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Visual deprivation modifies oscillatory activity in visual and auditory centers
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ABSTRACT

Loss of vision may enhance the capabilities of auditory perception, but the mechanisms mediating
these changes remain elusive. Here, visual deprivation in rats resulted in altered oscillatory activities,
which appeared to be the result of a common mechanism underlying neuronal assembly formation
in visual and auditory centers. The power of high-frequency  and y oscillations in V1 (the primary
visual cortex) and 3 oscillations in the LGN (lateral geniculate nucleus) was increased after one week
of visual deprivation. Meanwhile, the power of 3 oscillations in A1 (the primary auditory cortex) and
the power of B and y oscillations in the MGB (medial geniculate body) were also enhanced in the
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absence of visual input. Furthermore, nerve tracing revealed a bidirectional nerve fiber connection
between V1 and A1 cortices, which might be involved in transmitting auditory information to the
visual cortex, contributing to enhanced auditory perception after visual deprivation. These results
may facilitate the better understanding of multisensory cross-modal plasticity.

1. Introduction

Blind individuals often display better tactile acuity (Van
Boven et al. 2000; Goldreich and Kanics 2003), pitch discrimi-
nation (Gougoux et al. 2004) and odor identification (Cuevas
et al. 2009; Beaulieu-Lefebvre et al. 2011; Zhou et al. 2017)
than sighted individuals. In addition, early-blind subjects
also demonstrate improved sound localization compared
with sighted controls when attending to sounds in periph-
eral auditory space, whereas early-blind subjects perform
similarly in the frontal field or even poorer than sighted sub-
jects when the signal-to-noise ratio is low (Lessard et al.
1998; Roder et al. 1999; Zwiers et al. 2001). The central
nervous system is able to adapt to the loss of one modality
by undergoing plastic changes in its structural connectivity
and neural interactions. Functional imaging studies of
human and, recently, animal studies reveal that cross-
modal plasticity might be attributed to reorganization of
the deprived cortex to process the spared senses and adap-
tive plasticity of the spared cortices (Cohen et al. 1997; Sterr
et al. 1998; He et al. 2012; Meng et al. 2015).
Dark-exposure visual deprivation in rodents leads to
homeostatic up-regulation of excitatory synapses of
layer 2/3 neurons in V1 (the primary visual cortex),
increased miniature excitatory postsynaptic current
(mEPSC) amplitude and up-regulated GIuR1 expression,
which returns to normal levels after re-exposure to

light (Goel et al. 2006). Monocular enucleation of adult
rodents initially reduces the activity in the deprived mon-
ocular zone of V1, while activity returns to normal levels
after whisker stimulation (Van Brussel et al. 2011; Nys
et al. 2014). These data provide an intriguing possibility
that the deprived sensory cortex could be recruited to
process remaining sensory information. The deprived
sensory cortex is not the only part of the brain that
adapts to the loss of its sensory inputs, but the spared
sensory cortices also undergo synaptic changes. a-
Amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
(AMPA) receptor-mediated excitatory synaptic trans-
mission in layer 2/3 of S1 (the primary somatosensory
cortex) and A1 (primary auditory cortex) is reduced
after dark-exposure (Goel et al. 2006; He et al. 2012).
Moreover, loss of vision produces distinct neural circuit
changes in the spared and deprived sensory cortices,
shifting between feedforward and intracortical proces-
sing to allow adaptation (Petrus et al. 2015). In addition,
the thalamocortical connections also undergo profound
changes after the loss of sensory input. For example,
visual deprivation strengthens thalamocortical synapses
in A1 but not in V1, and deafening potentiates thalamo-
cortical synapses in V1 but not in A1 (Petrus et al. 2014).

These findings demonstrate that adaptation of the
spared and deprived sensory cortices may differ;
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however, little is known about the distinct underlying
mechanisms. The goal of the present study was to inves-
tigate how neural oscillation and synchrony change in
auditory and visual centers after the loss of visual input
and whether there is direct neural connectivity
between auditory and visual centers.

2. Material and methods
2.1. Animal models

Male Sprague-Dawley rats (including 60 rats at postnatal
day 20 (P20) and 10 rats at P90) were obtained from
Shanghai SLAC Animal Centre. All the animals were
kept in the local animal facility and reared with ad
libitum access to food and water. A visual deprivation
model was created by exposing rats (P21) to complete
darkness for 7 days (DE). Control animals were rats of a
similar age and strain exposed to a normal visual experi-
ence with a 12-h light/dark cycle (the NR group) (Petrus
et al. 2014; Meng et al. 2015). The investigation was
approved by the Ethics Committee and the Committee
of Animal Experimentation of Shanghai University. All
efforts were made to minimize the number of animals
used and their suffering.

2.2, LFP recording

Rats (P28) were anesthetized with chloral hydrate (10%,
4.5 mL/kg) and ethyl carbamate (20%, 2 mL/kg), placed
in a stereotaxic frame and implanted with a 16-channel
nickel-chromium microelectrode array (impedance less
than 1 MQ). Electrodes were accurately placed in layer
4 of A1 (6.3 mm posterior to bregma, 6.2 mm lateral to
midline, 0.8 mm below the brain surface), layer 4 of V1
(5.2 mm posterior to bregma, 3.4 mm lateral to midline,
0.8 mm below the brain surface), medial geniculate
body (MGB; 6.3 mm posterior to bregma, 3.4 mm lateral
to midline, 4.9 mm below the brain surface), lateral genicu-
late nucleus (LGN; 5.2 mm posterior to bregma, 3.4 mm
lateral to midline, 4.0 mm below the brain surface) accord-
ing to brain topography. Recordings of the local field
potential (LFP) were acquired in the absence of visual or
acoustic stimuli in a dark and sound-attenuated cubicle
(with background noise level at approximately 20 dB). To
reduce various interferences of ambient electromagnetic
fields, we placed the recording chamber in a Faraday
cage. LFPs were acquired as broadband signals
(0.1 Hz~5 kHz) using a Plexon OmniPlex System (USA).
Brains were sliced and stained with toluidine blue after
recording to ensure that electrodes were located in the
correct position, in each recording area of NR or DE
group, six rats were successfully recorded.

2.3. Data analysis

The following data analysis steps were performed off-line
with custom-written MATLAB scripts. After the data were
imported into the MATLAB environment, a random 10-s
epoch in each recording was selected and extracted to
create a single file. LFP recordings were low-pass filtered
with a cutoff at 300 Hz. Line noise artifacts were removed
using a 50-Hz Butterworth notch filter. Power spectral
density (PSD) was computed using the Welch technique,
with Hamming windowing and a fast Fourier transform
segment length of 512 samples with a 256-sample
overlap. Changes in power were analyzed for five fre-
quency oscillations (&: ~1-4 Hz, 6: ~4-8 Hz, a: ~8-
13 Hz, B: ~13-30Hz, y: ~30-90 Hz). Wavelet packet
decomposition was used to extract these five frequency
bands. These oscillations were chosen because prelimi-
nary analyses showed that specific spectral changes
occurred in these frequency bands when animals were
anesthetized. The power of each oscillation was com-
puted separately. All LFP energy data were expressed
as the mean £ SEM. A two-tailed t-test was performed
to compared differences across groups using a signifi-
cance criterion of p < 0.05.

2.4. Neural tracing

Sprague-Dawley rats (at P20 and P90) were anesthetized
with chloral hydrate (10%, 4.5 mL/kg) and ethyl carbamate
(20%, 2 mL/kg). Alexa Fluor 488-conjugated cholera toxin
subunit B (CTB, a retrograde tracer, Invitrogen) solution
was injected into V1 (P20: 4.8 mm posterior to bregma,
25 mm lateral to midline, 0.7 mm below the brain
surface. P90: 4.87 mm posterior to bregma, 3.9 mm
lateral to midline, 1.2 mm below the brain surface) and
A1 (P20: 4.9 mm posterior to bregma, 5.1 mm lateral to
midline, 0.7 mm below the brain surface. P90: 4.7 mm pos-
terior to bregma, 3.5 mm lateral to midline, 1.2 mm below
brain surface) with a glass pipette at a flow rate of 0.2 pl/
min. The sites at AT and V1 both received 1 pl injections.
After one day, the rats (P21) injected with CTB in A1 were
randomly divided into the NR group (n=3 rats) and DE
group (n =3 rats). The remaining rats (P21) injected with
CTB in V1 were also randomly divided into the NR
group (n=3 rats) and DE group (n=3 rats). The rats
(P91) injected with CTB in A1 and V1 were reared under
normal visual experience for 7 days (NR) (n=10 rats). A
schematic of the CTB injection is shown in a supplemen-
tary figure (Figure S1). Then, rats (P28 and P98) in deep
anesthesia were perfused with sterile saline and 4% paraf-
ormaldehyde in 0.1 M phosphate buffer (pH = 7.4). Brain
tissues were collected and placed in a 20% sucrose
0.1 M PB solution for dehydration until they sunk and



were then moved into a 30% sucrose 0.1 M PB solution
until the tissue sunk again. Frozen sections were cut
20 um thick with a Cryostat Microtome (HM 525,
Thermo Fisher). Confocal images of target areas in the
injected side of the brain slice were acquired under a flu-
orescence microscope (H600L, Nikon).

3. Results

3.1. LFP oscillations in V1 and the LGN change
after DE

In vivo LFP recordings showed that the raw LFP traces in
visual thalamo-cortical centers were altered in the DE
group (Figure 1(a,c)). After the raw traces were extracted
into five frequency bands, the PSD was found to be
embellished across different frequency bands after DE
(Figure 1(e/f)). The total power of raw LFP oscillations in
the V1 cortex was remarkably increased (increased by
89.97%, p < 0.001) in the DE compared to that in the NR
group (NR, n = 6 rats; DE, n = 6 rats). The power of high-fre-
quency (3 and y oscillations was significantly enhanced
after DE (increased by 92.36%, p <0.001; increased by
79.1%, p < 0.001, respectively). The power of three low-fre-
quency oscillations (6, 8 and a) in V1 were larger in the DE
group than in the NR group (increased by 91.82%, p <
0.001; increased by 75.56%, p<0.001; increased by
109.66%, p < 0.01, respectively) (Figure 1(b)). In addition,
in contrast to the oscillations observed in V1, the total
power of raw LFP oscillations in the LGN was obviously
decreased following DE (decreased by 61.08%, p < 0.001)
(NR, n =6 rats; DE, n =6 rats). The power of & and 6 oscil-
lations was similarly decreased (decreased by 74.04%, p <
0.001; decreased by 23.28%, p <0.01), whereas the f3
power was significantly increased after DE (increased by
41.03%, p < 0.001) (Figure 1(d)).

3.2. LFP oscillations in A1 and the MGB change
after DE

Investigation of the adaptive changes in the auditory
center revealed modifications of the raw LFP traces
after DE (Figure 2(a,c)). Obvious changes in different fre-
quency bands of the PSD were observed after DE (Figure
2(e,f)). The total power of raw LFP oscillations in A1 was
increased after DE (increased by 37.63%, p < 0.01) (NR, n
=6 rats; DE, n =6 rats). The power of high-frequency 3
oscillation in A1 was significantly enhanced in the DE
group compared to that in the NR group (increased by
21.61%, p <0.05). The power of three low-frequency
oscillations (8, 6 and a) in A1 was larger in the DE
group than in the NR group (increased by 23.52%, p <
0.05; increased by 141.84%, p <0.001; increased by
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23.48%, p < 0.05, respectively) (Figure 2(b)). Furthermore,
in the MGB, the power of raw LFP oscillations was signifi-
cantly larger in the DE group than in the NR group
(increased by 21.07%, p < 0.05) (NR, n=6 rats; DE, n=6
rats), and the power of high-frequency 3 and y oscil-
lations was remarkably increased after DE (increased by
192.66%, p < 0.001; increased by 154.84%, p <0.001). In
addition, the remaining low-frequency oscillations (6
and a) were also enhanced after DE (increased by
83.37%, p<0.001; increased by 137.74%, p<0.001)
(Figure 2(d)).

3.3. Thalamocortical and corticocortical
connections in visual and auditory centers

To examine patterns of corticocortical and thalamocorti-
cal connections in visual and auditory centers, we
employed a retrograde tracer, CTB, to map the projec-
tions. The labeling of each group was performed and
reproduced in no less than three animals (as shown in
Figure S1); Figures 3 and 4 show example data from indi-
vidual animals. Retrogradely labeled cells were found in
the LGN and MGB of NR rats at P28 after CTB was injected
into the V1 and A1 cortex, respectively (Figure 3(a,b,g,h)),
demonstrating ascending fiber projections from the LGN
to V1 cortex and MGB to A1 cortex. Likewise, CTB-labeled
cells were also detected in the LGN and MGB of DE rats at
P28 after injection within the V1 and A1 cortex (Figure 3
(d,e,j,k)), indicating that the thalamocortical connections
in the visual and auditory centers were unchanged after
DE. Retrogradely labeled cells were also found in A1 and
V1 of NR rats at P28 when CTB was injected into the V1
and A1 cortex, respectively (Figure 3(c,i)), indicating
that fiber projections between V1 and A1 cortices were
bidirectional. The bidirectional corticocortical connec-
tions were also shown in visual and auditory centers of
DE rats at P28 (Figure 3(f,l)). Moreover, the same bidirec-
tional corticocortical connections between V1 and A1l
cortices were also detected in rats at P98 (Figure 4).

4. Discussion

4.1. LFP plasticity in visual and auditory centers
after visual deprivation

Accumulating evidence highlights the often superior
performance of auditory functions in blind individuals
(Merabet et al. 2005; Pasqualotto and Proulx 2012).
Although lacking visual input, the visual cortices of
blind individuals are still active during the perception
of the remaining sensory information (Merabet et al.
2005). LFP oscillations are often accompanied by syn-
chronization of activity within a widespread cerebral



152 (&) P.PANETAL

A
V1
= NR
LFP WWWW e
1s i
R
gamma

LGN — TR
w— DE
LFP
beta 1s i
° S —r
gamma
ettt
=— NR
E V1 —— DE

PSD (W/Hz)

Y

60 90

a0y V1 = AR
*kk - DE
& *hk
> 10 okk
E .
>
) .
G 102
g 102
]
104_
LFP 3 0 a B Y
1004 LGN = N\R
*kk - DE
*kk
&
> 101 *k
E Fekk
>
>
@ 102
w
10
LFP 8 0 o B ¥
F — NR
LGN — DE
102+
10*’-!\
E 107 (\R\
Ty
2 10<
L 10° %&
10»7_
0
10 1019 B v
0 30 60 90

Figure 1. LFP characteristics of V1 and the LGN change after DE. (a) Random LFP segments from V1 of NR (shown with black line) and
DE (shown with red line) rats alone and with  and y oscillations extracted from these segments. (b) The power of five oscillations from
V1 is shown in the bar graph (mV?), with data shown in a log scale. () Random LFP segments from the LGN of NR (shown with black
line) and DE (shown with red line) rats alone and with B and y oscillations extracted from these segments. (d) The power of five oscil-
lations from the LGN is shown in the bar graph (mV?), with data shown in a log scale. (e) Average PSD from V1 of NR and DE rats is
shown after it was normalized and computed with fast Fourier transform (FFT) (n = 4). (f) Average PSD from the LGN of NR and DE rats is
shown after it was normalized and computed with FFT (n = 4). Each line chart was painted into five areas in order to distinguish one
oscillation from the others. Data are shown as the mean + SEM. Asterisks indicate levels of significance by t-test with statistical signifi-

cance at *P < 0.05, ¥**P < 0.01 and ***P < 0.001.

area and deemed to have a common mechanism under-
lying neuronal assembly formation (David et al. 2009). In
the current study, oscillations in the V1 cortex were
found to undergo remarkable changes in the absence
of visual input. The enhancement of raw LFP oscillations
and high-frequency B and y oscillations suggests that
neural excitability in layer 4 of the V1 cortex was
increased after DE. A previous study demonstrated that
the mEPSCs in layer 2/3 pyramidal neurons in the V1
cortex were increased by visual deprivation, and this
increment was reversed after the recovery of visual
input (Goel et al. 2006). Together, these data indicate
that cellular excitation of V1 is globally strengthened
by visual deprivation and that the V1 cortex may be

involved in processing other remaining senses when
visual input is lacking. On the other hand, visual depri-
vation does not alter the strength of thalamocortical
synapses to layer 4 of the V1 cortex (Petrus et al. 2014),
hinting that neural activity in the LGN may remain unal-
tered after visual deprivation. Nevertheless, the present
study demonstrated that LFP oscillations in the LGN
were obviously embellished; the enhanced {3 oscillation
and opposite plastic changes of other oscillations
suggest that the LGN may be involved in cross-modal
compensation after visual deprivation. The low-fre-
quency rhythms (5§, 6 and a oscillation) in visual
centers also underwent changes after visual deprivation.
However, as mentioned in a previous study, these
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Figure 2. LFP characteristics of A1 and the MGB change after DE. (a) Random LFP segments from A1 of NR (shown with black line) and
DE (shown with red line) rats alone and with  and y oscillations extracted from these segments. (b) The power of five oscillations from
A1 is shown in the bar graph (mV?), with data shown in a log scale. (c) Random LFP segments from the MGB of NR (shown with black
line) and DE (shown with red line) rats alone and with B and y oscillations extracted from these segments. (d) The power of five oscil-
lations from the MGB is shown in the bar graph (mV?), with data shown in a log scale. (e) Average PSD from A1 is shown after it was
normalized and computed with FFT (n =4). (f) Average PSD from the MGB of NR and DE rats is shown after it was normalized and
computed with FFT (n =4). Each line chart was painted into five areas in order to distinguish one oscillation from the others. Data
are shown as the mean + SEM. Asterisks indicate levels of significance by t-test with statistical significance at *P < 0.05, **P < 0.01

and ***P < 0.001.

changes were relatively easily influenced by anesthesia
(Zhou et al. 2017). In addition, compared to the roles of
high-frequency rhythms (Jia et al. 2013; Schmiedt et al.
2014; Brunet et al. 2015), the roles of low-frequency
rhythms in cortices involved in sensory perception
need to be further defined. For these reasons, the
changes in the low-frequency rhythms observed in this
study are not discussed in depth.

Loss of visual input leads to widespread compensa-
tory plasticity across brain areas (Merabet et al. 2008).
The strength of thalamocortical synapses to layer 4 of
the A1 cortex was increased after a week visual depri-
vation (Petrus et al. 2014). In the current study, raw LFP
oscillations as well as B oscillations in layer 4 of the A1
cortex were significantly heightened, potentially

contributing to a cross-modal enhancement of auditory
perception induced by a lack of visual input. Further-
more, the B and y oscillations in the MGB were increased,
which indicated that enhanced neural excitability and
underlying factors may account for the potentiation of
the thalamocortical projection to A1 during visual depri-
vation. The intracortical circuits in the auditory cortex
may be altered by visual deprivation; the elaborate
refinement of intra- and inter-laminar connections in
the auditory cortex may be the basis of the cross-
modal plasticity (Meng et al. 2015). Therefore, the
enhanced LFP oscillations in A1 may be attributed to
not only the increase in the strength of the thalamocor-
tical projection but also the refinement of intracortical
circuits in the A1 cortex. These results suggest that, in
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Figure 3. Retrograde tracing in visual and auditory centers of rats at P28. (a) The injection site (V1) of an NR rat at P28; CTB-labeled cells
are shown in green. (b,c) Retrograde labeling of neurons in the LGN and A1 of an NR rat at P28 after CTB injection within V1. (d) The
injection site (V1) of a DE rat at P28. (ef) Retrograde labeling of neurons in the LGN and A1 of a DE rat at P28 after CTB injection within
V1. (g) The injection site (A1) of an NR rat at P28. (h,i) Retrograde labeling of neurons in the MGB and V1 of an NR rat at P28 after CTB
injection within A1. (j) The injection site (A1) of a DE rat at P28. (k,|) Retrograde labeling of neurons in the MGB and V1 of a DE rat at P28
after CTB injection within A1.
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addition to the adaptation of the visual cortex to visual involve in compensating and processing of auditory
input deprivation, the auditory sensory cortices also information, are there inherent connections between
undergo plastic changes. How does visual cortex  visual and auditory centers?
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Figure 4. Retrograde tracing in visual and auditory centers of rats at P98. (

4.2. The corticocortical connections between the
V1 and A1 cortices

Corticocortical connections and thalamocortical connec-
tions are involved in mediating auditory responses in the
visual cortex of the blind (Klinge et al. 2010). Retrograde
neural tracing in the current study verified innate ascend-
ing fiber projections of visual and auditory centers,
namely, projections from the thalamic LGN to V1 cortex
and from the thalamic MGB to A1 cortex. The thalamocor-
tical synapses from MGB to A1 but not from LGN to V1 were
strengthened after visual deprivation. In contrast, the tha-
lamocortical synapses from LGN to V1 but not from MGB
to A1 were enhanced after deafening (Petrus et al. 2014).
Anterograde studies have found that the auditory cortex
sends transient axons to visual areas (Dehay et al. 1988;
Clarke and Innocenti 1990). In the current study, bidirec-
tional corticocortical connections between the V1 and A1
cortices of rats were discovered, seemingly providing a
direct and quick pathway for auditory information to be
transmitted between the central visual and auditory
system both with and without visual input. Functional
magnetic resonance imaging has also provided clear evi-
dence for stronger corticocortical connections from A1l to
V1 in congenital blind humans than in sighted humans
(Klinge et al. 2010). The peripheral visual representations
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a) The injection site (A1) of an NR rat at P98; CTB-labeled cells
are shown in green. (b,c) Retrograde labeling of neurons in the MGB and V1 of a rat at P98 after CTB injection within A1. (d) The injec-
tion site (V1) of an NR rat at P98. (ef) Retrograde labeling of neurons in the LGN and A1 of a rat at P98 after CTB injection within V1.

of early visual areas V2 and prostriata project to the
caudal auditory cortex in macaque monkeys, indicating
that the projections between the caudal auditory cortex
and low-level visual cortex show some level of reciprocity
(Falchier et al. 2002). Moreover, the direct projections
from the auditory cortex to V1 cortex and secondary
visual area (V2) could also serve as a substrate for auditory
influences over low-level visual processing (Falchier et al.
2010). Hence, the enhanced neural activity of the V1
cortex of vision-deprived rats in this study strongly
hinted that the V1 cortex might be involved in receiving
and processing auditory information and sending this
information back to the A1 cortex through bidirectional
corticocortical connectivity. In the present study, the corti-
cocortical connectivity between the V1 and A1 cortices
remained in the adult stage, further suggesting that the
direct anatomical substrate might be involved in cross-
modal plasticity. However, the complicated changes in
the different oscillations likely imply that the LGN is
involved in cross-modal compensation after visual depri-
vation. Certainly, several questions must be further investi-
gated, such as whether the direct pathway linking the two
primary cortices is modified during the loss of one sensory
modality and whether there is a direct fiber connection
between the thalamic LGN and MGB.
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5. Conclusion

In summary, the present study demonstrated plastic
changes in LFP oscillations in visual and auditory
centers following visual deprivation as well as inherent
bidirectional corticocortical connectivity between the
V1 and A1 cortices, providing a novel perspective to
further understand cross-modal plasticity.
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