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Abstract

Hemianopia induced by unilateral visual cortex lesions can be resolved by repeatedly exposing the blinded hemifield to
auditory–visual stimuli. This rehabilitative “training” paradigm depends on mechanisms of multisensory plasticity that
restore the lost visual responsiveness of multisensory neurons in the ipsilesional superior colliculus (SC) so that they can
once again support vision in the blinded hemifield. These changes are thought to operate via the convergent visual and
auditory signals relayed to the SC from association cortex (the anterior ectosylvian sulcus [AES], in cat). The present study
tested this assumption by cryogenically deactivating ipsilesional AES in hemianopic, anesthetized cats during weekly
multisensory training sessions. No signs of visual recovery were evident in this condition, even after providing animals with
up to twice the number of training sessions required for effective rehabilitation. Subsequent training under the same
conditions, but with AES active, reversed the hemianopia within the normal timeframe. These results indicate that the
corticotectal circuit that is normally engaged in SC multisensory plasticity has to be operational for the brain to use
visual–auditory experience to resolve hemianopia.
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Introduction
Large unilateral lesions of visual cortex can produce an enduring
and profound blindness in contralesional space (“hemianopia”;
Zhang et al. 2006; Goodwin 2014). Using a cat model, we found
that recovery from hemianopia could be induced by repeatedly
presenting spatiotemporally congruent auditory and visual cues
in the blinded hemifield (Jiang et al. 2015). Within weeks of
beginning this “training,” animals began responding briskly to
stimuli throughout the visual field and, in some cases, preferred
visual cues in the previously blinded hemifield to those in the
intact hemifield (Dakos et al. 2019, 2020). The rehabilitative
paradigm proved to be effective even when the animal was
anesthetized during the training sessions (Jiang et al. 2020).
However, exposure to individual visual and auditory stimuli, or
to cross-modal stimuli out of spatiotemporal register, did not
induce visual rehabilitation (Jiang et al. 2015; Dakos et al. 2020;
Stein and Rowland 2020).

Although the neurobiological bases for this striking recovery
of function are not yet fully understood, there are good reasons

to suspect that multisensory (i.e., visual–auditory) neurons in
the deep ipsilesional superior colliculus (SC), and their inputs
from association cortex (i.e., the anterior ectosylvian sulcus,
AES) play a critical role (Jiang et al. 2015; see also Krauzlis et al.
2013; Hadid and Lepore 2017; Krauzlis et al. 2018; Hu et al.
2019; Kinoshita et al. 2019; Lee et al. 2020; Wang et al. 2020a).
Superficial layer SC neurons retain their visual responsiveness
despite the hemianopia, but there is widespread loss of visual
responsiveness in neurons in the deeper and multisensory lay-
ers (Jiang et al. 2015, 2020). These deeper layer neurons mediate
overt detection and localization behavior (Sprague and Meikle
1965; Casagrande et al. 1972; Stein et al. 1976; Stein and Clamann
1981; Sahibzada et al. 1986; Sparks 1986; Munoz et al. 1991;
Paré et al. 1994; Lomber et al. 2001; Sommer and Wurtz 2008;
Gandhi and Katnani 2011; Wolf et al. 2015), and retain their
auditory (and/or somatosensory) responsiveness after the lesion
(Jiang et al. 2015). It is theorized that repeated co-activation of
AES visual and auditory presynaptic elements with the mul-
tisensory target neuron engage Hebbian-like mechanisms that
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enhance the sensitivity of the target neurons to their individual
sensory (e.g., visual) channels (Yu et al. 2009; Cuppini et al.
2012). When repeatedly stimulated by congruent visual–auditory
stimuli, these mechanisms can substantially alter the respon-
siveness of the individual channels, in some cases rendering
subthreshold inputs suprathreshold (Yu et al. 2013a).

If as hypothesized, the rehabilitative training paradigm cru-
cially involves AES to support the return of vision in hemianopic
animals, deactivation of AES should render it ineffective. Alter-
natively, if visual recovery relies entirely on changes within the
SC, or other visually-responsive or multisensory areas such as
the substantia nigra or suprageniculate nucleus (Benedek et al.
1997; Nagy et al. 2006), deactivation of AES during training will
not alter its effectiveness. Here, we addressed this question
directly.

Materials and Methods
Data from 4 adult mongrel cats (3 males and 1 female) were
obtained. The animals were obtained from a USDA-licensed
commercial animal breeding facility (Liberty Labs). All proce-
dures were performed in compliance with the “Guide for the
Care and Use of Laboratory Animals” (National Research Council
of the National Academies) and approved by the Institutional
Animal Care and Use Committee at Wake Forest School of
Medicine. Animals were housed with ample living space and
opportunities for behavioral enrichment, and efforts were made
to minimize the number of animals used. Thus, “control” obser-
vations came from 2 of the animals whose recovery from hemi-
anopia (without cortical deactivation) was previously reported
(Jiang et al. 2020).

Behavioral task

The behavioral perimetry apparatus and test of visual function
used here (Fig. 1) have been previously described (Jiang et al.
2015, 2020). Animals were motivated by food rewards and were
maintained within 85% of baseline weight. After acclimation
to the apparatus, they were trained with randomly interleaved
trials containing an individual visual or auditory stimulus, or no
stimulus (“catch trials”). At the beginning of each trial a handler
gently restrained the animal so that its head and eyes were
directed forward, toward an opening in the wall from which food
was delivered previously so that the animal would fixate there.
The trial was initiated when fixation was acquired.

The visual stimulus was a white ping pong ball on the end of
a stick introduced at a randomized location from −105◦ (left) to
105◦ (right; 15◦ intervals) by being lowered below an obscuring
black curtain (Fig. 1, left). Auditory stimuli were produced by
rapping the ball against the side of the arena behind the curtain.
Animals were rewarded when they approached the location of
the stimulus, or when they remained still (“No-Go”) on catch
trials. Training was complete when responses were correct on
85% of trials for each trial type. This task requires very little
training, and animals typically learn to perform at criterion in
a few days (Jiang et al. 2015, 2020).

Surgical Procedures and Cortical Lesion

Each animal was sedated with acepromazine (0.1–0.4 mg/kg,
i.m.) and buprenorphine (0.005–0.01 mg/kg, i.m.), given dexam-
ethasone (1 mg/kg, intramuscular [i.m.]) to minimize cerebral
edema, and the saphenous vein was catheterized. They were

then anesthetized with pentobarbital sodium (22–30 mg/kg, i.v.,
followed by 1–3 mg/kg/h CRI). After loss of corneal blink reflexes,
it was placed in a stereotaxic head-holder on a heating pad. An
endotracheal ventilation tube was inserted. Physiological saline
(50–200 mL), subcutaneous and/or intravenous was adminis-
tered to compensate for fluid loss. Core body temperature, expi-
ratory CO2, blood pressure, and heart rate were monitored (Sur-
giVet Advisor, Smith Medical) and maintained within normal
physiological limits. The surgical site was shaved and scrubbed
with Betadine. A scalp incision was made, and a craniotomy
exposed the cortical areas to be removed. After reflecting the
dura, the gray matter was extirpated by subpial aspiration. All
contiguous areas of visual cortex were removed in either the
left (n = 2) or right (n = 2) hemisphere (Brodmann areas: 17, 18,
19, 20a, 20b, 21a, 21b, DLS, VLS, PS, PMLS, PLLS, AMLS, ALLS, 5,
7, and SVA; Rosenquist and Palmer 1971). The results of previ-
ous experiments reveal that similar contralesional blindness is
obtained regardless of which hemisphere is damaged (Jiang et al.
2015; Dakos et al. 2020).

In 1 animal an array of 4 Epoxylite-coated, tungsten monopo-
lar electrodes (100–500-kΩ, electrode separation ∼1 mm) was
lowered to the SC while recording auditory- or somatosensory-
evoked activity. The electrodes were oriented rostral-to-caudal
in an attempt to find and record from an area of the SC respon-
sive to the training location in visual–auditory space (i.e., 45◦
eccentric). This was achieved best by the second electrode in the
array. When the electrode array reached a depth at which multi-
sensory recordings were obtained, it was cemented in place and
its leads were fed through the head holder.

Following the ablation and implantation, the region was then
packed with Gelfoam, the cranial bone plate was replaced and
the scalp incision was closed with sutures. Analgesia (buprenor-
phine 0.01 mg/kg, i.m.) was provided BID for 48 h and an antibi-
otic (cefazolin, 20–30 mg/kg, i.m. bid) was administered for 7–
10 days. Following surgery, animals exhibited a characteristic,
albeit transient, tendency for ipsiversive circling (for 1–3 days).
They were unresponsive to manually presented visual stim-
uli (e.g., laser pointers and threatening gestures) within the
contralesional hemifield, but responded to these stimuli when
presented in the ipsilesional hemifield. Contralesional auditory
and somatosensory responsiveness (assessed by clicks, snaps,
and tactile stimuli) was initially compromised, but recovered
within the first week (see also, Sprague 1966; Wallace et al. 1990;
Jiang et al. 2015). However, contralesional blindness persisted.
After a 2.5–3-month observational period, multisensory training
began with or without cryogenic deactivation of AES.

Cryogenic Deactivation of AES

Two animals were implanted with cryogenic coils in ipsilesional
AES (right hemisphere) as described previously (Lomber et al.
1999; Jiang et al. 2001, 2002). The coils were fabricated from
loops of 20–21 gauge stainless steel hypodermic tubing that were
custom-fitted to the cortical curvature of each animal. Before
implantation, each animal was anesthetized with a dose of
ketamine hydrochloride (20–30 mg/kg, i.m.) and acepromazine
maleate (0.1 mg/kg, i.m.). It was then intubated, and anesthe-
sia was maintained with isoflurane (2–4% to effect, followed
by 1–3% to maintain). The animal was placed in a stereotaxic
head-holder and maintained as described above. A craniotomy
exposed AES, the dura was opened, and the sulcal walls of the
AES were gently separated to allow insertion of the cooling coils.
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Figure 1. The visual localization task. Left: Animals were first trained to fixate a food reward at 0◦, and then to approach a ping pong ball lowered from behind an
opaque curtain in 15◦ (randomly presented) steps of eccentricity from 0◦ to ±105◦. Little training was required to master this task, and each animal responded with
high reliability to the stimulus at all locations. Right: Visual detection and orientation performance before (pre-) and after (post-) the hemianopia-inducing lesion in 2
animals (A, B) implanted with cryogenic coils in AES. Each circle in the polar plot represents 20% correct performance (shown in green), and each radial line = 15◦ of

eccentricity. Schematics of the brain illustrate cortical lesion in black. Note the absence of contralesional visual responses after the lesion.

Coil stems were fixed to the skull with surgical screws and den-
tal cement. Previous studies showed that this technique induces
no apparent damage to underlying neurons and produces a
limited area of cortical deactivation that is restricted to AES
(Jiang et al. 2001). The area overlying the implant was packed
with Gelfoam. A stainless-steel well was fitted to the cran-
iotomy and anchored to the skull with stainless-steel screws
and dental acrylic, and a head-holder was similarly secured
on the top of the head (McHaffie and Stein 1983). After a 10–
14-day recovery period, multisensory training began. During an
experiment, cryogenic blockade of cortical activity was induced
by circulated cold water (∼0◦C) through the coils. This decreases
cortical temperature to ∼ 10◦C near the cooling coil, but baseline
temperature (36–38◦C) is regained within minutes of ceasing the
blockade (Jiang et al. 2001; Jiang and Stein 2003). Deactivation is
conducted while animals are anesthetized within time-limited
“blocks” of < 45 min, a technique that has been used successfully
in the past. It avoids permanent damage to the underlying tissue
and has no lasting effects on orientation behavior (Jiang et al.
2001, 2002; Jiang and Stein 2003; Alvarado et al. 2007).

Multisensory Training

Following the methods of Jiang et al. (2020), each animal was
anesthetized and paralyzed during each weekly multisensory
training session using ketamine hydrochloride (20–30 mg/kg,
i.m.) and acepromazine maleate (0.05–0.1 mg/kg, i.m.). An
endotracheal tube was inserted, and the animal was artificially
respired. Its head was secured by attaching the head-holder
to the stereotaxic frame, and paralysis was induced with
pancuronium bromide (0.1 mg/kg, i.v.) to fix the eyes and pinnae.
Anesthesia, paralysis, and hydration were maintained via
continuous intravenous infusion of ketamine hydrochloride (5–
10 mg/kg/h) and pancuronium bromide (0.04–0.1 mg/kg/h) in 5%
dextrose Ringer’s solution (3–6 mL/h). Vital signs were monitored
and maintained continuously (Digital Vital Signs Monitor,
SurgiVet V9200). The pupils were dilated with ophthalmic
atropine sulfate (1%), and the eyes were fitted with contact
lenses to focus them and prevent corneal drying.

The animal was repeatedly exposed to contralesional,
spatiotemporally concordant visual–auditory stimuli (600
exposures at 6-s intervals/session divided into 3 blocks of 200).
The stimulus delivery apparatus consisted of a board of LEDs
and speakers to provide visual and auditory stimulation. Visual
stimuli were created by activating 2 white LEDs displaced 10-mm
vertically (the top ∼ 2◦ above the animal’s eyes) and each covered
with a white plastic hemisphere (half a ping pong ball) to create a
diffuse circle of light (5◦ diameter, ∼ 13.8 cd/m2, and background
∼ 0.75 cd/m2). Auditory stimuli were broadband bursts of
noise (75-dB SPL and background 48.4–52.7-dB SPL) delivered
from speakers between the 2 LEDs. Each trial began with the
illumination of a visual stimulus at 0◦ for 1000 ms, followed
by a 1500-ms visual stimulus and 100-ms auditory stimulus
co-localized at 45◦ of eccentricity in the contralesional field.
When implemented, AES deactivation (water temperature was
continuously monitored) began 5 min before the presentation
of training stimuli in a block and was rewarmed for 15 min after
each block.

Testing for Visual Recovery

Each animal was tested in the behavioral perimetry apparatus
for visual recovery on non-training weekdays. These tests con-
sisted of ∼5 presentations of visual stimuli (the ping pong ball)
at each location between −105◦ and 105◦ of eccentricity (15◦
increments). Other features of testing (e.g., trial initiation) were
the same as in training. AES was always active during testing.

In the control animals, training sessions terminated as soon
as responses were elicited by visual cues at any location in the
blinded hemifield. This is because the effective field has been
shown to expand thereafter without further training (see Jiang
et al. 2015; Dakos et al. 2020; Jiang et al. 2020). The same paradigm
was followed in the animals in which AES was cryogenically
deactivated during the training sessions. However, in these cases
the sessions continued without rehabilitative success for 6 and
8 weeks. Subsequent sessions of multisensory training with-
out AES deactivation, and with the accompanying tests for the
return of contralesional visual responsiveness, began immedi-
ately thereafter.
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Physiological Recordings

As noted above, 1 animal was implanted with chronic indwelling
electrodes in order to confirm that the training paradigm was
initiating the plastic changes in SC sensory responsiveness
previously documented after repeated visual–auditory stimuli
(Yu et al. 2013b). After the training paradigm reached a point
at which recovery of the visual responses of SC neurons was
expected, probe tests were initiated to determine whether such
stimulation could enhance the visual sensitivity of SC neurons.
The probe consisted of 3 stages: preliminary tests to measure
baseline visual and auditory responsiveness, followed by 50
repetitions of a combined visual–auditory stimulus, followed
by final visual tests to measure induced changes in visual
responsiveness. The visual probe was a 5◦ wide X 2◦ tall 32 cd/m2

light bar swept downward (80◦/s) across the responsive area
and then, 3 s later, swept upward, producing 2 effective visual
stimuli separated in time. The auditory stimulus was a 70-dB SPL
broadband noise burst presented against a 55-dB background.
In the visual–auditory repetitions, the auditory stimulus was
synchronized with the first visual stimulus. All responses
were bandpass amplified, displayed on an oscilloscope, and
subsequently routed to computer disc using a 1401+ hardware
acquisition system (CED Systems) running CED Spike2 software.
Impulses were identified with a criterion of 3X waveform
amplitude over background activity. Stimulation onset and
duration were recorded concurrently with the digitized neural
data. Stimulus-driven response rates (reported as mean ± SEM
impulses/s) were estimated from the rate observed in the 500-
ms poststimulus window minus the spontaneous rate observed
in the 500-ms pre-stimulus window. Significant responses
(stimulus-driven rate > 0) and significant differences between
response rates were determined with t-tests.

Results
Hemianopia after the Cortical Lesion

In prescreening evaluations, animals easily detected and reacted
to visual stimuli at every tested location on both sides of space.
They approached food and objects of interest and withdrew from
rapidly approaching objects and threatening gestures from all
regions. However, immediately following the unilateral lesion of
visual cortex, they became unresponsive to all visual stimuli in
contralesional space. This included highly salient moving visual
stimuli (e.g., moving spots generated by a laser pointer) and
threatening gestures that had previously elicited rapid with-
drawal responses. Characteristic ipsiversive “circling” behavior
and diminished auditory and somatosensory responsiveness
were also observed immediately following their recovery from
surgery. Auditory and somatosensory deficits resolved within
days, whereas unresponsiveness to contralesional visual stimuli
remained stable over the next several months. During most
contralesional stimulus presentations, the animals remained
standing at the start position (No-Go response), as found in
previous studies (Jiang et al. 2015; Dakos et al. 2019, 2020; Jiang
et al. 2020).

AES Must Be Active for Effective
Multisensory Rehabilitation

Control animals receiving multisensory training in the absence
of AES deactivation showed an onset of visual recovery to cen-
trally located stimuli after 4 weeks. An expansion of the effective

visual field then ensued without further training, finally encom-
passing the entire contralesional field within 6 weeks (Jiang
et al. 2020). In contrast, animals in which AES was deactivated
during this training procedure failed to show visual recovery.
They remained hemianopic and their contralesional blindness
persisted. Training with AES deactivation was continued beyond
the initial 4-week period generally required in this context (Jiang
et al. 2020) for an additional 2 weeks in 1 animal, and an
additional 4 weeks in the other (Fig. 2). In neither case were there
any signs of visual responsiveness in the blinded hemifield.

The animals then underwent a second round of multisensory
training, but now without deactivation of AES. Visual respon-
siveness began to return after 4 weeks, a timeline consistent
with that of animals without cryogenic coils or AES deactiva-
tion (Jiang et al. 2020). Visual recovery followed a characteris-
tic central-to-peripheral expansion, finally encompassing the
entire contralesional hemifield before the end of the sixth week
(Fig. 3). The re-established contralesional visual responsiveness
extended to all tested visual stimuli, yielding approach and
withdrawal patterns that matched those in the intact field. Once
begun, the timeline for recovery was the same as that observed
previously, underscoring the absence of any apparent impact of
the previous training during AES deactivation.

To examine whether the plastic changes in SC neuronal
responsiveness reported after multisensory stimulation in nor-
mal animals (see Yu et al. 2013a) could be found in these corti-
cally damaged animals, single and “probe” recordings from an
implanted electrode were taken in an anesthetized animal after
sufficient training to expect the onset of visual recovery. This
animal was previously exposed to cross-modal stimuli while
AES was deactivated, but as noted earlier, this was unsuccessful
in restoring vision in the contralesional hemifield (Fig 2). The
training paradigm was continued with AES active, and probe
recordings were conducted in week 5 (Fig 3). An isolated neu-
ron was initially significantly (P = 0.0055) responsive to audi-
tory stimuli (11.6 ± 3.2 impulses/s), but not to visual stimuli.
Thereafter, 50 stimulus repetitions of the cross-modal stim-
ulus (auditory+downward-moving visual stimulus) were pre-
sented with AES active. Each cross-modal stimulus was fol-
lowed by an upward moving visual stimulus. During these pre-
sentations, the response to the visual–auditory combination
(21.0 ± 1.7 impulses/s) was significantly (P = 0.029) greater than
to the auditory stimulus alone, and the neuron began respond-
ing to the upward-moving visual stimulus as well. Tests fol-
lowing the repetitions of the cross-modal stimuli revealed sig-
nificant responses to both the downward (8.2 ± 1.4 impulses/s,
P < 2.6E−4) and upward (17.4 ± 2.8 impulses/s, P < 1.8E−4) mov-
ing visual stimuli. The on-line development of this enhanced
visual sensitivity during repetitions of the cross-modal stimulus
was consistent with the plastic changes in SC responsiveness
previously reported in normal animals (see Yu et al. 2013a).
Similar changes in other SC neurons occurring while cross-
modal training was taking place (i.e., both before and after this
recording) represent a possible substrate for supporting visual
responsiveness in the rehabilitated animal.

Discussion
The loss of contralesional vision following unilateral damage
to visual cortex occurs despite the sparing of the visuomotor
circuitry of ipsilesional SC, which is far from the site of physical
damage. However, deep layer SC neurons outside of the rostral
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Figure 2. Multisensory training with AES deactivated was ineffective in resolving hemianopia. Hemianopic animals given 6 (A) or 8 (B) weeks of training with
spatiotemporally congruent visual–auditory stimuli in the blinded hemifield (left) while the ipsilesional (right) AES was deactivated. On the left are radial plots showing

visual localization performance prior to rehabilitative training. On the right are radial plots of visual performance in which data were averaged over each week
of rehabilitative training. Note the absence of visual recovery. Shaded region indicates testing points at which the control animals had already recovered visual
responsiveness. Other conventions are the same as in Fig 1.

Figure 3. Subsequent multisensory training without AES deactivation resolved hemianopia. The same training that was previously ineffective when AES was
deactivated now rehabilitated hemianopia within the normal time period in both animals (A, B). Visual responses first appeared at central locations within 4 weeks of
training onset, and then progressed peripherally without further training. By week 6 vision had been restored throughout the contralesional hemifield and remained
stable thereafter. Conventions are the same as previous figures.

fixation zone (Munoz and Wurtz 1995), unlike their counter-
parts in the overlying superficial layers, become unresponsive
to visual stimuli after the cortical lesion (Jiang et al. 2015).
This renders them unable to support visual responsiveness that
might otherwise be possible in the absence of visual cortex
(Kinoshita et al. 2019). Presumably, their inactivation here is due
to the dominance of interhemispheric inhibition created by the

loss of the counterbalancing excitatory inputs from visual cortex
(Sprague 1966; Wallace et al. 1989, 1990; Durmer and Rosenquist
2001).

Seminal work by Sprague and colleagues demonstrated that
disrupting these interhemispheric inhibitory inputs by strategic
lesions in the contralateral hemisphere (e.g., lesioning the
opposite SC or intercollicular commissure) overcomes the
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imbalance and resolves the hemianopia (Sprague 1966; Wallace
et al. 1989; Wallace et al. 1990). However, the multisensory
training paradigm appears to overcome such inhibition and
ameliorates hemianopia without the need for surgical inter-
vention in cats as well as humans (Làdavas 2008; Leo et al.
2008; Dundon et al. 2015a, 2015b). That the brain’s orientation
mechanics to nonvisual stimuli remain intact in hemianopia
minimizes the possibility that the training paradigm corrects a
significant motor impairment (see also Frassinetti et al. 2005).
It is also unlikely that this rehabilitative training paradigm
involves the retraining of an association between visual stimuli
and an orientation response: using a spatially incongruent but
predictive nonvisual stimulus to reliably elicit orientation to an
ineffective visual stimulus in the blinded field does not restore
visual capabilities (Dakos et al. 2020). Nor does the paradigm
correct a simple attentional defect: repeatedly “priming” the
animal to the location of an unperceived visual stimulus with
a spatially congruent auditory stimulus preceding that visual
stimulus fails to induce visual recovery (Dakos et al. 2020).

Rather, the training paradigm appears to ameliorate a sen-
sory deficit linked to the loss of visual responsiveness in deeper
layer SC neurons, most of which are multisensory (Meredith and
Stein 1985; Burnett et al. 2004, 2007). To do so, the paradigm
requires the repeated presentation of spatiotemporally congru-
ent pairs of visual–nonvisual stimuli in the blinded field. These
stimuli are transduced into convergent, temporally-overlapping
visual and nonvisual input signals to the multisensory layers of
the SC and, in the normal brain, typically elicit enhanced sensory
responses (spatially or temporally disparate stimuli do not; Stein
and Meredith 1993; Rowland et al. 2007a, 2007b; Stein et al. 2014;
Miller et al. 2017).

The major route for relaying these convergent tectopetal
sensory signals is the AES, and its deactivation eliminates multi-
sensory enhancement in normal animals (Wilkinson et al. 1996;
Jiang et al. 2001, 2002, 2006, 2007; Alvarado et al. 2009). However,
AES has a significant impact on other multisensory SC pro-
cesses. Most important in the current context is its mediation of
multisensory (e.g., visual–nonvisual) plasticity. AES influences
are essential for the brain to use visual–auditory experiences
to craft the multisensory integration capabilities of these neu-
rons during early life, and for modifications in their capabilities
during adulthood (Yu et al. 2013a; Rowland et al. 2014; Wang
et al. 2020b). The changes that have been observed are consistent
with the operation of a Hebbian-like learning rule applied to
cross-modal tectopetal inputs (Yu et al. 2009; Cuppini et al.
2012; Yu et al. 2013b), and may also operate on AES inputs
during the multisensory training program to restore the visual
responsiveness of multisensory SC neurons.
Electrophysiological evidence was consistent with the operation
of this mechanism when AES was active in the current
experiment. Responses to the visual modality were significantly
enhanced (P < 0.01) by repeated exposure to visual–auditory
pairings: a marginally effective visual stimulus was rendered
significantly more robust, and an ineffective visual stimulus was
rendered effective. This provides a plausible mechanism for the
restoration of visual responsiveness, would also explain why
rehabilitation is effective even under anesthesia, and would be
consistent with other reorganizational multisensory dynamics
observed in compromised populations (Collignon et al. 2011).
It may also explain why hemianopia does not resolve readily
under normal, non-laboratory conditions. The latter seems
surprising given that the normal environment is rife with
congruent visual–auditory stimuli everywhere in space and

seems a far richer multisensory environment than a training
paradigm using seemingly meaningless flashes of light and
broadband noise bursts. The crucial feature in the rehabilitative
training, a feature also shared by long-term potentiation, is
the high-frequency repetition of the same event with a low-
frequency of intervening stimuli (Dan and Poo 2004; Caporale
and Dan 2008; Feldman 2012). Normal environments, in contrast,
provide a far greater variety of experiences, each of which
can produce different patterns of correlated and uncorrelated
neural activity, and consequently reduce the effectiveness of
a simple unsupervised learning algorithm (see also Xu et al.
2017).

The present results are consistent with the hypothesis that
rehabilitation reflects the strengthening of visual influence
from AES, thereby resulting in a gain recalibration that allows
its inputs to activate their postsynaptic SC target neurons and,
in turn, support overt visual behavior. Also, consistent with this
hypothesis is prior evidence showing that damaging AES in
rehabilitated animals reinstates their hemianopia (Jiang et al.
2015).

It is important to note that the SC is part of an extensive
subcortical visual circuit involving a variety of nuclei (e.g., supra-
geniculate nucleus, pulvinar, and basal ganglia) that also have
multisensory properties (Chalupa and Fish 1978; McHaffie et al.
1993; Benedek et al. 1997; McHaffie et al. 2005; Nagy et al. 2006;
Rokszin et al. 2010; Nagy et al. 2011; Benedek et al. 2019). It is
likely that the training paradigm also induces changes in nuclei
elsewhere in the circuit that facilitate the effective use of AES–SC
visual information. It is also possible that changes in the internal
reorganization within AES, prompted by the training paradigm,
help reinstate its ability to relay visual information. Although
AES–SC inputs are primarily unisensory in the intact animal
(Wallace et al. 1993), reorganizational changes in the principal
visual and auditory regions of AES (e.g., see Rauschecker and
Korte 1993; Rauschecker 1996) may alter the modality specificity
of its descending efferents. Further physiological studies are
necessary to target better the sites (s) at which the multisensory
training paradigm operates.

If, as hypothesized, the impact of the multisensory reha-
bilitative training paradigm (at any site) effectively restores
responsiveness throughout the visual field via an unsupervised
Hebbian mechanism, manipulations that enhance the operation
of such an algorithm should also enhance the effectiveness
of the rehabilitation. For example, pharmacological agents
or neuromodulators that enhance LTP, or degrade or block it
(Frémaux and Gerstner 2015; Brzosko et al. 2019), should have
parallel effects on the efficacy of hemianopic rehabilitation by
this method, and/or an alert brain might better process the
nature and impact of these inputs. In short, any mechanisms
that can enhance the synchronization of AES–SC inputs,
amplify presynaptic and postsynaptic responsiveness, or
increase their reliability, should also enhance the effectiveness
of the procedure. The therapeutic value of these and other
manipulations will become important to explore as converging
evidence continues to implicate the individual multisensory
neuron as a key element in the restoration of sight in
hemianopia.
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