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Feedforward models of visual cortex appear t o  be inconsistent wi th  a well- 
known property of cortical cells: contrast invariance of orientation tuning. The 
models' fixed threshold broadens orientation tuning as contrast increases, 
whereas in  real cells tuning width is invariant wi th  contrast. We have compared 
the orientation tuning of spike and membrane potential responses in single 
cells. Both are contrast invariant, yet a threshold-linear relation applied t o  the 
membrane potential accurately predicts the orientation tuning of spike re- 
sponses. The key t o  this apparent paradox lies in the noisiness of the membrane 
potential. Responses that are subthreshold on average are sti l l  capable of 
generating spikes on individual trials. Unlike the iceberg effect, contrast in- 
variance remains intact even as threshold narrows orientation selectivity. Noise 
may, by extension, smooth the average relation between membrane potential 
and spike rate throughout the brain. 

The width of orientation tuning of visual tial (C and H), mean spike rate (E and I). and. 
cortical neurons. as measured from their for simple cells. modulation of potential at the 
spike output. is invariant with contrast (1-3). grating temporal frequency (D). Each tuning 
The feedforward model of orientation selec- cune  was then normalized to a peak amplitude 
tivity proposed by Hubel and Wiesel (4). of 1 and fitted to a Gaussian. In each cell, the 
however. predicts approximate contrast in- fitted cunes for the three contrasts were nearly 
variance of orientation tuning not of spike identical in width. The iceberg effect (7)  was 
responses, but of the synaptic input that sim- also apparent: Spike tuning was narrower than 
ple cells receive from geniculate relay cells membrane potential tuning. by -50'340 in (E) and 
(5.  6). Relay cell activity grows with increas- -30% in (I). To quantify contrast invariance for 
ing contrast, but because it is nearly orienta- the population, we plotted tuning widths derived 
tion-independent. the membrane potential re- from Gaussian fits at high and low contrast 
sponses of postsynaptic cells should grow at against one another for mean membrane poten- 
all orientations. As a result, orientation tuning tial and spikes (Fig. 1. J and K). 
of the membrane potential responses should Figure 1 highlights an important feature of 
scale with contrast, without any change in the cells that might underlie the contrast in- 
width. In the presence of a fixed spike thresh- variance of spike responses: Stimuli that 
old (7).  however. the orientation tuning of evoked membrane potential responses whose 
spike responses should widen with increasing average remained well below threshold nev- 
contrast as more of the membrane potential ertheless evoked reliable spiking. In Fig. 1, A 
tuning cuwe exceeds threshold (8). and F, for example, the peak of the averaged 

tial at the grating temporal frequency (Fig. 2A). 
At low contrast, the averaged response rose 
only slightly above baseline. Individual re-
sponse trials (Fig. 2, B to D). however. offer a 
radically different picture. The maximum depo- 
larization was similar at each contrast. N'hat 
differed was the consistency of the responses 
and the relative time spent by the membrane 
potential above threshold. Thus. while the a \ -  
eraged responses suggested that low-contrast 
stimuli should evoke no spikes at all. the varl- 
abllity in individual responses clearly did trig- 
ger spikes (Fig. 2B). although at lower rates 
than would be expected from the medium and 
high contrasts. At the orthogonal orientation. 
the averaged membrane potential showed hard- 
ly any response, and few or no spikes were 
evoked. 

The amplitude of the trial-to-trial variability 
in the responses (which we will refer to as 
"noise." although it need not be random) varied 
little with contrast and orientation (Fig. 2E). In 
22 cells (Fig. 2G), we observed a 25 to 30?b 
increase in noise at preferred orientations rela- 
tive to orthogonal orientations (lo), and a 1096 
decrease with increasing contrast. Noise at low 
frequencies (0.5 to 20 Hz) was nearly five times 
the noise at high frequencies (20 to 50 Hz) (Fig. 
2H). Both low- and high-frequency compo-
nents were elevated at preferred orientat~ons 
relative to orthogonal orientations. Unlike low- 
frequency components. high-frequency compo- 
nents were elevated relative to rest at all orien- 
tations. Increases in contrast differentially af- 
fected low and high frequencies. decreasing 
low-frequency components by 10 to 25'';. 
while elevating high-frequency components by 
10 to 4Oo4. 

The response variability had the effect of 
smoothing the relation between averaged mem- 
brane potential and average firing rate (Fig. 2F). 
as compared with the threshold-linear relation 
between instantaneous membrane potential and 
firing rate (11). Even though the averaged 
membrane potentials for the highest contrast 
stimuli never exceed threshold ( -65 mV ). such 
stimuli evoked spikes: The averaged response 

In both simple (Fig. 1, A to E) and complex 8'' response to the contrast grating lies more combined with the noise was large enough to 
cells (Fig. 1, F to I). orientation tuning of both 
membrane potential and spike responses is con- 
trast invariant (9).The red traces in (A) and (F) 
show an average (n = 5) of the membrane 
potential response to an optimally oriented stim- 
ulus of high contrast. This response is about 
twice as large as the response to a corresponding 
stimulus of low contrast (blue traces). From 
similar traces recorded at different orientations. 
we constructed orientation tuning cunes for 
three different response measures: mean poten- 
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than 5 mV below threshold, yet the tuning 
curve for spikes at 8% contrast (Fig. 1E) 
shows considerable activity. Furthermore, the 
contrast-response curve for spikes at the pre- 
ferred orientation (Fig. 1. B and G) shows 
significant responses for contrasts as low as 
4%. Yet in most cells, including those in Fig. 
1. averaged membrane potential responses 
even at high contrast never exceeded spike 
threshold by more than a few millivolts, and 
in some cases never reached threshold at all. 

The explanation for this behavior lies in the 
variability of the individual responses, as shown 
for another simple cell in Fig. 2. At the pre- 
ferred orientation. the averaged response to 
high- and medium-contrast gratings consisted 
of a robust modulation of the membrane poten- 

cany the membrane potential above threshold 
during some trials. The relation between aver- 
age potential and firing rate could be approxi- 
mated by a quadratic function. reminiscent of 
the squaring operation used to model cortical 
cells (12). Such a smoothing of the threshold 
nonlinearity preserves the contrast invariance of 
orientation tuning in the membrane potential 
responses as they are transduced into spikes. 
while at the same time narrowing the orien- 
tation tuning width. This can be best under- 
stood in the context of Fig. 1. D and E: To 
yield a close approximation to the Gaussian 
tuning curves of (E). one need only square the 
wider Gaussians of (D).  reducing their widths 
by the square root of 2. This narrowing dif- 
fers from a traditional iceberg effect: On 
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average, all stimuli that evoke a depolariza-
tion, no matter how small, still evoke an 
increase in spike rate. 

We simulated the averaged responses of a 
simple cell to an optimal drifting grating (Fig. 
3A) with sinusoidal modulations of the mem-
brane potential superimposed on an increase 
in mean potential. The tuning curves of the 
membrane potential mean and modulation 
(Fig. 3B) were modeled by Gaussians of 30" 
half-width and amplitudes of lo-, 6-, and 
3-mV peak-to-peak modulation, and 5-, 3-
and 1.5-mV mean depolarization at the three 
different contrasts. Noise was simulated at 
each point in time by a normal probability 

distribution centered on the averaged poten-
tial. Spike rates were predicted from the in-
tegral of the probability curve multiplied by 
the threshold-linear function. The predicted 
tuning for spikes is shown for low noise (Fig. 
3C) and for physiological levels of noise 
(Fig. 3D). The curves for the low-noise con-
dition show marked changes in width with 
contrast; the curves for the high-noise condi-
tion show near perfect contrast invariance. 
The effects of changing the noise level are 
shown in Fig. 3E. Above a modest level of 
noise (2 to 3 mV), the tuning widths at each 
contrast convergetoward a horizontal asymp-
tote, such that increases in noise above this 

level change tuning width only slightly. 
The effect of noise on tuning width was 

primarily generated at nonoptimal orienta-
tions. There, the variability was most needed 
to ensure that the membranepotential crossed 
spike threshold sufficiently to translate small 
membrane-potential responses into spike re-
sponses. As long as the noise was of suffi-
cient amplitude at these orientations and con-
trasts, contrast invariance was predicted. The 
prediction of contrast invariance depended 
little on assumptions about the spectral com-
position or tuning properties of the noise. In 
the simulations shown, the noise was as-
sumed to be untuned for contrast or orienta-
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Fig. 1.Contrast invarianceof orientationtuning. 
(A) Averaged membrane potential responses of 
a simple cell to  optimally oriented gratings at 
8% (blue). 20% (green). and 64% (red) contrast. 
Vertical dashed line reDresents stimulus onset. 
(8)Contrast-response &we for the same cell. 
Shaded regionrepresents V,, 2 SEM. Error bars 
representthe SEM. (C) (Upper) Orientationtun-
in of mean potential at three contrasts. (Low-
erf The same tuning data normalized to a peak 
height of 1. Continuous curves are best fits to  a 
Gaussian. (D) Orientation tuning of modulation 
of potential at the drift frequency of the stim-
ulus. (E) Orientationtuning of spike rate. (F to  I) 
Similar to  (A) to  (E) for a complex cell (modu-
lation component of membranepotential omit-
ted). 0) Orientation tuning widths at high 
(64%) versus low (8 to  16%) contrast of mem-
brane potential across a population of 22 cells 

30 210 30 210 (mean for complex cells, modulation for 
simple cells. 0).(K) Orientation tuning widths 

Orientation(degrees) at high and low contrast of spike rate responses 
across a population of 18 reliably spiking cells. 
Dotted-linesin (J) and (K) have a slope of 1. 
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Fig. Z Variability of membranepotential responses. (A) Averaged m e w  
brane potential responses at preferred and orthogonal orientations for 
three contrasts. (B to  D) Three individualresponsetrials at each contrast 

' '1 'I 
I for preferred and orthogonal orientations. (E) Membranepotential vari-

ability (standard deviation) as a function of orientation and contrast. 
Horizontal black line shows spontaneous noise. (F) Spike rate plotted against averaged membrane potential. Cycle averages of potential and 
spikes for each orientation and each contrast were computed. Mean potential and spike rate were then plotted for each 10-ms interval i n  each 
cycle average. Red trace shows average o f  points for each membrane potential value. Spike threshold for this cell is -65 mV. (G) Noise 
amplitude (standard deviation) plotted against orientation at different contrasts averaged across 22 cells. Black line shows standard deviation 
of spontaneous noise i n  the population. (H)Same as (C) for low- (0.5 t o  20 Hz) and high- (20 t o  50 Hz) frequency components of the responses. 

Fig. 3. Noise produces con- Simulated Responses Modulationof Potential 
tr& invariancein a simulat-
ed simple cell (A) Simulated -40 

membrane potential re- -
sponses optimally oriented 3 5 
gratings at three different f ' 
contrasts. Modulationampli-
tudes for the three different -70 
contrasts are 20,12, and 6 0 Time (s) O Orientation (Degrees) le0 

mV. The dc offsets are 5, 3, Ndse = 1 rnV (s.d.) Noise =4 rnV (s.d.) 
and 1.5 mV. (B) Responses 
were tuned for orientation 
with a Gaussian of half- 1{kllkwidth at half height of M". g F . ~
(C) (Upper trace) Predicted t g 
spiketuning usingthreshold-
linear model and low noise 0 
(1-mV SD). Threshold was 
-51 and slope of linear 
function was 6 spikes s-' 3 x 3mV-'. (Lower trace) Nor- 3 E 
malized tuning curves. (D) 3 c 
Predicted spike tuning using z if 
higher membrane-potential 
noise(4-mV SD). (E) Predict- 0 180 0 180 
ed spike tuning width as a Orientation (Degrees) 
function of noise for three 
different contrasts. Gray line, 
membrane potential tuning 
width. (F) Predicted spike 4 rnV (s.d.) 

tuningwidthas afunctionof I$f 
spike threshold for three dif- p
ferent contrasts (red, green, 0 
and blue) and for low and 
high noise (dashed and solid 5 -55 -41 
lines). Noise(mV s.d.) Spike Threshold(mV) 

tion. Introducinga degree of tuning similar to As with recorded cells, the simulation 
that observed in Fig. 2, E and G, however, showed a narrowing of tuning for spikes rel-
had no perceptible effect on the contrast in- ative to the tuning of membrane potential 
variance of the modeled responses (13). (Fig. 3E). The effect gradually diminished 

with increases in noise, increased with dis-
tance between resting potential and spike 
threshold, but was largely independent of the 
position of spike threshold at high noise lev-
els (Fig. 3F). 

To determine whether the noise present in 
vivo could account for contrast invariance in 
spike orientation tuning, we applied the thresh-
old-linear model of spiking to membrane po-
tential traces recorded from 18 reliably spiking 
cells. Spikes rates were predicted with three 
different methods. First, we applied the thresh-
old-linear model to the averaged responses 
(14). Second, we applied the model to individ-
ual response trials. Finally, we applied the mod-
el to the sum of the averaged responses and 
normally distributed noise of variance equal to 
that of the cell's spontaneous membrane poten-
tial. The resulting predicted tuning curves, to-
gether with measured tuning curves, are shown 
in Fig. 4 for one simple cell (A to D) and one 
complex cell (E to H). For both cells, orienta-
tion tuning is essentially contrast-invariant for 
all conditions except for predictions made from 
averaged responses without added noise. The 
same was true for the population, as shown in 
Fig. 4, I to K, where tuning widths at high and 
low contrast are compared for the three predic-
tion methods. Unlike the noise recorded in 
cortical cells, which is dominated by low 
frequencies (Fig. 2H), the simulated noise 
used in Figs. 3 and 4, D and H, has equal 
components at all frequencies. Both realistic 
noise (Fig. 4, C and D) and spectrally flat 
noise, however, were able to predict contrast 
invariance in the spike output. 
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Average Traces 

Predicted from PledicteU from Average 
Individual Traces Traces with Added N o h  
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Fig. 4. Measured and predicted orientation tuning for spikes. (A) Measured spike orientation tuning 
at three contrasts (red, 64%; green, 20%; blue, 12%) for a simple cell. Error bars show S E M .  (B) 
Spike orientation tuning predicted from averaged membrane potential responses. (C) Spike 
orientation tuning predicted from individual response trials. (D) Spike orientation tuning predicted 
from averaged responses with added noise. (E to  H) Same as above for a complex cell. (I) Spike 
tuning width at high versus low contrast predicted from averaged membrane potential responses. 
Widths at high contrast were greater than at low contrast by 9.1" 2 1.2" (SEM, n = 18, P < 0.001; 
two-tailed t test). (1) Spike tuning width at high versus low contrast predicted from individual 
trials. (K) Spike tuning width at high versus low contrast predicted from averaged responses with 
added noise. Average difference in width at high and low contrasts was less that 1" in both (1) and 
(K). 

Our findings partially solve the puzzle of 
how contrast invariance of orientation tuning 
arises in cortical cells. With sufficient noise, 
contrast-invariant tuning in membrane poten- 
tial responses can generate contrast-invariant 
spike responses, despite nonlinear filtering by 
the spike threshold. But how does the orien- 
tation tuning of the membrane potential re- 
sponses become contrast invariant? For cells 
(including most complex cells) that receive 
synaptic input of cortical origin, the answer is 
straightforward: Orientation tuning of the 
spike output of cortical cells is itself contrast- 
invariant (1-3). For cells (including most 
simple cells) that receive input from the lat- 
eral geniculate nucleus, the origin of contrast- 
invariant orientation tuning of synaptic inputs 

is more obscure. Hubel and Wiesel's model 
predicts that the mean component of the relay 
cell input grows with contrast at all orienta- 
tions (8). That it fails to do so at null orien- 
tations (Fig. 1C) requires an additional or 
alternative mechanism to linear summation of 
thalamic inputs. One such mechanism is non- 
linear, intracortical amplification of genicu- 
late input by orientation-specific feedback 
connections (15-1 7). Alternatively, contrast- 
dependent, push-pull inhibition could coun- 
teract the rise in mean potential predicted to 
occur at orthogonal orientations (6). 

Our data suggest that contrast invariance 
cannot be reliably achieved in a single cell for 
a single stimulus presentation. The reliable 
perception of stimulus orientation and con- 

trast during a single trial seems to require 
averaging across a population of neurons. 
Population averages will only be effective, 
however, if the noise among individual cells 
(18) and their inputs (19, 20) is uncorrelated, 
which is not always the case. Finally, our 
results suggest a more widespread function 
for noise. It allows the averaged membrane 
potential of a neuron to be translated into 
spiking in a smooth, graded manner across a 
wide range of potentials, starting far below 
threshold and continuing through threshold 
itself. Thus, cortical neurons exhibit a clear 
form of stochastic resonance in their respons- 
es to visual stimuli (21, 22). With an appro- 
priate level of noise, membrane potential re- 
sponses evoked by low-contrast stimuli, 
which on average remain subthreshold, can 
nevertheless evoke significant spiking (23) 
that is entrained to the stimulus. 
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Efficient Initiation of HCV RNA 
Replication in Cell Culture 

Keril J. Blight,' Alexander A. ~olykhalov,' Charles M. Rice1,'* 

Hepatitis C virus (HCV) infection is a global health problem affecting an 
estimated 170 million individuals worldwide. We report the identification of 
multiple independent adaptive mutations that cluster in the HCV nonstructural 
protein NS5A and confer increased replicative ability in vitro. Among these 
adaptive mutations were a single amino acid substitution that allowed HCV 
RNA replication in 10% of transfected hepatoma cells and a deletion of 47 
amino acids encompassing the interferon (IFN) sensitivity determining region 
(ISDR). Independent of the ISDR, IFN-a rapidly inhibited HCV RNA replication 
in vitro. This work establishes a robust, cell-based system for genetic and 
functional analyses of HCV replication. 

HCV (1) typically evades clearance by the 
host's immune system, allowing the establish- 
ment of a persistent infection in at least 70Y.0 of 
infected individuals. HCV-associated end-stage 
liver disease is now the leading cause of liver 
transplantation in the United States. Most pa- 
tients treated with IFN alone either fail to re- 
spond or do not mount a sustained response. In 
Japanese patients. the amino acid sequence in a 
defined region of NSSA, designated the ISDR. 
appears to correlate wit11 the effectiveness of 
IFN treatment. However. this association is 
substantially weaker or absent in patients infect- 
ed with genotype la  HCV strains or European 
patients infected with genotype I b strains. .41- 
though considerable genetic heterogeneity ex-
ists among different HCV isolates, genotypes 
I a and I b are the most prevalent worldwide (2). 

The single-stranded, positive-sense HCV 
RNA genome is -9.6 kb in length and compris- 
es a 5' nontranslated region (NTR) that contains 
an intenial ribosome entry site (IRES), a 
polyprotein coding region consisting of a single 
long open reading frame (OW),and a 3 '  NTR. 
Despite the availability of infectious cDNA 
clones [for examples. see (3. 4)]. efficient in 
vitro replication has not been obsened. Recent- 
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ly. HCV repl~cation was reported In the human 
hepatoma cell line. Huh7. after transfection of 
genotype Ib subgenom~c RNA replicons ex-
pressing a selectable marker (5) These replicons 
contalned (1) the HCV 5' NTR fused to 12 
amino acids of the caps~d coding region. (11) the 
neomycin phosphotransferase gene (Neo). 
which upon expression confers res~stance to 
G418. (111) the IRES from encephalomyocarditis 
x ~ rus  (EMCV), nhich d~rects translation of 
HCV protelns NS2 or NS3 to NSSB, and ( I \ )  

the 3' NTR Hou ex er. only 1 In 10' Huh7 cells 
supported HCV replication, n h ~ c h  the authors 
attributed to loll numbers of permissiLe cells 
(5) 

To extend thls system to other HCV geno- 
types, we constructed s ~ m ~ l a r  selectable repli- 
cons based on the HCV-H genotqpe I a infec- 
t~ous clone (3) In contrast to the earher study 
(5). we found that transfectlon of deoxynbonu- 
clease (DNase)-treated RNA repl~cons (6. 7) 
Into multiple human hepatoma cell lines (8)  
faded to confer ant~biot~c resistance The inabil- 
~ ty  of the HCV-H-deri~ed replicons to estab- 
lish efficient HCV replication could indicate 
that the earlier success (5) a as dependent on the 
particular genotype Ib consensus cDN4 clone 
studled As a p o s ~ t i ~ e  control. me synthesized 
the genotype I b rephcon, I;,, NS3-3' (5). uslng 
a polymerase cham reactlon (PCR)-based gene 
assembly procedure (Y) and transfected RNA 
transcnpts Into Huh7 cells (6. 7) G418-resis- 
tant colomes supporting autonomous HCV rep- 
l~cation (10) were obsened at low frequency 
(11 )  In contrast, colonies uere neLer obsened 
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for Huh7 cells electroporated in parallel with 
replicon RNA carrying a polymerase-defective 
lethal mutation in NSSB (pol ) (12). 

High-level replication may reflect a need for 
adaptation of the replicon to the host cell: 
hence, we sequenced uncloned reverse tran-
scriptase (RT)-PCR products amplified from 
five independent G4 18-resistant cell clones 
(13). Each cell clone contained replicons with 
mutations in a defined region of NS5A; four 
clones contained replicons encoding amino acid 
substitutions upstream of the putative JSDR, 
and the fifth clone harbored a replicon encoding 
an in-frame deletion of 47 amino acids encoln- 
passing the ISDR. In addition to an amino acid 
change in NS5A. one replicon also encoded an 
amino acid substitution in NS3 and another 
encoded amino acid substitutions in both NS3 
and NS4B (14).  Sequence analysis of the 
NS5A coding region revealed that 12 of 17 
additional cell clones had replicons with point 
mutations upstream of the ISDR (Fig. IA).  
Thus. we identified nine different NS5A suh- 
stitutions localizing to a region of about 30 
amino acids. and a deletion of 47 amino acids 
(Fig. I A). 

We next engineered each change back into 
the I,,,NS3-3' replicon. After transfection of 
mutant RNA transcripts into Huh7 cells and 
G418 selection (6, 7), each construct estab-
lished replication in 0.2 to 10Y.0 of transfected 
cells (Fig. IA), as compared with 0.0005Y.0 for 
the original I,,,.NS3-3' replicon. Hence. each 
of the 10 mutations in NS5A enhanced the 
ability of HCV replicons to replicate. Engineer- 
ing the 147aa and S1 I791 mutations into the 
HCV-H genotype la-derived replicon did not 
result in detectable replication in Huh7 cells. 
This suggests that different or additional adap- 
tive mutations may be required for RNA repli- 
cation of other isolates. 

To examine the abilitv of these mutant con- 
structs to replicate over a shorter time scale in 
the absence of G418 selection, we measured 
HCV-specific RNA amplification at different 
times after transfection. Replicons with the 
highest transduction efficiency displayed the 
greatest level of HCV RNA accumulation in 
this first cycle assay (Fig. I B). For the replicon 
S11791, HCV RNA levels increased to -20-. 
300-. and 400-fold relative to the p o l  negative 
control at 24, 48. and 96 hours, respectively 
(Fig. 1B). 
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