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Abstract
Functional magnetic resonance imaging (fMRI) has become a popular functional imaging tool for
human studies. Future diagnostic use of fMRI depends, however, on a suitable neurophysiologic
interpretation of the blood oxygenation level dependent (BOLD) signal change. This particular
goal is best achieved in animal models primarily due to the invasive nature of other methods used
and/or pharmacological agents applied to probe different nuances of neuronal (and glial) activity
coupled to the BOLD signal change. In the last decade, we have directed our efforts towards the
development of stimulation protocols for a variety of modalities in rodents with fMRI. Perception
of the natural world relies on the formation of multi-dimensional representation of stimuli
impinging on the different sensory systems, leading to the hypothesis that a sensory stimulus may
have very different neurophysiologic outcome(s) when paired with a near simultaneous event in
another modality. Before approaching this level of complexity, reliable measures must be obtained
of the relatively small changes in the BOLD signal and other neurophysiologic markers (electrical,
blood flow) induced by different peripheral stimuli. Here we describe different tactile (i.e.,
forepaw, whisker) and non-tactile (i.e., olfactory, visual) sensory paradigms applied to the
anesthetized rat. The main focus is on development and validation of methods for reproducible
stimulation of each sensory modality applied independently or in conjunction with one another,
both inside and outside the magnet. We discuss similarities and/or differences across the sensory
systems as well as advantages they may have for studying essential neuroscientific questions. We
envisage that the different sensory paradigms described here may be applied directly to studies of
multi-sensory interactions in anesthetized rats, en route to a rudimentary understanding of the
awake functioning brain where various sensory cues presumably interrelate.
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2. Introduction
Dynamic imaging of human brain function began approximately two decades ago with
positron emission tomography (PET) (for reviews see [1,2]). Since the 1990s, however,
nuclear magnetic resonance (NMR) – both imaging (MRI) and spectroscopy (MRS) – has
played a major role in studies of in vivo neuroscience, both in animals and humans (for
reviews see [3,4]). The discovery of functional MRI (fMRI) by Seiji Ogawa in 1990 [5]
further reinforced the role of functional imaging studies in neuroscience. The fMRI method,
as originally proposed, depends on the paramagnetic effect of deoxyhemoglobin (in blood)
upon the NMR transverse relaxation times of nearby water protons (in tissue) [6]. Since
changes in the oxygen level in the blood determine the fraction of deoxygenated
hemoglobin, the image contrast was fittingly termed blood oxygenation level dependent
(BOLD).

After the initial demonstrations of the BOLD method in mapping dynamic brain function in
humans during sensory stimulation [7–10], the cognitive neuroscience community
immediately embraced the method [11]. Today BOLD fMRI is arguably the most popular
functional mapping tool for human studies, perhaps in part due to its non-invasive nature of
application, relatively good spatiotemporal resolution, superior coverage of large parts of the
brain, and the fact that experiments can be conducted on most clinical MRI scanners by
slight adjustments. However future utility of fMRI for diagnostic and treatment measures in
humans is largely dependent on a better neurophysiologic interpretation of the BOLD signal
change because the conventional fMRI map reflects changes in blood oxygenation, not the
actual neuronal activity [12–14]. This particular goal seems to be best achieved in animal
models [15–17] primarily due to the invasive nature of the non-NMR methods used [18–20]
and/or pharmacological agents applied [21–23] to probe different features of cellular activity
coupled to the BOLD signal change.

In the last decade, we have invested considerable research efforts towards developing
various sensory stimulation protocols in rodents with fMRI [24–26]. Over that same period
of time, coupled with state-of-the-art NMR advancements in high magnetic field scanners
and improvements in other hardware components (e.g., gradient, shim, and radio frequency
coils) [27], we are now able to reproducibly [28,29] measure relatively small BOLD signal
changes (in rat or mouse brains) induced by peripheral stimuli with superior spatiotemporal
resolution [30,31]. Here we describe tactile (i.e., whisker, forepaw) and non-tactile (i.e.,
olfactory, visual) sensory paradigms applied to the anesthetized rat. We discuss features of
peripheral stimulus delivery equipment needed to generate identical stimuli, both inside and
outside the magnet. The focus is on development and validation of methods for stimulation
of each sensory modality applied independently or in conjunction with one another. We
demonstrate reproducibility of induced activations, as measured by changes in BOLD signal
and other non-NMR signals (e.g., electrical activity, laser-Doppler blood flow), achieved
with different sensory paradigms and discuss similarities and/or differences across the
different sensory systems as well as the potential advantages they may have for the study of
different neuroscientific questions.

The mammalian brain functions in a world full of sensory cues. The nature of stimuli
perturbing the different sensory domains is quite diverse – from odorant molecules at the
nose epithelium and photons bombarding the retina, to sound vibrations of the eardrum and
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mechanoreceptors on the skin. As a consequence, the brain structures dedicated to different
senses are anatomically distinct, from the level of cell types to their vast synaptic
interconnections [32]. Therefore different peripheral stimuli of the rodent brain offer a rich
platform on which to test effects of perturbations on functionally and anatomically
heterogeneous populations of neural tissues. In addition, the vast literature on rodent brain
anatomy, morphology, and physiology make possible viable extrapolation of results from
such experiments.

Since the physical world around any creature impinges on all its sensory systems in parallel,
a multi-dimensional representation of the surroundings is thereby needed for complex (e.g.,
hunting for prey) and even simple (e.g., avoidance of noxious conditions) behaviors. A
central hypothesis in design of the controlled fMRI and neurophysiologic studies, as
described here and executed similarly in many other laboratories around the world, is that
sensory stimuli may have very different neurophysiologic outcome(s) when paired with a
near simultaneous event in another modality. The different sensory paradigms described
here may be applied directly to the study of multi-sensory interactions in anesthetized rats
[33] and elucidation of such effects with high spatiotemporal precision is hypothesized to
contribute to the understanding of the awake functioning brain [34].

3. Materials and methods
The design principle of our approach for reproducible stimulation of multiple senses can be
summarized with the word modularity. The different sensory systems we aim to probe
clearly necessitate specialized stimulus delivery solutions, operating at appropriate
timescales. However care was taken not to build mutually exclusive apparatus for the
different senses (i.e., one stimulus modality should not prevent concurrent or simultaneous
application of another). The basic requirement of accurate dynamic control over the stimuli
called for computerized implementation. Therefore all of our designs are based on a CED
μ1401 analog-to-digital converter unit (or CED unit), in particular its programmable analog
and digital output capabilities, controlled by custom-written scripts running in Spike2
environment (Cambridge Electronic Design, Cambridge, UK) on standard personal
computers. All wires, pipes, and optical fibers needed to deliver the stimuli to the rodent
were led into the magnetically shielded scanner room through small access holes in the
sidewall. Exactly the same stimulus delivery mechanisms were applied to the rodents
outside the magnet for bench neurophysiologic studies. All of the stimulation devices
described below were home-built.

3.1 Stimulation devices
Olfactory stimulator—The design of the olfactometer is based on John Kauer's original
idea [35]. We follow the design implemented in Lawrence Cohen's laboratory [36] but with
specific modifications necessitated by the long delivery conduits needed between odorant
source (outside the magnet room) and the subject (inside the magnet). Our olfactometer was
designed and built to control the delivery of odorants mixed in air provided by an aquarium
air pump. A schematic of the design is shown in Fig 1. A charcoal filter was used to remove
odorants present in room air, before entering a system of solenoid valves (2 inlets and 1
outlet; Cole-Parmer Instrument, Vernon Hills, IL) and acrylic flow meters (maintained at 1
L/min; Cole-Parmer Instrument). The output of the flow meters was connected to long (~8
m) Teflon tubes that were led into the scanner room and then connected to a glass tube
placed in front of the rat lying inside the magnet bore. The state of each solenoid valve
(open/closed) was switched using a relay circuit, controlled by the CED unit using Spike2
software. To provide a continuous steady-state environment to the nasal mucosa, the applied
airflow was humidified and preheated to 28–30 °C.
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The olfactometer operated as follows. Filtered air enters the first solenoid valve (S1, always
open except during the odor delivery) and the connected flow meter (FM) delivers that air to
the freely breathing rat. The filtered air stream also enters a glass bottle with a specific
odorant, from which the output is led through the second solenoid valve (S2). The input to a
third solenoid valve (S3) is connected to a vacuum pump. During odorant stimulation, S2 is
opened for a defined duration, causing a constant flow of the odorant, mixed in air, to be
delivered into the glass tube in front of the rat. To rapidly end the stimulus, S3 is opened for
a short period of time causing a transient vacuum in the delivery tube and thus sucking out
all remaining molecules of the odorant. Each solenoid valve was switched in less than 50
ms. A straightforward extension to the system described above is one with multiple odorant
containers, solenoid valves, and flow meters arranged in parallel to allow mixtures of
odorants to be presented.

Visual stimulator—The implemented design of the visual stimulus delivery system
resulted from iterative modifications with the primary goal of being able to provide a variety
of colored lights with wide ranging intensities and/or orientations while the ambient lighting
inside the room or the magnet bore remained constant. Therefore our design differs from the
stroboscopic-based [37] or dark-light adapted [38] systems which generate very robust
intensity stimuli. The light was delivered to the rodent by polymer-based fiber optics (Fiber
Optic Products, Clearlake Oaks, CA). Two thin (inner/outer diameters of 1.0/2.3 mm)
polyethylene-coated optical fiber cables for independent stimulation of each eye were led
into the scanner room. A home-built fiberglass platform was secured in front of the animal
(outside the magnet bore) that allowed the positioning of small cradles which in turn could
be rotated to ensure optimal intensities and/or orientation of light source relative to each eye.
Each semi-circular cradle, angled slightly down, was designed to securely hold a cylinder
into which the optical cable was fixed. The light from the cables then illuminated the back of
an acrylic lens (diameter of 6.4 mm) placed inside the cylinder. A piece of paper with
alternating black-and-white stripes was glued to the back of the lens so that the dispersed
light exiting the cable lead to a larger viewing angle and at the same time created better
spatial contrast. The method has been shown to enhance responsiveness of primary visual
cells in the rat [39]. Given the distance between the illuminated lens and the eyes (i.e., ~2.3
cm), we could then estimate the angle in the visual field subtended by each stimulus. With
reference to an origin at the intersection of the sagittal midline, the coronal interocular line,
and the horizontal plane through the eyes, the stimuli appear approximately at 35–50°
azimuth and 10–40° elevation relative to the horizontal meridian.

In addition to a spatially specific and robust stimulus delivery method, our goal was to
control accurately both the intensity (lux) and wavelength (color) of the stimuli. We opted
for light emitting diodes (LEDs; Luxeon Star III, Lumileds Lighting, LLC, San Jose, CA),
which come in a variety of colors (i.e., with well defined emission spectra) including
“white.” A power module (LuxDrive BuckPuck, LEDdynamics, Randolph, VT, USA), with
a custom-made associated circuitry, was used to convert an applied voltage to a constant
current fed to the LEDs because the output luminous intensity of LEDs is more linearly
proportional to current. The controlling input voltage was applied by the CED unit using
Spike2 software. We used acrylic collimator lenses to target the wide-angle LED light into
the optical cables, which attached to cradles in front of the LEDs. The intensity of light
entering each cable could thus be independently adjusted. Before each experiment, we
calibrated the stimuli using a light meter (Extech Instruments, Waltham, MA). We
measured, at four different pre-defined input voltages, the illuminance (in lux units) emitted
from the stimuli.

Whisker stimulator—The design of our whisker stimulator is based on accurate control
of airflow through solenoid valves, similar to the case of the olfactory stimulator as
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discussed above. Aquarium air pumps were connected to two computer-controlled valves,
the outputs of which were connected to long (~8 m) Teflon tubes that ran the length of the
imaging bore to the rat's whisker pad. Whiskers on the chosen side(s) were trimmed to a
length of ~20 mm. All non-stimulated whiskers, including the non-selected whiskers on the
contralateral side, were trimmed away to avoid spurious activations. A lightweight masking
tape (length and width of 20 and 6 mm, respectively) was fastened to the chosen whisker(s)
to increase resistance to airflow while at the same time ensuring identical motion of the
selected whisker(s). By alternative opening and closing of the solenoids we generated short
air puffs through the tubes near the whiskers. The distance between the tubes and the
whiskers was typically about 2 cm. The default orientation of the tubes moved the whiskers
in a rostro-caudal direction, but dorsal-ventral is also possible by changing the orientation of
the tubes relative to the whisker pad. Alternating air puffs at rates of up to tens of Hz
deflected the stimulated whiskers by ~2 mm.

Forepaw stimulator—A pair of thin needle copper electrodes was inserted under the skin
of the chosen forepaw(s). Square wave current pulses of 0.3 ms duration and variable
amplitude (0.2–2 mA) were generated by use of an isolator unit (WPI, Sarasota, FL)
connected to the electrodes. To control stimulus timing and frequency (typically 1–9 Hz),
digital output signals were generated by the CED unit using Spike2 software.

3.2 Animal preparation
All procedures were performed in accordance with protocols approved by the Yale Animal
Care and Research Committee. Experiments were conducted on male rats (Charles River,
Wilmington, MA; fed ad libitum) weighing between 180 and 350 g. In all rats, a femoral
artery was cannulated with a polyethylene catheter (PE-50) to withdraw blood samples for
blood gas analysis and to monitor arterial blood pressure, an intraperitoneal catheter (PE-10)
was inserted for administration of soluble anesthetics, and a femoral vein was cannulated
with a polyethylene catheter (PE-10) to administer other drugs. Blood pressure was
continuously monitored. Ventilation parameters were adjusted to maintain arterial blood gas
tensions (pCO2, pO2, pH) within normal range. A rectal temperature probe was inserted to
monitor and maintain the core body temperature at ~37 °C with a temperature-controlled re-
circulated warm water pad. All monitoring equipment, consisting of magnetic materials,
were placed outside the scanner room and sampled by the CED unit for online recording. A
standard block stimulation protocol was used in all experiments. We monitored analgesia
depth by pain response to an automated electrical (5 mA, 0.3 ms, 1 Hz, 1 s) tail-pinch every
¼ hour.

Forepaw and whisker studies—The rats (Sprague-Dawley) were initially anesthetized
with 1.5–2% halothane in a mixture of 70% N2O and 30% O2. Tracheotomy was performed
and the animal was artificially ventilated with 0.75–1% halothane in a mixture of 70% N2O
and 30% O2 during all other surgical procedures. D-tubocurarine chloride (initial 0.5 mg/kg;
supplemental 0.25 mg/kg/h; intravenous) was used to immobilize the rat. After all surgical
procedures were completed halothane was discontinued and anesthesia was maintained with
α-chloralose (initial 80 mg/kg; supplemental 40 mg/kg/h; intraperitoneal).

Visual studies—The commonly used albino strains of experimental rats, such as Sprague-
Dawley, possess significantly poorer visual acuity than their wild counterparts [40]. The
primary causes may be the lack of pigment in the retinal epithelium, leading to light
scattering in the eye and abnormal development of retinothalamic [41,42] and
interhemispheric cortical connections [42,43]. Therefore we opted for the pigmented
“hooded” Long-Evans strain of rats for our visual experiments only. Preparation was similar
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to forepaw and whisker studies with the exception that isoflurane was used for induction (3–
4%) and surgery (1.5–2%).

Olfactory Studies—Male Sprague-Dawley rats were anesthetized with urethane (1.3 g/
kg, intraperitoneal) with additional doses (0.13 g/kg, intravenous) administered if necessary
depending on the duration of the experiment. These rats were freely breathing (i.e., no
tracheotomy).

3.3 Experimental setup for fMRI studies
We used a custom-designed cradle with a bite bar for head immobilization during fMRI
scans. All stimulus delivery items were secured onto the holder with adhesive tape. In some
cases, to record electroencephalogram (EEG) simultaneously with fMRI, we used a pair of
carbon fibers (WPI) placed bilaterally over the parietal cortex between the scalp and the
skull [44]. All fMRI data were obtained on a modified 11.7T Bruker horizontal-bore
spectrometer (Bruker AVANCE, Billerica, MA) using a 1H surface coil (diameter of 14
mm) radio frequency probe. The cradle was securely placed under the coil. The z axis
position was dependent on the stimulus used and distance between coil and head (y axis)
was minimized.

A voxel of ~100 and ~300 μL, respectively, for the bulb and brain was shimmed with fast,
automatic shimming technique by mapping along projections (FASTMAP) [45] utilizing
first and second order shim gradients. The static field inhomogeneity was optimized until the
half-height line width of water in the shimming voxel was less than 15 and 20 Hz,
respectively, for imaging the bulb and brain. The neuroanatomy was imaged with either the
rapid acquisition relaxation enhanced (RARE) [46] or fast low-angle single shot (FLASH)
[47] contrast sequence. For all brain studies, we used single-shot echo-planar imaging (EPI)
[48] with sequential sampling [49] and the following parameters: recycle time (TR) = 1000
ms; echo time (TE) = 15 ms; field of view (FOV) = 2.56×2.56 cm2; image matrix = 64×64;
number of slices = 3 or 6; slice thickness = 2 or 1 mm; voxel size = 320 or 160 nL; flip angle
= 45–60°. For olfactory studies, we used FLASH contrast and the following parameters: TR
= 500 ms; TE = 15 ms; FOV = 1.56×1.56 cm2; image matrix = 64×64; number of slices =
20; slice thickness = 250 or 500 μm; voxel size = 15 or 30 nL; flip angle = 15–30°.

3.4 Experimental setup for electrophysiology and laser-Doppler flowmetry
The rat was placed in a stereotaxic holder (David Kopf Instruments, Tujunga, CA) sitting on
a vibration-free table inside a Faraday cage adjacent to the scanner. For all somatosensory
region recordings, we developed a combined dual-probe consisting of a high impedance
microelectrode and a fiber optic laser-Doppler probe [50,51]. The microelectrode was glued
to the side of an 18 G spinal needle shaft (Terumo, Tokyo, Japan) and the bare laser-Doppler
probe was placed inside the needle shaft so that tips of each sensor protruded (approximately
1.5 mm) beyond the needle tip. The shaft of the needle was then placed in a microelectrode
holder (Plastic One, Roanoke, VA) on the stereotaxic apparatus, and the tip of the dual-
probe was advanced into the rat cortex (see below) to a depth corresponding to cortical layer
4, which could later be verified by histology [52]. For all olfactory bulb and visual
recordings, only the microelectrode was used. The coordinates for all neurophysiologic
measurements were guided by prior fMRI data [16,26].

Cerebral blood flow (CBF) was measured using a fiber optic laser-Doppler probe (830 nm;
Oxford Optronix, Oxford, UK) sensitive to red blood cell flux. The bare fiber laser-Doppler
probe had a total diameter of less than 450 μ-m. CBF was dynamically recorded by the CED
unit without any additional filtering. Electrical activity was measured with tungsten matrix
microelectrodes consisting of two electrodes separated by 410 μm (FHC, Bowdoinham,
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ME) with high impedance (2–4 MΩ, tip size <1μm). The pre-amplified electrical signal was
digitized with the CED unit. The data were collected with a large bandwidth (10 Hz - 20
kHz) and filtered into local field potential (LFP; 10–150 Hz) and multi unit activity (MUA;
300–1500 Hz) bands. The LFP data were represented in the raw arbitrary units of mV. From
the MUA data, a template-matching algorithm (Spike2) was used to detect action potentials
fired by individual neurons near the electrode tips to calculate spike rates (10 s bins) in units
of Hz.

For recordings from somatosensory regions, tiny burr holes above contralateral and
ipsilateral areas [forelimb area (S1FL): 4.4 mm lateral and 1.0 mm anterior to bregma;
whisker barrel field (S1BF): 4.5 – 5.5 mm lateral 2.5 to 3 mm posterior to bregma] were
thinned and the skull was carefully opened. Recordings from the visual areas were usually
guided by locations from the Paxinos and Watson atlas [53]. For recordings from the
olfactory bulb, tiny burr holes above the olfactory bulb were made [medial location: 0.5 mm
lateral and 7.7 mm anterior from bregma; lateral location: 1.5 mm lateral and 8.7 mm
anterior from bregma].

4. Results
4.1 Olfactory stimulation

We examined odorant induced activity patterns in the olfactory bulb with ester (iso-amyl
acetate) and aldehyde (hexanal) stimulations given to both nostrils in the same subject (Fig.
2). None of the odorants or their concentrations examined caused any stimulation induced
variations in systemic physiology (data not shown). In agreement with prior fMRI findings
using a variety of odorants [26,54,55], the strongest BOLD activations were located mainly
within the glomerular and olfactory nerve layers. Together these layers comprise the
outermost layers of the olfactory bulb and span about 100 μ-m in the thinnest region to
about 500 μ-m in the widest region of the olfactory bulb. While both iso-amyl acetate and
hexanal elicited patterns with some degree of overlap in dorsal, lateral, and medial regions,
hexanal generated much stronger ventral activations. In prior fMRI studies with esters and
aldehydes [54,55], we found presence of ventral activations for aldehydes of different
carbon lengths. For a given odorant, the activation patterns were not exactly symmetrical
across the two bulbs, perhaps due to individual variations of air intake capabilities of each
nostril. In all cases examined (n = 5), inter-bulbar asymmetries within one subject were
much larger than intra-animal experimental variations. We refer to our previous studies
[26,55] for extensive discussion of activation patterns in the olfactory bulb.

Due to the strong medial and lateral BOLD activations observed with hexanal, we compared
the BOLD signal changes with LFP recordings in the same locations (Fig. 3). The BOLD
activation maps were used to identify the lateral and medial foci (Fig. 3A,B) for the LFP
recordings (Fig. 3C). The strong BOLD response during hexanal stimulation (6–10%) is in
good agreement with prior fMRI results for iso-amyl acetate [56]. The LFP recordings
demonstrated complicated dynamic evoked patterns that suggest multiple frequency
components, ranging between 5 and 25 Hz, where latencies of both medial and lateral
responses were about 1 s. While these fMRI-guided LFP results partially agree with
classical LFP recordings from the olfactory bulb [57], further characterization of the LFP
response is needed to distinguish between the latencies and the different frequency
components [58], for different regions and/or odorants.

4. 2 Visual stimulation
We investigated light induced activity patterns in the visual areas of the brain (Fig. 4). There
were no stimulation induced variations in systemic physiology for the intensities (20–40 lux)
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or colors (white, green) of light examined (data not shown; n = 4). Bilateral, white light (50
ms pulses; 1 Hz; 30 lux) stimulation elicited reproducible bilateral BOLD activations (Fig.
4A) in the dorsal lateral geniculate nuclei of the thalamus (DLG), the primary visual cortex
(V1), and the dorsal layers of the superior colliculus (SC). Both the amplitude (~2%) and
locations (DLG, V1, SC) of the BOLD response are in good agreement with prior fMRI
results from Long-Evans rats [37]. At higher stimulation frequencies, localized BOLD time
courses from the DLG and V1 regions (Fig. 4B) revealed a weaker response in V1 and a
slightly stronger response in DLG. The MUA signals from these regions were in general
agreement with the fMRI findings (Fig. 4C). Results with green light (data not shown) were
qualitatively similar to the results shown for white light.

4.3 Whisker stimulation
We explored whisker stimulation induced activity patterns in the somatosensory area (Figs.
5,6). There were no stimulation induced variations in systemic physiology for whisker
movement frequencies of less than 40 Hz (data not shown). Rostro-caudal movement of
whiskers caused by air puffs over a wide range of frequencies reproducibly stimulated the
contralateral, primary somatosensory area of the whisker barrel field (S1BF). Repeated trials
in the same subject and across subjects produced activations in approximately the same
locations in the contralateral S1BF (Fig. 5A). We observed medial to lateral extent of
contralateral S1BF activation, presumably because many whiskers were stimulated
simultaneously. Given prior information about contralateral S1BF activation [59–61], we
hypothesize that the number of barrels corresponded approximately with the number of
whiskers stimulated. The robust and reproducible contralateral S1BF activation was probably
improved because whiskers on the ipsilateral side were clipped to remove spurious artifacts.

The averaged BOLD response with 8 Hz whisker stimulation (Fig. 5B) from the
contralateral S1BF (~4%) was in good agreement with prior findings under similar
experimental conditions [25,62]. While the BOLD response was sustained for the duration
of the stimulus, the signal usually decreased towards the pre-stimulus baseline as soon as the
stimulus was terminated. In the same subject, we have used 30 s and 120 s duration stimuli
and observed sustained BOLD response (data not shown). Localized S1BF measurements of
CBF (Fig. 5C) and MUA (Fig. 5D) were well correlated with the fMRI results. Increasing
the stimulation frequency augmented the BOLD response in the contralateral S1BF (Fig. 6),
where in the same subject the BOLD response for 12 Hz stimulation was nearly twice the
magnitude of the response for 4 Hz stimulation.

4.4 Forepaw stimulation
We evaluated forepaw stimulation induced activity patterns in the somatosensory area (Figs.
7,8). There were no stimulation induced variations in systemic physiology for forepaw
stimulation amplitudes of less than 5 mA and frequencies of less than 40 Hz (data not
shown). Electrical stimulation (2 mA, 3 Hz) of the forepaw with 0.3 ms duration pulses for
30 s evoked a strong positive BOLD signal change in the contralateral, primary
somatosensory area of the forelimb (S1FL). No significant BOLD signal changes were
observed in the ipsilateral S1FL region during unilateral forepaw stimulation. In a given
subject, when either the left or the right forepaw was concurrently stimulated, there were no
significant differences in the BOLD response between the two S1FL regions (Fig. 7A). The
intra-subject reproducibility of BOLD activations with either forepaw stimulation (Fig.
7A,B) was nearly indistinguishable from the inter-subject reproducibility of BOLD
activations (Fig. 7C), as assessed by the number of significantly activated pixels in the S1FL
region and/or the averaged BOLD signal change in the S1FL region (data not shown). These
results are in good agreement with prior fMRI observations [24,63].
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The averaged BOLD response with 3 Hz forepaw stimulation (Fig. 8A) from the
contralateral S1FL (~8%) was in good agreement with prior findings under similar
experimental conditions [24,63]. The BOLD response was sustained for the duration of the
30 s stimulus (Fig. 8A) and even when the stimulus duration was lengthened to several
minutes (Fig. 8B). Increasing the stimulation frequency above 3 Hz decreased the BOLD
response in the contralateral S1FL (data not shown), which is in good agreement with prior
observations [64,65]. Localized S1FL measurements of CBF (Fig. 8C) and MUA (Fig. 8D)
were well correlated with the fMRI results.

5. Discussion
5.1 Summary of fMRI and neurophysiologic results

We demonstrated the ability to deliver four independent sensory stimuli to anesthetized rats
lying inside an MRI scanner and replicated identical conditions during neurophysiologic
measurements outside the scanner. Noticeably, however, evoked BOLD responses with
olfactory, visual, and whisker stimuli exhibited slight variability during the stimulation
period (e.g., the BOLD response in the S1BF declines), whereas forepaw stimuli
demonstrated relatively stable BOLD signal change. This is most likely a reflection of the
nature of forepaw stimuli in which strong and highly synchronous barrages of identical
efferent inputs invade the contralateral S1FL, causing massive activity of cortical neurons,
and which in turn may partially explain the larger BOLD response with the forepaw
stimulation. It is unlikely that the forepaw stimulus is out of the physiological range,because
the systemic physiology was unaffected by the stimulus, as observed similarly with the other
stimuli. Since we could tightly control the systemic physiology (i.e., pH ≈ 7.35; pCO2 ≈ 37
mmHg; pO2 > 100 mmHg; blood pressure ≈ 95–110 mmHg; core temperature ≈ 37 °C) for
α-chloralose anesthetized rats which were given visual, whisker, and forepaw stimuli, we
did not exclude a high number of animals from our studies. However for the urethane-
anesthetized rats receiving olfactory stimuli (i.e., no tracheotomy), temperature was the only
parameter that could be efficiently controlled, and which unfortunately did not prove to be
sufficient as we had to exclude nearly ½ of the experiments due to poor maintenance of
systemic physiology. These issues are discussed further below (see 5.2).

The variable BOLD responses with different sensory inputs – which ranged from diffuse
odorant maps (in the olfactory bulb) to highly localized somatosensory and visual foci (in
the brain) – presumably reflected neurophysiologic variations across the sensory modalities
as well as their neuroanatomic underpinnings. The localized neurophysiologic responses,
measured here with the electrical (i.e., LFP or MUA) and/or the coupled CBF signal and
which were in general agreement with the fMRI results, can be used to provide
complimentary insights to the multi-modal basis of the BOLD signal change [12–14].
Generally the MUA responses from the brain (i.e., DLG, V1, S1BF, and S1FL) were quite
comparable, with 5–7 Hz incremental change in ensemble firing rate for the respective
stimuli. However the CBF changes in the S1BF was nearly ½ that observed in the S1FL. But
the time lags to reach the CBF peak were nearly identical with whisker and forepaw stimuli,
whereas the CBF responses reached peak nearly ~2 s earlier than the BOLD responses.

Non-tactile: Olfactory stimulation—With the sole exception of the olfactory system, all
peripheral sensory neurons synapse within domain-specific regions of the thalamus, before
reaching the primary sensory cortical regions. When air containing odorant molecules is
inhaled into the nasal cavities, a rich collection of receptor neurons in the olfactory
epithelium (and which later comprise the outermost olfactory nerve layer in the olfactory
bulb) converts the information into electrical form. As a molecule binds to a matching
receptor, an impulse is sent to the olfactory bulb, which in the rodent is located just anterior
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to the frontal lobe and is separated into two “identical” hemispheres each with a multi-
layered organization [66]. Signals from receptor neurons arrive at the glomerular layer,
where they are integrated by a large number of mitral/tufted cells that project their axons out
of the olfactory bulb onto the olfactory cortex, specifically piriform and entorhinal cortices,
amygdale, and the olfactory nucleus.

The olfactory bulb, more specifically the glomerular layer, has been shown to form
“chemotopic maps” with exposure to specific odorants (i.e. responses to different odorants
are processed in anatomically distinct locations in the glomerular space) using a variety of
techniques [67–71] including fMRI [26,29,54–56,72,73]. Therefore functional mapping at
the level of individual glomeruli is important and this spatial resolution is quite commonly
attainable with optical imaging [58,68]. However this technical feat has also been achieved
in the past with fMRI using voxel sizes less than 10 nL [74,75]. For the current studies,
however, we acquired data with high BOLD sensitivity in slightly larger voxels to cover the
entire bulb at a temporal resolution superior to most other whole bulb mapping techniques.
Furthermore the minimally invasive approach of fMRI allowed repeated perturbations on the
same subject to provide comparison across different experimental runs (from the same
subject) without any averaging.

With our stimulation device we were able to test response variability to different odorants
(Figs. 2,3) as well as their concentrations (data not shown). We observed diffuse BOLD
responses in the bulb, where a large proportion of the bulb was active for any given odorant
and the activity patterns were specific to the odorant type (Fig. 2). While we correlated LFP
signals to a few medial and lateral BOLD foci (Fig. 3), understanding the complex
frequency components within the LFP responses and their relationship to the BOLD
response remain a future area of research. Given that fMRI can inherently detect both
hemispheres simultaneously, the hypothesized “identical” function of each bulb could also
be tested in the future. Since we could not vary the incident direction of the odorants with
the current delivery device, plans are underway to include spatial specific delivery tubes for
directional delivery inside the magnet bore. However all of these endeavors will require a
next generation of fMRI hardware improvement (e.g., with parallel imaging [76,77] using
multiple smaller radio frequency coils) because of the smaller BOLD responses expected.

Non-tactile: Visual stimulation—Though a predominantly nocturnal animal, the rodent
makes use of its visual system when lighting conditions are favorable – e.g., for vision-based
navigation [78]. Light enters the retina, which contains elongated photoreceptor cells that
are full of light-sensitive photopigment molecules (or opsins). Upon interacting with
incident photons, photoisomerization of rod and/or cone opsins initiates a cascade of
processes that rapidly lead to a decrease in the intracellular concentration of cyclic GMP
molecules, thereby changing the cell membrane's permeability to cations and thus altering
its potential [79]. This graded signal is refined further by retinal networks before being
transmitted, via the dorsal lateral geniculate nucleus of the thalamus, onto the primary visual
cortex in the contralateral occipital lobe. A parallel pathway, bypassing the thalamus,
transmits visual information to the superficial layers of the contralateral superior colliculus.
The rat retina has two distinct types of cones – most sensitive to medium wavelengths (~510
nm; i.e., green) but some receptive to very short wavelengths (~360 nm; i.e., ultraviolet) –
allowing discrimination between different colors [80].

Our visual stimulation setup allowed us to vary the color and/or intensity of light pulses of
different durations. At a constant pulse width of 50 ms and intensity of 20–30 lux, white
(Fig. 4) and green (data not shown) light evoked well-localized cortical and sub-cortical
multi-modal responses which corresponded well with known retinotopic maps of both the
primary visual cortex [81,82] and the superior colliculus [83]. At higher stimulation
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frequencies responses weakened in V1 and strengthened in DLG. These results confirmed a
previous fMRI report that examined the effect of stimulus frequency on the cortical BOLD
response [37] where there is an apparent inverse relationship between increasing flash
frequency and BOLD response amplitude. A limitation of our method, however, is the
inability to produce moving stimuli, such as drifting gratings typically employed in studies
of the visual system to map response properties of single cells [84]. Since the optimal tuning
properties of cells in the rat visual cortices appear to be randomly arranged [85], the
probability of recording signals from an optimally excited neuron within an ensemble is
reduced. Regardless, we were able to record ensemble multi-unit discharges in the V1 and
DLG and demonstrated their qualitative concurrence with the fMRI data. To relate these rat
studies to results from other species where vision plays a more important role in their
livelihood [15,18–20], studies are underway to examine the degree of temporal correlation
between LFP, MUA, and BOLD signals in V1, SC, and DLG.

Tactile: Whisker stimulation—The rat relies heavily not only on its exquisite sense of
smell, but also on its vibrissa (i.e., whisker system). On either side of its face, the rat has
approximately 35 whiskers organized in a grid-like pattern of rows and columns. The roots
of these are long hairs are wrapped in mechanoreceptors sensitive to minute vibrations. The
signals generated by motion of the whiskers are transmitted via the trigeminal nerve to the
ventral posterior lateral nucleus of the thalamus to whisker-specific regions in the primary
somatosensory cortex. The conspicuous anatomical detail of densely packed clusters of
cells, forming a topographic map of the contralateral whisker pads [86] led to the concept of
“barrel” cortex [87]. During exploration of their environment, rats actively make contact
with objects with their whiskers by voluntary head motions and facial muscle activity. The
combined multi-parametric effects of the amplitude, frequency, and motion of whisker
deflections upon impact provide the sensation of the object.

The whisker stimulation is a difficult model to apply reproducibly inside the magnet
primarily because of space constraints. Nevertheless our prior approach for whisker
stimulation inside the magnet [26,62] using Lorentz force to move a small conducting
copper wire attached to the whiskers is unfortunately not easily reproduced identically
outside the magnet. A good alternative is mechanical movement of whiskers [88], but this
works poorly inside a magnet. Since this method requires a non-magnetic manipulator which
must span the entire length of the bore, dexterity becomes a problem and therefore there is
limited control of the amplitude and/or frequency of the whisker stimulation. Thus we
developed a non-magnetic whisker stimulation device using air puffs which can be easily
used – either simultaneously or concurrently – with almost any other sensory stimuli (e.g.,
forepaw, olfactory, visual), both inside and outside the magnet, designed specifically for
multi-sensory experimental paradigms. The frequency of whisker stimulation with this
device could range from a few Hz to as much as 40 Hz, which seems to be the upper limit of
naturalistic whisker stimulation [89].

In the same rat or across a group of rats, whisker stimulation induced multi-modal responses
(of BOLD, CBF, and MUA) in the contralateral S1BF (Fig. 5). The induced response seemed
to peak at stimulation frequencies between 8 and 12 Hz (Fig. 6) which is within the natural
whisking frequency in rodents [89]. Earlier studies [90] have shown that CBF in the rat S1BF
increases linearly with higher whisker movement frequencies. However future studies
should investigate the neurophysiologic basis of the increased area of BOLD activation
observed at the higher stimulation frequencies (Fig. 6). In summary, unilateral (and bilateral)
whiskers stimulation with air puffs resulted in fMRI and neurophysiologic signal increases
in the contralateral S1BF for consistent and reproducible studies, both in the same subject
and across a group of subjects. While this device provides easy control of whisking
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frequency, we are investigating more refined amplitude variations by controlling flow rates
of compressed air.

Tactile: Forepaw stimulation—While ambulatory functions fulfilled by the rodent's
forelimbs and hindlimbs may seem mundane compared to the perceptions of smell and
whisking, somatosensory sensing by the limbs represent an important component of the
multi-faceted environmental cues that a rodent must experience for survival. Upon
stimulation of either limb, afferent signals arrive through the medial-lemniscal system at the
contralateral ventral posterior lateral nucleus of the thalamus, prior to connecting with the
limb-specific contralateral primary somatosensory cortex. Electrical stimulation of nerve
fibers innervating the touch-sensitive limbs is the most widely used method of sensory
stimulation of the rat, both in bench neurophysiologic [91–94] and fMRI [95–101] studies.

Forepaw stimulation in the rat is a very popular model in many fMRI laboratories [95–98]
and can be easily applied identically inside and outside the magnet [98–101]. The pulse
amplitude is typically in the range of a few mA and the pulse duration is usually a fraction
of a ms. The electrodes are typically small enough to be placed subcutaneously in the
forepaw's skin. It is easily applied and produces very well localized and strong electrical and
hemodynamic cortical responses. During electrical forepaw stimulation, robust multi-modal
activations in the contralateral S1FL were reproducibly observed in different sessions as well
as across many subjects under α-chloralose anesthesia (Fig. 7,8). The peak S1FL response
was near 1–3 Hz forepaw stimulation frequency [64,65] which is quite different from the
S1BF response during whisker stimulation. This model has been widely used for biophysical/
physiologic characterization of the BOLD image contrast [102–108], perhaps in part,
because the averaged BOLD response localized in the contralateral S1FL is much larger than
observed with other sensory modalities.

5.2 Challenges of in vivo NMR and bench experiments
We have described some experiences with anesthetized rat preparations in our laboratory.
But the awake experiment still has desirable features. However the few fMRI studies that
have reported on awake but restrained rats [109–111] do not demonstrate the same level of
reproducibility in BOLD activations as anesthetized rats, perhaps in part, because the
spontaneous BOLD oscillations can be as large as the induced BOLD responses [111] and
furthermore even the BOLD responses can be quite variable [110]. We, and many others,
hypothesize that “the anesthetic state may be thought of as a tool for limiting the repertoire
of physiological responses of cortical neurons so that the most anesthesia-resistant properties
can be readily identified” [112] and studied under controlled settings. “Such maps should
not lead to false conclusion, however, that they define only the functions carried out in a
given cortical region, or that the sensory properties are reflected in exactly the same
physiological manner as in the awake [state]” [112]. Successful in vivo fMRI and
neurophysiologic studies depends on maintenance of normal physiologic state and
sustaining the appropriate depth of anesthesia. Whether the subject is awake or anesthetized,
optimal shimming conditions for fMRI scans are always desirable. Below we discuss some
insights into potential pitfalls and, where possible, how to avoid them.

Importance of physiological state—The well being of experimental animals, whether
under anesthesia or awake, should be monitored and whenever possible controlled. Usually
the overall physiologic state of the subject should be judged at three levels: central nervous
system (e.g., by EEG, MUA), cardiovascular system (e.g., by blood pressure, heart rate), and
respiratory system (e.g., by pCO2, respiratory rate). In our studies, all three components are
controlled and measured to assess the anesthetized state. To provide an effortless external
ventilation for the respiratory control, we used neuromuscular blocking agents which do not
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act on the central nervous system. Furthermore we monitor analgesic level frequently. Blood
pressure provides a continuous indicator of anesthesia/analgesia depth as mildly noxious
stimuli should not cause increases in the instantaneous pressure of more than ~10% [113].
Additional doses of anesthetic agent(s) must be applied if there are indications of
discomfort.

Arterial blood samples drawn periodically to monitor pCO2 and pH provide very important
measures of systemic physiology. In the rat, the pCO2 is in the range 35–40 mmHg under
optimal steady-state conditions. High pCO2 leads to a reduced pH and dilatation of vessel
walls in an attempt to increase flow and thereby remove more of the potentially toxic acidic
substances from tissue. This situation will also affect the baseline CBF level and therefore
affect the BOLD response and its temporal dynamics. Low pCO2 has the opposite effect.
Both situations interfere with the tissue's ability to adjust flow in response to activity
changes, thereby constituting a serious caveat to the interpretation of hyperemic responses.

In freely breathing animals, blood gas tension is a crucial factor in determining the
physiological state of the anesthetized state. Excluding olfactory studies, we mechanically
ventilated through a tracheotomy and controlled both the rate and volume of breathing.
Although buffering mechanisms in the blood exist to keep the pH within a narrow optimal
range (~7.4), they are not able to do so indefinitely in a situation where breathing parameters
are not suitably adjusted and pCO2 levels span out of optimal range. The core temperature of
the animal also influences the acid-base balance of the blood, and must be maintained stable
(~37 °C) despite the cool temperatures in the imaging bore (~18 °C). In the case of a drop in
pH of metabolic origin, such as acidosis caused by the anesthetic urethane [114], periodic
intravenous injections of sodium bicarbonate can be used to stabilize the animal and obtain
reliable hyperemic responses.

Effect of anesthesia—Anesthetics have been valuable in neuroscience to understand the
effects of afferent inputs on localized regions of the brain [115–117] because most
peripheral stimuli (i.e., auditory, visual, olfactory, limbs, whiskers) still reach the brain with
anesthesia. Most tactile stimuli still arrive at the cortex because peripheral nerve conduction
and transmission at the neuromuscular junction seem to be negligibly affected by
anesthetics. Non-tactile signal transduction, for the most part, is not limited by the
neuromuscular junction and therefore these stimuli expeditiously reach the brain because of
more direct pathways into the brain.

Most anesthetics act on different levels of neuronal signaling by depressed axonal
conductance of action potentials, modified dendritic and somatic integration, reduced
presynaptic neurotransmitter release, and/or altered postsynaptic receptors. The GABAA
receptor is commonly considered to be an important molecular target since it seems to be
ubiquitously affected by most anesthetics. A notable exception is urethane, the effect of
which appears to be mediated by the enhanced conductance of a specific potassium-channel
subtype [118]. Anesthetics, inhaled or injected, reduce brain energy consumption rather
uniformly across regions and cortical energy decline is typically monotonic with anesthetic
depth [119]. Consistent with this observation, anesthetics also depress firing rates and
impede slow field oscillations of excitatory pyramidal cortical neurons [120].

Use of anesthesia during rodent fMRI and neurophysiology is needed to ensure
immobilization and comfort during long experiments under physically constrained
circumstances. Many reports on the “confounding effects” of anesthesia exist in the
literature [121,122], pointing to the inherent limitation of studying neural systems under
abnormal (i.e., non-awake) conditions [123]. Our belief is that although the full complexity
of awake brain responses to sensory stimuli clearly cannot be reached under anesthesia,
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important insights into general functional properties a given sensory system can be made
[29]. Combined with the detailed knowledge of morphological, functional, vascular, and
neuronal properties of rat brain tissue, results obtained in the anesthetized preparation can be
extrapolated and generalized towards the awake brain. The common response features
obtained under multiple different anesthetics to the same stimulation, in our laboratory and
others, offers indirect support to the generality of the results.

Magnetic susceptibility effects and “shimming”—Despite the high NMR sensitivity
at 11.7T, there are some challenges. Magnetic susceptibility is a property of matter
indicating its propensity to become (para)magnetic upon introduction into a magnetic field.
It is analogous to polarization of insulators in an electric field. The BOLD effect is a
consequence of a dynamic process of “microscopic” magnetic susceptibility changes
occurring as the concentration of oxygen-rich blood varies during a functional challenge
[5,6]. However interfaces between substances with different magnetic susceptibilities lead to
“macroscopic” signal loss near the boundary between media. In the rodent, regions with
such interfaces leading to signal degeneration include the inferior temporal lobes adjacent to
air-filled ear canals, the caudal occipital lobes in which the tissues separating the cortex
from the cerebellum appear in the imaging plane, and the olfactory bulb embedded in bony
and cartilaginous tissue surrounded by mucous membranes.

“Shimming” is a process of applying small corrective magnetic field gradients onto the main
static magnetic field in order to optimize field homogeneity in and around the sample. It is a
procedure to reduce structurally imposed signal loss, mainly at the media interfaces, by
correcting for gross susceptibility-induced magnetic field inhomogeneities. Since the
correction of “macroscopic” magnetic field inhomogeneities becomes increasingly
important at higher fields, some automatic routines have been developed [45,124–126].

For high sensitivity fMRI studies it is crucial that the surface coil be as close to the brain as
possible. Therefore it seems obvious that the removal of the scalp (skin, galea aponeurotica)
and periosteum should improve the signal intensity from the brain since the whole brain
moves closer to the coil. However this approach will also move the air-tissue (bone)
interface closer to the tissue of interest (brain), which in turn may lead to field
inhomogeneities beyond the capabilities of the shim gradients. We avoid the scalp removal
procedure whenever possible, focusing instead on careful positioning of the animal and
shimming.

There is a special shimming problem in the case of olfactory bulb imaging. Since the nasal
cavity is very close to the olfactory bulb, changes in the level of mucous secretion will affect
the local susceptibility, and thereby the shimming. A stable physiological condition of the
nasal epithelium during odor delivery experiments is required not only to prevent these
adverse magnetic inhomogeneity effects on the measured signal, but also to ensure the
odorant molecules' access to the epithelial odorant receptors. A common choice of anesthetic
in rodent fMRI studies, α-chloralose, causes thick mucoid oral-nasal discharge [127]. For
odor stimulations we used urethane – a long lasting anesthetic with excellent analgesic
properties – the general use of which though must be discouraged for survival studies
because of its carcinogenic and mutagenic effects. In addition to the choice of anesthetic, we
carefully controlled the temperature of the incoming air to the animal by pre-heating it to
28–30 °C, close to the core temperature maintained at ~37 °C, to prevent mucous
accumulation due to the low ambient temperature (~18 °C) within the imaging bore.

5.3 Future directions
In recent years, careful refinement of the BOLD effect to reveal its physiologic basis [15–
23,29] for future diagnostic use has been quite encouraging [12–14]. However it should be
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acknowledged that these studies have primarily focused on neuronal functions where the
role of their glial counterpart has been largely neglected [128,129]. Therefore another
potential direction that animal models, such as the ones described here, may help with is the
information about the glial activities that accompany neuronal and/or BOLD signal changes.
But this endeavor would require development of glial-specific NMR and non-NMR methods
to complement the plethora of neuron-specific measurements that currently exist and are
routinely used in many laboratories.

Localized NMR data collection, for MRI as well as for MRS, is based on imposing linear
field gradients which are rapidly alternated at a rate of several hundred times per second.
The gradients are generated by currents passing through coils of various shape and
orientation around the sample. The mechanical Lorenz force acting upon the gradient coils,
particularly during EPI scans for fMRI, generates waves which are audible as loud “clicks”
or “blibs” in and around the scanner. Since this is a continuous noise source during our
studies, its affect can be partly negated. We are currently investigating possibilities of
applying noise-cancellation techniques for future studies. However studying the auditory
system is a considerable challenge with fMRI because of susceptibility-induced signal losses
near the ear canals, in particular in the temporal auditory cortices. Nevertheless some
methods are being developed [123] which may alleviate the shimming troubles in such brain
locations.

The developments presented here, and more plans underway, are readily applicable to
studying effects of different tactile (i.e., forepaw, whisker) and non-tactile (i.e., olfactory,
visual) modalities simultaneously. Meredith and Stein [130,131] defined two classes of
multi-sensory interactions within the receptive fields of cortical neurons: response
enhancement and response depression. Though it appears to be a general mechanism in the
central nervous system, one region in which such multi-sensory convergence and synthesis
takes place en masse is the SC, situated in the dorsal mid-brain, caudal to the thalamus. In
the cat SC, Meredith and Stein [130] showed that a conservative estimate to the lower limit
of the proportion of cells exhibiting multi-sensory interactions in the intermediate and deep
laminae of the SC is 50%, the majority of which project efferent fibers to sensorimotor areas
of the brain stem and spinal cord. These findings are consistent with the hypothesized role of
the SC in the control of eye, head, and body movements underlying rapid orientation
towards external objects. The results from our visual stimulation paradigm illustrate
reproducible BOLD responses in the superficial laminae of the SC. Therefore we are now in
a position to begin fMRI and neurophysiologic studies of sensory integration with tactile
and/or non-tactile sensory stimuli.
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Fig. 1.
Schematic representation of the odorant delivery system. Air, driven by a pump, was
purified in charcoal filter to remove spurious odorants. Fast switching solenoid valves (S1,
S2, S3) were used to control airflow through flow meters (FM). The solenoids were opened/
closed by a relay circuit which in turn received input from a CED unit under the control of
Spike2 software. S1 was closed only under stimulation. During odorant stimulation S2 was
opened, allowing filtered air to pass through the odor container and enter the delivery tube.
At the end of a trial, S3 was opened to rapidly remove odor particles from the rat's vicinity.
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Fig. 2.
BOLD responses from the olfactory bulb in Sprague-Dawley rats. The rat was exposed to
isoamyl acetate (100%) and hexanal (100%) for a duration of 60 s each. The t maps were
generated by comparing the mean signals in a 60 s baseline period before the odorant
exposure. Odor-elicited activation patterns were imaged in 10 coronal slices with 500 μm
thickness, of which three slices (4–6) are shown anterior-to-posterior (left to right). Both
odors elicited distributed, yet non-identical responses throughout the bulb. Dorsal (d), lateral
(l), and medial (m), and vental (v) foci are identified by arrows. All data shown are from
single trial runs.
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Fig. 3.
Multi-modal responses from the olfactory bulb in Sprague-Dawley rats. Lateral (left) and
medial (right) responses as measured by BOLD and LFP during hexanal (100%) exposure.
(A) The BOLD activation maps from slices 8 (A) and 13 (B) situated from anterior-to-
posterior in one subject where the entire olfactory bulb was imaged using 20 coronal slices
with 250 μm thickness. The t maps were generated by comparing the mean signals in a 60 s
baseline epoch before the odorant exposure. The circles shown in the BOLD maps identify
the lateral (left) and medial (right) foci that were probed by electrophysiology (see below).
(B) The BOLD responses from the circled (L,R) regions in each slice. Comparison of the
two BOLD traces in the lateral (left) and medial (right) regions depicts the inter-bulbar
differences (L,R). (C) The LFP responses measured from another animal but for the same
odorant and the lateral/medial areas shown above. The lateral (left) and medial (right) LFP
signals were made from the left and right olfactory bulbs, respectively. The exposure periods
are indicated by the black bars in the middle and bottom rows. All data shown are from
single trial runs.
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Fig. 4.
Multi-modal responses from the visual cortex during bilateral light stimulation (white; 50
ms pulses; 30 lux) in Long Evans rats. (A) Cortical and subcortical BOLD responses with 1
Hz stimulation applied for 30 s duration. Data from five trials in one animal were averaged
and the t maps were generated by comparing the mean signals in a 30 s baseline period
before the 30 s stimulation block. The MRI data were overlaid on the structural outlines
from the atlas of Paxinos and Watson [53]. Bilateral responses were observed in the dorsal
lateral geniculate nuclei of the thalamus (DLG; left), the primary visual cortex (V1; right),
and the dorsal layers of the superior colliculus (SC; right). At higher frequencies there were
weaker BOLD responses in the cortex. Results with green light were qualitatively similar to
these results with white light. The time courses of (B) BOLD and (C) MUA responses to 1
Hz (black line) and 8 Hz (red line) stimuli in DLG (left) and V1 (right) from single trial
runs. (B) The BOLD responses were calculated by averaging several activated voxels within
a region-of-interest (in a single trial) from the maps shown above. (C) The MUA responses
were obtained from another animal but under the similar experimental conditions (white; 50
ms pulses; 23 lux). The coordinates of DLG and V1 were guided by prior fMRI results:
DLG: [−4.8 mm posterior, −3.8 mm lateral to bregma, −4.0 mm ventral from dura]; V1:
[−5.6 posterior, −3.9 lateral to bregma, −0.9 mm ventral from dura at an angle of 10° from
the vertical axis]. The 30 s stimulation period is indicated by the shaded region.
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Fig. 5.
Multi-modal responses from the contralateral whisker barrel field (S1BF) during 8 Hz
whisker stimulation in Sprague-Dawley rats. (A) Reproducibility of S1BF BOLD activation
maps in the same subject (see Trial column; left) as well as other subjects (see Rat column;
right). The t maps were generated by comparing the mean signals in a 30 s baseline epoch
before the stimulation. All data shown are from single trial runs. Averaged time courses
from the S1BF are shown for (B) BOLD (n = 6), (C) CBF (n = 5), and (D) MUA (n = 5). The
30 s stimulation period is indicated by the black bar. Vertical bars or gray shading represent
standard deviations from the mean.
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Fig. 6.
Frequency-dependent BOLD responses from the contralateral whisker barrel field (S1BF) in
Sprague-Dawley rats. The t maps were generated by comparing the mean signals from 30 s
epochs of baseline and stimulation. In the same subject, S1BF BOLD responses are shown
for (A) 4 Hz, (B) 8 Hz, and (C) 12 Hz whisker stimulations. The top and bottom panels
show the activation maps and time courses, respectively. All data shown are from single trial
runs. The 30 s stimulation period is indicated by the black bar.
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Fig. 7.
BOLD responses from the contralateral forelimb area (S1FL) during 3 Hz forepaw
stimulation (0.3 ms pulses; 2 mA) in Sprague-Dawley rats. (A) Reproducibility of S1FL
BOLD activation maps in the same subject during left paw and right paw stimulations (see
Trial column; left and middle) as well as other subjects (see Rat column; right). The t maps
were generated by comparison of the mean signals from 30 s baseline and stimulation
periods. All data shown are from single trial runs.
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Fig. 8.
Multi-modal responses from the contralateral forelimb area (S1FL) in Sprague-Dawley rats
(0.3 ms pulses; 2 mA; 3 Hz). BOLD time courses from the S1FL are shown for (A) averaged
during 30 s stimulation (n = 8) and (B) a single subject where the stimulus duration was
varied (5–300 s). The averaged time courses from the S1FL are shown for (C) CBF (n = 5),
and (D) MUA (n = 5). The stimulation period is indicated by the black bar. Vertical bars or
gray shading represent standard deviations from the mean.
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