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Abstract
High-resolution functional-magnetic-resonance-imaging (fMRI) has been used to study brain
functions at increasingly finer scale, but whether fMRI can accurately reflect layer-specific
neuronal activities is less well understood. The present study investigated layer-specific cerebral-
blood-volume (CBV) fMRI and electrophysiological responses in the rat cortex. CBV fMRI at
40×40 µm in-plane resolution was performed on an 11.7-T scanner. Electrophysiology used a 32-
channel electrode array that spanned the entire cortical depth. Graded electrical stimulation was
used to study activations in different cortical layers, exploiting the notion that most of the sensory-
specific neurons are in layers II–V and most of the nociceptive-specific neurons are in layers V–
VI. CBV response was strongest in layer IV of all stimulus amplitudes. Current source density
analysis showed strong sink currents at cortical layers IV and VI. Multi-unit activities mainly
appeared at layers IV–VI and peaked at layer V. Although our measures showed scaled activation
profiles during modulation of stimulus amplitude and failed to detect specific recruitment at layers
V and VI during noxious electrical stimuli, there appears to be discordance between CBV fMRI
and electrophysiological peak responses, suggesting neurovascular uncoupling at laminar
resolution. The technique implemented in the present study offers a means to investigate
intracortical neurovascular function in the normal and diseased animal models at laminar
resolution.
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Introduction
Recent technical improvements in magnetic resonance imaging (MRI) have helped to
advance the spatial resolution of functional MRI (fMRI) to study brain activities in fine
cortical structures, including resolving hemodynamic functions from individual cortical
columns (Duong et al., 2001; Fukuda et al., 2006; Kim and Fukuda, 2008; Kim et al., 2000)
and cortical layers (Harel et al., 2006; Jin and Kim, 2008; Logothetis et al., 2002; Lu et al.,
2004; Shen et al., 2008; Siero et al., 2011; Smirnakis et al., 2007; Tian et al., 2010; Zhao et
al., 2006), but how well those fMRI signals can represent regional neuronal activities
remains debated. At a coarse spatial resolution, blood-oxygenation-level-dependent (BOLD)
signal has been found to linearly correlate with evoked electrophysiological signals (Brinker
et al., 1999; Disbrow et al., 2000; Goloshevsky et al., 2008; Huttunen et al., 2008;
Masamoto et al., 2007; Ogawa et al., 2000; Van et al., 2006). Logothetis et al. (2001)
demonstrated that local field potential (LFP) shows better correlation and provides a better
estimate of the BOLD impulse response compared with multi-unit spike activity (MUA) by
simultaneously recording BOLD and electrophysiology signals in the monkey visual cortex.
It was later confirmed that the tissue oxygen tension is evident in the cat visual cortex when
spike activity is absent and the LFP still exists (Viswanathan and Freeman, 2007). These
data suggest that the BOLD hemodynamics correlate better with synaptic input (LFP) than
output (spike). LFP is mainly generated from pyramidal cells whose dendrites extend
throughout the cortex. An electric dipole with two charges of opposite polarity usually
generated from the pyramidal cells and spans across the entire cortical depth. At high
resolution, the power of LFP cannot be considered as a local measure of neuronal activity
due to the lack of laminar resolution of the dipole (Buzsaki et al., 2012; Kajikawa and
Schroeder, 2011). Current source density (CSD) analysis converts LFPs at different laminar
locations into electrical current distribution, providing localization of electrophysiological
sinks (inward membrane currents) and sources (outward membrane currents), where sinks
correspond to dendritic excitatory postsynaptic potentials and sources correspond to passive
efflux of charge from neuronal cell bodies (Freeman and Nicholson, 1975; Mitzdorf, 1987).
High-resolution fMRI has been used to resolve responses in different cortical laminae. Most
of the gradient-echo BOLD fMRI studies showed that the responses exhibited less spatial
specificity to intra-cortical neuronal activities because the oxygenation changes were evident
in large draining vessels on the cortical surface. BOLD signals have the shortest onset time
in layers IV–V (Siero et al., 2011; Silva and Koretsky, 2002; Silva et al., 2007), but with
only a few exceptions (Koopmans et al., 2010; Logothetis et al., 2002; Olman et al., 2012),
the gradient-echo BOLD signals were generally highest in the superficial layer and the
signals decreased monotonically with cortical depth in rats (Duong et al., 2000; Shen et al.,
2008; Silva and Koretsky, 2002; Silva et al., 2000; Yu et al., 2012), cats (Harel et al., 2006;
Jin and Kim, 2008; Zhao et al., 2004, 2006), monkeys (Smirnakis et al., 2007), and humans
(Polimeni et al., 2010; Siero et al., 2011). In contrast, spin-echo fMRI (Duong et al., 2003;
Lee et al., 1999; Zhao et al., 2006), similar to cerebral blood flow (CBF), cerebral blood
volume (CBV), and oxygen metabolism fMRI (Harel et al., 2006; Jin and Kim, 2008; Lu et
al., 2004; Shen et al., 2008) has more similar layer specificity to electrophysiology, showing
activations predominantly in the cortical layers IV–V because this technique is less
susceptible to large vessel contributions.
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Albeit there are many studies showing spatial correlations between functional hyperemia
and synaptic activities, neurovascular coupling was found only at certain stimulus conditions
(Nielsen and Lauritzen, 2001) and the flow-neuronal activity relationship was shown to be
nonlinear after passing a certain threshold (Devor et al., 2003; Hewson-Stoate et al., 2005;
Jones et al., 2004; Sheth et al., 2004), indicating that the hemodynamic response may not
simply reflect the regional synaptic activities. The present study aimed to examine the
relation between CBV fMRI signal and neural activity as a function of cortical depth at
ultra-high spatial resolution. We hypothesized that CBV fMRI responses are not tightly
coupled to electrophysiology measures (MUA and CSD) across different cortical layers at
high spatial resolution. Iron-oxide CBV fMRI was utilized because it has improved
functional contrast to noise ratio and laminar specificity. We also hypothesized that graded
electrical stimulation can evoke preferential activations in the middle and deep cortical
layers based on the fact that cortical neurons driven by non-noxious stimulation were mainly
recorded from layers II–V, while most of the nociceptive specific neurons were found in
layers V–VI (Lamour et al., 1983a).We implemented high-resolution CBV fMRI with a
custom-made small surface coil at high field to achieve high signal-to-noise ratio and 40×40
µm in-plane resolution. LFP and MUA were recorded using a custom-designed 32-channel
electrode array covering the entire cortical depth with high spatial resolution (74 µm inter-
electrode distance). These electrodes provided better sensitivity and accuracy because of
closer proximity to sites of neural events.

Materials and methods
Subjects

A total of 16 adult male Sprague Dawley rats (weighing 250–300 g; Charles River
Laboratories) were studied. All experimental procedures were approved by the Institutional
of Animal Care and Utilization Committee, UT Health Science Center at San Antonio.
Animals were housed in the vivarium (12:12-h light–dark cycle, controlled humidity and
temperature) with free access to food and water.

Animal preparation
Rats were initially anesthetized with 3% isoflurane and orotracheally intubated for
mechanical ventilation (Model 683, Harvard Apparatus, South Natick, MA). A PE-50
catheter was cannulated to the right femoral vein for subsequent drug administration. After
the animal was secured in a MRI compatible rat stereotaxic headset, isoflurane was
discontinued and α-chloralose (60 mg/kg first dose, followed by 30 mg/kg/h, i.v. infusion)
was administered for anesthesia. The rat was then paralyzed with pancuronium bromide (3
mg/kg first dose, followed by 1.5 mg/kg/h, i.v.). End-tidal CO2 was continuously monitored
via a capnometer (Surgivet, Smith Medical, Waukesha, WI). Non-invasive end-tidal CO2
values were previously compared to invasive blood-gas samplings under identical
experimental conditions (Shih et al., 2012b) and kept in normal ranges (3–3.3%),
corresponding to arterial pCO2 of 30–40 mm Hg. Rectal temperature was maintained at
37.0±0.5 °C with warm-water circulating pad. Heart rate and blood oxygen saturation level
were continuously monitored by a MouseOx system (STARR Life Science Corp., Oakmont,
PA) and maintained within normal ranges. An established CBV fMRI technique was
employed (Mandeville et al., 1998) by using 30 mg/kg monocrystalline iron oxide
nanoparticles (MION) at 11.7 T to minimize the BOLD contribution (Shih et al., 2011,
2012c).

Forepaw stimulation
Electrical stimulation was achieved via a pair of needle electrodes inserted under the skin of
the right forepaw (between digits 1 and 2 and digits 3 and 4). The electrodes were then fixed
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with surgical tape and the stimulation was confirmed by observing digit twitching. Graded
electrical stimulation was applied using a stimulator (Model 2100, A–M Systems, Carlsborg,
Washington, USA) with a constant current at 1, 2, 6, and 10 mA with a pulse-width of 0.3
ms at 3 Hz. Each stimulus amplitude was presented at least once to each animal in a random
order. Stimulation current above 2 mA is considered to induce nociception (Lowe et al.,
2007; Shih et al., 2009, 2011, 2012a). A block-design stimulus paradigm was OFF–ON–
OFF–ON–OFF for fMRI and OFF–ON–OFF for electrophysiology, where OFF=100 s and
ON=50 s.

fMRI data acquisition
MRI was performed in a group of six rats. MR images were acquired using an 11.7 T/16 cm
magnet and a 74 G/cm B-GA9S gradient insert (Bruker, Billerica, MA). A custom-made
small circular surface coil (ID~0.7 cm) was placed above the contralateral primary
somatosensory cortex of the forelimb (S1FL). Magnetic field homogeneity was optimized
using standard FASTMAP shimming with first order shims on an isotropic voxel of 7×7×7
mm encompassing the imaging slices. A T2-weighted pilot image was taken in the mid-
sagittal plane to localize the anatomical position by identifying the anterior commissure
(bregma −0.8 mm). Imaging slice was oriented perpendicular to the cortical surface for
better cortical layer alignment (Fig. 1). CBV fMRI was acquired with FLASH sequence
using spectral width = 14.8 kHz, TR/TE = 26/10 ms, FOV = 0.768×0.768 cm, slice
thickness = 2 mm, matrix = 192×192, yielding in-plane resolution = 40×40 µm and temporal
resolution = 5 s. The flip angle of the FLASH sequence was adjusted to maximize the signal
in the S1FL, which was the Ernst angle (~10°). High in-plane resolution is needed to
unambiguously resolve layer-specific responses because the thickness of cortical layer IV in
the S1 area is only about 250 µm (Sun et al., 2006).

Electrophysiology recording
Electrophysiology was performed in a separate group of five rats. A stereotaxic frame
(Model 900, David Kopf Instruments, Tujunga, CA, USA) was used to position the head.
The animal physiological conditions were kept the same as the MRI experiment, except that
craniotomies were performed over the S1FL area contralateral to the stimulated forepaw to
implant the recording electrode. A stainless steel screw was placed 2 mm caudal to lambda
as a reference electrode. After the dura was removed, a custom designed polyimide-based
32-channel microelectrode array (Chen et al., 2009) was implanted at the S1FL (coordinates
from Bregma: AP, +0.5 mm; ML, −4 mm; and VD, −2. mm; approached with a coronal
angle of 22.5°). The spacing between two adjacent channels was 74 µm. The diameter of the
electrode was 16 µm. Data were acquired using a Cerebus multi-channel data acquisition
system (Blackrock Microsystems, Salt Lake City, Utah, USA). The data were amplified and
filtered into: LFP (0.3–500 Hz and sampled at 1 kHz) and MUA (150 to 5000 Hz and
sampled at 20 kHz). At the end of the experiment, a 30 µA direct-current was delivered to
the deepest contact lead for 10 s to label the recording site. The rats were then given an
overdose of anesthetic and perfused with a mixture of 150 ml ice-cold PBS solution and 500
ml 4% paraformaldehyde at the flow rate of 50 ml/min. The brains were carefully removed
from the skulls and kept in a mixture of 4% paraformaldehyde and 30% sucrose at 4 °C for
two days. Afterwards, each brain was sliced into 50 µm coronal sections with a freezing
microtome (CM 1800, Leica, Germany). Nissl staining of brain tissue sections with 0.1%
cresyl violet was used to confirm the recording locations.

Data analysis
Image analysis was performed using a custom-written program in Matlab (Math-Works,
Natick, MA), STIMULATE (University of Minnesota), and Statistical Parametric Mapping
(SPM). Time series MRI data were co-registered to align slight image drift overtime using
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the spatial realignment function in SPM5 (Duong and Muir, 2009; Muir and Duong, 2011).
Spatial translation and rotation were applied automatically to co-register images showing
difference from the mean image averaged across the entire time-series using mutual
information. The stimulus-evoked ΔR2* value, which varies linearly with the stimulus-
evoked CBV fraction, was calculated as follows (Mandeville et al., 1998) after MION

injection: , where Sctrl and Sstim are the MR signal intensities before
and during stimulation, respectively. The stimulus-evoked percent-CBV change was further

computed by dividing the basal CBV: , where Spre-MION is the
MR signal intensity before MION injection. Intensity profiles across the entire cortical depth
(2 mm) were obtained from flattened images by projecting lines perpendicular to the cortical
surface on a T2-weighted image coregistered to the time-series data. Profiles were then
averaged along the length of the S1FL (~1.3 mm) and plotted as a function of time. The
signals along the cortical depth were assigned to five pre-defined cortical layers according to
Nissl staining, where the percent-thickness of layers I, II–III, IV, V, and VI were 12%, 20%,
14%, 18%, and 36% of the total cortical depth, respectively (Sun et al., 2006). Layer-
specific stimulus-evoked percent CBV changes to different stimulus amplitudes were
tabulated.

Electrophysiology data were analyzed by using custom-written codes in MATLAB. The 50 s
LFP and MUA data during stimulation were split into 150 trials of 333 ms post-stimulus
periods based on the stimulus time stamps (3 Hz). Averaged LFPs and MUAs were obtained
by averaging over 150 trials. ∑ MUAs were then calculated as an integration of the area
under the response curve during the 100 ms post-stimulus period. Current source-density
(CSD) analysis (Freeman and Nicholson, 1975; Mitzdorf, 1987) processed averaged LFPs
using a numerical approximation of the second finite differences as described previously
(Wojcik and Leski, 2010). The relationship between LFP and CSD is described by a Poisson
equation as follows (Freeman and Nicholson, 1975):

where σ is the conductivity of the conducting medium and ψ is the FP. The CSD units
should be multiplied by the unit of conductivity. However, if the recording area is small, the
tissue conductivities along all of the axes can be assumed to be homogeneous (McAllister
and Wells, 1981). The equation can be simplified as follows:

And the approximation of trans-membrane current is

where ϕ is the extracellular field potential, h is the distance between adjacent recording sites
(74 µm), and x is the coordinate perpendicular to the cortical layer. The D2-filter was
performed for spatial smoothing and the parameters n, k, and am are constants as follows: n
= 2, k = 4, a0 = −2, a±1 = 0 and a±2 = 1 (Freeman and Nicholson,1975; Sun et al., 2006;
Tenke et al., 1993). The brain tissue conductivity of 0.3 S/m was used (Bédard and
Destexhe, 2011; Goldenholz et al., 2009) and was assumed isotropic and homogeneous in
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the cortex (Chapman et al., 1998; Csicsvari et al., 2003). To compare with the CBV fMRI
(reflecting overall metabolism-related hyperemia after stimulus) and ∑ MUA, the peak
amplitude of the first sink component after the stimulus onset was calculated.

Data were then averaged across subjects to provide group-averaged laminar profiles of
evoked sink distribution and MUAs in the S1FL. Statistical analysis was performed by SPSS
software (IBM, Armonk, NY, USA). Repeated-measures ANOVA with LSD post-hoc test
was used. Homogeneity of the variances was assessed by Levene's test. The significance
level was set at P < 0.05. All data are presented as mean ± SEM.

Results
Representative high-resolution CBV fMRI of the rat S1FL (40×40 µm in-plane resolution) is
shown in Fig. 2A. A thick slice was used to increase the signal-to-noise ratio and minimize
individual vessel contribution to the laminar CBV profiles. Nevertheless, column-like
activations were still observed in the cortex which may originate from penetrating vessels
perpendicular to the cortical surface. The cortex was linearized to facilitate layer analyses
(Fig. 2B). Fig. 3A shows CBV profile time courses of 1, 2, 6,and 10 mAstimulation (n = 6).
No apparent spatial shift in the mediolateral direction was observed at different stimulus
intensities; therefore data were averaged along the length of the cortex (~1.3 mm) within the
ROI (Fig. 2B) and plotted over time. The percent CBV changes varied with the cortical
depth. The greatest signal changes occurred in cortical layer IV and decreased continuously
toward both the cortical surface and corpus callosum. The basal CBV fraction at different
cortical layers is shown in Fig. 3B. Cortical layer IV shows the higher CBV fraction
compared with layers I and VI (P < 0.05). Percent CBV changes to graded forepaw electrical
stimulation exhibited similar distribution as the basal CBV fraction (Fig. 3C), where a
significantly stronger CBV response was observed at cortical layer IV compared with layers
I and VI at all stimulus amplitudes (P < 0.05).

Fig. 4A shows LFP traces from a representative subject and Fig. 4B shows corresponding
CSD traces calculated from the LFP data. The amplitudes of the first CSD sink peak were
quantitatively expressed as a bar graph shown in Fig. 6A. Cortical layers IV and VI showed
the greatest sink currents among all stimulus conditions. Fig. 5 shows MUA traces from a
representative subject response to graded forepaw electrical stimulation. ∑ MUAs were
stronger in cortical layer V compared to all other layers at 6 and 10 mA stimuli (P < 0.05;
Fig. 6B). Higher stimulus amplitude evoked greater MUA responses compared to 1 mA at
all cortical layers (P < 0.05). Fig. 6C shows 32 equally spaced contacts of the electrode array
that spanned the cortex for electrophysiological recording. At the end of the experiment, a
small lesion was induced by passing 30 µA anodal current to the last contact lead for 10 s to
confirm the recording site by Nissl staining.

Discussion
The present study demonstrated high-resolution CBV fMRI and electrophysiological
responses to graded forepaw electrical stimulation in the rat S1FL. The major findings were:
(i) Column-like activations were observed using CBV fMRI at 40×40 µm in-plane
resolution. Those column-like activations may result from vasodilation of small vessels
located nearby the cortical microcolumns. (ii) CBV response was strongest in layer IV of all
stimulus amplitudes. The activation profiles across cortical layers were similar among
different stimulus amplitudes. (iii) CSD sink components that peaked at layers IV and VI
were significantly stronger than other layers among all stimulus amplitudes. (iv) MUA
mainly appeared in layers IV–VI and peaked at layer V during noxious stimuli. There
appears to be discordance between CBV fMRI and electrophysiological peak responses,
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suggesting neurovascular uncoupling at laminar resolution. These data supported our
hypothesis that fMRI does not accurately reflect electrophysiology measures at high spatial
resolution.

Laminar-specific neuronal activity
Unmyelinated C primary afferent fibers have been found to carry nociceptive signals in rats
(Lynn and Carpenter, 1982), monkeys (Croze et al., 1976), and humans (Torebjork, 1974;
Van Hees and Gybels, 1972). Nociceptive neurons in the ventroposterior thalamic nuclei
respond to electrical stimulation of cutaneous C-fibers (Guilbaud et al., 1980) and project to
the S1 (Schouenborg et al., 1986). Aδ -fibers also respond to intense mechanical stimuli and
nociception (Julius and Basbaum, 2001). In contrast, myelinated Aβ primary afferent fibers
primarily detect innocuous stimuli and consequently do not contribute to pain (Djouhri et al.,
1998). Previous fMRI and electrophysiology studies showed that the responses of Aβ-, Aδ-,
and C-fibers reached their maximum amplitude and saturated when the nerve-stimulating
currents were 10, 15, and 20 times higher than the minimal current to evoke action potential,
demonstrating that the graded electrical stimulation has potential to differentiate brain areas
associated with nociception (Chang and Shyu, 2001). The rat cortex exhibits high laminar
specificity to different stimulations. Cortical neurons driven by non-noxious cutaneous
stimulation were mainly recorded from layers II–V (98%), whereas most of the nociceptive
specific neurons were found in layers V–VI (92%) (Lamour et al., 1983a). A previous study
using a combination of latency measurements, anodal block of A fiber conduction, and
graded stimulation showed that the strong field potentials in layers V and VI were primarily
evoked by nociceptive C fiber input (Kalliomaki et al., 1993). By electrically stimulating the
median nerve, Jellema et al. (2004) found that specific thalamic afferents first depolarized
layer III and layer V pyramidal cells. After that, superficial pyramidal cells were depolarized
via supragranular intracortical projections, and followed by the generation of spikes in layer
V pyramidal cells, which enhanced supragranular pyramidal cell activation. Sun et al.
further showed that noxious electrical stimulation of the rat hindpaw primarily evoked sink
currents at layer IV and spread transynaptically upward to layers II–III. In addition, laser
stimuli evoked a delayed sink current occurred at the boundary of layers V and VI and swept
downward to deep layer VI (Sun et al., 2006). In short, the major excitatory intracortical
circuits include: (i) the feed-forward circuit starting from layer IV to layer II/III, and then to
layers V and VI. (ii) The feed-back circuit starting from layers V and VI to layers III and IV,
and from layer III to layer IV (Bannister, 2005; Lubke and Feldmeyer, 2007; Schubert et al.,
2007). Although CSD represents synaptic distribution in cortical layers, it reveals a static
wiring organization instead of dynamic neuronal responses evoked by graded stimuli
(Einevoll et al., 2007). Therefore, increasing the stimulus intensity would result in scaling of
the amplitude of the same laminar profile as shown in our data.

MUA describes the aggregates of extracellular spikes and may be more suitable to address
laminar responses to stimulus (Einevoll et al., 2007; Krupa et al., 2004; Sakata and Harris,
2009). According to the laminar architecture of the cortex, most of the cortical neurons are
located in layers IV and VI (Helmstaedter et al., 2007; Meyer et al., 2010). Dense
thalamocortical projections were also found in these layers (Bernardo and Woolsey, 1987;
Herkenham, 1980; Keller et al., 1985; White, 1979). Although the number of neurons in
layer V is less than layer IV or VI, the primary output action potentials were emitted by the
thick-tufted cells in layer Vb (de Kock et al., 2007; Feldmeyer, 2012; Helmstaedter et al.,
2007). High MUAs in layers IV–VI in our data were in good agreement with others reported
previously (Meyer et al., 2010) and substantiates the cortical laminar cytoarchitecture. Our
original hypothesis was that graded electrical stimulation at the rat forepaw was able to
modulate laminar activation profile of MUA. However, our data failed to detect specific
recruitment at layers V and VI during noxious electrical stimuli. Instead, a scaled activation
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profile was observed during graded electrical stimuli. This indicates that electrical stimulus
at the forepaw is non-selective and the response in the cortical laminae may be contaminated
by a variety of peripheral input, which eliminates the modality specificity across layers.
Another potential explanation is that the amount of nociceptive neurons is relatively small in
population. It has been shown that 29%of the neurons in the somatosensory cortex are
sensory-related and only 8% are nociceptive-specific out of 694 neurons recorded in 26 rats
(Lamour et al., 1983b). An alternative and more specific noxious stimulation, such as using
CO2 laser to selectively evoke nociception without affecting other sensory modalities, or
using optogenetics to activate a specific group of neurons in the defined cortical layers may
be more suitable to study intracortical neurovascular coupling in the future.

Laminar-specific CBV fMRI response
High in-plane resolution is needed to resolve layer-specific responses because the thickness
of cortical layer IV in the S1 area is only about 250 µm (Sun et al., 2006). The hemodynamic
responses have been shown to better reflect the input of the neural population rather than its
output (Jones et al., 2004; Logothetis et al., 2001; Viswanathan and Freeman, 2007). Our
CBV fMRI response only peaked at layer IV across all stimulus amplitudes and better
correlated to the major synaptic input revealed by CSD. The sink currents in cortical layer
VI and MUA peaked at layer V were not reflected by CBV fMRI. This may be due to the
distribution of vascular network and the control of microcirculation in the cortex. In general,
neurons inside the cortical layer IV have better somatotopic representation (Woolsey et al.,
1996). High vascularity in layer IV (Fonta and Imbert, 2002; Lauwers et al., 2008; Patel,
1983; Smirnakis et al., 2007; Zheng et al., 1991) may be to accommodate greater metabolic
needs compared with other layers (Kennedy et al., 1976; Kossut et al., 1988). The
activation-induced CBV change was highly correlated with the basal CBV. In the rat cortex,
the highest vessel density was found in layer IV. The vessel density in layer VI was only
10% that of layer IV and the vessels also decreased in size along the depth and diminished in
layer V or VI (Patel, 1983). A lower basal CBV indicated less contrast enhancement and
hence less sensitivity. It is likely that those sparse arterial terminals in layer VI respond
minimally to adjacent neuronal activity or generate very weak CBV changes and thus
resulting in poor spatial specificity of the CBV responses to the strong sink currents in layer
VI. fMRI activation at high resolution has been suggested to spatially relate to functional
vascular unit (Duong et al., 2001; Duvernoy et al., 1981; Harel et al., 2010; Kim et al.,
2000). The microvascular structure in the rat cortex is highly organized but is not completely
isolated. In cortical layer IV, dense vascular connections have been found between the
cortical columns by micro-injecting dye into the arteriole (Woolsey et al., 1996). These
microvessels in layer IV possess finer tuning of flow changes and can nourish the
neighboring columns (Woolsey et al., 1996), which may lead to functional hyperemia
occurring predominantly in layer IV during stimulation.

Potential limitations
Potential drawbacks of the present study were: (i) a relatively thick slice was used to
increase the signal-to-noise ratio and minimize potential contribution from large penetrating
vessels to the laminar CBV profiles. Therefore, the CBV fMRI signals may be susceptible to
partial volume effect. The S1FL has reasonably uniform layer thickness and similar
distribution of neurons/vasculature within each layer. We adjusted our slice angle to make it
perpendicular to the cortical surface to reduce the error in layer assignment (Fig. 1). (ii)
Electrophysiology was not performed simultaneously with fMRI and the recording volume
was different. Future studies will focus on developing MR-compatible multichannel
electrode arrays for simultaneous recording to eliminate the physiological variations in
different subjects. (iii) Short TR may induce in-flow effect, which could reduce the negative
MION fMRI signal change and result in incorrect estimate of CBV changes. Small flip angle
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(~10°) was used in this study which minimized in-flow effects. Similar study that used long
TR in MION fMRI showed that the layer-specific CBV response patterns were similar (Shen
et al., 2008), suggesting that inflow effect with our TR was likely small. A high dose of
MION used in this study also minimized the in-flow effect because the intra-vascular blood
T2* value is dramatically shortened and thus invisible (Lu et al., 2004). (iv) In our CSD
analysis, the extracellular medium is presumed to be uniform and resistive (Mitzdorf, 1985;
Pettersen et al., 2006). The mismatch between CBV and CSD profiles could potentially be
due to the negligible estimation of the surrounding extracellular medium in the CSD analysis
since the ionic flow and polarization effect may alter the expression of current source
(Bédard and Destexhe, 2011). (v) The borders of the layers were not individually identified
and percent depth ratio was used for layer assignment. This may affect the quantitation of
the layer responses.

Conclusions
The present study developed ultra-high-resolution fMRI and electrophysiology techniques to
study neurovascular responses in the rat somatosensory cortex. The spatial resolution was
40×40 µm in-plane for CBV fMRI. The spacing between two adjacent recording sites for
electrophysiology was 74 µm. CBV fMRI and electrophysiological data show different
functional activation profiles across the cortical depth, peaking at different locations. These
findings indicate that hemodynamic response may not exclusively reflect local neuronal
activity, and may depend on the distribution and the reactivity of regional microvasculature.
This technique offers a means to investigate intracortical neurovascular function in the
normal and diseased animal models.
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Fig. 1.
High resolution MRI and CBV-weighted fMRI. Data were acquired by using a custom-
designed coil (ID~0.7 cm) at an 11.7 T MRI scanner. The coil was placed above the left
S1FL to provide better signal-to-noise ratio. Post-MION (A) axial and (B) sagittal images
with 20 mm FOV. (C) Horizontal image was acquired parallel to the surface of the left S1FL
as shown in A & B. (D) Horizontal image with the same position as C but with smaller FOV
(7.68 mm). Forepaw stimulation at 2 mA, 0.3 ms pulse width, and 3 Hz was applied to
identify the activation area. (E) Axial image perpendicular to the cortical surface and
parallel to the cortical penetrating vessels with 7.68 mm FOV as shown in A, B, and D. This
slice position was used for the rest of the fMRI studies.
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Fig. 2.
High resolution CBV-weighted fMRI responses. (A) Column-like activation was observed
in the contralateral S1FL which may originate from penetrating vessels. Stimulation
paradigm was 2 mA, 0.3 ms pulse width, and 3 Hz. (B) Linearized cortical image. To
achieve laminar analysis, the cortex was linearized via finding the edge of the cortical
surface and radially projecting lines perpendicular to the edge (inset). Cortical surface and
corpus callosum can be more clearly identified on the pre-MION FLASH image. The depth
of the S1FL is generally 2 mm.
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Fig. 3.
Group averaged CBV responses to graded forepaw electrical stimulation. (A) Averaged
CBV fMRI time course of different stimulus amplitudes (n=6). The ROI was 1.3×2 mm2

(shown in Fig. 2B) and centered to the activation site. Data were averaged across the lateral
to the medial side and plotted over time. The X-axis indicates imaging time period, while the
Y-axis represents cortical depth. The black boxes indicate stimulation epochs. (B) Basal
CBV fraction (ΔR2*) at different cortical layers. (C) Percent CBV changes to graded
forepaw electrical stimulation at different cortical layers (n = 6). *Significantly different
from layer IV; Significant level was set at P < 0.05. Error bars are s.e.m. values.
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Fig. 4.
(A) Representative LFP averaged from 150 trials during graded forepaw electrical
stimulation. (B) Corresponding CSD laminar responses to graded forepaw electrical
stimulation. The sink and source current traces were derived from averaged LFP. Zero
current base lines were drawn to divide the sink and source currents. The sink current was
downward directed and marked with shade. The CSD traces showed apparent sink currents
at layers IV and VI.
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Fig. 5.
Representative MUA traces during graded forepaw electrical stimulation. The responses
mainly located at layers IV–VI.
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Fig. 6.
Group averaged CSD and MUA responses to graded forepaw electrical stimulation. (A)
Group-averaged CSD (n = 5) of different stimulus amplitudes. The first CSD sink amplitude
(inward current) was quantified at different cortical layers. *Significantly different from
layer IV. xSignificantly different from layer I. #Significantly different from 1 mA. (B)
Group-averaged MUA (n=5) of different stimulus amplitudes. ∑ MUAs were calculated by
integrating the area under the response curve during the first 100 ms after the stimulus onset.
*Significantly different from layer V; #Significantly different from 1 mA; Significant level
was set at P < 0.05. Error bars are s.e.m. values. (C) Reference lesion site (arrowhead) was
observed at the boundary of the cortical layer VI and corpus callosum. Lesion was induced
by passing an anodal current (30 µA for 10 s) to the 32nd contact lead at the end of the
experiment to confirm the recording site and ensure that the 32 recording channels spanned
the entire cortical depth.
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