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Primary visual cortex (V1) is the site at which right and left eye pathways are first integrated, leading to a representation of the visual
world in depth. The ocular dominance (OD) of individual cortical neurons varies and may be changed by altering visual experience during
the developmental critical period. Estimates of OD, commonly used to quantify the right and left eye synaptic inputs, have previously been
based on spike rate. Membrane potential (Vm ), however, is more closely related to the synaptic inputs onto neurons and should therefore
more closely reflect the degree of input from the two eyes. To determine the relationship between OD based on membrane potential and
on spike rate, intracellular recordings were made from visual cortical neurons. OD based on spike rate was systematically more monoc-
ular than OD based on membrane potential. The discrepancy between membrane-potential OD and spike-rate OD may be accounted for
by a simple model of Vm-to-spike-rate transformation.
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Introduction
Synaptic connections in primary visual cortex (V1) create neu-
rons whose receptive field properties lay the foundation for our
representation of the visual world. Binocularity, resulting from
the integration of segregated pathways from the two eyes, first
appears in V1 neurons, where it not only plays a critical role in the
generation of a three-dimensional visual representation (Cum-
ming and DeAngelis, 2001), but also serves as a prime example of
experience-dependent development and plasticity in the brain.
Disrupting visual experience during development by monocular
eyelid closure [monocular deprivation (MD)], for example, leads
to a weakening of the input from the deprived eye and a strength-
ening of the input from the experienced eye (Wiesel and Hubel,
1963); strabismus during development leads to cells that are al-
most exclusively monocular (Hubel and Wiesel, 1965).

The analysis of binocularity in normal V1 and the changes
produced by disrupted visual experience has relied almost exclu-
sively on extracellular recordings, which reveal only the suprath-
reshold spiking responses of these neurons. There is good reason
to believe that the binocularity measured from spiking responses
does not accurately characterize the ocular dominance (OD) of
the synaptic input to the neuron. Because a neuron must depo-
larize to a critical threshold potential to fire spikes, smaller syn-
aptic inputs may not be represented in the spike rate of the neu-
ron. Thus, although a neuron may be activated by stimulation to
both eyes, as evidenced by membrane-potential (Vm) depolariza-

tion, if the synaptic drive from one of the eyes is not sufficient for
the cell to reach spike threshold, the neuron would be classified as
monocular based on spike rate. Even if both right and left eye
stimulation elicit suprathreshold membrane-potential depolar-
izations, the nonlinear relationship between membrane potential
and spike rate could accentuate the differences between the sub-
threshold responses (Frégnac et al., 1996; Moore and Nelson,
1998; Azouz and Gray, 2000; Tan et al., 2004; Mariño et al., 2005;
Priebe and Ferster, 2005; Finn et al., 2007). Because membrane
potential recorded at the soma represents the summed synaptic
input onto the neuron, it provides a much more direct physio-
logical means, relative to spike rate, of estimating the amount of
synaptic input coming from right and left eye pathways.

Previous work has demonstrated that spike threshold plays a
role in shaping orientation tuning, direction selectivity, and spa-
tial tuning in visual cortical neurons. Orientation tuning, when
measured from membrane potential, is broader than tuning mea-
sured from spike rate for the same neuron (Volgushev et al., 1996,
2000; Azouz and Gray, 2000; Carandini and Ferster, 2000; Cardin
et al., 2007; Finn et al., 2007). Threshold acts to narrow orienta-
tion tuning because the smaller depolarizations to nonpreferred
orientations often do not reach spike threshold. In a similar man-
ner, direction selectivity is enhanced by spike threshold because
the depolarization to the nonpreferred direction sometimes does
not reach threshold (Jagadeesh et al., 1997; Priebe and Ferster,
2005). Whereas the nonpreferred direction often elicits no spikes,
measurements of the membrane potential reveal robust depolar-
izations (Jagadeesh et al., 1993; Priebe and Ferster, 2005). For the
same reason, the spatial extent of receptive fields is also narrower
when based on spike rate than when based on membrane poten-
tial (Frégnac et al., 1996).

To address whether the spike threshold also alters estimates of
OD, subthreshold and suprathreshold responses were measured
from V1 neurons using intracellular recordings in vivo. OD based
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on spike rate was systematically more monocular than OD based
on membrane potential in individual neurons. As with orienta-
tion and direction selectivity, small biases in OD in membrane
potential are enhanced by the spike threshold. By recording the
membrane potential, latent inputs elicited by the stimulation of
the nonpreferred eye were unmasked.

Materials and Methods
Physiological recordings and visual stimulation. Whole-cell patch-clamp
recordings were made in vivo from V1 neurons in anesthetized, paralyzed
cats (2–2.5 kg) as described previously (Priebe and Ferster, 2005). Anes-
thesia was induced with ketamine (5–15 mg/kg) and acepromazine (0.7
mg/kg) and followed by intravenous administration of sodium thiopen-
tal (10 –20 mg/kg) during surgery. After surgery, the animal was placed in
the stereotaxic frame until the end of the experiment. Recording stability
was increased by both suspending the thoracic vertebrae from the stereo-
taxic frame and performing a pneumothoracotomy. Eye drift was mini-
mized with the intravenous infusion of vecuronium bromide (Norcuron;
0.2 mg/kg/h). Anesthesia was maintained for the duration of the experi-
ment with the continuous infusion of sodium thiopental (2 mg/kg/h).
Body temperature, electrocardiogram, EEG, CO2, and autonomic signs
were continuously monitored. The nictitating membrane was retracted
using phenylephrine hydrochloride, and the pupils were dilated using
topical atropine. Contact lenses with 4 mm artificial pupils were inserted
to protect the corneas. Supplementary lenses were selected by direct oph-
thalmoscopy to focus the display screen onto the retina.

Borosilicate glass electrodes (A-M Systems) were filled with a K �-
gluconate solution that included Ca 2� buffers, pH buffers, and cyclic
nucleotides. Electrodes were advanced into the cortex (area 17; �2 mm
lateral of the midline) with a motorized microdrive (Sutter Instrument).
After the electrode was in place, warm agarose solution (3% in normal
saline) was placed over the craniotomy to protect the surface of the cortex
and reduce pulsations. All procedures were approved by the Northwest-
ern Institutional Animal Care and Use Committee.

Visual stimuli were generated by a Macintosh computer (Apple) using
the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) for Matlab
(MathWorks) and presented on a ViewSonic video monitor placed 48 cm
from the cat’s eyes. The video monitor had a non-interlaced refresh rate
of 100 Hz and a spatial resolution of 1024 � 768 pixels, which subtended
40 cm horizontally and 30 cm vertically. The video monitor had a mean
luminance of 20 cd/cm 2.

Grating stimuli were presented for 4 s, preceded and followed by 250
ms blank (mean luminance) periods. After initially characterizing the
stimulus orientation, spatial frequency, spatial location, and size that
elicited the best response for each eye alone, contrast-response functions
were measured for each eye by presenting gratings of six different con-
trasts in a pseudorandom manner. Voltage responses were sampled at
4096 Hz and stored for subsequent analysis.

Analysis. Spikes were identified from the large characteristic deflec-
tions in membrane potential. The membrane potential was passed
through a 5 ms median filter to remove the action potentials. The spike
rate and average membrane potential were computed by cycle-averaging
the responses for each contrast and eye condition. Further analyses are
described in the appropriate section of the Results.

Results
OD was developed to quantify the relative degree of input from
the two eyes to a visual cortical neuron (Wiesel and Hubel, 1963).
One of the reasons, however, that the traditional OD metric based
on spike rate may not reflect the accurate degree of right and left
eye innervation to a neuron is that it is based on neuronal output
(spike rate) instead of the synaptic input. To understand how
spike threshold may alter the OD of a neuron, we start with a
model simple cell in V1 that responds with a characteristic
membrane-potential modulation to a drifting grating, but the
subthreshold responses to stimulation of the right and left eyes
are unequal (Fig. 1A). The membrane-potential responses are

then passed through a threshold-linear transformation (Fig. 1B)
to generate a spike rate. The degree of OD can be quantified by the
OD index (ODI) (Cang et al., 2005):

ODI�
C � I

C � I
, (1)

where C is the peak response to contralateral eye stimulation, and
I is the peak response to ipsilateral eye stimulation, after back-
ground subtraction. The ODI ranges from �1 to 1, where �1 and
1 are purely monocular ipsilateral and contralateral eye re-
sponses, respectively, and 0 indicates equal responses to both
eyes. For our model neuron with unequal subthreshold responses
to the two eyes, the ODI for membrane potential (ODIV) is equal
to 0.25, reflecting a bias for the contralateral eye but innervation
by both eyes nonetheless. Yet because the membrane potential
never reaches the threshold potential for spiking in response to
the ipsilateral eye stimulation, the ODI for spike rate (ODIR) is
equal to 1, indicating that the neuron is completely monocular
for the contralateral eye. As such, in this case, the extracellular
recording experiment classifies the cell as monocular, in other
words, receiving no ipsilateral eye input, although the neuron
actually does receive input from both eyes.

Even when both contralateral and ipsilateral eye stimulation
elicit spikes, the degree of OD is still different for membrane
potential and for spike rate (Fig. 1A,C, bottom). Small differ-
ences between the subthreshold responses for each eye are mag-
nified by the threshold nonlinearity, which leads the OD to be
systematically more monocular (larger-magnitude ODI) for
spike rate than for membrane potential.

To determine the relationship between OD estimated from
membrane potential and spike rate, whole-cell recordings from
cortical neurons in vivo were made using patch electrodes. After
first identifying the preferred orientation, spatial frequency, and
receptive field location for each neuron, drifting gratings of vary-
ing contrasts were presented separately to the right and left eyes
(Fig. 2). The spike rate and membrane potential were cycle-
averaged, and the peak response was computed from the sum of
the mean and first modulation response components.

Clear depolarizing responses to contralateral and ipsilateral
eye stimulation were evident, although the differences in re-
sponses were larger for the spike rate. ODIV and ODIR shared the
same ocular bias, but the magnitude of the ODI was larger for the

Figure 1. A threshold-linear model increases monocularity. A, Model simple cell membrane-
potential responses to stimulation by a drifting grating in the contralateral (CONTRA; red trace)
or ipsilateral (IPSI; green trace) eye. Vth indicates the threshold membrane potential to elicit
spikes. ODIV is the ODI (Eq. 1) for membrane potential. B, The threshold-linear transformation of
membrane potential to spike rate. C, Spike rates resulting from the membrane-potential re-
sponses in A and the transformation in B.
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spike rate than for the membrane potential. The increased mag-
nitude of the ODI for spike rate indicates that neurons appear
more monocular for spike rate than for membrane potential. The
difference in the ODI for membrane potential and spike rate did
not depend on whether the neuron was classified by spike-rate
response modulation as simple (Fig. 2A–C), complex (Fig. 2D–
F), or in between (Fig. 2G–I).

For 14 cortical neurons, the ODIV ranged from �0.38 to 0.24,

whereas the ODIR values fell within a
larger range (�0.81 to 0.80) for 64% con-
trast drifting gratings (Fig. 3A). The mag-
nitude of ODIV (mean �ODIV� � 0.15 �
0.09, SD) was significantly different from
the magnitude of ODIR (mean �ODIR� �
0.45 � 0.22, SD) (paired t test, p � 0.001).
Therefore, measurements of OD based on
spike rate are more monocular than those
based on membrane potential. The dis-
crepancy between membrane-potential
and spike-rate OD was also evident at a
32% contrast (mean �ODIV� � 0.19 � 0.14;
mean �ODIR� � 0.48 � 0.27; paired t test,
p � 0.01).

To determine whether the spike thresh-
old nonlinearity could account for this in-
crease in spike-rate monocularity, the
shape of the Vm-to-spike-rate transforma-
tion was characterized for each neuron.
Cycle-averaged responses for all stimulus
conditions were divided into 30 ms ep-
ochs, and the mean spike rate was plotted
against the mean membrane potential
(Fig. 2C,F, I). The Vm-to-spike-rate trans-
formation is similar to the threshold-
linear model (Fig. 1B) but differs in detail.
Instead of a sharp inflection at a threshold
membrane potential, the spike rate
smoothly increases as the mean depolar-
ization increases. The relationship is well
fit using a power-law nonlinearity (Hansel
and van Vreeswijk, 2002; Miller and
Troyer, 2002):

R�Vm	 � k
V� m�Vrest]
p
�, (2)

where R is the spike rate, V� m is trial-
averaged membrane potential, Vrest is rest-
ing membrane potential, p is the exponent
of the nonlinearity, and the subscript �
indicates rectification (R for Vm � Vrest is
0). The power law accounts for the impact
of trial-to-trial variability on the
threshold-linear relationship and effec-
tively smoothes the transformation be-
tween average membrane potential and
average spike rate (Hansel and van
Vreeswijk, 2002; Miller and Troyer, 2002),
but other expansive nonlinear functions
could also be applied (Heeger, 1992;
Ringach and Malone, 2007). Exponents of
the power law in visual cortex range from
1.5 to 6.5 [n � 102; mean � 3.32; SD �
0.89 (Priebe et al., 2004)]. Predictions of
spike rate were generated by applying the

Vm to spike-rate transformation to the recorded membrane po-
tential. Using the predicted spike-rate responses, ODIR was esti-
mated, and the values accounted for 94.7% of the variance, indi-
cating that the threshold nonlinearity is sufficient to account for
the discrepancy between membrane-potential and spike-rate
OD.

Because the increase in ODI seems to be caused entirely by the

Figure 2. Intracellular measurements of ocular dominance. A, Single-trial responses to high-contrast (64%) drifting gratings
in the preferred orientation. Both contralateral (CONTRA; red trace) and ipsilateral (IPSI; green trace) responses are shown. The
horizontal line indicates the resting membrane potential and marks the stimulation presentation. B, Cycle-averaged responses for
Vm (in millivolts; top) and spike rate (SR) [in spikes (spk) per second; bottom]. Resting membrane potential is indicated by the
dashed line. C, The Vm-to-spike-rate transformation is fit by a power-law function (Eq. 2; red line). Thirty millisecond epochs of
mean membrane potential and spike rate are indicated by gray dots. The fit exponent value, p (Eq. 2), is indicated in the top left
corner. The average and SE firing rate for membrane potentials in 1 mV bins are indicated by black dots. D–F and G–I follow the
conventions of A–C for two additional neurons.
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spike threshold nonlinearity, the relation-
ship between the ODIV and ODIR should
match the observations. The relationship
between ODIV and ODIR, based on the dif-
ferent exponents of the power law ( p; Eq.
2), is derived in the Appendix:

ODIR���
1�ODIV

1�ODIV
�p

�1

�1�ODIV

1�ODIV
�p

�1�. (3)

Assuming an exponent p � 3 (a typical
value for cortical neurons) results in a pre-
diction that closely matches the recorded
relationship between these indices (Fig.
3A, solid line). The critical free parameter
of this nonlinear relationship is the expo-
nent p of the transformation. Increasing
the exponent causes the function to be-
come increasingly steep at values near zero
(Fig. 3B). Assuming the same exponent for
all neurons ( p � 3), however, only mod-
estly reduces the variance accounted for by the model to 90.1
from 94.7%.

Discussion
Ocular dominance represents an important feature of visual cor-
tical organization in cats, monkeys, and humans. In addition, OD
plasticity serves as a highly used model system for the study of
experience-dependent development. I have demonstrated that
the OD of individual neurons is different for membrane potential
and for spike rate. Spike-rate measures of OD are systematically
more monocular than membrane-potential measures of OD. The
Vm-to-spike-rate transformation, which depends on both the
biophysical spike threshold and the variability of neuronal re-
sponses, is sufficient to account for the increased degree of mo-
nocularity observed in the spike rate. This enhanced monocular-
ity in spike rate over membrane potential is analogous to the
increased selectivity for orientation, direction, and spatial loca-
tion seen in spike rate relative to membrane potential in visual
cortical neurons (Jagadeesh et al., 1993; Frégnac et al., 1996;
Azouz and Gray, 2000; Carandini and Ferster, 2000).

Although such a discrepancy does exist between subthreshold
and suprathreshold OD, we have demonstrated a consistent rela-
tionship between ODIR and ODIV. It is possible to predict ODIR

or ODIV based on the exponent of the Vm-to-spike-rate transfor-
mation and the complementary ODI (Eq. 3; see also Appendix).
This functional relationship indicates that it should be possible to
approximate the subthreshold OD based on spike-rate measure-
ments alone. The relationship requires an assumption about the
power-law exponent of individual cortical neurons, which varies
between 1.5 and 6.5, but assuming a single exponent for all the
neurons only mildly reduces the variance accounted for by the
Vm-to-spike-rate model. Alternative quantitative definitions for
the ODI, such as only including the ipsilateral response in the
numerator (Macy et al., 1982) or computing the ratio of the
nonpreferred to preferred eye (Leventhal and Hirsch, 1978,
1980), still reveal the discrepancy between subthreshold and su-
prathreshold OD.

It is important to note that the ODI metric used here differs
from the OD metric originally developed by Wiesel and Hubel
(1963) and used extensively to date. The original OD metric

scored cortical neurons on a scale of 1–7 based on the relative
response to alternating stimulation of the two eyes singly. Macy et
al. (1982) measured OD using both the 1–7 scale as well as ODI.
They demonstrated a direct relationship between these two met-
rics (Macy et al., 1982). This direct relationship, Equation 13
(Appendix), makes it possible to predict the underlying
membrane-potential OD from a reported spike-rate OD and an
assumption of the exponent of the power law.

The discrepancy in OD between membrane potential and
spike rate is particularly important for our understanding of de-
velopmental plasticity. As Wiesel and Hubel (1963) originally
described, spike-rate OD distributions shift after MD during the
developmental critical period, such that a higher proportion of
neurons respond with spikes to stimulation of the open (nonoc-
cluded) eye. Such a shift in the spike-rate OD profile should be
matched by a corresponding shift in the membrane-potential OD
profile, but the two shifts may be of different magnitudes. For
example, for a neuron to shift its ODIR from �0.25 to 0.25
(�ODIR � 0.5), a small change in the ODIV is required (�ODIV

� 0.17) (Fig. 4, filled arrows). In comparison, for a neuron to
shift its ODIR from �1 to �0.5 (�ODIR � 0.5, the same ODIR

shift as in the previous example), a large change in the ODIV is
required (�ODIV � 0.82,) (Fig. 4, open arrows). In cat V1, which
is predominantly binocular, critical-period MD requires only
small shifts in synaptic input to shift neuronal responses away
from the occluded eye. However, for neurons that receive more
monocular inputs, as in mouse V1, changes in spike-rate OD that
occur with critical-period MD require much larger shifts in syn-
aptic input (Gordon and Stryker, 1996). The shape of the under-
lying distribution of ODIV may thus account for the different
magnitude shifts induced by MD across different animal models
(Wiesel and Hubel, 1963; Gordon and Stryker, 1996). It is impor-
tant to emphasize, however, that although the magnitude of OD
shifts after MD are predicted to be distinct, the direction of OD
shifts should be the same for membrane potential and spike rate.

Because the spike threshold masks the synaptic response to the
nonpreferred eye, and thus enhances monocularity in visual cor-
tical neurons, there may also be implications for understanding
and treating strabismus. Inducing strabismus before the develop-
mental critical period leads to an increase in the monocularity of

Figure 3. The transformation between membrane-potential and spike-rate ocular dominance. A, Measured ODI is plotted for
membrane potential and spike rate is plotted for each neuron (filled circles). The three neurons in Figure 2 are indicated by blue
circles. The dashed line indicates a relationship with slope � 1 and y-intercept of 0. The solid orange line indicates the prediction
based on the power-law function in Equation 2 with the exponent p � 3. B, Predictions of the relationship between ODIV and ODIR

for different exponents in the power-law function. Inset, The relationship between membrane potential and spike rate for
exponents 2, 3, and 5. contra, Contralateral; ipsi, ipsilateral.
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cortical neurons as measured by spiking responses after the crit-
ical period (Hubel and Wiesel, 1965; Blakemore, 1976; Yinon,
1976; Smith et al., 1979). The increased monocularity has been
interpreted as evidence for segregation of right and left eye inputs
onto different target neurons in V1, instead of the normal inte-
gration of the afferents onto V1 target neurons to create stereo
vision (McKee et al., 2003). Strabismus clearly changes the degree
of monocularity of synaptic input, but spike threshold may also
play a role by masking the smaller input from the nonpreferred
eye, rather than or in addition to impacting segregation of inputs
from the two eyes. In support of this hypothesis, simultaneous
binocular stimulation in strabismic animals has revealed that
even for neurons that appear monocular based on spike rate, the
nonpreferred eye modulates the response of the preferred eye
(Smith et al., 1997). If threshold were masking functional/resid-
ual input from the nonpreferred eye in strabismus, it would sug-
gest a clinical solution targeting the potentiation of still existing
but weakened synaptic connections, rather than necessitating the
remodeling or regrowth of synaptic connections.

OD has also been measured using a number of imaging tech-
niques that are related to, or at least influenced by, neuronal
spiking activity. OD maps of cortex have been generated based on
changes in blood flow either with functional magnetic resonance
imaging (Cheng et al., 2001; Goodyear and Menon, 2001) or
intrinsic signal imaging (Bonhoeffer and Grinvald, 1991; Crair et
al., 1998), both of which measure changes in oxygenated hemo-
globin, primarily driven by spiking. Imaging neural activity, by
flavoprotein autofluorescence (Husson et al., 2007) or by cyto-
chrome oxidase staining (Horton and Hubel, 1981; Horton,
1984), is also related to spiking activity in that they are both
related to mitochondrial activity, which provides ATP for the
sodium–potassium pump to maintain resting membrane poten-
tial. Imaging with voltage-sensitive dyes is also influenced by the
large voltage signals caused by spiking (Slovin et al., 2002). Be-
cause these techniques are influenced by spiking activity, mea-
sures of OD will overestimate monocularity in the same manner
as extracellular recording.

We have demonstrated that relatively small synaptic input
changes can dramatically impact the OD of individual cortical
neurons. The mechanisms underlying such OD plasticity, how-
ever, are not fully understood. A clear anatomical basis for OD

(Wiesel et al., 1974; LeVay et al., 1975) and OD plasticity (LeVay
et al., 1978; Antonini and Stryker, 1996; Horton and Hocking,
1998; Antonini et al., 1999) exists. Thalamic neurons represent-
ing the two eyes make patchy projections to layer 4 of V1 of cats
and monkeys, which form the foundations for OD columns
(Wiesel et al., 1974; LeVay et al., 1975). MD leads to both a
retraction of the thalamic axonal projections of the deprived eye
as well as an expansion of the axonal projections of the open eye
in V1 (Antonini and Stryker, 1996; Antonini et al., 1999). Al-
though these anatomical changes are observed in concert with the
physiological shifts in OD measured for individual neurons, it is
not clear how much these anatomical changes contribute to OD
plasticity relative to synaptic changes. MD causes rapid physio-
logical changes (Wiesel and Hubel, 1963) that are followed within
1 week by anatomical changes (LeVay et al., 1980; Antonini and
Stryker, 1996). The asynchrony of these events indicates that, at
least initially, synaptic plasticity is sufficient to account for OD
plasticity. It may nonetheless be that the long-term effects of OD
plasticity require anatomical changes. It is therefore still an open
question as to how much disruptions such as MD and strabismus
alter the anatomy and physiology of synaptic inputs onto cortical
neurons. A better understanding of the mechanisms underlying
ocular dominance plasticity should aid in clinical efforts to re-
cover normal visual function.

Appendix
We would like to be able to make a prediction about the relation-
ship between OD based on membrane potential and OD based on
spike rate. Starting with the definition of the ODI for membrane
potential,

ODIV �
VC � VI

VC � VI
, (4)

where VC and VI are the membrane-potential responses to con-
tralateral and ipsilateral eye stimulation, relative to the resting
membrane potential.

Equation 4 can be reorganized into

VC � VI * �1 � ODIV

1 � ODIV
� , (5)

or

VC
p � VI

p * �1 � ODIV

1 � ODIV
�p

. (6)

We know that the relationship between membrane potential and
spike rate may be fit by the power-law nonlinearity, with the
resting membrane potential subtracted off and only depolarizing
responses considered.

R�Vm	 � kVm
p , (7)

and

ODIR �
RC � RI

RC � RI
. (8)

ODIR may now be rewritten in terms of the membrane-potential
responses:

ODIR �
k * VC

p � k * VI
p

k * VC
p � k * VI

p , (9)

which may be rearranged as

Figure 4. The same magnitude shifts in spike-rate ocular dominance require different mag-
nitude shifts in membrane-potential ocular dominance. To shift the ODIR from �0.25 to 0.25
requires a �ODIV of 0.17, whereas a shift of ODIR from �1 to �0.5 requires a �ODIV of 0.82.
The magnitudes of these changes are indicated by the filled and open arrows, respectively.
contra, Contralateral; ipsi, ipsilateral.
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VC
p � VI

p *
�1 � ODIR	

�1 � ODIR	
. (10)

Note the similarity of Equation 10 and Equation 6. The two indi-
ces are now directly related to one another.

�1 � ODIR

1 � ODIR
� � �1 � ODIV

1 � ODIV
�p

, (11)

which can be rearranged to the following:

ODIR � ��
1 � ODIV

1 � ODIV
�p

� 1

�1 � ODIV

1 � ODIV
�p

� 1� , (12)

and

ODIV � ��
1 � ODIR

1 � ODIR
�

1

p

� 1

�1 � ODIR

1 � ODIR
�

1

p

� 1
� . (13)

Equations 12 and 13 provide a direct relationship between the
ODIR and ODIV that only depends on the exponent of the power
law.

We would also like to derive the conditions under which ODIR

is greater than ODIV.

ODIR � ODIV. (14)

Equation 14 may be rewritten in terms of the membrane-
potential response as in Equation 9.

VC
p � VI

p

VC
p � VI

p �
VC � VI

VC � VI
. (15)

Equation 15 may then be rearranged in the following steps:

VI
*VC

p � VC
* VI

p � VC
* VI

p � VC
* VC

p; (16)

VI
*VC

p � VC
* VI

p; (17)

VC
p�1 � VI

p�1. (18)

By Equation 18, the conditions for which ODIR is greater than
ODIV are that p � 1, and VC is greater than VI. In addition, ODIR

is less than ODIV when p � 1, but VI is greater than VC. Therefore,
for p � 1, ocular dominance is always more monocular for spike
rate than for membrane potential. The only exceptions occur
when ODIV equals 1 or 0 (ODIR and ODIV are equivalent in those
cases).
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