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Neurovascular Coupling and Decoupling in the Cortex
during Voluntary Locomotion

Bing-Xing Huo (霍冰星),1 Jared B. Smith,1 and Patrick J. Drew1,2

1Center for Neural Engineering, Department of Engineering Science and Mechanics, and 2Department of Neurosurgery, Pennsylvania State University,
University Park, Pennsylvania 16802

Hemodynamic signals are widely used to infer neural activity in the brain. We tested the hypothesis that hemodynamic signals faithfully
report neural activity during voluntary behaviors by measuring cerebral blood volume (CBV) and neural activity in the somatosensory
cortex and frontal cortex of head-fixed mice during locomotion. Locomotion induced a large and robust increase in firing rate and
gamma-band (40 –100 Hz) power in the local field potential in the limb representations in somatosensory cortex, and was accompanied
by increases in CBV, demonstrating that hemodynamic signals are coupled with neural activity in this region. However, in the frontal
cortex, CBV did not change during locomotion, but firing rate and gamma-band power both increased, indicating a decoupling of neural
activity from the hemodynamic signal. These results show that hemodynamic signals are not faithful indicators of the mean neural
activity in the frontal cortex during locomotion; thus, the results from fMRI and other hemodynamic imaging methodologies for studying
neural processes must be interpreted with caution.
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Introduction
Increases in cortical neural activity are thought to drive a corre-
sponding hemodynamic response, consisting of increased blood
flow, oxygenation, and volume (Kim and Ogawa, 2012). This
correlation between changes in neural activity and hemodynamic
signals is known as neurovascular coupling. Despite the fact that
interpreting the results of fMRI and other hemodynamic imaging
methods critically depends on having a detailed understanding of
neurovascular coupling, our knowledge of the relationship be-
tween neural activity and hemodynamic signals is still limited
(Logothetis, 2008). Studies have shown that the hemodynamic
response is most correlated with gamma-band power in the local
field potential (LFP) and, to a lesser extent, the multiunit activity
(MUA) (Logothetis et al., 2001; Niessing et al., 2005; Schölvinck
et al., 2010).

Several recent studies have challenged the linkage between
neural activity and subsequent cerebral hemodynamic response.
Electrical stimulation of the forepaw in anesthetized rodents pro-
duces a slight increase in the ipsilateral cortical spiking activity,
along with a small decrease in total cerebral blood volume (CBV;

Devor et al., 2008). Monkeys trained on a fixation task showed an
increase in anticipatory blood flow without corresponding
changes in neural activity in the visual cortex (Sirotin and Das,
2009), although this result is controversial (Kleinschmidt and
Müller, 2010; Handwerker and Bandettini, 2011). Other studies
have also found disconnections between neural activity and he-
modynamic signals in the brain (Norup Nielsen and Lauritzen,
2001; Ceasar et al., 2003; Jukovskaya et al., 2011; Mishra et al.,
2011). These results call for a revisiting of the assumption that
cerebral hemodynamic signals reliably report local neural
activity.

Knowing whether neurovascular coupling is consistent across
different brain regions is especially important for understanding
the signals obtained from human fMRI experiments, where most
studies target regions outside sensory cortex and frequently in-
volve volitional behaviors. In particular, task-related decreases in
hemodynamic signals in frontal cortex (FC) and other nonpri-
mary sensory areas have been interpreted as decreased neural
activity in human fMRI experiments (Fox and Raichle, 2007;
Buckner et al., 2008). The anticorrelation between hemodynamic
signals in frontal areas and other brain regions has been used to
argue that the brain is organized into anticorrelated networks
(Fox et al., 2005). The interpretation of these experiments hinges
on whether cerebral hemodynamic signals in the frontal cortex
report local neural activity accurately.

Here, we tested the hypothesis that the cerebral hemodynamic
signal faithfully reports local cortical neural activity during vol-
untary behavior. Locomotion drives robust increases in neural
activity in the limb representations in the somatosensory cortex
(Chapin and Woodward, 1981; Dombeck et al., 2007) and the
motor cortex (Armstrong and Drew, 1984; Dombeck et al.,
2009). We measured neural activity and CBV in the somatosen-
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sory cortex and frontal cortex of head-fixed mice during volun-
tary locomotion. We found robust locomotion-driven increases
in neural activity in both areas. But only in the somatosensory
cortex was the increase in neural activity accompanied by a
change in CBV. These results suggest caution when interpreting
hemodynamic signals, or lack thereof, in frontal cortex.

Materials and Methods
Animals. All experimental procedures were approved by the Pennsylva-
nia State University Institutional Animal Care and Use Committee.
Twenty-one male C57BL/6J mice (The Jackson Laboratory) that were
4 –10 months old were used. Brains were processed for cytochrome oxi-
dase staining (Drew and Feldman, 2009), and the location of somatosen-
sory cortex was then aligned with the imaging windows (Fig. 1B).

Surgical procedures. All surgeries were performed under isoflurane an-
esthesia. One self-tapping 3/32 inch #000 screw (J.I. Morris) was im-
planted into the skull over the olfactory bulb or frontal lobe and
connected to the head-bolt via a midline suture using clear cyanoacrylate
cement (catalog #32002, Vibra-Tite) and black dental acrylic resin (cat-
alog #1530, Lang Dental Manufacturing Co.) to minimize skull move-
ments. A titanium head bolt was attached to the skull. For intrinsic
imaging, large reinforced thinned-skull windows that spanned frontal
and parietal cortices were made either bilaterally (N � 6) or unilaterally
(N � 2). Detailed window-making procedures are described by Drew et
al. (2010). For electrophysiology recordings in a separate set of mice,
tungsten stereotrodes were implanted into the FC [N � 10; 0.5 to �2.3
mm anteroposterior (AP) and 0.0 to �2.0 mm mediolateral (ML)]
and/or the forelimb (FL)/hindlimb (HL) representation in primary so-
matosensory cortex (SI; N � 6; �1.0 to �0.5 mm AP and �1.0 to �2.5
mm ML), between 800 and 1000 �m below the pia, targeting the source
of the sustained LFP response (Maier et al., 2011).

Experiment setup. The treadmill had 1° of rotational freedom, and was
covered with nonabrasive antislip tape (McMaster-Carr). A rotary en-
coder (catalog #E7PD-720-118, US Digital) quantified the velocity of the
mouse (Fig. 1A; Gao and Drew, 2014). Data were collected using custom
software written in LabView, version 8.6 (National Instruments).

LEDs (530 nm; catalog #M530L2-C1, Thorlabs) with a �10 nm filter
(catalog #FB530-10, Thorlabs) were used to illuminate the thinned-skull
windows (Bouchard et al., 2009). A CCD camera (Pantera 1M60, Tele-
dyne Dalsa) acquired 256 � 256 pixel images, with a resolution of 27–37
�m/pixel. After habituation, intrinsic data were collected at 3 Hz (for

�33 min/trial) or 30 Hz (for �3 min/trial). Movement-related reflec-
tance changes, measured by covering the thinned-skull window with a
piece of clay, were �0.3% peak to peak.

Stereotrodes (50 –150 k	 impedance at 1 kHz) were made from a pair
of Teflon-coated tungsten microwires (catalog #795500, A-M Systems).
Differential electrical signals were amplified (DAM80, World Precision
Instruments), bandpass filtered between 1 Hz and 10 kHz (model 440,
Brownlee Precision), and digitized at 30 kHz for 10 min/trial. LFP signals
were obtained by bandpass filtering the data between 1 Hz and 300 Hz.
MUA was obtained by bandpass filtering the data between 300 Hz and 5
kHz. One electrode in FC did not have an MUA signal and was excluded
from the MUA analysis.

Data analysis. All data analyses were performed in Matlab (Math-
Works). All summary data were reported as the mean � SD. All statistical
tests using “ANOVA” referred to one-way ANOVA, unless otherwise
specified. All p values were Bonferroni corrected for multiple
comparisons.

To identify locomotion events, velocity was first low-pass filtered at 10
Hz. Acceleration was calculated as the first derivative. The absolute value
of acceleration was then binarized according to the following equation:

�
t� � H�at � ac
 � � 1, if at � ac;
0, otherwise ,

where the threshold acceleration ac was 1 � 10 �6 m/s 2, at was the instan-
taneous acceleration at time t, and H(●) was the Heavyside function. We
then converted the binarized acceleration signal �[t] to binary locomo-
tion events, s(t�), which had the same temporal resolution as the simul-
taneous intrinsic imaging signal. We set s(t�) to 1, representing a
locomotion event, if at least 10% of �[t] within the time spanned by
a single intrinsic imaging frame was 1. Otherwise s(t�) � 0, representing
a resting event. If two consecutive locomotion events occurred within 1 s,
the time elapsed in between was considered as a continuous locomotion
period.

For intrinsic images, a 10 s period of rest was used to calculate the
baseline image R0 for all trials on the same day (Fig. 1C). Each movie
frame was divided by the corresponding pixel in the baseline image to
calculate fractional change from the baseline: �R/R0 � (R � R0)/R0.
�R/R0 values were then mean subtracted and low-pass filtered at 1 Hz.
Regions of interest (ROIs) were selected to enclose either the FL/HL
representation in SI or the FC (Fig. 1 B, C). The fractional reflectance
change of each ROI was calculated as the average �R/R0 of all pixels.

Figure 1. A, Experimental setup for CBV imaging. B, Cytochrome oxidase processing of layer IV of cortex was used to reveal the body representation in SI (left) and to identify surrounding cortical
areas in the thinned-skull windows (right). Red dot shows the position of bregma. FC, Frontal cortex; FL, forelimb; HL, hindlimb; Lj, lower jaw; N, nose; V, vibrissae. FC was defined as the blue area.
C, Images were normalized by a baseline image (left). SI FL/HL area is enclosed by the green polygons, and FC is enclosed by the blue polygons. Darkening indicates an increase in CBV. During
locomotion (at 21 s), the averaged fractional change of reflectance, �R/R0, in the SI FL/HL area (green) was larger than in FC (blue). There was no change of CBV in either area when the animal was
at rest (at 40 s). Scale bars, 1 mm.
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When comparing �R/R0 values at different durations of locomotion, the
baseline was subtracted so that �R/R0 � 0 at the initiation of locomotion.

Multitaper power spectra and spectrograms were calculated using the
Chronux toolbox (Mitra and Bokil, 2008) with a frequency resolution of
2 Hz. Power spectrograms used a 2 s window (Fig. 2 B, E). Locomotion-
induced power gain, AP, was calculated from the ratio between the power
spectrum density (PSD) during locomotion, P�,motion, and the PSD dur-
ing a same duration of rest, P�,rest (Fig. 2C,F ), such that AP� � 10 �
log10(P�,motion/P�,rest) dB. Gamma-band power gain, AP�, was then av-
eraged from 40 to 100 Hz, excluding 55– 65 Hz.

MUA data were thresholded at 3 SDs, with at least 1 ms of refractory
period between consecutive spikes (Drew and Feldman, 2007). The spike
train was then convolved with a Gaussian function with a 100 ms SD. To
compare behavioral state-dependent neural activity, we selected bouts of
locomotion of �2 s, and with at least 3 s of rest immediately beforehand.
The firing rate during each bout of locomotion was normalized against
the average firing rate between 1 and 3 s before locomotion initiation.

Results
Region-specific hemodynamic responses during locomotion
We imaged the intrinsic optical signal of mice that were head
fixed on a spherical treadmill (Fig. 1A) through a thinned-skull
window that spanned frontal and parietal cortices (Fig. 1B). De-
creases in fractional reflectance from baseline (�R/R0) corre-
sponded to increases in CBV. During periods when the mouse
was stationary, we observed global, low-frequency (�1 Hz) fluc-
tuations in reflectance (Fig. 1C), which is consistent with previ-
ous reports of fluctuations in hemodynamic signals in rodents
(Mayhew et al., 1996; Drew et al., 2011) and humans (Biswal et
al., 1995).

During locomotion, we observed regionally specific decreases
in �R/R0. When the mouse initiated voluntary locomotion, we
observed a large and fast decrease in �R/R0 in the FL/HL repre-
sentation in the SI (Fig. 1C). The nominal locomotion-induced
reflectance decreases in FL/HL areas (approximately �5%) were
substantially stronger than spontaneous oscillations (�2% peak

to peak), heart rate modulations (�1% peak to peak), or changes
in reflectance due to motion (�0.3% peak to peak). However,
there was little to no change in reflectance in the FC (Fig. 1C).

Neural activity increases in both sensory and frontal cortices
during locomotion
To test whether this region-specific �R/R0 response was corre-
lated with local neural activity, we recorded the electrical signals
in FC and the FL/HL representations (Fig. 2A). During locomo-
tion, we observed a strong increase in gamma-band power in LFP
at both sample electrode sites in FC (Fig. 2B) and the HL area
(Fig. 2E). We quantified the behavioral state-dependent gamma-
band activity by calculating the PSD during 5 s periods of loco-
motion or rest (Fig. 2C,F). In both the HL area and FC, the
gamma-band power during locomotion was significantly higher
than the power during rest (two-way ANOVA: F(1,124) � 152.37,
p � 2.5 � 10�23), although the broadband power was signifi-
cantly higher in the HL area than in FC during locomotion and at
rest (two-way ANOVA: F(1,124) � 58.36, p � 5 � 10�12). There
was no significant correlation between gamma-band power and
caudal-rostral position (regression coefficient, b � 0.07 mm;
95% CI � �0.26 to 0.84; N � 10), which is consistent with the
LFP signal being of local origin.

The MUA increased in the FL/HL area and FC during loco-
motion. At the example site in FC (Fig. 2A), the average firing rate
increased by fivefold within 200 ms of locomotion initiation, and
remained at 4.3 � 1.5 times the baseline in the following 2 s of
locomotion (ANOVA: F(1,106) � 267.96, p � 8 � 10�31; Fig. 2D).
At the example site in the HL area (Fig. 2A), the average firing rate
increased by eightfold within 200 ms of locomotion initiation,
and remained at 5.5 � 1.6 times the baseline in the following 2 s
of locomotion (ANOVA: F(1,132) � 809.89, p � 3.5 � 10�58; Fig.
2G).

Figure 2. A, Locations of recording sites corresponding to SI FL/HL representation (green, N � 6) and FC (blue, N � 10). Red dot represents bregma. Scale bar, 1 mm. B, Power spectrogram of
LFP recordings over a sample of 60 s in FC. The electrode site is shown as blue dot with black outline in A. Locomotion events are plotted as gray dots above the spectrogram. Gamma-band boundaries
are shown in white dotted lines at 40 and 100 Hz, respectively. C, For the same electrode position and recording trial in B, the average power spectra of 5 s bouts of locomotion (dark blue) and rest
(light blue) from 0 to 150 Hz. Within the gamma band (gray area), the power during locomotion was significantly higher than during rest. D, For the same electrode position in B, the normalized firing
rate for 2 s immediately before and after locomotion initiation (black vertical line). A rate of 1 indicates no change in firing rate from baseline. Locomotion events are shown in gray dots. E, Power
spectrogram of LFP recorded from the electrode in SI HL area, shown as a green dot with black outline in A. F, For the same electrode position and recording trial in E, the average power spectra of
5 s bouts of locomotion (dark green) and rest (light green) plotted from 0 to 150 Hz. Within the gamma band (gray area), the power during locomotion was significantly higher than that during rest.
G, For the same electrode position in E, the normalized firing rate for 2 s immediately before and after locomotion initiation (black vertical line).
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Coupling and decoupling of neural
activity to hemodynamic response
We quantified the fractional changes in
the intrinsic optical signal, �R/R0, and
AP� as well as the normalized firing rate
immediately before and after locomotion
initiation, for different durations of loco-
motion (Fig. 3). In the FL/HL area, �R/R0

decreased by 4.8 � 1.8% at 3 s of locomo-
tion, and fluctuated approximately
�4.5 � 1.3% at longer locomotion dura-
tions (Fig. 3A). At all locomotion dura-
tions, �R/R0 responses were significantly
�0 (t test: maximal p � 4.5 � 10�4; N �
8, from 1 to 10 s), representing a strong
CBV increase in response to locomotion.
Correspondingly, AP� in the FL/HL area
rapidly reached 2.6 � 1.1 dB by 1 s of
locomotion, and further increased and
fluctuated �4.1 � 1.6 dB at longer loco-
motion durations (Fig. 3B). At all loco-
motion durations, AP� in the FL/HL area was always significantly
�0 (t test: maximal p � 0.032; N � 6, from 1 to 10 s). Similarly,
the normalized firing rate in the FL/HL area increased to a peak of
3.2 � 1.4 times the baseline within 300 ms of locomotion initia-
tion, and remained at 2.5 � 1.0 times the baseline for the 2 s of
locomotion, significantly �1 (t test: p � 0.016; N � 6; Fig. 3C). A
strong increase in local neural activity paired with a strong local
increase in CBV indicates that during locomotion the hemody-
namic response is coupled to neural activity in the SI FL/HL area.

In the FC, �R/R0 did not change with any duration of loco-
motion (0.2 � 0.6%, t test: minimal p � 0.27; N � 8, from 1 to
10 s; Fig. 3A). Nevertheless, at all locomotion durations, AP�
responses in the FC were significantly �0 (t test: maximal p �
0.024; N � 10, from 1 to 10 s). The average AP� increased to 1.4 �
1.1 dB by 1 s of locomotion, and further increased and fluctuated
at �2.3 � 1.6 dB at longer durations (Fig. 3B). The normalized
firing rate in the FC increased to a peak of 2 � 1.2 times the
baseline within 300 ms of locomotion initiation, and remained at
1.6 � 0.7 times the baseline for 2 s of locomotion, also signifi-
cantly �1 (t test: p � 1 � 10�4; N � 9; Fig. 3C). A significant
increase of neural activity without a colocalized CBV increase
demonstrates neurovascular decoupling in the frontal cortex
during locomotion.

To visualize the relationship between neural activity and the
hemodynamic response, we plotted the mean change in neural

activity versus the mean change in CBV after 5 s of locomotion
(Fig. 4). Both the CBV response and neural activity reach a steady
state after �5 s of locomotion. Although the average AP� in FC
and SI FL/HL area are significantly different (ANOVA: F(1,13) �
11.88, p � 0.0043), the distribution of AP� in FC across animals
overlaps the distribution of AP� in SI FL/HL areas (Fig. 4A). How-
ever, the distributions of �R/R0 in FC and SI FL/HL area do not
overlap (Fig. 4A). Similarly, comparing the average �R/R0 and
normalized MUA firing rate, while the distributions of normal-
ized firing rate overlap in FC and SI FL/HL area (Fig. 4B), the
distributions of �R/R0 do not overlap (Fig. 4B). The difference of
normalized firing rate between SI FL/HL area and FC is insignif-
icant after 5 s of locomotion (ANOVA: F(1,12) � 3.85, p �
0.0735), although they both are significantly �1, as stated above.
These results show that similar neural activity in FC and SI FL/HL
area trigger very different CBV responses, and a simple linear fit
cannot capture the response in both FC and sensory cortex.

Discussion
Previous work has shown widespread increases in neural activity
during locomotion (Niell and Stryker, 2010; Polack et al., 2013).
We observed a significant increase of gamma-band power and
firing rate in both the SI FL/HL representations and frontal cortex
(Figs. 2, 3B,C). The frontal cortex contains limb-related motor
areas (Tennant et al., 2011), which is consistent with the increase

Figure 3. A, Average �R/R0 in SI FL/HL area (green circles) and FC (blue squares) from 0 to 10 s of locomotion. The shaded area showed the SD from the mean across all animals. After Bonferroni
correction, �R/R0 in SI FL/HL area was significantly �0 at all durations, while no �R/R0 in FC was significantly different from 0. B, Average AP� in SI FL/HL area (green circles) and FC (blue squares)
across all animals from 0 to 10 s of locomotion. AP� in SI FL/HL area (N � 6) and FC (N � 10) was significantly �0 at all durations. C, Average normalized firing rate in SI FL/HL area (N � 6, green)
and FC (N � 9, blue) within 2 s before and after locomotion initiation (black vertical line).

Figure 4. A, Fractional change in the intrinsic signal, �R/R0, after 5 s of locomotion plotted against AP� after 5 s of locomotion
in SI FL/HL area (green ellipse) and FC (blue ellipse). For each ellipse, the radius along the vertical axis is the SD of �R/R0 across all
animals (N�8); the radius along the horizontal axis is the SD of AP� across all animals (N�6 for SI FL/HL, N�10 for FC). The black
dot in the center of each ellipse represents the average value of �R/R0 and AP�. B, �R/R0 after 5 s of locomotion (N � 8) plotted
against the normalized MUA firing rate after 5 s of locomotion in SI FL/HL area (N � 6, green ellipse) and FC (N � 9, blue ellipse).
The radii correspond to the SDs across animals. The black dots represent the average values.
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in neural activity that we observed. We saw a strong decrease of
�R/R0 in the FL/HL area, consistent with typical neurovascular
coupling. If the hemodynamic signals were proportionally cou-
pled with gamma-band power (Martin et al., 2006; Siero et al.,
2013), we would expect to see a decrease in �R/R0 of �1% in the
frontal cortex, as the gamma-band power increase during run-
ning between the FL/HL area and FC differed by a factor of �3,
and there was a �4% decrease in �R/R0 in the FL/HL area. Be-
cause we could easily detect spontaneous changes in the �R/R0 in
the frontal cortex of �1% (Fig. 1C), our failure to see a hemody-
namic signal in the frontal cortex is not due to low sensitivity. In
addition, CBV has been shown to correlate more closely with
neural activity than oxygenation signal (Duong and Kim, 2000;
Sheth et al., 2004a; Birn et al., 2009; Moon et al., 2013), so it is
unlikely that the decoupling we observed is due to the use of CBV
as a metric.

We measured neural activity at infragranular depths, which
shows a sustained response in both SI FL/HL and FC, whereas the
CBV was measured from the top layer of cortex. Thus, it is pos-
sible that the increased neural activity was separate from the he-
modynamic changes observed. However, several lines of evidence
argue that neural and vascular responses to stimuli increase in
parallel across all layers of a cortical column. Multiple studies
have shown that stimulus-evoked LFP and MUA responses in
sensory cortex show increases across all layers in somatosensory
(Di et al., 1990; Einevoll et al., 2007; Herman et al., 2013), audi-
tory (Szymanski et al., 2011), and visual (Xing et al., 2012) corti-
ces. In the frontal cortex, increases in LFP power and neuronal
firing rate to vibrissal stimulation in whisker motor cortex have
been shown to occur in all layers (Chakrabarti et al., 2008; Quairi-
aux et al., 2011). Finally, ascending and descending interlaminar
excitatory processes have been shown for the motor cortex
(Weiler et al., 2008; Shepherd, 2009; Hooks et al., 2011), indicat-
ing that our infragranular activity is likely accompanied by an
increase in neural activity in the superficial layers of FC.

Measures of CBV with MRI, which does not have the depth
limitations of optical imaging, have consistently found that CBV
increases in deep layers and surface vessels occur in parallel (Jin
and Kim, 2008; Hirano et al., 2011; Kim and Kim, 2011; Herman
et al., 2013; Huber et al., 2014). There is a report of increases in
CBV in deep layers without an increase in superficial vessels in
anesthetized monkeys (Goense et al., 2012), but this effect is as-
sociated with strong decreases in neural activity (Shmuel et al.,
2006), unlike the increases we see in frontal cortex, and this dis-
association of the responses of surface and deep vessels does not
take place in awake humans (Huber et al., 2014), suggesting that
it might be an artifact of anesthesia. Since cerebral arterioles are
electrically coupled, with dilations propagating over millimeters
(Iadecola et al., 1997; Chen et al., 2011), and arterial dilation
rapidly propagates from the deeper layers of cortex to the surface
(Tian et al., 2010), it is unlikely that a dilation of deep vessels
would not be reflected in the more superficial vessels that we
imaged. Last, optogenetic stimulation of layer V pyramidal neu-
rons in somatosensory cortex evokes a robust increase in CBV in
the superficial layers and increases in neural activity across all
layers (Vazquez et al., 2013), indicating that neural activity in
layer V is sufficient to drive dilation of superficial vessels. These
studies support the idea that neural activity in the deep and su-
perficial layers of a cortical region increase together, and that this
increase leads to an increase in blood volume throughout the
depth of the cortex. Thus, the lack of an observable hemodynamic
signal in FC during locomotion is not likely due to methodolog-
ical issues.

There are several nonexclusive possibilities that could account
for the observed decoupling of neural activity from the CBV sig-
nal in FC. There could be a threshold relationship, where neural
activity below some level has no effect on CBV (Sheth et al.,
2004b; Martin et al., 2006), and this level is not reached in the FC
during this task. However, because neural activity in FC can reach
levels comparable to those seen in the FL/HL regions, this thresh-
old would have to be higher in FC than in the FL/HL representa-
tion. A difference in threshold is plausible, as different brain
regions have different neurovascular coupling relationships (De-
vonshire et al., 2012). The vasodilation could depend on signaling
from astrocytes (Attwell et al., 2010), which are electrically silent.
The actual regulation of blood flow could be performed by pro-
jections onto the blood vessels from modulatory nuclei (Hamel,
2006; Drew et al., 2008), whose activity varies during locomotion
(Polack et al., 2013), changing the neuromodulatory state of the
brain. Though neural and vascular densities covary in the brain
(Tsai et al., 2009), there are metabolic and neural density differ-
ences between different brain regions (Gusnard and Raichle,
2001) that could impact the regulation of blood flow (Gordon et
al., 2008). Another possibility could be that vasoconstrictor input
overwhelms any vasodilatory effects of neural activity in FC.
Potential sources of vasoconstrictive input include the locus ce-
ruleus (Bekar et al., 2012), or vasoconstrictive, somatostatin-
positive interneurons (Cauli et al., 2004) that are highly excited
by moderate increases in local neural activity (Adesnik et al.,
2012), preventing any arterial dilation in FC. Neither of these
potential vasoconstrictive mechanisms would be readily discern-
able in the LFP or MUA. This is not an exhaustive list of possibil-
ities, but many of the proposed mechanisms entail the idea that
cerebral blood flow is controlled by cells whose activity is not
reflected in population measures. While the detailed mechanisms
linking neural activity to changes in cerebral perfusion require
further investigation, our results provide evidence that hemody-
namic signals in the frontal cortex of mice do not necessarily
follow measures of mean neural activity (LFP and MUA) during
locomotion.
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