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High-Resolution Neurometabolic Coupling in the Lateral
Geniculate Nucleus

Baowang Li and Ralph D. Freeman
Vision Science Group, School of Optometry, and Helen Wills Neuroscience Institute, University of California, Berkeley, Berkeley, California 94720-2020

The relationships between neural and metabolic processes in activated brain regions are central to the interpretation of noninvasive
imaging. To examine this relationship, we have used a specialized sensor to measure simultaneously tissue oxygen changes and neural
activity in colocalized regions of the cat’s lateral geniculate nucleus (LGN). Previous work with this sensor has shown that a decrease or
increase in tissue oxygen can be elicited by selective control of the location and extent of neural activation in the LGN. In the current study,
to evaluate the temporal integration and homogeneity of neurometabolic coupling, we have determined the relationship between mul-
tiunit extracellular neural activity and tissue oxygen responses to visual stimuli of various durations and contrasts. Our results show that
the negative but not the positive oxygen response changes in an approximately linear manner with stimulus duration. The relationship
between the negative oxygen response and neural activity is relatively constant with stimulus duration. Moreover, both negative and
positive oxygen responses saturate at high stimulus contrast levels. Coupling between neural activity and negative oxygen responses is
well described by a power law function. These results help elucidate differences between the initial negative and subsequent positive
metabolic responses and may be directly relevant to questions concerning brain mapping with functional magnetic resonance imaging.
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Introduction

Functional neuroimaging techniques, such as functional mag-
netic resonance imaging (fMRI), infer neural activity from
changes in hemodynamics. Most fMRI studies use the blood ox-
ygen level-dependent (BOLD) signal and assume that cerebral
blood flow (CBF) underlies the localization of particular areas
involved in a task. However, the use of spatial and temporal char-
acteristics of the positive BOLD response to estimate neural ac-
tivity is not straightforward (Grinvald et al., 2000; Logothetis et
al., 2001). Studies in which fMRI or optical imaging techniques
are used, show that the early transit increase in deoxyhemoglobin
(Hbr; initial dip) is well localized to the presumed sites of neural
activity (Malonek and Grinvald, 1996; Duong et al., 2000; Kim et
al., 2000; Kim and Duong, 2002). Recent studies in which colo-
calized measurements were made of oxygen concentration and
neural activity confirm on a fine spatial scale that the initial neg-
ative response is more spatially localized (Thompson et al., 2004,
2005) and that neural activity is coupled with the initial negative
oxygen change rather than the subsequent positive oxygen re-
sponse (Thompson et al., 2003, 2004, 2005). These results suggest
that the initial negative component may be very useful in the
application of high-resolution fMRI (Duong et al., 2000; Kim et
al., 2000; Kim and Duong, 2002). However, the initial dip in fMRI
is controversial. It is generally weak and variable and is often not
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observed. But because it has the potential to increase the resolu-
tion of fMRI, it is worth exploring the initial dip in detail.

Conventional fMRI techniques are based on the positive
BOLD signal and assume a linear relationship between neural
activity and hemodynamic changes (Boynton et al., 1996; Logo-
thetis et al.,, 2001; Heeger and Ress, 2002; Logothetis, 2002).
However, recent optical imaging studies bring into question this
assumption (Devor et al., 2003; Sheth et al., 2004). In contrast to
the positive BOLD signal, the initial dip that is sometimes ob-
served in fMRI and optical imaging studies is thought to reflect
localized neural activity (Malonek and Grinvald, 1996; Yacoub
and Hu, 1999, 2001; Yacoub et al., 1999; Duong et al., 2000; Jones
et al., 2001; Kim and Duong, 2002). However, basic characteris-
tics of the initial dip remain unclear. To clarify the relationship
between the initial dip of the fMRI signal and neural activity,
metabolic and neural functions should be measured simulta-
neously. This may be accomplished indirectly by determinations
of oxygen consumption during neural activation in a given region
of the cerebral cortex.

Tissue oxygen measurements usually exhibit an early neg-
ative component followed by a positive response (Thompson
et al., 2003; Offenhauser et al., 2005). In recent studies, by
taking advantage of the precise retinotopic organization of the
lateral geniculate nucleus (LGN) to control the extent and
pattern of neural activity, monophasic negative and positive
oxygen responses have been observed. In the current study, by
using this technique, we have measured neural and oxygen
responses at different stimulus durations and contrast levels
to evaluate the extent of linearity of both oxygen response
components.
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Materials and Methods

Physiological preparation. All procedures complied with the National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals. A
total of 23 cats (5-8 months of age; 2.5-3.5 kg) were used in this study.
Anesthesia was induced with isoflurane, and femoral veins were cannu-
lated. A thermistor probe was inserted to monitor core body temperature
that was maintained at 38°C. A tracheostomy was performed, and a
tracheal cannula was positioned. Isoflurane was discontinued, and anes-
thesia was continued with thiopental sodium delivered intravenously
combined with fentanyl (10 ug/h). After surgical procedures, fentanyl
was discontinued and thiopental was set for continuous infusion as de-
termined individually for each cat (generally 1.0-2.5 mg-kg ™' -h ™).
The animal was artificially ventilated (25% O,-75% N,O) at a rate ad-
justed to maintain expired CO, at 4—5%. A craniotomy was performed at
6 mm anterior and 9 mm lateral from zero Horsley-Clarke coordinates.
The dura was resected and covered with agar and wax to prevent drying
of the cortex surface and to reduce pulsation. After the anesthetic level
was stabilized at a constant rate of thiopental sodium, the cat was para-
lyzed with an intravenous infusion of pancuronium bromide (0.2
mg - kg '+ h ). Electroencephalogram, electrocardiogram, heart rate,
temperature, intratracheal pressure, and end-tidal CO, were monitored
during the experiment.

Tissue oxygen signal and neural activity. A Clark-style polarographic
oxygen sensor and an adjacent platinum microelectrode housed within a
double-barrel micropipette were used to record neural activity and oxy-
gen response (Unisense, Aarhus, Denmark). The tip diameter was ~30
wm, and the field of sensitivity of the oxygen microsensor was a sphere of
~60 wm (2X tip diameter). Oxygen microsensors were calibrated in a
bath of 0.9% saline at 38°C and exhibited linear oxygen response to
changes in oxygen concentration. The oxygen sensor was connected to a
high-impedance picoammeter (PA 2000; Unisense). Oxygen signals were
sampled at 10 Hz. In total, three different electrode units were used for
the experiments reported here.

The microelectrode unit was advanced vertically into the LGN
(Horsley-Clarke coordinates: 6 mm anterior and 9 mm lateral from zero)
at a depth of ~12 mm from the cortical surface by use of an electric
micrometer. The impedance of the neural electrodes was between 0.66
and 1.0 M{) (mean, 0.84 = 0.17 M£); n = 3). The preamplified signal
(10X) was amplified (2000X) and filtered between 0.25 and 8 kHz. Ex-
tracellular action potentials were discriminated by setting a threshold
above the background noise and producing multiunit neural activity
(MUA). Drifting sinusoidal gratings were used as the visual stimulus.
Custom-made search software was used to provide a display of a variety
of visual stimulus parameters. Following preliminary estimates of opti-
mal stimulus parameters, tuning functions were obtained quantitatively
with drifting sinusoidal gratings of 50 cd/m > mean luminance. The visual
stimuli were optimized for spatial and temporal frequency. The stimuli
positioned on the receptive field (RF) were presented monoptically to the
dominant eye while the unstimulated eye viewed a blank screen (mean
luminance, 50 cd/m?). The positions of RFs were remapped approxi-
mately every hour and adjusted if any change occurred.

Recording sites with minimal spontaneous oscillations in oxygen sig-
nal were chosen for extended study. By using this standard, ~20% of
potential recording sites were excluded because of large oscillations. De-
pending on the signal-to-noise ratio of the oxygen responses at each
recording site, the influence of oscillations was reduced by averaging
across multiple trials (from 16 to 64) of a given stimulus condition. The
interstimulus interval was randomized between 30 and 44 s to avoid
synchronization with oscillations. The spontaneous oxygen signal (as-
sessed at 10 s before stimulus onset) was subtracted from individual
oxygen responses. Oxygen responses were averaged and divided by the
mean oxygen level across all trials and are shown here as percentages of
oxygen change (Thompson et al., 2003, 2004, 2005).

Results

We used two separate protocols to investigate quantitatively de-
tails of neural and oxygen response relationships at recording
sites in the LGN. These protocols take advantage of the clear
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Figure 1. Average oxygen responses and neuronal activity to visual stimuli of different du-

rations are illustrated for a population of recording sites (n = 27) in the LGN. 4, Neural and
oxygen responses to the RF stimulus. The blue curves and histograms represent oxygen re-
sponsesand neural activity. Vertical scale bars represent neural firing rates (left) and percentage
change of oxygen signal (right). Dashed lines represent =1 SE. Dashed yellow curves represent
estimated neural responses by fitting corresponding histograms with an exponent function:
r = c+ b X exp(—t/n), where r is the neural response; t is time; and ¢, b, and n are free
parameters (Soltysik et al., 2004). The goodness of fit is 0.68 = 0.18 (SD) (n = 4). B, Neural
(histograms) and oxygen (red curves) responses to the large stimulus that extends outside the
RF. €, The negative (blue) and positive (red) curves represent oxygen responses to small and
large stimuli, respectively, at different durations. Data are identical to those in A and B. D,
Average neural responses to the small stimulus (blue dots) and the large stimulus (red dots) at
different durations.

retinotopic neuronal organization of the LGN, the small RFs, and
the relatively vigorous discharge rates of spikes. We recorded
from 48 sites, of which 27 were used to investigate temporal in-
tegration properties. In these experiments, we sought to deter-
mine whether oxygen responses, both negative and positive, are
linearly related in time. Specifically, are long-duration stimuli
responses related linearly to those of a brief nature? In addition,
we wanted to know whether neurometabolic coupling is time
invariant with stimulus duration. For the remaining 21 recording
sites, we investigated homogeneity. Specifically, we tested
whether oxygen responses, both negative and positive, have a
linear relationship with stimulus contrast. We also tested the no-
tion that negative oxygen responses are linearly coupled with
neural activity at different stimulus contrast levels. For both pro-
tocols, we only used responses that were stable over long periods.
All recording sites we used (around half of those we encountered)
were stable for =3 h such that response properties were relatively
constant.

Temporal integration
We varied the duration of two stimulus patterns (Fig. 1 A,B) to
conduct the protocols noted above. In both cases, we recorded
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Figure 2.  Time-invariant analysis of oxygen responses. Predicted responses to long-duration stimuli are generated by repli-
cating, shifting, and summing measured responses to short-duration stimuli. Oxygen responses to four stimulus durations are
used to make six predictions. A, Measured (solid curves) and predicted (dashed curves) oxygen responses to 4 s stimuli based on
responses to 2 s stimuli. Blue and red curves represent oxygen responses to the small and large visual stimuli, respectively. Gray
filled areas represent = 1SE. B, C, Measured and predicted oxygen responses to 8 s stimuli based on responses to 2 s (B) and 4 s
(€) stimuli. D-F, Measured and predicted oxygen responses to 16 s stimuli based on responses to 2 s (D), 4 s (E), and 8 s (F) stimuli.
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neural activity (MUA) is shown as a func-
tion of stimulus duration in Figure 1D.
Clearly, MUA associated with the positive
oxygen response remains essentially con-
stant with stimulus duration (red line). In
contrast, there is a slight gradual decline in
MUA with duration for the negative oxy-
gen response (blue line). This decrease is
not statistically significant (p = 0.81,
ANOVA). To determine whether the in-
crease in oxygen response is linearly re-
lated to stimulus duration, we made the
following comparisons. Responses to
long-duration stimuli are compared with
those predicted by summing shifted repli-
cas of the responses to short-duration
stimuli to match the durations of longer
stimuli. Stimulus durations of 2, 4, 8, and
16 s provide six predictions. Responses to
the 4 s stimuli are predicted by summing
responses to the 2 s stimuli with these
right-shifted by 2 s (Fig. 2 A, dashed lines).
Likewise, responses to the 8 s stimuli are
predicted by summing four shifted copies
of the responses to the 2 s stimuli (Fig. 2 B)
or two shifted copies of the responses to
the 4 s stimuli (Fig. 2C). Responses to the
16 s stimuli are predicted by summing
eight shifted copies of the responses to the
2 s stimuli (Fig. 2 D), four shifted copies of
the responses to the 4 s stimuli (Fig. 2 E), or
two shifted copies of the responses to the

stimulus-induced oxygen and multiunit neural responses in the
LGN. Mean neural and oxygen responses from a population of
recordingsites (n = 27) are shown in Figure 1. The small stimulus
was a drifting grating (100% contrast) that was centered over the
RF of the recording site (Fig. 1 A). This stimulus is generally 1-3°,
as determined by size tuning measurements to establish the
strongest neural responses. For all presentation durations (2, 4, 8,
and 16 s), this stimulus elicited vigorous neural activity and
monophasic negative oxygen responses as shown by the post-
stimulus time histogram spike patterns and oxygen response
curves, respectively. The amplitude and width of the negative
oxygen responses increase monotonically with stimulus dura-
tion. The large stimulus (Fig. 1 B) was a full-field drifting grating
(100% contrast) with blank mask centered over the RF of the
recording site. The intention here is the complement of the first
stimulus (i.e., we are activating the region surrounding the RF).
For all durations, this large surround stimulus elicited weak or no
neural activity, which is expected because the stimulus was
mainly outside the RF. Oxygen responses were either monopha-
sic positive or weakly biphasic. The amplitude and width of the
positive oxygen response increases monotonically with stimulus
duration. Note that the large surround stimulus is outside the
classical RF so that the weak spike discharge observed is likely to
be dissociated from the oxygen responses (Legatt et al., 1980;
Thompson et al., 2005).

To enable visual comparisons, negative and positive oxygen
responses are plotted together in Figure 1C. It is evident that the
amplitudes and widths of both the negative and positive oxygen
signals increase monotonically with stimulus duration. Mean

8 s stimuli (Fig. 2 F). For the negative oxy-
gen response, the predicted and measured
oxygen responses are approximately consistent with a linear pre-
diction. For the positive oxygen response, however, different
amounts of overprediction are generally observed. Responses to
long-duration stimuli (such as 8 s) tend to linearly predict the
responses to longer-duration stimuli (such as 16 s) (Fig. 2F),
whereas responses to short-duration stimuli (such as 2 s) tend to
overpredict responses to longer-duration stimuli (such as 16 s)
(Fig. 2D). The departure from linearity of the positive oxygen
response to short-duration stimuli is consistent with a similar
finding for the BOLD signal in fMRI studies (Boynton et al., 1996;
Liu and Gao, 2000; Miller et al., 2001).

An alternative way to quantify the linearity of oxygen response
is to examine the impulse response function. For a time-invariant
linear system, the impulse response function should not be de-
pendent on the stimulus duration. We deconvolved the impulse
response functions of the oxygen responses at different stimulus
durations by the use of the following equation:

R(t) = H(t) ® U(1), (1)

where R(t) is the oxygen response, H(t) is the impulse response
function, and U(t) is the stimulus pulse function with an ampli-
tude of 1 as determined for the length of the stimulus duration.
Figure 3A shows the impulse response functions of oxygen re-
sponses at different stimulus durations. The negative impulse
response functions (Fig. 3A, blue curves) do not change signifi-
cantly with stimulus duration, suggesting that a common im-
pulse response function might exist such that the system is time
invariant. In contrast, the positive impulse response functions
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Figure 3.  Impulse response functions deconvolved from measured oxygen responses at

different stimulus durations. Before deconvolution, oxygen responses were low-pass filtered
(0.8 Hz) to remove high-frequency noise that would otherwise be magnified by deconvolution.
The ~0.5 s delay by this analysis is shifted back in time for each oxygen signal accordingly. 4,
Impulse response functions for the small and large visual stimuli are represented by blue and red
curves, respectively. Eachimpulse response function is fit by a gamma function. The goodness of
fitis 0.93 = 0.08 (SD) (n = 8). B, Areas under impulse response functions for the small (blue
curve) and large (red curve) visual stimuli. ¢, Impulse response functions deconvolved from the
estimated neural responses (see Fig. 14, dashed yellow curves) to the small stimulus at differ-
ent durations. Each impulse response function is fit by a gamma function. The goodness of fit is
0.94 = 0.04 (SD) (n = 4). D, Areas under impulse response functions in  for different stimulus
durations.

(Fig. 3A, red curves) appear to depend on stimulus duration.
Impulse response functions for shorter-duration stimuli (2 or
4 s) tend to be bigger than those for longer-duration stimuli (8 or
16 s). Figure 3B illustrates this difference with plots of the area
under the impulse response functions. The area under the nega-
tive oxygen impulse response function (blue) is constant with
stimulus duration, whereas that under the positive oxygen im-
pulse response function decreases in a significant manner ( p =
0.01, Kolmogorov—Smirnov test).

The negative oxygen response is believed to reflect the meta-
bolic demand of activated neurons by increased consumption of
oxygen (Thompson etal., 2003, 2004, 2005). To examine whether
the coupling between the negative oxygen response and neural
activity is time invariant, we obtained the impulse response func-
tions of the negative oxygen responses for different stimulus du-
rations by use of the following equation:

R(1) = H(t) ® S(1), (2)

where R(t) is the negative oxygen response, H(¢) is the impulse
response function, and S(#) is the estimated neural activity that is
obtained by fitting the histogram with an exponential function as
shown by the dashed yellow curves in Figure 1A. The impulse
response functions of the negative oxygen responses appear to be
independent of stimulus duration (Fig. 3C,D). This result indi-
cates that a time-invariant coupling exists between the negative
oxygen response and neural activity.

Homogeneity
We varied the contrast levels of the two stimulus patterns and
measured oxygen responses and neural activity in the LGN. Fig-
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Figure4. Mean oxygen responses and neuronal activity are shown for small and large visual
stimuli at different contrast levels fora population of recordingsites (n = 21) in the LGN. Traces
above the responses indicate stimulus onset and duration (4 s). Dashed lines represent =1 SE.
A, Neural and oxygen responses are shown for the small visual stimulus at seven stimulus
contrast levels (6.25,12.5,25,37,50,71,and 100%). The blue curves and histograms represent
oxygen responses and neural activity. B, Neural (histograms) and oxygen (red curves) responses
are presented for the large visual stimulus at seven contrast levels.

ure 4 illustrates mean neural and oxygen responses of a popula-
tion of recording sites (1 = 21) at seven contrast levels (6.25, 12.5,
25, 37,50, 71, and 100%). The small grating patch stimulus elic-
ited robust neural activity and negative oxygen responses at high
contrast levels but weak responses for low contrasts (Fig. 4A),
indicating close coupling between oxygen consumption, neural
activity, and stimulus contrast. In contrast, for the large stimulus
that extends outside the classical RF, there is an absence of a
negative oxygen component, and the amplitude of the positive
oxygen response increases monotonically with stimulus contrast
(Fig. 4 B). Note the clear overall difference in oxygen and neural
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Figure5. Effects of contrast saturation are shown of oxygen and neural responses. Data are
froma population of recording sites as shown i Figure 4. A, Amplitudes of the oxygen responses
are shown for the small stimulus (blue dots, left ordinate) and large stimulus (red dots, right
ordinate). Amplitude is identified as the dip of the oxygen response to the small stimulus or the
peak of the oxygen response to the large stimulus that occurs within 10 s after stimulus onset.
The data are fit by a power law function (goodness of fit: 2 = 0.99 for the negative oxygen
responses and R? = 1.0 for the positive oxygen responses). To differentiate the negative from
the positive, the amplitude of the negative oxygen response is shown as “negative” (blue dots).
B, Neural responses are shown to the small stimulus (blue dots) and large stimulus (red dots).
The data arefit by a power law function. The goodness offit (R ) is 0.97 and 0.95 for the blue and
red curves, respectively. Error bars indicate =1 SE.

patterns for the two types of stimulation. At the lowest contrast
used (6.25%), there is weak but significant positive oxygen re-
sponse ( p < 0.05, ¢ test) for the large stimulus that surrounds the
classical RF and no oxygen response for the small RF stimulus.

For a linear system, input—output scaling should be constant.
If the oxygen response changes linearly with stimulus contrast,
we expect a linear change in the amplitude of oxygen response
with contrast. However, as the plots in Figure 5A show, both
negative and positive oxygen responses exhibit nonlinear satura-
tion effects. To quantify the nonlinearity of contrast saturation of
neural and oxygen responses, we fit the data with a power law
function. The power law provides very good fits. Use of an expo-
nent close to 1.0 indicates linearity (Bonin et al., 2005). We find
that exponents of 0.54 and 0.33 provide good fits, respectively, to
negative and positive oxygen responses. This shows that there is a
relatively stronger nonlinearity of contrast saturation for the pos-
itive oxygen signal. We also observe contrast saturation for the
neural activity elicited by the RF stimulus (Fig. 5B). This is con-
sistent with neural findings of recent studies (Bonin et al., 2005; Li
et al., 2006; Priebe and Ferster, 2006). In the case of the neural
response, the exponent is 0.24, which is much smaller than that
for the negative oxygen response. This indicates a nonlinear neu-
rometabolic coupling as stimulus contrast changes.

To examine the relationship between the negative oxygen re-
sponse and neural activity, the amplitude of the mean negative
oxygen response is plotted as a function of neural activity at all
contrast levels in Figure 6 A. The data are well fit by a power law
function (R* = 0.99), indicating nonlinear neurometabolic cou-
pling between oxygen consumption and neural activity. Note that
if the two lowest contrast levels are excluded, a linear fit (R?> =
1.0) can be made to these data, as shown by the dashed regression
line in Figure 6 A. This suggests a linear neurometabolic coupling
between oxygen consumption and neural activity at high contrast
levels. This result is consistent with a finding in a recent optical
imaging study (Sheth et al., 2004).

Tissue oxygen consumption has been determined in previous
work by estimations of the slope of oxygen decrease as a function
of time (Leniger-Follert, 1977; Offenhauser et al., 2005). In the
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Figure 6.  Correlation between the negative oxygen response and neural activity. The am-

plitude (A) and the initial slope (B) of the negative oxygen response are shown to change
monotonically with neural activity, which is best described by a power law function. For high
neural activity only, the data are well fit by a linear regression, and a threshold can be estimated
by extrapolation of the dashed line. All values are given as mean =1 SE.

current study, we have calculated the slope of the oxygen change
over time during the initial quasi-linear phase. This was done for
the negative response between 2 and 4 s after stimulus onset. A
part of the 2 s delay is to account for the ~0.75 s response time of
our sensor. The rest of the delay is used to avoid oscillations in the
baseline oxygen signal. Consistent with the result in Figure 6 A,
the relationship between the initial slope (—k) and neural activity
is also best described by a power law function (R* = 0.99), sug-
gesting nonlinear neurometabolic coupling between oxygen con-
sumption and neural activity (Fig. 6 B). In addition, data at high
contrast levels are also well fit (R* = 1.0) by a linear regression, as
shown by the dashed line (Fig. 6 B). Note that we obtain the same
nonlinear relationship between oxygen consumption and neural
activity by use of the amplitude and the initial slope of the nega-
tive oxygen response.

Discussion

Local changes in cerebral oxygen levels and associated neuronal
activity are of fundamental interest (Masamoto et al., 2003;
Thompson et al., 2003, 2004, 2005; Offenhauser et al., 2005). In
the current study, we take advantage of the precise retinotopic
organization of the LGN (Sanderson, 1971) and the ability to
control the pattern of neural activity with respect to our special-
ized electrode. We have measured monophasic negative and pos-
itive oxygen responses and associated neural activity to visual
stimuli at different durations and contrast levels. There are three
main results. First, we find that the negative but not the positive
oxygen response exhibits a nearly time-invariant property to dif-
ferent visual stimuli. Second, both negative and positive oxygen
responses show saturation for visual stimuli of high contrasts.
Third, the relationship between negative oxygen responses and
neuronal activity is best described by a power law function across
stimuli of different contrast levels. Together, these results are
directly relevant to the interpretation of high-resolution
hemodynamic-based functional brain imaging data (Duong et
al., 2000; Kim et al., 2000; Kim and Duong, 2002). Specifically, in
the case of fMRI, use of the initial dip might result in both im-
proved spatial localization and a firmer basis for the linear model
that is currently used in the interpretation of fMRI data (Friston
et al., 1994; Boynton et al., 1996; Ress et al., 2000; Heeger and
Ress, 2002). Of course, as noted in the Introduction, we realize
that the initial dip is controversial, and it remains to be deter-
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mined whether it can be used successfully in routine fMRI
applications.

Monophasic oxygen responses and the size of visual stimulus
Small and large visual stimuli may be used, respectively, to elicit
negative and positive oxygen responses in the LGN (Thompson
et al., 2004, 2005). A monophasic negative oxygen response is
obtained only when a small group of neurons are activated by a
small stimulus within the classical RF of a recording site. Stimuli
larger than this usually elicit a biphasic oxygen response in the
LGN (Thompson et al., 2004, 2005). However, monophasic neg-
ative oxygen responses are not generally observed in visual cortex
(Thompson et al., 2003). One possible reason for the difference is
that the sensor itself may cause a problem with vascular integrity
in the LGN. This may be similar to a vasodilator-induced condi-
tion (Fukuda et al., 2006). To address this possibility, we have
examined baseline oxygen tension values in both the LGN and
visual cortex. We find that baseline oxygen tension values in the
LGN and cortex are 33.2 = 15.5 mmHg (n = 20) and 31.9 = 15.2
mmHg (n = 32; mean * SD), respectively. These values are not
significantly different ( p = 0.8, ¢ test). This result suggests that
our electrode does not induce more vasodilation in the LGN. We
conclude that monophasic negative oxygen responses may be
attributable primarily to the precise retinotopic organization and
small magnification factor in the LGN. We also should note that
monophasic negative responses to small stimuli may not be de-
tected by fMRI in the LGN. Tissue oxygen measurements are
sensitive to the oxygen concentration across small numbers of
capillaries. However, BOLD fMRI measures changes in the con-
centration of Hbr within draining veins, venules, and large re-
gions of capillaries (Heeger and Ress, 2002). The field of view of
our oxygen sensor is ~60 wm, whereas a typical voxel in fMRI is
a few millimeters. Therefore, focal metabolic and hemodynamic
changes detected by our oxygen sensor may be washed out by
partial volume effects during fMRI measurements.

Linear and nonlinear temporal integration of

oxygen responses

The evaluation of posited linearity of functional BOLD responses
is of clear interest and has been considered in a number of studies
(Boynton etal., 1996; Vazquez and Noll, 1998; Liu and Gao, 2000;
Ress et al., 2000; Birn et al., 2001; Logothetis et al., 2001; Miller et
al., 2001; Heeger and Ress, 2002; Logothetis, 2002; Soltysik et al.,
2004; Gu et al., 2005). Different degrees of nonlinearity in tem-
poral integration of the positive BOLD response have been re-
ported previously (Boynton et al., 1996; Robson et al., 1998;
Vazquez and Noll, 1998; Liu and Gao, 2000; Birn et al., 2001;
Miller et al., 2001; Soltysik et al., 2004; Gu et al., 2005). Part of this
nonlinearity is believed to be derived from the nonlinear tempo-
ral integration of the CBF signal (Miller et al., 2001). Consistent
with this interpretation, we observe a strong nonlinear temporal
integration of the positive oxygen response, which is thought to
reflect an activity-dependent increase in CBF (Thompson et al.,
2004, 2005).

In contrast, we observe a linear temporal integration of the
negative oxygen response over different stimulus durations. The
linearity of the negative oxygen response may be explained by two
plausible mechanisms. First, unlike neurons in visual cortex, cells
in the LGN exhibit weak adaptation to prolonged stimulation.
Although strong adaptation effects have been reported in mag-
nocellular cells in the LGN of macaque (Solomon et al., 2004),
adaptation in the LGN of the cat is weak (Movshon and Lennie,
1979; Ohzawa et al., 1982, 1985; Sanchez-Vives et al., 2000). This
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could constitute the neural basis of the linear integration. Second,
vascular changes might be relatively small during the negative
oxygen response. The negative oxygen response is thought to
arise from local activity-dependent increases of the cerebral met-
abolic rate of oxygen (CMRO,) (Thompson et al., 2005). The
increase in CMRO, would lead to a decrease in concentration of
tissue oxygen, but any increase in CBF or the number of perfused
capillaries would act to offset this reduction and cause nonlinear-
ity in the negative oxygen response. Therefore, these vascular
changes might be relatively small during the negative oxygen re-
sponse by focal neural activation. This could underlie the vascu-
lar mechanism of the linear temporal integration. Of course, a
combination of both these effects may apply.

Nonlinear neurometabolic coupling over stimulus contrast

A nonlinear relationship between the positive BOLD signal and
neural activity has been observed in most fMRI studies. For ex-
ample, a 12.5% stimulus contrast evoked ~50% of the maximum
BOLD response but only ~15% of the maximum neuronal re-
sponse, indicating a nonlinear relationship between the positive
BOLD and neuronal responses (Logothetis et al., 2001). In other
words, the positive BOLD response increased much faster than
the neuronal responses at low contrast but much slower at high
contrasts. However, the opposite result is observed in a compar-
ison of the negative oxygen response and neuronal activity in our
current study. A power law function accurately describes the re-
lationship between the negative oxygen response and neuronal
activity (i.e., the negative oxygen response increases more slowly
than neural activity at lower levels of activity, but more rapidly
than neural activity at higher levels).

In a recent optical imaging study, by calculating the CMRO,
signal from simultaneous measurements of Hbr, total hemoglo-
bin, and CBF over different stimulation frequencies, Sheth et al.
(2004) found that beyond a threshold, there was a linear relation-
ship between oxygen consumption and neuronal activity. Con-
sistent with this optical imaging result, a linear coupling, but with
a threshold between oxygen consumption and neuronal activity,
is also observed for high neural activity in this study (Fig. 6).
Furthermore, our results show that a threshold does not apply as
neural activity is further decreased. The coupling between oxygen
consumption and neural activity is well fit by a power law func-
tion over all levels of neural activity.

A different result has been reported on the relationship be-
tween negative oxygen response and neural activity over different
stimulus frequencies in rat cerebellar cortex (Offenhauser et al.,
2005). The oxygen consumption increased as a linear function of
neural activity at a low level of activity but exhibited saturation at
high levels of neural activity [Offenhauser et al. (2005), their Fig.
4 B]. Furthermore, by the use of the initial slope (—k) as an indi-
cator of local oxygen consumption, they found that oxygen con-
sumption in the tissue was linearly coupled with neural activity at
all levels of response [Offenhauser et al. (2005), their Fig. 4A].
This result is not consistent with our observation that both the
amplitude and initial slope of the negative oxygen response in-
creases as a power law function of neural activity (Fig. 6). We
suspect that different techniques used in these two studies might
account for the disparity. Two separate electrodes for oxygen and
neural measurements that were ~100—-200 wm apart were used
in their investigation (Offenhauser et al., 2005), whereas a com-
bined sensor that enclosed both oxygen and neural activity sen-
sors within a double-barrel glass micropipette (30 wm in diame-
ter) was used in the current study. Other factors could contribute
to the disparity. These include different cortical regions (LGN vs
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cerebellum), different stimuli (electric current vs visual stimula-
tion), and different measurements of neural activity (LFP vs
MUA).

Interpretation of nonlinear neurometabolic coupling

The power law nonlinearity with stimulus contrast can be ac-
counted for by the hypothesis of an oxygen buffer (Buxton, 2001;
Mayhew etal., 2001). Oxygen microelectrode measurements pri-
marily reflect tissue oxygen changes that lie somewhere between
mitochondrial and capillary oxygen (Wilson, 1992; Villringer
and Dirnagl, 1995). During activation by a visual stimulus at low
contrast levels, consumed oxygen with low-level neural activity
could be mostly replenished by drawing down the buffer reserve
of mitochondrial oxygen. There would then be no change in the
oxygen extraction from capillary beds associated with neural ac-
tivity. The nature of this nonlinear coupling suggests caution in
the interpretation of the initial dip for high-resolution fMRI tech-
niques. An approximately linear relationship can be assumed
only if robust stimuli are chosen for imaging protocols.
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