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Neurometabolic coupling in cerebral cortex reflects
synaptic more than spiking activity

Ahalya Viswanathan & Ralph D Freeman

In noninvasive neuroimaging, neural activity is inferred from local fluctuations in deoxyhemoglobin. A fundamental question of
functional magnetic resonance imaging (fMRI) is whether the inferred neural activity is driven primarily by synaptic or spiking
activity. The answer is critical for the interpretation of the blood oxygen level-dependent (BOLD) signal in fMRI. Here, we have
used well-established visual-system circuitry to create a stimulus that elicits synaptic activity without associated spike discharge.
In colocalized recordings of neural and metabolic activity in cat primary visual cortex, we observed strong coupling between local
field potentials (LFPs) and changes in tissue oxygen concentration in the absence of spikes. These results imply that the BOLD

signal is more closely coupled to synaptic activity.

BOLD fMRI has become a central tool in basic and applied neuro-
science because it provides noninvasive maps of neural activation
in the brain. However, the BOLD signal does not directly measure
neural activity, but rather measures local fluctuations in deoxyhemo-
globin (dHb) concentration!=. As technological advances improve
the spatial resolution of fMRI, it becomes increasingly important
to quantify the relationship between the BOLD signal and the
neural activity that it infers®’. Specifically, it remains unclear
whether the BOLD signal reflects mainly neuronal input (synaptic
activity) or neuronal output (spiking activity). Using well-known
properties of early visual pathways, we were able to dissociate these
two measures to determine their relative contributions to changes in
tissue oxygen.

Tissue oxygen is related to dHb through the oxygen-hemoglobin
dissociation curve and the local oxygen concentration gradient in
tissue. In addition, both the BOLD signal and tissue oxygen are
similarly influenced by changes in cerebral blood volume (CBV),
cerebral blood flow (CBF) and oxygen consumption (the cerebral
metabolic rate of oxygen, CMRO,)%1%. Therefore, it is reasonable to
assume that changes in tissue oxygen are indicative of analogous
changes in the BOLD signal. We have previously used a dual micro-
electrode (Unisense A/S) to make simultaneous colocalized extra-
cellular measurements of tissue oxygen and neural activity in cerebral
cortex!!. This technique allows us to examine the neurometabolic
coupling at a submillimeter level. The Clark-style polarographic oxygen
sensor measures changes in oxygen tension, which is linearly related to
tissue oxygen for the measured range!’. These measurements are
colocalized with simultaneous recordings of extracellular neuronal
activity in the form of multi-unit spiking activity (MUA) and local
field potentials (LFPs), which are commonly thought to measure
synaptic activity!>18, An advantage of this method is the high

resolution of the measurements that we can use to observe the
effects of minor manipulations of a visual stimulus on the tissue
oxygen response.

RESULTS

Temporal frequency tuning of tissue oxygen and LFPs

Our previous work focused on spatial properties of the visual stimulus.
In the current study, we manipulated temporal characteristics to
separate synaptic and spiking activity, as described below. To establish
a basis for this comparison, we conducted a preliminary experiment to
verify that temporal frequency tuning is present in both the tissue
oxygen and LFP responses. Representative tissue oxygen, MUA and LFP
responses in cat primary visual cortex (area 17) to stimuli at four
temporal frequencies are illustrated (Fig. 1). The amplitude of the
positive peak of the tissue oxygen responses ranged from 13.33%
change for 20 Hz to 22.97% change for 4 Hz. MUA responses were
band-pass filtered between 500 Hz and 8 kHz, with response strength
determined by taking the mean evoked firing-rate and subtracting the
spontaneous rate (mean firing-rate during 30—44-s interstimulus
intervals). Mean measured MUA values ranged from 3.65 spikes per s
for 20 Hz to 26.05 spikes per s for 4 Hz. LFP responses were low-pass
filtered between 0.7 Hz and 170 Hz, with frequency bands defined
as follows: & (0.7-4 Hz), 0 (48 Hz), o (8-12 Hz), B (12-25 Hz),
v (25-90 Hz), and yy (90-170 Hz). The frequency values for these
bands were chosen on the basis of previous work!>?’, Modulated
power?? was used as a measure of LFP response strength. Modulated
power was calculated by taking the power at each frequency (mean over
stimulus duration), dividing by the mean baseline power (1 s before
stimulus onset), and summing over the frequency band. Summed
modulated power in the gamma band () extended from 67.32 dB for
20 Hz to 77.11 dB for 4 Hz.
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There are two components to the tissue oxygen response (O, in
Fig. 1). The initial negative component, or the initial dip, is thought to
be associated with changes in CMRO,>2!, whereas the delayed positive
component, or the positive peak, reflects changes in CBF>!131, A factor
that must be considered in colocalized measurements of neural,
vascular and metabolic responses is that they all occur at distinct
spatial scales. We assumed that LFPs are collected over 2-3 mm? and
MUA are collected over 300-800 pmz (refs. 22,23). Correspondingly,
increases in CBF are thought to sum over an area of approximately
2 mm? (ref. 21), whereas changes in CMRO, appear to be localized to
an area of approximately 200 um? (ref. 11). Here, we quantified tissue
oxygen responses by calculating the amplitude of the positive peak in
percent signal change. This is based on the similar estimated spatial
scales of CBF and LFP measurements.

Responses to the 1-Hz temporal frequency stimulus (Fig. 1) were
robust for MUA, tissue oxygen and all LFP frequency bands. There were
similarly strong responses across measures for the 4-Hz stimulus. This
uniformity of response strength began to break down at higher temporal
frequencies. At 10 Hz, there was slight attenuation of the MUA response
and increased variability in the strength of the tissue oxygen response.
Here, the responses at the o to yy frequency bands (8-170 Hz) were
significantly higher than both tissue oxygen and MUA responses (t-test,
P = 0.025-0.0497; P responses were not significantly different from
tissue oxygen, f-test, P = 0.0513). The differences became more
pronounced at 20 Hz, when the MUA response was strongly attenuated,
as were responses in the lower LFP frequency bands. However, both
tissue oxygen and gamma band () responses remained strong. This is
consistent with previous work in which LFP temporal frequency tuning
was examined?*, For these sites, coupling between tissue oxygen and
gamma band activity is independent of temporal frequency, unlike the
relationship between tissue oxygen and MUA.

Dissociation of spiking and synaptic activity
Having established the presence of temporal frequency tuning in both
tissue oxygen and LFP responses, we conducted experiments that

Figure 2 Example recording site of responses to large (60°) stimulus.

(a) Spike-time histograms (dark blue area) and oxygen responses were
averaged across 32 trials. Solid gray lines surrounding oxygen responses
(solid blue lines) show + 1 s.e.m. (b) LFP spectrograms were calculated by
taking the mean signal modulated power across trials. Responses are shown
for 4-Hz and 30-Hz stimuli and a null stimulus. Stimuli were binocularly
presented drifting sine-wave gratings with 4-s stimulus duration, as depicted
by the vertical gray lines in a and by the step functions at the top of a and b.

ARTICLES

Figure 1 Temporal frequency tuning of tissue oxygen, MUA and LFP
responses. Tissue oxygen, MUA and LFP signals (means across six sites

+ 1 s.e.m) were normalized by the maximum response (mean across trials)
across four temporal frequencies (1, 4, 10 and 20 Hz). Tissue oxygen
responses (0) represent mean amplitude of the positive peak in percent
change. MUA responses show mean firing rate during stimulus presentation
minus mean spontaneous rate. LFP responses show modulated power
summed over each frequency band: 3, 6, a, B, v and yy.

permit dissociation of spiking and synaptic activity. Our approach
relied on the established observation that neurons in the early visual
pathway (lateral geniculate nucleus, LGN) are tuned to higher temporal
frequencies than those in visual cortex?. Cortical layers 4 and 6 receive
direct input from LGN. Although intracortical connections are also
present in these layers, we assumed a predominance of LGN input?®.
This means that gross extracellular potentials will reflect a prevalence of
synaptic over spiking activity for high temporal frequency stimuli. An
additional advantage of varying temporal frequency versus other visual
parameters concerns cortical maps. Although orientation and spatial
frequency maps have been identified?”?3, no equivalent structure has
been found for temporal frequency. This suggests a uniform spread of
neural activation across a range of temporal frequencies.

For our experiments, we used binocular full-field (60°) drifting
sinusoidal gratings presented at 100% contrast as stimuli. The gratings
had a spatial frequency of 0.2 cycles degree™!, with preferred orientation
being determined by peak MUA tuning. We used three test conditions:
low temporal frequency (2 or 4 Hz depending on peak MUA tuning),
high temporal frequency (30 Hz, based on refresh rate of stimulus
presentation monitor) and null (no stimulus). Significant tissue
oxygen responses (t-test, 1.00 x 1071® < P < 0.0028; 24 out of
26 values, P < 0.0005) were found at 13 sites. We observed neuronal
spiking, with a strong MUA response to the 4-Hz stimulus and no
response to the 30-Hz stimulus (Fig. 2a). Conversely, there were clear
tissue oxygen responses to both the 4-Hz and 30-Hz stimuli. As
expected, both the tissue oxygen and MUA responses to the null
condition were identical to the baseline signals, or noise.

The LFP spectrograms (Fig. 2b) showed modulated signal power as a
function of frequency and time. There was a marked increase in signal
power across frequency bands in response to the 4-Hz stimulus,
although the strength of the response weakened after the first second
of stimulus presentation. In response to the 30-Hz stimulus, the initial
increase in signal strength was slightly weaker than that for the 4-Hz
stimulus, particularly in the gamma and high gamma bands. However,
although signal strength varied with time, there was also a clear increase
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Figure 3 Response to small stimulus at high spatial frequency. (a) Spike-time
histograms (dark blue area) and oxygen responses (solid blue lines) were
averaged across 48 trials. (b) LFP spectrograms were calculated as in

Figure 2. Stimuli were identical to those in Figure 2, except that the

stimulus was presented over 10° of visual area (centered over the receptive
field as determined by peak MUA activity), at a spatial frequency of

0.7 cycles degree™!.

in signal power throughout the stimulus duration for this condition,
especially for frequencies below 50 Hz. Like the tissue oxygen and MUA
responses, the LFP spectrogram for the null condition showed baseline
noise, but no stimulus-induced effect.

Responses to small stimuli

To explore the relative contributions of LGN afferents and recurrent
feedback from area 18 to the tissue oxygen response, we tested four
additional recording sites with visual stimuli at higher spatial frequen-
cies (0.5-0.7 cycles degree™!). In addition, we used smaller stimuli at
these sites to decrease the possibility that tissue oxygen responses were a
result of MUA activity outside of our electrode’s field of view (Fig. 3).
Like responses to the larger stimuli, there was a strong MUA response
to the 4-Hz stimulus, but no increases in MUA were observed for the
30-Hz or null conditions. As expected from previous work, the tissue
oxygen responses to these small stimuli differed from those evoked by
larger stimuli?’. For the 4-Hz stimulus, the tissue oxygen response was
primarily composed of a strong initial dip. There was also a small, but
significant (t-test, P = 8.09 x 1073%), initial dip response to the 30-Hz
stimulus. Both the 4-Hz and 30-Hz tissue oxygen responses were also
significantly different from the null condition (t-test, P = 6.58 x 1078
and P = 2.64 x 1072, respectively). These observations are consistent
with the expectation that a small stimulus elicits a highly localized
change in neural and metabolic activity. We have previously shown that
the initial dip is largest at sites producing the strongest neural
responses!!. Here, the absence of MUA implies that the initial dip is
tied to the concurrent increase in LFP power.

There were strong initial LFP responses to both the 4-Hz and the
30-Hz stimuli (Fig. 3b). The 4-Hz response decreased in strength
500 ms following stimulus onset, but maintained a strong increase in
power across frequencies throughout stimulus duration. The 30-Hz
response also decreased 500 ms after stimulus onset, but this decrease in
power was more severe than for the 4-Hz condition, and very weak
increases in power between 25 and 60 Hz were observed for the
remainder of stimulus duration.

LFP responses by frequency band
We analyzed the LFP response across all 17 recording sites, with
summed LFP power being determined by taking the sum of modulated
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LFP power over stimulus duration for each frequency band (Fig. 4). As
observed above (Figs. 2 and 3), the LFP response was weaker for the
30-Hz stimulus than for the low temporal frequency stimuli of either
2 or 4 Hz. However, responses to both types of stimuli are similar in
that there was a strong response for frequencies between 25 and 60 Hz
(the lower portion of the gamma band). These findings are consistent
with previous work reporting high correlations between gamma band
activity and the BOLD signal' 418202329 The relative decrease in signal
strength for gamma frequencies above 60 Hz supports the theory of a
distinction between a lower and an upper gamma band. Recent work in
primary visual cortex has also shown stronger responses in the lower
portion of the gamma band (30-50 Hz)?°. This is notable, considering
the large amount of variability in the definition of the gamma
band!41820232° Qur results suggest that the lower portion of the
gamma band (25-60 Hz) is more closely tied to synaptic activity than
higher LFP frequencies.

DISCUSSION
Previous attempts to address the question of whether the BOLD signal
is more closely tied to spiking or synaptic activity have relied on
comparisons via correlation coefficients!”>18, These analyses have led to
similar correlation values for both neural variables, that is, MUA versus
BOLD and LFPs versus BOLD. Because there is also a high correlation
between MUA and LFPs, these results are difficult to interpret. We
avoid this problem by dissociating the two types of neural activity.
Although our results indicate that lower gamma band (25-60 Hz)
activity is most closely tied to the tissue oxygen response, we also
observed stimulus-dependent responses in other frequency bands. Both
types of stimuli (low and high temporal frequency) also elicited strong
responses in the o and B bands. B activity has previously been strongly
correlated to y-band activity“, although its functional role is not clear.
High LFP power has also been found in the o band in response to visual
stimuli at high contrast?®. As our stimuli were presented at 100%
contrast, it is not surprising that we also found high LFP power in the
o band. Also of note is the relative strength of a-band power for the
30-Hz responses. Recent work has associated a-band activity with
top-down inhibitory processes®®*!. This is consistent with the theory
that high temporal frequency information from LGN is subject to

Figure 4 Population data: mean LFP responses across sites. LFP responses
(n = 17) were quantified by summing modulated power over each frequency
band. The solid black line depicts the mean response across sites to the low
temporal frequency condition (either 2 or 4 Hz depending on peak spike
tuning) minus the mean null response. The solid gray line shows the mean
response to the high temporal frequency condition (30 Hz) minus the mean
null response. Error bars represent + 1 s.e.m across sites.
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intracortical inhibition in primary visual cortex?>%2, and could explain

the prevalence of a-band activity in response to high temporal
frequency stimuli.

Here, we demonstrate recording sites in the visual cortex at which a
spiking response is not necessary for stimulus-induced changes in
tissue oxygen. We also observed that sites showing this behavior had
strong LFP responses in the lower portion of the vy frequency band.
Together, these findings indicate that changes in tissue oxygen are more
closely coupled with LEPs than with neuronal spikes. By extrapolation,
our results suggest that the BOLD fMRI signal primarily reflects
synaptic, rather than spiking, activity.

METHODS

Animal preparation. Animal procedures were conducted in compliance with
the US National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Mature cats were initially anesthetized using 1.5-3% isoflurane gas.
Core body temperature was maintained at 38 °C. Following cannulation of
forepaw femoral veins, isoflurane was discontinued and anesthesia was main-
tained with continuous intravenous infusion of fentanyl (10 pg per kg of body
weight h™1) and thiopentothal sodium (6 mg per kg h™!). A tracheotomy was
carried out, and the animal was placed on artificial respiration with a mixture
of 25% oxygen gas and 75% nitrous oxide. Electroencephalography, electro-
cardiogram, core body temperature, intratracheal pressure and expired CO,
were monitored for the duration of the experiment. Area 17 craniotomies were
carried out with center Horsley-Clarke coordinates of P4 L2, and the dura
mater was removed to allow electrode penetration. Paralysis was induced with
pancuronium bromide (0.2 mg per kg h™!). During recording, the respiration
rate was adjusted between 14 and 23 strokes min™' to maintain expired CO,
levels between 33 and 39 mm Hg.

Recording sites. All recordings were made using a Unisense A/S 3000 APOX
probe. We were unable to determine cortical depth via histology, as lesions
cannot be made with this device. Therefore, all depth measurements are based
on micromanipulator readings. The electrode was initially advanced 500 pm
below the cortical surface in area 17. The site was then tested for an
adequate neuronal spiking response (> 8 spikes per s). Sites without adequate
visually driven spike rates were not included in the data analysis. On comple-
tion of all stimulus repetitions at a particular site, the electrode was advanced
another 200 pm and the process of searching for sites in 100-um increments
was repeated.

Visual stimuli. Visual stimuli were binocularly presented full-field sine wave
gratings displayed on a cathode ray tube (CRT) monitor (50 cd m™ mean
luminance) at a spatial frequency of 0.2 cycles degree™!. Temporal frequency
values were varied as described in the main text. The high temporal frequency
value was 30 Hz, a value limited by the refresh rate of the CRT stimulus-
presentation monitor. All stimuli were shown at 100% luminance and 100%
contrast. Stimuli were also presented at optimal orientations, as determined by
peak MUA tuning in the dominant eye. Interstimulus intervals varied between
30 and 44 s, with 16-88 repetitions.

Data analysis. Neural signals were filtered using a preamplifier. MUA was
band-pass filtered between 500 Hz and 8 kHz at a sampling rate of 25 kHz. An
arbitrary threshold was set just above the spontaneous response to the mean
gray luminance background and all spikes collected about this threshold were
considered to be part of MUA. LEPs were low-pass filtered from 0.7 to 170 Hz
at a sampling rate of 500 Hz. To graphically interpret the LFP data, responses
for each stimulus condition (averaged across trials) were converted to spectro-
grams using Slepian tapers with 500-ms windows and a 50-ms step size?’. Noise
removal was accomplished with a 60-Hz notch filter and a Matlab utility
(rmlinesc.m, Chronux toolbox) used at the refresh rate of the stimulus CRT
(78 or 85 Hz).

Statistical analysis. Tissue oxygen signals were preprocessed to maximize
visibility of responses!!. Because of low frequency oscillations, sites without
significant tissue oxygen responses were not included. The significance of
tissue oxygen responses was determined using Student’s t-tests comparing
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tissue oxygen signals 5-15 s following stimulus onset to the 10-s prestimulus
baseline. This test was chosen to examine whether the tissue oxygen signal
following stimulus onset differed from baseline oscillations. A second measure
of response strength compared the response amplitude with maximum ampli-
tude of the baseline oscillations. For large and small stimulus sites, response
amplitudes were determined by the positive peak and the initial dip, respec-
tively. Responses with amplitudes less than 2 s.d. of the baseline period were
not included.
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