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Using a mouse brain slice preparation, we studied the modulatory
effects of a feedback projection from higher visual cortical areas,
mostly or exclusively area LM (or V2), on two inputs to layer 4 cells
in the first visual area (V1). The two inputs to these cells were
geniculocortical and an unspecified intracortical input, possibly in-
volving layer 6 cells. We found that activation of metabotropic glu-
tamate receptors (mGluRs) from stimulation of the feedback projec-
tion reduced the evoked excitatory postsynaptic currents of both of
these inputs to layer 4 but that this modulation acts in an input-specific
way. Reducing the strength of the geniculocortical input in adults
involved both presynaptic and postsynaptic group I mGluRs (although
in younger animals presynaptic group II mGluRs were also involved),
whereas modulation of the intracortical input acted entirely via post-
synaptic group II mGluRs. These results demonstrate that one of the
effects of this feedback pathway is to control the gain of geniculo-
cortical transmission.

modulation; thalamocortical; metabotropic glutamate

IN THALAMIC AND CORTICAL CIRCUITRY, glutamatergic pathways can
be divided in two main groups, Class 1 and Class 2, on the basis
of their synaptic properties (Sherman and Guillery 2006, 2011).
We have suggested that Class 1 afferents represent the main
information to be processed, whereas Class 2 afferents serve a
mainly modulatory function. Much of this Class 2 function is
related to the fact that they can activate metabotropic glutamate
receptors (mGluRs). To try to understand how this might serve to
modulate circuit activity, we have begun to test the effects of
mGluR activation on modulation of various inputs in cortex. We
have recently reported that mGluR activation from local Class 2
inputs within a region of cortex reduces the amplitude of evoked
thalamocortical excitatory postsynaptic currents (EPSCs) from
Class 1 inputs to the same target neuron (De Pasquale and Sher-
man 2012; Lee and Sherman 2012). In the present study, we
wanted to extend this understanding by studying the effects of a
Class 2 input from the lateromedial visual area (LM) (Berezovskii
et al. 2011; Coogan and Burkhalter 1993), which we refer to as V2
for simplicity (see MATERIALS AND METHODS for terminology), to the
primary visual area, or V1. We tested the modulatory properties of
mGluR activation by this feedback pathway on two inputs to layer
4 cells in V1, one Class 1, which we conclude to be geniculocor-
tical, and the other Class 2, which we conclude to be intracortical
and possibly largely from layer 6. We found that EPSCs evoked
from both inputs were reduced by mGluR activation from the
feedback pathway, but different mGluR types and locations, pre-
synaptic and postsynaptic, were involved in these effects. We
propose that modulatory feedback projections from V2 control the

gain of thalamocortical inputs to V1 through the activation of
metabotropic glutamatergic receptors.

MATERIALS AND METHODS

Preparation and Maintenance of Brain Slices

All procedures were approved by the Institutional Animal Care and
Use Committee of the University of Chicago. Techniques used have
been described previously (De Pasquale and Sherman 2011, 2012) and
are briefly repeated here. We performed all experiments on tissue
slices prepared from BALB/c mice of either sex, most fully adult
(Harlan; 60–65 days postnatal) except for some described in RESULTS

that were juvenile (Harlan; 10–13 days postnatal). Animals were
deeply anesthetized by inhalation of isoflurane (AErrane; Baxter
Pharmaceuticals) and then decapitated. The brain was quickly re-
moved and submerged in cooled (0°C) oxygenated (5% CO2-95% O2)
modified artificial cerebrospinal fluid (ACSFmodified; in mM: 206
sucrose, 25 NaHCO3, 2.5 KCl, 10 MgSO4, 1.25 NaH2PO4, 0.5 CaCl2,
and 11 D-glucose). Brains were blocked and vibratome sectioned
(Campden Instruments, Lafayette, IN). Slices (�500 �m thick) were
cut at a 20–25° anterior tilt relative to the coronal plane and rapidly
transferred to a holding chamber with artificial cerebrospinal fluid
(ACSF; in mM: 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4, 1
MgCl2, 2 CaCl2, and 25 D-glucose). The slices were kept oxygenated
for 1 h at room temperature (20–25°) prior to recording. The slices
were then placed in a submersion-type recording chamber on a
modified microscope stage and maintained at 32°C with constant
perfusion of ACSF. In experiments designed to block synaptic activ-
ity, we used an ACSF containing low Ca2� and high Mg2� concen-
trations (ACSFLow Calcium; in mM: 125 NaCl, 25 NaHCO3, 3 KCl,
1.25 NaH2PO4, 6 MgCl2, 0.2 CaCl2, and 25 D-glucose).

Identification of Visual Cortical Areas

We identified visual cortical areas and cortical layers following the
same criteria we used previously (De Pasquale and Sherman 2011).
Briefly, different areas (V1 and LM or V2) and layers were identified
by differential interference contrast microscopy. V1 had a higher cell
body density than did V2. Different packing densities also served to
distinguish cortical layers. Layer 1 was typically thin and aneuronal.
Layer 4 and layer 5b showed dense packing of cell bodies. Layers 2/3
can be recognized as located between layers 1 and 4, so layer 5a was
identified as lying between layers 4 and 5b. Layer 6 had a lower cell
density than layer 5b and was located between that layer and the white
matter. As we have noted previously, what we refer to as “V2” is
equivalent to the area “LM” defined by others (Berezovskii et al.
2011; Coogan and Burkhalter 1993; Wang and Burkhalter 2007), but
we want to make it clear that we use the term provisionally, because
the homology between LM and V2 is not completely established (see
Wang and Burkhalter 2007).

Electrophysiological Recordings

Whole cell recordings were obtained from neurons of layer 4 of
primary visual cortex (V1). Recording pipettes were fabricated from
borosilicate glass (Garner Glass) with input resistances of �6–10 M�
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and were filled with intracellular solution (in mM: 135 K-gluconate,
7 NaCl, 10 HEPES, 2 Na2ATP, 0.3 Na3GTP, 2 MgCl2, 1 DNDS, and
0.1–0.5% biocytin; at a pH of 7.3 obtained with KOH and osmolality
of 290 mosM obtained with distilled water).

In all our recordings, we used 4,4=-dinitrostilbene-2,2=-disulfonic
acid (DNDS; Molecular Probes) to isolate excitatory inputs by block-
ing GABAergic inputs to the recorded cell without affecting the
inhibitory circuitry more generally (Covic and Sherman 2011; De
Pasquale and Sherman 2011, 2012; Dudek and Friedlander 1996).
DNDS is placed into the recording pipette and diffuses into the re-
corded neuron. In some experiments designed to interfere with the
postsynaptic activity of mGluRs, we added GDP�S (1 mM) to the
intracellular solution in the recording pipette. GDP�S is a nonhydro-
lyzable GTP analog that blocks G protein-coupled activity.

All experiments were performed using a visualized slice setup under a
differential interference contrast-equipped Axioscop 2FS microscope
(Carl Zeiss Instruments). Recordings were made by using a Multiclamp
700B amplifier and pClamp software (Axon Instruments). Only cells
having a stable access resistance of �20 M� were kept for recording. We
injected hyperpolarizing currents to identify IH and depolarizing currents
to identify regular, tonic, or bursting spike patterns. Postsynaptic re-
sponses were recorded in both current and voltage clamp.

Laser Uncaging of Glutamate

We used our previously described methods for photostimulation to
identify inputs connected to each recorded neuron (Covic and Sher-
man 2011; De Pasquale and Sherman 2011, 2012; Lam and Sherman
2005). Data acquisition and photostimulation were controlled by a
program written in MATLAB (The MathWorks, Natick, MA). Nitro-
indolinyl-caged glutamate (Sigma-RBI; Canepari et al. 2001) was
added to recirculating ACSF with a concentration of 0.37 mM during
recording. Focal photolysis of caged glutamate was accomplished by
a pulsed UV laser (355-nm wavelength, frequency-tripled Nd:YVO4,
100-kHz pulse repetition rate; DPSS Laser, San Jose, CA) to provide
three 1-ms, 100-pulse light stimuli. Neutral density filters controlled
the intensity of the stimuli. The laser beam (5-mW intensity) was
directed into the side port of the Axioscop 2FS microscope using a
pair of mirror galvanometers (Cambridge Technology, Cambridge,
MA) and then focused onto the brain slice using a low-magnification
objective lens (�10/0.3 NA/water UMPlanFl or �4/0.13 NA/air
UPlanFl; Olympus). Angles of the galvanometers were computer
controlled and determined the position stimulated by the laser. The
optics was designed to generate a nearly cylindrical beam in the slice
to keep the mapping two dimensional. The Q-switch of the laser and
a shutter (LS3-ZM2; Vincent Associate) controlled the timing of the
laser pulse for stimulation.

During experiments, a variable neutral density wheel (Edmund,
Barrington, NJ) controlled the power of photostimulation at different
levels by attenuating the intensity of the laser. A thin microscope
coverslip in the laser path reflected a small portion of the laser onto a
photodiode. The photodiode output was amplified, acquired by the
computer, and used to monitor the laser intensity during the experi-
ment. The photodiode output was calibrated to the laser power at the
back focal plane of the objective. The laser power was measured using
a power meter (Thorlabs). The beam expansion was limited to a
twofold gain through the scan lens–tube lens pair. The beam under-
filled the objective and could be focused on a spot in the specimen
plane that was �10 �m in the x-y dimension and larger (��100 �m)
in the z-axis. Voltage traces were recorded and quantified during the
100-ms period following UV stimulus onset, using custom software.

In our experiments, we followed two different protocols of photo-
stimulation. The first protocol was used to map regions of the second
cortical visual area (V2) to localize the excitatory inputs to cells of
layer 4 in V1. Our criteria for monosynaptically evoked responses
from photostimulation included a response latency �3 ms, latency
jitter �1 ms, and very rare failures. A preset stimulation grid was used

to map all layers and regions of V2. Stimulation was organized
according to a sequence that maximized the distance and time be-
tween consecutive trials to avoid receptor desensitization, local caged-
glutamate depletion, and excitotoxicity. The second protocol of pho-
tostimulation was used in experiment aimed to isolate direct stimula-
tion by using the low-Ca2�, high-Mg2� ACSF. Here we evoked
postsynaptic responses by directly applying photostimulation on to the
recorded cell. We used a preset grid that limited stimulation to an area
within 50 �m from the recorded neuron.

Electrical Stimulation

In most of our experiments, we electrically stimulated inputs to
neurons recorded in layer 4 of V1. We did this by using bipolar
concentric electrodes (FHC; 125-�m pole distance). Stimulating elec-
trodes were placed in the white matter below V1 and/or in V2. In the
first case, the electrode was placed in the white matter below layer 6,
ventrally in line with the cell recorded in layer 4. In the second case,
the electrode was placed in V2 in a location previously guided by
photostimulation. Electrical stimulation consisted of 0.1- to 0.2-ms
pulses and ranged from 5 to 130 Hz. We only included in our data
responses we determined to be monosynaptic by meeting the follow-
ing criteria: latencies �3.5 ms, latency jitter �1 ms, and no or very
rare failures for stimulation levels above threshold. The intensity of
stimulation was gradually increased from a subthreshold level by
steps of 5 �A until a response was evoked. The intensity was then
further increased by 5 �A for data recording. We used stimulation
intensities between 100 and 300 �A.

Pharmacology

Various agonists and antagonists to mGluRs were bath applied. The
choices of chemicals and concentrations were based on our previous
experience with these agents (Covic and Sherman 2011; De Pasquale
and Sherman 2011, 2012; Lee and Sherman 2008. 2009a; Reichova
and Sherman 2004). Agonist and antagonist stock solutions were
prepared in distilled water or DMSO and diluted in ACSF to their final
concentration just before use. During the drug application, the system
of tubes providing ACSF to the recording chamber was connected to
a 5-ml container of ACSF. Agents were bath applied by slowly
injecting a 0.2-ml bolus into the tube providing ACSF to the record-
ing chamber. The ACSF was continuously added to the chamber at
1.7 ml/min by a motorized peristaltic pump in a recirculating mode.
We calculated the final bath concentration on the basis of the total
volume of the bolus, the recording chamber, the tubes, and the small
container of ACSF.

Specific antagonists (TOCRIS, Ellisville, MO) were used to block
the activity of mGluRs: the type 1 mGluR antagonist LY-367385
(50 �M), the type 5 mGluR antagonist 2-methyl-6-(phenylethynyl)-
pyridine (MPEP; 30 �M), and the group II mGluR antagonist LY-
341495 (100 �M). In some experiments, we activated mGluR phar-
macologically, using the following agonists (TOCRIS): the general
mGluR agonist 1-aminocyclopentane-1,3-dicarboxylic acid (ACPD;
100 �M), the group I mGluR agonist 5-dihydroxyphenylglycine
(DHPG; 100 �M), and the group II mGluR agonist 4-aminopyrroli-
dine-2,4-dicarboxylate (APCD; 100 �M). In some experiments, an-
tagonists to ionotropic glutamate receptors (iGluRs; TOCRIS) were
also used: the AMPA receptor antagonist 7-dinitroquinoxaline-2,3-
dione (DNQX; 50 �M) and the NMDA receptor antagonist MK-801
(40 �M). All stimulation protocols were performed 5 min after the
end of the application of each antagonist. In some experiments, we
tested more than one antagonist on the same cell. In these cases, each
new antagonist was administrated only after the previous one had
been washed out for 10 min.

Each cell was tested with one, two, or three mGluR antagonists,
depending on the period the cell could be held in a healthy condition.
This period was on average 30 min.
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Identification of Glutamatergic Inputs and Their Terminology

The synaptic properties we tested in the present study are those we
had previously adopted to identify glutamatergic pathways as mem-
bers of two classes: Class 1 or Class 2 (Covic and Sherman 2011; De
Pasquale and Sherman 2011, 2012; Lee and Sherman 2008, 2009a;
Reichova and Sherman 2004; Sherman and Guillery 1998; Viaene
et al. 2011b, 2011c). This classification was originally made in
thalamus (Sherman and Guillery 1998, 2006) and proved to be useful
to study the functional role of glutamatergic connections. Among
other differences, Class 1 inputs show paired-pulse depression,
whereas Class 2 inputs show paired-pulse facilitation; Class 1 inputs
evoke a larger initial EPSC; Class 2 inputs are activated in a more
graded manner; and Class 1 inputs activate only iGluRs, whereas
Class 2 inputs also activate mGluRs. In practice, we have found that
not all criteria need be evaluated to identify an input as Class 1 or 2.
Thus an input showing paired-pulse depression and an all-or-none
activation profile is sufficient to be identified as Class 1; likewise, an
input showing paired-pulse facilitation and a graded activation profile
is sufficient to be identified as Class 2.

Although not generally relevant to this study, in other pathways, we
have shown subtypes to the Class 1 group (Covic and Sherman 2011;
De Pasquale and Sherman 2011; Lee and Sherman 2008; Petrof and
Sherman 2009; Reichova and Sherman 2004; Viaene et al. 2011a,
2011b, 2011c). Class 1A inputs have a strictly all-or-none activation
pattern, whereas Class 1B inputs have a pattern intermediate between
all-or-none and the graded pattern seen in Class 2 inputs, and Class 1C
inputs have a curious paired-pulse pattern whereby the first two
EPSP/Cs show facilitation and the remainder in a train show depres-
sion. Because this subclassification is not generally relevant to this
study, we shall simply use the term “Class 1” for these inputs. For
completeness, however, the Class 1 input we describe in V1 from the
lateral geniculate nucleus to layer 4 is Class 1A, and that from V2 to
V1 is Class 1B.

RESULTS

All data were collected by recording from cells patched in
layer 4 of V1. Whole cell recordings of a total of 99 cells used
for analysis in this study were performed in voltage and current
clamp. All data obtained from voltage-clamp recordings were
collected from neurons clamped at �65 mV. Neurons had
resting membrane potentials of �66.56 � 0.47 mV and input
resistances of 212.18 � 0.73 M�. All neurons had a regular
spiking pattern. Ten of the recorded neurons were successfully
filled with biocytin, and all were found to be pyramidal.

Synaptic Properties of Inputs from White Matter to Layer 4 of V1

We performed a preliminary study of the synaptic properties
of inputs from the white matter to neurons of layer 4 in V1. We
activated those inputs, thereby evoking EPSCs, by placing a
stimulating electrode in the white matter below layer 6 and
aligned vertically to the patched cell in layer 4. We only
included in our data responses having properties consistent
with monosynaptic activation as defined in MATERIALS AND

METHODS. On the basis of these criteria, we sampled from a total
of 1,388 cells to obtain the 99 (7.1%) for which monosynaptic
inputs could be evoked; only these 99 cells are considered
further. Subsets of the 99 cells for various experiments in this
study are indicated below.

In this way, synaptic properties of inputs were measured
initially in 13 neurons located in layer 4. When stimulated at
various appropriate frequencies, nine cells showed paired-
pulse depression and the other four, paired-pulse facilitation

(Fig. 1, A and B). The difference between the two groups, in
terms of paired-pulse ratio, was greater at higher frequencies of
stimulation (2-way ANOVA, P � 0.01; Fig. 1B). The effect of
paired-pulse depression did not depend on the amplitude of the
response [P � 0.1 for interstimulus interval (ISI) 	 40 ms and
for ISI 	 15 ms on a Pearson significance test]. The cells
exhibiting depression also showed all-or-none responses,

Fig. 1. Synaptic properties of inputs from the white matter to layer 4 of primary
visual area (V1). A: examples of Class 1 response (i), showing paired-pulse
depression, and Class 2 response (ii) showing paired-pulse facilitation. B:
graph showing how the paired-pulse ratio [PPR; amplitude of the second
excitatory postsynaptic current (EPSC) divided by that of the first] in both
Class 1 and Class 2 responses (mean � SE) increased with the decrease of the
interval between the 2 stimuli. The difference between the 2 classes is greater
at shorter interstimulus intervals (ISI; 2-way ANOVA, P � 0.01). C: graph
showing the activation patterns of Class 1 and Class 2 inputs. The average first
EPSC amplitude (mean � SE) is plotted against the stimulation intensity
normalized to threshold value, meaning that the abscissa is divided into units
that are multiples of the threshold current. The activation patterns of the 2
groups are significantly different (2-way ANOVA, P � 0.01).
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whereas those showing facilitation had a graded activation
pattern (Fig. 1C), and these activation patterns were statisti-
cally different (2-way ANOVA, P � 0.01). These findings
indicate that nine of these cells received Class 1 inputs from the
white matter, whereas the other four received Class 2 inputs
(see MATERIALS AND METHODS for the criteria used to identify
these classes). In fact, because of the all-or-none activation
patterns seen with this white matter stimulation, we identify
these as a subtype of Class 1 input referred to as Class 1A
(Covic and Sherman 2011; De Pasquale and Sherman 2011;
Viaene et al. 2011b, 2011c). Class 1A and Class 2 responses
were recorded from cells having similar membrane properties.
Cells receiving Class 1 inputs were not statistically different
from cells receiving Class 2 inputs either in terms of input
resistance and capacitance or in various other responses to
injected currents (t-test, P � 0.1 for all tests). As explained in
more detail in DISCUSSION, we conclude that the Class 1A responses
reflect activation of geniculocortical axons, which are known to
produce Class 1A responses in layer 4 neurons, whereas those
exhibiting Class 2 responses are more difficult to identify as to
origin but plausibly include layer 6 corticogeniculate axons,
which branch to innervate layer 4 (Lee and Sherman 2008, 2009b;
Stratford et al. 1996) (see DISCUSSION).

Effects of mGluR Activation on Class 1 Input from White
Matter to Layer 4

Because Class 2 inputs are known to innervate layer 4 cells,
and because these inputs activate mGluRs (Covic and Sherman
2011; Lee and Sherman 2009b; Petrof et al. 2012), we inves-
tigated the role of such activation on the Class 1 input from the
white matter to layer 4 of V1. We did this by testing the effects
of the general mGluR agonist ACPD on nine cells, and Fig. 2
shows the results. The agonist was administrated for 5 min, and
EPSCs were recorded before, during, and after the drug appli-
cation (Fig. 2B). Two minutes after bath application, ACPD
caused a roughly 40% decrease of EPSC amplitudes (Fig. 2, A
and B; P � 0.001, repeated-measures ANOVA).

Activation of mGluRs is known in some systems to affect
short-term plasticity by affecting paired-pulse ratios (Band-
rowski et al. 2002; Gerber et al. 2000; O’Leary et al. 1997). We
thus used the same nine cells mentioned above to study the
action of ACPD on this parameter on the Class 1 input by
measuring the amplitudes of the first two evoked EPSCs at
different stimulation frequencies. For each frequency, 10 trials
were recorded and averaged. Between each trial was a 3-s
waiting period. For the control condition, paired-pulse proto-
cols were applied 3 min before the application of the drug. For
the ACPD condition, the same protocols were applied 3 min
after the administration of ACPD.

ACPD caused a significant, roughly 40% decrease of both
evoked EPSCs at long ISIs (200 and 66 ms; P � 0.001, repeated-
measures ANOVA for the first EPSC; P � 0.01, repeated-
measures ANOVA for the second EPSC). At a 40-ms interval, the
second EPSC was less reduced (�20%) than the first (�40%)
(P � 0.001, repeated-measures ANOVA for the first EPSC; P �
0.05, repeated-measures ANOVA for the second EPSC). At a
15-ms interval, only the first EPSC was significantly decreased
(P � 0.001, repeated-measures ANOVA for the first EPSC; P �
0.1, repeated-measures ANOVA for the second EPSC). Thus, at
short ISIs (15 and 40 ms), the first EPSC is more affected then the

second. This leads, at these stimulation frequencies, to an increase
in the paired-pulse ratio, which is the amplitude of the second
EPSC divided by that of the first, and this means a reduced
paired-pulse depression (P � 0.05, repeated-measures ANOVA;
Fig. 2C).

Characterization of Inputs from V2 to Layer 4 of V1

We recently showed that neurons of layer 4 of V1 receive
Class 2 inputs that activate mGluRs from V2 (De Pasquale and
Sherman 2011). Because that study was performed in juvenile
mice (postnatal days 11–19), we aimed to verify this general
finding in fully adult animals using the same techniques as we

Fig. 2. Effects of the general muscarinic glutamate receptor (mGluR) agonist
1-aminocyclopentane-1,3-dicarboxylic acid (ACPD) on the synaptic properties
of Class 1 inputs to layer 4 cells in V1 activated from the white matter.
A: example from 1 cell showing effects of ACPD on synaptic responses.
B: graph showing population data in the form of normalized amplitudes of the
first EPSC before, during, and after ACPD application. The EPSC amplitude
(mean � SE) was significantly decreased by ACPD (P � 0.001, repeated-
measures ANOVA). C: graph showing that ACPD application greatly in-
creased PPR (mean � SE, see Fig. 1; *P � 0.05, repeated-measures ANOVA,
for ISI 	 15 and 40 ms). With ACPD, such depression was abolished at all
intervals (P � 0.1, on a repeated measure ANOVA).
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did previously. We thus activated inputs from V2 onto 11
neurons in layer 4 of V1, using photostimulation (i.e., laser
uncaging of glutamate) to map the regions in V2 in which the
afferent cell bodies were present. In these regions, referred to
as the “hotspots,” photostimulation evoked a significant re-
sponse in the form of EPSCs (Fig. 3A), and this confirmed the
presence of an afferent pathway from the hotspot to the
recorded cell, because photostimulation only activates cells at

proximal dendrites or cell bodies (Callaway 1998). We then
placed a concentric bipolar stimulating electrode on the hotspot
identified in V2 to evoke EPSCs for further evaluation. Only
EPSCs deemed to be monosynaptic, on the basis of the criteria
defined in MATERIALS AND METHODS, are considered further.

Each of the 11 cells recorded in V1 had its hotspot in layer
4 and/or layers 2/3 of V2. In particular, 8 cells had their hotspot
in layer 4, 1 cell had the hotspot in layers 2/3, and 2 cells had

Fig. 3. Synaptic properties of inputs from secondary visual area (V2) to layer 4 of V1. A: example of localization of a hotspot in V2 in a typical experiment.
Photostimulation in layer 4 of V2 evoked responses in a recorded cell in layer 4 of V1 (yellow star). The white box covers the location from which
photostimulation evoked clear EPSCs. B: example of a Class 1 response recorded in one layer 4 cell of V1. Stimulation at 25 Hz elicited paired-pulse depression
and a graded response (i). High-frequency stimulation with ionotropic glutamate receptor (iGluR) antagonists failed to evoke activation of mGluRs (ii). C:
example of a Class 2 response recorded in another layer 4 of V1. Stimulation at 25 Hz caused paired-pulse facilitation and a graded response (i). High-frequency
stimulation with iGluR antagonists elicited a depolarizing mGluR response (ii), which was blocked by the mGluR1 antagonist LY-367385 (iii). D: example of
a Class 2 response recorded from a cell in yet another layer 4 cell of V1. Conventions are as in C. Here the mGluR response was hyperpolarizing (ii) and blocked
by the group II mGluR antagonist LY-341495 (iii). E: laminar distribution of the hotspots in V2 evoking responses in layer 4 of V1. F: Class 2 inputs having
different types of activated mGluRs. DNQX, 7-dinitroquinoxaline-2,3-dione.
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two hotspots, one in layer 4 and the other in layers 2/3.
Consequently, a total of 13 afferent inputs from V2 to layer 4
of V1 were recorded. Each afferent input could be identified as
a member of either Class 1 (4 inputs) or Class 2 (9 inputs). The
two cells having two hotspots received only Class 2 inputs.
Figure 3B illustrates a Class 1 response of a cell recorded in
layer 4 of V1 to stimulation of layer 4 of V2. Electrical
stimulation at 25 Hz elicited paired-pulse depression (Fig. 3Bi).
To detect the possible presence of mGluRs, we applied high-
frequency stimulation at 130 Hz (Covic and Sherman 2011; De
Pasquale and Sherman 2011; McCormick and Von Krosigk
1992) in the presence of antagonists to iGluRs. We found no
evidence for mGluR activation (Fig. 3Bii). All the four Class 1
inputs from V2 to layer 4 of V1 share the same profile shown
in Fig. 3Bi. Here Class 1 inputs have a graded activation
pattern similar to that of Class 2. As we already documented in
our previous works (De Pasquale and Sherman 2011, 2012), in
cortical circuitry, Class 1 inputs exhibit graded responses
rather than an all-or-none activation pattern.

Figure 3C shows a Class 2 input pattern for another cell
recorded in V1 and activated from layer 4 of V2. Electrical
stimulation at 25 Hz evoked a response having paired-pulse
facilitation (Fig. 3Ci). High-frequency stimulation in the pres-
ence of iGluR blockers caused a long, slow depolarization
corresponding to a type 1 mGluR (mGluR1) response (Fig. 3,
Cii and Ciii). Of the nine Class 2 inputs from V2 so recorded
in V1, six showed a similar depolarizing mGluR response,
whereas the remaining three inputs had a hyperpolarizing
mGluR response, reflecting group II mGluR activation (Fig.
3D; Covic and Sherman 2011; De Pasquale and Sherman
2011). Each of these nine inputs showed a graded response
profile, meaning that increasing stimulus intensity evokes in-
creasingly large EPSCs (Fig. 3, Bi, Ci, and Di).

Class 2 inputs were more frequent than Class 1 (Fig. 3E),
and this is consistent with what we previously found in
younger animals (De Pasquale and Sherman 2011), with no
significant difference seen (P � 0.1, Fisher’s exact test). All
Class 2 responses showed activation of mGluRs, and three
types were seen: group I, type 1 (mGluR1), group I, type 5
(mGluR5), and group II, types 2 and/or 3. Activation of both
mGluR1s and mGluR5s produced prolonged membrane depo-
larization (Fig. 3, Cii and Ciii), whereas group II mGluR
activation produced prolonged membrane hyperpolarization
(Fig. 3, Dii and Diii). As we have documented previously (De
Pasquale and Sherman 2011), four types of mGluR response
were found. Three of them involved sole activation of
mGluR1s, mGluR5s, or group II mGluRs, and the fourth
involved both mGluR1s and mGluRs5 (Fig. 3F).

Effects of High-Frequency Stimulation of V2 on Class 1
Input from White Matter to Layer 4

Because high-frequency stimulation of V2 activates mGluRs
on cells in layer 4 of V1, and because ACPD suppresses the
Class 1 input from the white matter to these layer 4 cells, we
tested whether mGluRs have the same modulatory action when
activated by high-frequency stimulation of the Class 2 input
from V2. We thus chose the Class 2 input from layer 4 of V2
to test for this effect (see Fig. 3E). Before each experiment for
this question, we used photostimulation as described above to
identify the hotspot in layer 4 of V2 for a Class 2 input.

With such an experimental design, we recorded from a total
of 19 neurons in layer 4 of V1 that receive a Class 1 input from
the white matter and a Class 2 input from layer 4 of V2. We
followed the protocol shown in Fig. 4A. Two concentric
bipolar stimulating electrodes were used, one placed in the
layer 4 hotspot of V2 and the other placed in the white matter
below V1. In the control condition, only V1 was stimulated
(2 pulses, 66 Hz; Fig. 4Ai). In the modulation condition, V2
was stimulated first (20 pulses, 130 Hz), followed by stimula-
tion of white matter under V1 (2 pulses, 66 Hz) 20 ms after the
last stimulation pulse of V2 (Fig. 4Aii). The entire protocol was
repeated for 10 trials alternating between control and modula-
tion with 5-s intervals. The amplitude of the first EPSC before
modulation was 38.7 � 6.4 pA. In the modulation condition,
the first EPSC was significantly reduced by about 40% (Fig. 4,
B and C; P � 0.001, paired t-test), whereas the second EPSC
was significantly reduced by roughly 20% (Fig. 4B; P � 0.01,
paired t-test).

We used specific antagonists to identify the involvement of
particular mGluR types in the modulation of inputs to layer 4
cells. From the 19 cells mentioned above, 8 cells were tested
with the specific mGluR1 antagonist LY-367385, 7 cells were
tested with the specific mGluR5 antagonist MPEP, and 7 cells
were tested with the group II mGluR antagonist LY-341495.
Three cells were tested with two different antagonists.

Figure 4C summarizes our results. We found that LY-
367385 blocked the modulation (Fig. 4C; P � 0.1, paired t-test
compared with control condition). Similarly, the specific
mGluR5 antagonist MPEP also blocked the modulatory effect
(Fig. 4C; P � 0.1, paired t-test compared with control condi-
tion). We found that the group II mGluR antagonist LY-
341495 affected the modulation, but less than did application
of the group I mGluR antagonists, so that the effects with
LY-341495 showed significant reduction of the EPSC, but less
than that seen with LY-367385 or MPEP modulation to affect
the modulation significantly (Fig. 4C; P � 0.05, paired t-test
for each comparison).

To investigate the involvement of presynaptic and postsyn-
aptic mGluR locations to this modulation, we performed a set
of experiments with GDP�S administered intracellularly in the
recording pipette. GDP�S blocks postsynaptic G protein-cou-
pled activity, thereby interfering with the postsynaptic activity
of mGluRs. We recorded from 19 neurons in layer 4 of V1,
testing the effects of modulation on the Class 1 input from
white matter to layer 4, following the same protocol described
above to activate mGluRs via high-frequency stimulation of
V2, but with the presence of GDP�S in the recording electrode.
We found that the presence of GDP�S did not change the
amplitude of the EPSC before modulation, compared with the
untreated condition (P � 0.1, t-test). Modulation with GDP�S
significantly reduced the first evoked EPSC by about 20%
(Fig. 5A; P � 0.05, paired t-test), but there was no reduction of
the second EPSC (P � 0.1, paired t-test). This reduction is
significantly smaller compared with the effect of modulation
without GDP�S (roughly 40%; P � 0.01, t-test). Since the
second EPSC was unaffected, the paired-pulse depression was
significantly reduced (Fig. 5C; P � 0.05, paired t-test).

We tested these effects of modulation resulting from activa-
tion of specific mGluRs by also using specific mGluR antag-
onists in addition to the GDP�S. To achieve this purpose, we
used 14 of the 19 cells mentioned above. We tested 7 cells for

2623FEEDBACK MODULATION IN CORTEX

J Neurophysiol • doi:10.1152/jn.01083.2012 • www.jn.org

 at U
niversity of C

hicago on M
ay 16, 2013

http://jn.physiology.org/
D

ow
nloaded from

 

http://jn.physiology.org/


every antagonist. Seven cells were tested with two different
antagonists. The amplitude of EPSC for GDP�S-treated neu-
rons was 50.1 � 9.4 pA and was not significantly different
compared with that for untreated neurons (P � 0.1, t-test). The
effects of modulation were prevented by the application of
the mGluR1 antagonist LY-367385 (Fig. 5, B and C) or the
mGluR5 antagonist MPEP (Fig. 5, B and D; P � 0.1, paired
t-test for both compared with control condition). However, in
the presence of the group II mGluR antagonist LY-341495, the

EPSC was significantly reduced by about 20% (Fig. 5B; P �
0.05, paired t-test), and the paired-pulse depression was also
significantly reduced (Fig. 5E; P � 0.05, paired t-test).

From these data, we can form the following conclusions.
The observation that GDP�S in the electrode partly but not
completely prevents the modulation suggests that both presyn-
aptic and postsynaptic mGluRs are involved. That the addition
of group I mGluR antagonists (i.e., to mGluR1s and mGluR5s)
further reduces the effects of modulation suggests that a pre-

Fig. 4. Modulation of the Class 1 input to layer
4 of V1 via high-frequency stimulation of V2.
A: example of traces showing the modulation
protocol. Stimulating electrodes were placed in
V1 (white matter) and in V2 (layer 4). In the
control condition, V1 white matter was stimu-
lated with 2 pulses at 66 Hz (i). In the modu-
lation condition, V2 was stimulated first at
high frequency (20 pulses at 130 Hz). Stimu-
lation of V1 white matter (2 pulses at 66 Hz)
followed 20 ms after the last stimulation pulse
delivered in V2, which means that the re-
sponses to V1 white matter stimulation were
evoked during the activation of mGluRs from
V2 stimulation (ii). B: same example shown in
A with focus on the effects of modulation on
the amplitudes of the EPSCs. Stimulation of
V1 white matter alone (control) at 66 Hz in-
duced paired-pulse depression. Pairing this
with V2 stimulation as in A (modulation) de-
creased both EPSCs (i). This effect of modu-
lation was prevented by bath application of the
mGluR1 antagonist LY-367385 (ii). C: graph
showing the effects of modulation (means �
SE) with and without various mGluR antago-
nists on the amplitude of the first EPSC. *P �
0.05, paired t-test. MPEP, 2-methyl-6-(phenyl-
ethynyl)pyridine.
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synaptic component to the effect is mainly due to activation of
these mGluRs. That the addition of group II mGluR antago-
nists does not further impair the modulation effects suggests
that presynaptic group II mGluRs are not much involved.

Modulation of the Class 2 Input to Layer 4 of V1 via High-
Frequency Stimulation of V2

As noted above, both Class 1 and Class 2 inputs can be
activated from the white matter to cells in layer 4 of V1 (Fig. 1).
We sought to determine if the Class 2 inputs are also modulated
by activation of mGluRs and, if so, how this modulation compares
to that just described for the Class 1 inputs. We therefore recorded
from 12 cells in layer 4 of V1, testing the effects of modulation on
the Class 2 input from the white matter, and followed the same
protocol described above for Class 1 inputs: we compared the
EPSCs evoked from this white matter stimulation by itself (con-
trol) and during activation of mGluRs via high-frequency stimu-
lation of layer 4 of V2. We found that modulation significantly
decreases both EPSCs of the Class 2 input by about 25% (Fig. 6,
A and B; P � 0.05, paired t-test). We used 11 cells of the 12
mentioned above to test the effects of mGluRs blockers on mod-
ulation. Six cells were tested with two different antagonists. In five
cells, we found that application of the group II mGluR antagonist

LY-341495 reduced the effect of this modulation (Fig. 6, A and B;
P � 0.1, paired t-test). We used five cells and seven cells to test
modulation during the application of the mGluR1 and mGluR5
antagonists, respectively. Application of either these group I
mGluR antagonists failed to prevent the effect of modulation (Fig.
6B; P � 0.1, paired t-test).

The relative contribution of presynaptic and postsynaptic mech-
anisms was also investigated for this modulation of the Class 2
input. We recorded from seven neurons with GDP�S in the re-
cording electrode and found that this completely blocked the
effect of modulation (Fig. 6C; P � 0.1, paired t-test). Both the
lack of effect of the modulation on the paired-pulse facilitation
and the complete prevention of the modulatory effect by GDP�S
suggest that the modulation of this Class 2 input is strictly based
on postsynaptic group II mGluRs.

Modulation of the Class 1 Input to Layer 4 of V1 via
High-Frequency Stimulation of V2 in Young Animals

Our data indicate that the Class 1 input is largely modulated
by the activity of presynaptic and postsynaptic group I
mGluRs. However, presynaptic group II mGluRs on thalamo-
cortical terminals have been described in layer 4 role during
development (Mateo and Porter 2007). Since our experiments

Fig. 5. Effects of GDP�S on modulation of the Class 1 input to layer 4 of V1 via high-frequency stimulation of V2. A: graph showing the effects of modulation
on the amplitude of the first EPSC (mean � SE) for untreated neurons and for GDP�S-treated cells. The amplitudes are normalized to the values measured in
the control condition. B: graph showing the effects of modulation on the amplitude (means � SE) of the first EPSC for GDP�S-treated cells with and without
various mGluR antagonists. The amplitudes are normalized to the values measured in the control condition. C: graph showing the effects of modulation on the
PPR (means � SE) for cells treated with GDP�S, with and without the mGluR1 antagonist LY-367385. D: graph showing the effects of modulation on the PPR
(mean � SE) for cells treated with GDP�S, with and without the mGluR5 antagonist MPEP. E: graph showing the effects of modulation on the PPR (means � SE)
for cells treated with GDP�S, with and without the mGluR1 antagonist LY-341495. *P � 0.05, paired t-test.
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were done in fully adult animals, this suggests the possibility
that our failure to find evidence of a contribution of presynaptic
group II mGluRs could be related to age. To test this, we
performed a set of experiments on the Class 1 input from white
matter in 10 cells from younger animals (postnatal days 10–
13), using the same protocol as described above to test for the
involvement of presynaptic group II mGluRs in modulation of
geniculocortical inputs. As above, we only describe data here
for layer 4 cells for which we evoked monosynaptic inputs
from white matter stimulation; this was roughly 20% of the
recorded cells for younger animals. We added GDP�S in the
recording electrode to isolate presynaptic mGluRs, and we
measured the effects of modulation with and without the group
II mGluR antagonist LY-341495.

In these young animals, the amplitude of EPSC was 42.8 �
11.8 pA and was not significantly different compared with that in
adult animals (P � 0.1, t-test). On the other hand, modulation
significantly decreased the first EPSC by about 35% (Fig. 7A; P �
0.05, paired t-test), whereas the second EPSC was unaffected
(P � 0.1, paired t-test). As a consequence, the paired-pulse
depression was significantly reduced (Fig. 7B; P � 0.05, paired
t-test). However, whereas these effects were not much changed in

adults with the addition of the group II mGluR antagonist, they
were in the young animals (Fig. 7; P � 0.1, paired t-test compared
with control condition). These findings suggest that the involve-
ment of presynaptic group II mGluRs activity in modulating
thalamocortical synapses is age dependent.

Effects of Pharmacological Activation of mGluRs on Direct
Stimulation of Cells in Layer 4

In the present study, we described a modulatory effect of V2
on neurons of V1 that partly involves the activity of postsyn-
aptic Group I and Group II mGluRs. To further support this
conclusion, we tested the pharmacological activation of post-
synaptic mGluRs in layer 4 cells. We used direct photostimu-
lation to measure the effect of agonists on responses evoked on
these cells (Fig. 8). These experiments were performed in a
low-Ca2� and high-Mg2� bathing medium that blocked syn-
aptic transmission, thereby ensuring that the response to un-
caged glutamate reflects direct activation of the recorded cell.

We recorded from four cells in this fashion before and after
adding the specific group II mGluR agonist APCD for 5 min.
The agonist application decreased the direct responses by about
40% (Fig. 8, A and C; P � 0.05, repeated-measures ANOVA).

Fig. 6. Modulation of the Class 2 input to layer
4 of V1 via high-frequency stimulation of V2.
A: example of traces showing the effects of
modulation on the amplitudes of the EPSCs.
Stimulation at 66 Hz caused paired-pulse fa-
cilitation, and both EPSCs were similarly de-
creased by modulation (i). Effects of modula-
tion were blocked by group II mGluR antago-
nist LY-341495 (ii). B: graph showing the
effect of modulation on the amplitude of the
first EPSC; conventions as in Fig. 5B. C: graph
showing the effect of modulation on the am-
plitude of the first EPSC for untreated neurons
and for GDP�S-treated cells. Amplitudes
(means � SE) are normalized to the values
measured in the control condition. *P � 0.05,
paired t-test.
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The effect disappeared after washout of the antagonist (Fig.
8Aiii). We followed the same protocol to record from another
four cells and test the effects of the specific group I mGluR
agonist DHPG. DHPG reduced evoked response by roughly
30% (Fig. 8, B and C; P � 0.05, repeated-measures ANOVA).
This effect persisted in part after washout of the drug (Fig.
8Biii). The long-term effect of DHPG has been documented
and is likely to be caused by mechanisms of long-term synaptic
plasticity (Fitzjohn et al. 1999; Huber et al. 2000; Sergeeva

et al. 2007; Watabe 2002). Together, these data support the
involvement of postsynaptic mGluRs in modulating the syn-
aptic responses evoked in layer 4 cells.

DISCUSSION

The present study focused on the modulatory effect of certain
Class 2 feedback projections from secondary visual cortex (V2)
on cells of layer 4 of the primary visual cortex (V1), noting such
effects on two other inputs to these cells, one thought to be from
the lateral geniculate nucleus of thalamus and the other from an
unspecified intracortical source that plausibly involves mostly

Fig. 8. Effects of 4-aminopyrrolidine-2,4-dicarboxylate (APCD) and 5-dihy-
droxyphenylglycine (DHPG) on direct photostimulation of neurons in layer 4
of V1. Shown in A and B are traces recorded in a layer 4 cell of V1 evoked by
direct photostimulation in experiments in which synaptic transmission was
blocked by a low-Ca2� and high-Mg2� bathing medium. A: bath application of
the group II mGluR agonist APCD notably reduced the amplitude of the
evoked responses (i vs. ii), and this effect disappeared after the drug was
washed out (iii). B: bath application of the group I mGluR agonist DHPG also
decreased the amplitude of the response (i vs. ii), and this effect somewhat
persisted after washout (iii). C: graph showing the effects of APCD and DHPG
on responses evoked with direct photostimulation. Amplitudes (means � SE)
are normalized to the mean of the baseline values. APCD and DHPG signif-
icantly decreased the amplitude of the EPSC (*P � 0.05, repeated-measures
ANOVA for both agonists).

Fig. 7. Involvement of presynaptic group II mGluRs in the modulation of the
Class 1 input to layer 4 in juvenile vs. adult animals. In these experiments,
GDP�S was in the recording electrode to isolate presynaptic mGluR activa-
tion. A: graph showing the EPSC amplitude (means � SE) normalized to the
values measured in the control condition. At both ages, modulation signifi-
cantly decreased the EPSC (*P � 0.05, paired t-test), indicating a presynaptic
affect. In juvenile animals (postnatal days 10–13, p10–13), but not in adults
(p60–65), this effect was reduced in the presence of the group II mGluR
antagonist LY-341495 (*P � 0.1, paired t-test). B: graph showing effects on
the PPR (means � SE). Modulation increased the PPR at both ages, again
indicating presynaptic mGluR involvement (*P � 0.05, paired t-test), but this
was prevented by the group II mGluR antagonist in juvenile, but not adult,
animals.
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branches of layer 6 axons. These latter two inputs were activated
by applying electrical stimulation to the white matter below the
recorded layer 4 cell in V1. We found that such white matter
stimulation elicited two different types of responses in neurons of
layer 4: most had paired-pulse depression and all-or-none re-
sponses, consistent with Class 1 properties, whereas a minority
had paired-pulse facilitation and graded responses, consistent with
Class 2 properties (reviewed in Sherman and Guillery 1998, 2006,
2011). We have provisionally concluded that the Class 1 input is
thalamic, from the lateral geniculate nucleus, and that Class 2 is
mostly from antidromic activation of layer 6 corticogeniculate
axons that branch to also innervate layer 4 (Lee and Sherman
2008, 2009b). As we have reported previously, we found that
activation of layer 4 of V2 provides a Class 2 input to layer 4 cells
of V1 and that this input can activate mGluRs (De Pasquale and
Sherman 2011), which act to reduce EPSC amplitudes evoked by
presumptive geniculocortical or layer 6 inputs to these cells. Such
modulation acts in an input-specific way. In modulation of
thalamocortical input, both presynaptic and postsynaptic group I
mGluRs are involved, whereas modulation of the intracortical
input acts via postsynaptic group II mGluRs.

Technical Issues

Use of BALB/c mice. We used BALB/c mice, which are
albino, to be consistent with our previous work that forms the
basis of these experiments (De Pasquale and Sherman 2011,
2012). However, recent work points to behavioral deficiencies
in these mice (Yeritsyan et al. 2012), which may be attributed
to lack of ocular pigmentation that would degrade the image
and a deficiency of ipsilateral retinal projections (a common
feature of albinos), with the known deficiencies being largely
limited to retinofugal projections (Guillery and Kaas 1971;
Sanderson et al. 1974). Indeed, as Yeritsyan et al. (2012)
stated, “visual cortical maps induced by stimulation of the
contralateral eye were normal in both activation strength and
retinotopic map quality.” We therefore tentatively conclude
that the BALB/c mouse involves little or no significant alter-
ation in the cortical circuitry we are testing any more than other
strains might. Nonetheless, extending these observations to other
strains, species, and areas remains an issue to be resolved.

Nature of recorded cells in V1. Although only a minority of
our recorded cells were successfully filled with biocytin, all
were found to be pyramidal. Nonetheless, we cannot rule out
the possibility that some recordings derived from interneurons.
However, the main goal of this work was the study of the
modulatory action of mGluRs on thalamocortical input. In
layer 4, the great majority of interneurons receiving thalamo-
cortical inputs are fast spiking (Amitai and Connors 1995;
Connors and Gutnick 1990; Gibson et al. 1999; Nowak et al.
2003; Schiff and Reyes 2012), and all neurons we used to
collect our data had a regular firing pattern. For these reasons,
we think that it is unlikely that many, if any, interneurons were
recorded in our experiments.

Interpreting effects of electrical activation. Many of our
recordings were obtained from responses evoked by electrical
stimulation. This raises questions about precisely what neuro-
nal populations were actually activated to contribute to post-
synaptic responses seen and how relevant the results may be to
behaving animals.

ACTIVATION OF INPUTS TO LAYER 4 OF V1 FROM THE WHITE MATTER.
To activate thalamocortical inputs, we placed concentric bipo-
lar stimulating electrodes in the white matter. The plausible
glutamatergic inputs activated from white matter are genicu-
locortical axons, axon branches to layer 4 from layer 6 corti-
cogeniculate axons, or unspecified corticocortical axons from
other areas running in the white matter. We identified two
inputs types from this white matter stimulation, and they are
separately considered here.

We believe the most likely source of the Class 1 inputs
activated are geniculocortical for the following reasons. Layer
6 axon inputs to layer 4 cells are Class 2 (Lee and Sherman
2009a, 2009b), so these axons as the source of Class 1 input
can be ruled out. Furthermore, corticocortical inputs to layer 4
show a Class 1B pattern (meaning a graded response pattern),
and what we observed from white matter was a Class 1A
pattern (an all-or-none activation pattern; see Fig. 1C). Figure
1C also shows for the Class 2 input that a graded activation
pattern can be evoked if present from the white matter. Since
all thalamocortical inputs to layer 4 so far described in the
mouse show the Class 1A pattern (Lee and Sherman 2008;
Viaene et al. 2011a), it logically follows that the most likely
source of Class 1A input that we found from activating white
matter to layer 4 cells is the lateral geniculate nucleus.

The source of the Class 2 inputs are harder to pin down in
our studies, but we emphasize that the main purpose of this
study was to identify modulatory effects of the V2 feedback
projection to layer 4 of V1, particularly on geniculocortical
inputs, and effects on the Class 2 inputs serve mainly as a basis
for comparison. These Class 2 inputs could be from either layer
6 cells or other cortical areas (Covic and Sherman 2011; De
Pasquale and Sherman 2011), or both. We provisionally sug-
gest that a layer 6 source is more likely because they do
provide a strictly Class 2 input to layer 4 cells (Lee and
Sherman 2009b), and evidence suggests that corticocortical
inputs to middle layers (such as layer 4) tend to run through the
gray matter of cortex rather than in the white matter (reviewed
in Thomson and Bannister 2003).

Stimulation of the white matter below the primary visual
cortex has been previously shown to elicit three classes of
inputs (Stratford et al. 1996). Stratford et al. identified a
geniculocortical input and two different intracortical inputs.
We found only one presumed intracortical input. This discrep-
ancy with our study could be due to species differences (their
study was in cats) or a different postsynaptic population (they
focused their study on stellate cells, whereas those we identi-
fied were all pyramidal).

ACTIVATION OF THE V2 TO V1 PATHWAY. To activate feedback
connections from V2, stimulating electrodes were placed on
hotspots localized by photostimulation. For every corticocor-
tical input, we assessed the presence of connectivity between
the patched neuron in V1 and the afferent cell bodies and
proximal dendrites in V2.

We cannot exclude the possibility that we stimulated axons
of passage providing sources of input other than the ones we
provisionally identified. However, we believe that this possi-
bility does not greatly affect our general conclusions for the
following reasons. Regarding fibers of passage in activating the
inputs from V2 to V1, we have discussed this in detail previ-
ously: because this connectivity is topographic (Schuett et al.
2002; Wang and Burkhalter 2007), axons passing through from
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distant sites are unlikely to innervate the patched cell, a point
that we demonstrated via control experiments (De Pasquale
and Sherman 2011).

ACTIVATION OF mGluRs VIA ELECTRICAL STIMULATION. To activate
mGluRs in V1 by stimulating V2 afferents, we used tetanus, or
high-frequency stimulation. Such an approach has proved to be
routine and can be traced back at least two decades (Beierlein
et al. 2000; Grassi et al. 2002; Long et al. 2004; McCormick
and Von Krosigk 1992; Rush et al. 2002; Sung et al. 2001).
This is done to maximize the effects and thereby ensure that
they do occur.

It should be noted that cortical cells that fire at roughly 130
Hz or more (the tetanus frequency we used) exist, including
bursting cells (Brumberg et al. 2000; DeBusk et al. 1997; Jacob
et al. 2012; Llano and Sherman 2009; Tateno et al. 2004).
Furthermore, a recent study showed that activation of mGluRs
via Class 2 inputs (as in this study) can be achieved with brief
trains activated at lower frequencies (e.g., �10–15 Hz) and
that although higher frequency stimulation increases the am-
plitude of the mGluR response, it is not necessary to initially
evoke it (Viaene et al. 2013). Nevertheless, more study is
needed to determine the range of activation patterns able to
evoke similar effects as a necessary step in evaluating the full
significance of these results. What we see as the main contri-
bution here is the demonstration that specific pathways can
induce mGluR-related modulation as an advance over earlier
studies limited mostly to agonist application (for review, see
Sherman 2013).

Effects of mGluR Activation

Evidence has accrued for some time that activation of both
group I and group II mGluRs by agonist application in cortex
can affect responsiveness and synaptic transmission, typically
in a suppressive manner (Beaver et al. 1999; Cahusac 1994;
Cahusac and Wan 2007; Reid and Daw 1997). However, such
studies begged the question as to how these mGluRs might be
activated by circuit activity: what specific glutamatergic affer-
ents activate them to produce such effects? Our laboratory has
begun to explore this. We recently reported two examples of
local Class 2 inputs affecting synaptic transmission of other,
Class 1 inputs in cortex, showing that mGluRs activated from
layer 6 inputs to layer 4 cells reduce the amplitude of EPSP/Cs
activated in those cells from thalamus (Lee and Sherman 2012)
and that Class 2 inputs from layers 2/3 onto cells in that layer
reduce the amplitude of Class 1 inputs from layer 4 (De
Pasquale and Sherman 2012). We can now add to that the
current example of modulation via activation by Class 2 inputs
of mGluRs involving a feedback circuit from V2 to V1.

These data help to define some of the ways by which Class
2 inputs can modulate circuit activity, particularly via activa-
tion of mGluRs. Clearly, the data are from far too few exam-
ples to generalize concerning these processes, but it is inter-
esting that, so far, these involve both presynaptic and postsyn-
aptic mGluRs of both group I and group II varieties.
Furthermore, all of the effects so far documented on synaptic
transmission involve reducing the amplitude of evoked post-
synaptic responses. The involvement of group I mGluRs in
reducing synaptic transmission has been observed previously
in the hippocampus (Fitzjohn et al. 1999; Huber et al. 2000;
Watabe et al. 2002) and in corticostriatal transmission (Serge-

eva et al. 2007). Our findings support this idea and add that
group I mGluRs have an important role in reducing synaptic
transmission in thalamocortical circuitry.

Our data show that the effects of mGluRs on synaptic
transmission of the presumed geniculocortical input are largely
limited to the first evoked response when the frequency of
stimulation is relatively high. This caused a shift of the paired-
pulse ratio from depression to facilitation. This effect of
mGluRs on short-term plasticity already has been documented
in sensory cortical circuitry (Bandrowski et al. 2001; De
Pasquale and Sherman 2012; Lee and Sherman 2012). These
findings suggest that the modulatory action of mGluRs in
cortical areas might be more effective in suppressing low-
frequency signals, which are typical of nonarousal cortical
states.

Conclusions

We have shown that a Class 2 feedback projection from V2
reduces EPSCs evoked from both Class 1 inputs (thought to be
thalamocortical) and Class 2 inputs (thought to be intracortical
and likely from layer 6) to layer 4 cells of V1. The presumed
thalamocortical input is principally modulated through group I
mGluRs, involving both presynaptic and postsynaptic mecha-
nisms. The Class 2 intracortical input is modulated only via
postsynaptically activated group II mGluRs. Thus, although
both inputs are affected, the mechanisms and mGluR types
involved differ. Overall, these findings suggest that feedback
projections from V2 can modulate visual information process-
ing in V1 through activation of mGluRs.

There have been many suggestions regarding the possible
function of feedback pathways in cortex involving various
ideas of modulatory functions, such as attentional processes,
predictive coding, etc., but very few studies of how such
feedback can affect synaptic properties of local circuits. Our
evidence should be seen as an early example of how such
feedback might work at the synaptic level, but it seems likely
that many other forms of synaptic modulation remain to be
discovered. Furthermore, these observations need to be tested
for generality by studying other mouse lines, mammalian
species, and cortical areas.
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