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Abstract

Since its discovery in the early 90s, BOLD signal-based functional Magnetic
Resonance Imaging (fMRI) has become a fundamental technique for the study of
brain activity in basic and clinical research. Functional MRI signals provide an
indirect but robust and quantitative readout of brain activity through the tight
coupling between cerebral blood flow and neuronal activation, the so-called
neurovascular coupling. Combined with experimental techniques only available
in animal models, such as intracerebral micro- stimulation, optogenetics or
pharmacogenetics, provides a powerful framework to investigate the impact of
specific circuit manipulations on overall brain dynamics. The purpose of this
chapter is to provide a comprehensive protocol to measure brain activity using
fMRI with intracerebral electric micro-stimulation in murine models. Preclinical
research (especially in rodents) opens the door to very sophisticated and
informative experiments, but at the same time imposes important constrains

(i.e., anesthetics, translatability), some of which will be addressed here.
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1. Introduction

Neuroscience is currently one of the most challenging areas of
biomedical research. The human brain and its function remain one of the
last frontiers for modern science. Furthermore, there is a growing belief that
its scientific understanding will have a pro- found effect on human progress,
not only because of the improvement in treating neurologic and psychiatric
disorders, but also because of the impact that a deep understanding of the
brain would have on fields ranging from education, interpersonal rela-
tionships, the prolongation of a full physical and intellectual life and also for
the development of a neuro-inspired Information and Communications
Technology (ICT) society. In order to achieve this major goal, scientists need
techniques that allow proper monitoring of brain function. Ideally, these
techniques should satisfy the following criteria:

1.Applicable in vivo to study the intact brain.

2.To provide adequate temporal and spatial resolution.

3.To reflect the electrical activity of neurons as close as possible.

4.To be applicable in human and non-human animal models.

Over the past few decades, multiple non-invasive in vivo imaging
methodologies have been developed to study brain function, although none
of them has been able to fulfill all of the above mentioned criteria. These
attempts can be classified on the basis of their strategies for measuring
brain activity: directly assessing the electrical activity of the brain, or
indirectly through surrogate measures as calcium transients, hemodynamic
and/or metabolic changes associated to neuronal activity. Among the former
we can include electroencephalography (EEG) and magnetoencephalogra-
phy (MEG), which present excellent temporal resolution but have its
particular Achilles’ heel in the spatial resolution. The second category
includes, among others, Positron Emission Tomography (PET) and Magnetic
Resonance Imaging (MRI). Functional PET applications relay in the use of
radioactively-labeled compounds metabolically active (15-Oxygen, 18F-
Fluorodeoxyglucose.. .) whose measurement reports changes in blood flow,
oxygen and/or glucose consumption, which are surrogates of neuronal

activity. PET presents the highest sensitivity of all the afore mentioned
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techniques, but the necessary use of radioactive com- pounds—with their
short half-life and the relatively low spatial resolution—has hindered his
widespread for neurological imaging purposes (see Ref. 1 for a review on
neuroimaging techniques).

Functional magnetic resonance imaging (fMRI) utilizes MRI technology to
indirectly measure brain activity by detecting changes associated with it. The
best-known form of fMRI uses the blood-oxygen-level dependent (BOLD)
contrast [2]. It relies on the brain’s ability to locally modulate blood flow and
volume to satisfy the increased energetic needs during neuronal activation.
The relationship between increased local neural activity and changes in
cerebral blood flow (CBF) is known as neurovascular coupling (or functional
hyperemia). The correlation between BOLD signals and concomitantly
recorded electrophysiological measures is well established [3, 4], although
the exact molecular mechanism remains unclear [5] and its homogeneity
throughout brain regions debated [4]. Functional MRI allows imaging brain
activations with a spatial resolution as low as a few hundreds of microns
(limited by the low intrinsic sensitivity of MRI, the small expected changes in
signal intensity and the point spread function; for a review see [6]) and with
a temporal resolution of seconds or even shorter (limited by the nature of
the hemodynamic response itself).

It is important to stress that BOLD signhals do not measure neuronal
activity, but changes in neuronal activity (see [6] for a deeper discussion on
the fundamentals of BOLD). Nevertheless, these changes in neuronal activity
can occur spontaneously while the subject is not involved in any specific
task. In those conditions the changes are of small amplitude and are referred
to as resting state activity. Alternatively, the change in activity can be
boosted by introducing a specific paradigm that defines an expected low
activity state (baseline) and a high activity state (activation) that are subse-
quently contrasted statistically. Common paradigms include the
presentation of sensory stimuli, the introduction of a cognitive task, the
administration of chemical substances, or the direct stimulation of the
brain’s parenchyma. In animal models, the availability of a larger repertoire
of neuronal stimulation strategies allows the precise control of the

stimulation parameters and neuronal populations being targeted. These



strategies include intracerebral direct electrical micro-stimulation and
optogenetic or pharmacogenetic stimulation or inhibition of specific
neuronal populations. These might overcome some of the limitations of
sensory and task stimulation when the focus of the study is to unveil the
precise neuronal circuits involved in a certain functional state. For instance,
while activation of primary sensory structures is in some cases readily
available by sensory stimulation, recruitment of other regions as some
subcortical nuclei is more challenging. Also, the polysynaptic propagation of
activity in intricate brain networks initiated by sensory stimuli or cognitive
tasks makes it harder to investigate direct relationships or causality. Direct
activation of a specific pathway or a neuronal population greatly eases such
studies, allowing to investigate the consequences of precisely timed and
accurately localized manipulation on the overall response of brain-wide
networks.

Highly sophisticated and rich experiments can be done in animal models
by the combination of fMRI with electrophysiological, optogenetic and
pharmacogenetic tools. However, the use of animals (especially small
animals as rats and mice) imposes certain limitations that need to be
considered carefully. Spatial resolution issues, due to the smaller size of
rodent’s brains compared to primates, have been partially countervailed by
the implementation of systems with ultrahigh magnetic fields and stronger
radiofrequency gradients, yet still the obtained resolution is coarse for
imaging certain subcortical structures. Therefore, partial volume effects
need to be seriously considered. Also, the need for the absolute immobility
of the subject during image acquisition has favored the used of anesthetized
animals in most of the studies. Besides the obvious impact of anesthesia on
neuronal activation, additional factors need to be considered in fMRI studies
since anesthetics could directly impact on the hemodynamic response and
the neurovascular coupling (discussed in detail in Subheading 3.1) [7] among
other neuronal activation features. Some alternatives to avoid anesthetics
are present, e.g., habituation training protocols which allow to do fMRI
experiments in non-anesthetized rodents [8-10]. Although they are very
appealing and pave the way to advance in rodent fMRI, the available
protocols involve an initial period of severe stress during habituation to the

MRI environment, which could interfere with the particular scientific
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question at hand. Finally, further complications derived from the
combination of fMRI with other recording or stimulation techniques include
the need for MRI-compatible materials in all implants and devices required
in the experiment.

The present protocol describes, stepwise, how to perform a BOLD fMRI
experiment with intracerebral electric micro- stimulation, which has allowed
us to (1) perform precise and con- trolled activations of selected brain
regions, (2) reproducibly acquire data within and between animals in rats
and mice, (3) to investigate the frequency-dependence of activity
propagation in brain networks, and (4) to provide several insights into the

synaptic plasticity control of long range connectivity.

2 Materials

2.1 Carbon Electrode Preparation

1.Theta-shaped glass capillary (World Precision Instruments, Florida,
USA).

2.Carbon fibers.

3. Micropipette puller.

4.Bunsen burner.

5.Standard forceps, straight.

6.London forceps, angled.

7.Epoxy resin (fast drying).

8.Silver conductive epoxy resin.

2.2 Electrode Implantation Surgery

1.1soflurane.

2.Urethane.

3.Bupivacaine.

4.Stereotaxic frame and stereotaxic micromanipulator.
5.0phthalmic gel.

6.Heating pad with rectal thermal probe.

7.Surgical instruments:

(a) Small surgical scissors, straight.



(b) Standard forceps, straight.

(c) Dumont forceps, straight.

(d) Scalpel handle, straight.

(e) Non-sterile scalpel blade, curved, 22.
(f) Micro curette, straight.

(g) Micro drill trephine.

8.Sterile saline solution and hydrogen peroxide.

9.High-temperature Cautery kit.

10. Cotton.

11. Shaver.

12. Permanent marker.

13. 20G and 25G needles.

14. Tissue adhesive.

15. Bone acrylic.

16. Super-Bond C&B dental acrylic.
2.3 Functional MRI

The additional materials listed here are required to produce electri- cal
brain stimulation in the rat while it remains in the magnet and acquire and

process imaging data.

2.3.1 MRI Magnet

We use a horizontal 7 Tesla scanner with a 30 cm diameter bore (Biospec
70/30v, Bruker Medical, Ettlingen, Germany). The sys- tem has a 675 mT/m
actively shielded gradient coil (Bruker, BGA 12-S) of 11.4 cm inner diameter.
Data is acquired and pre-processed with a Hewlett-Packard console running
Paravision 5.1 software (Bruker Medical GmbH, Ettlingen, Germany)

operating on a Linux platform.

2.3.2 MRI Phase Array Coil
It is not indispensable, but it is highly convenient. The expected signal

changes are in the range of 1-3% of the total signal intensity, thus it will



critically contribute to achieve the highest possible signal-to-noise ratio
(SNR). We employ alH rat brain receive-only phase array coil with integrated
combiner and preamplifier, no tune/no match, in combination with the
actively detuned transmit-only resonator (BrukerBioSpin MRI GmbH,

Germany).

2.3.3 Physiological Monitoring and Control System

We use an MRI-compatible temperature control unit (MultiSens Signal
conditioner, OpSens, Quebec, Canada). Other physiological parameters as
heart rate (optimal values, 300 50 beats per min- ute), oxygen saturation
(>95%), and breathing rate (90 10 breaths per minute) are monitored (see
Note 1) throughout the session using an MRI-compatible sensor with foot
clip (MouseOx, Starr Life Sciences, Oakmont, USA). Physiological parameters
can be used to feed the analysis of BOLD signals (used as nuisance factors)

which might be especially important in resting state experiments.

234 Heating System

It is crucial to keep the animal’s temperature in the physiological range,
and to maintain it stable (37 0.5 °C) in order to preserve vascular reactivity in
response to neuronal activation. We use a water blanket connected to a
water bath (Thermo Scientific SAHARA Heated Bath Circulators S5P)
controlled by a temperature regulatory system (Thermo Scientific
STANDARD Series Thermostats SC150) (see Note 2). In this system, precise
control of the animal’s temperature requires the constant attention of
dedicated personnel to manually vary the temperature in the heating bath.
In order to automate this process, a home-made and inexpensive closed
loop regulation system has been developed to adjust water bath
temperature to keep a constant body temperature in the animal (see details

in Note 3).

2.3.5 Other Devices and Small Equipment
1. Pulse generator and current source (STG2004, Multichannel Systems,
Reutlingen, Germany) for electric micro-stimulation.

2. Digital Oscilloscope to check electrode functionality.



3. Eye ointment (even if it is an acute procedure).

4. MRI-compatible stereotaxic device with ear- and bite-bars.

5. Agarose (0.5%) in saline. It is prepared and introduced in a 10cc
syringe. It can be storage in the fridge before its use (see Note 4).

6. MRI sequences: gradient Echo (GE)-Echo Planar Imaging (EPI) sequence
providing adequate temporal and spatial resolution (see Notes 5 and 6); and
T2-weighted anatomical images, like a Rapid Acquisition Relaxation

Enhanced (RARE) sequence (see Note 7).

2.3.6 Image Analysis Software

There are some commercially available software tools for fMRI analysis.
In our case, fMRI data are analyzed offline using our own software
developed in MatlLab, which included Statistical Parametric Mapping
package (SPMS8, http://fil.ion.ucl.ac.uk/ spm), Analysis of Functional
Neurolmages (AFNI, http://afni. nimh.nih.gov/afni), and FSL Software
(FMRIB http://fsl.fmrib. ox.ac.uk/fsl).

2. Methods

All animal work should be carried out only upon review and approval of the
methods by your institution’s Animal Care and Use Committee [11, 12]. For
those new to MRI and small animal surgery, prior to initiating any studies,

training and advice should be sought from experts in the field.

Due to the presence of strong magnetic fields, surgery is performed in an
area separated from the magnet room. Thus, it will be necessary to fix the
stimulating and/or recording electrode to the animal’s skull so that the animal
can be safely transferred to the magnet room at the end of the surgery.
Furthermore, due to the common use of surface coils in fMRI experiments, both
the electrode positioning and its fixations must be done in such a way that allow
maximal proximity between the MRI coil and the brain of the animal. Special
care must be taken with bleeding during surgery, because any trace of blood will
have a deep impact in the image quality, making it very difficult to obtain a

reliable BOLD signal.



3.1 Anesthesia

As previously introduced, most fMRI experiments in rodents are performed
in anesthetized animals. Different anesthetics have been introduced for fMRI
studies in rodents, each of which presents its particular advantages and
drawbacks (for a review see [7]) and all of them having an impact on the
neurovascular coupling. At this point, it is important to emphasize that, in our
experience, at least 80% of a successful fMRI experiment in rodents relies on
maintain- ing the animal’s physiology at adequate and steady-state values. Body
temperature (37+/- 0.5 °C), oxygen saturation (>95%), CO2 (35-50 mmHg)
and levels and blood pressure (130-140 mmHg) need to be fine-tuned.
While precise monitoring of some of this values require invasive interventions
(i.e., blood pressure and accurate CO2 measurements require femoral artery
cannulation and tracheotomy, respectively) or direct blood sampling difficult to
implement in longitudinal studies, pilot experiments with full monitoring of the
animal’s physiology are strongly recommended in setting up new anesthetic

protocols.

The final election of an anesthetic method will depend on multiple factors
like the species utilized (i.e., rats [13] vs. mice [14]), the duration of the
experiment [15], whether it is an acute or longitudinal experiment, and even the
type of stimuli used [16]. As a general rule, injectable anesthetics provide a
stable imaging condition for up to 2 h, whereas inhaled anesthesia allows longer
imaging sessions. An exception to this rule is urethane, which provides a stable
and long-lasting (more than 8 h) anesthetized state with a single intraperitoneal
injection and minimal cardiovascular effects [17]. Importantly, urethane also
preserves most of the characteristic electrophysiological rhythms recorded in
the hippocampus and other neocortical regions [18]. In the present protocol of
electric stimulation fMRI, urethane has been the choice based on the above
advantages [18]. However, urethane is restricted to terminal experiments due to
its hepatotoxic and carcinogenic effects, for which it is compulsory to euthanize
the animal at the end of the experiment. For chronic rat experiments and when
working with mice, dexmedetomidine is the usual election [5]. It allows animal
recovery but provides, in our hands, shorter periods of stable anesthesia (in the
range of 1.5-2 h). An alternative administration regime for dexmedetomidine

has been proposed to extend this period [19]. We have found significant
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differences between different rats and mice strains. So we do recommend a
pilot study in order to choose the most convenient anesthesia for each particu-

lar model.

3.2 Electric Stimulation

Stimulating electrodes dedicated to MRI experiments have been developed
based on existing protocols [20]. Previous studies have shown the utility of
iridium [21] or platinum-iridium electrodes [22] for this purpose. Nevertheless,
these electrodes produce large susceptibility artifacts around the electrode’s
location, especially patent in EPI acquisition, precluding the possibility to study
func- tional responses in the area close to the implant. To overcome this
problem, we have introduced glass-coated carbon fiber bipolar electrodes in our
setup, which present several advantages: most importantly the absence of
susceptibility artifacts in the acquired brain images, but also the possibility to

produce very thin bipolar electrodes (up to 7 um tip diameter) [18].

To prepare carbon fiber electrodes, we use bundles of fibers inserted into a
theta-shaped glass capillary previously pulled to form 7 mm long pipettes with
200 um tip diameter and adjusted to produce an electrical impedance of 40—-65
kQ (see Note 8). A regular wire with a pin connector is attached to the pipette,
connected to the carbon fibers using silver conductive epoxy resin, and isolated

with clear epoxy resin [18].

Depending on the configuration used in the MRI, the glass electrode can be
bent in order to accommodate the receiver coil, minimizing its distance to the
brain and maximizing the signal-to- noise ratio (SNR) (see details in Subheading

3.4).

3.3 Stimulation Protocols

In previous work applying electric-stimulation fMRI to study the frequency
response of the perforant pathway, the major neocortical input to the
hippocampus [23], we showed the existence of an activity threshold to elicit a

detectable fMRI response. More specifically, we showed that (1) a certain level
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of activity, in an approximately constant population of neurons, must be
reached in order to start a detectable BOLD signal, (2) the activity-threshold for
BOLD elicitation can be reached by applying trains of pulses at relatively low
frequencies (4-5 Hz for the perforant path), (3) once the threshold is crossed,
the BOLD signal (magnitude and extension of the activation) is linearly
correlated with the stimulating current, (4) at current intensities evoking a half-
maximal neuronal spiking response, the activity spreads polysynaptically, with
increasing stimulation frequencies up to 20 Hz. Thus, stimulation protocols often
consisted in 6-10 trains of electrical pulses (100 ps biphasic pulses) repeated
every 30—60 s (total duration of the trial 180-600 s) and trials repeated three to
five times per condition. The duration of the stimulation train can be adjusted to
the specific needs, but durations between 2 and 6 s at frequencies ranging from
4 to 20 Hz produce BOLD responses of excellent amplitude (larger than 4%
change) in a variety of preparations [18, 22-25]. Off periods between
stimulation trains sufficiently long as to allow a full recovery of the
hemodynamic response (25-30 s in rats and mice) increase the SNR of the
response and the statistical power of the analysis. A good coordination between
image acquisition and timing of stimulus presentation is necessary and easily
achievable using the TTL signals generated by the imaging protocols to syn-
chronize the pulse generator (see Fig. 1). Duration of the stimulation train, pulse
shape and intensity, frequency, and any other stimulus parameter can be
systematically varied for specific purposes [26]. Within each EPI acquisition, it is
advisable to acquire long-enough baselines (4-8 volumes) before the first
stimulation train that will facilitate posterior quantifications of BOLD signal

change.
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3.4 Intracerebral Electrode Implant for fMRI

Most of the BOLD based fMRI experiments are acquired using EPl images,
which are very sensitive to T2* changes. Practically speaking, a number of
factors can confabulate causing a deterioration of the quality of the functional
images. When working with surgically manipulated animals, especially in acute
preparations, extreme care has to be taken to minimize bleeding. After the
surgery and before cementing the implant to the skull (see below) thorough

cleaning of the exposed cranium is mandatory.

In order to improve the SNR, the tip of the electrode is bent (using a burner
and some forceps) to form a 90° angle, so it could go inside the brain leaving the
main body of the pipette outside parallel to the head of the rat, minimizing the
implant’s height and allowing a closer proximity between the MRI array coil and

the head of the animal.

The method described here is based on standard procedures used in
electrophysiological experiments with rats adapted to the MRI requirements.

Similar protocols are used for mice.
1. Weigh the animal.

2.Dissolve urethane in sterile 0.9% saline. Warm it to room temperature

before injection.

3.Place the animal in an induction chamber, and induce anesthesia with 4%
isoflurane in 100% oxygen (1 L/min). Wait until the animal is superficially

sedated (see Note 9).

4.Inject urethane intraperitoneally (1.3 g/Kg dose for rats and 1.5 g/kg dose
for mice, see Note 10). Wait until the total absence of withdrawal reflexes.
Induction time is heterogeneous across animals and strains. If after 1 h of the
initial dose the animal shows reflexes, additional doses (10—20% of initial dose)
can be injected. In our experience, adjustment of the initial dose is necessary for
different strains. The slow process of induction of anesthesia ensures a steady-

state anesthesia (with stable vital constants) during more than 8 h.

5. Upon induction, place the animal in a heating pad to maintain the animal’s

body temperature at 37 °C. Use a rectal temperature probe with lubricating jelly
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to monitor the temperature.
6.Shave the head around the incision area.

7.When the animal reaches an appropriate level of anesthesia, fix the

animal’s head in a stereotaxic frame.

8.Inject subcutaneous local anesthetic (200 pL Bupivacaine, 0.5%) in the

incision points, using a 1 cc syringe with a 20G needle tip.

9.In order to prevent eye damage, employ ophthalmic gel on each eye. The
gel needs to be reapplied during the surgery to ensure that eyes are covered at

all times.

10. Make an incision (1 cm long) at the top of the head by pressing firmly
with a scalpel in an anteroposterior direction. Remove excess skin to expose the
skull. Cauterize the skin rims, avoiding burning the skull to prevent image
artifacts, and apply hydrogen peroxide to remove any source of bleeding (see

Note 11).

11. Calculate the goal stereotaxic coordinates. Modern tools have been

developed to facilitate electrode localization [27].

12. Once the target site is located, trephine holes are made using a manual
drill. First-time used drill-bits require deep cleaning to remove metal traces that

can detach and enter the craniotomy producing large image artifacts.

(a) Carefully rotate the drill bit over the skull until achieving a circular

craniotomy (2 mm diameter).

(b) Delicately pinch the dura using a curved 25G needle. For mice, it is
better to avoid this step to minimize bleeding. The dura can be broken

directly when introducing care- fully the electrode in step 13.

(c) Add saline to the craniotomy once dura is pierced to avoid

dryness.

13. Slowly lower the MRI-compatible electrode until it reaches the desired
ventral coordinate (see Notes 12 and 13). If the dura is not broken by the

electrode in the case of mice, do not force it (the electrode can be broken or the
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brain damaged). Go back to step 12(b) and pinch it with the needle.

14. Deeply clean the skull using a dry cotton swab, eliminating any bleeding.

Add a small drop of tissue adhesive to seal the tissue, and wait for 10 min.
15. Fix the electrode with several layers of acrylic.

(a) Pay special attention to the first layer of acrylic. This is the critical
one and should cover as much surface of the skull, including the electrode,
as possible. Use less viscous cement in this first layer than in next ones. Wait

until it the layer is completely dry ( 20 min) before applying more cement.

(b) In mice the first layer is crucial. The skull is smaller com- pared
with rats, and the cement has a smaller surface to weld in. Thus, the
electrode is more exposed being susceptible of movements and/or
breakages. In order to minimize these, we recommend generously covering

the section of the electrode closer to the mouse’s head using acrylic.

(c) Apply extra layers around the implant until fully embed- ding it,
preventing post-surgical movement and protecting it during the transport of
the animal to the MRI room. Avoid contact of the cement with the skin
during the whole process. This precaution will minimize the probability of

bleeding during the imaging session.
16. When the cement is completely dry, remove the electrode holder.

17. Detach the animal from the stereotaxic frame and place it in a transfer
cage. In order to avoid temperature dropping, maintain the animal in the

heating pad until its transport to the imaging facility.

3.5 fMRI

In order to prevent temperature drop, preheat the magnet’s heating system

before the animal arrives to the facility.
1.Place the animal on the MRI bed.

2.Check that the correct level of anesthesia has been maintained.
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3.Insert the rectal temperature probe using lubricating jelly and tape it in

place.
4. Fix the animal’s head in an MRI-compatible stereotaxic device.

5.Place the physiological monitoring device (MRI-compatible sensor with

foot clip) or the breathing piezoelectric sensor.

6. Cover the exposed skull and the implant with agarose, with
special emphasis in filling all the possible empty spaces between the head of the

animal and the coil (see Note 14).
7.Connect the electrode to the current source.

8.Using the oscilloscope, cross-check the impedance of the electrode that
should match the value obtained during its fabrication, discarding a possible
breakdown in the process of implantation or during the accommodation of the

animal in the MRI setup.

9. Fix the coil in the MRI bed over the head of the animal, as close as possible

to the skull (see Note 15).

10. Place the animal inside the RF coil aligning the approximate center of the

brain with the magnet isocenter.
11. Acquire T2-weighted anatomical images in the three orthogonal planes.

12. Even when the animal positioning is accurate, there can be small inter-
animal differences when defining an exact position. In order to do grouped
analyses, it is interesting to minimize this variability. Thus, we recommend using
anatomical land- marks to position EPI slices always in the same orientation. A

possible strategy is:

(a) Take the plane that cut the base of cerebellum and the anterior

commissure (see Fig. 2a).

(b) Take the midline plane that separates the brain in left and right
hemispheres (Fig. 2b, c).

(c) Use the above anatomical planes to define the angle and

positioning of the slices for functional imaging. In our case, 15 slices are
15



positioned perpendicular to the planes with the sixth more anterior slice

containing the anterior commissure (Fig. 2d).

13. Use a shimming procedure to adjust field homogeneity in the brain. In

our case, we use the MapShim macro implemented by Bruker.

14. Adjust the EPI images according to the landmarks mentioned in step 12
(see Note 16) and use saturation slices around the brain. Acquire a set of EPI
images without stimulation to check proper image acquisition (no folding,

ghosts, etc.)
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15. Acquire an anatomical image with the same geometry than the EPI
images but higher (at least double) in plane spatial resolution. It will help to
identify anatomical landmarks and co-registration of brain templates for

grouped analysis.

16. Start data acquisition.

3.6 Data Analysis

The development of either commercial or open-source software tools for
fMRI analysis has greatly facilitated the applicability of fMRI and has contributed
to its massive widespread. Nevertheless, due to the complex mathematical work
behind the generation of brain activation maps, it is important to apply proper
and robust statistical methods, e.g., to avoid false positives [28]. For a deep
discussion about the analysis see [29, 30]. The workflow for the data analysis
used in our laboratory implies linear detrending, temporal (0.015-0.2 Hz) and
spatial filtering (3 3 full width at half maximum gaussian kernel of 1.5 sigma) of
voxel time series, a general linear model or cross-correlation analysis with a
simple boxcar model shifted forward in time (typically by the employed TR), or a
boxcar convolved with the hemodynamic response function (HRF). Typical
functional maps obtained in one of our electric-stimulation fMRI experiments

are shown in Fig. 3.
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4 Notes

1. Alternatively, breathing rate can be monitoring alone using a simple
custom designed piezoelectric device (sensitive to pressure) positioned in the

chest of the animal.

2.Usually, water bath is non-MRI compatible, so it has to be positioned
outside the 5 Gauss security area. The bath is connected to the water blanket

through two 5 m long silicon tubes.

3.The automatic temperature control system is based on the Arduino
microcontroller (Arduino MEGA 2560, Arduino S.r. I., Italy). To maintain the
physiological temperature of the animal stable automatically, a PID
(Proportional-Integral- Derivative) has been developed. The microcontroller
obtains, through serial communication (using a RS232 Shield V2, Link- Sprite
Technologies, Inc., Longmont, CO), the temperature of the animal from the
signal conditioner and it generates a control action that is transmitted to the
thermostat to control the temperature of the fluid pumped to the bed. This
control system allows automatic temperature control, maintaining almost stable
the temperature of the body of the animal being scanned. The technician can
interact with the automatic temperature control system through a keypad and a

display, being able to set the desired temperature for the animal.

4., Agarose can be prepared in deuterated water, so it will be invisible for
MRI. Nevertheless, based on our experience, there are no benefits in terms of

fMRI maps acquisition.
5.Sequence parameters for GE-EPIl images: field of view (FOV),

25 25 mm; slice thickness, 1 mm; 15 slices; matrix, 96 96; segments, 1; flip
angle, 60°; echo time (TE), 15 ms; repetition time (TR), 2000 ms; and four

dummy scans.

6. Alternatively you could use a Spin Echo (SE) sequence with similar
parameters. There is extensive literature reviewing the impact of the employed
sequence methodology in the obtained fMRI results [6]. Briefly, SE is more

specific to microvasculature changes but less sensitive whereas GE is more
19



influenced by changes in macrovasculature but overall more sensitive.

7.Sequence parameters for RARE images: FOV, 25 x 25 mm,; slice thickness,
1 mm; 15 slices; matrix, 192 x 192; RARE factor, 8; effective TE (TEeff), 56 ms;
TR, 2000 ms.

8.Small electrode tips will cause less tissue damage during implantation, but
the higher electric impedance would require higher voltages to inject a same
amount of current and there- fore the possibility to overheat and damage the
tissue. Thus, there is a compromise between these two parameters. In our
experience, an electrode tip of 200 um render good stimulation while

minimizing tissue damage.

9.Some animal strains are more susceptible to anesthetics mixture and can
be affected by the interaction of urethane and isoflurane. In this case, we

recommend injecting the animal without previous exposure to other anesthetic.

10. Usually, urethane is injected at doses in the range of 1.2-1.4 g/ Kg for

rats and 1.4-1.6 for mice.

11. In our experience, when working with mice, the complete removal of the
skin over the skull significantly increases the quality of the fMRI images. To do
that, gently cut with surgical scissors the skin over the head. Remove the excess
skin, cauterize borders (with extreme caution to avoid overheating the skull)
and apply hydrogen peroxide to clean the area. Carefully remove any trace of

blood.

12. For instance, to stimulate the CA3 region of the dorsal hippo- campus in
the rat the coordinates, referenced to Bregma, are: 3.5 mm anteroposterior and
3.6 mm lateral, initial position; 3.8 mm ventral to the dural surface, based on

[31].

13. The same procedure can be followed to insert a recording electrode in
the desired area to be sure about stimulation electrode positioning.
Nevertheless, care must be taken when placing the recording electrode to
minimize brain damage. Ideally, this recording electrode should be placed in a

region not fundamental for the fMRI study.

14. EPI images are highly sensible to abrupt changes in magnetic
20



susceptibility originating artifacts in the border where the variation occurs. Due
to the specific configuration used in our set up, when the phase array coil is
positioned, there is an empty space between the surface coil and the head of
the animal. We fill this space with agarose using a syringe previously filled with

agarose 0.5%.

15. Avoid excessive pressure between the coil and electrode. Usually
electrodes are fragile and break easily during the experiment if there is some of

pressure on them.

16. The employed FOV usually exceeds the cross section of the subject to
prevent artifacts from image folding. The slice thick- ness is 1 mm for rats and
0.8 mm for mice, but depending on the SNR and the expected level of

activation, it could be decreased.
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