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Layer-Specific Experience-Dependent Rewiring of
Thalamocortical Circuits
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Thalamocortical circuits are central to sensory and cognitive processing. Recent work suggests that the thalamocortical inputs onto L4
and L6, the main input layers of neocortex, are activated differently by visual stimulation. Whether these differences depend on layer-
specific organization of thalamocortical circuits; or on specific properties of synapses onto receiving neurons is unknown. Here we
combined optogenetic stimulation of afferents from the visual thalamus and paired recording electrophysiology in L4 and L6 of rat
primary visual cortex to determine the organization and plasticity of thalamocortical synapses. We show that thalamocortical inputs onto
L4 and L6 differ in synaptic dynamics and sensitivity to visual drive. We also demonstrate that the two layers differ in the organization of
thalamocortical and recurrent intracortical connectivity. In L4, a significantly larger proportion of excitatory neurons responded to light
activation of thalamocortical terminal fields than in L6. The local microcircuit in L4 showed a higher degree of recurrent connectivity
between excitatory neurons than the microcircuit in L6. In addition, L4 recurrently connected neurons were driven by thalamocortical
inputs of similar magnitude indicating the presence of local subnetworks that may be activated by the same axonal projection. Finally,
brief manipulation of visual drive reduced the amplitude oflight-evoked thalamocortical synaptic currents selectively onto L4. These data
are the first direct indication that thalamocortical circuits onto L4 and L6 support different aspects of cortical function through layer-

specific synaptic organization and plasticity.

Introduction

Thalamocortical (TC) circuits are central to the coding of sensory
information (Sherman and Guillery, 2002; Castro-Alamancos,
2004) and crucial for the synchronization of cortical activity
(Llinas et al., 1999; Banitt et al., 2007; Wang et al., 2010; Bruno,
2011). Axons from the lateral geniculate nucleus of the thalamus
(LGN) project largely to L4 of primary visual cortex (V1) and
send a significant portion of their collateral afferents to L6 (LeVay
and Gilbert, 1976; Peters and Feldman, 1977). While the inputs
onto the two layers are thought to contribute to transfer of sen-
sory information (Amitai, 2001; Lee and Sherman, 2008), exper-
imental evidence suggests that neurons in L4 and L6 may play
different functions in the processing of sensory stimuli (Gilbert,
1977; Sengpiel et al., 1998; Alonso et al., 2001). Whether the
functional differences depend on layer-specific synaptic organi-
zation of the TC—intracortical (IC) circuits or on distinct respon-
siveness to changes in sensory input is unknown. Studies
investigating the effect of long-lasting sensory deprivation sug-
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gest that reduction of driving input leads to alterations of TC
projections (Tieman, 1985; Catalano and Shatz, 1998; Antonini
et al., 1999) and changes in TC plasticity (Khibnik et al., 2010);
however, the effects of brief sensory deprivation on these syn-
apses have been less consistent (Coleman et al., 2010). To date,
there is no direct evidence that brief changes in sensory experi-
ence affect TC inputs and that the effect is similar in L4 and L6. In
V1, a major model for studying the effect of sensory drive on the
synaptic organization of cortical circuits, the complex anatomy of
the axons from LGN neurons has hampered the direct investiga-
tion of TC synapses. Here we devised an experimental approach
that combines optogenetic stimulation of TC axons (Petreanu et
al., 2007; Cruikshank et al., 2010) from the LGN with paired
recordings in V1 to investigate directly the organization, synaptic
properties, and plasticity of TC synapses onto L4 and L6 excit-
atory neurons in acute slices. Our data demonstrate that LGN
afferents in L4 and L6 excitatory neurons have layer-specific
properties. More specifically, we show that there are significant
differences in the proportion of neurons responding to light ac-
tivation of TC terminal fields in the two layers and that the am-
plitude and short-term dynamics of TC synaptic responses show
layer specificity. In addition, L4 and L6 have distinct organization
of TCand recurrent connectivity and show different sensitivity to
changes in visual drive. While brief manipulation of visual drive
induced a selective decrease of TC inputs onto L4 pyramidal neu-
rons, recurrent L4 synapses as well as TC synapses onto L6 neu-
rons remained unaffected. These results are consistent with the
idea that the two main input layers of V1 may relay different
aspects of cortical function via layer-specific properties and cir-
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cuit organization of TC inputs. As TC inputs onto L4 alone are
exquisitely sensitive even to brief changes in visual input, the
organization of the circuit in layer 4 may bias its function toward
sensory processing and experience-dependent circuit refine-
ment, while the circuit in L6 may be organized to bias its function
toward gain control (Olsen et al., 2012) and corticothalamic feed-
back (Andolina et al., 2007; Briggs, 2010; Briggs and Usrey, 2011;
Krahe and Guido, 2011).

Materials and Methods

The surgery and experimental procedures were approved by the Stony
Brook University Animal Use Committee and followed the guidelines
of the National Institutes of Health. We developed an experimental
approach for the direct investigation of TC synapses in acute slice prep-
aration of V1. To allow for light activation of TC afferents in V1, adeno-
associated virus serotype 9 (AAV9) (Gu et al., 2012) containing the
ChR2-GFP gene (Zhang et al., 2010) was delivered with a Nanoject pres-
sure injector in the LGN of postnatal day 14 (P14) rats anesthetized with
a mixture containing 100 mg/kg Ketamine, 0.7 mg/kg Acepromazine,
and 10 mg/kg Xylazine. Both male and female rats were included in the
study. The location of the injection site and the titration of the number of
viral particles required for reliable and successful expression were ana-
lyzed using histological analysis of fixed tissue. The coordinates of injec-
tion at P14 were 3.6 mm posterior from bregma, 3.05 mm lateral from
midline, 3.8 mm below the pia. This resulted in positive expression of
channelrhodopsin2 (ChR2)-GFP in the location expected for the LGN
14 d after surgery at P28. It should be noted that the position of the
injection site at 14 d is 2-3 mm rostral to the location of V1, making it
highly unlikely for the construct to leak in V1 during injection. Further-
more, no leak of the construct occurred in the cortical region above the
injection site; therefore, nonspecific infection of corticocortical axons
from other cortical areas cannot account for the ChR2-GFP-expressing
axons in V1. The subtype of AAV used in this study did not show retro-
grade labeling of neuron somata in V1, indicating specific expression of
the light-gated conductance in LGN terminal fields. The histological
procedures used in this study are as follows. Briefly, 14 d after injection,
P28 rats were anesthetized with 100 mg/kg Ketamine, 0.7 mg/kg
Acepromazine, and 10 mg/kg Xylazine and perfused intracardially with
cold fixative solution (4% Paraformaldehyde). The brain was dissected
and postfixed in 30% sucrose solution. Slices (100 wm thick) from fixed
brains were cut with a Vibroslicer (Leica VT1000). Confocal images of
the LGN were obtained with a 20X objective. Confocal images of V1 were
obtained at low magnification (5X objective; Fig. 1B, left) to visualize all
layers in V1 simultaneously. The level of expression in V1 was quantified
by analyzing the intensity of GFP expression across the cortical mantle
(Fig. 1D). Once the most effective concentration was assessed (300 nl
volume containing 50*10'? particles/nl), it was used throughout the
study. To determine the success of each injection, the profile of GFP
expression was quantified for each acute slice used for patch-clamp re-
cordings. Only data obtained from slices whose expression profile was
within one SD from the average were included in the analysis (Fig. 1D).
This allowed for comparisons of recordings obtained from slices with
similar levels of ChR2 expression in the LGN terminal fields in V1.
Electrophysiology. Fourteen days after injection of AAV9 containing
the ChR2-GFP construct, rats were anesthetized with isoflurane, and
acute coronal slices containing the monocular portion of V1 were pre-
pared as described previously (Maffei et al., 2006). To verify the localiza-
tion of the effectiveness of ChR2 expression in the injection site, coronal
slices containing the LGN were also prepared from each brain. Before
recording in V1, patch-clamp recordings were performed in LGN slices
to verify sufficient levels of expression of the light-sensitive protein (Fig.
1A). After verification of successful injections, patch-clamp recordings
were obtained from visually identified neurons in L4 and L6 of coronal
slices containing monocular V1. Triple simultaneous recordings were
obtained from L4 and L6 neurons to allow for direct comparison of
TC-EPSC properties in L4 and L6 of the same slice. Brief light pulses (1
ms) to activate the LGN terminal field (or LGN neurons in slices con-
taining the LGN) were delivered using an LED blue optic fiber (470 nm)
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mounted on the fluorescence pathway of an upright microscope (Olym-
pus BX51WI) through a 40X water-immersion objective. The intensity
of the light was regulated with a power generator connected to the optic
fiber (power: 0.1-0.3 mW/mm *). Duration and frequency of light pulses
were synchronized with electrophysiological data acquisition through
the analog output of a Multi-Patch clamp amplifier (HEKA). The power
of light stimulation for our LED fiber was measured with an optical
power meter (Coherent Inc.) placed in the recording chamber. For each
recorded neuron a minimum of 50 repetitions of light pulses were deliv-
ered at a frequency of 0.05 Hz. Offline, light-evoked TC-EPSCs were
aligned at 10-90% of rise time, to obtain the average synaptic response
for each neuron and allow quantification of the TC-EPSC.

In a different experimental set, simultaneous triple patch-clamp re-
cordings were obtained within L4 or L6 of slices from the same animal to
test for differences in recurrent IC connectivity and TC responsiveness.
The angle of slicing was adjusted to preserve the full extent of the neuro-
nal processes in both L4 and L6 (Zarrinpar and Callaway, 2006). Patch-
clamp recordings were routinely performed 75-100 wm below the slice
surface to ensure well preserved neuronal morphology and connectivity
in both layers. Identification of connected pairs was as previously de-
scribed (Maffei et al., 2004, 2006; Maffei and Turrigiano, 2008). While we
did not intentionally target a specific L6 neuron type, the post hoc mor-
phological reconstruction of our recorded neurons indicated that most,
if not all, L6 neurons we recorded corresponded to L6 pyramidal neurons
with apical dendrites extending to the superficial layers. These neurons
are similar in morphology to those described by Bannister et al. (2002)as
extending their axonal projections mainly in the infragranular layers.

Light activation of LGN terminal fields were used to evoke TC-EPSCs
onto cortical neurons (recorded in voltage-clamp mode) while the am-
plitude of recurrent EPSPs (recorded in current-clamp mode) was ob-
tained for each triplet recorded. Recorded neurons in the LGN and in V1
were filled with biocytin, and their morphology and location were veri-
fied post hoc with immunohistochemical procedures.

Visual deprivation. Visual deprivation with monocular eyelid suture
(MD) was started at P24 = 1 and maintained for 3 d. Briefly, the animals
were anesthetized with a mixture of Ketamine (70 mg/kg) Xylazine (5
mg/kg), and Acepromazine (0.3 mg/kg). Once the animals were deeply
anesthetized, the area surrounding one of the eyes was thoroughly
cleaned with isopropanol and coated with lidocaine gel to provide local
analgesia. The eye was moisturized with eye drops and 4 mattress sutures
were placed using polyester suture thread (Ethicon 6-0). After the pro-
cedure the animals were allowed to recover on a heating pad and brought
back to the animal facility only when fully alert. The experimentalist was
blind to the eyelid suture and slice preparation.

Post hoc neuron identification. After recording, slices were fixed in 4%
paraformaldehyde for 1 week. After that, they were washed in PBS, per-
meabilized with 1% Triton X for 2 h, and then incubated overnight at 4°C
in a solution containing Streptavidin-Alexa Fluor 594 1:2000 in PBS and
0.1% Triton X. After a final wash in PBS, slices were mounted with
Fluoromount and imaged with a fluorescent microscope (Zeiss Axios-
kop). Only neurons with pyramidal morphology localized in L4 and L6 of
the monocular portion of V1 were included in the analysis.

Statistical analysis for electrophysiology data. Normality of data
distributions was verified with the Kolmogorov—Smirnov test. Statistical
significance was determined with two-tailed unpaired ¢ tests. To test for
differences across conditions, one-way ANOVAs were applied and fol-
lowed by post hoc unpaired t tests. x> for contingency, Pearson correc-
tion, was applied to test for significant differences in IC connection
probability or in the proportion of TC-responsive neurons. Spearman
rank-order correlation analysis was performed on the amplitude of TC-
EPSCs onto a population of recurrently connected and non-recurrently
connected neurons in L4 and L6. Where appropriate, data are presented
as mean = SE. For all statistical tests, P values = 0.05 were considered
significant.

Solutions. Artificial CSF contained (in mm): 126 NaCl, 3 KCI, 25
NaHCO;, 1 NaHPO,, 2 MgSO,, 2 CaCl,, 14 Dextrose. Internal solution
contained (in mwm): 100 K-Glu, 20 KCl, 10 K-HEPES, 4 Mg-ATP, 0.3
Na-GTP, 10 Phosphocreatine, 0.2% Biocytin. The pH of the internal
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Optogenetic approach to the study of TC synapses from the LGN onto V1. 4, Example of injection of ChR2-GFP in the LGN. The injection was performed on P14 rats and the image was

obtained at P28. Top right, Expanded image of the injectionssite. B, Diagram of experimental configuration and image of LGN recorded neuron (white cell stained with biocytin/Alexa647, see arrow).
LS, Light stimulation was delivered using 3 pulses of 1 ms. LGN, Sample trace of LGN neuron activity in response to light stimulation. Note that light stimulation effectively activates LGN neurons
above threshold. ¢, Image of LGN terminal fieldsin acute coronal slices containing /1. The white squares indicate regions of interest that were expanded in the images on the right. D, ChR2 expression
in LGN axonal fields is reliable across slices and preparations. Left, Sample image of a coronal slice used for patch-clamp recordings. Right, Average (black) and SD (gray) of profile of the intensity of
the fluorescence signal measured in the region of interest (ROI) indicated by the white line in the leftimage. Width of ROI: 20 rum. The average plot results from the average of measurements across
all recorded slices in which neurons fit our criteria for inclusion in the data analysis. The depth axis is aligned in the plot and in the image. The shaded areas indicate the depth at which recordings
in L4 and L6 were performed. Note that the low variability of the level of expression of our construct across preparations.

solution was adjusted to 7.35 with KOH and the osmolarity was adjusted
to 295 mOsm with sucrose.

Results

The presence of Meyer’s Loops, large turns in the bundle of axons
projecting from the LGN onto V1, has hampered the possibility
to obtain acute slice preparations containing both LGN and V1
circuits. We bypassed this constraint by injecting a construct con-
taining ChR2-GFP, expressing the light- activated conductance,
ChR2 (Zhang et al., 2010), into the LGN of P14 rats. Injection of
300 nl of saline solution containing 50*10 '* viral particles/nl al-
lowed reliable injections producing consistent expression of the
light-gated conductance in LGN terminal fields in V1 across
preparations (Figs. 1A,C,D, 2A, B). To verify the site of injection
and test that the level of expression of the light-sensitive ChR2
was sufficient to activate LGN neurons above threshold, acute
coronal slices containing the LGN were prepared. Patch-clamp
recordings were obtained from visually identified LGN neurons

and brief (1 ms/0.1-0.3 mW/mm?) pulses of blue light were
delivered through a 40X water-immersion objective using a blue
LED optic fiber mounted in the fluorescence light path of an
upright microscope. Light intensity was adjusted to elicit action
potentials in LGN neurons (Fig. 1B) and different frequencies of
stimulation were used to ensure that LGN neuron firing was time
locked with the light pulses (data not shown). For each animal
included in this study, a few LGN neurons were recorded to en-
sure reliable expression of our construct.

To quantify the reproducibility of levels of expression of the con-
struct in terminal fields in V1, we measured the fluorescence profile
of the coronal slices containing V1 and included in the analysis only
recordings from slices with comparable levels of expression (Fig.
1D). The reliability of this experimental approach allowed us to pre-
pare acute coronal slices containing V1 and to use blue LED light to
directly stimulate LGN terminal fields while recording from visually
identified pyramidal neurons in layer 4 and in layer 6.
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Baseline synaptic properties of TC A
inputs onto L4 and L6 neurons

Coronal slices containing V1 were pre-
pared to visualize the extent of the LGN
terminal fields. Figure 1C shows confocal
images indicating an intense axonal pro-
jection from the LGN onto L4 and a sig-
nificant projection onto L6. The LGN and
V1 images shown in Figure 1, A and C,
were taken from the same brain. Brief
pulses of light (1 ms) successfully acti-
vated TC terminal fields and evoked post-
synaptic currents in L4 and L6 neurons.
The identity and location of recorded
neurons were confirmed by analyzing fir-
ing properties in response to depolarizing
current steps and by post hoc morpholog-
ical reconstruction (Fig. 2A, B).

In L4 a significantly larger proportion of
neurons responded to light stimulation
than in L6, suggesting that TC axons contact
a larger number of neurons in L4 (Fig. 2E;
L4: 91 of 104 tested, 88%; L6: 28 of 58
tested, 48%; x> for contingency: p <
0.03). To verify that the evoked TC-EPSCs E EL4 HL6
were indeed monosynaptic in both layers, 300
delays from stimulus onset, rise time, and
decay time constants of TC-EPSC were
quantified. Latency of the responses and .
rise and decay time constants were nor- 45
mally distributed (Kolmogorov—Smirnov 100
test, rise: p = 0.4; decay: p = 0.7; latency:

p = 0.6). The latency of TC-EPSCs re-
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corded from L4 pyramidal neurons was % Resp.
ramidal neurons, while rise time of TC-
EPSCs was significantly longer in L4 (Fig.
2E; Latency, L4: 1.6 = 0.03 ms, n = 54; L6:
2.0 = 0.1 ms, n = 18; unpaired ¢ test: p <
0.01; Rise, L4: 1.4 = 0.06 ms; L6: 1.1 =
0.09 ms; unpaired ¢ test: p < 0.01). No
differences in decay time constant were
observed (L4: 6.4 = 0.3 ms, n = 54; L6:
5.7 £0.5,n = 18; unpaired ttest: p = 0.3).
Both in L4 and L6 neurons the amplitude
of the light-evoked TC-EPSC was stable
for at least 20 min, the average recording
time in our experiments (Fig. 2F).
TC-EPSCs onto L4 and L6 differed in a
number of baseline synaptic properties.
As shown in Figure 3, A and B, the ampli-
tude of TC-EPSC was significantly larger onto L4 star pyramidal
neurons at every light intensity tested, resulting in layer-specific
input/output curves (Fig. 34,8, 14, 0.1 mW/mm?:19.6 = 3.9 PA;
0.2 mW/mm?: 58.7 = 10.4 pA; 0.25 mW/mm*: 167.0 = 59.6 pA;
0.3 mW/mm?: 260.2 + 25.9 pA; n = 34; L6,0.1 mW/mm?: 9.6 +
3.3 pA; 0.2 mW/mm?: 34.8 + 13.6 pA; 0.25 mW/mm? 93.4 =
25.1 pA; 0.3 mW/mm?: 141.4 * 34.2 pA; n = 14; unpaired ¢ tests,
0.1 mW/mm?: p < 0.05;0.2 mW/mm?: p < 0.03; 0.25 mW/mm?>:
P <0.01;0.3 mW/mm?: p < 0.03). The paired pulse ratio (PPR)
of TC-EPSCs recorded in L4 and L6 pyramidal neurons in re-
sponse to trains of 3 stimuli was significantly different for fre-
quencies of stimulation up to 10 Hz (Fig. 3C,D; PPR, mean * SD;

Figure 2.

PPN,

Amp Latency Rise 0 . 10 20
significantly shorter than that onto L6 py- (PA)

(ms)  (ms) Time (min)

Pyramidal neurons in L4 and upper L6 respond to light activation of TC afferents. A, Post hoc reconstruction of
recording configuration in L4. Left, Image of a coronal slice in which a triplet of star pyramidal neurons was recorded in L4. White
square, Region in which neurons were recorded. Green, ChR2-GFP; red, biocytin-Alexa Fluor 594. Top right, Enlargement of the
region indicated by the white square. Bottom right, Firing pattern of recorded neurons in response to a 0.5 nA current pulse. The
firing pattern is typical of L4 star pyramids. B, Representative image of post hoc reconstruction of L6 recordings. Left, Image of
coronal slice, with neurons recorded in L6 (see white square). Green, ChR2-GFP; red, biocytin-Alexa Fluor 594. Top right, Firing
pattern of L6 neurons in response to a 0.5 nA current pulse. Firing pattern is typical of L6 pyramidal neurons. Bottom right,
Enlargement of region indicated by the white square. €, Brieflight pulses (1ms/0.3 mW/mm 2) evoke TC-EPSCs in L4 star pyramids.
Top, Recording configuration and diagram of light stimulus. Bottom, TC-EPSC evoked from one of the neurons shownin A. D, Brief
light pulses (1 ms/0.3 mW/mm?) elicit synaptic response in L6 pyramidal neurons. Top, Recording configuration and diagram of
light stimulus. Bottom, Light-evoked response evoked in one of the neurons shown in B. E, Bar plot of the percentage of neurons
responding to light pulses (% Resp.), of average TC-EPSCamplitude at 0.3 mW/mm 2, of latency of the TC-EPSC onset from stimulus
onset (Latency), and of the rise time of the light-evoked TC-EPSC (Decay) in L4 (black) and L6 (gray). F, Time course of the
light-evoked responses for the neurons shown in C (L4; black) and D (L6; gray). Light intensity, 0.3 mW/mm 2 Dataarerepresented
as mean == SE; asterisks indicate significant differences.

3.3Hz,14:0.56 = 0.13; L6:0.68 = 0.10, p <0.01;5Hz,1L4:0.53 =
0.13; L6:0.63 = 0.15, p < 0.03; 10 Hz, L4: 0.51 = 0.12; L6: 0.62 =
0.18, p <0.05;20 Hz, L4: 0.59 = 0.17; L6: 0.66 = 0.18,p = 0.2 L4:
n=21;L6: n = 14). The short-term plasticity (STP) of TC-EPSCs
onto L4 and L6, expressed as ratio of the last to the first TC-EPSC
in the train, was significantly different in the frequency range
from 3.3 Hz to 20 Hz, further confirming that TC synaptic inputs
show layer-specific dynamics (Fig. 3C,D; STP, mean * SD, 3.3
Hz,14:0.43 = 0.14;L6:0.56 *= 0.13,p < 0.01; 5 Hz,L4: 0.4 = 0.1;
L6:0.53 = 0.13, p < 0.01; 10 Hz, L4: 0.36 * 0.09; L6: 0.48 * 0.15,
p<<0.01;20Hz,14:0.42 = 0.13;L6:0.52 = 0.13,p < 0.05; L4: n =
21;L6: n = 14). Frequencies >20 Hz were not tested as the ChR2
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100ms 100ms F Lo the possibility that they belonged to identi-
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Figure 3.  Baseline properties of TC-EPSCs in L4 and L6. A, Sample traces of light-evoked TC-EPSCs in L4 and L6 neurons using  and location within L4. Rank-order correla-

different light intensities. Left, 0.2 mW/mm right, 0.3 mW/mm 2. Black, L4; gray, L6. B, Input/output curves for TC-EPSCs in L4
(black) and L6 (gray). €, Representative traces of TC-EPSC dynamics in response to repetitive stimulation at different frequencies.
Left column, TC-EPSC1 and 2 in a train of stimuli (at 3, 5 Hz, and 10 Hz) evoked by 1 ms light pulses— 0.3 mW/mm 2 light intensity
inL4 (black) and L6 (gray). Right column, TC-EPSC1 and TC-EPSC3 of a train of stimuli (at 3, 5, and 10 Hz) in L4 (black) and L6 (gray).
Dashes indicate that the trace was cut to show only the indicated TC-EPSCs. Light intensity, 0.3 mW/mm *for L4 and L6. D, Top, Plot
of average PPR versus frequency of stimulation. Bottom, Average TC-EPSC3/TC-EPSC1 ratio versus the frequency of stimulation. For
both plots, light intensity: 0.3 mW/mm?; black, L4; gray, L6. Data are presented as mean = S, asterisks indicate significant

differences.

current is not reliably activated (Boyden et al., 2005). Together
these data demonstrate that TC synapses onto the two main input
layers in V1 are not equivalent. The differences in magnitude and
dynamics suggest that L4 and L6 are likely to provide a different
readout of incoming sensory stimuli.

Differences in the IC circuitry of L4 and L6

TC inputs onto L4 and L6 differ in the proportion of responsive
neurons, as well as in the amplitude and dynamics of evoked
TC-EPSCs. Whether this layer specificity is occurring in the in-
coming input alone or may be accentuated by differences in the
organization of the recurrent intracortical (rIC) circuit in each
layer is unknown. To address this we combined optogenetic stim-
ulation of TC afferents with paired recording electrophysiology
within each input layer (Fig. 4A,F). Triple simultaneous patch-
clamp recordings within layer allowed the detailed analysis of rIC
local circuitry. This experimental approach was instrumental to
determine the synaptic organization of TC projections contact-
ing nearby neurons in L4 and L6.

tion analysis of TC-EPSC onto the presyn-
aptic neurons versus TC-EPSC onto the
postsynaptic neurons unveiled a tight linear
relationship between inputs onto recurrently
connected neurons (Fig. 4D, Spearman rank-
order coefficient: R, = 0.6; p < 10 ). In con-
trast, the same analysis applied to TC-EPSCs
onto nonconnected neurons recorded si-
multaneously with connected pairs within
the same triplets revealed no significant correlation (Fig. 4E; R, =
10 ™% p = 0.4). In L4, thalamo-recipient neurons that belong to a
recurrently interconnected circuit are more likely to receive feedfor-
ward inputs with similar magnitude, while neurons intermingled
with recurrently connected neurons, but not belonging to a simul-
taneously recorded recurrently connected subnetwork, are likely to
receive inputs with different magnitudes. These findings indicate
that in L4, proximity does not predict similarity of the magnitude of
the TC inputs, but recurrent connectivity does. In addition, weakly
driven and strongly driven connected pairs of neurons were often
found in the same group, indicating that the difference in TC drive is
not due to differences in the levels of expression of our construct.
Recurrently connected L4 pyramidal neurons thus are organized in
distinct subcircuits driven either by distinct LGN axons or by the
same axon contacting neurons with inputs of different power.

In Figure 4F—H we show the circuit analysis for L6 pyramidal
neurons. Recordings in L6 were focused in the upper portion of
the layer, where the density of the LGN terminal field was more
prominent. By morphological reconstruction L6 neurons included
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in this analysis belonged to pyramidal neu-
rons with apical dendrites extending into
the superficial layers (Bannister et al., 2002;
Zarrinpar and Callaway, 2006) (Fig. 2B). Of
all recorded pyramidal neurons in this
layer 52% responded to light stimuli (21
of 40). The remaining 48% did not re-
spond to light stimulation at any intensity
tested (19 of 40). A total of 15% of the
recorded L6 neurons were recurrently
connected (10 of 66) and evenly distrib-
uted among the TC-responsive and
-nonresponsive populations (Fig. 4G).
This probability of connection is ~5 times
higher than previously reported for rats,
and similar to the connectivity reported in
cats (Mercer et al., 2005). The discrepancy
with previous reports of L6 connectivity in
rats may depend on differences in technical
approach, multiple simultaneous patch-
clamp (this study) versus dual intracellular
recordings (Mercer et al., 2005). The loca-
tion of the recorded neurons may also ac-
count for the differences in connectivity as
this study focused on neurons in the super-
ficial portion of L6, while other studies
tested the connectivity across all of L6
(Mercer et al., 2005).

Nearby, non-recurrently connected
neurons within L6 received TC inputs
with uncorrelated magnitudes as shown
by the plot in Figure 4H (Spearman rank-
order coefficient: —0.1; p = 0.6; n = 19
pairs). As expected from the low response
probability, non-TC-responsive neurons
were often recorded simultaneously with
nearby, TC-responsive ones. Our data
suggest that TC afferents reaching L6 ac-
tivate a recurrent IC microcircuit that is
less interconnected compared with L4 [IC
probability of finding connected pairs:
34% (L4) vs 15% (L6); two-tailed x? for
contingency: p < 0.04]. In L6 the proba-
bility of finding recurrently connected
pairs of pyramidal neurons that were also
responsive to light stimuli was very low
and did not allow us to obtain a suffi-
ciently large population of connected
pairs to run a rank-order correlation anal-
ysis. Only 40% of recurrently connected
L6 neurons belonged to a pair in which
both neurons responded to LGN stimula-
tion (4 of 10) and only 1 of 4 received
inputs of similar magnitude on presynaptic
and postsynaptic neurons. In the remaining

60% of recurrently connected pairs, 2 pairs had only one neuron
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Figure 4. Layer-specific organization of TC circuits. A, Diagram of recording configuration. Light pulses activate LGN terminal
fields in V1. Simultaneous patch-clamp recordings are obtained from visually identified star pyramids in L4. Stimulation and
recordings are within an area of interest of 100 Lm X 100 wm. Light intensity was set at 0.3 mW/mm 2. B, Pie chart indicating
proportion of star pyramids not responsive to light stimulation of TC afferents and not recurrently connected in L4 (black, TC—/
rlC—); of neurons responding to light stimulation of TCafferents, but not recurrently connected (gray, TC+/rlC—); and of neurons
responding to light stimulation of TC afferents and also recurrently connected (blue, TC+/rlC+). C, Distribution of the amplitude
of light-evoked TC responses for the population of neurons that are not recurrently connected (gray) and for the population of
neurons that are recurrently connected within L4 (blue). Note the bimodal distribution of the population of TC+/rlC+ neurons. D,
Rank-order correlation of the TC-EPSC onto the presynaptic neurons versus that onto the postsynaptic neuron on TC+/rlC+
neurons. R,: Spearman rank-order correlation coefficient; p value of the Spearman correlation, p values <<0.05 are considered to be
significant. E, Rank-order correlation of the TC-EPSC onto nearby neurons that are not recurrently connected. Note that all neurons
were recorded within a 100 m X 100 wum area of interest in L4 and often rlC— neurons were recorded in the same quadruplet
with rlC+ ones. R: Spearman rank-order correlation coefficient; p value of the Spearman correlation. F, Diagram of recording
configuration for L6. Light pulses activate the LGN terminal fields in V1, while multiple patch-clamp recordings are obtained from
pyramidal neurons in L6 within a 100 um X 100 wm area of interest. Light intensity: 0.3 mW/mmZ. G, Pie chart indicating the
proportion of neurons not responding to light activation of TCaxons (black, TC—/rlC—), of neurons not responding to TCactivation
but recurrently connected (dark blue, TC—/rlC+), of neurons responsive to TC activation but not recurrently connected (gray,
TC+/rlC—), and of neurons responsive to TC activation and recurrently connected in L6 (light blue, TC+/rlC+). H, Rank-order
correlation of TC-EPSCamplitude onto TC+/rlC— neurons. R,: Spearman rank-order correlation coefficient; p value of the Spear-
man correlation.

both TC and recurrent microcircuits have distinct synaptic
organization.

responding to light stimulation, without a specific preference for the

presynaptic or the postsynaptic neuron; while the last 4 connected
pairs were not driven by TC stimulation. In addition, in L6, noncon-
nected neurons that were recorded simultaneously within a 100
wm?area were activated by afferent TC axons with different synaptic
strength, and in most groups recorded only half of the neurons re-
sponded to light pulses. These data further confirm that in L6 and L4

Brief visual deprivation selectively decreases TC inputs

onto L4

TC inputs onto L4 and L6 carry information about sensory stimuli
(LeVay and Gilbert, 1976). However, our data show distinct magni-
tude, dynamics, and synaptic organization of TC inputs in the main
thalamo-recipient layers in V1. We therefore asked whether L4 and
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L6 may differ in their responsiveness to changes in sensory drive. To
address this we performed a brief (3 d) MD (Maffei et al., 2006) and
compared the properties of TC inputs onto L4 and L6 neurons re-
corded in the monocular region of the hemispheres contralateral
(MD) and ipsilateral (C) to the closed eye.

TC-EPSCs recorded in L4 of the deprived hemisphere were
significantly smaller than in C at every tested intensity of light
stimulation (Fig. 5A, B; 0.1 mW/mm?, C:21.9 +43 pA; n = 33;
MD 6.9 = 2.0 pA; n = 25; p < 0.003; 0.2 mW/mm?, C: 54.7 + 9.7
pA; MD: 22.4 * 4.5 pA; p < 0.004; 0.25 mW/mm?, C: 191.7 +
26.7 pA; MD: 94.6 = 17.3 pA; p < 0.003; 0.3 mW/mm?, C:
259.7 +30.8 pA; MD: 132.7 = 21.6 pA; p < 0.001). The reduction
in TC-EPSC amplitude was not accompanied by changes in
paired pulse ratio at any frequency of stimulation tested (Fig. 5C;
0.3mW/mm?, C:n=33;MD: n = 25; one-way ANOVA: p = 0.6;
post hoc unpaired ¢ test: 3.3 Hz: p = 0.6; 5Hz: p = 0.9; 10 Hz: p =
0.64; 20 Hz: p = 0.69). In addition, the latency of TC-EPSC from
the time of stimulation was increased, and the decay time con-
stant of TC-EPSCs decreased significantly (Fig. 5D; Latency, C:
1.6 = 0.04 ms; n = 33; MD: 1.9 = 0.09 ms; n = 25; p < 0.004;
Decay, C: 6.4 = 0.3 ms; MD: 5.2 = 0.2 ms; p = 0.01).

In L6 MD did not affect TC-EPSC amplitude onto pyramidal
neurons at any intensity of light stimulation (Fig. 5E,F; 0.1 mW/
mm?, C:10.2 = 3.5pA; n =14, MD 8.1 = 4.3 pA;n=19%p =
0.82; 0.2 mW/mm?, C: 35.9 + 14.5 PA; MD: 28.2 £ 16.9 pA;
p=0.84;0.25 mW/mm?, C: 96.9 = 26.5 pA; MD: 78.8 = 34.7 pA;
p=10.88;0.3 mW/mm?, C: 152.6 + 35.1 PA; MD: 140.6 * 46.9
PA; p = 0.85). No significant differences in paired pulse ratio
were observed at any frequency of stimulation (Fig. 5G; C: n = 14;

MD: n = 19; ANOVA: p = 0.5; post hoc unpaired t test: 3.3 Hz:
p=0.3;5Hz: p=0.8; 10 Hz: p = 0.5; 20 Hz: p = 0.8). The latency
of TC-EPSC onset from light stimulation and decay time con-
stant were also unchanged (Fig. 5H; Latency, C: 2.0 = 0.11 ms,
n=14;MD:2.4 £0.2ms,n = 19; p = 0.1; Decay, C: 5.1 = 0.4 ms;
MD: 5.4 = 0.6 ms; p = 0.7). Thus, TC-EPSCs onto L6 pyramidal
neurons are not affected by MD. Based on these results we con-
clude that LGN inputs onto V1 pyramidal neurons have distinct
sensitivity to changes in visual drive depending on the location of
the postsynaptic neuron. LGN synapses onto L4 are significantly
weakened even by MD too short to induce anatomical reorgani-
zation of axonal arbors (Antonini et al., 1999); in contrast, TC
inputs onto L6 pyramidal neuron are stable in the face of brief
changes in sensory drive.

Layer-specific experience-dependent reorganization of
TC-IC circuits

The layer specificity of the effects of MD on LGN inputs onto L4
and L6 prompted us to investigate whether rIC circuits within
these layers might be affected by 3 d MD differently. In a subset of
experiments paired recordings within L4 or in L6 were combined
with light stimulation of TC afferents. In L6 we observed no
changes in the overall patterns of rIC connectivity and respon-
siveness to activation of LGN afferents (Fig. 6A). The overall
proportion of nonresponsive neurons was 40%, while the re-
maining 60% produced reliable TC-EPSCs in response to light
activation of LGN terminal fields (x> for contingency, %TC-
responsive neurons in C vs %TC-responsive neurons after MD:
p = 0.5). A total of 8% of pyramidal neurons in L6 were recur-
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L6 C
10%

rently connected. This group was evenly A
distributed across the population of neu-
rons that responded to activation of TC
afferents and the ones that were not re-
sponsive (total connected pairs, C: 6 of 58;
MD: 4 of 49; x* for contingency: p = 0.4).
The distribution of TC-EPSC amplitudes
was not significantly different in slices
from the Control and Deprived hemi-
spheres, confirming the stability of TC as

well as rIC connectivity in L6 after brief O TC+/ HTC-/

MD (Fig. 6B). rIC- rIC-
When a similar analysis was performed

in L4 we found that the proportions of TC  Figure6.

and rIC connected neurons were not af-
fected by MD (Fig. 74; x> for contin-
gency, %TC-responsive neurons in C
versus %TC-responsive neurons after
MD: p = 0.6). The amplitude of TC-
EPSCs onto all L4 star pyramids was re-
duced significantly (Fig. 7B—D; TC-EPSC
onto TC+ /rIC+, C: 270 = 35 pA; MD: 172 = 25 pA; p < 0.03;
TC+/rIC—, C: 280 =+ 22 pA; MD: 160 = 23 pA; p < 0.001).
Differently, the amplitude of recurrent IC EPSPs was not affected
by MD, as shown in previous reports (Maffei et al., 2006; Wang et
al., 2012) (Fig. 7B; rICEPSP, C: 0.8 = 0.1 mV; MD: 0.6 = 0.1 mV;
p = 0.2). These results indicate that MD specifically weakened TC
inputs onto L4 star pyramids, while leaving recurrent rIC excit-
atory synapses unaffected. A closer analysis of the distribution of
TC-EPSC amplitudes on the population of nearby-not recur-
rently connected neurons revealed a uniform shift toward smaller
amplitudes after MD (Fig. 7C; Kolmogorov—Smirnov test: p <
0.003). The distribution of TC-EPSC amplitudes onto recur-
rently connected neurons, instead, showed that MD affected pre-
dominantly the proportion of large-amplitude TC-EPSCs (Fig.
7D, arrow), which was reduced from 33% to 8% (x* for contin-
gency: p < 0.01). Thus, the MD-dependent decrease in TC-EPSC
amplitude is driven by a reduction in the proportion of the more
powerful TC inputs onto L4 star pyramidal neurons. In addition,
there was a loss of correlation of TC-EPSC amplitude onto recur-
rently connected neurons (Fig. 7D, inset; R, = 0.04; p = 0.1).
Although MD did not affect the probability of finding recurrent
connections and the proportion of L4 neurons responding to TC
afferents, it induced a reorganization of the relationship between
TC and recurrent IC connectivity through a nonuniform de-
crease of TC-EPSC amplitude onto L4 neurons.

Discussion

L4 and L6 excitatory neurons receive direct input from the LGN
(Gilbert, 1977; Hendrickson et al., 1978; Kageyama and
Robertson, 1993) and are characterized by fairly large TC-EPSC
amplitude and short-term depression in response to trains of
stimuli (Sherman, 2012). Studies of thalamocortical (TC) inputs
focused primarily on the basic properties of these inputs (Bannis-
ter et al., 2002; Binzegger et al., 2004; da Costa and Martin, 2009;
Medini, 2011), but did not address possible differences in capac-
ity for plasticity in thalamo-recipient circuits (LeVay and Gilbert,
1976; Landry and Deschénes, 1981; Rose and Metherate, 2001;
Bruno and Sakmann, 2006; Cruikshank et al., 2007, 2010 Lee and
Sherman, 2008). Differently, studies of experience-dependent
plasticity addressed layer specificity, but focused on the compar-
ison of TC and IC circuits (Feldman et al., 1998; Desai et al., 2002;
McLaughlin and Juliano, 2003; Maffei et al., 2004; Fox and Wong,
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2005; Hensch, 2005; Maffei et al., 2006; Jiang et al., 2007; Maffei
and Turrigiano, 2008; Feldman, 2009; Nataraj et al., 2010;
Medini, 2011; Oberlaender et al., 2012). In this article we com-
pared synaptic organization and plasticity of LGN inputs onto
excitatory neurons in the two main thalamo-recipient layers in
V1. Our data demonstrate for the first time that TC inputs onto
excitatory neurons in L4 and L6 of V1 have layer-specific magni-
tude, connectivity, short-term dynamics, and sensitivity to
changes in visual experience.

Our data indicate that fewer L6 excitatory neurons responded
to stimulation of TC afferents than did those in L4 (88% in L4 vs
48% in L6; x* for contingency: p < 0.01). This effect was not due
to spatial sampling: in both layers recordings were within a 100
wm? region and our L6 study was limited to the upper portion of
the layer, where the density of TC afferents was highest. Our data
suggest that in L6 LGN afferents contact fewer neurons as previ-
ously reported (Hubel and Wiesel, 1972; Hendrickson et al,
1978; da Costa and Martin, 2009). The proportion of TC-
responsive neurons accounts for a macroscopic organization of
LGN inputs in L4 and L6, but does not explain differences in
TC-EPSC amplitude. Minimal TC-EPSCs onto V1 pyramidal
neurons, similar in size to those expected for putative single ax-
ons (Cruikshank et al., 2010), was significantly smaller in L6 than
in L4. Input/output curves for L4 and L6 neurons showed similar
trends: increasing stimulation intensity successfully recruited in-
puts in both layers, but activated smaller TC-EPSCs onto L6.
Anatomical studies showed that pyramidal neurons in L6 have
fewer synapses than those onto L4 neuron (Bannister et al., 2002;
Binzegger et al., 2004; da Costa and Martin, 2009). Fewer synaptic
contacts could justify the difference in TC-EPSC amplitude. In L4
and L6 the TC-EPSC we recorded could be classified as type A
responses: fast, fairly large, and characterized by short-term de-
pression, indicating that the differences in TC-EPSCs did not
depend on activation of different populations of inputs (Viaene
etal.,, 2011a,b). Short-term synaptic dynamics of TC-EPSC were
layer-specific, with less short-term depression onto L6 neurons,
suggesting distinct release properties or saturation of postsynap-
tic receptors (Zucker and Regher, 2002). Thus, the differences in
TC-EPSCs amplitude and dynamics onto L4 and L6 neurons are
likely to depend on differences in the number of inputs and on
distinct synaptic properties. Short-term dynamics may have a
prominent role in information processing at synapses (Klug et al.,
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functional significance of a bimodal dis-
1 tribution of TC-EPSC amplitudes at the

moment is unclear. No differences in syn-

aptic and intrinsic properties, or mor-
05 phology, were identified between neurons
receiving strong or weak TC inputs, sug-
gesting that the distribution may repre-
sent contacts from different LGN axons.
Weakly and strongly driven subcircuits
were found in the same slice, thus variabil-
ity in the level of expression of the ChR2
does not account for the results. Record-
ings were performed in the monocular re-
gion of V1, which is thought to be driven
by the contralateral eye. A contribution of
weaker ipsilateral inputs is unlikely, but
cannot be fully excluded. The relationship
between amplitude and distribution of
TC inputs does not depend on the dis-
tance between neurons. Connected and
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2012); thus, L4 and L6 may process incoming information differ-
ently because of the different dynamics of TC-EPSCs.

The onset of TC-EPSCs onto L6 showed longer delays from
stimulus than those onto L4. Understanding this difference will
require direct investigation; however, a number of possibilities
can be excluded. Both synaptic delays are below 2 ms; thus, both
inputs were monosynaptic. TC-EPSC rise times were shorter in
L6; therefore, dendritic filtering does not explain longer delays.
As TC afferents send collaterals to L4 and L6 neurons (Freund et
al., 1989; Wiser and Callaway, 1996), differences in axonal con-
duction velocity are not expected to occur. As many L4 and L6
neurons were recorded simultaneously within the same slice, in-
trinsic properties of ChR2 do not account for the layer specificity
of TC synapses. One may speculate that the distinct delay from
stimulus may be due, in part, to different dynamics of release or
properties of postsynaptic receptors (Hull et al., 2009).

Organization of TC circuits in L4 and L6

TC afferents contact profoundly different IC circuits within L4
and L6. While in L4 approximately one third of TC-responsive
pyramidal neurons were recurrently connected, in L6 only a small
proportion of thalamo-recipient neurons were interconnected
(~34% in L4 vs 5% in L6; x> for contingency: p < 0.01). In L4, recur-
rently connected neurons received TC-ESPCs with similar mag-
nitude and bimodal amplitude distribution, suggesting that L4 is
composed of strongly driven and weakly driven subcircuits. The

Experience-dependent reorganization of TC/ICinputs onto L4 star pyramids. A, Pie charts of the proportion of L4 star
pyramids not responsive to activation of TC afferents and not recurrently connected (black, TC—/rlC—), of L4 star pyramids
responsive to activation of TC afferents and not recurrently connected (gray, TC+/rlC—), and of recurrently connected L4 star
pyramids that responded to light activation of TC afferents (light blue, TC+/rlC+). Left chart, Control hemisphere (C); right chart,
deprived hemisphere (MD). B, Bar plot of average amplitude of TC-EPSC onto TC+/rlC+ L4 star pyramids, of TC-EPSCs onto
TC-+/rlC— star pyramids, and of rC-EPSP between L4 star pyramids. Lightintensity: 0.3 mW/mm 2 Control, Black; deprived, gray.
Data are represented as average == SE; asterisks indicate significant differences. C, Distribution of TC-EPSC amplitudes onto
TC+/rlC— L4 star pyramids. Control, Dashed black line; deprived, gray line. Note that the entire distribution is shifted toward
smaller amplitudes. D, Distribution of TC-EPSC amplitudes onto TC+/rlC+ star pyramids in L4. Control, Dashed black line;
deprived, light blue line. Arrow, Peak of the distribution strongly affected by MD. Inset, Spearman rank-order correlation of
TC-EPSP amplitudes onto presynaptic (Pre) and postsynaptic (Post) neurons of TC+/rlC+ L4 star pyramids. Note the MD-induced
loss of correlation compared with control conditions (see Fig. 4D). R.: Spearman rank-order correlation coefficient; p value of the

nonconnected neurons were often part of
the same triplet and in close proximity. A
possible interpretation of these data is
that nonconnected neurons are part of
different subcircuits, possibly driven ei-
ther by inputs with different synaptic
properties or by distinct TC afferents.
Together, these data suggest that geo-
metrical proximity is not sufficient to
predict patterns of connectivity of neu-
rons in L4 (Stepanyants et al., 2008), but
that connectivity depends on coordina-
tion of TC and IC inputs. This finding is
consistent with data about the synaptic
organization of inputs from L4 onto
L2/3 in V1 (Yoshimura et al., 2005).

Recent findings indicate that IC recur-
rently connected neurons are more likely to share similar orien-
tation preference (Ko et al, 2011). In addition, recurrently
connected neurons may belong to groups of sister-neurons orig-
inating from the same progenitor (Yu et al., 2009) and sister-
neurons are more likely to share similar visual responsiveness (Li
etal., 2012). When interpreting our results in the context of these
findings, one may speculate that local subgroups of connected
neurons, possibly sister-cells, might be driven by similar LGN
inputs. The potential implication of these results would be that IC
microcircuits may be composed of recurrently connected neu-
rons with predetermined properties because they belong to a
group of neurons generated from the same progenitor and are
contacted by LGN afferents carrying the same information. Al-
ternatively, the connectivity of subpopulations of neurons may
be determined by experience-dependent refinement of TC and
IC connectivity and Hebbian processes (Katz and Shatz, 1996).

We did not observe a significant projection from the LGN into
L1 (Antoninietal., 1999). Only few sparse axonal fibers expressed
the ChR2-GFP construct right below the pial surface. The age of
the animals used in this study may explain these differences: our
recordings were limited to P28 instead of adult rodents (Antonini
etal., 1999).

Layer specificity and implication for cortical function
The differences in synaptic organization may represent circuit
correlates of layer-specific functions. TC inputs to L4 and L6 are
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carriers of information (Sherman, 2012); however, several find-
ings, including those in this article, suggest that sensory inputs are
relayed through very powerful and numerous TC inputs to L4,
but weaker and fewer TC inputs to L6 (Hubel and Wiesel, 1972;
Binzegger et al., 2004; da Costa and Martin, 2009). The number
and amplitude of LGN inputs onto L4 excitatory neurons may
explain the similarity between the receptive fields of LGN neu-
rons and L4 simple cells (Alonso et al., 2001). The propagation of
similar functional properties from the LGN to L4 may also be
favored by high recurrent IC connectivity and by recurrent IC
subcircuit driven by similar TC inputs.

Differences in the proportion of TC-responsive neurons,
layer-specific synaptic dynamics, and distinct sensitivity to visual
experience suggest that L4 and L6 are activated differently by the
sensory input, and may convey different sensory information to
V1 (Klug et al., 2012). Brief MD reduces TC-EPSC amplitude
onto L4 neurons only. This effect was specific to TC synapses as
the amplitude of IC inputs between L4 pyramidal neurons was
unchanged. Thus, L4 detects changes in visual activity rapidly
and possibly relays them to the other layers in V1. On the other
hand, TC inputs onto L6 pyramidal neurons are not affected by
brief MD, but can adjust in response to longer periods of visual
deprivation (Krahe and Guido, 2011; Petrus et al., 2011). L4 and
L6 neurons are interconnected (Binzegger et al., 2004), thus the
layer-specific changes in TC-EPSCs may unbalance TC and IC
activity, initiating a cascade of events that will lead to loss of visual
responsiveness (Frenkel and Bear, 2004). Recent findings indi-
cate that L6 plays a major role in gain modulation and actively
suppresses the activity of all other layers (Olsen et al., 2012).
Delayed response of L6 to altered visual drive (Petrus et al., 2011)
may allow L4 to sense differential activation from the LGN and
rewire accordingly, while L6-dependent gain modulation is ad-
justed only later. This process may lead to desynchronized acti-
vation of TC and IC circuits, a phenomenon occurring in several
brain areas (Butler et al., 2001; Llinds and Ribary, 2001; Butler
and Javitt, 2005; Normann et al., 2007; Oberlaender et al., 2012)
and thought to be implicated in neurological disorders of sensory
(Sehatpouretal., 2010) and cognitive functions (Yeap et al., 2006,
2009; Leitman et al., 2010).
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