The Journal of Neuroscience, February 13,2013 - 33(7):3151-3163 - 3151

Behavioral/Cognitive

Synaptic Cooperativity Regulates Persistent Network Activity
in Neocortex

Morgana Favero and Manuel A. Castro-Alamancos
Department of Neurobiology and Anatomy, Drexel University College of Medicine, Philadelphia, Pennsylvania 19129

During behavioral quiescence, the neocortex generates spontaneous slow oscillations, which may consist of up-states and down-states.
Up-states are short epochs of persistent activity that resemble the activated neocortex during arousal and cognition. Neural activity in
neocortical pathways can trigger up-states, but the variables that control their occurrence are poorly understood. We used thalamocor-
tical slices from adult mice to explore the role of thalamocortical and intracortical synaptic cooperativity (the number of coincident
afferents) in driving up-states. Cooperativity was adjusted by varying the intensity of electrical or blue-light stimuli in pathways that
express channelrhodopsin-2. We found that optogenetics greatly improves the study of thalamocortical pathways in slices because it
produces thalamocortical responses that resemble those observed in vivo. The results indicate that more synaptic cooperativity, caused
by either thalamocortical or intracortical fast AMPA-receptor excitation, leads to more robust inhibition of up-states because it drives
stronger feedforward inhibition. Conversely, during strong synaptic cooperativity that suppresses up-states, blocking fast excitation, and
asaresult the feedforward inhibition it drives, unmasks up-states entirely mediated by slow NMDA-receptor excitation. Regardless of the
pathway’s origin, cooperativity mediated by fast excitation is inversely related to the ability of excitatory synaptic pathways to trigger

up-states in neocortex.

Introduction
Synchronous stimulation of neocortex pathways in slices trigger a
stereotypical response characterized by short-latency (<10 ms)
and long-latency (>10 ms) components. The short-latency com-
ponent consists of an EPSP that is rapidly curtailed by a lasting
IPSP (Agmon and Connors, 1992; Gibson et al., 1999; Gabernet
etal.,, 2005; Sun et al., 2006; Cruikshank et al., 2010). During the
long-latency component, up-states can occur (Rigas and Castro-
Alamancos, 2007, 2009; Favero et al., 2012). Thalamocortical and
intracortical synaptic pathways of neocortex have distinct abili-
ties to trigger up-states in slices (Rigas and Castro-Alamancos,
2007). Electrical or chemical stimulation of the thalamus
(thalamocortical) triggers cortical up-states very effectively,
while electrical stimulation of the cortex (intracortical) triggers
up-states only at very low intensities. However, as the intensity
increases, intracortical electrical stimulation has a suppressive
effect on up-states. Thus, increasing the stimulus intensity sup-
presses up-states in the intracortical but not in the thalamocorti-
cal pathway.

One possible reason for this difference in the ability to trigger
up-states, which we noted previously, is reduced synaptic coop-
erativity (number of coincident afferent inputs) recruited in the
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thalamocortical pathway in the slice because many thalamocor-
tical synapses have their axons severed and are not activated by
thalamic stimulation (Rigas and Castro-Alamancos, 2007, 2009;
Castro-Alamancos, 2009). The limitation of the slice preparation
is reflected in weak short-latency thalamocortical (population)
field potential (FP) responses, and corresponding EPSPs in single
cells that rarely reach firing threshold during down-states even at
the highest stimulus intensities (Rigas and Castro-Alamancos,
2009). This contrasts with the situation in vivo where relatively
strong thalamic electrical stimulation drive much more robust
short-latency thalamocortical FP responses and corresponding
EPSPs that effectively reach firing threshold and spread activity
through the somatosensory cortex (Castro-Alamancos and
Connors, 1996a; Castro-Alamancos and Oldford, 2002; Hirata
and Castro-Alamancos, 2006, 2008). Indeed, thalamocortical
convergence is well known to drive cortical spikes in single cells in
vivo (Bruno and Simons, 2002; Alonso and Swadlow, 2005;
Bruno and Sakmann, 2006; Hirata and Castro-Alamancos, 2008),
but the role of cooperativity in triggering persistent network ac-
tivity (up-states) is not well understood.

Here we explore the role of thalamocortical and intracortical
synaptic cooperativity in driving cortical up-states in thalamo-
cortical slices of adult mice. Cooperativity was adjusted by vary-
ing the intensity of electrical or blue-light stimuli in pathways
that express channelrhodopsin-2 (ChR2) (Zhang et al., 2006,
2007; Cruikshank et al., 2010). Fast and slow glutamatergic exci-
tation was manipulated by using AMPA-receptor and NMDA-
receptor antagonists, respectively. Compared with electrical
stimulation of the thalamus in thalamocortical slices, we found
that optogenetic stimulation of thalamocortical synapses in neo-
cortex greatly improves the study thalamocortical pathways in
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slices because it produces thalamocortical responses that closely
resemble those observed in vivo. Moreover, this led to the finding
that cooperativity determines the ability of neocortical synaptic
pathways to trigger up-states regardless of their origin; more co-
operativity inhibits up-states by driving stronger feedforward
inhibition.

Materials and Methods

All procedures were reviewed and approved by the Animal Care Com-
mittee of Drexel University. Slices were prepared as previously described
(Rigas and Castro-Alamancos, 2007, 2009; Favero et al., 2012) from adult
(>8 weeks) CD-1 (male) or Thyl-COP4/EYFP (linel8) (of either sex)
mice. Some CD-1 mice were anesthetized with ketamine-xylazine
(100-5 mg/kg) and injected with AAV2/9-hSyn-ChR2(H134R)-eYFP
(AAV, UPenn Vector core) into the somatosensory thalamus (0.2—0.4
wl) using the following coordinates (from bregma): posterior, 1.5 mm;
lateral, 2.0 mm; ventral, 3.0 mm. Slices were prepared from these animals
1-2 weeks after the injection.

For slice preparation, mice were deeply anesthetized with an overdose
of ketamine. Upon losing all responsiveness to a strong tail pinch, the
animal was decapitated and the brain was rapidly extracted. Slices (400
wm thick) were cut in the thalamocortical plane (Agmon and Connors,
1991) using a vibratome. Slices were transferred to an interface chamber
where they were bathed constantly (1-1.5 ml/min) with artificial CSF
(ACSF) at 32.5°C. The ACSF contained the following (in mm): 126 NaCl,
3.5 KCl, 1.25 NaH,PO,, 26 NaHCO;, 1 MgSO, 7H,0, 10 dextrose, 1
CaCl, 2H, 0. This buffer resulted in the generation of persistent network
activity resembling slow oscillations in cortical slices (McCormick et al.,
2003; Rigas and Castro-Alamancos, 2007, 2009; Favero et al., 2012). FP
recordings were made using low-impedance (~0.5 M()) glass pipettes
filled with ACSF. Blind whole-cell recordings were obtained from layers
V, IV, and III cells of somatosensory cortex using patch electrodes of
4-12 MQ) impedance. For current-clamp recordings, the electrodes were
filled with internal solution containing the following (in mwm): 135
K-gluconate, 4 KCl, 2 NaCl, 0.2 EGTA, 10 Tris-phosphocreatine, 0.3
TrisGTP, 10 HEPES, 4 MgATP (290 mOsm). Under our conditions, the
Nernst equilibrium potential for Cl ~ is =81 mV and for K™ is —96.7
mV. In most cases, the internal solution contained neurobiotin (0.2%) to
label the recorded cells.

After each experiment, the slices were fixated in 4% paraformaldehye
with 1% glutaraldehyde, later cryoprotected with sucrose (30%) and
resectioned on a cryostat (80 um). Nonfluorescent sections were incu-
bated in 3% hydrogen peroxide, followed by 0.2% Triton X-100 and by
incubation in 2% goat serum. Incubation with ABC reagent (Vectorlabs)
occurred overnight. The following day, diaminobenzidine was ap-
plied to the sections. After color development, sections were mounted
and cleared in xylene. Fluorescent sections (from animals injected
with AAV or linel8) were mounted, coverslipped with DAPI mount-
ing media, and photographed using a fluorescent microscope. Fluo-
rescent sections that contained neurobiotin-filled cells were
incubated in 0.2% Triton X-100 and 2% goat serum followed by
DyLight594-streptavidin. Sections were then mounted, coverslipped
with DAPI mounting media, and photographed using a fluorescent
microscope. The enhanced yellow fluorescent protein (eYFP) from
the ChR2 expression appears greenish, the neurobiotin-filled cell ap-
pears redish, and DAPI appears blueish. All labeled cells were faith-
fully reconstructed using Neurolucida (Microbrightfield).

Concentric bipolar stimulating electrodes (diameter, 125 um) were
used to electrically stimulate the thalamus (thalamocortical) or cortex
(intracortical). A 200-um-core-diameter multimode optic fiber was
used to apply pulses of blue light in the cortex (around the recording site
in layer IV) or thalamus (around the electrical stimulating electrode).
The light source was either a blue laser or LED (~473 nm) driven by
pulses of 0.2-5 ms duration (or longer to test whether the cell responds
directly to the light). The blue-light intensity was controlled by adjusting
the output range of the light source or the duration of the pulse, and
could be easily monitored by recording the evoked short-latency FP re-
sponse. In addition, the intensity (irradiance) of the light beam exiting
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the optic fiber was measured by flashing a photodiode power sensor
placed in the location of the slice. The approximate ranges for low, me-
dium, and high intensities were 0.2-1.5, 1.5-3, and 3-8 mW/mm?, re-
spectively. The FP electrode was first used to identify the cortical region
with the strongest and shortest latency response evoked by thalamic elec-
trical stimulation. Intracellular recordings were then obtained adjacent
to the FP electrode. Thalamocortical EPSPs met two criteria: they de-
pressed at 20 Hz and had short latencies (<2.5 ms). The intracortical
electrical stimulating electrode was placed lateral to the recording elec-
trodes (~400 wm) in layers III-II. Drugs were dissolved in the ACSF at
the indicated concentrations.

Electrical or blue-light stimulation were applied at a minimum 5 s
apart between each other and recurred at an interval of 5 s or longer.
During each stimulus, the membrane potential (V,,) could be set at
different potentials by applying negative and positive current pulses
(>200 ms before the synaptic stimulus onset), up to the level that pro-
duced spontaneous firing. This enabled us to derive the reversal potential
for each point of the synaptic response, and to estimate the excitatory and
inhibitory synaptic conductance (Gsyn,,. and Gsyn,,;,, 0 and —81 mV
reversal potential, respectively) before and during a drug application (for
details, see Favero et al., 2012). Reversal potential for each point was
estimated by calculating the y-intercept of the best fit line between the
baseline-corrected (values subtracted 5 ms before the stimulus) V,, val-
ues (x-axis) and the V,, values ( y-axis). Total conductance for each point
was estimated by calculating the inverse slope of the best fit line between
the injected current (x-axis) and the V,, values ( y-axis). The synaptic
conductance (Gsyn) is the total conductance minus the baseline conduc-
tance. Gsyn,,;, for each point was estimated as the product of the reversal
potential and the synaptic conductance divided by the Nernst equilib-
rium potential for inhibitory (Cl ~ is —81 mV) currents. Gsyn,, for each
point was Gsyn minus Gsyn;,,,,. We assumed that membrane capacitance
was constant for each cell during our experiments and that, during the
period we measured (<15 ms poststimulus), the synaptic conductance
was composed primarily of glutamatergic excitation and Cl ~-mediated
inhibition.

Up-states were typically detected offline by using a threshold detector
in the FP recording (Rigas and Castro-Alamancos, 2007, 2009). Rela-
tively rare transient FP events that were not up-states were easily rejected
by setting the detection algorithm to reject short-duration events (<50
ms). In addition, all detected events were sent to a sorting algorithm
(similar to those used to sort spikes) and this enabled us to classify all
detected up-states based on several projections (e.g., principal compo-
nents, etc.). Finally, all detected events (selected or unselected as up-
states) were inspected by eye to ensure that the procedure was adequate.

For statistical analyses, data were first tested for normality using the
Shapiro-Wilk test. If the data were considered normally distributed,
parametric statistics were applied (ANOVA repeated measures or t test
paired). Otherwise, we applied nonparametric statistics (Wilcoxon
signed ranks for paired comparisons, Mann—-Whitney for nonpaired
comparisons, Kruskal-Wallis for multiple groups).

Results

Regulation of spontaneous up-states by glutamate receptors
The thalamus and neocortex generate a variety of electrical activ-
ities during different behavioral states that have profound conse-
quences on signals flowing through them (Castro-Alamancos
and Connors, 1997; Castro-Alamancos, 2004b, 2009; Harris and
Thiele, 2011). During slow-wave sleep and anesthesia, neocorti-
cal networks typically produce slow oscillations characterized by
rhythmic cycles of synaptically mediated depolarization and in-
creased firing (up-states) followed by decrease of synaptic inputs
leading to membrane hyperpolarization and cessation of firing
(down-states) (Metherate et al., 1992; Steriade et al., 1993a,
1993b). Up-states correspond to recurrent synaptic network ac-
tivity generated within neocortex and maintained by balanced
excitatory and inhibitory conductances (Steriade et al., 1993b;
Shu et al., 2003).
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As in previous studies (Rigas and Castro-Alamancos, 2007,
2009; Favero et al., 2012), we conducted simultaneous intracel-
lular (whole-cell) and FP recordings in somatosensory cortex
slices of adult mice that display spontaneous persistent network
activity resembling slow oscillations (up-states and down-states).
The up-state was characterized by barrages of postsynaptic po-
tentials that depolarize the recorded neuron by 5-15 mV for the
duration of the network event, which was always clearly reflected
in the FP recording. During the down-state, cortical cells were
relatively hyperpolarized and there was little synaptic or network
activity. Figure 1A,B shows examples of spontaneous slow oscil-
lations consisting of up-states and down-states in two different
cells and simultaneous FP recordings in layer III (the cell in Fig.
1 Bis cell5 reconstructed in Fig. 3A). Although block of AMPA or
NMDA receptors has been reported to suppress spontaneous up-
states (McCormick et al., 2003), the relative importance of these
receptors for spontaneous and evoked up-states is not well
understood.

We found that application of the NMDA-receptor antagonist
D-AP5 (50 uM) rapidly and completely abolished the incidence of
spontaneous up-states (Fig. 1A). In contrast, application of the
AMPA-receptor antagonist GYKI35348 (GYKI; 10 uMm) strongly
suppressed the incidence of spontaneous up-states but did not
completely abolish them. The same result was obtained when
another AMPA-receptor antagonist (CNQX; 10 um) was applied.
Results from these two AMPA-receptor antagonists are com-
bined and referred to as GYKI from here on. Figure 1C shows
population data of the effects of b-AP5 and GYKI on the inci-
dence of spontaneous up-states. Block of NMDA receptors rap-
idly abolished the incidence of spontaneous up-states, so that 15
min after application, the incidence of up-states was nil (n = 8).
In contrast, blockage of AMPA receptors suppressed more slowly
the incidence of spontaneous up-states. However, 15 min after
GYKI, the incidence of spontaneous up-states was still significant
(n = 12). The spontaneous up-states that persisted in the pres-
ence of GYKI were always rapidly and completely abolished by
application of D-AP5 (data not shown but see below), indicating
that they were mediated by NMDA receptors. As expected from
blocking fast excitation, the NMDA-mediated up-states were sig-
nificantly shorter in duration than those that occurred during
control (the difference is quantified below for evoked up-states).
The results show that spontaneous cortical up-states depend crit-
ically on the slow excitation provided by NMDA receptors, with-
out which they do not occur. Moreover, in the absence of fast
excitation provided by AMPA receptors, NMDA receptors can
mediate spontaneous up-states, albeit at a much slower rate and
of shorter duration than when fast excitation is present. But as
shown below, purely NMDA-mediated up-states can be readily
driven by afferent activity. We next focused on evoked up-states.

Block of AMPA receptors unmasks intracortical-evoked
up-states

In thalamocortical slices, electrical stimulation of the thalamus
produces a stereotypical response in neocortex that consists of a
short-latency response (<10 ms) followed by a longer-latency
up-state (>10 ms) that persists with the highest stimulus inten-
sities. In contrast, intracortical electrical stimulation >20 uA
(typically in layers III-II) produces a strong short-latency re-
sponse followed by a period of nil network activity for hundreds
of milliseconds [i.e., up-states are not evoked by intracortical
stimuli unless low intensities (<20 uA) are used] (Rigas and
Castro-Alamancos, 2007). Examples of these responses can be
found in our previous work (Rigas and Castro-Alamancos, 2007,
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Figure 1.  Effect of AMPA-receptor and NMDA-receptor antagonists on spontaneous slow
oscillations in thalamocortical slices. A, B, Whole-cell intracellular (V) and FP recordings from
layer V cells of somatosensory cortex before and during application of the NMDA-receptor
antagonist p-AP5 (A) or the AMPA-receptor antagonist GYKI (B). Note the complete abolish-
ment of spontaneous up-states during o-AP5 but not during GYKI, which is reflected in both V,
and FP recordings. (, Population data showing the incidence of spontaneous up-states per
minute during control and during application of p-AP5 or GYKI.



3154 « J. Neurosci., February 13, 2013 - 33(7):3151-3163

2009; Favero et al., 2012) and in Fig. 2A
(top, control). We tested the effect of
NMDA-receptor and AMPA-receptor
antagonists on short-latency and long-
latency (up-state) responses evoked by
thalamocortical and intracortical electri-
cal stimulation (>20 pA). Suppression
of AMPA receptors (GYKI) abolished
thalamocortical-evoked up-states (Fig.
2 A, left column), but unmasked up-states
triggered by intracortical stimulation (Fig.
2 A, right column). As the AMPA antago-
nist washed in (Fig. 2A, early), the
thalamocortical-evoked up-state and the
short-latency responses were suppressed
but, at the same time, a robust up-state
triggered by intracortical stimulation
was unmasked. During complete block
of AMPA receptors (Fig. 2A, later),
thalamocortical-evoked up-states and the
short-latency intracortical responses were
completely abolished, but the unmasked
intracortical-evoked up-states were still
present. The evoked up-states unmasked
by GYKI were always completely abol-
ished by D-AP5, and were significantly
shorter in duration than those evoked
during control at low intensities (n = 10
cells; control, 410 = 46 ms; GYKI, 250 *=
27 ms; p < 0.01). Many of the recorded
cells were filled with neurobiotin and
identified (Fig. 3A). Despite the differ-
ences in laminar location and morpholog-
ical type, there was no obvious difference
in the results described above among dif-
ferent cells. This is expected because up-
states correspond to network activity that
spreads through all, or most, cells in the
cortical network.

Since evoked up-states are network
(population) events, they are easily quan-
tified using FP recordings by measuring
the peak amplitude of the long-latency
(15-50 ms) response, while the short-
latency synaptic response is quantified by
measuring the peak amplitude between 2
and 8 ms excluding the fiber volley (Rigas
and Castro-Alamancos, 2007, 2009; Favero
etal., 2012). Figure 2 B,C shows population
data of the effects of GYKI (n = 12) and
D-AP5 (n = 6) on the short-latency and
long-latency evoked FP responses. GYKI
abolished up-states and short-latency re-
sponses evoked by thalamocortical stimuli
(Fig. 2B, p < 0.01). GYKT also suppressed
short-latency responses evoked by intra-
cortical stimulation, but at the same
time increased the long-latency re-
sponse corresponding to the unmasking
of intracortical-evoked up-states (Fig. 2C,
p < 0.01). The unmasked up-state was rap-
idly and completely abolished by subse-
quent application of D-AP5 (n = 6; data
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Figure2. Effect of an AMPA-receptor antagonist (GYKI) on up-states evoked by electrical stimulation of thalamocortical
and intracortical pathways. A, The intensity was set so that, during control, electrical stimulation of the thalamus evokes
up-states in somatosensory cortex (left), while stimulation within the cortex does not (right). Application of GYKl abolishes
up-states evoked by thalamocortical stimulation but at the same time unmasks up-states evoked by intracortical stimula-
tion. This effect is reflected in both intracellular and FP recordings. B, Population data of the effects of GYKI or 0-AP5 on
thalamocortical-evoked short-latency (2—8 ms) and long-latency (15-50 ms) FP responses. The long-latency response
reflects the up-state. C, Population data of the effects GYKI or o-AP5 on intracortical-evoked short-latency (2— 8 ms) and
long-latency (15—-50 ms) responses. *p < 0.01.
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Figure 3.

Histological verification of recorded cells and ChR2 expression. 4, Identification of some of the cells studied. In some cases, during histological processing, the apical dendrite was

truncated and lost by the resectioning (80 r.m) of the 400 wum slices. B, Typical thalamocortical slice obtained from a Thy1-ChR2-eYFP-line18 mouse (1 resectioned 80 m section is shown). EYFP,
green; DAPI, blue. Note the robust eYFP fluorescence (ChR2 expression) of layer V cells and their apical dendrites, and the typical sparseness of expression in layer IV, indicating lack of ChR2 expression
in thalamocortical fibers. €, Three successive slices from a (D-T mouse cut in the thalamocortical plane (1 resectioned 80 wm section is shown) that had been injected with AAV-hSyn-ChR2-eYFP in
somatosensory thalamus. Note the robust ChR2 expression of thalamocortical fibers in layer IV, and somewhat in layer VI, of somatosensory cortex. The inset strip in the middle slice shows a
neurobiotin-filled cell (red) recorded in that slice overlapped with the ChR2 expression (green); this is cell9 reconstructed in A. EYFP, green; DAPI, blue; DyLight594, red. wm, white matter.

not shown, but see below). D-AP5 also rapidly abolished
thalamocortical-evoked up-states (p << 0.01) with little effect on
short-latency responses triggered by thalamocortical stimulation
(Fig. 2B). p-AP5 had a small but significant effect on short-latency
responses triggered by intracortical stimulation (Fig. 2C), but did
not unmask intracortical-evoked up-states in any experiment; there
was no discernible long-latency peak to measure corresponding to
an up-state during control or D-AP5.

Stimulation of intracortical excitatory synapses using light

The previous results indicate that relatively strong intracortical elec-
trical stimulation does not trigger up-states under control condi-
tions. However, when fast excitation is suppressed by blocking
AMPA receptors, an NMDA-mediated intracortical-evoked up-
state is readily unmasked. Obviously, electrical stimulation within
neocortex is fairly unselective; it directly excites the membranes of all
excitatory and inhibitory cells surrounding the stimulating elec-
trode. To address this confound, we used slices from linel8 mice
(Fig. 3B), which primarily express ChR2 in excitatory cortical cells

(Wangetal., 2007). In somatosensory cortex, layer V pyramidal cells
robustly express ChR2 (Fig. 3B), which is targeted to the plasma
membrane so that the intensity of the YFP signal is highest where the
membrane has a high surface/volume ratios, such as in dendrites and
axons (Wang et al., 2007). A spot of blue light will activate all ChR2-
expressing membranes located in the spot. In these slices, application
ofashortspot of blue light through an optic fiber centered in layer IV
produces synaptic responses that resemble those evoked by electrical
stimulation (Fig. 4). Moreover, similar to the effect of intracortical
electrical stimuli, the intensity of the blue light determines whether
up states are evoked. Low-intensity blue-light stimulation triggers
up-states reliably in both intracellular (Fig. 4 A, B) and FP recordings
(Fig. 4C). Increasing the light intensity (medium and high) leads to a
significant increase in the short-latency synaptic response and a
concomitant abolishment of evoked up-states (p < 0.01; Fig. 4 D;
n==a6).

We next determined whether GYKI unmasks up-states for
intracortical responses evoked by pulses of blue light at intensities
that do not evoke up-states during control. Indeed, as shown in
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Figure 5, GYKI unmasked up-states for A
intracortical stimuli evoked by blue-light
pulses, and the unmasked up-states were
abolished by subsequent pD-AP5. In addi-
tion, the cell shown in Figure 5 appears to
express ChR2 as shown by the responses
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not suppress up-states? One possibility is
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that the difference between thalamocorti- 0 50
cal and intracortical stimulation is the
lower synaptic cooperativity that can be
recruited in slices by thalamic stimula-
tion. Several observations indicate that
thalamocortical fiber recruitment is
lower in slices compared with in vivo.
First, retrograde neurobiotin labeling in
thalamocortical slices shows that few
thalamocortical fibers remain intact be-
tween thalamus and cortex (Rigas and
Castro-Alamancos, 2007, 2009). Thus,
when the stimulating electrode is placed within the thalamus in
slices, only a small subset of the total thalamocortical fibers that
innervate a particular cortical area can be stimulated and mediate
cortical responses. In contrast, intracortical electrical stimulation
obviously recruits many more fibers. Second, the difference in
synaptic cooperativity is apparent by measuring the amplitudes
of short-latency FP (population) responses evoked by thalamo-
cortical and intracortical stimulation in slices (Rigas and Castro-
Alamancos, 2007, 2009); short-latency thalamocortical FP
responses are much smaller even when much stronger intensities
are used. Finally, thalamocortical FP responses evoked in slices
are not only smaller but are also less complex than thalamocor-
tical responses observed in vivo (Castro-Alamancos and
Connors, 1996a, 1997; Castro-Alamancos and Oldford, 2002;
Oldford and Castro-Alamancos, 2003; Hirata and Castro-
Alamancos, 2006, 2011). For instance, thalamocortical FP re-
sponses in vivo produce a primary short-latency response that
contains multiple inflections at different latencies corresponding
to the propagating current flow through different layers
(Castro-Alamancos and Connors, 1996a; Castro-Alamancos
and Oldford, 2002; Castro-Alamancos, 2004a). In contrast,
thalamocortical FP responses in slices are much simpler. They con-
sist of a single component, which reflects weak thalamocortical

Medium High

Blue light intensity

T 1 0 T
100 150 Low

Figure4. Activation ofintracortical synapses that express ChR2 in slices from Thy1-ChR2-line 18 mice, using different intensities
of blue light, produces effects similar to intracortical electrical stimulation; up-states are evoked at low intensities but suppressed
at high intensities. 4, B, Examples from two different cells showing the effects of three different blue-light intensities on short-
latency responses and up-states. Note that low-intensity blue light evokes up-states reliably, while increasing the intensity of the
bluelight leads to larger short-latency responses and abolishment of evoked up-states. The cellin A is cell13 reconstructed in Figure
3A. C, Effect of blue-light intensity on FP responses in somatosensory cortex; up-states are only evoked at low intensities. D,
Population data showing the effect of intracortical blue-light intensity on short-latency (2— 8 ms) and long-latency (15—50 ms) FP
responses. The long-latency response reflects the up-state. *p << 0.01 versus low intensity.

EPSPs that rarely reach firing threshold during down-states
(Rigas and Castro-Alamancos, 2007, 2009).

According to our previous arguments, up-states in slices
are suppressed by robust intracortical stimulation, but not by
robust thalamocortical stimulation, because of the limited
synaptic cooperativity that can be recruited by thalamic stim-
ulation in thalamocortical slices. To test this hypothesis, we set
out to increase the number of thalamocortical synapses avail-
able for recruitment in slices. This was accomplished by infus-
ing AAV into the somatosensory thalamus of CD-1 mice (Fig.
3C) to express ChR2 in thalamocortical fibers (Zhang et al.,
2006, 2007). This way, thalamocortical synapses can be stimu-
lated directly in the somatosensory cortex regardless of whether
their axons have been truncated during slice preparation
(Cruikshank et al., 2010). Figure 6 A shows a typical thalamocor-
tical slice expressing ChR2 in thalamocortical synapses. Applica-
tion of pulses of blue light in the thalamus (Fig. 6 B, top) produces
thalamocortical FP responses in cortex that behave much like
electrical stimulation within the thalamus; weak short-latency
responses that evoke up-states at all high intensities tested. In
contrast, moving the light stimulus to the cortex (Fig. 6 B, bot-
tom), where it can directly recruit many more thalamocortical
synapses regardless of whether their axons reach the thalamus
intact in the slice, leads to much stronger short-latency synap-
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Effect of GYKI on intracortical responses evoked by high-intensity blue-light stimuli in Thy1-ChR2-line18 slices. A, Typical example from a cell recorded at different V, levels

set by intracellular current pulses (500 ms; blue light occurs 100 ms after current pulse onset). The high-intensity blue-light stimulus evokes a sharp short-latency response curtailed by
arobust IPSP that can lead to a rebound excitation. GYKI strongly suppresses the short-latency response (but does not abolish it; see below), but at the same time it unmasks an up-state
during the period where previously the IPSP was evoked. B, Subsequent application of o-AP5 completely abolishes the unmasked up-state, leaving intact a short-latency response caused

by direct activation of ChR2 channels in this cortical cell; it survived block of glutamate receptors and Na

* channels. The blue-light duration is clearly reflected in the depolarization it

causes, indicating that the cell expresses ChR2. In 4 (top), the number of spikes evoked by the depolarizing current pulses (> 0 nA) are calculated (100 ms bin). Note the unmasking of
spikes during GYKI. The cell is cell 10 reconstructed in Figure 3A.
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tic responses and up-states are only
evoked at low intensities. Importantly,
the thalamocortical FP responses evoked in
slices by blue-light stimuli applied in cortex
resemble the thalamocortical FP responses
evoked in vivo by electrical stimulation of
the thalamus or fast whisker deflections
(Castro-Alamancos and Connors, 1996a,
1997; Castro-Alamancos and Oldford,
2002; Hirata and Castro-Alamancos,
2006).

Figure 6C,D shows typical intracellular
responses obtained in two different cells
by blue-light pulses of different intensities
delivered in cortex. In all cases (n = 7
cells), a low-intensity blue-light stimulus,
which barely produced short-latency re-
sponses, evoked up-states very reliably.
Increasing the intensity of the light stim-
ulus increased the short-latency response
but abolished the evoked up-state. This
behavior is also clearly visible in FP re-
cordings (Fig. 6 E). Figure 6 F shows pop-
ulation data (n = 7) demonstrating that
optogenetic activation of thalamocortical
synapses in cortex (which, compared to
electrical stimulation of the thalamus,
allows more synapses in slices to be re-
cruited) triggers up-states at low intensities
but not at high intensities. Thus, when
the cooperativity of thalamocortical
synapses is increased, thalamocortical
stimulation behaves pretty much like
intracortical stimulation.

Furthermore, we tested whether appli-
cation of GYKI during high-intensity
thalamocortical stimulation would also
unmask up-states and found that this was
also the case. Figure 7 shows a cell re-
corded at different V,,, in which we alter-
nated between electrical stimulation of
the thalamus (Fig. 7A) and blue-light
stimulation of the cortex (Fig. 7B) at high
intensities. Application of GYKI resulted
in the complete abolishment of up-states
evoked by electrical stimulation of the
thalamus. At the same time, GYKI abol-
ished the short-latency response evoked
by high-intensity blue-light stimulation of
cortex and unmasked a longer latency up-
state that was completely abolished by
subsequent application of D-AP5 (Fig.
7B). This behavior is also clearly visible in
FP recordings (Fig. 7C). Figure 7D shows
population data (n = 7) revealing that
GYKI abolished the short-latency re-
sponse evoked by blue-light stimuli in the

cortex and unmasked a long-latency (up-state) FP response that

is abolished by D-AP5.

Possibly, AAV injection in the thalamus leads to transsynaptic
expression of ChR2 in cortical cells, which means that the intra-
cortical light stimulus is not only directly recruiting thalamocor-
tical synapses but also directly stimulating intracortical cells and
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Figure 6.  Activation of thalamocortical synapses that express ChR2 in slices from mice injected with AAV-hSyn-ChR2-eYFP in
somatosensory thalamus, using different intensities of blue light, produces effects similar to intracortical electrical or blue-light
stimulation but different from electrical stimulation of the thalamus; up-states are evoked at low intensities and suppressed at
high intensities. 4, Example of thalamocortical ChR2 expression (eYFP) in the somatosensory (note the barrels in layer V) cortex of
a typical thalamocortical slice from a mouse injected with AAV-hSyn-ChR2-eYFP in the somatosensory thalamus. EYFP, green;
DAPI, blue. B, Different effects of application of blue light into the thalamus or into the somatosensory cortex on FP responses
recorded in cortex. Blue light in thalamus results in small short-latency responses that evoke up-states (like thalamocortical
electrical stimulation). Application of blue light in cortex of the same slice, which recruits only thalamocortical synapses regardless
of whether their axons reach the thalamus in the slice, evoked up-states only at low intensities. However, increasing the intensity
recruits many more thalamocortical synapses, which lead to sharper short-latency responses that abolish evoked up-states. C, D,
Examples from two different cells showing the effects of three different blue-light intensities on short-latency responses and
up-states. Note that low-intensity blue light evokes up-states reliably, while increasing the intensity of the blue light leads to larger
short-latency responses and abolishment of evoked up-states. The cell in Dis cell9 reconstructed in Figure 3A. E, Effect of blue-light
intensity on FP responses in somatosensory cortex; up-states are only evoked at low intensities. F, Population data showing the
effect of intracortical blue-light intensity on short-latency (2— 8 ms) and long-latency (15—50 ms) FP responses. The long-latency
response reflects the up-state. *p << 0.01 versus low intensity.

their synapses. However, previous studies have not found this to
occur. Moreover, we found no cell bodies labeled with eYFP in
the somatosensory cortex, where only fibers were labeled; cell
body staining is clearly recognized in the injection sites. We
checked all the sections of the slices used in this study (resec-
tioned at 80 wm) and none had eYFP-labeled cells in somatosen-
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Figure7. Ifsynaptic cooperativity is increased, GYKI also unmasks up-states in thalamocortical pathways. 4, B, Effect of GYKI on thalamocortical responses evoked by electrical stimulation of the

thalamus (4) and by high-intensity blue-light stimuli in slices from mice injected with AAV-hSyn-ChR2-eYFP in somatosensory thalamus (B). Responses in A and B are from the same cell, in which
electrical and blue-light stimulation alternated. Evoked responses are recorded at different I/, levels set by intracellular current pulses. High-intensity electrical stimulation of the thalamus evokes
an up-state during control, while high-intensity blue-light stimulus evokes a sharp short-latency response but no up-state. GYKI abolished the up-state evoked by electrical stimulation of the
thalamus and the short-latency response evoked by blue-light pulses. At the same time, GYKI unmasks an up-state evoked by blue light. Subsequent application of o-AP5 completely abolishes the
unmasked up-state (gray trace). C, The same effects are observed in FP recordings evoked by high-intensity blue-light stimuli. D, E, Population data of the effects of GYKI and subsequent application
of -AP5 on thalamocortical-evoked short-latency (2— 8 ms) and long-latency (1550 ms) FP responses. The long-latency response reflects the up-state. *p << 0.01 GYKI versus control.

sory cortex. Also, in these animals, we never encountered a
cortical cell that directly responded to the light stimulus. Both
intracellular and FP responses evoked by the light were abolished
by CNQX plus AP5; note that in the linel8 mice, which express
ChR?2 in cortical cells, FP responses evoked by light were not
completely abolished by CNQX plus AP5. In some AAV slices, a
fiber volley could be observed only in the FP recordings after
CNQX plus AP5. This component was almost completely
(~90%) abolished by TTX (1 um), and the remaining compo-
nent is likely due to direct depolarization of thalamocortical fi-
bers by ChR2 channels.

Together these results demonstrate that the ability to drive
up-states by neocortical pathways depends on the level of coop-
erativity that can be recruited in the pathway and not on the
origin of the afferents.

Block of AMPA receptors suppresses feedforward inhibition
We have previously argued that strong intracortical electrical stim-
ulation does not evoke up-states because it drives robust feedforward

inhibition (Rigas and Castro-Alamancos, 2007). But why would
blocking AMPA receptors unmask up-states? Feedforward inhibi-
tion is driven by excitation, which depolarizes inhibitory neurons
(Gibson et al., 1999; Gabernet et al., 2005; Sun et al., 2006; Cruik-
shank et al., 2007). Consequently, block of AMPA receptors may
result in a suppression of feedforward inhibition. To determine
whether suppressing AMPA receptors relieves feedforward inhibi-
tion evoked by intracortical electrical stimulation, we studied the
effect of GYKI on intracellular responses evoked at different V,, set
by variable current pulses. This provides two measures. First, the
synaptic potentials were used to estimate the excitatory and inhibi-
tory synaptic conductance evoked by intracortical stimuli. Second,
the number of spikes evoked by positive current pulses during syn-
aptic stimulation should depend on feedforward inhibition. If GYKI
suppresses feedforward inhibition, we would expect an increase in
the number of evoked spikes during the time course of evoked feed-
forward inhibition due to less shunting.

In these experiments, we realized that it was necessary to use
slices that did not produce spontaneous or evoked up-states be-
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Figure8.  GYKI unmasks an NMDA-mediated slow excitation and relieves shunting inhibition evoked by intracortical electrical stimulation. 4, In slices that evoke up-states, it is difficult to study

what GYKI unmasks to trigger up-states because the response is overwhelmed by the unmasked up-state. B, To overcome this problem, we used slices that do not produce spontaneous or evoked
up-states but that otherwise appear to have normal short-latency responses. Under these conditions, GYKI unmasked a slow NMDA-mediated excitation not apparent during control (see arrows);
it was abolished by 0-AP5 (Fig. 9). €, Population data of the effect of GYKI on spikes evoked by positive current pulses (> 0 nA) before (—100—0ms bin) and after the intracortical stimulus (0 — 400
ms bins) in slices that do not produce up-states. During control, the IPSP evoked by the intracortical stimulus shunts the spikes evoked by the current pulse for the period after the intracortical
stimulus, but not before the stimulus. GYKI relieved this effect; the number of spikes increased during the period after the stimulus but not before. *p << 0.01 GYKI versus control per 100 ms bin.

cause these network events would interfere with our measure-
ments. This issue is evident in Figure 8 A, which shows negative
(hyperpolarizing) and positive (depolarizing) intracellular cur-
rent pulses (500 ms duration) with intracortical electrical stimu-
lation starting 100 ms after each current pulse. During control,
the intracortical stimulus evokes a short-latency EPSP truncated
by a longer-lasting IPSP, which is particularly noticeable on the
depolarizing current pulses. Application of GYKI unmasked
intracortical-evoked up-states that were evoked at all V,, which
interferes with estimating the synaptic conductances. Also, most
of the spikes during GYKI are driven by the unmasked up-state
per se and not the current pulse.

To address these confounds, we tested the impact of GYKI on
synaptic responses in the absence of up-states by using slices that
randomly did not express them. During control, these slices had

short-latency responses indistinguishable from slices that ex-
pressed up-states. As shown in Figure 8 B, application of GYKI
abolished the short-latency response and revealed two effects.
First, a slow depolarization that was not obvious during control
emerged (arrows in Fig. 8 B). Second, consistent with a reduction
in inhibitory shunting, the number of spikes evoked during the
depolarizing current pulses increased for the period after the syn-
aptic stimulus (0—400 ms), but not for the period before the
synaptic stimulus —100—0 ms). Figure 8C shows a peristimulus
time histogram (100 ms bins; n = 5 cells) of the number of spikes
evoked by the same depolarizing current pulses during control
and GYKI. Note that GYKI significantly increased (p < 0.01) the
number of evoked spikes for the period corresponding to feed-
forward inhibition (after the intracortical stimulus) but not
before.
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data (n = 10 cells) of the short-latency
(2-8 ms) and long-latency (15-50 ms)
peak amplitudes of the evoked responses
are shown in Figure 9D. As expected,
GYKI produced a strong suppression of
Gsyn.. (p < 0.01; Fig. 9D), but a slow
Gsyn,,. response was still present during
5 GYKI (Fig. 9B,C, left red traces). This
slow response was completely abolished
by D-AP5 (p < 0.01; Fig. 9D), indicating
that it was entirely mediated by NMDA
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receptors (Fig. 9 B, C, left green traces). At
the same time, GYKI robustly sup-
pressed both the fast (short-latency; 2—8
ms) and the slower (long-latency; 15-50
ms) Gsyn;,;, responses (p < 0.01; Fig. 9D).
5 The same results were obtained using
BS blue-light stimulation in line18 slices (n =
4 cells); GYKI robustly suppressed both
fast and slow Gsyn,,, responses (p <
0.01). Subsequent application of D-AP5
did not result in any additional significant
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0 suppression of Gsyn;,,. The effect on the
longer-latency Gsyn;,,, was somewhat
variable between cells (Fig. 9B, C), possi-

5 bly because of nonlinearities in the

nS longer-latency synaptic responses. During
experiments with GYKI plus pb-AP5, cor-
tical cells showed a small pure Gsyn,;, re-
sponse driven by electrical intracortical
stimulation, which is likely caused by di-
rect stimulation of GABAergic synapses.
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Figure9.  GYKIsuppresses the inhibitory synaptic conductance (feedforward inhibition) evoked by intracortical electrical stim-

ulation. A, Example showing the effect of GYKI and subsequent p-AP5 on intracortical-evoked postsynaptic potentials recorded at
different V. set by intracellular current injection in slices that do not evoke up-states. B, C, Excitatory and inhibitory synaptic
conductance derived from postsynaptic potentials (as in A) in two different cells during control, GYKI, and subsequent 0-AP5. D,
Population data showing the effects of GYKI and subsequent p-AP5 on the short-latency (2— 8 ms) and long-latency (15-50 ms)

excitatory and inhibitory synaptic conductances evoked by intracortical electrical stimulation.

To determine the nature of the slow synaptic potentials
evoked by intracortical stimulation during GYKI, we estimated
the excitatory (Gsyn,,.) and inhibitory (Gsyn,,.) synaptic con-
ductances from synaptic potentials evoked at different V,, set by
variable current pulses (Fig. 9A). Figure 9B,C shows Gsyn,,. and
Gsyn;,;, evoked in two different cells by intracortical stimuli be-
fore and during GYKI, and during subsequent b-AP5. Population
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The results indicate (Fig. 9D) that
feedforward inhibition is mostly driven by
fast excitation (AMPA receptors). Thus,
blocking AMPA receptors strongly sup-
presses feedforward inhibition and re-
veals a slow NMDA-mediated excitation,
which drives the expression of up-states.

Discussion

The results demonstrate that the ability to
trigger up-states in neocortical pathways
depends critically on the level of synaptic
cooperativity driven by fast excitation (i.e.,
AMPA-receptor mediated) and not on the
origin of the pathway. Somewhat counter-
intuitively, weak synaptic cooperativity reli-
ably triggers up-states. Conversely, strong
synaptic cooperativity suppresses up-states
because it recruits stronger feedforward
inhibition driven by fast excitation.

The results also point toward a prom-
inent role of NMDA receptors in the gen-
eration and/or expression of up-states in
slices. The up-states produced in the ab-
sence of fast AMPA-mediated excitation
are driven purely by slow NMDA-mediated excitation. These
NMDA up-states are similar to normal up-states (i.e., a network
event) but are predictably shorter in duration and occur sponta-
neously at very low rates due to the lack of fast excitation. Impor-
tantly, even when fast excitation is intact, both spontaneous and
evoked up-states depend critically on NMDA receptors; up-states
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are abolished by blocking NMDA receptors, but not by blocking
AMPA receptors. Several models have emphasized a critical role
for NMDA-receptor dendritic spikes (Schiller et al., 2000) in the
generation of up-states (Milojkovic et al., 2005; Kepecs and
Raghavachari, 2007; Antic et al., 2010). Also, NMDA receptors
can mediate persistent sensory-evoked responses in neocortex
(Miller et al., 1989). Moreover, cortical synapses can produce
NMDA-mediated responses at resting V,, in the absence of
AMPA-mediated excitation, particularly when buffers (contain-
ing ~1 mm [Mg>*],) that resemble the CSF are used (Kanter et
al., 1996; Espinosa and Kavalali, 2009). Normally, afferent activ-
ity produces fast AMPA-mediated excitation that drives feedfor-
ward inhibition, which suppresses up-states. However, in the
absence of fast AMPA-mediated excitation, feedforward inhibi-
tion is strongly weakened, and afferent activity produces only
slow NMDA-mediated excitatory responses capable of driving
network events resembling up-states. Thus, block of fast excita-
tion weakens feedforward inhibition and relieves the expression
of up-states mediated by the remaining slow excitation.

The previous conclusion raises questions about the source of
feedforward inhibition that controls evoked up-states. There are
two obvious sources of feedforward inhibition driven by fast ex-
citation in principal cells of neocortex: intrinsic and synaptic in-
hibition. The first source, intrinsic inhibition, is the aftereffect of
action potentials driven by fast synaptic excitation; the action
potentials produce after-hyperpolarizing potentials, due to acti-
vation of K™ conductances that vary in amplitude and duration
among different cells (Storm, 1990; Azouz et al., 1996). The sec-
ond source, synaptic inhibition, is caused when fast excitation
drives the firing of GABAergic cells, which then release GABA
and activate both GABA, (fast inhibition) and GABAj (slow in-
hibition) receptors (Connors et al., 1988). Blocking fast synaptic
excitation (e.g., GYKI) will suppress the evoked short-latency
action potentials in principal and GABAergic cells, and conse-
quently will suppress intrinsic and synaptic inhibition, respec-
tively. Future work will have to tease apart the relative influence
of these sources of inhibition in controlling evoked up-states. It is
already known that pharmacological suppression of either syn-
aptic or intrinsic inhibition affects spontaneous slow oscillations
in neocortex (Castro-Alamancos, 2000; Castro-Alamancos and
Rigas, 2002; Shu et al.,, 2003; Castro-Alamancos et al., 2007;
Sanchez-Vives et al., 2010). However, teasing apart their relative
influence on evoked up-states may be difficult because their sup-
pression can readily lead to epileptiform activity.

Cooperativity and up-states

The ability of thalamocortical electrical stimulation to trigger
up-states in thalamocortical slices throughout the stimulus in-
tensity range (Rigas and Castro-Alamancos, 2007) has always
been hard to reconcile with the fact that relatively robust
thalamocortical electrical stimulation in vivo produces sharp
short-latency responses truncated by strong long-lasting IPSPs
and are devoid of up-states during this period; rebound network
excitation can occur at longer (>150 ms) latencies (Castro-
Alamancos and Connors, 1996a,b; 1997; Castro-Alamancos,
1997). Another incongruence is that FP (population) responses
in slices, even those driven by the strongest thalamic stimulation,
are usually weaker and less complex than those observed in vivo
(Rigas and Castro-Alamancos, 2009); activity spreads very effec-
tively from thalamocortical-recipient layers to adjacent layers in
vivo but not in slices. The present results reconcile these differ-
ences by showing that the amount of thalamocortical cooperativ-
ity that can be achieved by stimulating within the thalamus in
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slices is limited compared with in vivo, but this limitation can be
overcome using optogenetics. By expressing ChR2 in thalamo-
cortical fibers, one need not worry about whether thalamocorti-
cal axons are intact between thalamus and neocortex because
thalamocortical synapses can be specifically recruited by applying
light in the neocortex. The in vivo-like thalamocortical responses
driven by optogenetics in slices reveal that thalamocortical activ-
ity behaves much like intracortical activity to drive up-states; the
stronger the synaptic cooperativity mediated by fast excitation,
the more effective suppression of up-states. Also, stronger coop-
erativity mediated by fast excitation inhibits up-states because it
drives strong feedforward inhibition. Blocking fast excitation re-
lieves feedforward inhibition, unmasking robust up-states purely
mediated by slow, NMDA receptor, excitation.

Functional relevance

Ata functional level, the present results indicate that up-states are
most effectively driven by sparse synaptic inputs resulting from
limited cooperativity. In contrast, strong inputs resulting from
high cooperativity will tend to suppress up-states. The activity
from a single cortical cell, which obviously produces low intra-
cortical cooperativity, is apparently capable of driving changes in
cortical network state in vivo (Li et al., 2009). We are not aware of
in vivo studies that have investigated the effect of thalamocortical
(or sensory) cooperativity on the ability to trigger cortical up-
states; studies have focused instead on how up-states affect affer-
ent inputs (for reviews, see Castro-Alamancos, 2009; Harris and
Thiele, 2011). However, in the somatosensory (barrel) cortex,
up-states should probably be most effectively driven by low-
velocity (slow) whisker deflections that recruit fewer synchro-
nous thalamocortical cells than high-velocity (fast) deflections
(Temereanca and Simons, 2003). Indeed, fast whisker deflections
(high thalamocortical cooperativity) are well known to evoke
sharp short-latency cortical responses truncated by robust IPSPs,
lasting for hundreds of milliseconds and devoid of up-states
(Hirata and Castro-Alamancos, 2008, 2011), just like robust elec-
trical stimulation of the thalamus (see above).

The fact that up-states are most effectively triggered by weak
inputs raises questions about their functional roles (Castro-
Alamancos, 2009; Harris and Thiele, 2011). For example, tonic
but weakly cooperative activity in thalamocortical pathways may
serve to drive the neocortex into an activated state (Hirata and
Castro-Alamancos, 2010). Conversely, strong cooperativity may
serve to stop persistent activity (Shu et al., 2003). Control of
network excitability by the cooperativity of synaptic afferents
seems like a useful mechanism to rapidly engage and disengage
cortical networks between information processing modes as dic-
tated by behavioral state (Castro-Alamancos, 2004a, b; Stoelzel et
al., 2009; Harris and Thiele, 2011).
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