity of the staining, measured as the percent-
age of optical density mean values with respect to con-
trol, varied with time (two-way ANOVA, F(4,4396)= 4.53; 
Holm–Sidak method for pairwise multiple comparison, 
p < 0.001; Fig. 4x). As early as 24 h after either ATD 
or MLF transection, optical density rose significantly to 
112.25 ± 4.65% (n = 150; p < 0.001) and 108.66 ± 4.27% 
(n = 175; p = 0.015), respectively, with respect to control 
values (n = 3300). Mean values remained similar 48 and 
96 h after ATD transection (120.18 ± 3.39%, n = 200 and 
121.29 ± 3.79%; n = 200, respectively) with respect to 
24 h data, and elevated with respect to control (p < 0.001). 
Finally, 48 h after MLF transection, NGF staining was 
significantly stronger than in controls (117.36 ± 3.91%, 
n = 175, p < 0.001), and rose to 128.19 ± 4.04% (n = 200, 
p < 0.001) 96 h post-lesion. Thus, in summary, the inten-
sity of immunostaining against BDNF and NT-3 increased 
from 48 h post-lesion and was maintained at high values 
by 96 h. NGF immunostaining intensity increased from 
the earliest time point analyzed (24 h) and continued high 
at 48 and 96 h.

Discussion

The present study compares the different plastic changes 
of the two main projections that mediate conjugate hori-
zontal eye movements, and their ability to compensate for 
each other after selective input depletion on medial rectus 
motoneurons. Thus, we performed the axotomy of either 
abducens internuclear neurons or lateral vestibular neu-
rons to induce medial rectus motoneuron partial, selec-
tive deafferentation. We have previously shown that partial 
deafferentation in the oculomotor system of cats produces 
a recovery of function (i.e., in eye movements and moto-
neuronal discharge activity), which is already perceptible 
5 days after lesion. Thus, we investigated the plastic mech-
anisms underlying this recovery in the short term, which is 
during the first 4 days after lesion. In spite of the similar 
increase in neurotrophin content in/around affected moto-
neurons, results differed depending on the type of lesion. 
Thus, vestibular deafferentation produced a rapid decrease 
in synaptic coverage that, however, improved 96 h after 
lesion. This recovery could be related to a previous rise 
in neurotrophin content. On the contrary, abducens input 
depletion produced synaptic terminal degeneration, which 
lasted the whole experimental period analyzed, without 
any sign of recovery.

These results point to plastic mechanisms performed by 
the abducens internuclear neuron inputs to refill the synap-
tic vacant spaces left on medial rectus motoneurons after 
ATD lesion. However, MLF transection did not induce 
a similar response in, otherwise intact, vestibular inputs. 
This difference probably implies a higher plastic capability 
of the abducens internuclear neuron pathway when com-
pared with that of vestibular neurons connecting to medial 
rectus motoneurons.

Synaptic organization of medial rectus motoneuron 
afferents

24 h after lesion, the effects on synaptic coverage around 
medial rectus motoneuron cell bodies were more drastic 
after vestibular lesion than after the axotomy of abducens 
internuclear neurons. On the contrary, neuropil analyses 
at this time point revealed a similar reduction after both 
types of lesion. These differences could reflect a distinct 
anatomical distribution of the two main inputs on medial 
rectus motoneurons, as described previously (Nguyen et al. 
1999; Hernández et al. 2017a). Thus, vestibular afferents 
would terminate preferentially on motoneuron somata, 
while axons from the abducens nucleus would end prefer-
entially on dendrites. Differences in the degradation rate 
of disconnected terminals cannot be discarded. Indeed, 
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the velocity of Wallerian degeneration, synapse disorgan-
ization and presynaptic terminal removal vary between 
groups of neurons (State and Dessouky 1977; Cotman 
et al. 1981).

Increase in medial rectus motoneuron innervation 
after vestibular lesion

Despite the rapid decrease in calretinin-positive terminals 
around medial rectus motoneurons after ATD transection, 
96 h after lesion there was an increase both in the synaptic 
coverage around somatic perimeter and in the density of ter-
minals in the neuropil. Given the immunoreactivity of these 
new terminals against calretinin, it might be concluded that 
their origin would be the abducens internuclear neuron pop-
ulation. The same process of compensatory sprouting after 
partial deafferentation has already been described in the hip-
pocampus (Matthews et al. 1976; Lee et al. 1977; Masliah 
et al. 1991), visual (Lund and Lund 1971) and vestibular 
systems (Bäurle et al. 1992) and the spinal cord of mammals 
(Zhang et al. 1995). The present results would agree with 
those obtained previously in the cat, where the same type 
of lesion produced alterations in motoneuronal discharge 
pattern and in eye movements, which returned to normality 
between 3 and 5 days after lesion (Hernández et al. 2017a), 
and with similar approaches performed in different systems 
such as presynaptic sympathetic neurons in the spinal cord 
(Krassioukov and Weaver 1996). Thus, during the 3 days fol-
lowing lesion, a compensatory mechanism likely took place 
involving the activation of the molecular machinery needed 
for the extension of new axonal branches and the formation 
of new terminal boutons. The establishment of new synapses 
would lead to the recovery of the physiological properties of 
medial rectus motoneurons (Hernández et al. 2017a).

We have not analyzed possible synaptic remodeling car-
ried out by other putative inputs. Medial rectus motoneurons 
receive inputs not only from second-order vestibular and 
abducens internuclear neurons, but also from GABAergic 
terminals whose origin remains to be clarified (de la Cruz 
et al. 1992). However, other authors have postulated that 
reactive synaptogenesis is carried out by axons with bio-
chemical characteristics that resemble those of the origi-
nal projection (Grinnell and Rheuben 1979; Cotman et al. 
1981). According to this hypothesis, GABAergic neurons 
would not be a good candidate to replace the vacant spaces 
left after partial deafferentation. However, both abducens 
internuclear and lateral vestibular neurons are glutamater-
gic, so both projections would be good candidates to replace 
each other (Nguyen and Spencer 1999). It has also been 
postulated that synaptic replacement would be carried out 
preferentially by the enlargement of a preexisting afferent 
projection (Nadler et al. 1980a; Tessler et al. 1980; Cotman 
et al. 1981). Accordingly, it is unlikely that afferents to other 

extraocular motoneurons in the oculomotor nucleus, or even 
axons that course through the MLF different from those of 
the abducens internuclear neurons, could establish a new 
pathway onto medial rectus motoneurons.

In contrast to the lesion of the vestibular input (ATD), 
MLF transection had permanent effects on the synaptic 
organization around medial rectus motoneurons. In this case, 
ATD axons did not seem to have the same ability to sprout in 
response to the selective deafferentation of their target moto-
neurons. Differences in the ability to sprout and form new 
synapses onto partially deafferented neurons have also been 
described in the hippocampus (Cotman and Nadler 1978). 
Alternatively, or in addition, given the small size of the ATD 
projection on medial rectus motoneurons, which contains 
a much lower number of calretinin-immunopositive axons 
than those in the MLF (Hernández et al. 2017a), a hypo-
thetical sprout of vestibular axons might not be sufficient to 
compensate the large loss of synaptic inputs arriving through 
the MLF. In other words, it could be a matter of insufficient 
compensation rather than the lack of a sprouting response. 
In fact, results obtained 96 h post-lesion could be mislead-
ing, since, in the case of ATD lesion, the boutons observed 
could reflect the coexistence of two opposing processes: the 
degeneration of those axons, which have been disconnected 
from their soma, and the formation of new terminals. Thus, 
the compensatory mechanism could be even larger than 
that revealed by the data. In the same line of argumentation, 
results from MLF-lesioned animals could also reflect the 
sum of still disappearing terminals (in fact, there is a reduc-
tion in synaptic coverage between 48 and 96 h) and newly 
formed terminals, which, however, would not be enough to 
compensate synapse degradation.

Role of neurotrophins in reactive synaptogenesis

The role of neurotrophins in reactive synaptogenesis after 
partial deafferentation was proposed decades ago (Cotman 
and Nieto-Sampedro 1984). Indeed, partial deafferentation 
leads to an increase in BDNF and NT-3 expression in moto-
neurons (Johnson et al. 2000) and cortical neurons (Endo 
et al. 2007). This newly formed neurotrophin pool may stim-
ulate neurite growth (Ruit and Snider 1991; Cohen-Cory and 
Fraser 1995; Inoue and Sanes 1997), as well as the formation 
of new synapses (Nja and Purves 1978; Endo et al. 2007). 
In fact, axon sprouting after partial deafferentation in the 
spinal cord can be stimulated by exogenous neurotrophin 
supply (Jakeman et al. 1998; Scott et al. 2005), and the role 
of endogenous neurotrophins in the formation of new col-
lateral axon branches has already been demonstrated (Gallo 
and Letourneau 1998; Atwal et al. 2000). Moreover, experi-
ments of partial deafferentation in the pelvic ganglia have 
shown not only a synaptic remodeling with the formation 
of new synapses, but also an increase in TrkA expression 
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in those neurons generating new presynaptic terminals, 
which, therefore, would be more responsive to NGF (Keast 
and Kepper 2001).

In contrast to our results in the oculomotor system, deaf-
ferentation may produce a reduction in BDNF mRNA in 
spinal motoneurons (Gomez-Pinilla et al. 2004). This oppo-
site response to the removal of afferents could be due to 
intrinsic differences between spinal and extraocular moto-
neurons. Thus, an important neurotrophic difference is that 
adult spinal motoneurons do not express the high-affinity 
NGF receptor TrkA (Lindsay 1994; Ferri et al. 2002), while 
extraocular motoneurons do (Benítez-Temiño et al. 2004; 
Morcuende et al. 2011). Also, exogenous NGF rescues these 
motoneurons from lesion-induced morphological and elec-
trophysiological changes (Davis-López de Carrizosa et al. 
2010), and the dependence of extraocular motoneurons on 
NGF, BDNF and NT-3 for survival during development 
(Morcuende et al. 2013), as well as for the maintenance of 
proper adult characteristics after lesion is well documented 
(Davis-López de Carrizosa et al. 2009, 2010). Altogether, it 
is likely that medial rectus motoneurons would not be only 
responsive to the delivery of neurotrophins, but that they 
would also regulate the availability of neurotrophins, which 
in turn influences the maintenance of their afferent inputs, 
thus acting as a retrograde source of neurotrophins.

Axonal sprouting stimulation could be mediated by the 
well-known growth-associated protein GAP-43, which is 
upregulated by neurotrophins (Perrone-Bizzozero et  al. 
1991, 1993; Mohiuddin et al. 1995; Federoff et al. 1988; 
Dinocourt et al. 2006; Geremia et al. 2010; Sanna et al. 
2017). Accordingly, and considering that, first, the content in 
neurotrophins in medial rectus motoneurons increased after 
partial deafferentation, second, both abducens internuclear 
and lateral vestibular neurons express neurotrophin receptors 
(Benítez-Temiño et al. 2004), and third, the time course of 
changes in neurotrophin content preceded that of the partial 
recovery of calretinin-immunopositive terminals, it could be 
possible that, also in the oculomotor system, neurotrophins 
released by motoneurons in response to partial deafferenta-
tion would favor axonal sprouting from the remaining affer-
ent system.

Our results showed a similar increase in neurotrophin 
content when comparing the effects of sectioning either the 
MLF or the ATD. However, the extent of synapse remod-
eling differed between the two types of lesion, so that abdu-
cens internuclear neurons seemed to be much more plastic 
than vestibular cells in terms of axon terminal sprouting. 
These differences could be explained considering several 
aspects. First, as stated above, the abducens projection to 
medial rectus motoneurons is much larger than the vestibular 
one (Hernández et al. 2017a). Thus, the selective removal 
of the vestibular input could easily be compensated by the 
abducens internuclear neuron sprouting. On the contrary, the 

removal of the abducens projection would be too massive to 
be relieved by sprouting of the (otherwise scarce) vestibu-
lar afferents. Second, MLF and ATD axons could respond 
with different sensitivity to the neurotrophins released by 
motoneurons. As stated above, both abducens internuclear 
neurons and lateral vestibular nucleus neurons express Trk 
receptors (Benítez-Temiño et al. 2004; Morcuende et al. 
2011), but a quantitative analysis comparing the expression 
of these receptors in both populations is lacking. Finally, 
possible changes in Trk expression or localization after 
partial deafferentation of the target cells should not be 
discarded.

Why apparently redundant ATD and MLF pathways 
persist?

If the ATD and the MLF (abducens to medial rectus) con-
nections were redundant, what forces have selected them 
during evolution? It is envisaged that the oldest form of eye 
movements is the vestibulo-ocular reflex that evolved to 
compensate for self-motion during locomotion (Walls 1962). 
Ondulatory swimming patterns in early vertebrates move the 
head from side to side, deteriorating thus proper image for-
mation in the retina. Compensatory eye movements would 
cancel image deterioration. To achieve this, head velocity 
signals arising from the vestibular nerve are transmitted by 
second-order vestibular neurons towards their correspond-
ing motoneurons. The excitatory pathways for the horizontal 
reflex have second-order neurons in the ATD which con-
nect with medial rectus motoneurons, and medial vestibular 
nucleus projecting contralaterally to the abducens nucleus. 
Abducens internuclear neurons, in turn, project via the MLF 
to the contralateral medial rectus motoneurons (Straka and 
Baker 2013) in a likely redundant manner, since both ATD 
and abducens internuclear neurons contact the same medial 
rectus motoneuron pool. The abducens pathway via the MLF 
is already present in the lamprey (González et al. 1998) and 
it is conserved along vertebrates with the exception of elas-
mobranchs (Puzdrowski and Leonard 1994). It can be pro-
posed that new overlapping functions have been selected for 
the maintenance of both pathways. Thus, during the course 
of evolution the MLF could have added new types of eye 
movements, such as saccades, fixations and vergence in its 
signaling properties (Delgado-García et al. 1986; Gamlin 
et al. 1989).

Lessons from lesions

The MLF lesions are the well-known source of internuclear 
ophthalmoplegia, causing some degree of paralysis of the 
adducting eye due to the loss of the internuclear abducens to 
medial rectus pathway. Tumors and vascular accidents have 
been the major sources of this syndrome, although there is 
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an increasing prevalence of myelin-related disorders, such 
as multiple sclerosis (Rotstein et al. 2018), that are also a 
common source of ophthalmoplegias and other vestibular-
related deficits (Aw et al. 2017; Choi et al. 2017). Ocular 
symptoms help to the early diagnosis of these progressive 
diseases, whereas knowledge of the plastic and regenerative 
capabilities of these axonal tracts is of basic importance for 
prognosis and treatment.
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