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Cross-modal regulation of
synaptic AMPA receptors in
primary sensory cortices by
visual experience

Anubhuthi Goel"**, Bin ]iang3‘5, Linda W Xul, Lihua Songl,
Alfredo Kirkwood® & Hey-Kyoung Lee!?

Lack of a sensory input not only alters the cortical circuitry
subserving the deprived sense, but also produces compensatory
changes in the functionality of other sensory modalities. Here
we report that visual deprivation produces opposite changes in
synaptic function in primary visual and somatosensory cortices
in rats, which are rapidly reversed by visual experience. This
type of bidirectional cross-modal plasticity is associated with
changes in synaptic AMPA receptor subunit composition.

Figure 1 Cross-modal changes in AMPAR-
mediated synaptic transmission by visual
experience. (a—d) Left, cumulative probability of
AMPAR-mediated mEPSC amplitudes. Middle,
average mEPSC traces. Right, change in mEPSC
frequency with visual experience. NR, rats reared
normally (red solid line); DR, rats reared in the
dark for 1 week (black solid line); L, rats reared in
the dark for 1 week and then re-exposed to light
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Loss of vision is usually accompanied by the increased functionality of
other sensory modalities"2. Systems-level analyses of cross-modal
plasticity have revealed anatomical and functional rewiring of cortical
circuits®. However, little is known about the cellular and molecular
mechanisms underlying this type of plasticity. Here we examined
whether manipulation of visual experience can induce bidirectional
cross-modal plasticity of synaptic function in primary sensory cortices,
and investigated the molecular mechanisms underlying this form
of plasticity.

To study cross-modal changes in synaptic function by visual depri-
vation, we dark-reared 4-week-old Long-Evans rats for a period of
1 week and then measured AMPA receptor (AMPAR)-mediated
miniature excitatory postsynaptic currents (mEPSCs) in layer 2/3
pyramidal neurons in slices from primary visual, somatosensory and
auditory cortex (Supplementary Methods online). In visual cortex,
dark rearing produced an increase in mESPC amplitude that was
reversed by re-exposing the rats to lighted conditions for 2 d (nor-
mal-reared (NR): 10.7 £ 0.6 pA, n = 8; dark-reared (DR): 12.4 + 0.4
PA, n = 16; re-exposure to light (L): 10.7 = 0.4 pA, n = 13; analysis of

Scaled

oW b

Frequency (Hz)

for 2 d (black dotted line). Insets in cumulative
probability graphs, average mEPSC amplitudes
from NR (N), DR (D) and L groups. Results are
from (a) visual, (b) somatosensory, (c) auditory
and (d) frontal cortex. In visual, somatosensory
and auditory cortex, mEPSC of the DR group was
significantly different from that of the NR and L
groups (Kolmogorov-Smirnov test: P < 0.001). In
visual, somatosensory and frontal cortex, there
was no change in mEPSC kinetics across groups.
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In auditory cortex, there was a significant increase
in decay time constant (1) in the DR group (NR:
4.0+0.25ms,n=17;DR: 4.9 £ 0.36 ms,

n =18; ttest: P < 0.04). In all four cortices,
there was no significant change in mEPSC
frequency with visual experience. #P < 0.03 by
ANOVA, Fisher’s protected least significant
difference (PLSD) post-hoc test. *P < 0.04 by
t-test. Error bars represent s.e.m. All experiments
were approved by the Institutional Animal Care
and Use Committees (IACUCs) of the University
of Maryland and Johns Hopkins University.
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Figure 2 Cross-modal changes in synaptic AMPAR subunit composition by visual experience. (a) Dark
rearing for 1 week (DR) increased the GIuR1/GIuR2 (R1/R2) ratio in PSDs of visual cortex, by increasing
GIuR1 over that in the NR group. (b) Re-exposing DR rats to light for 2 d (L) decreased the GluR1/GIuR2
ratio in the PSD of visual cortex. (c) Dark rearing decreased GluR1/GIuR2 ratio in somatosensory cortical
synapses by decreasing GIuR1 content. (d) Re-exposure to light for 2 d increased the GIuR1/GIuR2 ratio
as compared to that in the DR group. Both GIuR1 and GIuR2 content were significantly increased in the
L group. (e,f) Left, inward rectification of current through synaptic AMPARs. Middle, AMPAR -V curves
from NR (white circles), DR (black circles) and L (gray triangles). Right, representative AMPAR-mediated
current traces at -60 mV and +40 mV. In visual cortex (e), dark rearing increased the inward rectification
of current through AMPARSs, whereas in somatosensory cortex (f), it resulted in a more linear current.
Both were reversed by 2 d of light exposure. *P < 0.05 by t-test. #P < 0.01 by ANOVA, Fisher’s PLSD

post-hoc test. Error bars represent s.e.m.

rats to light for 2 d reversed the increase in
the GluR1/GluR2 ratio (DR: 100 £+ 11% of
average DR, n = 14; L: 69 £ 14% of DR,
n = 14; t-test: P < 0.05; Fig. 2b). In contrast,
in somatosensory cortex, dark rearing
decreased GluR1 (NR: 100 + 11% of NR,
n = 12; DR: 51 + 11% of NR, n = 12; t-test:
P < 0.005) without changing GluR2 (NR: 100
+23% of NR, n = 12; DR: 101 + 24% of NR,
n = 12; t-test: P > 0.9), resulting in a
significant decrease in the GluR1/GluR2
ratio (NR: 100 + 22% of NR, n = 12; DR:

variance (ANOVA): F,34 = 5.968, P < 0.01; Fig. 1a). Notably, we
observed the opposite changes in somatosensory cortex, where 1 week
of dark rearing decreased the amplitude of mEPSCs and 2 d of light
exposure reversed this effect (NR: 13.8 + 0.8 pA,n = 12; DR: 11.3 £ 0.7
PA, n=16;L:14.1£ 0.9 pA, n = 16; ANOVA: F, 4o = 3.830, P < 0.04;
Fig. 1b). Changes in synaptic transmission by dark rearing seems to be
general for primary sensory cortices, as dark rearing also reduced
mEPSC amplitudes in auditory cortex (NR: 13.0 £ 0.9 pA, n = 17; DR:
10.7 £0.5 pA, n = 18; t-test: P < 0.04; Fig. 1¢), but not in frontal cortex
(NR: 13.0+ 1.2 pA,n=11; DR: 11.7 £ 1.2 pA, n = 9; t-test: P > 0.3;
Fig. 1d). There was no significant change in mEPSC frequency across
groups in any of the cortical areas (Fig. 1a—d): visual cortex: NR = 1.4 £
0.2 Hz, DR = 1.5+ 0.2 Hz, L = 2.0 + 0.3 Hz, (ANOVA: F, 3, = 1.222,

41 + 10% of NR, n = 12; t-test: P < 0.03;
Fig. 2¢), which was reversed by 2 d of light
exposure (DR: 100 + 13% of DR, n = 12; L: 224 + 42% of DR, n = 12;
t-test: P < 0.02; Fig. 2d). These changes at the PSD were not reflected
in the total homogenate and were accompanied by changes in GluR1
phosphorylation (Supplementary Fig. 3 online), suggesting that post-
translational mechanisms may be involved. Notably, GluR1 serine 845
phosphorylation correlated with an increase in mEPSC amplitude in
both visual and somatosensory cortex (Supplementary Fig. 3).
AMPARSs lacking or having reduced copies of GluR2 display inward
rectification of current™®. Therefore, we assessed the GluR1/GluR2
ratio electrophysiologically by determining an inward rectification
index (IR = (I at =60 mV)/(I at +40 mV); Supplementary Methods)
of AMPAR synaptic responses evoked by layer 4 stimulation. Consistent
with our biochemical data, in visual cortex, dark rearing produced an
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increase in inward rectification that was reversed by re-exposure to light
(NR=1.88+0.15,n=10; DR =3.42 £ 0.20, n = 22; L = 1.68 = 0.14,
n = 11; ANOVA: F, 49 = 25.929, P < 0.001; Fig. 2e), whereas opposite
changes were observed in somatosensory cortex (NR = 3.87 * 0.46,
n=10; DR = 1.76 + 0.07, n = 18; L = 3.07 £ 0.17, n = 9; ANOVA:
F, 34 = 23.440, P < 0.001; Fig. 2f). Inward rectification was dependent
on intracellular spermine (Supplementary Fig 4 online). Incidentally,
we noticed that neurons in somatosensory cortex from normal-reared
rats showed larger inward rectification and mEPSC amplitudes than
cells from the visual cortex of these rats (Fig. 2 and Supplementary Fig.
5 online), consistent with basal differences in AMPAR subunit compo-
sition between these two cortical areas (Supplementary Fig. 6 online).
Collectively, our biochemical and electrophysiological data suggest that
cross-modal plasticity may be mediated by changes in the subunit
composition of synaptic AMPARSs.

Our results demonstrate that manipulation of visual experience not
only bidirectionally regulates synaptic AMPARs in visual cortex, but
also produces complementary changes in the somatosensory cortex.
These changes are rapid, as dark rearing for only 1 week produced
similar changes in AMPARs as dark rearing from birth (Supplemen-
tary Fig. 5). It remains to be determined whether the cross-modal
plasticity induced in somatosensory cortex is due to the altered cortical
processing of tactile inputs (that is, top-down) or to differences in
tactile experience (that is, bottom-up). The former mechanism would
engage cortico-cortical inputs, whereas the latter involves thalamocor-
tical inputs for triggering homeostatic plasticity. In any case, similar
changes in AMPAR function in auditory cortex suggest that these
changes may occur globally across sensory cortices. The bidirectional
synaptic changes we observed are consistent with a homeostatic
plasticity mechanism, where chronic deprivation of inputs increases
AMPAR function whereas a prolonged increase in activity decreases it’.
In vitro studies suggest that homeostatic synaptic plasticity is associated
with changes in the synaptic content®~1% and subunit composition!>!2
of AMPARs. We not only provide evidence that these changes also
occur in vivo by natural experience, but suggest that these mechanisms
can be recruited cross-modally. Taken together with a recent study
demonstrating synapse-specific regulation of AMPARs by sensory
experience!®, our results suggest that AMPAR regulation may be a
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common downstream mechanism for both synapse-specific and global
homeostatic plasticity in vivo.

Note: Supplementary information is available on the Nature Neuroscience website.
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