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SUMMARY

Gain modulation is a widespread neuronal phenome-
non that modifies response amplitude without
changing selectivity. Computational and in vitro
studies have proposed cellular mechanisms of gain
modulation based on the postsynaptic effects of
background synaptic activation, but these mecha-
nisms have not been studied in vivo. Here, we used
intracellular recordings from cat primary visual cor-
tex to measure neuronal gain while changing back-
ground synaptic activity with visual stimulation. We
found that increases in the membrane fluctuations
associated with increases in synaptic input do not
obligatorily result in gain modulation in vivo. How-
ever, visual stimuli that evoked sustained changes
in resting membrane potential, input resistance,
and membrane fluctuations robustly modulated neu-
ronal gain. The magnitude of gain modulation de-
pended critically on the spatiotemporal properties
of the visual stimulus. Gain modulation in vivo may
thus be determined on a moment-to-moment basis
by sensory context and the consequent dynamics
of synaptic activation.

INTRODUCTION

Modulation of the sensitivity, or gain, of neurons to specific in-

puts without concomitant alteration of selectivity is a fundamen-

tal property observed throughout the nervous system and a de-

fining element of the contribution of single neurons to network

operations. Gain modulation has been shown in humans and

other species in association with sensory, motor, and cognitive

functions. Gaze direction signals regulate neuronal response

gain in primary visual cortex (Trotter and Celebrini, 1999;

Weyand and Malpeli, 1993), posterior parietal cortex (Andersen

and Mountcastle, 1983), and V4 (Moore and Armstrong, 2003)

and modulate the gain of midbrain auditory responses (Winkow-

ski and Knudsen, 2006). Similarly, focused spatial attention en-

hances the gain of neuronal responses in both primary visual cor-

tex (McAdams and Reid, 2005) and V4 (Connor et al., 1996, 1997;

McAdams and Maunsell, 1999; Williford and Maunsell, 2006).

Recent evidence suggests that spatial attention also increases
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the response gain of visual evoked potentials in humans (Kim

et al., 2007). In addition to these regulatory effects, neuronal re-

sponse gain for one sensory parameter can be modulated by

changes in another parameter. In primary visual cortex, contrast

gain modulation allows receptive field properties and orientation

selectivity to remain constant, regardless of contrast-dependent

changes in the overall magnitude of neuronal responses (Alitto

and Usrey, 2004; Anderson et al., 2000b; Ferster and Miller,

2000; Miller, 2003; Sclar and Freeman, 1982; Skottun et al.,

1987).

At the level of single neurons, gain is defined as the slope of the

relationship between input amplitude and spike output. Large-

scale neural processes, such as sensory perception, are ulti-

mately dependent on the conversion of input to output by the in-

dividual cells that make up neuronal networks. Changes in these

neuronal input-output functions permit scaling of network func-

tions according to sensory context. Neurons in vivo are embed-

ded in constantly active networks (Steriade, 2001) and receive

a continuous stream of synaptic input that modifies their integra-

tive properties (Destexhe and Paré, 1999). Indeed, studies

in vitro and computational models have suggested that a key

functional consequence of this ongoing synaptic activity is the

modulation of the response sensitivity of single neurons.

Despite extensive phenomenological characterization of gain

modulation, the underlying cellular mechanisms remain unclear.

Computational and in vitro studies have found that changes in the

level of synaptically driven Vm fluctuations, also called synaptic

noise, may change the gain of the input-output curve (Chance

et al., 2002; Ho and Destexhe, 2000; Prescott and De Koninck,

2003; Shu et al., 2003), suggesting that these fluctuations are

a critical element of gain modulation. Synaptic noise smoothes

the transformation of Vm activity to spike output and may contrib-

ute to contrast-invariant orientation tuning in visual cortex

(Anderson et al., 2000b; Hansel and van Vreeswijk, 2002; Miller

and Troyer, 2002; Finn et al., 2007). In contrast, changes in mem-

brane conductance and mean membrane potential (Vm) cause

lateral shifts in a neuron’s input-output curve (additive) without

changes in gain (multiplicative) (Chance et al., 2002; Fellous

et al., 2003; Ho and Destexhe, 2000; Shu et al., 2003). However,

shunting inhibition coupled with variable excitatory drive can

modulate gain (Mitchell and Silver, 2003), and small excitatory

or inhibitory inputs may cause modulation of response gain for

a larger nonlinear input (Murphy and Miller, 2003). Despite these

efforts, the contributions of these cellular mechanisms to neuro-

nal gain modulation have not been directly tested in vivo.
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Here, we used intracellular recordings in primary visual cortex

to explore the cellular mechanisms by which sensory-driven net-

work activity modulates neuronal gain. We used two types of

visual stimulus to evoke distinct regimes of synaptic input to

cortical cells. Our results show that neuronal response gain in

vivo is regulated by ongoing variations in the composition and

temporal organization of synaptic input. Visually evoked Vm fluc-

tuations alone failed to significantly modulate neuronal gain but

did affect spike timing. In contrast, Vm fluctuations in combina-

tion with changes in mean Vm and mean input resistance consis-

tently resulted in gain modulation. Under normal behavioral

conditions, the spatiotemporal properties of the visual scene

are continuously changing (Dong and Atick, 1995; Krieger et al.,

2000). The resulting variation in network synaptic activity may act

rapidly to enhance or diminish the sensitivity of cortical neurons

to inputs, providing an adaptive mechanism by which cortical

networks adjust to sensory context.

RESULTS

The goal of these experiments was to test, in vivo, the hypothesis

that changes in the amount or pattern of synaptic input to visual

cortical neurons result in predictable changes in the slope, or

gain, of their input-output functions. To modify the ongoing pat-

tern of synaptic activation, we used two types of visual stimulus:

sinusoidal drifting gratings and spatiotemporally broadband

stimuli. To construct input-output functions and measure gain,

we injected current pulses of different intensities and measured

the resulting spike response. The results described here are

based on intracellular recordings from 72 cells in layers 2–6 of

cat primary visual cortex.

Two Modes of Network Synaptic Activity
We chose two types of visual stimulus (Figure 1A) because they

represent extremes in a range of spatiotemporal properties but

evoke spike responses of comparable magnitudes. Drifting grat-

ings contain a single temporal and spatial frequency and pro-

duce a slow (1–2 Hz) and repeatable modulation of synaptic in-

put (Anderson et al., 2000a). In contrast, the broadband stimuli

contain a broad and variable range of temporal and spatial fre-

quencies (see Experimental Procedures) and produce an irregu-

lar pattern of synaptic input. We will first describe the neuronal

responses to the two stimuli as a function of contrast and identify

their impact on the three main postsynaptic parameters previ-

ously implicated in gain modulation by computational and in vitro

studies: mean Vm depolarization (VmDC), Vm fluctuations

(quantified as the standard deviation of the Vm, VmSD), and

changes in input resistance (Rin). To facilitate comparisons

across cells, all measurements were made relative to activity in

the absence of visual stimuli. Across the population of cells,

the mean Vm was �66.3 ± 3.4 mV, the mean VmSD in the ab-

sence of visual stimuli was 2.4 ± 0.6 mV, and the mean Rin was

67.4 ± 5.2 MU. We quantified the F1 component of the visual re-

sponses (Skottun et al., 1991) but did not include it in the analysis

because only changes in VmDC have been demonstrated to af-

fect neuronal gain (Shu et al., 2003).

The characteristic Vm and spike responses evoked by the two

visual stimuli are illustrated by the layer 2/3 complex regular spik-
ing (RS) cell shown in Figure 1. An optimal drifting sinusoidal

grating of 8% (low) contrast evoked a small depolarizing

VmDC from rest and an increase in VmSD (Figure 1B, left). In-

creasing the contrast to 64% (high) resulted in a larger depolariz-

ing VmDC and VmSD (Figure 1C, left) and a significantly different

Vm distribution (two-sample Kolmogorov-Smirnov test; p <

0.05). These changes were visible as a rightward shift and a

broadening of the distribution of Vm values (Figure 1D, left). In

comparison, the broadband stimulus of 20% (low) contrast

evoked a small increase in VmSD but no change in VmDC (Fig-

ure 1B, right). Increasing the contrast to 90% (high) resulted in

a larger increase in the magnitude of the VmSD in the continued

absence of any change in VmDC (Figure 1C, right). Thus, in con-

trast to the grating, the broadband stimulus evoked a broaden-

ing of the distribution of Vm values without a significant shift in

mean Vm (p > 0.05; Figure 1D, right). The Vm distributions

evoked by the high-contrast grating and broadband stimuli

were significantly different (two-sample Kolmogorov-Smirnov

test; p < 0.01). Quantification of the responses of this cell to the

two stimuli at varying contrasts is shown in Figure S1 available

online.

The population averages for these two Vm parameters as a

function of contrast are shown in Figure 2 (n = 66 drifting grat-

ing, 48 broadband). The VmDC and the spike response for

both simple and complex cells in response to drifting grating

stimuli of increasing contrast were well fit by hyperbolic ratio

functions (Vm: Rmax = 5.9 mV, C50 = 21.2%, exp = 2.1; spikes:

Rmax = 26.2 Hz, C50 = 18.1%, exp = 1.7) (Figure 2A). In con-

trast, in response to broadband stimuli, the VmDC did not

change, but the spike response increased linearly, reaching fir-

ing rates comparable to those elicited by gratings (slope = 0.31

Hz/%, r2 = 0.99) (Figure 2B). As reported in previous studies,

fast spiking (FS) cells demonstrated greater response firing

rates than RS cells (Contreras and Palmer, 2003; Nowak et al.,

2003; Figure S2). However, because the results were similar

for the two cell types, the data have been combined here for

clarity.

The two types of visual stimulus also evoked differing changes

in Vm fluctuations. Drifting gratings elicited a contrast-depen-

dent increase in VmSD that was well fit by a hyperbolic ratio func-

tion (Rmax = 2.5 mV, C50 = 8.9%, n = 1.8). In comparison, broad-

band stimuli elicited a linear increase in VmSD that did not

saturate (slope = 0.04 ± 0.01 mV/%, r2 = 0.99), reaching a maxi-

mum value of 3.5 ± 0.9 mV (Figure 2C). Together, these results

suggest that the contrast-dependent elevation in firing rate

evoked by broadband stimuli is driven entirely by Vm fluctuations

rather than sustained Vm depolarization (VmDC).

Drifting gratings and broadband stimuli also had different im-

pacts on cellular input resistance (Rin). We injected a series of hy-

perpolarizing pulses (100 ms) of varying amplitudes before and

during visual stimulation and measured Rin from the slope of

the linear portion of the voltage-current (V-I) relationship (see Ex-

perimental Procedures). Drifting gratings evoked a mean (n = 44)

contrast-dependent decrease in Rin of 18.9% ± 1.7% (24.0% ±

0.2% increase in input conductance) at 64% contrast (one-sam-

ple t test; p < 0.001; Figure 2D). In comparison, broadband stim-

uli did not lead to a significant reduction in mean Rin (n = 21), even

at a contrast of 90% (p > 0.05; Figure 2D).
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Figure 1. Drifting Grating and Spatiotemporally Broadband Stimuli

Evoke Distinct Regimes of Synaptic Activity with Differing Postsyn-

aptic Impacts

In each case, the portion denoted by the line is expanded as an inset trace.

(A) Schematics of the drifting grating (left) and broadband (right) stimuli.

(B) In this example complex layer 2/3 RS cell, a drifting sinusoidal grating of 8%

contrast (left) evoked increased firing, a small Vm depolarization, and in-

creased synaptically driven Vm fluctuations (inset trace). A spatiotemporally

broadband stimulus of 20% contrast (right) evoked increased Vm fluctuations

(inset trace) and firing but no net Vm depolarization.

(C) At 64% contrast, the drifting grating stimulus evoked a greater increase in

firing rate, coupled with a sustained Vm depolarization and larger Vm fluctua-

tions (left). In comparison, at 90% contrast, the broadband stimulus evoked

a similar increase in firing rate and Vm fluctuations without a sustained Vm de-

polarization (right). The firing pattern evoked by the broadband stimulus was

more irregular than that evoked by the drifting grating.
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Stimulus-Dependent Gain Modulation
The distinct postsynaptic effects of the two types of visual stim-

ulus allowed us to address, in vivo, the fundamental question of

whether changes in synaptically driven Vm fluctuations function

as a gain modulation mechanism. To measure input-output gain,

we used depolarizing current pulses (100 ms) and constructed

a plot of mean firing frequency versus current intensity (F-I) for

each cell. We compared the F-I curve obtained in the absence

of visual stimuli to those obtained during visual stimulation with

drifting gratings and broadband stimuli of increasing contrast.

We quantified gain for each cell by measuring the instantaneous

slope at the I50 midpoint of a sigmoid fitted to each F-I curve and

expressed that value relative to the midpoint gain of the F-I curve

in the absence of visual stimuli. Data from an example layer 5

complex RS cell are shown in Figure 3. In the absence of visual

stimulation, this cell had a sigmoidal F-I curve with the steepest

slope (i.e., highest gain) between 0.25 and 0.4 nA and saturation

at 0.5 nA (Figure 3A, left). Drifting gratings of increasing contrast

(for clarity, only 0%, 16%, and 64% are shown) predominantly

caused an increase in the magnitude of the responses to small

current pulses, resulting in a concomitant decrease in the slope

of the F-I curve. In addition, drifting grating stimuli caused a con-

trast-dependent leftward shift of 0.08 nA in the midpoint (I50) of

the F-I curve.

To further illustrate the effect of the visual stimulus, we plotted

the derivative of the F-I curve as a function of firing rate, which

represents a continuous measurement of gain for each stimulus

contrast (Figure 3B, left). Stimulation with drifting gratings

caused a contrast-dependent decrease in gain across the full

range of firing rates. As shown in Figure 3C (left), the gain of

the F-I curve decreased with increasing contrast, with the ratio

of gain during visual stimulation to gain in the absence of visual

stimuli falling to 0.47 during presentation of a drifting grating of

64% contrast. Thus, the combined postsynaptic effects of the

drifting grating stimulus resulted in both a lateral shift in the F-I

curve and an overall decrease in gain.

Broadband visual stimulation had a markedly different impact

on the cell’s input-output relationship. Despite evoking an

increase in firing rate at resting Vm and during low-amplitude

(0–0.2 nA) current pulses, the broadband stimulus failed to

change the mean firing rate in response to larger current pulses

over most of the range used to obtain the F-I plot. As a result, nei-

ther the overall slope nor the lateral position of the F-I curve was

affected (Figure 3A, right). The overlapping plots of gain versus

firing rate (Figure 3B, right) demonstrate the lack of gain modula-

tion across the range of firing rates. Indeed, the gain ratio was

0.99 during presentation of a broadband stimulus of 90% (Fig-

ure 3C, left).

Population averages for the changes in gain induced by drift-

ing gratings (n = 32) and broadband stimuli (n = 26) as a function

of contrast are shown in Figure 3C (right). Increasing the duration

(D) Plots of Vm distributions during stimulation with drifting gratings (left) or

broadband stimuli (right). At high contrasts, the drifting grating stimulus

caused a significant rightward shift (p < 0.05) and a broadening of the Vm dis-

tribution. In comparison, the broadband stimulus caused a broadening of the

Vm distribution but no lateral shift. Distributions have been normalized to the

maximum value. Error bars denote mean ± SEM.
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of the injected current pulses did not alter the observed results

(n = 7 cells; Figure S3). Drifting gratings caused a significant, con-

trast-dependent decrease in the gain ratio at 64% (p < 0.0001).

Despite a significant increase in Vm fluctuations, broadband

Figure 2. Cellular Impact of Drifting Gratings and Broadband Stimuli

(A) Population Vm contrast response curves of VmDC for drifting gratings

(black) were well fit by a hyperbolic ratio curve. In comparison, broadband

stimuli evoked no significant VmDC (red).

(B) Population firing rate (FR) contrast response curves for drifting gratings

were also well fit by a hyperbolic ratio curve and saturated at high contrasts.

Broadband stimuli evoked a linear relationship between contrast and firing

rate without saturation.

(C) Similarly, population averages of Vm fluctuations (VmSD) in response to

drifting gratings were well fit by hyperbolic ratio curves. Population VmSD con-

trast responses to broadband stimuli showed a linear relationship with stimu-

lus contrast.

(D) Population averages demonstrated a mean Rin decrease 23.2% ± 5.7% dur-

ing presentation of a 64% contrast drifting grating (n = 15 cells; 53.4 ± 7.2 to

41.0 ± 5.7 MU; p < 0.0001). In comparison, a 90% contrast broadband stimulus

did not evoke a change in mean Rin (53.6 ± 6.1 to 53.9 ± 16.0 MU; p > 0.05).
stimuli did not evoke significant gain modulation, even at 90%

contrast (p > 0.05). These results suggest that, in vivo, Vm fluctu-

ations alone do not obligatorily modulate gain.

Why did the broadband stimulus fail to modulate gain, while the

drifting grating stimulus was highly effective? An important clue is

provided by activity at depolarized Vm levels (Figure 4). To under-

stand the different patterns of visually evoked spike output and

their effects on mean firing rates, we examined the instantaneous

frequencies of the spike responses during the current pulses

used to obtain the mean firing rate values for the F-I plots. Instan-

taneous firing rates for one cell are shown in Figure 4A (same cell

as Figure 3). Small amplitude pulses (0.12 nA) in the absence of

visual stimuli caused a variable output with a mean frequency

of 19.8 ± 2.6 Hz. Concomitant presentation of a drifting grating in-

creased both the variability and the mean (35.6 ± 4.5 Hz) of the

instantaneous frequencies in the response. The broadband stim-

ulus evoked a comparable increase in the mean output and

a much larger increase in variability (32.2 ± 9.6 Hz), including

many instances of high-frequency bursts and suppressed firing.

In the middle range of the F-I plot, current pulses (0.32 nA) without

visual stimulation evoked similar variability but consistently

higher instantaneous frequencies (37.5 ± 3.2 Hz). The drifting

grating again increased both the variability and resulting mean fir-

ing rate (52.4 ± 4.8 Hz). The broadband stimulus caused a much

larger increase in the variability of the instantaneous firing fre-

quencies but failed to change the mean firing rate (38.4 ±

13.3 Hz). Cumulative distribution plots of instantaneous firing fre-

quencies for each condition are shown in the inset panels in

Figure 4A. At both current pulse levels, the drifting grating- and

broadband-evoked distributions of instantaneous firing rates

were significantly different (two-sample Kolmogorov-Smirnov

test; p < 0.01). These results were consistent across the popula-

tion of cells for which both drifting grating and broadband mea-

surements were made (n = 26; p < 0.05 in each case).

The above results suggest that the broadband stimulus redis-

tributes spikes in time, with bouts of high firing rates interspersed

with an absence of firing, but the drifting grating stimulus evokes

a sustained increase in spike output. To capture these differ-

ences, we measured the coefficient of variation of the interspike

interval (CVISI) in a subset of cells (n = 15) during each stimulus

condition. During drifting grating stimulation, the CVISI increased

for low-contrast stimuli, reaching a maximum of 1.60 ± 0.2 at

16% contrast, and decreased toward 1 for high-contrast stimuli.

However, the CVISI during broadband stimulation increased

monotonically to a maximum of 1.64 ± 0.2 at 90%. Since CVISI

is affected by firing rate, we plotted the CVISI data against the

mean firing rate (Figure 4B). Differences at low firing rates were

negligible, but at high firing rates, the mean CVISI of the broad-

band stimulus responses was significantly greater than that of

the drifting grating responses (paired t test; p < 0.01). The large

CVISI shown here in response to broadband stimuli suggests

a high level of transient epochs of synchronization in the synaptic

input (Stevens and Zador, 1998). In comparison, the decreased

CVISI in response to high-contrast drifting grating stimuli sug-

gests a sustained synaptic input more similar to a current pulse

(Tateno and Robinson, 2006). Further analysis of stimulus-spe-

cific spike patterns suggests that the broadband stimulus dy-

namically modulates firing probability over short time intervals
Neuron 59, 150–160, July 10, 2008 ª2008 Elsevier Inc. 153
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Figure 3. Stimulus-Dependent Gain Modulation

(A) Current pulse injections of varying magnitudes were

given to an example complex layer 5 RS cell during stim-

ulation with either drifting gratings (left) or broadband stim-

uli (right). Note that the firing rate evoked by high-contrast

drifting gratings at Vrest in this RS cell example is lower

than the population average shown in Figure 2B, which in-

cludes both RS and FS cells. Drifting gratings caused

a leftward shift in the position of the F-I curve and a de-

crease in the slope, or gain, of the curve. Broadband stim-

uli increased firing rates within a limited Vm range close to

Vrest but did not change the position or the overall slope of

the F-I curve, regardless of contrast. Insets show expan-

sions of the portion of the F-I curve near Vrest. Gain was

measured as the instantaneous slope of the F-I curve at

the midpoint, or I50, of a fitted sigmoid.

(B) Instantaneous gain was measured from the sigmoid fits

to theF-Icurves shown in (A)and plotted againstmeanfiring

rate. Squares denote gain at the I50 midpoint of the curve.

Drifting gratings caused a contrast-dependent decrease

in gain across a wide range of firing rates (left), while broad-

band stimuli did not modulate gain at any firing rate (right).

(C) Gain measurements were calculated as the ratio of gain

during visual stimulation to gain in the absence of visual

stimuli. The example cell shown in (A) and (B) demonstrated

a decreased gain ratio with increasing drifting grating con-

trast, but the ratio was largely unaffected by broadband

stimuli (left). Average gain ratio measurements for the popu-

lation of cells (right) showed a significant, contrast-depen-

dent decrease in gain in response to drifting grating stimuli

(black). In contrast, broadband stimuli (red) did not signifi-

cantlyaffect gain, suggesting that increased Vm fluctuations

alone do not obligatorily lead to gain modulation in vivo.
(Figure S4), despite a lack of impact on gain as measured by

mean firing rates.

Cellular Mechanisms of Visually Evoked
Gain Modulation
The distinct postsynaptic effects of the two types of visual stim-

ulus provide additional insight into the cellular mechanisms un-

derlying gain modulation in vivo. To assess the contribution of

changes in VmDC, we measured the gain of the F-I curve in

each cell while introducing a change in VmDC by tonically inject-

ing low levels of current. As shown by the example complex layer

2/3 RS cell in Figure 5, neither hyperpolarizing nor depolarizing

shifts in VmDC from rest significantly changed the slope of the

F-I curve in the absence of visual stimulation (gain [in Hz/nA]:

VRest 178.1, VDep 167.1, VHyp 173.9; Figure 5A). Similarly,

VmDC changes did not affect the degree of gain modulation

evoked by a drifting grating of 64% contrast, as shown by the

similar slopes of the F-I curves in Figure 5B (gain: VRest 118.3,

VDep 114.6, VHyp 115.7 Hz/nA). Likewise, introduction of a change

in VmDC did not affect the lack of gain modulation evoked by

a broadband stimulus of 90% contrast (gain [in Hz/nA]: VRest

189.9, VDep 189.0, VHyp 181.1; Figure 5C). Overall, in agreement

with previous in vitro data (Shu et al., 2003), sustained changes in

Vm led only to additive or subtractive shifts in the F-I plot, rather

than changes in the slope (Figure 5D; n = 8 cells; mean gain ratio:

no visual stimulation 1.02 ± 0.02, drifting grating 0.91 ± 0.08,
154 Neuron 59, 150–160, July 10, 2008 ª2008 Elsevier Inc.
broadband 0.94 ± 0.07; p > 0.05 in all cases). These results sug-

gest that the leftward shift, but not the change in slope, in the F-I

curve in response to drifting grating stimuli is due to the visually

evoked change in VmDC. In addition, the combination of VmSD

evoked by the broadband stimulus and depolarizing VmDC was

not sufficient to induce gain modulation.

Previous work has suggested that Vm depolarization and Rin

decrease cause opposing left- and rightward lateral shifts in

the position of the F-I curve, respectively (Chance et al., 2002;

Ho and Destexhe, 2000; Shu et al., 2003). The drifting grating

stimulus evoked both increased VmDC and decreased Rin, sug-

gesting two competing influences on the lateral position of the

F-I curve. If so, the observed leftward F-I curve shift evoked by

the drifting grating should be smaller than that predicted from

the magnitude of the evoked change in VmDC. Using the

observed lateral shift in the I50 point of the F-I curve during sus-

tained depolarizing current injection (as in Figure 5A), we calcu-

lated the magnitude of lateral shift expected for a given change in

VmDC. We then estimated the visually evoked leftward shift of

the F-I plot expected for each cell, given the change in VmDC in-

duced by a 64% drifting grating. The mean predicted lateral I50

shift (�0.12 ± 0.1nA) was 66.8% greater than the mean observed

shift (�0.05 ± 0.03nA; n = 8 cells; p < 0.01). Because increased

VmSD alone does not cause lateral F-I curve shifts (Chance

et al., 2002; Ho and Destexhe, 2000; Shu et al., 2003), these re-

sults suggest that the leftward shift in the F-I curve due to visually
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evoked depolarization is partially countered by a competing

rightward shift due to Rin decrease.

The different levels of spike response variability evoked by the

two stimuli suggested that measurements of mean Rin

(Figure 2D) might conceal dynamic changes during the rapidly

varying response to the broadband stimulus. To reveal changes

in Rin on a moment-to-moment basis, we used hyperpolarizing

pulses of�0.5 nA injected at 3 Hz before and during the presen-

tation of visual stimuli (Figure 6A) and estimated Rin from the am-

plitude of each voltage response (Figure 6B). The drifting grating

Figure 4. Two Modes of Visually Evoked Spike Output

(A) Distribution of instantaneous firing rates drawn from the F-I curves in

Figure 3A. In each case, the instantaneous firing frequencies are shown in

the absence of visual stimuli, in response to a 64% drifting grating, and in re-

sponse to a 90% broadband stimulus. Under a low level of depolarization (top),

both stimuli caused an increase in mean instantaneous firing rate and firing

variability. Under a higher level of depolarization (bottom), the grating contin-

ued to increase the mean firing frequency but the broadband stimulus greatly

increased firing rate variability without further changing the mean. Cumulative

distributions of instantaneous firing rates for each condition are shown in the

inset panels. In each case, the drifting grating and broadband distributions

were significantly different (p < 0.01).

(B) The CVISI of the spike responses to drifting gratings (black) was high for low

contrasts and decreased toward 1 at high contrasts. The CVISI for broadband

responses (red) showed a continual, contrast-dependent increase. The CVISI

for the two stimulus conditions was similar at low firing rates and diverged sig-

nificantly at high firing rates (n = 15 cells; p < 0.01).
evoked an immediate and sustained Rin decrease, but the broad-

band stimulus elicited a significant, contrast-dependent increase

in the moment-to-moment variability of Rin in the continued ab-

sence of a sustained change in mean Rin (unpaired t test; p <

0.01; Figure 6B). This variability included epochs when the visu-

ally evoked Rin exceeded the baseline Rin. Across the population

of cells (n = 18 drifting grating and 15 broadband), the broadband

stimulus evoked significantly greater maximum Rin variability,

measured as the SD of the Rin, than did the drifting grating stim-

ulus (unpaired t test; p < 0.01; Figure 6C). The rapidly varying Rin

evoked by the broadband stimulus suggests interspersed

epochs of highly synchronized synaptic events and withdrawal

of input. In each case, the temporal dynamics of Rin changes

matched the temporal properties of the two visual stimuli.

A summary of the differences between the effects of the two

visual stimuli on neuronal gain is shown in the population plots

in Figure 7. The contrast-dependent changes in VmDC

(Figure 7A), VmSD (Figure 7B), and Rin (Figure 7C) evoked by

drifting grating stimuli were each linearly related to the change

in gain. In contrast, the broadband stimulus evoked similar

changes in VmSD in the absence of any change in gain

(Figure 7B). Furthermore, the increased VmSD evoked by the

broadband stimuli, when combined with Vm depolarization by

current injection (mean DVmDC = 5.6 ± 0.7mV; mean gain ratio

= 0.94 ± 0.07) (Figures 5C and 5D; replotted with population

mean in Figure 7A), also failed to cause gain modulation. These

results suggest that engagement of multiple cellular mechanisms

is necessary for gain modulation to be observed in vivo.

DISCUSSION

Gain modulation matches the limited output range of individual

target neurons to the dynamic range of network synaptic inputs.

This adaptive scaling of neuronal input-output relationships pro-

vides a flexible mechanism by which cells can integrate and re-

spond to highly variable synaptic inputs while maintaining effec-

tive information encoding. In addition, gain changes allow single

neurons to represent more than one parameter in their spike

trains without loss of selectivity (Salinas and Sejnowski, 2001).

Neurons in vivo receive an ongoing barrage of synaptic inputs

from the surrounding network, and several studies using in vitro

and computational methods have explored the role of this back-

ground synaptic activity as a cellular mechanism of gain modu-

lation. These studies agree that changes in the level of sustained

synaptic activation can modify the relationship between input

amplitude and spike output via changes in three main postsyn-

aptic mechanisms: the amplitude of Vm fluctuations (VmSD),

the neuronal Rin, and the resting Vm (VmDC). However, the exact

role of these three mechanisms in the modulation of input-output

gain is not fully understood, in part due to the differing methods

and measurements used in previous work. Furthermore, the im-

pact of ongoing synaptic activation on gain modulation in vivo

has not been studied in detail. In the current study, we changed

the levels of network synaptic input by varying the contrast of

two types of visual stimulus with different spatiotemporal proper-

ties. We found that changes in the level of sensory-driven synap-

tic input to single neurons in primary visual cortex in vivo lead to
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Figure 5. Vm Depolarization Alone Does Not

Modulate Neuronal Gain

(A) F-I curves were calculated for this example com-

plex layer 2/3 RS cell at hyperpolarized (�5.75 mV,

blue), resting (black), and depolarized (+4.25 mV,

red) Vm levels in the absence of visual stimuli. Vm de-

polarization (VmDC) caused a lateral shift in the posi-

tion of the F-I curve but did not affect the slope (gain)

of the curve.

(B) F-I curves for the cell were repeated at the same

Vm levels in the presence of a drifting grating of 64%

contrast. The drifting grating evoked a decrease in

the slope of the F-I curve in comparison with the

curves shown in (A). Sustained VmDC again caused

a lateral shift but no change in the F-I curve slope.

(C) F-I curves were repeated at the same Vm levels in

the presence of a broadband stimulus of 90% con-

trast. The broadband stimulus did not affect the slope

of the F-I curve, regardless of VmDC.

(D) Plot of data from cells in which current injection

was used to change Vm in the absence of a visual

stimulus (circles), during drifting grating stimuli

(squares), and during broadband stimuli (triangles). In

each case, the measured change in VmDC is plotted

against the measured gain ratio.
changes in the slope, or gain, of their input-output function in

a stimulus-dependent manner.

Cellular Mechanisms of Gain Modulation In Vivo
We found that sinusoidal drifting gratings caused a sustained in-

crease in VmDC and VmSD and a sustained decrease in Rin in all

cells. The magnitude of each of these three postsynaptic effects

was contrast dependent and linearly correlated with a visually

evoked decrease in gain. In addition, drifting gratings caused

a leftward shift in the cell’s response curve. Previous work in vitro

found that a balanced increase in excitatory and inhibitory input

caused both decreased gain and a decrease in neuronal re-

sponse magnitudes to all inputs (Chance et al., 2002). In con-

trast, we found that the synaptic activity evoked in vivo by the

grating stimulus caused a decrease in gain but an increase in

neuronal response magnitude. This increase in response magni-

tude was caused by the leftward curve shift, likely the result of an

increase in excitatory drive.

In agreement with previous results in vitro (Chance et al., 2002;

Shu et al., 2003) and predictions from computational models (Ho

and Destexhe, 2000; Holt and Koch, 1997; Murphy and Miller,

2003), we found in vivo that changing the VmDC with current in-

jection shifts the F-I plot laterally without changing the slope.

Murphy and Miller (2003) found that a small (�50 pA) current in-

jection could cause roughly multiplicative gain changes in the

tuning curve of a model neuron for a larger nonlinear input. How-

ever, our VmDC results are derived from large somatic current in-

jections (�0.2 nA) in the context of a relatively linear series of cur-

rent pulse inputs. In addition, small gain changes due to current

injection may be difficult to detect in vivo.

Using the lateral F-I curve shift imposed by VmDC changes,

we estimated the impact of the drop in Rin on the lateral position

of the F-I curve. Even though our experiments in vivo did not al-

low us to directly manipulate neuronal Rin in isolation, we were

able to identify a rightward shift in the F-I curve that was caused
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by the visually evoked decrease in Rin. These findings agree well

with predictions made by previous studies that a drop in Rin, or

shunt, causes rightward displacement of the response curve

without changing the slope (Chance et al., 2002; Shu et al.,

2003). However, this rightward shift was countered by the larger

leftward shift induced by VmDC, resulting in the overall en-

hancement of response magnitudes. Our results support the

possibility of a contribution of Rin change to gain modulation,

as neither increased VmSD alone nor VmSD combined with

VmDC evoked gain modulation. Computational results suggest

that a decrease in neuronal Rin due to shunting inhibition may

cause changes in gain under some conditions (Murphy and

Miller, 2003). This can occur in the context of spike output driven

by variable excitatory synaptic input to the soma (Mitchell and

Silver, 2003) or by intense synaptic input to the dendrites, caus-

ing dendritic saturation (Prescott and De Koninck, 2003).

In agreement with the predictions of several previous studies

in vitro (Chance et al., 2002; Shu et al., 2003), our results suggest

that the observed regulation of the neuronal input-output func-

tion by visually evoked synaptic input is due to the combined im-

pact of changes in Vm fluctuations, input resistance, and depo-

larization.

Relationship between Vm Fluctuations and Gain
To directly test the hypothesis that increased Vm fluctuations

modulate neuronal gain in vivo, we used a broadband visual

stimulus that increased VmSD alone. Indeed, the broadband

stimulus evoked rapid depolarizing and hyperpolarizing events

that were balanced around the resting Vm and associated with

transient changes in Rin both above and below the baseline

value, leaving the VmDC and the mean Rin unchanged. Increases

in Rin above baseline indicate that at least some of the hyperpo-

larizations characteristic of the response to the broadband stim-

ulus are caused by withdrawal of synaptic input, something

never observed during the response to drifting gratings.
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The increased VmSD evoked by the broadband stimulus

drove a spike response at resting Vm but failed to modulate

the overall gain of the F-I curve. Because cells at rest in vivo sit

slightly below spike threshold, the broadband stimulus produced

a floor effect in which depolarizing events bring the cell above

spike threshold but hyperpolarizing events have little obvious im-

pact (Azouz and Gray, 2003; Chance et al., 2002). At higher levels

of current injection, this floor effect dissipated, and any increase

in spike events caused by depolarizing synaptic events was

countered by spikes lost due to hyperpolarizing events. Thus,

at higher levels of injected current, when the cell was firing at

a sustained rate, the increased VmSD evoked by the broadband

stimulus increased firing rate variability but did not provide

enough drive to increase overall spike output. This diminished

Figure 6. Spatiotemporally Distinct Visual Stimuli Evoke Different

Levels of Moment-to-Moment Rin Variability

(A) Example traces from a complex RS cell showing a series of hyperpolarizing

current pulses (100 ms at 3 Hz) before and during presentation of a drifting

grating or broadband stimulus. Mean input resistance (Rin) showed a rapid

and sustained decrease upon presentation of the drifting grating but did not

change during the broadband stimulus. Overlaid baseline (black) and visual

stimulus (blue) pulses are shown to the right.

(B) Moment-to-moment measurements of the change in Rin during stimulation

with drifting gratings (left) and broadband stimuli (right) in the cell shown in (A).

Despite a lack of impact on mean Rin, broadband stimuli evoked both momen-

tary decreases and increases in Rin.

(C) Population averages of the variablity of the Rin measurements at each con-

trast level, measured as RinSD. Broadband stimuli evoked significantly greater

RinSD than did drifting gratings at high contrasts (p < 0.01).
impact of the broadband stimulus at high firing rates is in agree-

ment with previous findings that the effects of synaptic noise de-

crease significantly with increasing firing rates (Chance et al.,

2002; Shu et al., 2003).

These results suggest that transient epochs of synaptic input

with high variance are not sufficient to produce gain modulation

in vivo. One possibility is that gain control may require a consis-

tent level of synaptic input associated with a sustained increase

in excitatory or inhibitory conductances, such as those observed

in response to drifting grating stimuli. The differences in postsyn-

aptic effects discussed above indicate that the two visual stimuli

Figure 7. Cellular Mechanisms of Gain Modulation

(A) The sustained Vm depolarization (VmDC) evoked by drifting grating stimuli

was linearly related to the observed degree of gain modulation (black). In con-

trast, broadband stimuli evoked neither depolarization nor gain modulation

(red). However, pairing broadband stimuli with VmDC induced by sustained in-

jection of low levels of current also failed to evoke gain modulation (blue).

(B) The increased Vm fluctuations (VmSD) evoked by drifting gratings were

also linearly correlated with the observed gain modulation. However, broad-

band stimuli evoked comparable magnitudes of VmSD in the absence of

gain modulation.

(C) The sustained Rin decrease associated with drifting grating stimulation was

linearly correlated with the degree of visually evoked gain modulation. In con-

trast, the broadband stimulus evoked greater Rin variability, as shown by the

larger error bars, but no change in mean Rin or gain.
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used here generate distinct regimes of synaptic input. Both the

balance of excitatory and inhibitory conductances and the syn-

chrony of synaptic inputs determine the magnitude and temporal

dynamics of Vm fluctuations and thus mediate the extent to

which synaptic noise may modulate neuronal response gain (Fel-

lous et al., 2003; Ho and Destexhe, 2000). Thus, a second possi-

bility is that differences in the balance and precise timing of excit-

atory and inhibitory synaptic inputs may play a role in generating

the different magnitudes of gain modulation observed here.

The VmSD evoked by the broadband stimulus had a much

smaller impact in vivo than would be expected from previous re-

sults in vitro, suggesting a potential nonlinear relationship be-

tween Vm fluctuations and neuronal gain. In contrast with results

in vitro, the large VmSD under baseline conditions in vivo may

limit the amount of modulation exerted by synaptically driven

Vm fluctuations. In the present study, baseline Vm fluctuations

in the absence of visual stimuli (2.4 ± 0.6 mV) were already equiv-

alent in magnitude to the maximum network-driven fluctuations

associated with gain modulation in vitro (Shu et al., 2003). Addi-

tional increases in VmSD may therefore have less significant im-

pact on neuronal gain in vivo than under quiet in vitro conditions.

Temporal Dynamics and Gain Control
Despite having a minimal impact on neuronal gain, the broad-

band stimulus had a significant effect on the pattern of spike out-

put. The high CVISI values associated with the broadband stimu-

lus are almost never obtained in computational models or in vitro

experiments and indicate a large degree of transient synchrony in

the visually evoked synaptic inputs (Stevens and Zador, 1998).

Previous work has suggested that increases in uncorrelated

background synaptic activity may regulate neuronal gain without

affecting spike output variability (Chance et al., 2002). We found

that increases in Vm fluctuations in vivo may occur indepen-

dently of increases in spike variability and still be associated

with powerful modulatory effects on neuronal gain, as shown

by the relatively low CVISI, high VmSD, and significant gain mod-

ulation introduced by the high-contrast grating stimulus.

The two temporal profiles of network synaptic activity we ob-

served likely result from the very distinct spatiotemporal dynam-

ics of the two stimuli, which may lead to differences in the types

of cells activated (Cardin et al., 2007), their degree of synchroni-

zation (Kohn and Smith, 2005; Nase et al., 2003), and the short-

term plasticity processes that engage to enhance or depress dif-

ferent elements of the local network (Boudreau and Ferster,

2005; Nowak et al., 2005). However, additional temporal con-

straints are superimposed on the structure of the incoming syn-

aptic volleys evoked by the visual stimulus. These include the

membrane time constant of the cell, which is affected by the vi-

sually evoked change in Rin and the synchrony between synaptic

inputs (Bernander et al., 1991; Fellous et al., 2003). In addition,

the distribution of active inputs over the dendritic tree, which

may be different between the two stimulus conditions, affects

the time course of synaptic integration. Intrinsic electrophysio-

logical properties, such as active dendritic conductances (Gas-

parini and Magee, 2006; Oviedo and Reyes, 2005) and firing

properties (Contreras and Palmer, 2003; Llinas, 1988; Nowak

et al., 2003), also contribute to resonant phenomena and the

neuronal spike frequency profile (Thomson et al., 2002).
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Conclusions
Other cellular mechanisms of gain modulation have been pro-

posed, such as activation of dendritic NMDA receptors (Fox

et al., 1992) and modulation of intrinsic currents that shape the

spike after hyperpolarization and the interspike interval (Higgs

et al., 2006; Smith et al., 2002). More recently, a role for neuro-

modulators has been suggested in mediating contrast gain con-

trol in visual cortex (Disney et al., 2007). In the current study, our

emphasis was on global cellular mechanisms of gain modula-

tion, and we did not attempt to distinguish specific ways in which

these mechanisms might be engaged. However, the three ele-

ments of sensory-evoked gain regulation identified here are

core mechanisms by which network synaptic activity impacts in-

dividual neurons, and they may play key roles in gain modulation

under a wide range of conditions.

The availability of multiple modes of neuronal gain may allow

cortical networks to rapidly adapt the ongoing gain state to fit

the current regime of sensory input. Indeed, the two modes of

activity described here represent one condition in which gain is

robustly modulated over long periods and a second condition

in which neuronal gain is stable, regardless of visual contrast.

Such variations in gain state have the potential to affect impor-

tant aspects of cortical visual processing, such as contrast-in-

variant orientation tuning. This potential impact is highlighted

by the striking linear contrast response function evoked by the

broadband stimulus, without the nonlinear contrast gain that is

a hallmark of the well-characterized response to drifting grating

stimuli. The relationship between regulation of the magnitude

and time course of cortical gain and the context-dependent

nature of visual responses remains to be explored.

EXPERIMENTAL PROCEDURES

Surgical Protocol

Experiments were conducted in accordance with the ethical guidelines of the

National Institutes of Health and with the approval of the Institutional Animal

Care and Use Committee of the University of Pennsylvania. Surgical and re-

cording methods were as reported previously (Cardin et al., 2005; Contreras

and Palmer, 2003). Briefly, adult cats (2.5–3.5 kg) were anesthetized with an

initial intraperitoneal injection of thiopental (25 mg/kg) and supplementary hal-

othane (2%–4% in a 70:30 mixture of N2O and O2). Subsequently, the animal

was paralyzed with gallamine triethiodide (Flaxedil) and anesthesia was main-

tained during surgery with intravenous thiopental as needed for the duration of

the experiment (14–16 hr) with a continuous infusion (3–10 mg-kg/hr). Heart

rate, blood pressure, and EEG were monitored throughout the experiment.

The end-tidal CO2 concentration was kept at 3.7% ± 0.2%, and the rectal tem-

perature was kept at 37�C �38�C with a heating pad.

The surface of the visual cortex was exposed with a craniotomy centered at

Horsley Clarke posterior 4.0, lateral 2.0. The stability of the recordings was im-

proved by performing a bilateral pneumothorax, drainage of the cisterna ma-

gna, hip suspension, and by filling the cranial defect with a solution of 4%

agar. Intracellular recordings were performed with glass micropipettes

(50–80 MU) filled with 3 M potassium acetate. All cells had a stable resting

Vm more negative than �60 mV coupled with overshooting action potentials.

Visual Stimulation

The corneas were protected with contact lenses after dilating the pupils with

1% ophthalmic atropine and retracting the nictitating membranes with phen-

ylephrine (Neosynephrine). Spectacle lenses were chosen by the tapetal re-

flection technique to optimize the focus of stimuli on the retina. The position

of the monitor was adjusted with an x-y-stage so that the area centralae

were centered on the screen.
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Stimuli were presented on an Image Systems (Minnetonka, MN) model

M09LV monochrome monitor operating at 125 frames/s at a spatial resolution

of 1024 3 786 pixels and a mean luminance of 47 cd/m2. Custom software al-

lowed for stimulus control, online displays of acquired signals (Vm and spikes),

and a graphical user interface for controlling all stimulus parameters. In addi-

tion to this online control, all data were stored on a Nicolet Vision (LDS, Middle-

ton, WI) for offline analyses. Vm and stimulus marks were sampled at 10 kHz

with 16 bit analog-to-digital converters. Computer-assisted hand plotting rou-

tines were used with every cell to provide initial estimates of the optimal orien-

tation and spatial and temporal frequencies and to determine the receptive

field dimensions. Tuning curves for orientation and spatial frequency were de-

termined online with a series of drifting sinusoidal gratings spanning the initial

estimates.

We used two types of visual stimuli: drifting gratings and broadband stimuli.

Drifting gratings of optimal parameters were presented at contrasts of 0%,

2%, 4%, 8%, 16%, 32%, and 64%. Broadband stimuli were presented at con-

trasts of 0%, 4%, 20%, 40%, 60%, and 90%. Broadband stimuli were gener-

ated by dividing the width of the receptive field into eight equal bars of the op-

timal orientation. Each bar varied randomly every 8 ms between bright, dark,

and mean luminance. The bars were uncorrelated in space and time, resulting

in variable temporal frequencies with a maximum of 125 Hz and variable spatial

frequencies with a maximum of 4/receptive field width. In some cases, short

current pulses were given repeatedly during the visual stimulus (see below).

Both F1 and DC changes in visually evoked spike output and the underlying

Vm response to drifting gratings were measured for simple and complex cor-

tical cells. However, only the DC components were used. The spike and Vm

responses to broadband stimuli were measured as the DC component. Similar

results for the experiments outlined here were observed in both simple and

complex cells, and the two groups were therefore combined for analysis.

Both the Vm and spike responses to drifting gratings of increasing contrast

were well fit by the hyperbolic ratio function: R(C) = Rmax 3 Cn/(C50
n + Cn).

Cells were classified as simple or complex based on two criteria. First, the

relative modulation of spike trains evoked by an optimized patch of drifting si-

nusoidal grating was measured. If the response at the fundamental temporal

frequency of the stimulus (F1) exceeded the average (DC) response, the cell

was classified as simple. Otherwise, the cell was classified as complex (Skot-

tun et al., 1991). Second, we estimated the one-dimensional spatiotemporal

weighting function by averaging membrane potential and spike responses to

bright and dark bars (n = 16) distributed across the receptive field at the opti-

mal orientation. Cells exhibiting nonoverlapping regions excited by bright and

dark stimuli were classified as simple. Cells showing excitation to bright and

dark stimuli throughout their receptive fields were classified as complex.

These two measures yielded the same functional classification in every case.

Vm Fluctuations and Firing Rate Variability

Vm fluctuations evoked by visual stimuli were measured as the standard devi-

ation of the Vm after spike removal (Fellous et al., 2003; Ho and Destexhe,

2000; Shu et al., 2003) and are referred to as VmSD. To facilitate comparisons

across cells, VmSD during visual stimulation was measured relative to the

VmSD observed in the absence of visual stimuli. For simple cell responses

to drifting gratings, the F1 component of the Vm response was removed by

subtracting a fitted sinusoid before measuring VmSD. For complex cells, the

DC component, calculated as the mean Vm during the response, was similarly

subtracted prior to measuring VmSD. Spikes were removed by detecting the

spike threshold at the base of the action potential and extrapolating the Vm

values from the start to the end of the spike, followed by smoothing with a three

point running average. For F-I plot calculations, firing rate was measured as the

mean firing rate during each set of current pulses. Instantaneous firing rate was

measured as one/interspike interval. Measurements of the coefficient of vari-

ation of the interspike interval (CVISI) were made from randomly interleaved

presentations of stimuli of varying contrasts. Each presentation lasted 2 s,

and each contrast was presented a minimum of ten times. Cells whose firing

rates were too low to reliably calculate the CVISI were not used for this analysis.

Input Resistance

To measure mean input resistance during visual stimulation, we gave inter-

leaved current pulses (100 ms) of varying magnitudes during presentation of
visual stimuli of varying contrast. All parameters were varied pseudorandomly.

Each pairing of current level and contrast was repeated 10 to 15 times. We

then constructed a voltage-current (V-I) plot from the injected current pulses

and calculated mean Rin as the slope of a line fit to the linear portion of the

V-I plot for each contrast level. To estimate input resistance on a moment-

to-moment basis, a series of current pulses of uniform amplitude were given

at 3 Hz during presentations of visual stimuli at varying contrasts. For these

calculations, Rin was estimated from each pulse. Variability of input resistance

was calculated as the SD of the Rin values from these pulses.

Gain Quantification

To quantify visually evoked modulation of the gain of the neuronal response

to current injection, we gave hyperpolarizing and depolarizing current pulses

(100 ms) of varying amplitudes and generated F-I plots. Each pulse amplitude

was repeated a minimum of ten times. We first fitted a sigmoid to each F-I curve.

Gain was then measured as the instantaneous slope at the midpoint, or I50, of

the sigmoid. To obtain F-I plots during visual stimulation at varying contrast

levels, current pulse amplitude and stimulus contrast were simultaneously in-

terleaved in pseudorandom order until all possible combinations had been pre-

sented a minimum of ten times. In a subset of cells, F-I gain was measured from

two sets of curves obtained with pulses of differing durations (100 or 500 ms;

see Figure S3). In another subset of cells, F-I curves were calculated from

pulses given while holding the cell at varying levels of Vm depolarization with

current injection. In all cases, gain was expressed as the ratio of the F-I gain

during visual stimulation to the F-I gain in the absence of visual stimulation.

Statistical Analysis

Statistical tests were used as noted in the main text. Significance was set at

p < 0.05. Unless otherwise noted, error bars denote SEM.

SUPPLEMENTAL DATA

Supplemental Data for this article, which include Supplemental Figures, can be
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