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Abstract

Functional magnetic resonance imaging (fFMRI) has become the leading modality for studying the
working brain. Being based on measuring the haemodynamic changes after enhanced mass neuronal
activity the spatiotemporal resolution of the method is somewhat limited. Alternative MR-based
methods for detection of brain activity have been proposed and investigated and studies have reported
functional imaging based on diffusion weighted (DW) MRI. The basis for such DW fMRI is believed
to be the sensitivity of diffusion weighted MRI to changes in tissue micro-structure. However, it
remains unclear whether signal changes observed with these methods reflect cell swelling related to
neural activation, residual vascular effects, or a combination of both. Here we present evidence of a
detectable activity related change in the diffusion weighted MR-signal from the cellular level in live
hippocampal slices in the absence of vasculature. Slices are exposed to several substances and the
effects evaluated and compared. The results are also compared to earlier DW fMRI studies in humans.
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Introduction

Functional imaging of the central nervous system is of great significance in the neurological
sciences because of its potential to reveal how intricate physiological processes occurring at
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the cellular level contribute to the vast array of neurological functions in humans.
Understanding how these mechanisms underpin higher-order brain function would offer new
insight into well-studied yet poorly understood phenomenon such as the activity-based changes
that accompany memory formation and recall or functional deficits that manifest as disease-
specific symptomology. Perhaps most importantly, functional imaging offers a means of
examining brain activity that is global in its scope as well as non-invasive: both of which are
necessary to reveal the complex distribution of activity that is the hallmark of a functioning
brain.

In recent years, multiple imaging modalities have been employed in an effort to provide
functional data about the inner workings of the human brain. Most notably,
magnetoencephalography (MEG) and blood oxygenation level dependent (BOLD) functional
magnetic resonance imaging (FMRI) have made significant progress in this area, but both
techniques possess unfavorable characteristics. MEG is limited to fields generated by cortical
tissue and has limited spatial resolution. While fMRI exhibits better spatial resolution than
MEG, this technique, like all haemodynamic-based modalities, measures a surrogate signal
(changes in blood oxygenation level rather than actual neuronal activity) whose spatial
specificity and temporal response are subject to both physical and biological constraints
(Logothetis, 2008). Also, studies indicate that the nonlinear coupling between cerebral blood-
flow and metabolism which is the main source of the BOLD fMRI signal is not a single non-
linear relationship but may vary between brain regions or even be subject to some central
command capable of introducing a spatial dissociation among changes in blood flow and
oxygen metabolism (Vafaee and Gjedde, 2004). Thus, BOLD fMRI relies on a complex
coupling between neural activity, cerebral metabolism and blood-flow and this, along with the
shortcoming that the surrogate signal reflects neuronal mass activity, makes unambiguous data
interpretation difficult in some cases. Although the limits of MEG and fMRI as means of
measuring neural function are far from being realized, the respective spatial and temporal
limitations inherent to these techniques will eventually interfere with their ability to accurately
describe neural function. It is expected that our understanding of brain function will greatly
benefit from the development and application of complementary methods for studying brain
function.

Several studies have reported transient changes in neuronal morphology in tight connection
with neuronal activity e.g. (Cohen et al., 1996; Iwasa et al., 1980; Kim et al., 2007). Such
transient changes in tissue microstructure should in principle be detectable with diffusion
weighted (DW) MRI. This would provide a non-invasive method for precise localization of
neuronal activity based on a direct coupling between neuronal activity and tissue
microstructure. Diffusion-based imaging of the working brain has been reported (Darquie et
al., 2001; Le Bihan et al., 2006); however, it remains unclear whether signal changes observed
with these methods reflect cell swelling related to neural activation (Le Bihan et al., 2006),
residual vascular effects (Jin et al., 2006; Miller et al., 2007; Jin and Kim, 2008), or some
combination of both.

The present study describes how activity-induced morphological changes occurring at the
cellular level can be detected using diffusion-sensitive MRI and discusses how the described
changes relate to neural function and functional imaging. The investigations are carried out in
the live hippocampal brain slice model which ensures that diffusion-based functional MR
measurements take place in a system devoid of vasculature’s potential corrupting influence.
Moreover, the absence of a functioning blood-brain barrier allows for the introduction of
chemical compounds at known concentrations directly into the extracellular space
(Collingridge, 1995). Our initial experiments document stability of the slice model in our
experimental setup. The following experiments compare DW MR signal from slices in the
resting state to that obtained from the same slices following exposure to potassium or Kainate.
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These substances are used as a means to induce cellular activity in the hippocampal slice. In
the case of kainate, we demonstrate signal change to be dependent on cellular response to
kainate alone: no signal change is seen upon inhibition of kainate activity by pretreatment with
CNQX (6-cyano-7-nitroquinoxaline-2,3-dione). We also present activation patterns obtained
with kainate when slices have been pretreated with the non-competitive NMDA receptor
antagonist MK-801. Different patterns of signal change are seen between the experiments
employing kainate and those using potassium.

Materials and methods

Tissue Preparation

All procedures involving live animals were approved by the University of Florida IACUC and
adhered to the guidelines set forth in the National Academies of Sciences’ Guide for the Care
and Use of Laboratory Animals. Male Sprauge Dawley rats (150g) were anesthetized by
inhalation of isoflurane gas. Prior to euthanasia, all animal subjects were tested for the absence
of toe-pinch, righting, and ocular reflexes to insure they were unconscious and insensitive to
pain. Animals were decapitated immediately following reflex testing. Following decapitation,
brains were grossly dissected, immersed into ice-cold, oxygenated artificial cerebrospinal fluid
(ACSF) (120mM NaCl, 26mM NaHCO3, 1.5mM KH,POy, 1.4mM MgSQO,4-7H,0, 2mM
CaCly-2H,0, 3mM KCI, 10mM Glucose; osmolality = 300mOsm, pH 7.4) and cut into
500um-thick sections using a Lancer vibratome (Ted Pella, series 1000). Live slices were then
transferred to a 20mm NMR tube containing a multi-slice perfusion apparatus as described
previously (Shepherd et al., 2002). Briefly, hippocampal slices were placed in pairs between
adjacent inserts arranged in a stack (2-3 layers). Circular inserts consisted of nylon mesh
interiors to support tissue while allowing for the flow of perfusate-affixed to the bottom of
Delrin rings (0.6-0.7 mm thick) to accommodate the depth of each tissue slice. Perfusion with
ACSF was carried out in all experiments at a rate of 2ml/min. Outflow lines were positioned
in the NMR tube as to allow for a close proximity between tissue slices and the air interface
(approx. 4-6 mm).

MRI Experiments

Diffusion-weighted images (6 = 6.0ms, A = 13.4ms, TR = 2000ms, TE = 28ms, in-plane
resolution 1562 um2, b-values = 37, 600, 1200, 1800, 2400 s/mm?2) were acquired using a
diffusion-weighted, spin-echo sequence on a vertical-bore, 600MHz (14.1T) Bruker MRI
system. In each experiment, images were replicated three times as well as staggered in their
overall order to test for system and tissue stability respectively. Once placed inside the magnet,
tissue slices were perfused with untreated, oxygenated ACSF (30min) and then imaged (30min)
with the perfusion paused to eliminate flow artifacts. This set of images established a baseline
for each experiment that all subsequent images were compared to. After the first imaging
session, slices were again perfused with oxygenated ACSF solution (15 min) followed by an
additional perfusion (30min) of oxygenated ACSF alone (to test model stability) or ACSF
containing a compound intended to evoke neural activity (27mM KCI or 10uM kainate).
Osmolality of the ACSF solutions was maintained at physiological levels by removal of
equimolar amounts of NaCl. The ACSF containing these compounds was introduced into the
perfusate stream by means of a bubble trap device that served the dual purpose of preventing
air bubbles from entering the NMR tube and ensuring minimal dilution of the treated ACSF
containing KCI or kainate. Lastly, perfusion was interrupted before running the imaging
protocol (30 min) a second time. In experiments that employed chemical inhibition, the
inhibitor (10uM MK-801 or 10uM CNQX) was present in the ACSF used as perfusate as well
as the ACSF used as tissue cutting medium as previous studies have shown increased efficacy
with pretreatment (Wang et al., 2006). The spectrometer was maintained in identical states for
the stability, activity, and inhibition experiments performed in the study. Bore temperature was
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locked at the ambient temperature (23°C) prior to initiating data collection and both gradient
and sample temperature were monitored to ensure consistency throughout each experiment.

Data Analysis

MR images collected with Paravision software (Bruker, PV3.02) were reconstructed to 32 bit
floating point and processed using the analysis package ImageJ developed by the National
Institutes of Health. First, datasets were coregistered spatially by aligning the images from
resting state and active state using a rigid body transformation. This was done to minimize the
influence of slice movement during the experiments due to gradient motion, flow or changes
in slice morphology. The coregistration ensured appropriate pixel-wise comparisons between
images and, judging by the small magnitude of adjustment (sub pixel), indicated stability of
our perfusion system. From here, images were exported to MatLab (The MathWorks Inc., v.
R2007a) where a pixel by pixel analysis was carried out. Significance maps were generated
using ANOVA by comparing pixels (i,j) from baseline images taken at a particular b-value
with their co-registered pixels from images taken following treatment at the same b-value.
Thus, each map presented is composed of color-coded pixels that convey the magnitude of
statistically significant differences (1-p) within pre- and post-treatment tissue slices. All
statistical analysis was performed on MRI datasets that employed no filtering or apodization.
However, in calculating the activation maps a threshold was introduced so that only pixels
containing a raw signal above that threshold were analyzed. Therefore, pixels in the background
noise and in perfusate at high b-values where very little signal remains were omitted in the
calculation of the activation maps. All tissue pixels were above this threshold for all b-values.
Differences seen in the statistical analysis were considered significant at p<0.05. All activation
maps presented were calculated from the b = 2400 s/mm? images. The activation maps
calculated from the b = 1800 s/mm? show similar patterns of activation in all experiments
(Supplemental online material). Furthermore, histogram analysis comparing the pixel intensity
distribution between resting and active state in representative images from all experiments are
given at the end of the paper (Figure 10).

Line graphs show data from regions of interest (ROIs) taken from raw magnitude images. All
ROIs were hand drawn in perfusate and tissue and are independent of the activation maps
except for one case (Figure 8) where the ROI was placed to investigate raw signal behaviour
in a tissue area showing significant change between resting and active state in the activation
map. The pyramidal cell layer in the CAL region of the hippocampus consists of densely packed
nerve cell bodies with axons and dendridic arbors that extend into the stratum oriens and stratum
radiatum located dorsally and ventrally to the cell layer respectively. This tissue region would
be expected to produce a detectable change in the DW MRI signal in response to activation.
Therefore, ROIs containing the pyramidal cell layer and adjacent tissues were chosen for the
analyses of experiments where tissue is exposed to substances known to induce activation. As
a tool for quantitative analysis of the changes in diffusion properties in the tissue, we employ
a biexponential fit to data from our experiments using MK-801 in combination with kainate.
This also allows for comparison to similar analysis from earlier studies. The biexponential fit
summarizes the normalized diffusion weighted MR signal thus:

Sh)=f-exp(=b-Dy)+(1 = f)-exp(=b- D,) Eq. (1)

The signal as a function of diffusion weighting, b, is then described as the sum of two
components attenuated by diffusion coefficients D1 and D and weighted by f and (1),
respectively. In our analysis we fit Eq. (1) to data from the resting state. The active state is then
fitted using the values for D, and D, obtained from the fit to the resting state data allowing
only the weighting of the two signal components to shift from resting state to active state.
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Avrbitrarily we denote the faster diffusion coefficient D1 and the slower D, and thus the factor
f therefore describes the weight of the fast decaying signal component.

Results

Slice stability

All slices (n=4) were found to be stable with signal magnitude and diffusion attenuation being
the same over both imaging periods where the slices were exposed to untreated, oxygenated
ACSF during perfusion. Figure 1 shows difference maps highlighting pixels that differ
significantly (p<0.05) between the first and second imaging periods for all four slices. Few
pixels showed statistically significant differences and the majority of those that did are around
the outer rim of the slices which is suggestive of an artificial edge effect. This is further
supported by the minor shift in pixel intensity distribution between period 1 and period 2 as
seen in Figure 10, panel A.

Figure 2 shows a plot of raw signal from identical perfusate and tissue ROISs in the two imaging
periods. Attenuation curves did not differ significantly between tissue or perfusate groups at
any of the five b-values tested.

Kainate exposure

Figure 3 shows pixels that are significantly different (p<0.05) between the resting state (before
kainate) and the active state (after kainate) at that same diffusion weighting (b = 2400 s/
mm?2). The figure shows all slices used in this experiment (n=6). Figure 4 shows raw data from
representative ROIs of perfusates and tissue in both the resting and active states. Tissue ROIs
contained portions of the pyramidal cell layer, stratum radiatum, and stratum oriens in the CA1
region. The tissue signal curves separate as diffusion weighting increases. The active state raw
signal increase is approximately 18% at b = 2400 s/mm? for the ROI presented in Figure 4. A
marked shift in pixel intensity distribution is seen between active and resting state in Figure
10B.

Kainate inhibition using CNQX

In the control experiment (Figure 5) where slices were pretreated with the competitive kainate
antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) before being exposed to kainate,
very few pixels register a statistically significant difference suggesting a lack of activity in the
chemically inhibited samples (n=6). The pixels that do show a significant difference are mainly
around the edge of the slices as was the case in the slice stability test. Only a minor shift in
pixel intensity distribution is seen between period 1 and period 2 (Figure 10, panel C). Also,
the observed effect is of the same order as seen in the slice stability test.

Kainate exposure with MK801 pretreatment

Conversely, the significance of the signal increase between resting and active states is even
greater in the experiments where samples (n=6) were pretreated with the neuroprotective agent
MK-801 (Figure 6). The level of significance is more even across the slices in this experiment
than in the kainate experiment with no pretreatment. Figure 7 shows raw signal from an ROI
in a region containing portions of the stratum lucidum and stratum radiatum, whereas Figure
8 shows the signal from resting and active state in a large region showing highly significant
signal change at b = 2400 s/mmZ. An example of the shift in pixel intensity distribution between
resting and active state is seen in Figure 10D. ROls in areas showing significantly different
signal between resting state and active state were selected in all six slices. The normalized
signals were then used in a biexponential analysis of the change in diffusion properties between
baseline and active state. The result of this analysis is given in Table 1. We find a reduction of
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f (the weight of the fast decaying signal component) from resting state to active state for all
ROIs. The mean value for f at rest is 0.64 whereas for the active state it is 0.32 i.e. an average
reduction of 50%.

Elevated extracellular K*

Upon exposure to ACSF containing 27 mM KCI, the slices (n=4) show a more general increase
in signal than slices in the experiments presented above. The difference maps at b = 2400 s/
mm? can be seen in Figure 9. A shift in pixel intensity distribution between resting and active
state is seen in Figure 10, panel E.

Discussion

Neural activity is associated with an increase in extracellular potassium due to the efflux of
potassium ions from cells as a part of the repolarization phase of nerve firing. If activity in the
neuron outpaces the ability of the Na/K ATP pumps to fully restore this concentration gradient,
the shift in extracellular potassium concentration will alter the neuron’s resting membrane
potential leading to a hyper excitable cell (Alberts et al. (eds), 2002). This, in turn, will elicit
a rapid-fire behaviour from affected neurons associated with excitotoxic activity that has been
used classically to model epileptogenesis (Zuckermann and Glaser, 1968).

Kainate is a chemical compound that has also been employed in epileptogenic models due to
its role in excitatory neuronal signaling (Schwaob et al., 1980). It acts directly on the ionotropic,
non-NMDA glutamate receptor that is a namesake for the compound itself. These kainate
receptors are present on both pre and postsynaptic membranes and are thought to play a key
role in regulating neural excitability (Contractor et al., 2000).

It is for their role in the events associated with neural activation that kainate and potassium
compounds were chosen for our study. While the outcome of exposure to these compounds in
the slice model is quite similar, the mechanisms with which they act are remarkably different
allowing us to observe and manipulate different aspects of the biological machinery responsible
for neural activation. We have attempted to relate neural activation induced by these
compounds to changes in the diffusion signal of MR images. Previous studies have reported a
lack of ADC change in the parenchyma of stimulated visual cortex and attributed observed
ADC changes to vascular effects (Jin et al., 2006; Miller et al., 2007; Jin and Kim, 2008).
Whereas prior studies have relied heavily on timing and image weighting parameters to
segregate the effects of vascular flow and cellular swelling on diffusion signal changes, the
current protocol allowed us to measure cell swelling in devascularized tissue thus eliminating
any potential contribution to signal changes from blood flow or BOLD effects. While it is not
yetagreed upon to what extent vascular flow contributes to the diffusion signal increases during
neural activation in vivo, the experiments presented here show that changes in the diffusion
weighted signal can be observed in devascularized tissue treated with compounds that elicit
neural activity. This result, while not confirming the hypothesis that diffusion signal changes
observed during previous in vivo studies (Darquie et al., 2001; Le Bihan et al., 2006) are due
to neural activity, suggests that proposed activation-based changes should not be summarily
dismissed as a vascular flow phenomenon pending closer investigation into the origins of the
described signal change.

The signal attenuation curves of treated and untreated tissue separate as the diffusion weighting
increases indicative of the length scale of the microstructural changes caused by neuronal
activation. Experiments using kainate show that the active state is more signal intense than the
resting state and that the diffusion attenuation in the active state is slower than in the resting
state. Conversely, this signal change does not occur if the tissue is pretreated with the inhibitor
CNQX. The described signal change must therefore arise from the microstructural changes
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accompanying neuronal activation and thus represents a potential means of observing cellular
function with diffusion-weighted MRI. Activation-induced cell swelling is most evident in the
experiment where slices were pretreated with the neuroprotective NMDA receptor antagonist
MK-801. This effect can be attributed to a reduction in the initial ischemic insult that results
from slice procurement which lowers the diffusion-weighted signal in control scans thereby
increasing the magnitude of signal change following activation. The described change in
diffusion attenuation follows similar trends regardless of whether MK-801 is employed: the
active state shows slower diffusion attenuation indicating a decreased apparent diffusion
coefficient (ADC) in the active state. Such activity-dependent decreases in ADC were reported
previously in in vivo studies (Darquie et al., 2001; Le Bihan et al., 2006). The biexponential
analysis performed on ROIs from slices pretreated with MK-801 and exposed to kainate allows
for comparison to a similar analysis performed on in vivo diffusion weighted fMRI data in
(Le Bihan et al., 2006) where a shift of 1.7% was found from fast to slow decaying signal
between the resting and active state. Our analysis shows the same overall behaviour but the
effect is more pronounced in the slice model with the fast decaying signal component reduced
by 50% on average between the resting and active state. This large effect is most likely caused
by a more uniform content of each imaging voxel in the slice model compared to the in vivo
studies as well as higher activation levels than would be expected under the normal
physiological conditions of in vivo experiments.

Our results—especially in the case of kainate activation following MK-801 pretreatment—
seem to suggest regional differences in neural activity with the most significant signal changes
overlying CA1’s pyramidal cell layer and stratum radiatum and, to a lesser extent, the granule
cell and molecular layers of the dentate gyrus. This result is not surprising given that these
areas have been shown to be highly vulnerable to excitotoxic stress (Kesslak et al., 1995).
While our treatment protocol may induce significant, region-specific variability in neural
activity, we did not attempt to quantify this variation as hippocampal subregions could not be
reliably segmented. This was due to problems associated with partial volume averaging and,
as such, we plan to address this variation in subsequent studies employing higher resolution
scans. Although treatments with both elevated KCl and kainate lead to a widespread diffusivity
decrease in the hippocampus, our results—in the case of KCI where the effect was seen to be
more general across the slice—suggest that the drop in diffusion rate can occur in the absence
as well as the presence of neural firing. The same effect has been reported in previous studies
(e.g. Andrew et al., 1996) and attributed to glial swelling throughout the slice as K* is taken
up by the glial network. This finding highlights the need to exercise caution in establishing a
correlative or causative relationship between activity-inducing treatments and neural activity
before this effect could hope to be utilized as a means of obtaining functionally relevant MRI
data in the clinic. Also, while the methods of neural activation described in the current study
are well established, the levels of activity elicited from our treatment protocols have long been
associated with excitotoxicity. It is worth noting however that other studies, in the case of KCI-
induced activation, have found this swelling to be reversible even when using equivalent
concentrations of potassium (Stroman et al., 2008).

In the present study, we have described the ability to monitor periods of increased neural
activation using diffusion MRI methods with the signal change attributed to microstructural
changes occurring at the cellular level. With sufficient development, this effect could be
employed in functional neuroimaging experiments that obtain better spatial and temporal
resolution than offered by current MEG and BOLD-based protocols.
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Figure 1.

Example maps of brain slices showing pixels that have statistically significant (p<0.05)
differences between the first and second imaging period in a stability study (b = 2400 s/
mm?). Colorbar shows (1-p).
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Figure 2.

Plot of raw signal magnitude (a.u. = arbitrary units) as a function of diffusion weighting (b-
value) from ROIs in a central tissue region (containing portions of the stratum lucidum and
stratum radiatum) and perfusate for the stability study, taken from images similar to those in
Figure 1. ROIs were identical in both imaging periods. Signal intensity and diffusion properties
remain constant in both perfusate and tissue between imaging periods.
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Figure 3.

Difference maps of all six slices showing significantly different pixels (p<0.05) between the
resting state (before kainate) and active state (after kainate) at b = 2400 s/mm2. The active state
has more signal than the resting state. Colorbars show (1-p).
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Figure 4.

Signal curves from tissue and perfusates in the resting and active states. Top) Raw signal
(directly comparable; a.u. = arbitrary units) from the same area (ROl around part of CA1 cell
layer) of the same hippocampal slice in resting state and active state. Signal curves from ROIs
in the perfusate are also included to document identical diffusion properties of the perfusates
used. These curves also document the temperature stability of the experiment. Bottom) The
normalized tissue curves from the top panel shows the change in diffusivity from resting state
to active state.
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Figure 5.

Results from slices treated with kainate inhibitor CNQX (10 uM) prior to kainate exposure.
The difference maps show significantly different pixel values (p<0.05) between the resting
state and active state at b = 2400 s/mm?2. The number of pixels showing a difference is
comparable to the number of different pixels in the stability maps (Figure 1). Colorbars show

(1-p).
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Figure 6.

Kainate activation following pretreatment with neuroprotective MK-801. This non-
competitive NMDA receptor antagonist reduces the ischemic insult in the slice by blocking
calcium influx into the cells resulting in a lower baseline signal measurement. The lowered
signal intensity during the inactive period contributes to a more statistically significant signal
change following activation. The difference maps show significantly different (p<0.05) pixels
between the resting state and active state at b = 2400 s/mm?. Significantly different pixels in
the active state have more signal than in the resting state. Colorbar shows (1—p).
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Figure 7.

Diffusion weighted MR signal behaviour in ROIs of perfusate and tissue for both resting and
active state. (Top) The signal attenuation as function of b-value for pairwiseidentical ROIs in
tissue and perfusate. Tissue ROIs contained portions of the stratum lucidum and stratum
radiatum. (Bottom) Normalized tissue curves of the raw data displayed in top panel. The
difference in signal attenuation reflects the change of diffusion properties in the tissue between
resting and active states.
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Figure 8.

The signal attenuation as a function of diffusion weighting (b-value) in one of the tissue regions
that show a high degree of signal change in Figure 6. A change in diffusion properties between
the resting and active state is observed. Top) Raw signal attenuation. Bottom) Normalized
version of plot in top panel.
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Figure 9.

The effect of elevated potassium ion concentration in the perfusate. The maps show
significantly different (p<0.05) pixels in slices perfused with ACSF and with ACSF containing
elevated potassium. Images obtained with a diffusion weighting of b = 2400 s/mm?2. Colorbars
show (1-p).
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Figure 10.

Summary figure showing the observed effect in each experiment. The histograms show the
distribution of pixel intensities across all of the tissue in an image for each state (rest/active).
A marked shift in mean value (u) and standard deviation (o) is seen in all studies involving
activation but not in the stability test (A) or the experiment with CNQX inhibition (C). Resting
state tissue was used as mask for the analysis. This ensures the same total number of counts in
each state. Data from the two states are binned identically in each plot. All the data shown in
these histograms have been found to be normally distributed. A) Slice stability test. B)
Activation with kainate. C) Kainate with CNQX inhibition. D) Kainate with MK-801 pre-
treatment. E) Activation with K*.
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