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Enhancement of visual responsiveness by spontaneous local network
activity in vivo. J Neurophysiol 97: 4186–4202, 2007. First published
April 4, 2007; doi:10.1152/jn.01114.2006. Spontaneous activity
within local circuits affects the integrative properties of neurons and
networks. We have previously shown that neocortical network activity
exhibits a balance between excitatory and inhibitory synaptic poten-
tials, and such activity has significant effects on synaptic transmission,
action potential generation, and spike timing. However, whether such
activity facilitates or reduces sensory responses has yet to be clearly
determined. We examined this hypothesis in the primary visual cortex
in vivo during slow oscillations in ketamine-xylazine anesthetized
cats. We measured network activity (Up states) with extracellular
recording, while simultaneously recording postsynaptic potentials
(PSPs) and action potentials in nearby cells. Stimulating the receptive
field revealed that spiking responses of both simple and complex cells
were significantly enhanced (�2-fold) during network activity, as
were spiking responses to intracellular injection of varying amplitude
artificial conductance stimuli. Visually evoked PSPs were not signif-
icantly different in amplitude during network activity or quiescence;
instead, spontaneous depolarization caused by network activity
brought these evoked PSPs closer to firing threshold. Further exam-
ination revealed that visual responsiveness was gradually enhanced by
progressive membrane potential depolarization. These spontaneous
depolarizations enhanced responsiveness to stimuli of varying con-
trasts, resulting in an upward (multiplicative) scaling of the contrast
response function. Our results suggest that small increases in ongoing
balanced network activity that result in depolarization may provide a
rapid and generalized mechanism to control the responsiveness (gain)
of cortical neurons, such as occurs during shifts in spatial attention.

I N T R O D U C T I O N

Neocortical neurons are bombarded by ever-changing pat-
terns of synaptic input, generating spontaneous activity in the
absence of sensory stimulation. Such activity patterns may take
the form of synchronized oscillations, as seen during anesthe-
sia and natural sleep (Lampl et al. 1999; Steriade et al. 1993,
2001), or may appear as persistent background activity in the
awake cortex that maintains the membrane potential of cortical
neurons in a depolarized yet highly variable state (Chen and
Fetz 2005; Crochet and Petersen 2006; Steriade et al. 2001).
Studies of rhythmic cortical activity during visual processing
have mainly focused on fast oscillations (Singer and Gray
1995); however, slower fluctuations in background activity
across widespread regions of the cortex have been implicated
in changes of functional connectivity and neural response
variability to sensory stimuli (Anderson et al. 2000a; Arieli et

al. 1996; Azouz and Gray 1999; J. Massimini et al. 2005).
Particularly interesting is the finding that increases in back-
ground activity and responsiveness occur in primate visual
areas during selective attention (Luck et al. 1997; Reynolds et
al. 2000; Williford and Maunsell 2006) a finding that can be
explained by an increase in synaptic bombardment of these
cells (Murphy and Miller 2003). Thus study of the cellular
mechanisms associated with modulation of background activ-
ity levels may be relevant not only for sensory processing, but
also for complex behaviors (Raichle 2006).

The cortical slow (�1 Hz) oscillation is a readily studied
form of background activity, characterized by rhythmic cycles
of synaptically mediated depolarization and firing (Up states),
followed by diminution of synaptic barrages, hyperpolariza-
tion, and near cessation of firing (Down states). Examination of
such states has yielded valuable information about basic mech-
anisms of cortical function during ongoing activity (Contreras
and Steriade 1995; Cowan and Wilson 1994; Haider et al.
2006; Hasenstaub et al. 2005; Pare et al. 1998; Shu et al.
2003b, 2006; Waters and Helmchen 2004). Importantly, char-
acteristics of the membrane potential (depolarization, variabil-
ity, and increased conductance) observed during Up states are
similar to those in awake animals (Crochet and Petersen 2006;
Steriade et al. 2001). What is the effect of spontaneous network
activity on cortical sensory responses? Up state network activ-
ity in vitro strongly facilitates responsiveness of cortical neu-
rons to local inputs (Destexhe et al. 2003; Hasenstaub et al.
2005; Ho and Destexhe 2000; McCormick et al. 2003; Shu et
al. 2003a) and also to thalamic activation (MacLean et al.
2005). Similarly, studies in cat sensori-motor systems in vivo
showed increased responsiveness to electrical stimulation of
prethalamic pathways (Timofeev et al. 1996) and to peripheral
nerve stimulation (Rosanova and Timofeev 2005) during Up
states, whereas studies in the rodent somatosensory system
have shown strongly diminished responsiveness of cortical
neurons during Up states (Petersen et al. 2003; Sachdev et al.
2004). Thus the effects that activated network states have on
sensory responsiveness remains disputed. Here, using com-
bined extra- and intracellular recordings, we first systemati-
cally examined whether the presence (Up states) or absence
(Down states) of spontaneous local network activity enhanced
or diminished the neuronal response to sparse visual stimula-
tion in cat primary visual cortex. We found that, indeed,
spiking responses to visual receptive field stimulation, and
spiking responses to intracellular injection of excitatory
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postsynaptic potential (EPSP)-like conductances are signifi-
cantly enhanced when stimuli are presented during Up versus
Down states, because of the depolarization associated with the
Up state. Closer examination of membrane potential dynamics
during network activity revealed that this response enhance-
ment varies smoothly with gradual increases in extracellular
network activity and in parallel with progressive membrane
potential depolarization. Importantly, we found that these
spontaneous increases in network excitability also enhanced
the responses to stimuli of varying contrasts, resulting in an
upward scaling of the contrast response function, similar to the
contrast response enhancement observed with attention in be-
having primates. These results indicate that coherent increases
in the level of background network activity are transformed
into depolarizations that may enhance neuronal responsiveness
to a wide variety of stimuli. Such a mechanism for gain
modulation may be a basic feature of flexible cortical network
operations.

M E T H O D S

Anesthesia and surgical preparation

Acute experiments were conducted on young adult female cats
(Felis catus), weighing between 2.5 and 3.5 kg. Animals were initially
anesthetized intramuscularly with a ketamine (15–20 mg/kg) and
xylazine (1 mg/kg) mixture, and atropine (0.5 ml, sc) was adminis-
tered to reduce secretions. A forelimb vein was cannulated for
continuous intravenous infusion of ketamine-xylazine dissolved in
lactated dextrose Ringer solution (1.8 mg ketamine and 0.04 mg
xylazine/ml solution, respectively, infusion rate 16.0 ml/h). A cuffed
endotracheal tube was inserted for active ventilation, and the EKG
was monitored continuously. Additionally, we performed experiments
in which the animal was anesthetized only with intramuscular sup-
plements (instead of intravenous infusion) of the above described
ketamine-xylazine mixture to replicate the anesthetic regimen that we
used in previous studies (Haider et al. 2006; Hasenstaub et al. 2005).
We found no major difference in expression of the slow oscillation or
in visual response properties between the two differing anesthetic
delivery methods. We therefore performed the majority of the exper-
iments using the continuous intravenous regimen as described above.
The animal was artificially respirated (�20 cycles/min) with oxygen,
and end-tidal CO2 was maintained between 3.5 and 4.5%. A bilateral
pneumothorax was performed to minimize brain pulsations arising
from respiration. Depth of anesthesia was assured by continuously
monitoring EKG waveforms along with heart rate (maintained at
120–180 bpm), rectal body temperature (maintained at 37–39°C), and
by observing reactions to noxious stimuli (toe pinch) and reflexes. The
animal was placed in a stereotaxic apparatus, the ribcage was ele-
vated, a midline scalp incision was made, and the skin, underlying
fascia, and muscles were retracted. A small craniotomy (1–2 mm
diam) was performed 10–11 mm posterior to the earbar zero mark and
1–2 mm lateral to the midline, directly above the area centralis
representation of area 17. A cisternal drainage was performed to
relieve cerebrospinal fluid pulsations. The dura was dissected and
retracted, and the craniotomy was filled with warm 4% agar. Ag/AgCl
ground wires were also placed near the edges of the craniotomy and
embedded in agar.

On completion of the surgery, and assurance of adequate anesthetic
depth by the field potential and absence of reaction to noxious stimuli,
animals were paralyzed with vecuronium bromide (0.15 mg/kg induc-
tion dose, followed by continuous intravenous infusion of 0.1 mg/kg/
h). The nictitating membranes were retracted, and the pupils were
dilated with ophthalmic phenylephrine hydrochloride (2.5%) and
atropine sulfate (1%). The eyes were focused onto a computer monitor

114 cm away using gas-permeable corrective contact lenses, and the
area centralis and optic disks were located by back-projection. The
location of the computer monitor was adjusted so that the center of the
screen overlapped the representation of the area centralis. After the
termination of experiments (12–36 h), animals were given a lethal
dose of pentobarbital sodium. All procedures were approved by the
Yale University Animal Care and Use Committee and conformed to
the National Institutes of Health standards as recommended in Na-
tional Institutes of Health Publication 94–3207.

Recording and analysis

Simultaneous intracellular and extracellular recordings were per-
formed in area 17 within 10° of the area centralis representation.
Tungsten microelectrodes (0.3–0.5 or 1–5 M�; Frederick Haer,
Bowdoin, ME) were used to record extracellular multiple units (MUs)
or single units (SUs), along with local field potentials (LFPs). The raw
signal was differentially amplified (A-M Systems 3000, Sequim, WA)
and recorded as a broadband (0.1–20 kHz) signal, as well as being
sent to two filters (Krohn-Hite, Brockton, MA) set at 300 Hz to 20
kHz and 0.1–100 Hz, for MU and LFP signals, respectively. The
electrode was lowered until either robust MU activity was detected or
a well-isolated SU was encountered. The analog action potential (AP)
waveforms were converted into a discrete SU spike channel with an
on-line event detector. SU isolation was unambiguous, with signal
amplitude routinely 5–10 times greater than the MU background.
Extracellularly recorded single units were classified as fast spiking
(FS) or regular spiking (RS) based on previously published criteria
(Hasenstaub et al. 2005; McCormick et al. 1985). Intracellular elec-
trodes were positioned to enter the cortex 200–500 �m away from the
extracellular electrode. Intracellular electrodes were filled with 2 M
potassium acetate and beveled to have a final impedance of 55–110
M�. Current-clamp recordings were performed with an AxoClamp
2B amplifier (Molecular Devices, Sunnyvale, CA). Extracellular
broadband, LFP, MU, membrane potential (Vm), and current (I) were
sampled at 20, 1, 10, 20, and 20 kHz, respectively, and recorded using
the Spike2 System (Cambridge Electronics Design, Cambridge, UK).
Intracellularly recorded cells were classified as RS, FS, intrinsically
bursting (IB), or chattering (CH), according to standard criteria
(McCormick et al. 1985; Nowak et al. 2003). Recorded cells had to
display robust Up states (�10 mV in amplitude) and had to exhibit
stable (Up state negative to �50 mV) membrane potentials with
minimal (0 to �0.1 nA) current injection. If a neuron failed these
criteria, it was excluded from subsequent analysis. Every intracellu-
larly recorded cell exhibited Up and Down states. When these oscil-
lations were less robust or asynchronous in the intracellular recording,
it was invariably also the case in the local MU and LFP network
activity. This indicates that changes in the oscillations were likely
related to the anesthetic state of the animal and not due solely to
recording from a particular cell type, as has been previously suggested
(Anderson et al. 2000a). Spiking responses to visual stimulation were
recorded with zero current injection, whereas synaptic responses were
recorded by hyperpolarizing the Up state membrane potential to near
�75 mV (reversal for GABAergic Cl�-mediated inhibition) with
negative DC injection. At this membrane potential, synaptic potentials
should be dominated by glutamatergic EPSPs.

Dynamic clamp methods

Our dynamic clamp methods have been published previously (Mc-
Cormick et al. 2003; Shu et al. 2003a). Briefly, using a real-time
Linux system (Dorval et al. 2001) and a DAP-5216a board (Microstar
Laboratory, Bellevue, WA), we injected artificial EPSPs at 10 Hz, in
discontinuous current-clamp mode (to minimize any errors associated
with series resistance compensation) with a minimum switching
frequency of 2 kHz. During the protocols, the headstage output was
continuously monitored with an oscilloscope to ensure adequate
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settling of the electrode voltage between samples. Injected conduc-
tances varied in size, from 2 to 80 nS, in steps of 2 nS. The amplitude
time-courses of the artificial EPSPs were defined by a kinetic model
of synaptic transmission, using only AMPA receptor kinetics (Des-
texhe et al. 2001).

Visual stimulation and analysis

Detailed descriptions of the visual stimulation protocol have been
reported previously (Nowak et al. 2005; Sanchez-Vives et al. 2000).
Briefly, size, orientation, and direction preference of spiking re-
sponses for either intracellular or extracellular units were first deter-
mined by hand-mapping, after which a series of automated routines
(VSG Series 3, Cambridge Research Systems) displayed on a 19-in
color monitor (80 Hz noninterlaced refresh rate, 1,024 � 768 resolu-
tion; Sony, Tokyo, Japan) were used to quantitatively determine the
neuron’s optimal stimulus. We used a sparse noise stimulation tech-
nique similar to that developed by others (DeAngelis et al. 1993,
1994; Jones and Palmer 1987), and used previously in our laboratory
(Nowak et al. 2005) to explore the role that ongoing network activity
has on responses to stimulation within the receptive field (RF). A
single bright (or dark) bar of 80% contrast and optimal direction,
length, and spatial frequency was flashed once every 50 or 62.5 ms
(stimulus duration, 50 ms) in 1 of 16 different randomly selected
locations within the RF along a single axis that was perpendicular to
the preferred orientation of the neuron. These single bright or dark
bars, varying randomly in position, were presented in 2-s blocks that
were followed by 2 s of uniform gray screen to record spontaneous
activity in the absence of stimulation (Fig. 1).

To facilitate comparison of the suprathreshold spiking responses to
the subthreshold synaptic responses, spike events were converted to a
continuous spike density function by replacing each spike with a
raised cosine bell (10 ms width). During recording, the responses to
bright and dark bars at all locations were totaled cumulatively, and the
average response to each bar at each location (forward correlation)
was displayed as a peristimulus time histogram (PSTH) on-line (Fig.
1G). Note that visual stimulation was not triggered by any particular
network state; stimuli were presented randomly during ongoing ac-
tivity. Records were segregated off-line into Up/Down states in
conjunction with the locally recorded MU network activity, as de-
tailed previously (Haider et al. 2006). We were assured of the
proximity of our extracellular and intracellular recordings by the close
relationship between the level of network activity and the intracellular
membrane potential (see Fig. 6) and also by the observation that both
recordings exhibited similar orientation and direction preference (data
not shown). Bar responses, sorted by state, were used to construct
separate three-dimensional space-time maps (Figs. 1, B–E, S1, and
S2)1 in a manner similar to that described above for the on-line
analysis. Each space-time plot shows 1) time on the x-axis, 2) spatial
location on the y-axis, and 3) response amplitude (either spikes or
membrane potentials) as color-coded values in the z-axis. For display
purposes, space-time plots were smoothed with a normalized Gauss-
ian filter (width, 3.6 ms; e.g., Fig. 1, B–E). RF responses elicited by
bright or dark bars presented during Down states were compared with
the responses generated by these same stimuli that were presented
during Up states. Cells were classified as simple and complex based
primarily on the space-time plots. Cells exhibiting either a single dark
or single bright excitatory subfield (S1 cells) or multiple (usually 2–4)
bright and dark excitatory subfields that are separated in space
(DeAngelis et al. 1993; Field and Tolhurst 1986; Heggelund 1986;
Hubel and Wiesel 1962; Jones and Palmer 1987; Movshon et al.
1978a,b) were classified as simple, whereas cells exhibiting bright and
dark excitatory subfields overlapping in both space and time were
classified as complex. In a subset of recordings, we also presented
cells with optimally oriented sine-wave drifting gratings (data not

shown) and found that categorization of both simple and complex cell
types based on the space-time plots was consistent with classification
based on the ratio of the modulated to maintained (F1/F0) portions of
the spike rate response to drifting gratings (Nowak et al. 2005;
Skottun et al. 1991). For a subset of experiments, we also presented
small stationary gratings of the optimum phase, orientation, and
spatial frequency, restricted in space to the center of the receptive
field, as determined by the above one-dimensional mapping protocol.
These grating patch stimuli were on screen for 85 ms with a 200-ms
interstimulus interval, whereas the contrast for each stimulus was
randomly assigned to be either 0, 5, 10, 20, 40, or 80%.

For our present purposes, we were primarily interested in the effect
of network activity on responses to the optimal stimulus within the
RF. This was quantitatively defined as the single flashed bar (either
bright or dark) that elicited the shortest latency and greatest amplitude
response (optimal bar) during the Up state. This bar was nearly always
located at the center of the main excitatory subfield in the space-time
plot (deemed “best location”) and was also always the same bar
polarity and location that elicited the best response from the Down
state. This best location response was compared with responses in
“null locations,” which were defined as locations in which bar pre-
sentations did not elicit activity that was more than �1.5 SD from the
average baseline activity (measured during the period spanning 25 ms
before to 25 ms after stimulus onset). Only a fraction of the spatial
locations in which stimuli were presented qualified as “null” locations,
because of the presence of sometimes multiple inhibitory and excita-
tory subfields (Fig. 1). We combined and took the average activity of
all of the null locations and compared them to the activity at the best
location (Figs. 3, 5, and 7). The results were not quantitatively
different if we randomly selected only one of the null locations for
comparison to the best location. On-line and off-line analysis was
initially performed in Spike2, and space-time plots were constructed
using Origin (Microcal, Northampton, MA). All further analyses were
performed using MATLAB (The Mathworks, Natick, MA). Popula-
tion means reported in text are �SD, whereas population plots are
shown as �SE (dashed lines), unless otherwise noted.

R E S U L T S

Up states enhance network responsiveness to
visual stimulation

To study the dynamics of sensory responses in active corti-
cal networks, we employed simultaneous extracellular and
intracellular recordings in the primary visual cortex of ket-
amine-xylazine anesthetized cats while flashing optimal bright
and dark bars. Ketamine-xylazine anesthesia produces robust,
rhythmic slow oscillations, as shown in Fig. 1A. The recording
configuration shows the LFP and the MU activity recorded
from the same electrode. The Up state (solid horizontal lines)
is characterized by local network MU firing and low-voltage,
high-frequency fluctuations in the LFP. This period of activity
is followed by a rapid transition into the Down state (dashed
lines) where network firing ceases and is associated with a
large, positive-going deflection of the LFP. The top vertical
lines in Fig. 1A indicate the times of flashed bright and dark
bars. Notice that the structure, frequency, and occurrence of Up
and Down states are not obviously altered by presentation of
visual stimuli.

We quantified the responsiveness of the network to visual
simulation by constructing two-dimensional space-time maps
from the MU responses to flashed bars that were presented
during Down and Up states (n � 5 MU recordings). Both the
structure (mean Up duration, 721.6 � 372.0 ms; mean Down1 The online version of this article contains supplemental data.
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