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Despite recent advances in alternative brain imaging technologies, functional magnetic resonance imaging
(fMRI) remains the workhorse for both medical diagnosis and primary research. Indeed, the number
of research articles that utilise fMRI have continued to rise unabated since its conception in 1991, despite the
limitation that recorded signals originate from the cerebral vasculature rather than neural tissue. Consequently,
understanding the relationship between brain activity and the resultant changes in metabolism and blood
flow (neurovascular coupling) remains a vital area of research. In the past, technical constraints have restricted
investigations of neurovascular coupling to cortical sites and have led to the assumption that coupling in non-
cortical structures is the same as in the cortex, despite the lack of any evidence. The current study investigated
neurovascular coupling in the rat using whole-brain blood oxygenation level-dependent (BOLD) fMRI and
multi-channel electrophysiological recordings and measured the response to a sensory stimulus as it proceeded
through brainstem, thalamic and cortical processing sites— the so-called whisker-to-barrel pathway. We found
marked regional differences in the amplitude of BOLD activation in the pathway and non-linear neurovascular
coupling relationships in non-cortical sites. The findings have important implications for studies that use func-
tional brain imaging to investigate sub-cortical function and caution against the use of simple, linear mapping
of imaging signals onto neural activity.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Functional magnetic resonance imaging (fMRI) is a key methodolo-
gy employed by modern neuroscientific research in order to character-
ise fundamental aspects of human brain function and their changes
in health and disease (Moonen and Bandettini, 2000). However, the
technique maps brain activity indirectly by measuring activity-
induced haemodynamic changes. Since we are ultimately interested in
the brain's neural activity, an understanding of neurovascular coupling,
the relationship linking the measured haemodynamic responses to
neural activity, is essential for the interpretation and practical exploita-
tion of fMRI (Lauritzen and Gold, 2003; Logothetis andWandell, 2004).

However, although it is acknowledged that neurovascular coupling
probably varies even between areaswith similar neuronal populations
(Huettel et al., 2004; Logothetis and Wandell, 2004), human fMRI
studies routinely compare responses across the brain with the implicit
assumption that coupling is spatially invariant. This assumption has

been largely forced upon the imaging community because coupling
has thus far only been studied in detail in cortical areas (Lauritzen
and Gold, 2003; Logothetis and Wandell, 2004; Martuzzi et al., 2009)
which has prompted calls for its urgent study in non-cortical areas
(Ances et al., 2008; Ekstrom, 2010). To exemplify a potential problem,
if sensory stimuli differentially activate cortical and subcortical audi-
tory structures, as has been demonstrated with fMRI (Sigalovsky
andMelcher, 2006), it is impossible to infer differential levels of neural
activation in the contributing structures without an understanding
of neurovascular coupling at cortical and subcortical sites. It is even
possible that particular vascularisation patterns may prevent, or even
reverse, the BOLD response (Boorman et al., 2010; Ekstrom, 2010).

Neurovascular coupling can be affected not only by the intrinsic
characteristics of the vascular beds in different regions, but also by
differences in the functional processes that link neural activity, via
changes in metabolism, to alterations in local cerebral blood flow
(CBF). Cortical and subcortical sites differ on both counts. The pattern
of vascular innervation, capillary density, as well as the diameter
of feeding arteries in relation to their peripheral branches all differ
between cortical and subcortical sites (Cavaglia et al., 2001; Duvernoy
et al., 1981; Gobel et al., 1990; Rieke, 1987). The magnitude of BOLD
signals also crucially depend on the ratio of fractional changes in CBF
to the local cerebral metabolic rate of oxygen consumption (CMRO2),
a ratio that varies throughout the brain (Ances et al., 2008; Chiarelli et
al., 2007; Tuunanen et al., 2006; Vafaee and Gjedde, 2004); differences
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in local vascular patterns are highly likely to contribute to the variability
of this ratio. Furthermore, the functional coupling process in the cortex
appears to differ from that in the brainstem, in that cortical coupling
involves neuronal nitric oxide (Cholet et al., 1997; Gotoh et al., 2001),
whereas brainstem coupling involves adenosine (Gotoh et al., 2001).
These structural and functional differences between the cortex and sub-
cortex make a compelling a priori case for assuming that neurovascular
coupling will differ between different brain regions.

The current study examines coupling at various stations through-
out the rat's whisker-to-barrel (WTB) pathway, both the anatomy
and neural behaviour of which have been widely studied (Frostig,
2006; Petersen, 2007). The pathway elicits robust cortical responses,
both neural and haemodynamic, which have been examined exten-
sively by our group and others (Devonshire et al., 2004; Devor et al.,
2003; Hewson-Stoate et al., 2005; Jones et al., 2004; Sheth et al.,
2003), yet the characteristics of the haemodynamic responses elicited
in sub-cortical structures is largely unknown. Our aim was to provide
a substantial improvement in the interpretation and exploitation
of functional neuroimaging data by conducting whole brain fMRI
experiments in parallel with multi-electrode electrophysiology to
study for the first time neurovascular coupling in subcortical areas
and compare it to its cortical counterpart.

Materials and methods

Animal preparation

A total of 18 female Hooded Lister rats weighing between 220 and
320 g were used, after having been kept on a 12-h dark/light cycle at a
temperature of 22 °C with food and water available ad libitum. Great
care was taken to maintain consistency in surgical and experimental
scheduling between the fMRI and electrophysiology animal groups.
Animals were anaesthetised with chloral hydrate (0.14 g/kg i.p.) and
urethane (1.1 g/kg i.p.), cannulated for mean arterial blood pressure
(MABP) monitoring and intravenous infusions, tracheotomised and
artificially ventilated. Phenylephrine (0.13–0.26 mg/h) was infused
to maintain MABP between 100 and 110 mm Hg. Rectal temperature
was maintained at 37 °C using a homeothermic blanket. Procedures
were performed with Home Office approval under the Animals
(Scientific Procedures) Act 1986.

Whisker stimulation

The entire whisker pad on the left of the rat's snout was stimulated
electrically by inserting two stainless steel electrodes underneath
the skin below whisker rows A and D. To modulate levels of evoked
activity, we adopted a paradigm used in previous neurovascular
coupling studies (Brinker et al., 1999; Detre et al., 1998; Ngai et al.,
1999; Sheth et al., 2005; Ureshi et al., 2004): a square-wave current
(1.6 mA; pulse-width 0.3 ms) was applied at a range of frequencies
(1, 3, 5, 10, 15 and 20 Hz) for 40 s. Stimuli were presented in a block
design with stimulation (40 s) and rest (140 s) conditions repeated
six times at each frequency. An average response to each frequency
was obtained and used in subsequent analysis for all measures. A
shorter stimulation paradigm was used to visualise cortical activation
during intrinsic imaging (see below).

fMRI

Previous studies of neurovascular coupling have been limited to
the cortex largely because of technical constraints of the imaging
methods used. Optical methods using visible wavelengths provide
superficial (cortical) recordings only, due to the attenuation of light
in deep tissue. Many animal fMRI studies use surface coils that
have good signal sensitivity only around the cortex, where the coil is
placed (Keilholz et al., 2004; Logothetis and Wandell, 2004). We have

overcome the above limitations by using a high sensitivity volume coil,
capable of whole brain fMRI.

A 3 T, 16 cm horizontal bore Magnex magnet (Magnex Scientific
Ltd, UK) equipped with a Magnex 10 cm-id self-shielded gradient
(10 kHz/mm max per axis), and an MRRS console was used (MRRS,
Guildford, UK). A custom-built, quadrature, 8-strut birdcage coil
(length: 40 mm, diameter: 35 mm) was used in transmit/receive
mode. The open space between the coil's struts allowed free access
to the rat's head, which was immobilised with a home-built Perspex
stereotactic frame. BOLD imaging was performed over 12×2 mm-
thick contiguous (but interleaved) coronal slices (Fig. 1) using fat-
suppressed, single-shot, gradient-echo (GE) EPI with the following
parameters: 64×64 image matrix, FOV=3×3 cm, TE=24 ms,
TR=2 s, flip angle=90°. Anatomical images were acquired from
24×1 mm-thick contiguous coronal slices using a three-dimensional
(3D) GE sequence with the following parameters: 128×128 image
matrix, FOV=3×3 cm, TE=15 ms, TR=250 ms, flip angle=65°.

Data analysis
SPM2 (Functional Imaging Laboratory, Institute of Neurology, UCL;

www.fil.ion.ucl.ac.uk/spm) was used for the analysis of fMRI data.
First, the EPIs were realigned and spatially smoothed with a 3D
Gaussian kernel (FWHM=1.5*voxel size). The paradigm was con-
volved with SPM's haemodynamic response function and high-pass
filtered (cut-off at 2* ISI=360 s). SPM's MarsBar toolbox (http://
marsbar.sourceforge.net) was used to extract time-series from 1.5×
1.5×2 mm regions of interest from the relevant anatomical structure
using the voxel with maximum statistical significance in response to
the lowest stimulation frequency that produced robust responses:
5 Hz (cortex and thalamus) or 10 Hz (brainstem). Within each region
of interest, all voxels were used for calculation of BOLD amplitudes.
For illustration purposes, activation clusters are displayed with an
uncorrected p-value threshold of 0.001 (family-wise error, FWE).
For analytical purposes, the absolute BOLD data were summed be-
tween 0 and 40 s (ΣBOLD).

Intrinsic optical imaging

The precise cortical region into which the multi-channel electrode
was to be inserted was selected using single-wavelength optical
imaging, a procedure that can be used to obtain a two-dimensional
activation map evoked by a sensory stimulus based upon changes
in local haemodynamics of the tissue. The procedure has been described
previously (Jones et al., 2001) and, as such,will only be briefly described
here. The skull overlying the primary sensory cortex was thinned to
translucency with a dental drill and the region illuminated with
~590 nm (orange) light. A digital camera (SMD1M60, Silicon Mountain

Fig. 1. Structural MRI scan in the sagittal plane showing the 12×2 mm-thick contiguous
coronal slices acquired for functional scans. Distances from bregma are shown along the
bottom edge.
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Design Inc., USA; 15 Hz sampling frequency) was positioned directly
above to record changes in light reflectance of the tissue which, at
the wavelength chosen, predominantly represents changes in blood
volume. The whiskers were electrically stimulated 30 times at 5 Hz
for 1 s (inter-trial-interval=25 s). The data were averaged over the
30 trials on a frame-by-frame basis and the changes in reflectance
stored in grey-scale. The activation map was generated by removing
noise components with principal-component analysis followed by a
signal separation algorithm (Zheng et al., 2001).

Electrophysiology

The WTB pathway in the brain consists of 3 main stations: the tri-
geminal nuclei (primary sensory [PrV] and spinal [SpV], especially
subnucleus interpolaris [SpVi]), thalamic nuclei (ventral postero-
medial [VPM] and posterior [POm]) and somatosensory barrel cortex
(S1) (Paxinos and Watson, 1998). Subcortical electrophysiological
recording sites were matched to those sites from which robust and
reliable BOLD fMRI responses could be elicited, i.e. SpVi and VPM.
To record from SpVi, recording electrodes were inserted at an angle
of 24° to the vertical, depth=10 mm at the following co-ordinates:
AP=−8.5 mm, ML=2.9 mm. Electrodes were inserted into the
VPM at co-ordinates: AP=−3.3 mm, ML=2.4 mm, depth=6 mm.
Multi-channel silicon electrodes (NeuroNexus, Ann Arbor, MI, USA)
were used for electrical recordings from all three brain regions. The
electrodes were linear arrays of 16 channels (3 or 10 mm in overall
length; 100 μm inter-site spacing, area of each site 177 μm2, imped-
ance 1.5 to 2.7 MΩ, probe width: 33 μm tip, 123 μm at uppermost
electrode) and were positioned under microscopic control according
to pre-defined haemodynamic activity (cortical site) or stereotactic
co-ordinates (thalamus and brainstem sites).

Electrophysiological data from all trials were sampled 5 s before
the first stimulus in the train for a total of 60 s and acquired at a
sampling frequency of 6 kHz. The first ms after each stimulus pulse
was removed to take account of the stimulus artefact; in all cases, the
artefactwas clearly identifiable and lasted no longer than 1 ms (verified
by post-mortem recordings). Field potential recordings were generated
by low-pass filtering the raw data (b300 Hz) combined with a 50 Hz
notch filter, whereas MUA data were high-pass filtered (N500 Hz).
To generate multi-unit spike counts for each stimulation frequency,
the standard deviation of the 5 s pre-stimulus period was calculated
for each electrode channel and each trial. The standard deviation
values were averaged across all six trials for each channel and multi-
plied by 2.5 to serve as a spike-threshold. This threshold was used in
order to detect the number of ‘spikes’ that occurred in the data in
1 ms bins. Spontaneous activity (calculated in the pre-stimulus period)
was subtracted from the data in order to leave a pure measure of
the stimulus-induced change in firing rate. Response profiles of
sensory-evoked activation in the deep-brain relay stations have been
previously characterised (Diamond et al., 1992; Khatri et al., 2004;
Sosnik et al., 2001; Stewart and King, 1966; Temereanca and Simons,
2003) and these data (i.e. onset latency, duration and presence of
sensory adaptation) were used in conjunction with MRI structural
scans and histological verification of recording sites (see below) to
identify activated channels within the electrode array, which were
then averaged to generate a single time-series. The average of all indi-
vidual responses presented at 1 Hz was then obtained and the maxima
of this response used to normalise the data. To obtainmeasures compa-
rable with fMRI responses, absolute LFP and MUA data were summed
between 0 and 40 s (ΣLFP and ΣMUA respectively).

MRI and histological verification of recording sites

Upon completion of electrophysiological studies, recording sites
were marked using a radio-frequency lesion generator at 5 mA for
240 s (RFG-4, Radionics, MA, USA (Brozoski et al., 2006)). The animals

were perfused transcardially with saline followed by 4% para-
formaldehyde and the brains removed. Recording sites were visua-
lised by a combination of structural MRI scans and standard histolog-
ical processing. For MRI measurements the brain was placed into
a plastic container, filled with agar. This reduced air–tissue suscepti-
bility artefacts around the cortex. The brain was scanned in a 7 T,
310 mm bore Bruker magnet (Bruker BioSpecAvance, MRI system
B/C 70/30) fitted with an actively shielded micro imaging gradient
set (Bruker BioSpin MRI GmbH B-GA12. 400 mT/mmaximum strength
per axis with 80 μs ramps). For RF transmission and reception we used
a 1H volume resonator (Bruker, 300 MHz, 1 kW max, outer diameter
118 mm/inner diameter 72 mm) and actively decoupled 20mm
(inner diameter) 1H surface coil (Bruker 1P-T7399) respectively. We
obtained high spatial resolution 3D-RARE scans (512*512*256 pixels,
spatial resolution=76 64*129 μm, RARE factor=8, TR=2000,
TE=15 ms, averages=2) of the fixed brains before histological
processing. A detailed procedure for histological processing using
Nissl stains has been described previously (Zheng et al., 2001). To
visualise the brainstem and thalamic recording sites, 50 μm sections
from sagittal and coronal planes, respectively, were obtained and
stained for Nissl substance using cresyl violet.

Results

Whole-brain fMRI

We used single-shot echo-planar imaging (EPI) in a 3 T MRI
scanner to record BOLD responses to electrical whisker stimulation
(1.6 mA) applied at frequencies between 1 and 20 Hz in anaesthetised
rats. Stimuli were presented in a block design with stimulation periods
(40 s) repeated every 180 s. The use of a custom-built bird-cage coil
allowed us to collect data from 12×2 mm-thick contiguous coronal
slices (Fig. 1); more than adequate to cover brainstem, thalamic
and cortical stations of theWTB pathway. Of themajor whisker-related
subnuclei of the trigeminal complex, SpVi exhibited the most robust
BOLD activation across the stimulation frequencies used. Likewise,
thalamic BOLD activation was evoked most robustly in VPM (although
notably more weakly than in the trigeminal complex or cortex). As
a consequence, slices for BOLD analysis were standardised between
animals to optimally correspond to SpVi (slice #10; Fig. 1), VPM
(slice #5) and barrel cortex (slice #4). The three regions differedmark-
edly in their responsiveness to stimulation at different frequencies
(Figs. 2 and 3). While both the amplitude and integral of BOLD re-
sponses within the brainstem trigeminal nucleus increased monotoni-
cally with increasing stimulation frequencies, the thalamus only
exhibited strong responses at or above 10 Hz, whereas BOLD responses
in the cortex were greatest at mid-range stimulation frequencies
(maximally at 5 Hz).

To the best of our knowledge this is the first time that BOLD acti-
vation has been evoked from sensory nuclei in the rodent brainstem
using multi-frequency sensory stimulation (although see (Yu et al.,
2005) for contrast-enhanced fMRI of brainstem activation), but the
activation profiles are in line with what would be expected on the
basis of the responsiveness of this area as demonstrated by previous
electrophysiological recordings: brainstem sensory nuclei are known
to reproduce incoming sensory stimuli with high fidelity (Sosnik
et al., 2001) and would therefore be expected to exhibit greater
BOLD responses with increasing stimulation frequency. The relatively
weak BOLD activation that we observe in the thalamus is also in line
with previous studies that have used sensory (Esaki et al., 2002;
Zhao et al., 2008) and pharmacological (Mandeville et al., 2001) stim-
ulation. Furthermore, BOLD activation in the thalamus can be entirely
absent in response to sensory stimulation, despite strong activity in
‘downstream’ structures (Keilholz et al., 2004; Spenger et al., 2000).
The frequency selectivity observed in the cortex can be explained
using both functional and behavioural perspectives: rodents move
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their whiskers back and forth at specific frequencies when examining
objects in their environment and this movement occurs in the range
5–12 Hz. Furthermore, the somatosensory cortex shows maximal

integrated responsiveness at these frequencies (Hewson-Stoate et
al., 2005; Keilholz et al., 2004; Sheth et al., 2003) and one would
therefore expect greatest metabolic activity in this frequency range.

Fig. 2. BOLD fMRI activation maps in the coronal plane obtained in response to electrical stimuli presented at 5 Hz (upper panel; a–f) and 20 Hz (lower panel; g–l). The activation
clusters are displayed with an uncorrected p-value threshold of 0.001 (family-wise error, FWE) and rendered onto high-resolution MRI anatomical images. Distance of the slice
from bregma is shown in the lower-right corners.

Fig. 3. Time series of BOLD fMRI responses to varying stimulation frequency in S1 (a), VPM (b) SpVi (c) and absolute∑ of responses (d) during stimulus presentation (indicated by
vertical dashed lines in a–c). Data are average responses from all animals.
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Multi-site electrophysiology

In a parallel set of experiments, we recorded local field potentials
(LFP) and multi-unit activity (MUA) from the same three stations of
the WTB pathway (SpVi, VPM and barrel cortex) under identical ex-
perimental conditions. Correct placement of electrodes and successful
recording of relevant nuclei was verified using a combination of
histological processing, high-resolution MRI anatomical scanning
(Fig. 4), intrinsic optical imaging (in the case of the cortex) and
careful assessment of sensory-evoked response profiling (latency,
duration and adaptation at high frequencies) based on previously
published recordings (Diamond et al., 1992; Fraser et al., 2006;Minnery
and Simons, 2003; Moreno et al., 2005; Shoykhet et al., 2000; Sosnik
et al., 2001). Cortical electrodes were inserted to a depth of 1.5 mm.

In the current study, both LFP and MUA were recorded by differ-
entially filtering the electrode recordings below 300 Hz and above
500 Hz, respectively. Average LFP and MUA responses as evoked by
all stimulation frequencies are illustrated in Fig. 5 (i.e. the response
represents the average response across all electrical pulses in a stimulus
train in order to allow comparison between stimulation frequencies).
As the sensory input travelled through the pathway, response latencies
recorded in the three structures increased in a manner predicted
by previous electrophysiology studies, with each structure exhibiting
response profiles and stimulus adaptation rates that differed on
account of their unique cytoarchitectonicmake-up, intrinsic membrane

properties and purported functional roles. In the trigeminal nucleus, the
initial positive LFP waveform (Fig. 5g; peak latency: 2.15±0.14 ms)
and peak in MUA (Fig. 5c; peak latency: 2.95±0.0 ms) signifies the
first activity in the WTB pathway and these responses exhibit little
adaptation with increasing stimulation frequency, in accordance with
the role of the nucleus as a primary relay structure (Sosnik et al.,
2001). Ascending projections then trigger a multi-component wave-
form in the thalamus (Fig. 5f; the first negative wave of which occurs
after 4.27±0.25 ms; Fig. 5b;MUA peak: 3.74±0.78 ms)which displays
greater adaptation than the response in the brainstem. In addition
to projecting directly to the cortex, the thalamus is also responsible
for sending a reciprocal connection back to the trigeminum which
results in a negative LFP wave in the latter structure that only
slowly returns to baseline (Fig. 5g; peak at 4.84±0.19 ms) and, unlike
the initial trigeminal response, exhibits a moderate level of adaptation
resembling that observed in the structure of origin, the thalamus. The
thalamocortical projection (Fig. 5e; LFP peak latency: 5.42±1.82 ms;
Fig. 5a MUA peak: 9.75±2.17 ms) exhibits by far the greatest levels of
adaptation, similar levels of which can also be observed in a reciprocal
connection back to the thalamus (Figs. 5b,f).

Neurovascular coupling

In order to establish how well the underlying neural activity was
predicted by the fMRI signal, the absolute ΣBOLD response (Fig. 3a)

Fig. 4. Examples of MRI structural scans and results of histological processing to localise electrophysiology recording sites in SpVi (a–d) and VPM (e–g) nuclei. After the completion
of an experiment, recording sites were lesioned and subsequently localised post-mortem by high-resolution structural MRI scans at 7 T (a, e) and stained for Nissl substance using
cresyl violet (c, d, g). These are exemplified for a brainstem recording site (a–d) and thalamic site (e–g) alongside appropriate Paxinos andWatson (1998) atlas images which show
the trajectory of the electrodes. Concordance of BOLD fMRI activation clusters and recording sites is illustrated with activation clusters (from separate animals) shown in insets
in a and e. Air pocket artefacts near to midbrain structures (a) have been masked.
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was plotted against absolute ΣMUA (Fig. 5d) and ΣLFP (Fig. 5h) re-
sponses and the ability of linear (y=ax+c) and non-linear
(y=axb+c) models (with and without offsets) to describe the data
was evaluated (Fig. 6). The particular models chosen have previously
been found to describe neurovascular coupling relationships under a
range of conditions (Devor et al., 2003; Hewson-Stoate et al., 2005;
Norup Nielsen and Lauritzen, 2001; Sheth et al., 2004). ΣMUA and
ΣLFP represent overall neural activity evoked in the 40 s duration
stimulus period. Therefore, the time courses of average responses
to individual electrical pulses (Fig. 5 a–c, e–g) were multiplied by
the overall total number of stimuli (e.g. 40 at 1 Hz, 800 at 20 Hz).
The linear and non-linear models were optimised using a least-
squares algorithm and the simplest model (y=ax) compared to
each of the more complex models using an F-test, which balances
the decrease in sum-of-squares (expected from more complex
models) with the increase in the number of parameters of the models,
to objectively determine the neurovascular coupling relationship
for each brain area electrophysiological recording parameter.

The vast majority of neurovascular coupling relationships have been
obtained by the study of cortical regions (though see (Angenstein et al.,
2009; Lauritzen, 2001; Lee et al., 2010)), and there is broad consensus
that a positive linear relationship abounds, at least with a conservative
range of stimulation parameters (Devor et al., 2003; Hewson-Stoate
et al., 2005; Jones et al., 2004). Our data agree with this (Figs. 6a,b)
but also extend these findings to support a linear relationship for
ΣMUA not only in the cortex but in all three stations of the WTB
pathway (Figs. 6a,c,e). However, when linear regression lines are
compared for each dataset, the slope of the relationship in the thalamus
was found to be different from both brainstem (F=86.03, pb0.0001)
and cortex (F=52.02, pb0.0001). The slope of the linear relationships
in brainstem and cortex were not significantly different (F=1.33,
p=0.28). Thus, despite the presence of linear coupling between
ΣBOLD and ΣMUA in each structure, the relationship that triggers
vascular changes in response to spiking activity remains different.
In contrast to these linear relationships, due to the plateau exhibited
by ΣLFP responses in the brainstem at high frequencies (Fig. 5h), and
in conjunction with a linear rise in ΣBOLD, the neurovascular coupling
relationship adopted a power-law curve: small increments in neural
activity produced large increases in the BOLD signal (Fig. 6f). A further

exception to the positive linear rule was in the thalamus: due
to strong corticothalamic feedback (Fig. 5b), the ΣLFP in the thalamus
resembled that of the cortex and exhibited frequency selectivity
(at 3 Hz). ΣBOLD activity increased with stimulation frequency
which, in the face of falling ΣLFP responses, gave rise to a negative
linear lationship between ΣLFP and the ΣBOLD signal in the thalamus
(Fig. 6d).

Discussion

By using whole-brain imaging, the current study found that there
are marked regional differences in BOLD fMRI activation in response
to the presentation of a sensory stimulus. By comparing this regional
heterogeneity with local electrophysiological recordings, we found
that not all brain structures and electrophysiological measures obeyed
a simple, positive linear neurovascular coupling relationship. Therefore,
while supra-threshold neural activity (i.e. MUA) could always be pre-
dicted from BOLD signals in a positive linear fashion, sub-threshold
(i.e. LFP) activity was only positively linearly related to the BOLD signal
in the cortex; LFP responses in the brainstem and thalamus exhibited
marked exceptions to this rule.

Early studies suggested that the BOLD signal could be predicted by
convolving neural activity with a linear time-invariant system (Ances
et al., 2000; Boynton et al., 1996; Dale and Buckner, 1997). However,
not all studies have found linear relationships between direct neural
recordings and haemodynamic or metabolic responses (Devor et al.,
2003; Hewson-Stoate et al., 2005; Hoffmeyer et al., 2007; Jones
et al., 2004; Sheth et al., 2004). Such relationships have been the
focus of much research over the past fifteen years and a consensus
is now emerging that, at least in the cortex, a linear relationship char-
acterises response dynamics (Arthurs and Boniface, 2003; Arthurs
et al., 2000; Brinker et al., 1999; Heeger et al., 2000; Lauritzen,
2001; Martindale et al., 2003; Nangini et al., 2008; Ngai et al., 1999;
Ou et al., 2009; Rees et al., 2000; Sheth et al., 2003; Smith et al.,
2002; Ureshi et al., 2004). Note, however, that important exceptions
exist in the literature but these are most often found only under spe-
cific experimental conditions: non-linear relationships are often
found when sensory stimuli used are of a short-duration, in which a
CBF overshoot is disproportionately high compared to long-duration

Fig. 5. Time series of LFP and MUA responses to varying stimulation frequency in the three structures of interest; these represent the average responses to each electrical pulse
applied to the whisker pad over the 40 s stimulation period; a,e) S1; b,f) VPM; c,g) SpVi. In order to provide a true reflection of the overall size of neural activity, the absolute
integral (Σ) of these responses were multiplied by the number of stimulus pulses in a train (e.g. 40 at 1 Hz, 800 at 20 Hz) to arrive at the integrated responses shown for MUA
(d) and LFP (h). Data are average responses from all animals.
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stimuli (Ances et al., 2000; Soltysik et al., 2004; Vazquez and Noll,
1998) (but see (Yesilyurt et al., 2008)) or are of a low-intensity that
do not cross a required neural threshold to evoke a haemodynamic re-
sponse (Vazquez and Noll, 1998). In accordance with these findings,
we show that neurovascular coupling in the cortex obeys a linear rela-
tionship when neural activity is triggered by long-duration sensory
stimuli and modulated by altering stimulation frequency, as opposed
to intensity. We also find ΣBOLD responses to be equally well pre-
dicted by ΣMUA as by ΣLFP responses in the cortex, as the absolute
integral of both electrophysiological measures undergo similar,
monotonic rises with increasing stimulation frequencies. Note that
the cortical ΣMUA data exhibits a negative BOLD (y axis) intercept
suggesting that a minimum threshold of spiking is required before
a BOLD response is triggered. Excluding the ΣLFP–BOLD relationship
in the thalamus (discussed below), no other structure or modality
exhibits a non-zero y-intercept. This suggests that, under the experi-
mental conditions used in the current study, neural activity in the
cortex below a certain threshold would not be detected (c.f. (Zhang
et al., 2008)).

The close relationship between cortical MUA and LFPs, highlighted
above, is often reported in the literature (Jones et al., 2004) as is the
close relationship between these measures and cortical BOLD signals
(Hewson-Stoate et al., 2005; Jones et al., 2004), but there are excep-
tions (Logothetis et al., 2001). Poor correlations between spiking

and synaptic activity can arise for a number of reasons (see below),
but in the cortex a major factor is state-dependent adaptation (Kim
et al., 2010). As firing thresholds are known to alter according to
arousal state (McCormick and Bal, 1997), this provides a further
layer of complexity to neurovascular coupling and is an issue being
actively investigated (Jones et al., 2008; Masamoto et al., 2009).
Such investigations, along with data from groups that have utilised
unanaesthetised preparations, will play an important role in extending
the results presented here to allow a comprehensive evaluation of neu-
rovascular coupling not only across different brain regions but, crucially,
between different brain states as well.

A linear relationship between ΣMUA and ΣBOLD signals was found
in the brainstem, but, in contrast to the cortex, a non-linear relation-
ship between ΣLFP responses and ΣBOLD activity was observed. A
monotonic rise in ΣBOLD activity with increasing stimulus frequency
(Fig. 5) suggests a lack of any threshold effect within our data. Rather,
the source of the non-linearity appears to be an apparent ceiling effect
of brainstem LFP responses, which, in the neurovascular relationship
(Fig. 6f), resulted in small increases in ΣLFP producing proportionally
larger increases in the ΣBOLD response. The non-linear coupling in the
brainstem may be the result of a decrease in metabolic efficiency at
high activity levels due to lower oxygen extraction fractions (Li and
Freeman, 2007), which necessitate proportionately larger increases
in CBF, relative to neural activity. Alternatively, the non-linearity

Fig. 6. Neurovascular coupling relationships. ΣLFP (a,c,e) and ΣMUA (b,d,f) responses are plotted against ΣBOLD fMRI for all three brain structures of interest and curves fitted using
a least-squares model. Equations of the lines-of-fit are provided alongside R2 values; numbers adjacent to datapoints in (d) represent stimulation frequencies. An outlier in (d),
identified as the response elicited with stimulation at 1 Hz, was removed using the ROUT method (Motulsky and Brown, 2006) with a threshold of 15% prior to fitting.
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could result from certain components of the neural response not being
accurately measured. Indeed, it is accepted that fMRI may give an ac-
count of aspects of neural activity that are undetected in conventional
electrophysiological recordings (Bartels et al., 2008). For example, due
to the closed-field geometry of cortically-projecting thalamic cells,
components of the LFP waveform may cancel out (i.e. active sinks
and passive sources could overlap (Di et al., 1990; Mitzdorf, 1985)).
Furthermore, LFP recordings do not capture all aspects of synaptic activ-
ity. For instance, LFP recordings are notoriously poor at obtaining mea-
sures of inhibitory function due to the combined effect of inhibitory
synapses being close to cell somata and the low amplitudes of net cur-
rents that flow during such activity (Mitzdorf, 1985). It remains unclear
to what extent inhibitory synapses contribute to metabolic processes
that underlie vascular responses (Enager et al., 2009; Kocharyan et al.,
2008; Sotero and Trujillo-Barreto, 2007), although it is interesting that
when inhibitory cell function is included in models of neurovascular
coupling, non-linearities are produced (Almeida and Stetter, 2002).
The extent to which synaptic inhibition explains the non-linear rela-
tionship between ΣBOLD and ΣLFP responses in the brainstem requires
further investigation.

It has recently been suggested that certain brain structures may,
by their very nature, not lend themselves to producing robust BOLD
signals (Ekstrom, 2010). This can be due to their poor blood supply
or their vasculature being relatively unreactive, either of which
would result in the demand for nutrients exceeding the supply
and a resultant BOLD fMRI response that is either weak, absent or
negative (Ances et al., 2008; Ekstrom, 2010). In light of the present
findings of weak BOLD responses in the thalamus, also reported by
others (Esaki et al., 2002; Mandeville et al., 2001; Zhao et al., 2008),
we suggest that this structure could fall within this category. Though
capillary densities in the thalamus are similar if not greater than cor-
tical structures (Borowsky and Collins, 1989; Gobel et al., 1990; Klein
et al., 1986; Zhao and Pollack, 2009), CBF responses recorded using
iodoantipyrene autoradiography (arguably a more direct measure of
CBF than fMRI can provide) suggest that the vasculature is relatively
unreactive as responses to sensory stimulation are approximately
half the size of that in the brainstem trigeminal nuclei and barrel
cortex (Esaki et al., 2002). Nonetheless, in the present study a positive
linear relationship was found between ΣMUA and ΣBOLD responses
in the thalamus and a negative linear relationship between ΣLFP and
ΣBOLD responses. Note that despite a positive linear relationship be-
tween ΣMUA and ΣBOLD, the slope of the line was relatively shallow,
and significantly different to that in the brainstem and cortex owing
to the relatively weak thalamic BOLD responses. Hence, and of crucial
importance, similar increases in neural activity in the three regions
would give rise to dissimilar increases in BOLD.

The negative slope of the neurovascular relationship between
ΣLFP and the ΣBOLD response in the thalamus is in stark contrast to
the positive slope of the ΣMUA and ΣBOLD relationship (in the thala-
mus as well as in brainstem and cortex). The dissociation between
sub-threshold (LFP) and supra-threshold (MUA) thalamic activity
that underlies this difference could arise for many reasons (see
above). Here the rather unusual phenomenon of an increase in MUA
activity and a simultaneous decrease in LFP responses could reflect
the fact that some features of neural activity are insufficiently cap-
tured by LFP recording techniques, as wasmentioned above regarding
the brainstem. Alternatively, lower levels of synaptic activity may
be required to elicit spikes at high frequency, due for example to the
effects of temporal summation. Accordingly, the single ΣLFP–ΣBOLD
data point in Fig. 6d that has been identified as an outlier is that
from the 1 Hz stimulation frequency and, we suggest lies outside the
linear relationship because neural activity elicited was insufficient to
bring about a haemodynamic response. Regardless of the cause of
the negative ΣLFP–ΣBOLD relationship in the thalamus, the fact that
the BOLD responses in the thalamus (and trigeminal nucleus) are bet-
ter predicted by MUA than by LFP lends support to the argument that

spiking activity is more closely related to the BOLD response, and the
associated haemodynamic and metabolic processes (Heeger et al.,
2000;Masino, 2003;Mukamel et al., 2005; Smith et al., 2002). However,
for the reasons discussed above, this may not be a result of greater en-
ergy requirements of spiking activity as some groups suggest (Heeger
and Ress, 2002; Nir et al., 2008).

Conclusions

In any study of neurovascular coupling, one must ask how the data
obtainedmay be applied to enable better understanding and interpre-
tation of imaging signals. To this end, the widely-held consensus of a
simple, positive linear relationship existing between neural activity
and BOLD signals in the cerebral cortex has facilitated the widespread
application of fMRI in studies of cognition that are, by definition,
centred on cortical function. The current findings of dissimilar rela-
tionships in non-cortical structures need not limit the application of
fMRI to studies in which such regions are the focus but do recommend
a ‘proceed with caution’ approach for cognitive neuroscientists inves-
tigating the function of non-cortical brain regions, especially when
comparing them to cortical regions. Our study also strongly argues
for further investigations to be made into the true origins of the
BOLD signal in different brain regions not only in anaesthetised (or
even awake) subjects at rest but also during different states of arousal,
a related discipline that has asmany controversies as the study of neu-
rovascular coupling (Arthurs et al., 2004; Jones et al., 2008; Sirotin and
Das, 2009). Clearly there is still much work to do before all the infor-
mation hidden within fMRI signals is decoded.
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