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Recent functional neuroimaging studies in humans and rodents
have shown that the anterior cingulate cortex (ACC) is activated
by painful stimuli, and plays an important role in the affective
aspect of pain sensation. The aim of the present study was to
develop a suitable stimulation method for direct activation of
the brain in fMRI studies and to investigate the functional con-
nectivity in the thalamo-cingulate pathway. In the first part of
the study, tungsten, stainless steel, or glass-coated carbon
fiber microelectrodes were implanted in the left medial thala-
mus (MT) of anesthetized rats, and T2*-weighted gradient-echo
(GE) images were obtained in the sagittal plane on a 4.7 T
system (Biospec BMT 47/40). Only the images obtained with the
carbon fiber electrode were acceptable without a reduction of
the signal-to-noise ratio (SNR) and image distortion. In the
second part of the study, a series of two-slice GE images were
acquired during electrical stimulation of the MT with the use of
a carbon fiber electrode. A cross-correlation analysis showed
that the signal intensities of activated areas in the ipsilateral
ACC were significantly increased by about 4.5% during MT
stimulation. Functional activation, as assessed by the distribu-
tion of c-Fos immunoreactivity, showed strong c-Fos expres-
sion in neurons in the ipsilateral ACC. The present study shows
that glass-coated carbon fiber electrodes are suitable for fMRI
studies and can be used to investigate functional thalamocor-
tical activation. Magn Reson Med 52:47–55, 2004. © 2004
Wiley-Liss, Inc.
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Functional MRI (fMRI) is a noninvasive imaging technique
for mapping brain function that utilizes neuronal activity-
induced changes in blood oxygenation. These changes re-
sult in a high local concentration of deoxyhemoglobin, the
paramagnetic properties of which cause blood oxygen lev-
el-dependent (BOLD) contrast (1,2). fMRI provides spatial
information about multiple brain activations, and allows
the functional assessment of specific sensory pathways;
therefore, it is increasingly being used to elucidate the
functional organization of the human brain (3). However,
current fMRI methods are of limited use in exploring long-
range interactions between different brain structures and
specific functional activation by known neuroanatomical
pathways, which require the invasive implantation of an

intracranial stimulation electrode or cannula to electri-
cally or chemically excite specific brain structures.

Invasive stimulation of a deep brain region has long
been used in patients to alleviate intractable pain (4,5),
and a recent study using PET imaging demonstrated that
the anterior cingulate cortex (ACC) is activated during
thalamic deep brain stimulation in patients with chronic
pain (6). However, the use of direct electrical brain stim-
ulation in fMRI studies has potential hazards associated
with the direct application of electrical current to brain
tissue in the magnetic bore, and thus there is a need for a
safe, efficient method for electrical brain stimulation in
such studies. Several MR-compatible electrical stimula-
tion methods for use in humans have been developed
(7–10), but the strong magnetic field interference elicited
by metal electrodes is still a problem in direct electrical
brain stimulation in fMRI studies.

fMRI studies using animal models allow invasive inves-
tigation of the neuronal mechanism underlying the brain
activation shown by the BOLD signals (11). Furthermore,
studies of the effect of pharmacological substances and
behavioral developmental changes in animal models of
chronic pain or neurological disease may provide useful
information that cannot be obtained in humans because of
ethical considerations. Different modes of peripheral stim-
ulation are frequently used in animal fMRI studies (12–
14); however, peripheral stimulation cannot be used for
the direct activation of specific brain regions or to obtain
specific responses in projected areas (both of which can be
achieved by conventional in vivo electrophysiological ap-
proaches (15,16)). A method for the direct activation of
specific brain regions applicable to fMRI studies in ani-
mals would therefore be a great advantage.

Carbon fiber electrodes have been used for electrophys-
iological recording and voltammetric analyses of transmit-
ters in vivo (17,18), and result in significantly less noise
and an excellent signal-to-noise ratio (SNR) in extracellu-
lar recordings. Carbon fibers are only 5–8 �m in diameter
and are MRI-compatible. In addition, they have very weak
paramagnetic properties compared to other conventional
electrodes, and are therefore ideal candidates for deep
brain electrical stimulation in animal fMRI studies. They
have recently been used for direct cortical stimulation and
were tested in an fMRI study (19). Our recent electrophys-
iological studies verified the existence of a specific trans-
mission pathway from the medial thalamus (MT) to the
ACC (15,16,20). These two regions are central to the me-
dial pain system that subserves the affective and emotional
aspects of painful experiences (21), and therefore consti-
tute an ideal system in which to investigate the feasibility
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of using subcortically implanted electrodes in fMRI stud-
ies and for functional activation by direct brain activation.

The objective of the present study was to develop an
MRI-compatible stimulating electrode that could be im-
planted in the animal brain. The susceptibility effect of the
glass-coated carbon fiber electrode was compared to those
of two other commonly used metal electrodes: stainless
steel and tungsten. The feasibility of using the carbon fiber
electrode for brain stimulation and functional activation in
fMRI was also tested. Functional activation of brain re-
gions was verified by neuronal c-Fos expression.

MATERIALS AND METHODS

Experimental Animals

Male Sprague-Dawley rats (250–350 g body weight) were
housed five to a cage in a room with an artificial light
system (12 hr lights on/12 hr lights off) at a temperature of
22°C, with free access to food and water. All experiments
were carried out in accordance with the guidelines estab-
lished by the Academia Sinica Institutional Animal Care
and Utilization Committee. Efforts were made to minimize
animal suffering and the number of animals used.

Microelectrode Preparation

Three types of microelectrodes—tungsten, stainless steel,
and glass-coated carbon fiber—were tested for their rela-
tive susceptibility effect in fMRI studies. The tungsten
electrode (A-M Systems, Inc.; Fig. 1a) was epoxy-insulated
and measured 250 �m in diameter. The stainless steel
electrode (A-M Systems, Inc.; Fig. 1b) consisted of two
twisted single-strand Teflon-coated stainless steel wires,

each 125 �m in diameter. The glass used in the carbon
fiber electrode (A-M Systems, Inc.; Fig. 1c) was single-
barrel standard borosilicate capillary glass without a mi-
crofilament, with an outer diameter of 1.5 mm. The carbon
fibers were obtained from the Formosa Plastics Group. The
manufacture of the glass-coated carbon fiber electrode in-
volved several steps: 1) teasing a small thread of carbon
fiber out of the bundle, 2) inserting the carbon fiber thread
into the glass pipette, 3) pulling the pipette containing the
carbon fiber, 4) bending the pipette into a right angle, and
5) measuring the impedance. The impedance of the glass-
coated carbon fiber electrodes measured at 135 Hz was
approximately 10 M�. Since the surface coil was attached
to the top of the rat’s head during the fMRI experiments, a
right-angle bend was made in the electrode shank approx-
imately 5.0 mm from the electrode tip, which allowed the
scalp to be sutured flat after the electrode was implanted.
The length of the electrode was approximately 15 mm.

Animal Preparation and Electrode Implantation

The rats were given atropine (6 mg/kg, i.p.) and then
anesthetized with pentothal (50 mg/kg, i.p.). A PE-240
tube for artificial ventilation was inserted by tracheotomy,
and a PE-50 tube for drug infusion was inserted into the
left femoral vein. Following surgery, xylocaine (5%; Astra,
Sweden) was applied to the tissue surrounding the wound,
and the rats were mounted on a stereotaxic apparatus.
Artificial ventilation was used, and the CO2 concentration
was monitored and controlled within a range of 3.5–4.5%.
The rectal temperature was measured with a thermocouple
and maintained at 36.5 � 0.5°C by a homeothermal blanket
system. The heart rate was monitored by EKG.

FIG. 1. Schematic diagram of the different types of electrodes used and the experimental setup, showing the placement of the carbon fiber
electrode and connecting wires. a: Tungsten electrode. b: Stainless steel electrode. c: Glass-coated carbon fiber electrode. d: Setup for
the functional brain activation study, showing the glass-coated carbon fiber electrode (active lead) and the reference carbon fiber lead, each
of which is connected to a thread of carbon fibers in a pair of PE-50 tubes joined by dental cement. e: Experimental design for direct
thalamic stimulation. The glass-coated carbon fiber electrode was implanted in the left MT (AP: –2.5 mm; ML: 1.0 mm; 5 mm deep) and fixed
to the skull with dental cement, and the overlying skin was sutured. The surface coil was placed on top of the head, and the PE tubes
containing carbon fibers were tunneled under the skin of the neck. f: Schematic diagram of the brain (view from above), showing the two
2-mm-thick sagittal slices used for imaging. The black dot on the left side of the brain indicates the insertion point of the implanted electrode
2.5 mm posterior to the bregma.
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In the first part of the study, four groups of rats (three for
each electrode type, and three controls with no implanted
electrode) were used to assess the susceptibility effects of
the implanted electrodes. The electrodes were placed in
the left MT (stereotaxic coordinates 2.5 mm posterior to
the bregma, 1.0 mm lateral to the midline, and 5 mm below
the cortical surface) and fixed with dental cement. The rats
in the control group underwent the same surgical proce-
dures as the electrode-implanted groups, except that no
electrodes were implanted. After the operation, artificial
ventilation and rectal temperature monitoring were
stopped, and the rats were released from the stereotaxic
apparatus and moved to the fMRI room. Each rat was fixed
in place in a custom-made holder, a muscle relaxant (gal-
lamine triethiodide, 50 mg/kg, i.v.) was administered, and
artificial ventilation commenced. The CO2 concentration
of the exhaled breath was monitored constantly and con-
trolled within a range of 3.5–4.5%. The rectal temperature
was measured with an optical fiber probe (Luxtron flu-
oroptic thermometer, model 790) and maintained at 36.5 �
0.5°C by a feedback-controlled warm-air system. The rats
were given a supplementary dose of pentothal (10 mg/kg/
hr, i.v.) before they were moved into the magnetic core.

In the second part of the study, functional brain activa-
tion was achieved by applying an electrical current to the
glass-coated carbon fiber electrode implanted in the MT.
The rats were randomly assigned to one of three groups: A)
electrically stimulated live rats (N � 5), B) an electrically
stimulated dead rat (taken from group A after testing, and
killed by pentothal overdose), and C) nonstimulated elec-
trode-implanted live rats (N � 3). The procedures for an-
esthesia, surgery, electrode implantation, physiological
monitoring, and maintenance were identical to those used
in the first part of the study. The setup for the electrodes is
shown in Fig. 1d. The end of the implanted glass-coated
carbon fiber electrode was attached to a thread of carbon
fibers, which was inserted into a PE-50 tube that was
passed subcutaneously through the neck skin. A second
thread of carbon fibers was attached to the connective
tissues of the scalp adjacent and parallel to the implanted
electrode to act as the reference electrode, and was passed
through a second PE-50 tube fixed by dental cement to the
first PE-50 tube. This pair of carbon fiber threads was
connected via plugs to a pair of 2-m copper wires that
extended outside the cage and were connected to the out-
put of a pulse generator (model 2100; A-M Systems Inc.).
The experimental setup is shown in Fig. 1e.

Image Acquisition

The fMRI experiments were performed on a Biospec BMT
47/40 4.7 T system equipped with an actively shielded
gradient system (0–5.9 G/cm in 500 �s). A 20-cm volume
coil was used for RF transmission, and a 2-cm surface coil
was used for reception. T1-weighted spin-echo images
were scanned in the transverse, coronal, and sagittal
planes to correctly position the animal’s brain so that the
images were centered at 1 mm posterior to the bregma.
T2*-weighted gradient-echo (GE) images from two slices in
the sagittal plane (Fig. 1f) were collected with repetition
time (TR) � 213.5 ms, echo time (TE) � 30 ms, flip angle �
22.5°, field of view (FOV) � 5 cm, four signal averages, and

slice thickness � 2 mm. The images covered the rat brain
from 2 mm left to 2 mm right of the midline. The acquisi-
tion matrix was 256 � 128 with a matrix of 256 � 256 after
zero-filling. The total scanning time for each image was
approximately 109 s.

To identify the anatomical location of the functional
image, we acquired T2-weighted spin-echo images from
two slices in the sagittal plane with TR � 4 s, TE � 80 ms,
FOV � 5 cm, two averages, and slice thickness � 2 mm.
The acquisition matrix was 256 � 128 with a matrix of
256 � 256 after zero-filling.

To assess brain activation by electrical stimulation, we
employed the experimental paradigm of an off/on stimu-
lation sequence. A series of 21 T2*-weighted GE images
per slice from two slices in the sagittal plane were col-
lected from five live rats and one dead rat during the
nonstimulated period (images 1–5, 10–13, and 18–21) and
the two periods of electrical stimulation (images 6–9 and
14–17). Stimulation consisted of rectangular current
pulses of 300 �A, 0.2-ms duration, and 10 Hz frequency. A
series of 21 T2*-weighted GE images were also collected
from three nonstimulated live rats.

fMRI Data Processing

Image data processing and analyses were performed with
MRVision (MRVision Co.) running on a Silicon Graphics
INDY workstation. Only the slice of the GE image that
contained the electrode was processed. The areas of the
ACC and the MT were delineated according to the struc-
tures in the sagittal plane in the atlas of Paxinos and
Watson. A curve around an area in the ACC (or MT) was
drawn by cursor on the GE images, as depicted in the atlas.
The program determines the total pixel number within the
selected regions and calculates the mean signal intensity
for all of these activated pixels. The SNR of the region of
interest (ROI) in the ACC and MT in each rat was calcu-
lated. To test the susceptibility effect, the mean SNR for
each group was compared to that of the control group by
one-way ANOVA; in the event of a significant difference, a
post-hoc Tukey HSD test was applied. A P-value � 0.05
was considered statistically significant.

The image data were processed as described previously
(22). We measured functional activation by calculating the
percentage change in the averaged signals between base-
line (first OFF period, images 2–5) and each of the two ON
periods. The pixel numbers for each ROI in the ipsilateral
ACC or MT were summed. The ROI of the ACC and MT
from the t-statistic image was selected according to its
corresponding location in the T2-weighted image. The rat
stereotaxic atlas (23) was used as a reference to determine
the corresponding anatomical structures. The mean per-
centage signal increase during the two ON periods in each
ROI, and the total areas for the two ROIs were compared by
means of a one-way ANOVA.

c-Fos Immunohistochemistry

Four rats from the live stimulated group, and one from the
nonstimulated live group were removed from the magnet
for cardiac perfusion immediately after the fMRI experi-
ment. The thorax was opened and the left ventricle was
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perfused with 300 ml of normal saline (Merck) followed by
300 ml of 4% paraformaldehyde (Merck) in 0.1 M phos-
phate-buffered saline (PBS; Merck), pH 7.4. The brain was
removed, postfixed in the same fixative for 24 hr, and
cryoprotected by submersion in 30% sucrose (Merck) for
at least 24 hr. Frozen sections (40 �m) were cut on a
cryostat, collected in PBS, blocked for 1 hr with 3% nor-
mal goat serum (NGS; Vector), and then incubated for
48 hr at 4°C with rabbit polyclonal anti-Fos antiserum
(Ab-5, Oncogene), diluted 1:1200 in 0.1 M PBS containing
1% NGS and 0.75% Triton X-100 (Merck). The sections
were washed in PBS and then incubated for 1 hr at room
temperature sequentially with biotinylated goat anti-rabbit
antiserum (Vector) diluted 1:200 in PBS, and for 1 hr with
elite ABC (Vectstain) diluted 1:240. Then 0.05% diamino-
benzidine (DAB; Sigma) solution containing 8% nickel
ammonium sulfate (Sigma) and 0.3% H2O2 (Nacalai
Tesque) was added as substrate. The sections were then
dehydrated, mounted on gelatin-subbed slides (Sigma),
air-dried, and protected with a coverslip for light-micro-
scopic inspection.

RESULTS

Signal Intensity Profiles of Sagittal GE Images Using
Different Implanted Electrodes

Typical examples of the GE images obtained in the three
groups implanted in the MT with the different types of
electrodes, and the nonimplanted control group are shown
in Fig. 2 (upper panels). A sagittal plane image from the
brain of a rat with no implanted electrode is shown in Fig.
2a. The sagittal plane images of brains implanted with
tungsten or stainless steel electrodes showed a significant
susceptibility effect, with severe image distortion and a
decrease in signal intensity (Fig. 2b and c). In the image for
the glass-coated carbon fiber electrode, a vertical tract was
clearly seen, but the rest of the brain image was not
strongly affected or distorted (Fig. 2d). Samples of the
signal intensity profile along a line parallel to and 1 mm
below the skull in each group are shown below the corre-
sponding images (Fig. 2, lower panels). The results
showed a pronounced reduction in the signal intensity of
the GE image generated by the stainless steel electrode

FIG. 2. GE images (upper panels) in the
sagittal plane, and signal intensity (lower
panels) in nonimplanted control rats (a) and
rats implanted with different types of elec-
trodes (b–d) . The white arrows indicate the
electrode track, and the black arrows indi-
cate the approximate position of the elec-
trode.
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compared to that in the control group, while placement of
the tungsten electrode also led to a marked decrease in
signal intensity (albeit to a lesser extent). However, the
carbon fiber electrode caused only minimal interference,
which was limited to the region of the electrode.

Comparison of the SNR in the Electrode-Implanted and
Control Groups

The SNRs in the ACC and MT of the GE images collected
from rats with different types of implanted electrodes and
control rats are shown in Fig. 3. The ANOVA results
showed that the SNRs in the ACC and MT were signifi-
cantly different among the four groups [F(3,8) � 11.14, P �
0.005 for the ACC, and F(3,8) � 16.27, P � 0.005 for the
MT]. Post-hoc analysis showed that the SNRs in the ACC
and MT of the carbon fiber electrode group did not differ
significantly from those in the control group, whereas the
SNRs in both regions in the stainless steel and tungsten
electrode groups were significantly different from those in
both the control group and the carbon fiber electrode
group. These quantitative results show that the stainless
steel and tungsten electrodes caused distortion in GE im-
aging and a severe reduction in signal intensity, whereas
the glass-coated carbon fiber electrode caused no signifi-
cant interference with the signals and showed an SNR
similar to that in the control group.

Stimulation Sites for Implanted Carbon Fiber Electrodes

The histologically verified locations of five MT stimulation
sites implanted with glass-coated carbon fiber electrodes
are shown in Fig. 4. Three of the sites were in the central
mediodorsal thalamic nucleus (MDC) 2.56 mm posterior to
the bregma, one was in the MDC 3.30 mm posterior to the
bregma, and the other was in the lateral mediodorsal tha-
lamic nucleus (MDL) 2.80 mm posterior to the bregma.

Brain Regions Activated by Direct MT Stimulation

The activated brain images obtained in a stimulated live
rat, a stimulated dead rat, and a nonstimulated live rat by
means of a glass-coated carbon fiber electrode implanted
in the MT are shown in Fig. 5. Two ROIs (the ACC and MT
(Fig. 5e)) were chosen to evaluate the effect of direct stim-
ulation. No activated pixels were detected in the ACC and
MT in the stimulated dead rat (Fig. 5b) or in the nonstimu-
lated live rat (Fig. 5c), but marked activation was seen in
the ACC region when electrical stimulation was applied
directly to the MT in the living rat (Fig. 5a). Similar results
were obtained in another four live stimulated rats and two
live nonstimulated rats. In addition to the large activated
area, which was assumed to be the projected site of the
MT, activation at the stimulation site was also observed.
Measurement of the change in signal intensity in the ACC
and MT with time in the live stimulated rats showed a
rapid increase on stimulation and a decrease to baseline
levels within a few minutes of stimulus cessation (Fig. 5d).
Table 1 shows the summarized results for the pixel num-
ber in the activated areas in the ACC and MT, and the
increase in signal during the first and second stimulation
periods. The results for the two stimulation periods were
not significantly different (Table 1 and Fig. 5d), indicating
that the responses were reproducible. In stimulated live
rats, there was a 4–5% increase in signal in both the ACC
and MT, but no activated pixels or signal increase were
seen in the stimulated dead control or the nonstimulated
live controls.

c-Fos Immunohistochemistry

Significantly more c-Fos staining in the ACC was seen in
electrically stimulated live rats than in nonstimulated live
rats (a typical example is shown in Fig. 6). In the stimu-
lated rats, large numbers of c-Fos-expressing neurons were
observed in the ACC on the stimulated side, mainly in
layers II and III (Fig. 6b, left), while small numbers of

FIG. 4. Distribution of stimulation sites in the MT used to activate
the ACC in the fMRI study. The sites, indicated by the filled triangles,
were in the MDC and MDL. Abbreviations: CL, centrolateral tha-
lamic nucleus; CM, central medial thalamic nucleus; D3V, dorsal
third ventricle; DG, dentate gyrus; MDC, central mediodorsal tha-
lamic nucleus; MDM, medial mediodorsal thalamic nucleus; MDL,
lateral mediodorsal thalamic nucleus; PC, paracentral thalamic nu-
cleus.

FIG. 3. SNRs in the ACC and MT in nonimplanted controls and rats
implanted with different types of electrodes. Note the significant
difference between the stainless steel and tungsten electrodes
compared to the control and carbon fiber electrode. A figure indi-
cating the ACC and MT is shown in the inset. *, P � 0.05; **, P �
0.01 compared to the control group. #, P � 0.05; ##, P � 0.01
compared to the carbon fiber electrode group.
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c-Fos-expressing neurons were also seen on the nonstimu-
lated side (Fig. 6b, right). Similar results were obtained
with another three stimulated rats. In contrast, only a few
scattered c-Fos-expressing neurons were seen in the ACC
of a nonstimulated implanted rat (Fig. 6c).

DISCUSSION

The present study demonstrates that glass-coated carbon
fiber electrodes can be used in fMRI studies of brain acti-
vation. Electrical stimulation with these electrodes re-

sulted in functional activation in the projected brain re-
gion, and was registered by BOLD signals. This functional
activation was further supported by c-Fos immunoreactiv-
ity within the same region. The present study therefore
demonstrates a new brain stimulation method that allows
the detection of functional thalamocortical brain activa-
tion by fMRI.

Electrode Interference

The glass-coated carbon fiber electrode was found to be
superior to metal-containing electrodes, since it not only

FIG. 5. Functional brain images and activation time-course for the ACC and MT. a–c: Examples of brain images showing functional
activated areas during electrical stimulation with the glass-coated carbon fiber electrode in a live rat (a) and a dead rat (b), and in the
absence of stimulation in a live implanted rat (c). The color bar indicates the t value. d: Changes in signal intensity with time in the ACC
(upper panel) and MT (lower panel) during two periods of 10-Hz electrical stimulation of a live rat with a glass-coated carbon fiber electrode
(stimulation periods shown by the bar under the panels). The signals are the averaged values over the ROI of the ACC (upper panel) and
MT (lower panel). e: Reference figure at a level of 0.40 mm lateral to the midline taken from the rat atlas. Abbreviations: ACC, anterior
cingulate cortex; Cr, cerebral cortex; Crb, cerebellum; Hy, hypothalamus; MO, medulla oblongata; Mb, midbrain; MT, medial thalamus; OB,
olfactory bulb; P, pons; SP, spinal cord.

Table 1
Pixel Number and Signal Increases in the ACC and MT

Pixel number
Signal increase during the

first stimulation (%)
Signal increase during the

second stimulation (%)

ACC MT ACC MT ACC MT

Stimulated live rats (N � 5) 106.80 � 44.87 96.80 � 33.41 4.42 � 0.77 5.44 � 1.03 4.58 � 1.35 4.30 � 0.66
Stimulated dead rat (N � 1) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Non-stimulated live rats (N � 3) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

The results are shown as the mean � S.E.
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resulted in less signal loss, but also made it possible to
functionally excite the thalamocortical pathway. Although
the carbon fiber electrode was manufactured entirely man-
ually, with practice one can perform the entire procedure
in approximately three-quarters of an hour, and the suc-
cess rate is about 80%. Several factors are crucial for
achieving functional activation of the ACC: 1) good insu-
lation of the carbon fiber electrode, as judged by a high
impedance; 2) correct location of the stimulating site, as
evaluated by the electrophysiological responses in vivo; 3)
secure placement of the electrode on the skull; and 4)
optimization of the MR imaging acquisition (e.g., tuning,
shimming, and positioning).

The signal loss observed with the stainless steel and
tungsten electrodes makes them unsuitable for use in an-
alyzing functional images. A recent study showed that this
drawback can be overcome to some extent by coating the
tungsten electrode with an appropriate thickness of gold
(24). However, although gold-plated tungsten electrodes
have a lower susceptibility effect, and functional activa-
tion can be achieved with undistorted images, they are not
readily available and have not been tested at the higher
magnetic strength used in our study.

The main concern about the interaction between the
electrode and the time-varying magnetic field is the pres-
ence of a conducting loop. An electromotive force may be
induced by the gradient coil and RF pulses in the conduc-
tion loop formed by the microelectrode, reference elec-
trode, and brain tissues inside the bore, and this current,
which is comparable to the externally applied current, can
occur during both the ON and OFF periods, making the
results difficult to interpret (25). In our experimental
setup, we minimized the induced current by decreasing
the area of the conducting loop, and made the conducting
loop approximately parallel to the B1 field so that it would
induce a lower voltage within the RF field. In addition, the
impedance of the carbon fiber electrode was approxi-
mately 10 M�, higher than those of conventional elec-
trodes, which enabled us to reduce the induced electrical
current (9).

To achieve MRI compatibility, it is essential to minimize
several potentially hazardous factors in the implanted-
electrode setup. The recent use of deep brain electrical
stimulation in human fMRI studies shows that it should be
possible to perform fMRI safely by modifying not only the
tip region of the electrodes, but also the arrangement of the

FIG. 6. c-Fos-expressing neu-
rons in the ACC after left MT stim-
ulation. a: Schematic diagram
showing the coronal plane sec-
tion used and the corresponding
plane at the bregma �3.2 mm
(from the atlas of Paxinos and
Watson). The region correspond-
ing to the bilateral medial prefron-
tal cortex is indicated by the yel-
low rectangle, and the photo-
graphs of this region are shown in
b and c. b: c-Fos expression in
the coronal section of the ACC of
a live rat after electrical stimula-
tion (10 Hz) with a glass-coated
carbon fiber electrode implanted
in the left MT. The arrows indicate
strong c-Fos immunolabeling of
neurons in layers II and III. c: c-
Fos expression in the corre-
sponding section from a control
rat implanted with a carbon fiber
electrode in the left MT, but not
electrically stimulated. L and R
denote left and right, respectively.
Scale bar � 1 mm.
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electrodes, connecting wires, and coil (9,24,26–29). The
glass-coated carbon fiber electrode designed and devel-
oped in this study has potential for use in fMRI studies of
clinical deep brain stimulation, especially in cases when
the susceptibility caused by the electrode may be of con-
cern.

Effect of Direct Stimulation

Electrical stimulation of the MT induces local field poten-
tials and paired-pulse facilitation in the ACC (16,20). Al-
though different studies have reported differences in the
functional activation sites in the medial prefrontal cortical
regions that respond to noxious stimuli, in the present
study the ACC was markedly activated by direct activation
of the MT. Functional activation at the stimulation site
(the MT) was seen, indicating that local hemodynamic
responses were altered by the current flow in the sur-
rounding nervous tissues. A similar finding regarding the
induction of a long-lasting BOLD signal change on direct
stimulation of the motor cortex was reported in a recent
fMRI study in rats (19). Since the speed of image acquisi-
tion used in the present experiment was not rapid enough
for temporal resolution of the MT responses, it is difficult
to compare the hemodynamic changes in the thalamus and
motor cortex. It is very likely that the massive depolariza-
tion of excited MT neurons may contribute to changes in
local oxygenation and blood flow. On the other hand, once
the MT is activated, the reciprocal connection between it
and the ACC (15) may result in a prolonged phase of
reverberated activity in the feedback loop, resulting in a
further increase in the BOLD signal.

The BOLD signals increased gradually during the first
minute of the 4-min ON stimulation period, reached a
maximum about 2–3 min after stimulation was initiated,
and then remained at that level for the rest of the stimu-
lation period. The percentage increase in the BOLD signal
evoked by 4 min of 10-Hz stimulation of the MT was
comparable to the increase in cortical activation by nox-
ious peripheral low-frequency (2 Hz) electrical stimula-
tion, using the same imaging setup, observed in our pre-
vious study (22). The time required to reach maximal brain
activation was the same for both peripheral and central
stimulation, suggesting that the stimulation frequency has
a greater effect than the stimulation length on functional
activation of the central nervous system. This may be due
to the fact that a higher frequency of peripheral stimula-
tion results in a decrease in the BOLD signals (30), possi-
bly as a result of synaptic occlusion in the long transmis-
sion pathway. However, synchronous excitation and the
augmentation of evoked neuronal activity elicited in the
monosynaptic ACC neurons by optimal repetitive stimuli
at the MT might be the main cause of the strong activation
of the ACC region as registered by both BOLD signals and
c-Fos-immunoreactive neurons.

c-Fos Immunoreactivity Following MT Stimulation

The c-Fos neuron labeling technique used in the present
study provides an alternative approach for examining the
distribution of functionally activated neurons, and offers a
spatial resolution precise enough for the identification of

individual cell bodies. c-Fos immunoreactivity has been
proposed as a marker for neuronal activity following nox-
ious stimuli and brain stimulation (31,32). In the present
study, the activated area measured by this method corre-
lated well with the ROI determined by fMRI. c-Fos immu-
noreactivity in nonstimulated implanted rats did not ex-
ceed background, which shows that placement of the car-
bon fiber electrode in the MT was not itself sufficient to
active this thalamo-cingulate pathway. Although the find-
ing of c-Fos-expressing neurons in the ACC validates the
functional activation revealed by fMRI, c-Fos immunore-
activity must be interpreted with caution if, as suggested
by Bullit (31), c-Fos is only expressed in certain types of
neurons following peripheral stimulation and thus may be
an incomplete marker for nociceptive activity.

Following electrical stimulation of the MT in the present
study, c-Fos-expressing neurons were detected in the ip-
silateral ACC. This finding of a functional connection be-
tween the MT and ACC is supported by a previous elec-
trophysiological study (16), conducted under similar con-
ditions, which found that stimulation of the MT results in
an evoked field potential in the ipsilateral ACC. In the
present study, a few c-Fos-expressing neurons were also
found in layers II and III on the contralateral side of the
ACC. Electrophysiological analysis has shown that the
projection of the medial prefrontal cortical neurons to the
MT is bilateral (33); therefore, the contralateral c-Fos ac-
tivity induced by MT stimulation may result from the
activation of antidromically driven corticothalamic fibers.

CONCLUSIONS

We have demonstrated that the glass-coated carbon fiber
electrode is MRI-compatible and suitable for delivering
electrical current to brain tissues. MR signal distortion and
interference caused by invasive implantation of a glass-
coated carbon fiber electrode were minimized by our ex-
perimental design and arrangement. We have also shown
that fMRI is feasible for investigations of functional corti-
cal response to direct electrical stimulation of the MT in
rats. The fMRI evidence for thalamocortical activation was
validated by the demonstration of a concomitant increase
in c-Fos immunoreactivity at the same cortical activation
site.
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