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ABSTRACT

It has been known for more than a century that stimulus induced neuronal activation
evokes changes in the vascular system. During neuronal activation, the blood flow increase
exceeds blood demand, and the amount of deoxygenated hemoglobin becomes reduced.
Since deoxyhemoglobin is paramagnetic, this leads to an increased signal detectable with
blood oxygenation level dependent (BOLD) functional magnetic resonance imaging (fMRI).

The aim of this study was to measure frequency modulated neural responses in the rat
somatosensory cortex under the influence of two different anesthetic agents.
Simultaneously recorded neural and BOLD responses differed under urethane and alpha-
chloralose anesthesia but a linear relationship between neural response and BOLD was
detected that was not dependent of the anesthetic used. Based on this study, the electrical
stimulus parameters need to be optimized for each anesthetic to achieve optimal neural and
hemodynamic responses.

During a relatively long electrical stimulation, spontaneous fluctuations can occur in
neuronal excitability. Temporal variations in BOLD responses were evaluated by a model
based on the simultaneously measured neuronal local field potential (LFP) data and
compared with the stimulus paradigm-based block model. Both LFP and block models
alone had sufficient explanatory power to localize the activation to the somatosensory
cortex of the rat. However, in comparison of these models, it was found that the LFP model
was able to explain additional variation in the somatosensory BOLD signal over the block
model. This indicates that there are temporal variations in the time-dependent changes in
both neuronal and BOLD activation and the neurovascular coupling is preserved.

Pharmacological magnetic resonance imaging (phMRI) is a novel fMRI application
where the activation in the brain is evoked by a pharmacological agent. The possible
fluctuations (e.g. room temperature, hardware drifts) in the BOLD time series that occurred
in the time scale of the pharmacological activation may be difficult to filter, but could be
eliminated by calculating T> maps. The potent brain stimulant, nicotine and a weaker
stimulant, apomorphine, were used in this study as test compounds to demonstrate the
feasibility of using T map based approach to study quantitatively pharmacological
activation.

Functional and pharmacological magnetic resonance imaging in the preclinical setting
offers an extensive array of possibilities with which to measure brain activity and when
combined with direct invasive neuronal activity recordings, it represents an ideal way to
deepen our understanding of the mechanisms of the physiological basis of the fMRI signals.
The studies presented here have implications for both understanding brain function and for
designing functional imaging paradigms in anesthetized animals.

National Library of Medical Classification: QV 137, QV 771, QY 58, QY 60.R6, WB 330, WL 102, WL 141.5.M2
Medical Subject Headings: Anesthetics, General; Apomorphine; Electrical Stimulation; Electrodes, Implanted;
Electroencephalography; Evoked Potentials, Somatosensory; Magnetic Resonance Imaging; Nicotine; Rats;
Somatosensory cortex



Vi



VII

Huttunen Joanna

Rotan aivojen tutkiminen toiminnallisen ja farmakologisen magneettikuvauksen avulla
Itd-Suomen yliopisto, terveystieteiden tiedekunta

Publications of the University of Eastern Finland. Dissertations in Health Sciences 179. 2013. 76 s.

ISBN (print): 978-952-61-1177-3
ISBN (pdf): 978-952-61-1178-0
ISSN (print): 1798-5706

ISSN (pdf): 1798-5714

ISSN-L: 1798-5706

TIIVISTELMA

Aivojen sdhkoisen aktiivisuuden liittyminen verenkierron muutoksiin on tunnettu jo yli
vuosisadan ajan. Hermoston aktivoituessa veren virtauksen maéra kasvaa suhteessa hapen
kulutukseen ja sen vuoksi hapettumattoman hemoglobiinin mé&ara pienenee paikallisesti.
Koska hapettumaton hemoglobiini on paramagneettinen, sen vaheneminen nakyy veren
hapettuneisuuteen perustuvan (engl. Blood oxygenation level dependent, BOLD)
toiminnallisen magneettikuvauksen signaalin voimakkuuden muutoksena.

Tassda  tutkimuksessa  mitattiin  rotan tuntoaivokuorelta herdtevasteita eri
drsytystaajuuksilla kahden eri nukutusaineen vaikutuksessa. Samanaikaisesti mitatut
sahkoiset  ja  verenkierron  vasteet  poikkesivat  toisistaan  uretaani- ja
alphakloraloosinukutuksessa, mutta nédiden vasteiden vaélilld havaittiin lineaarinen yhteys
nukutusaineesta riippumatta. Taman tutkimuksen perusteella havaittiin lisdksi, ettad
sahkoiset tuntodrsytysparametrit tulee optimoida jokaiselle nukutusaineelle erikseen
optimaalisten hermoston ja verenkierron vasteiden saavuttamiseksi.

Suhteellisen = pitkdn  sdhkdisen  tuntodrsytysjakson  aikana  hermosolujen
eksitoituvuudessa voi tapahtua spontaaneja muutoksia. Sen vuoksi BOLD signaalissa
havaittuja vaihteluja pyrittiin mallintamaan sekd samanaikaisesti aivoista mitatulla
sahkoisella kenttdpotentiaalisignaalilla ettd &rsytysjaksoihin perustuvalla blokkimallilla.
Molemmat  mallit erikseen pystyivat tilastollisesti  osoittamaan aktivaation
tuntoaivokuorella, mutta kenttdpotentiaalimalli pystyi selittimdan enemmén BOLD
signaalissa tapahtunutta vaihtelua kuin blokkimalli. Taéma viittaa siihen, ettd ajan suhteen
riippuvia muutoksia on  havaittavissa sekd hermoston ettd verenkierron
aktiivisuusmittauksissa.

Farmakologinen magneettikuvaus on uusi toiminnallisen magneettikuvauksen sovellus,
jossa aivojen aktivoimiseen kaytetddn ladkeaineita. BOLD signaalissa mahdollisesti
havaittavien intensiteettivaihtelujen, jotka voivat johtua esim. huoneen lampétilan tai
laitteiston lampenemisestd johtuvista muutoksista, taajuuksia voi olla hankalaa suodattaa
pois, mutta niitd voidaan vahentda laskemalla perdkkaisista magneettikuvista T2 karttoja.
Vahvasti aivoja stimuloivaa nikotiinia ja heikommin aivoja stimuloivaa apomorfiinia
kaytettiin merkkiaineina osoitettaessa, ettd kvantitatiivista T: karttoihin perustuvaa
menetelmaa voidaan hyodyntaa farmakologisessa aktivaatiossa.

Toiminnallinen ja farmakologinen magneettikuvaus tarjoaa runsaasti erilaisia
mahdollisuuksia mitata aivojen toimintaa. Yhdistamalld toiminnallinen magneettikuvaus
hermoston toimintaa suoraa mittaaviin sdhkdisiin menetelmiin voidaan paremmin tutkia
mm. toiminnallisen magneettikuvauksen fysiologisia perusteita. Tdssa vditOskirjatyossd
tehdyilld tutkimuksilla on vaikutusta sekd aivojen toiminnan ymmartamiseen ettd
nukutetuilla eldimilla tehtdavien toiminnallisten tutkimusten suunnitteluun.

Luokitus: QV 137, QV 771, QY 58, QY 60.R6, WB 330, WL 102, WL 141.5.M2
Yleinen Suomalainen asiasanasto: aivotutkimus; elektrofysiologia; nikotiini; nukutusaineet; koe-eldimet —
rotat; stimulointi; toiminnallinen magneettikuvaus
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1 Introduction

The brain has intrigued scientists for many centuries. The quest to widen our knowledge
about the structure and function of the most complex organ of all has triggered many
technological inventions and scientific breakthroughs in the field of neuroscience. Over the
course of time these technical innovations have given scientists in the course of time more
advanced tools with which to explore the brain and thus have made possible a deeper
understanding of the structure and function of the brain.

History has also shown that misinterpretations or even false discoveries can be made if
the techniques are incorrect or performed inaccurately. One of the best examples of
incorrect interpretation was done by the early 19% century scientist, Joseph Gall, who
associated the shape of the skull (and thence the shape of the brain) to different behavioral
traits. This discipline was named phrenology and it had a significant number of followers.

Some of the techniques such as electrophysiology have a long history in the field of
neuroscience but are still used today although with modern, state-of the-art equipment.
Even with the equipment of the 19* century, it was discovered that the electrical currents in
the brain were related to the function of the brain.

Subsequently new techniques to study the function of the brain have been developed.
Positron emission tomography (PET) and functional magnetic resonance imaging (fMRI)
have been used in studying brain function both in humans and animals. The current state
of fMRI has depended on advances made in pulse sequences, imaging methods, and
hardware; studies on magnetic properties of hemoglobin; and research on blood circulation
related changes during functional activity.

Magnetic resonance imaging (MRI) has become increasingly popular tool to study
anatomy and function of brain. The main advantages of MRI are the spatial resolution, the
superior soft-tissue contrast, the noninvasiveness of the modality and the use of non-
ionizing radiation. In addition, the versatility of the functional MRI methods means that
there are many possibilities to study stimulus or task related changes in the brain or even
resting state networks. Despite the increasing number of clinical scanners and research
conducted with fMRI, the clinical use of fMRI is still somewhat limited to the surgical
planning and mapping of functional areas.

Preclinical studies in animal models provide a good setting to examine normal and
pathological brain function, even though more elaborate cognitive processes cannot be
investigated as well as in humans. Most of the animal work still employs basic
somatosensory stimulation, thus limiting the translational aspect of the research.
Nonetheless, the experimental setup in animal studies can be better controlled with regard
to the physiological state, immobility of the animal, and timing and conditions of the
elicited responses which can lead to a reduction in the variation in the results.

The use of pharmacological agents as the stimuli has established a new branch of
functional MRI research, even with its own acronym, phMRI (pharmacological magnetic
resonance imaging). Despite the huge potential of this technique, the research into phMRI is
relatively limited in both clinical and preclinical settings. The responses to the
pharmacological stimuli can be small with poorly-defined temporal profiles and these
limitations can hinder the detection of activation sites with conventional data analysis
methods. Furthermore, the use of anesthetics and muscle paralyzing agents in animal
studies can interact with the pharmacological stimuli complicating the detectable response.
Nevertheless, preclinical phMRI is good platform in the drug discovery process and it has
enormous translational potential when applied to clinically relevant disease models.

Although the use of fMRI is widespread, there is insufficient knowledge on the
physiological basis of the fMRI signal to allow a confident interpretation of the data with



respect to neural activity. In animal models, the combination of functional imaging with
more direct invasive neuronal activity recordings represents an ideal way to increase
understanding of the mechanisms of the physiological basis of the fMRI signal.



2 Review of the Literature

2.1 FUNCTIONAL ANATOMY OF THE BRAIN

The size of the adult rat brain is small, approximately 16 mm in width, 11 mm in height and
20 mm in length (Paxinos and Watson, 1998), and it weighs about 2 g. The adult human
brain weighs approximately 1.5 kg making it 750 times larger than the rat brain. Even
though the number of neurons in the human brain has been generally claimed to be 100
billion, a recent study estimated the number of neurons to be 86 billion with 85 billion of
glial cells (Azevedo et al., 2009). Using the same technique, it was also calculated that the
rat brain has about 200 million neurons and 131 million glial cells (Herculano-Houzel et al.,
2006). Therefore the number of neurons in the human brain is 430 times larger than that of
the rat brain.

The relative size of the cerebral cortex amounts to 82 % of the brain mass in humans and
43 % in rats. However the relative number of neurons in the cerebral cortex is rather
similar: 19 % in humans and 15.5 % in rats.

Blood vessels of the cortex can be divided into pial and intracortical vessels. Pial vessels
— arteries and veins - run along the surface of the brain while intracortical vessels penetrate
into the different layers of the cortex. Blood flows from the pial arteries to the intracortical
arteriolar branches, then into the dense capillary network, draining back through the
intracortical venules and pial veins.

The vascular network of cortex can be divided into four vascular layers (Duvernoy et al.,
1981) that are correlated with the cellular layers of the cortex. The superficial cortical layer
(layer I) has the lowest vascularization, layer IV displays the highest vascularization.
Vascular density in the brain correlates with the number of synapses, rather than the
number of neurons (Duvernoy et al., 1981). The general aspects of the cortical vasculature
are also valid for many of the most widely used experimental animals, such as nonhuman
primates (Weber et al., 2008) and rodents (Tsai et al., 2009).

2.1.1 Somatosensory Cortex

The rat somatosensory cortex receives information from the somatosensory receptors that
detect mechanical, thermal or noxious stimuli. In the primary somatosensory cortex (SI) of
the rat, there is one representation of the body surface and it is dominated by facial and
whisker related areas (Paxinos, 2004). The barrel cortex receives input from whiskers and is
located caudolaterally in the SI (-0.26 mm - -4.16 mm from bregma (Paxinos and Watson,
1998)). The barrel cortex contains aggregations of granule cells (barrels) and each barrel
corresponds to a single vibrissa.

The digits of the forepaw are represented in an orderly sequence in the forepaw region
of the cortex. Stimulation of the forepaw excites afferent nerves and travel through the
spinal cord. The information crosses the midline in the medulla and is relayed through
ventral posterolateral thalamic nucleus to layer IV of the primary somatosensory cortex.
The forepaw region is situated caudal to the barrel cortex (1.2 - -2.12 mm from bregma
(Paxinos and Watson, 1998). The hindpaw area is situated closest to the midline (-0.26 -
-2.12 mm from bregma (Paxinos and Watson, 1998)).

Neurons from the ventral posterolateral thalamic nucleus and posterior thalamic nuclear
group project also to the secondary somatosensory cortex (SII) which is located laterally to
the SI. Thalamocortical axons from ventrolateral thalamic nucleus terminate not only in
motor cortex, but also in forepaw and hindpaw areas. This region is a partial overlap
between sensory and motor cortex.



Furthermore, the cortex sends information to the pons, which is then relayed to the
cerebellum. The cerebellum also receives an input directly from the spinal cord. In addition,
there are reciprocal connections between the primary somatosensory cortex and the
primary motor area and intracortical connections between the left and right sides of the
primary somatosensory cortex.

2.1.2 Neuronal and Glial Activity

In the central nervous system, there are two types of cells: neurons and glia. The glia
subsidiary cells were originally thought to outnumber the neurons by tenfold, however,
based on a recent study, the number of neurons and glia in humans is almost the same
(Azevedo et al., 2009).

The neurons are translational cells receiving input from receptors or other neurons and
transmitting the information over distances. The neuron consists of several parts: the soma,
the dendrites and the axon. The dendrites of the neuron are connected to multiple neurons
and information is collected from a large area. The axon is only found in neurons and it is
specialized for the transfer of information.

The information is carried through action potentials that sweep along the axons like a
wave. The depolarization of the cell is caused by the influx of sodium ions across the
membrane and the repolarization is attributable to the efflux of potassium ions. The axon
ends in an axon terminal which is connected to other neurons via the synapse. The electrical
signal in the axon has to cross the synaptic gap and evoke a postsynaptic potential in the
second neuron. Most synaptic transmission is chemical where the presynaptic signal is
converted into a chemical signal that crosses the synaptic cleft and is then converted back to
an electrical signal in the post-synaptic dendrite.

Different neurons in the brain release different neurotransmitters. More than 90% of
synapses release glutamate (Abeles, 1991; Braitenberg and Schuz, 1998), which is the main
neurotransmitter in the brain. Acetylcholine is another neurotransmitter that mediates fast
synaptic transmission at all neuromuscular junctions. The opening of glutamate- or
acetylcholine-gated ion channels leads to the formation of excitatory postsynaptic potential
in the postsynaptic dendrite. The synaptic activation of glycine- or gamma-aminobutyric
acid (GABA) -gated ion channels cause inhibitory postsynaptic potential. In addition to this
fast acting chemical synaptic transmission, there are G-protein coupled receptors that
mediate a metabotropic postsynaptic action that is slower, longer-lasting and more diverse.

Astrocytes are the most numerous glial cells in the brain and they have important
functions on their own. They provide physical support and nutrients to neurons, digest
parts of dead neurons and can release transmitters (e.g. glutamate) (Haydon and
Carmignoto, July 2006) and communicate with each other via the propagation of calcium
elevation (Araque et al., 2001).

Astrocytes are ideally located in close proximity to the neurons and blood vessels. Their
end feet are connected to blood vessels in the brain. Astrocytes, neurons and vascular cells
compose a neurovascular unit which controls the cerebral blood flow and which is termed
the blood brain barrier.

Astrocytes are electrically inexcitable and therefore relatively difficult to measure with
traditional electrophysiological methods. Both spontaneous and stimulus induced calcium
waves in astrocytes have been measured using multiphoton microscopy and calcium
selective dyes. Astrocytic calcium elevations induce vasodilation in the penetrating cortical
arterioles (Takano et al, 2006). Even though the calcium waves appear later than the
functional hyperemia (Petzold and Murthy, 2011) indicating that calcium represents only
one of many different vasoactive messengers, the astrocytes are key mediators of functional
hyperemia.



2.1.3 Brain Energetics and Metabolism

Neural processing in the brain is extremely energy demanding. Even though the weight of
the human brain is about 2 % of the body weight, it consumes about 20 % of the energy in
rest (Kety, 1957; Sokoloff, 1960). The brain has very little energy reserve, therefore a
continuous vascular supply of glucose and oxygen is mandatory in order that it can sustain
neuronal activity.

In rodents, the major fraction of the energy used by the brain’s grey matter is expended
on signaling-related processes, i.e. in propagating action potentials (47 %) and in mediating
the postsynaptic effects of glutamate (34 %) (Attwell and Laughlin, 2001). The maintenance
of the resting potential in neurons and glia consumes about 15 % of the total energy. In glial
cells, 60 % of their total 5 % energy budget is used for maintaining resting potentials and 40
% for glutamate recycling (Attwell and Iadecola, 2002).

During the oxidative process, glucose is converted into carbon dioxide and water,
resulting in the production of large amounts of energy in the form of adenosine
triphosphate. This oxygen demanding process is very efficient in producing a large
quantity of energy. In the situation where there is not enough oxygen available, then
anaerobic glycolysis takes place.

2.1.1 Neurovascular and Neurometabolic Coupling

The quest to understand the relationship between brain function and energy metabolism
has intrigued scientists for more than a century. The early pioneers at the end of 19%
century carried out experiments to measure temperature changes in the brain, trying to
relate them to the functional activity (Zago et al., 2012). The results were, however,
confronted by methodological problems. Italian physiologist, Angelo Mosso, measured
brain activity related changes in the brain volume from patients with skull defects and
postulated that the pulsation of the brain reflected the blood flow to the brain in response to
an auditory stimulus or while performing an arithmetic task (Mosso, 1881).

In 1890, Roy and Sherrington implemented this method in animal studies including a
craniotomy and simultaneous blood pressure measurements and recorded movement of
brain surface (Roy and Sherrington, 1890). They concluded that “vascular supply can be
varied locally in correspondence with local variations of functional activity” (Roy and
Sherrington, 1890). The vasodilatation of the vessels was caused by an intrinsic mechanism
due to “chemical products of cerebral metabolism” which has been later described in a
statement that the local blood flow is driven by local metabolic demand.

In the mid-20% century, technical developments made it possible to measure the whole
brain blood flow and metabolism in humans using nitrous oxide as a freely diffusible tracer
(Kety and Schmidt, 1945; Schmidt and Kety, 1947; Kety and Schmidt, 1948; Kety, 1948). The
whole brain measurement with a replication of Mosso’s arithmetic task induced no changes
in the blood flow or oxidative metabolism (Sokoloff et al., 1955) suggesting that only
regional changes could be observed even with this relatively simple experimental setup.

The introduction of autoradiographic studies with radioactive tracers provided the first
glimpse into in vivo quantitative changes in blood flow in response to changes in local
functional activity (Landau et al., 1955; Freygang and Sokoloff, 1958). The utilization of the
deoxyglucose autoradiographic technique made possible regional measurements of glucose
metabolism in both conscious and anesthetized animals (Sokoloff et al., 1977). This method
provided quantitative information about the energy metabolism in the brain and was the
first approach that, in conjunction with electrophysiological measurements had the
potential to expand the knowledge of functional brain organization. As a result of the
development of deoxyglucose autoradiography, a large number of experiments have been
focused on the relationship between local cerebral activation and glucose consumption in
animals.

The human experiments of regional changes in brain circulation and metabolism were
introduced in the 1960s when David Ingvar and Niels Lassen developed a method using



radioactive isotopes of gas with gamma ray camera used to detect regional changes in
cerebral blood flow (CBF) in humans (Ingvar and Lassen, 1961; Ingvar and Lassen, 1962;
Lassen et al., 1963).

It took almost 100 year before the observation of coupling between metabolism and
cerebral blood flow made by Roy and Sherrington was challenged. In 1986, Fox and Raiche
demonstrated the uncoupling of CBF and cerebral metabolic rate of oxygen (CMROz)
during brain activation. At rest, the blood flow is well correlated with the oxygen
consumption, but during somatosensory stimulation, the CBF increase overcompensated
for the CMRO: increase to such an extent that a highly significant decrease in the extracted
fraction of available oxygen was observed (Fox and Raichle, 1986). A similar uncoupling
during activation was observed between the cerebral metabolic rate of glucose (CMRgluc)
and CMRO: to an even higher extent (Fox et al., 1988). This uncoupling of blood flow and
consumption of oxygen in the activated brain region provides the physiological basis for
blood oxygenation level dependent (BOLD) contrast.

The prevalent model of CBF regulation upon neuronal activation is the astrocyte-neuron
lactate shuttle (ANLS) model proposed by Pellerin and Magistretti (Pellerin and
Magistretti, 1994). Neurons predominantly consume glucose in oxidative metabolism but
during activation they also use glucose to release the excitatory neurotransmitter
glutamate. Glutamate is taken up by astrocytes via a Na*-dependent transport system. In
the astrocyte, glutamate stimulates glycolysis, i.e. glucose utilization and lactate
production. This is a kind of signaling pathway where glutamate is acting via its
transporter not its receptor. Lactate can then be oxidized by neurons to produce sufficient
adenosine triphosphate. In the ANLS model, task-induced increases in neuronal activity
exert minimal energy demands. CBF up-regulation is chiefly driven by the lactate
generated by in the course of glutamate shuttling.

2.2 ELECTROPHYSIOLOGICAL METHODS

Electrophysiology is the study of the electrical potential difference between two locations in
relation to the function of the central nervous system. In the case of recording electrical
activity from the scalp the method has been referred to as electroencephalography (EEG)
and when measured with subdural grid electrodes on the exposed cortical surface of the
(human) brain, it has been referred to as electrocorticography (ECoG). Direct measurement
using a small size electrode inside the brain is known as local field potential (LFP) or
intracranial EEG measurements (also known as deep-EEG or micro-EEG).

The first electrophysiological measurement was conducted in 1875, when Richard Caton
measured voltage changes using a galvanometer on rabbit and monkey brain (Caton, 1875).
In his short description of the study, he reports “The electric currents of the grey matter
appear to have a relationship to its function.” (Caton, 1875). This initiated the practice of
studying electrical brain activity through electrophysiological measurements.

The next breakthrough in electrophysiological measurements came in 1929 when Hans
Berger used an amplifier to increase the signal intensity and measured the electrical activity
of the human brain on the scalp (Berger, 1929). He named the technique
“Elektrenkephalogramm” since the “Elektrocerebrogramm” that was based on the name of
the electrocardiogram was too “barbaric”.

The electroencephalography denotes the recording, graphy, of the electrical signals,
electro, from the brain, encephalo. On other words, measuring the potential changes on the
surface of skull, not directly inside the brain. The scalp EEG is a spatiotemporally smoothed
version of the LFP, integrated over an area of 10 cm? or more due to the distorting and
attenuating effects of the soft and hard tissues between the current source and the
recording electrode.



The EEG signal is typically picked up with chloridized silver electrodes using a
conductive paste to ensure low-resistance connection. In an EEG setting, the signal
amplitude is usually in the range of microvolts.

Brain activity can also be measured using magnetoencephalography (MEG). When
neurons generate electrical currents, they also produce very weak magnetic field. This field
strength is about one billionth (10°) of the Earth’s magnetic field. Compared to EEG, the
magnetic field penetrates the skull without distortions but MEG is most sensitive to the
activation in the fissural cortex that is tangential to the skull (Hdmaldinen et al., 1993).

The electrophysiological measurements have excellent temporal resolution, usually from
the submillisecond range to a few milliseconds. This leads to exceptional sensitivity to the
changes in neuronal activity even though the spatial resolution is limited by the number of
measuring electrodes. Therefore, topographical mapping of the electrical activity suffers
from physical limitations of localizing the sources of brain signals from the multiple
electrodes in the scalp EEG recordings.

2.2.1 Local Field Potentials

Neuronal activity in the brain gives rise to transmembrane currents and generates a
potential that can be measured in the extracellular medium. Neurons are surrounded by the
extracellular medium that is a volume conductor with resistivity. The flow of positive ions
(e.g. Na+) into the active sites of a neuron appears as a current sink. The current flows along
the dendrites or axons. Since the currents flow in closed loops, a distant inactive membrane
appears as the source. The finite resistance of the extracellular medium creates extracellular
field potentials (EFP) that are being measured by electrodes.

The spatial and temporal sum of the sinks and sources from multiple cells is called the
mean EFP. If the size of the electrode is much larger than the size of the neurons, the mean
EFP is dominated by the summed synaptic and action potentials. The low frequency ranges
(<200 Hz) of mean EFP are called local field potentials. They primarily reflect the average
of synchronized dendro-somatic components of the synaptic voltages, most likely from
within a few millimeters of the electrode tip (Logothetis and Wandell, 2004).

Single unit activity (SUA) refers to the measurement with a microelectrode that detects
the action potential of one single neuron. Multiunit activity (MUA) measures multiple unit
spiking activity that is high-pass filtered from the mean EFP with cut-off at 300 - 400 Hz.
Depending on the recording site and the electrode properties, the MUA is likely to
represent a weighted sum of the extracellular action potentials of neurons within a sphere
of 200 - 300 um radius, with the electrode at its center (Logothetis, 2002).

The LFP measures slow waveforms, including synaptic potentials, afterpotentials of
somatodendritic spikes, and voltage-gated membrane oscillations but not the action
potentials carried by principal output neurons. The amplitude and frequency of the LFP
waveform depends on the proportional contribution of the multiple sources and various
properties of the brain tissue. The larger the distance to the source, the less it contributes to
the measured LFP. The generated potential is then inversely related to the distance of the
source.

All neuron types contribute to the LFPs, even though pyramidal cells contribute more
due to substantial separation of the active sink from the return current in the long dendrites
than for example spherically symmetric neurons that have dendrites of relatively equal size
in all directions (Buzsaki et al., 2012). In addition, the strength of the LFP is determined by
the spatial alignment of neurons and temporal synchrony of the generated fields of the
neurons. Since the alignment of the pyramidal dendrites is parallel in the cortex, this gives
rise to large LFPs in the cortex. Another important factor in determining the magnitude of
LFPs is the temporally synchronous activity.

Synchronous oscillatory activity is typical for neurons and neuronal networks. The
neuronal rhythms are employed to coordinate activity between different brain regions
(Freeman, 1975). The slow rhythms involve a large number of cells and they can convey



information over long distances, furthermore fast rhythms are more localized and engage a
small number of neurons (Buzsaki, 2006).

The magnitude of the LFP power can be quantified as a square of amplitude and it is
inversely related to the frequency, i.e. 1/f. There are multiple mechanisms that contribute to
the power law of the LFP but it is primarily due to the low pass frequency filtering property
of the dendrites due to signal attenuation between the input location in the distal dendrite
and soma (Buzsaki et al., 2012).

Different frequency bands can be attributed to the electrophysiological signals. The
frequency bands are delta (0.5 — 4 Hz), theta (4 — 8 Hz), alpha (8 — 13 Hz), beta (14 — 30 Hz)
and gamma (30 — 80 Hz) (International Federation of Societies for Electroencephalography
and Clinical Neurophysiology, 1974; Steriade et al., 1990). High frequencies have short time
windows for information processing and are therefore used in local computation. The
lower frequencies with long time windows are used for long distance interactions. Low-
frequency oscillations can also modulate high-frequency activity and these kinds of cross-
frequency coupling may integrate functions across multiple spatiotemporal scales (Wang et
al., 2012). In addition to these established frequency bands, very slow (0.02 — 0.5 Hz) and
very high (80 — 600 Hz) frequency bands have been characterized (Penttonen and Buzsaki,
2003).

Evoked potentials are electrical response of the brain to a specific stimulus. They were
discovered already in 1893 by Fleischl von Marxow (Fleischl von Marxow, 1893). Since
evoked potentials have explicit timing in relation to the stimulus, the identification of the
latency, amplitude and duration of the response offers a unique window from which to
view the neuronal pathways, e.g. the somatosensory pathway, in the brain. In LFP
measurements, individual evoked responses can easily be identified, but in the EEG due to
the relatively high background noise and low amplitude response, averaging is usually
necessary to detect and analyze these responses.

2.3 FUNCTIONAL MAGNETIC RESONANCE IMAGING

Nuclear magnetic resonance (NMR) was discovered in 1946 when Bloch (Bloch, 1946) and
Purcell with colleagues (Purcell et al, 1946) independently detected a resonance
phenomenon in samples placed in the magnetic field. Imaging using NMR was introduced
in 1970s when Lauterbur pioneered the idea of using additional gradients and back-
projection method known from computed tomography (CT) to create an image (Lauterbur,
1973). He named the image formation technique as zeugmatography which came from
Greek “that which is used for joining”, however that name never became widely accepted.
The functional magnetic resonance imaging began in the 1990s. However the enabling
breakthroughs in understanding the magnetic properties of red blood cells, neuronal
activation related changes in hemodynamics and development of fast imaging sequences
were made much earlier. The rapid increase in functional imaging is due to the prevalence
of MRI scanners and noninvasiveness and nonradioactiveness of the method and the
enormous versatility of sensory and cognitive processes that it can be used to study.

2.3.1 Principles of Nuclear Magnetic Resonance

Most tissue types, especially the brain, consist mainly of water. The hydrogen atoms, 'H,
are present in each water molecule and are therefore the most abundant, biologically
relevant nucleus for NMR. A proton possesses a physical property, spin, which can be
considered as a small magnet. Hydrogen has a spin number of %2, and when placed in the
external magnetic field Bo, there are two possible energy states for the nucleus. The lower
energy state is aligned in parallel and the higher energy state is aligned as anti-parallel to
the external magnetic field Bo. Slightly more spins are in the parallel state due to
thermodynamic balance. The Boltzmann distribution determines the relative numbers of



nuclei within each energy state, and this difference provides the basis for the NMR
experiments.

Transition between these two energy states either emits or absorbs energy in the
radiofrequency (RF) range. An oscillating magnetic field B: is applied through a
radiofrequency wave pulse to excite the spins that matches the energy difference of the two
states. The radio frequency pulse is matched with the Larmor frequency (wo) and it is
determined by the external magnetic field Bo and the gyromagnetic ratio y of the nucleus

wo = ¥By. 1)

The gyromagnetic ratio for hydrogen is 42.577 MHz/Tesla meaning that hydrogen atom
will resonate at 200 MHz in a 4.7 T magnet and at 298 MHz in a 7.0 T magnet.

Since slightly more spins will align in parallel to the magnetic field, a net magnetization
is created. By applying radio frequency energy, spins can be lifted from a low energy state
to a high energy state and combined with phase coherence, the net magnetization is tilted,
forming the xy-plane that can be measured. After the RF pulse is switched off, the absorbed
energy in the nuclei is used by the interactions between other nuclei and the surrounding
lattice. Thus the spins return to the thermal equilibrium and the net magnetization recovers
to its equilibrium position. The rotating xy-component of net magnetization induces a
voltage which varies at the Larmor frequency and can be detected via the induction of
current to an RF coil tuned to the frequency of the oscillation.

The thermal equilibrium in the spin system is recovered and this process is called T:
relaxation. The recovery of the longitudinal component of the net magnetization depends
on the spins’ interaction with their surrounding environment (‘lattice”). The recovery is an
exponential process. If a new excitation RF pulse is applied more rapidly than the full
relaxation, only a proportion of the spins can be lifted to the high energy state and the
detectable signal decreases.

The loss of the transverse component of net magnetization is called T2* relaxation. It
occurs when the phase coherence of the spins decreases after excitation. This is due to the
transfer of energy between the spins but it does not change the net energy of the whole
system. The degree of the spin-spin interaction is defined by the physical and chemical
environment of the nuclei and thus is varied between tissues. Rapid dephasing of the phase
coherence leads to fast T>* relaxation and therefore short T2* times.

The net transverse magnetization disappears at the rate of 1/T>* as the phases of the
individual spins diverge. By applying a refocusing RF pulse, the phase distribution is
inverted. If the environment of each spin remains similar during the refocusing time, then
the net transverse magnetization can be restored. T2* depends on both static and varying
field fluctuations and is described as the apparent transverse relaxation time. For Tz, the
static and slowly varying effects are cancelled and this term is called the intrinsic transverse
relaxation time. The T2* relaxation time is always shorter than the T> The components
contributing to the loss of the transverse component can be expressed as:

1 1 1
R ?

where T2 is the contribution from static field inhomogeneities that can be cancelled by the
refocusing pulse. T2 processes cannot be refocused due to the randomness of the processes
occurring at the molecular level.

The static magnetic field over the sample is not homogenous and the nuclei will
experience a slightly different field according to their position. In addition, different
magnetic susceptibility properties in the sample will cause local inhomogeneities in the
magnetic field. Since T>* relaxation is affected by differences in the magnetic field, this has
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great importance in fMRI because it is sensitive also to the field distortions caused by the
paramagnetic deoxyhemoglobin (Ogawa et al., 1990b).

2.3.2 Blood Oxygenation Level Dependent Contrast

Hemoglobin is a large protein that consists of two pairs of polypeptide chains (globin).
Each chain is attached to a complex of porphyrin and iron (heme group). One oxygen
molecule can bind to each heme. In deoxygenated hemoglobin (dHb), the iron (Fe?) is in a
paramagnetic high-spin state, as four of its six outer electrons are unpaired (Pauling and
Coryell, 1936). The electronic structure of hemoglobin will undergo a change in the
presence of an oxygen molecule. When hemoglobin becomes oxygenated, the heme iron
changes to a diamagnetic low-spin state and will thus have zero magnetic moment. This
change in the spin-state is the basis of the oxygenation dependence of the transverse
relaxation time of water protons in blood. The blood oxygenation has a quadratic
dependence for the rate of transverse relaxation, 1/T2 (Thulborn et al., 1982), meaning that
the more deoxygenated hemoglobin that is present, the shorter will be the To.

The paramagnetic dHb is restrained in red blood cells which are in turn restricted to
blood vessels. The paramagnetic dHb enhances T2 relaxation of the blood and surrounding
tissue. Ogawa et al. observed that the appearance of the dark lines in the cortices of rodents
in the gradient echo images was dependent on the blood oxygenation level, since the lines
disappeared when the blood was completely oxygenated (Ogawa et al., 1990b). The dark
lines were caused by the paramagnetic deoxygenated hemoglobin in blood while the
diamagnetic oxygenated or carbon monoxide hemoglobin did not give the contrast. The
presence of deoxygenated hemoglobin in blood produced BOLD contrast (Ogawa et al.,
1990a).

The emergence of the BOLD contrast from the deoxygenated hemoglobin can be divided
into intravascular and extravascular components. Depending on the magnetic field
strength, pulse sequence and imaging parameters, the contribution of the effect of these
components can vary.

The intravascular component arises from the loss of phase coherence resulting from
exchange and diffusion processes. Water rapidly exchanges between plasma and red blood
cells that contain paramagnetic deoxyhemoglobin. Inside the vessels, water also diffuses in
and around erythrocytes under the magnetic field gradients that are generated by
deoxyhemoglobin. Since all the water molecules inside the vessel experience these
processes similarly, this leads to a reduction of T2 of blood water in the veins.

The magnetic field gradients generated by deoxyhemoglobin decline as a function of
(r/a)?, where r is the distance from vessel and a is the vessel radius (Kim and Ogawa, 2012).
Therefore the magnetic susceptibility effect also extends to the extravascular tissue. The
dephasing effect around a larger vessel expands more widely because of a smaller
susceptibility gradient, therefore contributing BOLD signal significantly, regardless of the
magnetic field strength (Lee et al., 1999).

During rest, blood in capillaries and veins contains a relatively high concentration of
deoxyhemoglobin whereas the brain tissue itself is diamagnetic, creating a magnetic
susceptibility difference between blood and tissue. During neuronal activation, the CBF
increases bringing oxygenated hemoglobin into the brain and this leads to a washout of
deoxygenated hemoglobin (Figure 1). Therefore the magnetic susceptibility difference
between blood and tissue decreases, leading to a reduction in the local extravascular field
gradients and to an increase in the Tz values and thus an elevation in the BOLD signal.

An additional component giving rise to the positive BOLD contrast is the increase in
cerebral blood volume (CBV). An increase in blood volume leads to an increase in the
BOLD signal, even when the blood oxygenation remains constant (van Zijl et al., 1998). The
influence of the CBV change is highest at low magnetic field strengths due to long T2 values
of the blood as compared to tissue T2 values.
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Figure 1. Schematic illustration of the fMRI related signal changes. After a task or a stimulus,
neural activity is increased and this causes an increase in vascular and metabolic responses.
The CBF increase exceeds the CMRO, increase, therefore the venous dHb concentration declines
leading to an increase in T,. An increase in CBF decreases T;. * An increase in CBV decreases
T,, when the blood water T, exceeds the grey matter T,. At low magnetic field strength, an
increase in CBV increases T,. Modified from (Kim and Bandettini, 2010).

In addition to positive BOLD responses, also stimulus evoked negative BOLD responses
have been observed in both humans and animals (e.g. (Harel et al., 2002; Shmuel et al.,
2006; Schridde et al., 2008; Goense et al., 2012; Schéfer et al., 2012)). Since a positive BOLD
response is due to a decrease in the amount of deoxygenated hemoglobin, negative BOLD
signal should reflect an increase in deoxygenated hemoglobin.

The negative BOLD response may be explained by a decrease in blood flow that is
associated with decreased oxygen consumption or in a situation where the oxygen
metabolism outnumbers the blood flow increase. In other words, a decrease in CBF is
associated with a comparable decrease in CMRO: (Shmuel et al., 2002; Stefanovic et al.,
2004) with a smaller decrease in CMRO: (Nair, 2005) or when a larger fractional increase in
CMRO: is found compared to CBF (Vafaee and Gjedde, 2004). A decrease in the CBF has
also been attributed to “vascular stealing” (Harel et al., 2002), where blood flow from the
less demanding areas may be reallocated to those regions demanding the greatest blood
flow.

By measuring both electrophysiological and BOLD signals, it has been possible to link
the stimulus evoked negative BOLD response with decreased CBF and neuronal activity
(Shmuel et al., 2002; Shmuel et al.,, 2006; Devor et al., 2007, Boorman et al., 2010).
Nevertheless in a recent study, negative BOLD signals were associated together with
increased neuronal, hemodynamic, and metabolic activity during epileptic seizure in
hippocampus (Schridde et al., 2008). Consequently in this condition, the negative BOLD
response may arise from changes in oxygen consumption that far exceeds the oxygen
supply. Altogether the mechanisms behind the negative BOLD response is far from
completely understood.

2.3.3 Functional Imaging with BOLD Contrast

In order to create an image, the spatial localization of the protons throughout the sample
must be resolved. Spatial localization of the nuclei relies on the principle that the precession
frequency of a nucleus linearly depends on magnetic field strength. Localization is
performed using three orthogonal magnetic field gradients.

Slice selective RF pulses with specific frequency and bandwidth transfer energy to the
nuclei with matching resonance frequency. Therefore using the selective RF pulse
simultaneously with a linear gradient, excites only the nuclei within a selected slice. Spatial
encoding within the selected slice is then achieved with two additional orthogonal
gradients. The frequency gradient is applied when the signal is acquired. When the
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frequency (readout) gradient is applied, the spinning nuclei within the selected slice will
oscillate with different frequencies depending on their experienced magnetic field strength.
The phase gradient is applied before the signal collection so that the magnetic field gradient
should induce a phase shift between the nuclei within the selected slice. The phase shift is
dependent on the applied field gradient strength and duration. Therefore, the nuclei from
each position within the selected slice carry a distinct frequency and a distinct phase that
allows for encoding of the coordinates within the imaged slice. The magnetic resonance
(MR) image is created by using a Fourier transformation on the collected phase and
frequency information within each slice.

The RF pulses and the magnetic field gradients are controlled by a pulse sequence. In
principle, there are three main parameters in the pulse sequences that are varied to create
an image with selected contrast: flip angle, repetition time and echo time. The flip angle is
dependent on the energy of the radiofrequency pulse and it describes how much the net
magnetization is tilted towards the transversal plane. The more energy that is used, the
more time is needed for full relaxation. The time to repeat the applied RF pulses is called
the repetition time (TR). The shorter the TR, the less time there is for net magnetization to
recover. After excitation, the waiting time before the signal is detected is called echo time
(TE). The longer the TE, the less those nuclei with short Tz times will contribute to the
image.

Echo Planar Imaging Sequence

The echo planar imaging (EPI) sequence for the first time provided the opportunity to
collect entire image after one excitation pulse (Mansfield, 1977). This enabled fast imaging
which is necessary for detecting changes in hemodynamic activation occurring within a
range of seconds.

After slice selection by RF excitation, a series of gradient echoes are acquired by
inverting the readout gradient. A short gradient pulse, a blip, between the alternating
acquisition is applied by the phase gradient in the orthogonal direction. The typical
acquisition time is less than 100 ms per slice. The gradient echo EPI (GE-EPI) is a heavily T2*
weighted sequence and it is the most commonly used pulse sequence in fMRI studies due
its high sensitivity for the magnetic susceptibility effects attributable to paramagnetic
deoxygenated hemoglobin.

Spin echo EPI (SE-EPI) was used as an alternative in functional imaging to GE-EPI in 1.5
T for the first time in 1994 (Bandettini et al., 1994). After tilting the magnetization with 90°
excitation pulse, a strong signal, that decays with a time constant T2*, can be detected. After
a short time, a 180° refocusing pulse is applied and part of the signal builds up again. This
effect is known as spin echo (SE) (Hahn, 1950). In the EPI sequence, T2 (spin echo)
weighting results when a 180° refocusing pulse is applied prior to the gradient echo train
and the center of the echo train coincides with the center of the spin echo.

By varying the echo time, the maximum BOLD signal was achieved using TE ~ T>* of
grey matter for GE-EPI and TE ~ T2 of grey matter for SE-EPI (Bandettini et al., 1994). This is
still used as a general rule of thumb when selecting the optimal imaging parameters for
BOLD fMRI studies. The same relationship between optimal TE and T>* was also shown
with the multi-echo imaging sequence (Posse et al., 1999).

The contributions of the intravascular and extravascular component to the BOLD
contrast depend on the magnetic field strength, pulse sequence and imaging parameters.
The gradient echo BOLD signal consists of both extravascular and intravascular
components regardless of the vessel size (Bandettini, 1999). As the magnetic field strength
increases and as TE increases, the intravascular component decreases as well. T2 values for
blood water and grey matter decrease as a function of magnetic field strength (Table 1). By
selecting the echo time to be much longer than the T> of blood water in veins, the
intravascular component can be minimized. Therefore at high magnetic fields, the
intravascular component can be eliminated and the signal originates from the extravascular
component.
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Table 1. T, values for blood water and grey matter at different magnetic field strengths.

Magnetic T, (ms) T, (ms)
field strength blood water Reference grey matter Reference
~ 127 Wright et al., 1991
15T 122 Silvennoinen et al., 2003 o1 +6 Breger et al., 1989
3.0T 31.1 Zhao et al., 2007 70.7 £ 10.4 Gelman et al., 1999
40T 67.1 £ 6.0 Yacoub et al., 2003
’ 63.0 £ 6.2 Jezzard et al., 1996
4.7 T 67.5 Pfeuffer et al., 2004
70T ~ 12 - 15 Ogawa et al. 1993 55.0 £ 4.1 Yacoub et al., 2003
’ ~7 Yacoub et al., 2001 59.1 Pfeuffer et al., 2004
9.4T 9.2 £2.3 Lee et al., 1999 38.6 £ 2.1 Lee et al., 1999

By using spin-echo techniques, the extravascular contribution of large vessels can be
reduced by applying the 180° RF pulse which refocuses the dephasing effect around the
large vessels. This is due to the long echo time when tissue water around the large vessels
can be locally averaged. Therefore the spin echo BOLD image contains mainly the
extravascular effect of small vessels which is supra-linearly dependent on the magnetic
field. In the gradient echo BOLD signal, the extravascular effect of large vessels is linearly
dependent upon the magnetic field strength and the effect of the small vessels is supra-
linearly dependent. Therefore the spin-echo BOLD contrast is more specific for the
parenchyma than the gradient echo BOLD contrast. However, because the dephasing effect
of the large vessels is refocused, the spin echo BOLD signal is smaller than the gradient
echo BOLD signal.

Experimental Design and Data Analysis

The experimental design or the stimulus paradigm for functional studies can be planned in
many different ways. The choice is governed by the methodological limitations of fMRI and
the properties of the measured physiological parameters. The stimulus paradigm can be
designed in three ways with the main difference being the time scale of the stimulus or
task. In an event related design, the stimulus is presented with a very short duration. This
allows imaging of transient neuronal changes. In addition, by varying the inter-stimulus
interval, the habituation to the same stimulus can be minimized.

The most commonly used type of stimulus paradigm is called the block design; in this
the stimulus is presented for a longer time period. The advantage of the block design is that
during the longer stimulus period, the BOLD response is temporally integrated and it
improves the detection power of the statistical analysis. In addition, a mixed combination of
events and blocks can be used.

The main goal of the fMRI analysis is to detect and localize robust changes that result
from the applied stimulus or from the physical or cognitive task. Since BOLD fMRI is
sensitive to deoxygenated hemoglobin, images taken during the stimulus or the task period
should show increased intensity compared to images taken at baseline or rest. fMRI data
analysis typically involves some preprocessing steps before the analysis of stimulus
induced responses. Some preprocessing is needed to remove unfavorable artifacts and to
prepare the data for statistical analysis.

Movement of the subject evokes artifacts to the MR images. In the time series of
functional images, this causes the voxels to shift from their original position, and thus to
induce unwanted signal changes. In animal studies, movement related artifacts can be



14

minimized by restraining the anesthetized animal with ear plugs and a bite bar. In addition,
the use of a muscle relaxant in ventilated animals reduces motion during scanning. Even
though the head might be tightly secured, breathing and beating of the heart can cause the
brain to move inside the skull. This is usually more problematic in human studies. Motion
correction can be performed in several different ways. Typically, a rigid-body registration is
performed with three translation and three rotation parameters.

The whole brain can be covered with multiple functional slices that are acquired within
the TR. Therefore depending on the length of the TR, there may be a time difference
between the first and the last slice. This can be adjusted by interpolating the data so that it
seems that all slices have been acquired simultaneously or by adding temporal derivatives
to the hemodynamic response function.

In order to compare results from individual subjects, normalization to a standard
template needs to be performed since all brains are not equal in size and shape. The most
commonly used coordinate systems for humans are the Talairach system (Talairach and
Tournoux, 1988) and the Montreal Neurological Institute (MNI) template that is currently
known as the International Consortium for Brain Mapping (ICBM) template (Mazziotta et
al., 2001). For rats, anatomical MRI templates have been created for the Sprague-Dawley
strain (Schweinhardt et al., 2003; Schwarz et al., 2006; Nie et al., 2013) and for the Wistar
strain (Valdes Hernandez et al., 2011).

Spatial smoothing is conducted to improve signal-to-noise ratio and to impose a normal
distribution on the data, so that the Gaussian random field theory can be utilized in the
statistical testing (Worsley and Friston, 1995).

After preprocessing, the statistical analysis is carried out to determine which voxels are
activated by the stimulation. In the most simplest way, subtraction of the baseline images
from the activation images should yield an image where the signal increase due to the
stimulus can be observed (e.g. (Hyder et al., 1994)). More sophisticated methods for
functional MRI data analysis have been developed in recent years. The most commonly
used method is the general linear model (GLM) where a model based on the expected
response is fitted to the measured time series of each voxel.

Since the statistical testing is performed for each voxel separately, a multiple comparison
correction is conducted to account for the simultaneous statistical tests to determine proper
threshold for the statistical parametric map. A threshold is needed to determine the
activated voxels and in addition to limit the number of false positive voxels. If multiple
comparison correction is not used, this will lead to false positive voxels, meaning that too
many voxels are considered active even in the case when they are not truly active. This can
be overcome by using different methods to correct for the numerous statistical tests. The
family wise error (FWE) rate is the likelihood that the family of voxel values could have
arisen by chance. The false discovery rate (FDR) is the proportion of false discoveries
among total rejections (Benjamini and Hochberg, 1995). The FDR threshold is determined
from the observed p-value distribution in the data. Therefore it adapts to the amount of
signal in the data and is more sensitive when the signal is small.

2.3.4 fMRI in Animal Studies
As the BOLD contrast is based on paramagnetic deoxygenated hemoglobin, it inherently
can be thought of using blood as the endogenous contrast agent. This also makes the
imaging method noninvasive and very desirable in many human and animal studies. In
contrast, the first functional MRI studies in humans were invasive using the exogenous
paramagnetic contrast agent, gadolinium for cerebral blood volume based imaging
(Belliveau et al., 1991; Rosen et al., 1991). Only one year later, the first human BOLD fMRI
studies using visual and sensory stimulation were published (Ogawa et al., 1992; Kwong et
al., 1992; Bandettini et al., 1992).

Despite the obvious need to understand the human brain, there is also a demand for
animal studies. Animal fMRI studies can be used to study different disease models to
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further increase the knowledge of the human condition and to improve the predictive and
diagnostic value. In drug development, animal models provide a useful tool with which to
study the effect of unknown compounds in the brain and in addition, test their treatment
value in disease models. Furthermore, combining fMRI with more invasive techniques can
improve the understanding of the physiological basis of the fMRI signals. One major goal in
animal fMRI studies is to build the homology between brain activity in humans and
laboratory animals.

The very first study that described the BOLD phenomenon was conducted in rats
(Ogawa et al., 1990b). Due to the well characterized nervous system (Paxinos, 2004), rats are
well suited for studying functional and anatomical organization of the brain. Many of the
rodent studies have utilized somatosensory stimulation, although other networks including
visual (Van Camp et al., 2006a), auditory (Cheung et al., 2012) and odor (Yang et al., 1998)
have also been studied.

Even though fMRI in rats has been commonly conducted, functional imaging in other
rodent species, mice, has not gained similar widespread popularity. This may be due to the
difficulty of imaging the small size of the mouse brain in combination with difficulty of
shimming and of producing stable anesthesia. The first fMRI study in the mouse showed a
transient fMRI response related to photic stimulation (Huang et al., 1996), however there
are some criticisms about the quality of the study. Therefore it is generally considered that
the first study to demonstrate the feasibility of somatosensory BOLD fMRI studies in mice
was publish as late as 2001 (Ahrens and Dubowitz, 2001). Recently, experimental protocols
for longitudinal studies (Adamczak et al., 2010) and for pharmacological studies (Ferrari et
al.,, 2012) have been developed in mice.

Cats have a well characterized visual system (Payne and Peters, 2002) which was studied
in one of the first in vivo BOLD experiments (Jezzard et al., 1997) and these have been
extended to more elaborate measurements where CBF responses have been localized to
individual submillimeter cortical columns (Duong et al., 2001).

The extensive and groundbreaking work providing insights into the physiological events
underlying the BOLD fMRI contrast has been carried out in both anesthetized and alert
monkeys (Logothetis et al., 1999; Logothetis et al., 2001; Leopold and Logothetis, 2003;
Oeltermann et al., 2007). However, the first fMRI studies in the monkey brain (Stefanacci et
al., 1998; Dubowitz et al., 1998) did not show “clear, focal, stimulus-induced activations,
probably due to suboptimal signal-to-noise ratio and motion artifacts” (Logothetis, 2012).

Functional MRI studies have been conducted in other species, including rabbits
(Wyrwicz et al., 2000), pigs (Méakiranta et al., 2005), sheep (Opdam et al., 2002), dogs (Willis
et al., 2001; Rioja et al., 2010), bats (Kamada et al., 1999), songbirds (Van der Linden et al.,
2007; Poirier et al., 2010), and even fish (van den Burg et al., 2005; Bandoh et al., 2011).

BOLD fMRI during Electrical Forepaw Stimulation

The rodent forepaw somatosensory system is a commonly used robust model for
examining cortical activity. Many BOLD fMRI studies in rats have been conducted with
electrical forepaw stimulation (Table 2). The first experiment was carried out by Hyder et
al. in 1994 using the GE sequence with a single axial slice positioned separately at 4
different locations. They reported a relative signal intensity change of 17 % in
somatosensory cortex and 6 % in the motor cortex (Hyder et al., 1994).

Despite to the huge response in the first forepaw stimulation study, the BOLD response
in the primary somatosensory cortex of a rat during electrical forepaw stimulation is
typically 2 — 5 %. The magnitude of the response depends on the anesthesia, magnetic field
strength, imaging sequence, stimulation protocol, data analysis method and the
quantification of the BOLD response.

During forepaw stimulation, the BOLD response can be detected mainly in the primary
somatosensory cortex but activity in the secondary somatosensory cortex and thalamus and
cerebellum has been reported (Hyder et al., 1994; Peeters et al., 1999; Peeters et al., 2001;
Keilholz et al., 2004; Liu et al., 2004; Weber et al., 2006; Keilholz et al., 2006; Zhao et al.,
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2008). In thalamus, the BOLD response was detected in 29-45 % of rats and in SII in 54-73 %
of rats under alpha-chloralose anesthesia (Keilholz et al., 2004; Keilholz et al., 2006).
Interestingly, by using the CBV method (30 mg Fe/kg), the activation in SII and thalamus
was detected more often than in BOLD measurements using the same animals in
consecutive imaging sessions (Keilholz et al., 2006). Under medetomidine sedation,
however, activity in thalamus and SII was detected in all animals (Zhao et al., 2008).

In the case of single slice data acquisition, the one (usually axial) slice has usually been
positioned to the SI of forepaw which hinders the visibility of the SII and thalamus. Despite
multi-slice acquisition, the secondary and subcortical forepaw pathway areas have not
always been detectable. This may indicate that the responses that are below the statistical
threshold due to either the effects of anesthesia, to partial volume effects or to differences in
the hemodynamic response function in SII and subcortical regions.

The typical electrical forepaw stimulation protocol in BOLD fMRI studies consists of
alternating baseline and stimulus periods that can vary from a few seconds up to minutes.
Nevertheless, even a single electrical stimulus pulse of 333 us duration to the forepaw has
elicited detectable signal intensity change in the BOLD, CBF and CBV measurements under
alpha-chloralose anesthesia (Silva et al., 2007; Hirano et al., 2011).

The most commonly used pulse sequence in functional imaging is EPI which makes it
possible to conduct fast imaging with temporal resolution of seconds and whole brain
coverage with submillimeter resolution. GE-EPI is also more commonly used in rodent
fMRI studies than SE-EPI. However, when combined with invasive electrophysiological
measurements, SE-EPI is the best choice due to reduced magnetic susceptibility effects
caused by invasive electrodes.

In addition to the EPI sequence, the “fast low angle shot” (FLASH) sequence (Haase et
al., 1986) has been used in some forepaw stimulation studies (Gyngell et al., 1996; Brinker et
al., 1999; Sommers et al., 2009). The temporal resolution of FLASH compared to EPI is
slower but the signal intensity change has been high, 4-11 %, during activation in these
studies. In the FLASH sequence, the image contrast is influenced by an inflow (T1) effect
since the transverse magnetization is spoiled between two RF excitations.

The BOLD response is a semi quantitative index of brain activity, first of all because it
measures neural activity indirectly. Secondly, it is not an absolute value since it is
calculated in relative terms to a baseline. In different studies many different ways have
been used to define and report the amplitude of the BOLD response. The BOLD response
can be defined as a maximum response, temporal average (with varying length) obtained
either from a single activated pixel or from the region of interest (ROI) with anatomically
fixed size or from ROI selected from the statistical analysis.

Taking into account all the differences in animal models, experimental setups, data
analysis, and reporting the results, it is clear that direct comparison of fMRI results between
studies is not straightforward and interpreting the results requires considerable caution.
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Studies on Awake Animals

Anesthetics may have profound influences on the basal brain activity and the brain
activation during stimulation (Ueki et al., 1992; Lindauer et al., 1993; Rojas et al., 2006).
Therefore fMRI studies without anesthesia provide valuable information about brain
activity that has not been altered with an anesthetic agent.

Only a few rodent BOLD fMRI studies have been conducted in the awake state. One
major practical issue in the awake animal fMRI is how to prevent the movement of the
animal. The MRI environment is extremely noisy and requires restrictions of the movement
for a long time. Animals can be trained and acclimatized to physical restraint and noise of
the scanner (Sachdev et al., 2003) or paralyzed and mechanically ventilated (Peeters et al.,
2001) or restrained after an initial anesthesia (Lahti et al., 1999). The awake restrained
condition inside the scanner is not a synonym to a awake freely moving condition due the
stress levels of the animal which are difficult to monitor. A recent study has however
revealed that blood gases, heart rate, respiration rate, and mean arterial blood pressure in
the awake animals were within normal physiological ranges, and the struggling
movements had markedly reduced after the first hour of being held in the restrainer
(Duong, 2007).

Despite the technical difficulty of restraining the animals, there have been some fMRI
studies performed in awake rats using somatosensory stimulation. Somatosensory stimulus
to the hindpaw elicited changes in both CBF (Lahti et al., 1998) and BOLD (Lahti et al.,
1999) but the BOLD response was significantly reduced with propofol anesthesia. Similarly,
during forepaw stimulation, the BOLD response was higher, but more non-specific areas
were activated in the awake condition compared to the situation with alpha-chloralose
anesthesia (Peeters et al.,, 2001). The whisker stimulus elicited BOLD responses in both
barrel cortices while the response in the contralateral cortex was more pronounced
(Sachdev et al., 2003). In addition, both hypercapnic (Sicard et al., 2003) and hypoxic
(Duong, 2007) conditions have been implemented.

In pharmacological MRI, the role of anesthesia is critical, therefore experiments
performed in awake animals provide information about the drug related responses without
the confounding factor of the anesthetic agent. Nicotinic receptor agonists (Skoubis et al.,
2006), glutamate receptors agonist (Simon et al., 2011), apomorphine (Chin et al., 2006),
subanesthetic dose of ketamine (Chin et al., 2011), xanomeline modulation of ketamine
(Baker et al., 2012) and amphetamine sensitization (Febo and Pira, 2011) have been studied
in awake animals.

Resting state functional connectivity analysis in awake animals revealed 7 different
components (Becerra et al., 2011) that displayed some similarities with human networks. In
addition, the anticorrelated circuitry between infralimbic cortex and amygdala was
reported a factor that was absent in anesthetized animals (Liang et al., 2012).

Simultaneous electrophysiological and fMRI measurements (Khubchandani et al., 2003)
during epileptiform activity (Van Camp et al.,, 2003; Airaksinen et al., 2012) has also been
performed.

Despite the difficulty of performing functional MRI studies in awake animals, a rather
extensive selection of experiments has been carried out even though the total number of
studies is not high. The anesthesia has an effect on the magnitude of the elicited functional
and pharmacological responses and the resting state connectivity, nevertheless the awake
restrained condition of the animal inside the scanner does not truly represent the condition
of a freely moving animal.

Anesthesia in Animal fMRI Studies

The selection of the anesthesia in functional imaging studies should be made carefully.
Anesthesia affects many mechanisms and biochemical pathways at the molecular level. It
can change neuronal excitability, vascular reactivity, baseline CBF, and baseline cerebral
energy metabolism (Masamoto and Kanno, 2012) and have profound and differential
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effects on both neuronal and hemodynamic responses (Lindauer et al., 1993; Rojas et al.,
2006; Franceschini et al., 2010). Consequently, this may cause interpretation errors when
comparing the results of experiments conducted with different anesthetics.

In addition, the level of anesthesia is important in fMRI studies. If the anesthesia level is
too deep, it can suppress both neural activity and the hemodynamic response. There are
ways to determine the depth of anesthesia by e.g. measuring breathing, blood pressure,
heart rate or electrical activity in the brain.

The most commonly used anesthetic in functional MRI studies is alpha-chloralose. It is
favored due to its minor effects on cardiovascular and reflex functions and the belief that it
minimally suppresses central nervous system activation (Lees, 1972). Metabolic activation
under alpha-chloralose anesthesia is said to be similar to that encountered in awake
animals, although the resting metabolic level is lower (Ueki et al., 1992). However, alpha-
chloralose induces high-amplitude transient peaks and occasional burst suppression
episodes in an otherwise normal appearing electroencephalograph (Balis and Monroe, 1964;
Ueki et al., 1992; Peeters et al., 2001; Austin et al., 2005). Increases in activity, such as an
increase in median EEG frequency, are observed with an increase in the BOLD response
amplitude under alpha-chloralose anesthesia, although there are substantial variations in
both the extent and magnitude of the response (Austin et al., 2005).

The use of alpha-chloralose as an anesthetic agent might result in unexpected and
uncontrolled changes in the responses of neurons under study (Collins et al., 1983) and it
markedly influences behavior (Balis and Monroe, 1964). The use of alpha-chloralose is
limited to experiments with nonsurvival protocols (Silverman and Muir, 1993), however, a
recent study has reported that a new commercial alpha-chloralose with a careful
application scheme as being suitable for longitudinal fMRI studies (de Celis Alonso et al.,
2011).

The advantages of inhaled anesthetics such as isoflurane are the rapid induction of
anesthesia, easy maintenance and controllability of the depth of the anesthesia and fast
recovery which makes them suitable for longitudinal studies. However isoflurane is a
potent vasodilator which can lead to high baseline CBF levels (Eger, 1984; Maekawa et al.,
1986) and has a dose-dependent effect on the CBF response varied with the stimulus
frequency (Masamoto et al., 2009). It also affects the field potential signal in a burst-
suppression manner, i.e. depressed background activity alternating with high voltage
activity (Masamoto et al., 2007). In addition, isoflurane has increased the latencies and
decreased the amplitudes of the evoked somatosensory responses (Hayton et al.,, 1999).
Isoflurane inhibited neurotransmitter release without altering postsynaptic function
(Sandstrom, 2004), therefore resulting in a decrease in the degree of cortical activation
obtained by the primary afferent input.

Medetomidine is a potent and highly selective az-adenoreceptor agonist that has been
used for sedation of rats (Weber et al., 2006) and mice (Adamczak et al., 2010) in functional
MRI studies. The sedative effects are mediated by binding to az-adenoreceptors primarily
located in the locus coeruleus preventing further release of the neurotransmitter,
norepinephrine (Sinclair, 2003). The sedative effects of medetomidine can be reversed by
administering the antagonist atipamezole, which makes medetomidine ideal for
longitudinal fMRI studies. This was confirmed in a study, where two fMRI sessions five
days apart revealed no significant difference in the BOLD response or the area of activation
during forepaw stimulation (Weber et al., 2006).

Medetomidine sedation can be maintained for as long as 6 h (Pawela et al., 2009), if the
dosage is increased after 90 min of infusion. However, prolonged (> 2 h) sedation with
dexmedetomidine, the active dextro-isomer of the medetomidine formulation, caused
epileptic activity triggered by the forepaw stimulation (Fukuda et al., 2013) and this could
be detected in LFP and CBF measurements. Increasing the dose did not prevent the
development of epileptic responses, but they were suppressed by an additional low dose (~
0.3 %) of isoflurane. Spontaneous depolarization waves have been observed in BOLD fMRI
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measurements although these waves were not detected in LFP measurements under
medetomidine sedation (Shatillo et al., 2012). During one hour follow up, 2.1 + 1.4
spreading depolarizations per animal were observed, some even crossing the hemispherical
border, which is not typical for the commonly reported spreading depression (Leo, 1944;
Lauritzen, 2001; Dreier et al., 2012).

Local field potential and intracellular membrane potential measurements are often
performed in urethane (ethyl carbamate) -anesthetized rats. Urethane induces surgical
anesthesia without affecting neurotransmission or spontaneous firing in subcortical areas
and induces only a slight depression in cortical areas (Maggi and Meli, 1986a; Hara and
Harris, 2002). Electrophysiology conducted under urethane anesthesia is similar to that in
awake animals, despite the burst suppression pattern observed by Rojas et al. (2006) with a
high urethane dose (1.5-2 g/kg), indicating that there is a deeper anesthetic state (Rojas et
al., 2006). It is also assumed that animals anesthetized with urethane display similar
physiologic and pharmacologic behavioral states to those observed in awake animals (Hara
and Harris, 2002). Barrel cortex neuron LFPs due to whisker stimulation are similar in the
awake and urethane anesthetized conditions, despite a larger late component being
detected during urethane anesthesia (Simons et al., 1992).

Optical imaging spectroscopy and laser Doppler flowmetry have been conducted
together with electrophysiological measurements in order to study the whisker-barrel
pathway (Martin et al., 2002; Jones et al., 2002; Jones et al., 2004; Martin et al., 2006) under
urethane anesthesia. In their series of studies, these researchers have altered both frequency
and intensity of the stimulation and observed a nonlinear relationship between neural
activity and hemodynamic response.

Urethane appears to modulate all neurotransmitter-gated ion channels (Hara and Harris,
2002). It produces a long-lasting anesthesia (Lincoln, 1969; Field et al., 1993) and preserves
cardiorespiratory function and also induces profound skeletal muscle relaxation (Maggi
and Meli, 1986b), which is very desirable in fMRI experiments. Urethane, however, is a
potent mutagen and carcinogen (Field and Lang, 1988), therefore handling, especially in the
powder form, requires special caution.

Urethane has also been used in functional imaging studies. Baseline cerebral blood flow
values under urethane anesthesia [70 ml/100 g/min, hydrogen clearance method, (Grohn et
al., 2000)] are similar to that of alpha-chloralose anesthesia [60-70 ml/100 g/min, arterial
spin labeling method, (Duong et al., 2000; Kim and Lee, 2004)] but they are remarkably
lower than the values seen under isoflurane anesthesia [100-120 ml/100 g/min,
autoradiography (Young et al., 1991), intravenous bolus injection of [*“*Cliodoantipyrine
(Lauritzen, 1984)]. Therefore with urethane anesthesia, it should possible to achieve BOLD
responses that match the amplitude of those elicited under alpha-chloralose anesthesia.

One of the earliest fMRI studies conducted under urethane anesthesia was a study where
odor-elicited olfactory responses were detected with BOLD fMRI at the laminar level in the
rat olfactory bulb (Yang et al., 1998).

Urethane has been used as an anesthetic in a few pharmacological MRI studies. The
earliest report revealed that morphine withdrawal BOLD activation patterns correlated
with behavioral observations and the known biochemical measures of opioid withdrawal
(Lowe et al., 2002). A recent study compared the effects of different anesthetics on
pharmacological activation. Acute levo-tetrahydropalmatine administration caused the
smallest BOLD activation areas under isoflurane anesthesia, mixed positive and negative
activations under medetomidine sedation and the largest but only negative activations
when animals were anesthetized with urethane (Liu et al., 2012).

Pentobarbital influences the GABAergic mechanisms involved in the control of
cardiovascular functions (Yamada et al., 1983) and in this respect is unlike urethane (Maggi
and Meli, 1986a). Therefore the effects on the mean arterial pressure dynamics induced by
apnea should differ with these anesthetics. Although the apnea-induced decrease in BOLD
signal intensity was similar in rats anesthetized with either pentobarbital or urethane, CBF
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and mean arterial pressure varied considerably between them indicating that CMRO: was
relatively higher with urethane anesthesia than that detected with pentobarbital anesthesia
(Kannurpatti and Biswal, 2004).

In addition to isoflurane, alpha-chloralose, urethane and medetomidine, other
anesthetics used in functional MRI studies have included halothane (Detre et al., 1992;
Austin et al., 2005), barbiturates such as pentobarbital (Ogawa et al., 1990b; Kannurpatti et
al., 2003) and thiobutabarbital (Paasonen et al., 2013), ketamine (Shih et al., 2008), ketamine-
xylazine (Hutchison et al., 2010), fentanyl-haloperidol (Nersesyan et al., 2004), fentanyl-
medetomidine (Choy et al., 2010), dexmedetomidine-isoflurane (Fukuda et al., 2013),
propofol (Lahti et al.,, 1999; Kalisch et al.,, 2001; Griffin et al., 2010), the hypnotic agent,
etomidate (Leithner et al., 2008) and equithesin (Dashti et al., 2005).

BOLD Response Dependence on Stimulus Parameters

The stimuli used in an animal experiment are usually specific to the question or designed to
elicit intense neural responses. Electrical stimuli are delivered with a selected frequency,
amplitude, pulse duration and stimulus duration to forepaws, hindpaws or whisker area to
produce robust and well defined neural responses.

The optimal forepaw stimulus parameters are different for each anesthetic. Under alpha-
chloralose anesthesia, a 0.3 ms pulse width and 1.2 mA current are used as standard
stimulus parameters, while the optimal frequency range is between 1 and 3 Hz (Table 2).
This indicates that under alpha-chloralose anesthesia both neuronal and hemodynamic
systems are tuned to low frequency stimulation, which may be related to the fact that also
spontaneous neuronal activation consists of low-frequency bursts. The thalamic relay nuclei
do not respond to stimuli in the presence of alpha-chloralose anesthesia (Ueki et al., 1992).
The reticular nucleus of the thalamus might have a role in mediating stimuli at different
frequencies to the cortical areas because the diminishing responses for repetitive
stimulation are suggested to be due to active inhibition, probably reticular in origin
(Chalmers and Erickson, 1964). This might indicate a lack of activity in response to high-
frequency stimuli and the low optimal frequency range while under alpha-chloralose
anesthesia.

In a recent study both whisker and forepaw stimulations were performed on the same
animal under alpha-chloralose anesthesia (Sanganahalli et al., 2008). There was no
significant spatial overlap between the activated regions. Although the magnitude of the
BOLD response was largest for forepaw stimulus frequencies of 1.5 and 3 Hz, there was
hardly any activity after 10 Hz while the whisker stimulus elicited BOLD responses up to
the maximum frequency (30 Hz) tested. In contrast, increasing the stimulus strength by
changing the pulse width to 10 ms caused the frequency dependence of both summated
field potentials and BOLD responses under alpha-chloralose anesthesia to reach a plateau
between 5 Hz and 12 Hz (Van Camp et al., 2006b). This suggests that the increased pulse
duration of an electrical stimulus may alter the nature of the excitation and subsequently of
the activated neuronal pathways and therefore cause a shift in the optimal response
frequencies. In an earlier study, the activation intensity decreased with increasing stimulus
frequency of the forepaw under alpha-chloralose anesthesia being negligible at 9 Hz
(Gyngell et al., 1996).

Even though there are not that many forepaw stimulation studies conducted under
alpha-chloralose anesthesia that have extended the stimulus frequency beyond 5 Hz, it is
clear that with 0.3 - 0.5 ms pulse duration and 0.5 - 3 mA stimulus intensity, the optimal
frequency is between 1-3 Hz.

Since alpha-chloralose anesthesia has been traditionally used in early fMRI studies, only
recently has the need to study optimal stimulus parameters for different anesthetics become
evident. In the only forepaw BOLD study conducted in the awake condition, the stimulus
parameters were kept the same as in the alpha-chloralose anesthesia protocol (Peeters et al.,
2001), therefore there is not enough knowledge to estimate the optimal parameters for the
BOLD response in awake rats. Under isoflurane anesthesia, however robust BOLD
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responses were detected after increasing pulse width, current and frequency (Masamoto et
al., 2007; Kim et al., 2007) or increasing dramatically the current to 6 mA (Liu et al., 2004).
The increase in stimulus parameters might be explained by a reduction in excitatory
synaptic transmission (Berg-Johnsen and Langmoen, 1992) and high baseline blood flow
under isoflurane anesthesia.

During medetomidine sedation, stimulus current and frequency have been varied for
forepaw stimulation. There was a nearly linear increase in the BOLD signal change with the
increased stimulus current from 1 to 4 mA, however the frequency dependence of the
BOLD response was not detailed in the publication, although it was concluded that 9 Hz
stimulus frequency produced maximal response (Nasrallah et al., 2012). In another study,
the stimulus frequency was extended from 1 Hz up to 18 Hz under medetomidine sedation
(Zhao et al., 2008). The tuning curve at the SI peaked at 9 Hz, after which the BOLD
response gradually decreased. However in thalamus, there was no statistical difference in
the responses at 6 Hz or above. Based on these two studies under medetomidine sedation,
the optimal forepaw stimulus protocol is 0.3 ms pulse width and 2 mA current and 9 Hz
stimulus frequency (Zhao et al., 2008; Nasrallah et al., 2012).

In the only forepaw stimulus study performed under urethane anesthesia, the optimal
stimulus parameters were 0.3 ms, 1 mA and 7-15 Hz (Huttunen et al., 2008), however the
pulse width and the current were not optimized.

The whole brain coverage, however, shows that the frequency dependence of the neural
and hemodynamic responses varies between brain regions. In brainstem, the BOLD
responses increased monotonically with increasing stimulation frequencies (up to 20 Hz)
while only thalamus exhibited strong responses at or above 10 Hz, whereas BOLD
responses in the cortex were greatest in mid-range stimulation frequencies (maximally at 5
Hz) under urethane-chloral hydrate anesthesia for a whisker stimulus (Devonshire et al.,
2012). The magnitude of the blood flow response due to whisker stimulation under
urethane anesthesia increased linearly with increasing frequency while the temporal
parameters of time to half maximal value and time to return halfway to baseline after
stimulus termination did not vary (Gerrits et al., 1998).

In summary, the stimulus parameters to elicit optimal neural and hemodynamic
responses vary with the different anesthetics. Therefore it is especially important when
establishing fMRI protocols with new anesthetics, that at least the stimulus frequency and
amplitude should be varied to obtain tuning curves and hence the optimal stimulus
parameters.

2.3.5 Simultaneous Electrophysiological and fMRI Measurement

The brain activity is never constant nor stable, and applying identical stimuli may not
always produce identical responses due to underlying neural processes. Correlations
between responses across modalities have been performed by different investigators (e.g.
(Ureshi et al., 2004; Van Camp et al., 2006b; Devonshire et al., 2012)) or in separate
measurement sessions on the same subjects (e.g. (Singh et al., 2003)). These, however, only
provide indirect information about the correlation, and are based on the assumption that
the measurements have been acquired in the same brain state. Combining different
modalities simultaneously offers significant advantages when compared to separate
imaging sessions especially when measuring individual events or in studying spontaneous
brain activity in the baseline condition or for example during epileptic activity.

The simultaneous EEG and fMRI measurements have been driven by epileptologists to
localize electrical sources of epileptic discharges (Laufs, 2012). The first measurement in
humans was conducted in 1993 to study interictal epileptic spikes (Ives et al., 1993). In
addition to combining with EEG, MRI has been combined simultaneously with MEG
(Zotev et al., 2008), PET (Catana et al., 2008) and optical imaging (Kida et al., 1996;
Kleinschmidt et al., 1996).
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In animal models, simultaneous electrophysiological and fMRI measurements have been
performed with different stimuli, disease models, and species. Most commonly,
simultaneous measurements have been performed in rats and monkeys (e.g. (Logothetis et
al., 2001; Shmuel et al., 2006; Rauch et al., 2008; Lippert et al., 2010)) but also pigs
(Makiranta et al., 2005) and sheep (Opdam et al., 2002) have been utilized.

An electrical stimulus to the perforant path evokes a field potential in the soma layer of
the dentate gyrus in hippocampus. The input-output relationship can be used to
characterize the functional state of the neuronal networks in the dentate gyrus (Angenstein
et al., 2010). Simultaneous electrophysiological and BOLD fMRI measurement have shown
that the generation of a BOLD response within the hippocampus requires a certain amount
of neuronal stimulation (Angenstein et al., 2007; Canals et al., 2008) and the BOLD response
is dependent on the processing of the neuronal signals rather than either the input or
output of the signals (Angenstein et al., 2009).

Electrical stimulus to the forepaw of the rat has been quite extensively used as a model in
simultaneous electrophysiological and fMRI measurements (Brinker et al., 1999; Gsell et al.,
2006; Masamoto et al., 2007; Huttunen et al., 2008; Huttunen et al., 2011; Sumiyoshi et al.,
2012). In addition to correlating evoked neural responses to the hemodynamic response,
other variables have been used. From different frequency bands, gamma band power
correlated best with simultaneous BOLD responses (Sumiyoshi et al., 2012) during forepaw
stimulation under alpha-chloralose anesthesia. In addition, temporal variations in the
BOLD response were better explained by a model based on measured LFP responses than
on a model based on stimulus blocks (Huttunen et al., 2011). In addition, the role of
different glutamate receptors on simultaneously measured evoked somatosensory response
has been evaluated (Gsell et al., 2006). N-methyl-D-aspartate (NMDA) receptor antagonist
significantly decreased BOLD and CBF responses but reduced the somatosensory evoked
potentials only marginally, while an antagonist of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors significantly decreased both the hemodynamic
responses and the evoked neural responses evidence of a differential role of these receptors
on the signaling chain from increased neuronal activity up to the hemodynamic response
observed in the somatosensory cortex.

Since epileptic activity is by nature spontaneous, time varying activity, simultaneous
electrophysiological and hemodynamic measurements can capture the different elements of
epileptic seizures (e.g. (Van Audekerke et al., 2000; Van Camp et al., 2003; Nersesyan et al.,
2004; Mirsattari et al., 2006; Schridde et al., 2008; Airaksinen et al., 2010; Mishra et al., 2011;
Airaksinen et al., 2012)).

Limitations of Simultaneous Measurements

Simultaneous electrophysiological and functional MR imaging measurements provide
complimentary information about the brain activity. The good temporal resolution of the
electrophysiological measurement is combined with good spatial resolution of the
functional MRI, therefore providing more information than these methods alone.

There are disadvantages in combining different modalities as they may interfere with
each other. The implantation of the LFP electrode into the brain tissue requires scalp
removal, craniotomy, and incision of dura. All of these procedures may introduce bleeding
and thus add confounding effects to the EPI images that are sensitive to local field
inhomogeneities.

The LFP electrode should be biocompatible and MRI-compatible. In addition, there
should not be a significant mismatch between magnetic susceptibility of the electrode and
the brain tissue because it introduces significant susceptibility artifacts in MR images and
this could compromise the quality of the MR images. The most commonly used LFP
electrodes are made of tungsten (Angenstein et al., 2007; Huttunen et al., 2008; Huttunen et
al., 2011) and carbon fiber (Opdam et al., 2002; Van Camp et al., 2003; Dunn et al., 2009).

Typical EEG electrodes used in animal studies are made of silver (Ag/AgCl) (Gsell et al.,
2006) and calomel (Hg/HgCl) (Brinker et al., 1999). The EEG electrodes cause less artifacts
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to the MR images, since they are positioned either on top of the skull or on top of the scalp.
In addition to using just a few electrodes on the skull of the rat brain, a 32 electrode EEG
mini-cap has been developed for rat EEG-fMRI recording without significant signal loss
(Sumiyoshi et al., 2011).

Electrodes made of carbon fiber have also been used for direct cortical (Austin et al.,
2003), or thalamic (Shyu et al.,, 2004) stimulation in rats and those made of tungsten for
perforant pathway stimulation (Angenstein et al., 2007) or electrodes made of tungsten,
stainless steel or gold have been used in a technique called amygdala kindling induced
epileptogenesis (Jupp et al., 2006).

During simultaneous electrophysiological and MRI measurements, image acquisition
can cause artifacts in the electrophysiological signal. The gradient coil induced magnetic
field variations and radiofrequency pulses can be responsible for the high voltages in the
electrophysiological recordings concealing the neuronal activity. The simplest way to avoid
this is to analyze the clean electrophysiological signal between the artifacts (e.g. (Huttunen
et al., 2008; Huttunen et al., 2011)). This is possible with a relatively short image acquisition
time of the EPI sequence combined with a long repetition time and a suitable amount of
slices. More sophisticated methods for revealing the electrophysiological signal are
available. They include subtraction of a template of the MRI-induced artifact (Allen et al.,
2000), temporal principal component analysis (Negishi et al., 2004) or independent
component analysis (Mantini et al., 2007) based methods, or filtering in the frequency
domain (Hoffmann et al., 2000). In addition to these post-hoc artifact removal methods, the
gradient switching artifact can be significantly attenuated by utilizing synchronous
electrophysiological and fMRI data acquisition (Anami et al., 2003).

Correlation between LFP and BOLD Signals

Much research is being conducted into the understanding how the neural activity is related
to the BOLD signal change. Due to the complex nature of neural processing, the correlation
is often context-sensitive, i.e. a correlation cannot be generalized for every condition or
brain region (Lauritzen, 2005). The determination of the relationship between neural
hemodynamic activity is preferably conducted with simultaneous measurements of these
entities or at least parallel measurements with a similar experimental setup. However,
interspecies comparison of single-neuron activity and BOLD responses have been
conducted (Rees et al., 2000; Heeger et al., 2000).

If one wishes to correlate these fundamentally different properties, one needs to quantify
both items. Since the changes in the electrical activity occur in the range of milliseconds,
integrated neural activity has been defined as a sum of evoked responses over a fixed time.
Therefore it includes information about changes in field potential amplitudes throughout
the stimulus period. In addition, the amplitudes of the neural or hemodynamic responses
can be normalized to better accommodate the correlation calculation.

The linearity of neural and hemodynamic responses has been analyzed in relation to
different stimulus related parameters in both humans and animals (Table 3). The
correlation analysis can be made by using a statistical method (e.g. Pearson’s correlation)
between the measured parameter or by fitting different linear or nonlinear (e.g. power law)
models to the data.

A linear correlation between neural and hemodynamic responses has been reported in
many studies. Interestingly, in most of the studies depicting a linear relationship, neural
and hemodynamic activity have been modulated by changing the stimulus frequency. In
contrast, changing the stimulus intensity has resulted more often in a nonlinear
relationship. Therefore, when reporting either a linear or nonlinear relationship between
measured entities, the varied stimulus parameter needs to be clearly defined.
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To conclude, it is still not clear what aspects of the neural activity are responsible for the
changes in BOLD and whether the neurovascular coupling is linear or nonlinear or whether
the range of measured response are too narrow to make it possible to draw firm
conclusions. One of the fundamental questions would also be to distinguish between
simple correlation and actual causation between these signals.

2.3.6 Pharmacological MRI

Most of the fMRI studies use stimulus or task activation to elicit changes in neuronal and
hemodynamic activity, however, also pharmacological agents can be used as stimuli to
elicit detectable signal intensity changes in the brain. This branch of functional imaging has
been named as pharmacological MRI (Chen et al., 1997; Leslie and James, 2000), since drug
related responses differ somewhat from functional tasks. In task related fMRI, the time
course of the stimuli can be controlled but in phMRI the time course of activation is
determined by the pharmacokinetic or pharmacodynamic profile of the drug. For many
drugs, the time courses may be long (or even unknown) as compared to task related stimuli
and the amplitude of the response may be very small. Therefore are needs to have stable
scanning conditions if one wishes to conduct phMRI experiments.

The very first pharmacokinetic observation of the brain was appeared in the early BOLD
fMRI article (Ogawa et al., 1990a) describing how the BOLD contrast was reduced by a
reduction of the blood glucose levels by insulin. The first human pharmacological study
was done in 1997 (Breiter et al., 1997). They demonstrated that functional MRI can be used
to map dynamic patterns of brain activity following cocaine infusion. In addition, they were
able to correlate differences in a temporal pattern of activation to more cognitive processes
of cocaine rush and craving.

There are several ways to utilize the pharmacological agents in the context of functional
imaging. The acute drug administration can stimulate or inhibit activity in neuronal circuits
and hence can be measured with functional MRI methods. This has been the main approach
in phMRI and it is often called “drug challenge” study. There are several ways to perform
these measurements, such as combining the use of antagonists of the drug or by combining
chronic and acute effects of the drugs. In addition, drugs can be used to study the
modulatory effects to a task related stimulus (Rauch et al., 2008) or to drug induced
stimulus (Chin et al., 2011).

Monitoring the drug related hemodynamic responses can lead to a number of different
outcomes. In the case where there is no detectable response or correlation with other
measured parameters, the conclusion of no activity may not hold. For example, the drug
can have both vasoconstrictive and vasodilatative effects that cancel each other. One
consideration is the direct vascular effect of the drug. In that case, the measured
hemodynamic change reflects the vascular and not purely the neural effects of the drug. In
many phMRI studies both positive and negative responses have been simultaneously
observed (e.g. (Easton et al., 2007; Easton et al., 2009; Liu et al., 2012)).

In general, the data analysis in pharmacological MRI can be performed in a similar way
as in task induced fMRI. However, the drug response may differ dramatically from the
response of the electrically precisely timed sensory stimuli, therefore more suitable models
for estimating the BOLD response have been sought. The first attempt was done by Bloom
and colleagues (Bloom et al., 1999) when they applied a model based on the plasma
pharmacokinetics of nicotine. With this model they were able to show that nicotine
activated several key cortical and subcortical brain regions consistent with the known
neuroanatomy, pharmacology, and behavioral effects of nicotine in humans. Nicotine,
however, may be an exception in allowing pharmacokinetics to be used as an activation
model, since its pharmacokinetics and pharmacodynamics coincide so well. In general,
PhMRI reflects the pharmacodynamics rather than the pharmacokinetics of the drug as
shown with studies on dopaminergic system (Jenkins, 2012).
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The advantage of phMRI is the ability to produce drug related specific and predictable
brain activation patterns even under anesthesia. In other words, this technique provides a
means to study neurochemical basis of the fMRI signals by enabling selective stimulation of
different receptors or neurotransmitter systems. The translational aspect of phMRI may
provide a significant opportunity to utilize preclinical results in designing treatments for
humans.

Nicotine

Nicotine is a widely used compound in phMRL It is also one of the most addictive
substances known. Nicotine binds to the nicotinic acetylcholine receptors (nAChRs) in the
brain. nAChRs are ligand-gated ion channels with multiple subunit combinations and the
endogenous agonist is acetylcholine. Hexamethonium, a nicotinic receptor antagonist, does
not readily enter the brain (Goodman Gilman et al., 1980), and therefore it can be used to
reduce the peripheral effects of nicotine on autonomic and neuromuscular acetylcholine
receptors (McNamara et al.,, 1990). In addition pretreatment with the nAChR antagonist,
mecamylamine, has attenuated the CBV responses to nicotine antagonist ABT-594 (Skoubis
et al., 2006).

Nicotine is known to improve cognitive functions in both human and animals (Levin et
al., 2006). In the rat phMRI studies with a nicotine challenge, a variety of responses have
been observed (Table 4). This may be due to differences in dose, administration routes, rat
strain, anesthesia and imaging modalities.

Little is known about the mechanisms to explain how nAChR activation leads to a
modification of electrical oscillation frequencies in EEG signal (Mansvelder et al., 2006). In
rat EEG studies, nicotine (0.4 mg/kg, s.c.) produced a desynchronization in the EEG and a
decrease in the power (Ferger and Kuschinsky, 1997). In addition, nicotine has reduced the
magnitude of the cortical slow wave potential in EEG signal measured under urethane
anesthesia (Ebenezer, 1986).

A functional connectivity analysis was conducted after an acute challenge with nicotine.
Two networks were activated, one consisting of sensorimotor regions and the other
network included voxels in cingulate, prefrontal and orbitofrontal cortices, extending back
to the striatum, amygdala, piriform cortex, entorhinal cortex and visual/parietal cortices
(Schwarz et al., 2009). Nicotine increased the relative CBV in the same cortical regions, such
as medial prefrontal, cingulate orbitofrontal, insular cortices, and in addition in amygdala
and dorsomedial hippocampus (Gozzi et al., 2006). In addition, they noted that although a
systemic infusion of norepinephrine caused a similar blood pressure response as nicotine,
no detectable CBV changes were observed and a compound that possessed similar high
affinity towards specific nAChR subtypes as nicotine produced the same kind of region-
specific CBV changes as nicotine. Thus, one can conclude that the CBV changes are due to
the nicotine-induced regional increase in neuronal activity and not due to unspecific
peripheral effects of nicotine or to any global effect on the cerebral vasculature.

The nicotine antagonist, ABT-594, induced dose-dependent and region-specific cerebral
hemodynamic changes in awake rats (Skoubis et al., 2006) that were “dampened” under
alpha-chloralose anesthesia (Chin et al.,, 2008). This indicates that the anesthesia is a
confounding factor in phMRI studies and emphasizes that the selection of anesthetic should
be made with care.

Apomorphine
Apomorphine is a substance that causes smaller responses in phMRI. Apomorphine is a
nonspecific dopamine receptor agonist which produces stereotypical behavior in rats
characterized by continuous and compulsive sniffing, licking and gnawing (Finch and
Haeusler, 1973) and locomotor activity (Maj et al., 1972).

An apomorphine challenge has been used in several phMRI studies with rats (Table 5).
In awake rats, autoradiographic technique have revealed that both CBF (McCulloch et al.,
1982) and local cerebral glucose utilization (Beck et al., 1987) increased in the somatomotor
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cortex. Decreases in blood flow were observed in anterior cingulate cortex and lateral
habenula nucleus (McCulloch et al., 1982), areas which also exhibited reductions in local
cerebral glucose utilization, in addition declines were detected in parietal and occipital
cortex and lateral thalamus (Beck et al., 1987).

In a recent study, no CBV changes were detected in response to a low (0.05 mg/kg, i.v.)
dose of apomorphine (Schwarz et al., 2006). Nevertheless with a higher dose (0.2 mg/kg),
an increases in the orbitofrontal and prefrontal cortices, in the insular cortex extending back
to the ectorhinal/perirhinal cortices and also elevation were also detected in the thalamus.

The anesthetic can also influence the changes evoked by apomorphine administration. In
awake monkeys, a 9 % increase in putamen, 4 % in caudate nucleus and 10 % in substantia
nigra were observed in the BOLD responses (Zhang et al., 2000) which were abolished in
putamen and caudate nucleus and reduced to 2 % increase in substantia nigra under
isoflurane anesthesia.
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3 Aims of the Study

The research in this thesis is based on functional and pharmacological magnetic resonance
imaging of the rat brain. By implementing simultaneous electrophysiological and
functional magnetic resonance imaging protocol, it is possible to associate direct neural
activity with the elicited hemodynamic changes.

The aims of this study were

1. to investigate neurovascular coupling in the somatosensory cortex of the rat brain under
urethane anesthesia

2. to develop a protocol for pharmacological activation that would account for baseline
fluctuations
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4 Materials and Methods

In this chapter, the animals, MRI and electrophysiological methods, and analyses used in
the original articles are presented. In all of the studies, all animal procedures were
approved by the State Provincial Office of Eastern Finland (99-61/2002) or the Animal
Ethics Committee of the Provincial Government of Southern Finland (ESLH-2007-
00440/Ym-23), and conducted in accordance with the guidelines set by the European
Community Council Directives 86/609/EEC. These guidelines are set to ensure the welfare
of the laboratory animals in research. The use of laboratory animals is justified when the
experiments have been designed to assess, detect, regulate or modify the physiological
conditions in man or animals (European Union, Council Directives, 86/609/EEC).

4.1 ANIMAL PREPARATION

Adult male Wistar (n=22, Laboratory Animal Center, University of Eastern Finland) (I and
II) or Sprague-Dawley rats (n=13, Charles River Laboratory) (III) were used in the studies.
Before the experiments, the rats were housed under controlled conditions (12 h light/dark
cycle, temperature 22 + 1 °C, humidity 50 - 60 %, ad libitum access to food and water).

Animals were anesthetized with an inhalation anesthetic during the surgery. The
surgical level anesthesia with inhalation anesthetics is straightforward and controllable.
After surgery, the chosen anesthetic for functional imaging was administered. This ensured
that the anesthesia level during functional imaging was not too deep to hinder the detection
of activation. Urethane (1.25 g/kg, i.p.) was used in all studies except for three animals in
the study I that were anesthetized with alpha-chloralose (60 mg/kg, i.v.), with an additional
dose (30 mg/kg, i.v.) given after 1 h.

Prior to surgery, animals were anesthetized with halothane (I) or isoflurane (II, III) (4%
for induction and 1.5% for maintenance during surgery) in a 70% N20 - 30% Oz mixture.
After the first study, halothane was changed to isoflurane on the recommendation from the
Laboratory Animal Center of University of Eastern Finland.

The femoral artery was cannulated to allow monitoring the blood gases and pH. The
femoral vein was cannulated for administration of alpha-chloralose in study I. In study III,
depending on the pharmacological stimulation, either the left femoral vein was cannulated
for nicotine administration or an intraperitoneal line was implanted for apomorphine
administration.

In the local field potential measurements (I, II), an electrode was implanted into the right
primary somatosensory cortex. The scalp was removed and a small craniotomy was drilled
in the right hemisphere above the somatosensory cortex, 4 mm from the midline and 0.5 -1
mm posterior to the bregma (Paxinos and Watson, 1998). A small incision was made in the
dura. An insulated tungsten wire (diameter 50 pm) electrode was targeted to layer IV, at a
depth of approximately 1 mm from the surface of the cortex. The electrode was guided with
a stereotaxic electrode holder. Gelfoam gelatin sponge was used to fill the hole in the skull
to prevent the dental acrylic from irritating the brain and to minimize differences in the
magnetic susceptibilities. The electrode was bent towards the neck of the animal and glued
to the skull with dental acrylic to prevent its movement. An in-house made chloridized
silver wire (diameter 0.25 mm) reference and ground electrodes were implanted
subcutaneously in the neck.

In studies I and II, animals were allowed to breathe normally a mixture of 70% N2-30%
O:z. The spontaneously breathing animals under urethane anesthesia exhibit slightly
elevated pCO:2 values although the BOLD response to forepaw stimulation has been shown
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to be close to normal with moderate hypercapnic condition (Sicard and Duong, 2005). In
addition, a similar hypercapnic condition did not alter the EEG signal nor the
hemodynamic response to whisker stimulation under urethane anesthesia (Jones et al.,
2005).

In study III, animals were tracheotomized and artificially ventilated using a mechanical
ventilator. The ventilator was set to provide 55 - 65 breaths per min depending on the
underlying physiology. The animals that were ventilated had also the right femoral vein
cannulated to allow the administration of the muscle relaxant, pancuronium bromide
(2 mg/kg/h).

After surgery, rats were fixed in nonmagnetic stereotaxic frame with a bite bar and
earplugs for the MRI experiments. Temperature was maintained at approximately 37 °C
with either water circulation or electrical heating pad.

4.2 ELECTROPHYSIOLOGY

The signal from the tungsten wire electrode was amplified 1000 times and band-pass
filtered between 0.1 Hz and 5 kHz using an in-house made amplifier. The signal was then
digitized, anti-alias filtered with MiniDigi, resampled at 1 kHz, and read on a computer
with the Axoscope 9.0 program for further offline analysis.

4.3 MRI METHODS

Magnetic resonance images were acquired using 4.7 T horizontal MRI scanner (Magnex
Scientific) interfaced with a Varian Unitylnova console at the A. I. Virtanen Institute for
Molecular Science, University of Eastern Finland (I, IT) and 7.0 T horizontal MRI scanner
interfaced with a Varian DirectDrive console at Charles River Finland, Kuopio (III).

A quadrature surface coil (Highfield Imaging) with two 1.8 cm loops was used for signal
transmission and reception (I). Actively decoupled volume radiofrequency coil and
quadrature surface coil pairs (RAPID Biomedical) were used for signal transmission and
reception (IL, III).

4.3.1 Anatomical Imaging

Anatomical images were acquired using different spin-eco based pulse sequences with Tz
weighting (Table 6). The pulse sequence and imaging parameters were optimized for the
hardware configuration available at the time of these experiments. The resolution of the
images were 97.7 um x 97.7 um x 1.5 mm (I), 195.3 um x 195.3 um x 1.5 mm (II) and 97.7
um x 97.7 um x 0.75 mm (III). In studies II and III the whole brain was covered with
multiple slices.

4.3.1 Functional Imaging

Functional magnetic resonance data were acquired with single-shot spin-echo echo-planar-
imaging sequence (Table 6). Spin echo EPI was selected instead of gradient echo EPI
because the tungsten wire electrode induced an artifact in the images during the
simultaneous LFP measurement. The signal void area in a GE-EPI image was
approximately one half of the brain.

The temporal resolution of the functional images, 2 - 4 s, was kept as short as possible
without compromising the image quality and stability and LFP data quality. A decrease in
the temporal resolution is a way to decrease the signal to noise ratio of the images. In study
III, the collection of 15 slices required an even longer imaging time (4 s) to ensure stability
over the long scan time.
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Table 6. Magnetic resonance imaging and data analysis parameters.

Stud Maﬁg:lztlc Coils Anatomical Functional Functional
Y data data data analysis
strength
SE-EPI FSL
quadraturg _doub_le SE (adiabatic 180° no smoothing
surface coil  (adiabatic pulses) pulse) Z (Gaussianized T/F)
I 4.7 T transfr?'lrittin (TR 22'5565’><T§5660 ms, (TR 2s, TE60 ms, statistics, Z > 2.3 and
and 9 2.5¢em x 2.5 Icm 90 x 64, (corrected) cluster
L L ) ! 1.5cm x 2.0 cm, significance threshold
receiving 1 slice, 1.5 mm) 1 slice, 1.5 mm) of p = 0.01
volume multislice SE SE-EPI SPM5
transmitter, (TR 2.5s, TE60ms, (TR2s, TE 60 ms, 3 x 3 smoothing voxel,
II 4.7 T quadrature 256 x 256, 64 x 64, one-sample t-test
surface 5cm x 5cm, 2.5cm x 2.5 cm, thresholded at p < 0.05
receiver 9 slices, 1.5 mm) 1 slice, 1.5 mm) (FWE corrected)
volume FSE (;?Ii-ipsl SPMS8
transmitter, (TR 3 s, effTE 48 ms, TE 32 and 56 ms 2 x 2 smoothing voxel,
III 7.0T quadrature 512 x 512, 64 x 56 ! one-sample t-test
surface 5cm x 5cm, 2.5 cm x 2 5’ cm thresholded at p < 0.05
receiver 40 slices, 0.75 mm) . | ! (FDR corrected)

15 slices, 1.5 mm)

Abbreviations: effTE, effective time to echo; FDR, False discovery rate; FSE, fast spin echo;
FSL, FMRIB’s software library; FWE, family wise error; SE, spin echo; SE-EPI, spin echo echo
planar imaging; SPM5/8, statistical parametric mapping, version 5/8; TE, time to echo; TR, time
to repeat

The echo time in studies I and II was 60 ms. This is longer than the T2 values in the gray
matter at 4.7 T, but it was the shortest possible echo time to allow collecting of the data in a
single shot manner with full k-space coverage. In study III, two different the echo times, 32
ms and 50 ms, were used for consecutive EPI images, keeping the data collection part
identical.

Since the data in study I was acquired using a quadrature surface transceiver coil, the
EPI image quality was improved by implementing an adiabatic Bi-insensitive rotation
pulse, BIR-4 pulse (Staewen et al., 1990), as the refocusing 180° pulse. As BIR-4 is not a slice
selective RF pulse, the number of functional slices was limited to a single slice. Due to
imaging of one functional slice, the MRI scanner artifact was only 130 ms long and
therefore a sufficient amount of clean evoked LFP data could be collected simultaneously
and used without gradient artifact correction.

In study I, the acquisition matrix was not zero-padded. Thus, the in-plane resolution was
167 pm = 312 um with a slice thickness of 1.5 mm. In study II, the in-plane resolution of 390
pm x 390 pm and the slice thickness was 1.5 mm. In study III, the collection of entire k-
space was not possible due to the shorter echo time of 32 ms, therefore only partial k-space
of 64 x 56 data points was collected. The k-space was filled to 64 x 64 points with a complex
conjugate from the other half of the k-space resulting in an in-plane resolution of 390 um x
390 um.

At high fields, it is crucial for the quality of the echo-planar images that the magnetic
field is spatially homogenous. In the presence of a heterogeneous subject, the magnetic field
is distorted mainly due to susceptibility differences between air and tissue. Shimming is a
method where the static magnetic field inhomogeneities are adjusted by changing the
currents in separate shim coils. “Fast, automatic shim technique using echo-planar signal
readout for mapping along projections” (FAST(EST)MAP) sequence is based on measuring
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Bo field plots along projections instead of mapping whole imaging planes (Gruetter, 1993;
Gruetter and Tkac, 2000). This method uses all first- and second-order shim coils. After
FAST(EST)MAP shimming, the proton line width at half-maximum was between 10 and 15
Hz in an approximately 7 mm x 10 mm x 5 mm size voxel (I, II) at 4.7 T. A three-
dimensional (3D) field map was measured and the shim currents needed to minimize this
field were determined in study III. After 3D gradient shimming protocol, proton line width
at half of maximum was between 30 and 39 Hz in the shimmed volume of 13 mm x 18 mm
x17mmat7.0T.

In studies I and II, the electrical stimulus was applied for 30 s, i.e. for 15 EPI images. In
study I, the baseline was the same length as the stimulus period, but the baseline was
doubled to that in study II to ensure that the signal had returned to the baseline level
before the next stimulus period. Four dummy scans were acquired before collecting the
functional data to reach steady state. In study I, there was a total of 60 images with a total
collecting time of 2 minutes per run. An additional stimulus period was also added in
study II to increase the number of time points for statistical analysis. Therefore, the total
number of images was 165 and the total imaging time was 5 min 40 s per each run.

4.4 ELECTRICAL STIMULATION

Bipolar rectangular electrical pulses of 0.3 ms duration and 1.0 to 1.2 mA intensity were
applied to a forepaw with a constant current stimulator.

In study I, the stimulus frequencies were selected to include the commonly used 1, 3,
and 5 Hz frequencies in the alpha-chloralose studies (Silva et al., 1999; Brinker et al., 1999;
Matsuura and Kanno, 2001; Keilholz et al., 2004) and extended to higher frequencies. The
order of stimulation frequencies of 1, 3, 5, 7, 9, 11, 13, and 15 Hz was randomized to avoid
any habitation effects. All the frequencies were applied to the left forepaw but the 11 Hz
frequency was applied also to the right forepaw in four urethane anesthetized animals to
compare the results with the intact left somatosensory cortex in order to rule out possible
effects caused by the surgery or the magnetic susceptibility of the electrode. Based on the
results from study I, the stimulus frequency was selected to be 10 Hz for study II in order
to produce robust BOLD and neural activation under urethane anesthesia.

4.5 PHARMACOLOGICAL STIMULATION

Two compounds, nicotine and apomorphine, were used as pharmacological stimuli to elicit
hemodynamic activity in the brain. Nicotine was chosen because it is widely used in
pharmacological studies and it is known to produce large cortical responses (Gozzi et al.,
2006).

A dose of 0.25 mg/kg nicotine tartrate salt (0.081 mg/kg free base), i.v. was used. This
corresponds in a 70 kg human to 5.67 mg of nicotine and thus is equivalent to the amount
of nicotine present in 3-7 regular cigarettes (Matta et al., 2007).

To test the pharmacological protocol after optimization with nicotine, apomorphine was
used since it produces weaker positive and negative activations (Schwarz et al., 2006).
Apomorphine is a nonselective dopamine receptor agonist and it was administered at a
dose of 0.25 mg/kg subcutaneously.

Both drugs were administered as boluses after 500 baseline echo planar images and the
scan was continued for a further 1000 images.



41

4.6 DATA ANALYSIS

4.6.1 Electrophysiological Analysis

The electrophysiological data were analyzed offline in Matlab. The fast switching gradients
of the EPI sequence caused large artifacts in the LFP signal. The artifact also caused the
signal to overshoot which made it impossible to correct so that the underlying LFP signal
could be restored. Since there was enough clean data which could be used between the
artifacts, the gradient switching artifact was simply cut off from the LFP signal and the
analysis was conducted at times between the artifacts.

To quantify the evoked somatosensory responses, the lowest negative response peak was
identified within 40 ms of each stimulus and the amplitude was calculated with an in-house
program written with Matlab. In the case of no detectable response, this approach provides
an estimate of baseline activity.

Integrated neural activity was defined as the sum of amplitudes of all evoked potentials
during stimulation. To eliminate fluctuations due to asynchrony in the stimulation
paradigm caused by manual starting of the stimulator, the number of evoked potentials for
summation was corrected according to the stimulation frequency.

4.6.2 Generation of the LFP Based fMRI Models (II)

In the traditional fMRI analysis, a block design model is used in the block paradigm study.
The block design model assumes that the BOLD response will remain the same throughout
the stimulus period. However during study I, it was noted that during a relatively long
stimulus period with the high frequencies required to produce a BOLD response under
urethane anesthesia, the evoked LFP and BOLD responses did not remain constant.
Therefore, a model was generated on the basis of the theory that the integrated neural
activity, i.e. the sum of evoked responses over time, would correlate with the BOLD
response (Logothetis et al., 2001; Huttunen et al., 2008).

The first model was constructed using the LFP data measured from the primary
somatosensory cortex of a rat simultaneously with BOLD fMRI. The LFP model was
calculated as the sum of the amplitudes for the 1.9-s uncontaminated interval between
every MRI artifact. For the intervals in which the forepaw stimulation was switched off, the
sum was set to zero, as the aim of this study was to utilize the temporal effects of evoked
somatosensory responses, not the spontaneous LFP signal fluctuations during activation
and baseline periods. Finally, the LFP model was normalized with respect to its maximum
value. The length of the final LFP model was 165 points, corresponding to the number of
functional images.

The second model was a standard block design model derived from the stimulus
paradigm, and consisting of 30 baseline points followed by 15 activation points, repeated
three times, with a 30-point baseline period at the end. Special care was taken to handle the
LFP model in a similar manner to the block model in the SPM5 (Statistical parametric
mapping, version 5) program. Therefore, the LFP model was linearly interpolated to the
same time grid as the block model prior to convolution, and resampled at the same points
as the block model after the convolution, using the same time-bin per scan and bin offset
(16 and 32, respectively). Both LFP and block models were convolved with a hemodynamic
response function (HRF) to account for the delay between electrical stimuli and the onset of
the BOLD response. A fairly short HRF was chosen based on the results in one study (Silva
et al., 2007).

These convolved models were used separately in the first BOLD fMRI analysis and
together in the second analysis.
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4.6.3 Calculation of T> Maps (III)
T2 maps were calculated on a voxel by voxel basis from two sequential SE-EPI images by
fitting the signal data to the following equation

—-TE

S(TE) =Sye Tz, 3)

where S(TE) is the signal intensity at the time of data acquisition, So is the signal intensity
immediately after RF excitation and TE is the echo time and T: are the values to be
estimated. The fitting was linear, since two echo times 32 ms and 50 ms were used. In the
general estimate of the baseline Tz values, a 125 pixel ROI placed on the frontal cortex and
T2 values for each rat were calculated as the mean value.

4.6.4 fMRI Analysis

In all of the studies, an individual general linear model analysis was performed on a voxel-
by-voxel basis. The choice for the fMRI data analysis methods was based on the current
knowledge at the time. fMRI data were analyzed with two different analysis softwares
(FEAT, the fMRI Expert Analysis Tool, which is part of FSL (“Functional MRI of Brain”’s
(FMRIB’s) Software Library) and Statistical Parametric Mapping, SPM) and using in-house
written Matlab code including Aedes software (http://aedes.uef.fi/) (Table 6).

In study I, the model was the electrical stimulus paradigm whereas in study II this was
further improved by using the measured neural somatosensory activity. In study III, a
block design model was used. All the models were convolved with the hemodynamic
response function to account for the delay between neural and vascular responses.

The hemodynamic response to evoked changes in neuronal activity is transient, delayed,
and dispersed in time (Friston et al., 1994). There is extensive variability in the HRF across
species, subjects and brain regions within subjects. The SPM analysis software use a
canonical gamma function parameterized by a peak delay of 6 s, a return to baseline at
around 15 s and an undershoot delay of 16 s (Friston et al., 2007) which is optimal for
human HRF (Aguirre et al., 1998).

Only a few studies have addressed the issue of HRF selection in rodents. The optimal
HREF for adult rats under light isoflurane anesthesia has a delay of 6 s and a dispersion of
0.8 s (Colonnese et al., 2008). Under alpha-chloralose anesthesia, the delay is 2 — 3 s and the
return to baseline occurs at around 5 — 6 s (de Zwart et al., 2005; Silva et al., 2007). Since the
BOLD impulse response in rodents is quite fast, a gamma function with peak delay of 2 s
and a return to baseline at 5 s was used as HRF in the studies II and III.

In study I, time-series statistical analysis was performed using FMRIB’s improved linear
modeling (FILM) with a local autocorrelation correction (Woolrich et al, 2001). Z
(Gaussianized T/F) statistic images were thresholded using the clusters determined by Z >
2.3 and a (corrected) cluster significance threshold of p =0.01 (Worsley et al., 1992).

In study II, the statistical analysis was performed using the general linear model on a
voxel-by-voxel basis (Friston et al., 2007). First, to evaluate the performance of the block and
LFP models separately, two SPM5 analyses were conducted for each rat, one analysis using
the block model as the regressor and one using the LFP model. The activated brain areas
during forepaw stimulation in both of these designs were assessed using a one-sample t-
test thresholded at p < 0.05 (FWE corrected).

In the second analysis set, the block and LFP models were used together in the same
design matrix in SPM5 to identify these areas in which the LFP model would explain
additional variation over the block model in the BOLD signal. The differences in activation
for block and LFP models were inferred using an F-test thresholded at p < 0.05 (FWE
corrected).

In study III, the statistical analysis was performed using the general linear model on a
voxel-by-voxel basis (Friston et al, 2007) using SPMS8 (Statistical parametric mapping,
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version 8). The analysis was performed for the T maps. The activated brain areas after drug
administration were assessed using a one-sample t-test thresholded at p < 0.05 (FDR
corrected).

In addition to GLM analysis, also ROI based analysis was performed in all studies. In the
variable sized ROI analysis (I), the ROIs were defined by the statistical calculation in FSL
for each animal separately. A fixed size ROI of 20 pixels was determined according to the
response to the concatenated data from all animals under all conditions in order to allow a
more objective comparison of the different conditions and their relationship to neuronal
activity.

In study II, a fixed size ROI of 16 voxels was drawn on the primary somatosensory
cortex area in the echo-planar imaging data of all rats. The BOLD time courses were
extracted from these ROIs and averaged time courses were calculated after removing a
linear trend. Raw spatially unsmoothed EPI data were used in order to prevent spatial
information outside the ROI from influencing the analysis. The block and LFP models
convolved with the modified gamma function were fitted into the averaged ROI time
courses in a least-squares sense. Finally, a one-tailed (paired) t-test was performed for the
parameter estimates to compare the two models between rats.

In studies I and II, the BOLD response was defined as the number of activated voxels. In
addition in study I, the magnitude of the BOLD response was calculated as the mean for
the 30 s long period, starting from 4 s after stimulation.

In study III, ROIs were created from the individual statistical parametric activation maps
calculated from the T maps. The average signal time series was calculated from the pixels
exceeding the threshold of t > 4.5. The same ROI was then used to obtain BOLD time series
from the EPI images acquired with the echo time of 50 ms. To quantify the maximum and
mean responses, a low frequency trend of the averaged time series was estimated and this
was to calculate the maximum and mean responses.
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5 Results

5.1 SOMATOSENSORY ACTIVATION

Under urethane anesthesia, the evoked LFP responses at the primary somatosensory cortex
were detected at each measured stimulus frequency (1 - 15 Hz). The first negative peak
occurred within 12 to 16 ms after the onset of electrical stimulus and the latency increased
with the stimulus frequency. The amplitude of the evoked response varied from 0.28 mV to
0.61 mV, the highest value being detected at 5 Hz frequency after which they declined.

The BOLD response in the somatosensory cortex under urethane anesthesia was
detected at all stimulus frequencies except 1 Hz. The highest BOLD response was 4.8 + 0.5
% at the 11 Hz frequency. The BOLD signal intensity was also measured in the intact left
somatosensory cortex in 4 animals using same stimulus frequency. The BOLD response in
the intact cortex was 4.5 + 1.0 % and there was no statistical difference between responses in
both cortices. This indicates that surgery and susceptibility effects did not have significant
influence on fMRI results.

Under alpha-chloralose anesthesia, both LFP and BOLD responses were detected only
with 1 and 3 Hz stimulus frequencies. The latencies were longer (17.5 + 0.8 ms and 16.9 + 0.6
ms for the 1 and 3 Hz stimulus frequencies, respectively) than under urethane anesthesia
but consistent with other studies (Brinker et al., 1999). The amplitudes of the evoked
potentials at 1 and 3 Hz were twofold greater under alpha-chloralose anesthesia than the
corresponding values with urethane anesthesia. The BOLD responses were 2.1 + 1.0 % and
3.7 £0.1 % at the 1 and 3 Hz stimulus frequencies, respectively.

One noticeable feature in the LFP signal under alpha-chloralose anesthesia was the high
frequency transient peaks during the baseline periods. These peaks along with occasional
burst suppression episodes are typical in otherwise normal looking electroencephalography
under alpha-chloralose anesthesia (Balis and Monroe, 1964; Ueki et al., 1992; Peeters et al.,
2001; Austin et al., 2005) and might indicate a subconvulsive state of the cortical neurons in
the absence of normal cortical rhythms (Moruzzi, 1950; Lees, 1972). Under urethane
anesthesia, however, these transient baseline components were missing and baseline
activity matched that seen in awake animals.

Because the timescales of neural activity and the BOLD response are intrinsically
different, it was necessary to undertake quantification to investigate the relationship of
neural activity and BOLD. Integrated neural activity was defined as the sum of amplitudes
of all the evoked potentials during stimulation. In contrast to evoked response amplitudes
under urethane anesthesia which declined after 5 Hz, the summated LFP increased up to 7
Hz but thereafter plateaued. BOLD responses were correlated with the integrated neural
activity with both anesthetics, however, the correlated responses as a function of frequency
were different between the anesthetics.

Simultaneously recorded neural and BOLD responses differed with the two different
anesthetic agents, but there was an overlap the magnitude of the range of neural responses,
and thus neural-BOLD coupling could be compared. A linear relationship was observed
that was independent of the anesthetic used in conjunction with a nonpainful tactile
stimulus.

When relatively long stimulation and rest periods are used to detect the functional
response to neuronal activation, the block model has been often used to estimate BOLD
responses in both human and animal studies. A block model takes into account the ‘on” and
‘off’ stimulus periods, but assumes that the BOLD response remains constant during the
stimulation period even though with higher stimulus frequencies, there can be the
occurrence of both neuronal adaptation and habituation.
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The LFP model in study II was based on the simultaneously measured somatosensory
evoked field potential data. The model was generated on the basis of the theory that the
integrated neural activity, i.e. the sum of evoked responses over time, is correlated with the
BOLD response (Logothetis et al., 2001).

Although the majority of the BOLD signal variation was clearly explained by the block
model, there were some stimulus-related variations remained in the BOLD signal that were
not accounted for by the block model. Consequently, the LFP model was able to explain
these temporal variations in nine of 12 rats in the somatosensory cortex. This means that in
this experimental set-up, there are variations of neuronal origin in the BOLD signal that the
block model alone does not completely explain. This is a result of variations in the neuronal
responses, i.e. that the neurovascular coupling remains unaffected by the variations in the
neuronal responses.

5.2 PHARMACOLOGICAL ACTIVATION

T2 values varied in the cortex between 21 and 71 ms in a 125 pixel ROI at 7.0 T. The average
was 45.2 + 5.1 ms, which is somewhat lower than has been measured from human brain
(55.0 £4.1 ms) (Yacoub et al., 2003).

Nicotine produced robust positive activations in the cortical areas in all animals and this
was detected using T> maps. The standard deviation (SD) of the baseline fluctuation was
~ 0.5 ms and no fluctuations or trends could be observed. The maximum T: increase in the
cortex after nicotine activation was 3.5 + 0.6 ms (7.5 + 1.3 %). The duration of the nicotine
response was 280 + 48 s at full width at half maximum and the mean response during that
period was 2.5 + 0.5 ms.

In contrast, the baseline of the BOLD signal exhibited fluctuations that were in the range
of a few percent. However, since the maximum BOLD signal increase (7.3 + 2.6 %) was
more than twice the baseline fluctuations, the activation peak could still be detected. The
duration of the BOLD nicotine response was 243 + 91 s at full width at half maximum and
the mean response during that period was 5.4 + 2.0 %. There was no statistical difference
between the duration of the nicotine response in T> and BOLD signals.

Apomorphine evoked smaller and, in contrast, negative activation in the cortical areas.
The maximum T2 decrease after apomorphine activation was 1.8 = 0.6 ms (3.5 £ 1.3 %). The
duration of the nicotine response was 727 + 185 s at full width at half maximum and the
mean response during that period was 1.2 + 0.5 ms. It was not possible to determine the
mean decrease of the BOLD signal due to the substantial cyclic baseline fluctuations in
relation to apomorphine activation. The baseline fluctuation was ~16 min of wavelength
and ~ 2 % in magnitude. This systematic cycle in the baseline fluctuations was caused by
changes in the room temperature and consequently due to the air-conditioning.



47

6 Discussion and Conclusions

In this thesis, rodent brain activity was studied with functional and pharmacological
magnetic resonance imaging. Functional MRI was combined with simultaneous local field
potential measurements in order to study the neurovascular coupling in anesthetized rats.
Quantitative pharmacological mapping was developed to account for the baseline signal
intensity fluctuations, and two pharmacological compounds, nicotine and apomorphine,
were used to test the feasibility of the method.

6.1 ANESTHESIA

The selection of anesthesia is one of the most important issues in conducting research with
animals that require immobilization. The need for an anesthetic protocol in animal studies
is dependent on the experimental protocol. Electrophysiological measurements can be
performed in awake and freely moving animals without compromising the signal quality.
Neural recordings are possible in behaving animals without anesthesia by using implanted
EEG or LFP electrodes that are connected with a wire to a recording system. These
measurement can even be conducted without wires via telemetry methods.

In the MRI environment where the image quality relies also on the immobility of the
subject, the measurement of awake animals is possible but requires either extensive training
of the animals to adjust them to the environment (e.g. some restraint) or paralyzing the
animal. It does not however provide matching data to awake animals, since the restrained-
related stress and discomfort or enhanced arousal due to MRI noises may interfere with the
results (Lahti et al., 1998; Lahti et al., 1999).

The reason for using urethane in the fMRI studies presented here came from
electrophysiological measurements. Simultaneous electrophysiological and fMRI
measurements required an anesthetic that would meet the requirements for “awake”-like
neural activity in addition with preserved cardiovascular function. Due to the presence of
high frequency bursts (Austin et al., 2005) alpha-chloralose was not optimal anesthesia for
the electrophysiological part of these experiments even though it has been widely used in
fMRI studies. Since urethane is a suitable and well established anesthesia in
electrophysiological studies (Maggi and Meli, 1986a), the need to test its ability in
functional studies became evident.

The main result emerging from study I is the frequency dependence of the
somatosensory stimulation under urethane anesthesia. At the time of this research, fMRI
studies performed on rodents were conducted mainly under alpha-chloralose anesthesia.
The first articles using medetomidine sedation (Weber et al.,, 2006) and isoflurane
anesthesia (Liu et al.,, 2004, Masamoto et al., 2007) have only been recently published. The
advantage of these two anesthetics was that they provided the possibility to perform
longitudinal studies whereas urethane anesthesia is always used for terminal experiments.
However, with our experimental setup, this was not the most important factor when
selecting the anesthetic drug.

Since urethane had not been used in electrical forepaw studies conducted using fMRI, it
was necessary the determine the optimal stimulus parameters for urethane anesthesia. The
frequency tuning curve revealed that one needs to optimize the electrical stimulus
parameters for each anesthetic if one wishes to achieve optimal neural and hemodynamic
responses. To date, there have been very few fMRI studies performed under urethane
anesthesia (Wu et al., 2002; Lowe et al., 2002; Kannurpatti and Biswal, 2004; Shoaib et al.,
2004; Boumans et al., 2007; Liu et al., 2012), and it seems that this was the first time when
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electrical forepaw stimulus elicited changes under urethane-anesthetized rats have been
measured with fMRI. Since there are no other results that could confirm those findings, the
most closely resembling study is an electrical whisker stimulus study conducted under
urethane anesthesia using Laser-Doppler flowmetry (LDF) in which reflected laser light is
used to determine changes in blood flow (Gerrits et al., 1998). Blood flow increased linearly
with stimulus frequency indicating that the optimal stimulus frequencies for urethane
anesthesia lay close to 10 Hz, which was the maximum frequency tested, also during a
slightly hypercapnic condition.

Urethane anesthesia can be used without mechanical ventilation as shown in studies I
and II. The use of urethane in spontaneously breathing animals requires a wait period of 1-
2 hours so that the influence of initial inhalation anesthesia, which is needed prior to
surgery, can be considered as over. In study I, spontaneously breathing animals
anesthetized with urethane were slightly hypercapnic. Hypercapnia causes vasodilatation
which decreases the measured hemodynamic responses. However, sensory stimulation in
slightly hypercapnic condition has not been shown to affect either electrophysiological or
hemodynamic responses (Sicard and Duong, 2005; Jones et al., 2005). Therefore, the results
in study I do not seem to be compromised by spontaneous breathing.

Even though urethane has been well established anesthesia in electrophysiological
studies, it has not gained similar popularity in functional imaging. Urethane, as well as
alpha-chloralose, can only be used in terminal experiments, therefore limiting their usage.
In addition, urethane is potent mutagen and carcinogen (Field et al., 1993), thus the
handling, especially in its powder form, requires special caution. Despite these limitations
and based on studies presented here, urethane is well suited anesthesia for functional and
pharmacological MRI studies in rats.

6.2 NEUROVASCULAR COUPLING

It is difficult to study neurovascular coupling. Since the brain activity is very complex in
nature and not static, a change in one single measurable parameter cannot provide enough
information about the entire process of neural and hemodynamic activity. Therefore there
is a clear need to implement different types of instrumentation together, if one wishes to
answer the question: How is the electrical brain activity linked to the hemodynamic
changes?

Different combinations of modalities have been experimented in simultaneous
measurements to investigate this connection (Mulert and Lemieux, 2010), although the
most common one is EEG combined with fMRI. This combination is especially used in
human studies, since it is noninvasive in nature and relatively easy to implement.

In animal studies, a preferable option is to measure neural activity directly from the
brain avoiding the diffusivity effect of the skull. It is technically very challenging to
combine invasive electrophysiological methods to functional imaging in animals due to
difficulties in constructing the experimental setups and the coincidental artifacts in the data.
Nevertheless it provides insights into the complexity of the brain activity and to the
coupling of neural and hemodynamic activity.

In study I, the neurovascular coupling was preserved during both urethane and alpha-
chloralose anesthesia despite the differences in the frequency tuning curve. The
neurovascular coupling was found to be linear in the measured frequency range. Varying
the stimulus frequency during electrical forepaw stimulus has led to the hypothesis that
there is a linear relationship between electrophysiological and hemodynamic responses and
this holds true in spite of differences in anesthesia or methodological issues (Brinker et al.,
1999; Van Camp et al., 2005; Masamoto et al., 2007). This indicates that the stimuli are being
presented in a non-painful, tactile fashion and that neither neural or hemodynamic
components are saturated.
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For electrical hindpaw or whisker stimulus, both linear (Martindale et al., 2003; Ureshi et
al., 2004; Devonshire et al., 2012) and nonlinear (Sheth et al., 2004; Jones et al., 2004; Ureshi
et al, 2005, Hewson-Stoate et al., 2005; Martin et al., 2006) relationships have been
observed. There are several reasons for these nonlinearities. In the study of Martin and
colleagues, a linear neural-hemodynamic coupling relationship was found for the awake
rats but it was nonlinear in urethane anesthetized animals (Martin et al., 2006). They also
showed that if one used the same neural data but now in absolute terms (i.e. neural
responses were not normalized to the 1 Hz stimulus frequency) then a complex and
nonlinear relationship could be revealed. This indicates that also the data analysis methods
may play a role in determining the nature of the neurovascular coupling.

It is interesting that varying stimulus intensity has resulted in nonlinear (Norup Nielsen
and Lauritzen, 2001; Jones et al., 2004; Ureshi et al., 2005) neurovascular coupling also in the
case when stimulus frequency and intensity data have been merged (Sheth et al., 2004;
Hewson-Stoate et al., 2005). Modeling analysis demonstrated that the relationship might
appear linear over a narrow range of responses, but it incorporated important nonlinear
properties that were better described by a threshold or power law relationship (Sheth et al.,
2004). The nonlinearity indicates that at the both ends of the scale, changes in the neural
activity are accompanied by disproportionate large or small changes in the hemodynamic
responses.

At the lower end of the scale, there may be a threshold that needs to be reached before
any hemodynamic response is elicited (Norup Nielsen and Lauritzen, 2001). This was also
the case in study I, where no BOLD response was detected under urethane anesthesia even
though the 1 Hz stimulus frequency elicited clear responses in the LFP signal.

In the case of designing a study for functional imaging, it may be useful to select the
stimulus parameters to elicit responses which are either known to be in the linear region or
to elicit responses in the mid-range of the relationship so that the neurovascular coupling is
linear and thence the interpretation of the results becomes more straightforward.

In study II, the temporal variation of the neurovascular coupling was studied further.
The main result was that the model created from actual simultaneously measured neuronal
activity was able to explain additional BOLD variation over the block model that captures
only the rest and stimulus periods. It was also shown that the integrated neural activity
decreased during stimulation, however this decrease was neither linear nor constant
between animals. In addition there were also random periods of increases in the integrated
neural activity. The possible mechanisms are reductions in excitatory or increases in
inhibitory synaptic effects or changes in neuronal excitability related to the long duration or
to the rhythmic nature of the stimulation (Buzsaki et al., 2007). Furthermore, the
fluctuations in spontaneous neuronal activity range from hundreds of milliseconds to tens
of seconds and these have a definite effect on the synaptic responses; either diminishing or
boosting them temporally (Fox et al., 2007).

At low stimulus frequencies, a block model is likely to be adequately representative for
the hemodynamic response. However, under urethane anesthesia, the stimulus frequency
should be higher in order to achieve optimal responses. At higher stimulus frequencies,
neuronal adaptation and habituation may occur and therefore the neuronal responses are
not constant throughout the relatively long stimulus period. To conclude, the stimulus
paradigm-derived model examined in study II does not always provide the most optimal
estimate for BOLD responses under these types of experimental conditions. However, this
approach would require measuring neuronal activity simultaneously and consequently to
create a model on an individual basis.

The limitation of study II is the use of a single electrode and single functional imaging
slice. It would have been interesting to observe whether the neuronal and hemodynamic
responses would undergo similar decay in other areas in the somatosensory pathway such
as thalamus or secondary somatosensory cortex and whether the neurovascular coupling
would have been similarly preserved. In the limited number of studies that have focused
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on multiple brain areas in addition to the primary location, the coupling between neuronal
and hemodynamic responses has been shown to be region dependent. A linear relationship
was found in cortex and thalamus, however a nonlinear relationship between BOLD and
LFP was detected in brainstem (Devonshire et al., 2012). Similarly, the relationship the fMRI
response and LFP is not the same in different cortical and subcortical regions (Sloan et al.,
2010).

6.3 PHARMACOLOGICAL MRI

During the preliminary BOLD fMRI measurement conducted for study III, noticeable
fluctuations in the BOLD signal were observed. This baseline fluctuation was found to be
approximately 16 min in wavelength and 2 % in magnitude. This systematic cycle was
caused by changes in the room temperature and consequently due to the air-conditioning
in the scanner room. To overcome this problem, a T map based timeseries approach was
implemented. The calculation of T> maps from sequential images should be one way to
diminish these baseline variations since the signal intensity changes caused by air-
conditioning were presumed to be approximately similar in both images. This approach
reduced the baseline fluctuations and thus both nicotine and apomorphine activations
could be detected in the T> map timeseries.

T2 maps have been used to quantify the changes caused by sub-chronic administration of
nicotine (Calderan et al., 2005), but this was done at a single time point. As far as is known,
the T> map timeseries based approach has not been used before to study acute
pharmacological activations.

Nicotine produces a distinctive and reproducible pattern of activation involved both
cortical and subcortical structures which mediate its acute cognitive and behavioral effects
(Gozzi et al., 2006). The increases in relative cerebral blood volume (rCBV) are observed in
medial prefrontal, cingulate orbitofrontal and insular cortices (Gozzi et al., 2006), and
furthermore the infralimbic and visual cortices have been shown to be robustly activated
(Choi et al., 2006). Using CBF measurements, nicotine has been found to produce dose
dependent changes in the frontal cortex under urethane anesthesia (Uchida et al., 1997). In
an acute drug challenge, BOLD response was increased by ~ 4 % in prefrontal and visual
cortices in conscious animals. Overall, these findings are consistent with the results
obtained in the present phMRI study using T2 maps.

Apomorphine produced negative T2 responses in motor cortices. Similarly, a decrease in
the BOLD signal has been observed in the intact side of the rats with a unilateral
nigrostriatal lesion (Delfino et al., 2007). In addition, no CBV response to apomorphine
challenge was observed in the cortex of the intact side (Nguyen et al., 2000). In both of these
previous studies, the apomorphine dose was higher than that used in study IIIL In contrast,
clear positive rCBV effects in the orbitofrontal, prefrontal and insular cortices have been
detected (Schwarz et al., 2006) with a similar (0.2 mg/kg) dose. Both local cerebral glucose
utilization and CBF are increased in frontal and sensory-motor cortices and decreased in
anterior cingulate cortex in conscious animals detected using autoradiographic techniques
(McCulloch et al., 1982; Beck et al., 1987).

The term functional MRI covers all the experiments where magnetic resonance imaging
is used to study brain function, even though in the majority of the cases, it refers to BOLD
fMRI. The definition of pharmacological MRI is still somewhat vague; however every
phMRI study is an fMRI study. According to the currently established description, the
PhMRI refers to all the studies that use drugs to produce acute or chronic effect in the brain
or modulate some other task.

Although the first pharmacological stimulus induced activation was already published
in 1997 (Breiter et al., 1997), the numbers of phMRI studies have not increased as
dramatically as the fMRI studies due to several reasons. One of the major issues is the
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inaccurate timing of the drug induced responses in comparison to a task induced response.
When using drugs with little or unknown responses, the statistical detection of activation
may be difficult due to unpredictability of optimal timing. This may hinder the analysis of
novel pharmaceutical agents even those with known pharmacokinetics.

In preclinical settings, anesthesia is a critical factor in drug challenges. The activation
depends on the underlying physiological state of the animal and that is extensively and
differently influenced by the various anesthetic agents. In addition, rodents are usually
mechanically ventilated thus requiring the use of muscle relaxants, another confounding
factor.

Despite some of the problems described above, phMRI is at present the best noninvasive
mapping tool with which to study the effects of drug. phMRI will have a major impact in
drug and treatment development and in understanding the brain function in the healthy
and diseased brain.

6.4 FUTURE DIRECTIONS

Functional magnetic resonance imaging has proved to be a successful tool to study brain
function in both humans and animals. The numbers of clinical and preclinical scanners
have increased in recent years. At the same time, the selection of available pulse sequences
and the general usability of the imaging systems have improved and the scanners have
become more “plug-and-play” types of machines. When the use of the MRI imaging system
becomes easier and the analysis methods become automated, more emphasis must be
placed on conducting fMRI experiments. Valid research questions and hypothesis should
be set in such a way that those could be answered with the available techniques.

It is essential to be aware of what really is being measured with the selected techniques
in order to understand the results and thus to draw the correct conclusions. Unfortunately,
the fundamental basis of BOLD fMRI signal is not completely understood. In recent years,
the trend in fMRI studies has shifted towards more neuroscientific applications instead of
investigating the tool itself. There should be some emphasis in resolving the basis of the
BOLD signal since that represents the foundation of all results from studies using that
principle.

In addition to resolving the basis of the BOLD signal, also research attempting to
elucidate the neurovascular and neurometabolic coupling should continue. The link
between neural activity and hemodynamic responses is complex but fascinating since it
involves so many processes and factors. There is still incomplete knowledge about the
spatial and temporal characteristics of neural versus vascular responses. Other
undetermined key points are the contribution of the astrocytes to the hemodynamic
responses and the contributions of excitatory versus inhibitory neurotransmission to the
BOLD response.

Research conducted in animals has its own merit. The ability to elicit robust and reliable
activations under anesthesia is one of the key aspects in animal functional and
pharmacological MRI. Animal studies can provide information that cannot be gathered
from human studies. Animal models provide a platform to study the generation and
progression of different diseases and thus enable a better prediction of the outcome and in
addition can help in the development of new drugs. The translational aspect of animal
studies may be important if one considers ways to decrease the gap between preclinical and
clinical research.
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