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Simultaneous calcium fluorescence imaging
and MR of ex vivo organotypic cortical
cultures: a new test bed for functional MRI"

Ruiliang Bai*®, Andreas Klaus®, Tim Bellay®, Craig Stewart®, Sinisa Pajevic?,
Uri Nevo®, Hellmut Merklef, Dietmar Plenz® and Peter J. Basser®*

Recently, several new functional (f)MRI contrast mechanisms including diffusion, phase imaging, proton density, etc.
have been proposed to measure neuronal activity more directly and accurately than blood-oxygen-level dependent
(BOLD) fMRI. However, these approaches have proved difficult to reproduce, mainly because of the dearth of reliable
and robust test systems to vet and validate them. Here we describe the development and testing of such a test bed
for non-BOLD fMRI. Organotypic cortical cultures were used as a stable and reproducible biological model of neuro-
nal activity that shows spontaneous activity similar to that of in vivo brain cortex without any hemodynamic
confounds. An open-access, single-sided magnetic resonance (MR) “profiler” consisting of four permanent magnets
with magnetic field of 0.32 T was used in this study to perform MR acquisition. A fluorescence microscope with long
working distance objective was mounted on the top of a custom-designed chamber that keeps the organotypic
culture vital, and the MR system was mounted on the bottom of the chamber to achieve real-time simultaneous
calcium fluorescence optical imaging and MR acquisition on the same specimen. In this study, the reliability and
performance of the proposed test bed were demonstrated by a conventional CPMG MR sequence acquired
simultaneously with calcium imaging, which is a well-characterized measurement of neuronal activity. This
experimental design will make it possible to correlate directly the other candidate functional MR signals to the optical

indicia of neuronal activity in the future. Copyright © 2015 John Wiley & Sons, Ltd.

Keywords: MRI; functional MRI; calcium; fluorescence; BOLD; organotypic culture; brain; neuronal activity
]

INTRODUCTION

Detection of neuronal activity noninvasively and in vivo is a
desideratum in medicine and the neurosciences. As an example,
the BRAIN Initiative (http://braininitiative.nih.gov/) was launched
with the goal of advancing neuroimaging techniques that
enable the measurement of brain function at multiple spatial
and temporal scales. Owing to the many forms of MRI contrast
and MRI's exquisite sensitivity to water dynamics in soft tissue,
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functional MRI (fMRI) remains a promising method for the assess-
ment of neuronal activity. The most commonly used contrast
mechanism in fMRI is based on the blood-oxygenation-level
dependent (BOLD) effect, which detects local hemodynamic
changes, a secondary effect of neuronal activity (1-3). This
indirect relationship between the BOLD fMRI signal and local
neuronal activity confounds its interpretation and limits both
its temporal and spatial resolution (4-6).

More recently, several non-BOLD fMRI mechanisms have been
proposed to detect neuronal activity directly. These methods in-
clude, but are not limited to: (i) functional diffusion MRI to detect
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water displacements (7-10), (i) phase MRI of changes in a local mag-
netic field caused by neuronal currents (11-13), (iii) Lorentz-force-
effect MRI of neuronal currents (14,15), (iv) proton-density-weighted
MRI (16,17), and (v) spin-lock MR methods (18,19). Although pro-
ponents of these methods have reported positive findings, most
of these approaches are either still in development or have not
been reproduced by a larger cohort of researchers. One obstacle
to advancing this important research, e.g., convincingly demon-
strating one or more of these proposed mechanismes, is the dearth
of “ground truth” experiments — specifically, a means to generate
reproducible neuronal activity while providing a robust and
reliable MR means to detect it.

At a minimum, such an fMRI test bed should include (i) a
well-characterized biological model of neuronal activity free of
hemodynamic and related confounds and (ii) an independent well-
established neurophysiological method to detect neuronal activity
directly and simultaneously with fMR/fMRI. The in vitro perfused brain
slice is a good choice for achieving the first goal as it has been widely
used in the neuroscience community as a biological model to study
neural functions since the 1950s (20-22) and has no hemodynamic
artifacts. Indeed, perfused brain slices have already been used
in successful MR spectroscopy and imaging experiments designed
to study metabolism, neurotransmitters, ions, tissue microstruc-
ture, tissue injury, and even neuronal excitation (9,23-33).

To meet the second requirement, one of the standard neuro-
physiological methods - which include intracellular and extracel-
lular electro recording, intracellular calcium imaging, membrane
voltage imaging, etc. (34,35) - should be used to measure neuro-
nal activity inside the NMR/MRI system during MR acquisition.
Although the closed design and potential electromagnetic inter-
face in MR systems make it difficult to perform these recordings
together with MR acquisition, a few hybrid setups have been
reported in which BOLD fMRI was recorded together with elec-
trodes (36,37) or optical fibers (6). In other fields, one group
did perform successful experiments to study single cell or cell
cultures with a very technically challenging setup involving a
combination of confocal and magnetic resonance microscopy
(38-41). However, to our knowledge, a direct (non-BOLD) fMRI
experiment that satisfies the two requirements discussed above
has not yet been reported.

Here we propose and demonstrate the use of such a test bed in
which MR experiments and calcium fluorescence imaging are per-
formed simultaneously on organotypic cortical cultures from a rat.
In this system, a single-sided MR system with permanent magnets
was used (42). Such systems, developed in the last two decades,
are portable and have been used primarily to study the proton
density, relaxation times, and diffusion coefficients in polymers
and gels, foods, and materials (43-47). One key attribute of
single-sided MR systems is the open access to the sample they
provide, a feature we exploit in our design, in which a fluorescence
optical microscope with long-working distance objective was
installed above the biological specimen to image simultaneously
intracellular Ca®* transients. Fluorometric Ca®* imaging detects
caged or bound Ca®* ions released during neuronal activity and
represents a direct method for detecting neuronal activity (48,49).

In this study, we performed experiments on the organotypic
cultures of rat cortex, which have been widely used in neurosci-
ence as a biological model of neuronal activity (50-54) and in
MRI studies (11,28,55). Organotypic cortical cultures largely
maintain the in vivo cortical cytoarchitecture including cortical
layers and cortical cell types, which can be grown and recorded
for several weeks in the incubator (51,52). More importantly,

organotypic cultures in vitro display bursts of spontaneous
neuronal activity, so-called up- and down-states, that is similar
to in vivo nervous tissue (53,56,57). Thus, no pharmacological
manipulation is required to initiate neuronal activity, and the cul-
ture remains in a long-term homeostatic state while exhibiting
large transients of neuronal activity (54). Organotypic cultures
do not contain a cerebrovascular system and thus are free of
artifacts of hemodynamic origin, such as pulsation and flow arti-
facts or artifacts associated with respiration and variable oxygen-
ation, which are known confounds in fMRI studies in vivo.

In this work, we focus on the description and demonstration of
this test bed to assess the direct fMRI measurement of neuronal
activity. This article is organized as follows: A systematic descrip-
tion of each essential component of the test bed, which consists
of the organotypic cortical culture, the MR system, the fluores-
cence calcium imaging, etc., is provided. After that, the perfor-
mance of the system, in particular, the properties and stability
of the MR and fluorescence calcium signals is described. Then,
the results of the experiments with simultaneous calcium fluo-
resce imaging and a conventional MR multi-echo pulse se-
quence without imaging are analyzed and discussed. Finally,
the benefits and limitations of such a testing system and its po-
tential applications for future work are discussed.

MATERIALS AND METHODS

Organotypic rat-cortical culture

For the preparation of organotypic tissue cultures, the somato-
sensory cortex was taken from acute coronal slices of newborn
rats (postnatal day 0-2, Sprague-Dawley). Organotypic cultures
made from coronal slices maintain the layered organization of
the cortex and the parallel orientation of pyramidal neurons with
respect to each other. The acute slices (350 um thickness) were
attached to the no. 1 coverslips by using a plasma-thrombin mix-
ture, and submerged in 800 pL of culture medium and incubated
at 35.0 = 0.5 °C. The medium was replaced every 3-4 days. The
tissue was cultured for 2-3 weeks, when the tissue thickness be-
came approximately 100-200 um. More details about growing
this type of organotypic culture can be found in (54,58). We
commonly mounted two cortical slices close together on each
coverslip to increase tissue volume within the RF coil. This
approach allowed the neuronal cultures to preserve most of
the architectural specificity of a cortical network.

Setup for simultaneous calcium fluorescence imaging and
functional MR

Figure 1 is a schematic diagram, showing the placement of the
MR and fluorescence imaging systems with respect to the
in vitro specimen. Organotypic cultures from rat cortex were kept
in a custom-machined environmental chamber to maintain the
culture’s vitality during the experiment and to allow for perturba-
tion of environmental conditions. The chamber was mounted on
the top of a single-sided MR system with permanent magnets;
this MR system provided open access to the tissue culture. An
RF surface coil was attached directly below the coverslips to
transmit and receive MR signals. An optical fluorescence micro-
scope was mounted above the MR stage, thus enabling calcium
imaging down onto the organotypic culture. One advantage of
this optical system is its long working distance objectives (87 mm
with the 0.63x lens), which separates the permanent magnets
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Figure 1. Setup for simultaneous functional MR and calcium imaging. (a) Schematic diagram of the simultaneous MR and fluorescence imaging test
bed (left) and an enlargement of the components near the organotypic cultured tissue (right), which is immersed in artificial cerebral spinal fluid (ACSF).
(b) Top and bottom layers of the two-layer multi-turn RF surface coil. (c) A real image of the coil with the cortical culture mounted under 0.63x mag-
nification. (d) A simulated 2D B, field distribution at y = 0.2 mm in the x-z plane.

and the fluorescence microscope. Another advantage is its large
field of view (FOV) (8.8 x 6.6 mm at 1x magnification), which can
capture the entire tissue specimen (~2 x 4 mm for each cortex).
The details of each part of this test bed are described in the follow-
ing sections.

Fluorescence microscope

A macro-zoom fluorescence microscope (MVX10 MacroView;
Olympus Inc., Center Valley, PA, USA) was modified and mounted
on an optical table using a custom machined stainless-steel stand
and a boom. A 0.63x MVX Plan Apochromat lens (Olympus Inc.,
USA) with a 0.15 numerical aperture (NA) was used with total
magnification ranges from 0.63x to 12.6x. A T00W Mercury Apo
lamp housing and transformer were used as a light source. A
color CCD camera (ProgRes® CF scan, Jenoptik, Inc., Jena,
Germany) with high frame rates (51 fps for 680 x 512 pixels) was
mounted on the microscope for fast fluorescence imaging.

Calcium staining and imaging

Vital calcium imaging was achieved using 50 uM Oregon Green
488 BAPTA-1 (OGB; Life Technologies, NY, USA). OGB was dis-
solved in 10 pL pluronic F-127 (20% in DMSO; Life Technologies)
and 790 L freshly prepared artificial cerebrospinal fluid (ACSF).
The ACSF consists of 124 mM Nacl, 3.5 mM KCl, 10 mM glucose,
26.2 mM NaHCOs, 0.3 mM NaH,PO,, 2.4 mM CaCl, and 2 mM
MgSO,. Cultures were incubated for 45-90 min in a roller tube
incubator and washed in ACSF for 20-60 min before imaging.
Calcium images were acquired with GFP fluorescence filter units
from Olympus (Olympus America Inc.,, Center Valley, PA, USA),

whose excitation, dichroic, and emission lengths are 450-490
nm, reflection < 495 nm, and 500-550 nm, respectively. The
real-time calcium imaging was acquired using ProgRes®
CapturePro v2.8.8 software (Jenoptik, Inc,, Jena, Germany).

Single-sided MR system

The permanent magnets of the single-sided MR system (NMR -
MOUSE) were purchased from Magritek European, Aachen,
Germany. A Kea spectrometer and Prospa acquisition software
(Magritek, Inc,, Wellington, New Zealand) were used to generate
and collect the MR signal. Both the MR system and the optical micro-
scope were mounted on an antivibration optical table to eliminate
spurious mechanical vibrations. The single-sided MR system with
four permanent magnets mounted in an iron yoke [Fig. 1, see ref-
erence (44) for details] generates a relatively uniform magnetic
field (0.32 T, ~15 X 15 mm) in the x-z plane at ~ 15 mm from
the surface of the magnets. In this NMR system, the thickness of
the selective slice is set by controlling the acquisition time (T,c()
rather than setting the RF pulse length (Tgg) as in conventional
MRI. Generally, we used a short, hard RF pulse (Tze~8 ps) to excite
a slice of sample with a thickness (Aygg) of ~200 pm:

AyRF = 27T/GoTRF [1]

where Gy = 650 kHz/mm is the strength of the uniform magnetic
field gradient across the selective volume in the y-direction. Then
the MR signal was acquired and integrated in T,cq (Tacq = Tre); in
this way, the integrated MR signal only selects the spins with res-
onance frequencies in the acquisition bandwidth to achieve the
desired slice thickness Ay that is also defined with Equation 1 with
Tre replaced by T, (42/43).
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To reduce the MR FOV in the x-z plane so that it matched the
tissue’s dimensions, a homemade two-layer multi-turn micro RF
surface coil (Fig. 1) was used with an inner dimension (5 mm) ap-
proximately the size of two cortical slices. The two-layered multi-
turn RF surface coils (Fig. 1) were fabricated by SF Circuits Inc.,
San Mateo, CA, USA. On each side of the 225-um thick polyimide
board, there were four turns of copper conductors with 18-um
height, 200-um width, and a lateral spacing of 50 um. The top
layer and the bottom layer (Fig. 1b) were connected by a copper
hole. A calculation based on the Biot-Savart law was performed
to simulate the B; field distribution produced by the RF coil; this
simulation can provide a good estimate of the ground truth at
these low frequencies.

MR pulse sequences

The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (Fig. 2a)

is widely used in single-sided MR applications to measure the

effective transverse relaxation time, T, Which is affected by

both the transverse relaxation time, T,, and the self-diffusion

coefficient, D, in the presence of a static field gradient, G, (42):
1 1

P
= — 4+ —(yG, D 2
Tor T, 3 0G00) Da 2

where y is the gyromagnetic ratio of protons, 7 is half the echo
time, and a = 1.32 (59). The sensitivity of the T,e to T, and D
was examined with a series of manganese chloride (MnCl,) solu-
tions while 7 was adjusted (59).

A well-known feature of diffusion MRI in the cortex is the multi-
exponential behavior of the diffusion signal, which is often modeled
by a four-parameter biexponential function (7,9,25,31,60,61):

S(b) = SO[('I - fslow)exp(_bDfast) + fslowexp(_stlow)} [3]

where S is the diffusion MR signal and S, is the MR signal without
diffusion weighting; b is the diffusion weighting; Dr.s; and Dgow

(a)

are the fast and slow diffusion coefficients, respectively; and fqow
is the slow diffusion compartment fraction. To measure the water
diffusion, we used a spin echo (SE) in the presence of a static
magnetic gradient (Fig. 2b). CPMG echo trains were acquired
and summed after the main diffusion-weighting period to im-
prove sensitivity. In this pulse sequence, the b value is defined
as (44):

b=

Wl N

(yGot1)’1 [4]

where 7, is the half echo time of the first spin echo for diffusion
encoding.

Experimental protocol

Before experiments were performed, the organotypic cultures
were moved from the roller incubator to the custom chamber
(Fig. 1) after the calcium dyes were loaded. During experiments,
the cultures were continuously perfused with oxygenated ACSF
(95% O, and 5% CO,), and the temperature of the perfusate
was kept constant with an inline temperature controller. A water
bath, attached to the bottom of the chamber, was used to con-
trol precisely the temperature inside the chamber. Water from
a large water bath outside the experimental stage circulated
through this bath and kept it at a constant temperature. A
fiber-optic temperature sensor (OpSens TempSens, OpSens Inc.,
Quebec, Canada) was mounted near the tissues to monitor their
temperature during the experiments. The temperature was kept
at 34.2 £ 1.0 °C during experiments, and the temperature gradi-
ent inside the RF coil was less than 0.5 °C. Of the 17 samples
scanned, 14 samples were statistically analyzed, and three were
rejected because of failure in temperature maintenance or MR
acquisition instability.
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Figure 2. MR pulse sequences and signals. Diagrams of the two pulse sequences: (a) Carr-Purcell-Meiboom-Gill (CPMG) and (b) diffusion editing SE
with CPMG detection. (c) MR spatial localization of the culture sample. (d) The diffusion-weighted MR signal of ACSF (green) and the culture sample
(blue) in which the continuous curves are the fitting results with models. (€) One example of the CPMG signal of the culture in which the continuous
red curves are the fitting result with a single-exponential function. The subplot in the middle is the enlargement of the dashed red box.
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MR spatial localization

After the organotypic cultures had been mounted in the cham-
ber, a 1D profile with 40-um resolution was obtained to determine
the position of the tissue. A 1D spatial profile in the y-direction was
achieved by mechanically raising and lowering the magnet with a
precision lift (best resolution ~ 10 um) and the CPMG pulse se-
quence with matching slice-selective acquisition (Eq. 1). The pa-
rameters for the CPMG sequence were: TR = 2 s, 500 echoes with
7 = 40 ps, and 8 repetitions. The signal intensity was defined as
the average of the 500 echoes to improve the signal-to-noise ratio
(SNR). In this process, the positions of the RF coil, the chamber,
and the cultures were fixed while only the selective volume was
raised and lowered as the magnet was moved up and down. First,
the coverslip was found (Fig. 2¢), and then the magnet was moved
up 80-120 um to locate the middle of the tissue.

Diffusion MR measurements

After a central slice covering the middle portion of the tissue was
identified, the SE pulse sequence was performed with 32 b
values ranging from 0 to 5700 s/mm?® with a step of 184
s/mm?. The other parameters were: TR 4 s, 4000 echoes in the
CPMG with 7 = 20 ps, and 8 repetitions with a two-step phase cy-
cling (Fig. 2b). The acquisition time in each echo was 16 ps with
32 sampling points, resulting in a thickness of the selective vol-
ume of ~100 um.

Simultaneous calcium fluorescence imaging and MR
recording

In the MR, the CPMG pulse sequence was used for fast recording:
TR =1 s and 1200 echoes with 7 = 30 ps. The acquisition time
and the corresponding thickness of the selective volume were
16 ps (32 sampling points) and 100 um, respectively. At the be-
ginning of each experimental session, the phase of the CPMG
signal was automatically adjusted to put the entire signal into
the real channel. Calcium imaging was acquired with 1x magni-
fication, 8.8 x 6.6 mm FOV, 680 x 512 pixels,100 ms exposure,
and 10 frames per second. The focal plane and light intensity
were adjusted at the beginning of each experiment and kept
constant during the entire experiment session. The light inten-
sity was adjusted to the minimal level that still enables one to
distinguish neuronal activity from background noise to avoid
strong photo bleaching and phototoxicity. During the experi-
ments, both the camera frame time and the time of MR pulses
(first 90° in the CPMG) were recorded with a precision of 1 ms.
The total recording time range from 1 to 3 h, which were mainly
restricted by the vitality of the culture with calcium staining and
photobleaching.

Signal processing and data analysis

All signal processing and analysis routines were implemented in
MATLAB.

Calcium signal processing

Regions of interest (ROIs) were manually selected on the two cor-
tical slices (Fig. 3a) to show the spontaneous activity within and
between the cultures. A background ROl was also manually se-
lected close to the tissue but with no tissue inside. Comparison
and correlation test of the calcium signal with the MR signal
were performed by manually choosing a large ROI containing

all the tissues inside the RF coil. Background subtraction was fur-
ther performed on the fluorescence signal from the large ROI by
automatically subtracting the background. The fluorescence
values were then expressed as relative percentage changes from
the baseline, %AF/F. Formally, AF/F is defined as the change in
fluorescence over the baseline: AF/F = (Froy - Froi,0)/Froio, Where
Froir @and Froy,0 denote the background-corrected fluorescence in-
tensities in the ROl and its baseline calculated from a 30-seconds
sliding window to overcome photobleaching artifacts. To detect
calcium transients in an automated manner, a deconvolution al-
gorithm, based on the 1D-deconvolution algorithm in MATLAB,
was developed and applied to the fluorescence signal, %AF/F.
The convolution kernel consisted of two parts: a delta function
for the fast rising phase and a slow decay curve back down to
the noise floor. Fluorescence decay curves were carefully fitted
after neuronal activity events. A threshold was set in the
deconvolved data to enable robust detection of neuronal activity
events.

MR CPMG and SE signal

The first four echoes that have systematic artifacts in each CPMG
echo train were automatically eliminated. The zero-order phase
correction was automatically applied to all the CPMG echo trains
in each experiment. As for the spontaneous MR and calcium re-
cording, the first 10 CPMG echo trains at each long recording
were automatically removed to eliminate the instability present
before the steady state was reached. Three MR parameters were
extracted from each CPMG echo train: Iy, the average of the first
5™ to 100" echoes [real channel, mean echo time (mTE) = 3.2
ms], denoted as the initial signal intensity; R, the weighting ratio
between the average of the echoes from the 301™ to the 1200™"
(real channel, mTE = 45.0 ms) and from the 5 to the 300%™ (real
channel, mTE = 9.2 ms), denoted as the decay rate; ¢, the phase
of the average of all the echoes, denoted as the phase of the MR
signal.

In the case of the MR SE signal, the average of the entire CPMG
echo train was used as the signal intensity at each b value. A
trust-region-reflective nonlinear least square algorithm in
MATLAB was used for model fitting.

Effects of neuronal activity in the MR signal

The potential effects of neuronal activity on the MR signal were
tested by binning the MR signal itself into two categories: active
and resting states, based on its relative temporal location to each
neuronal activity event. Then, paired comparisons were per-
formed on each active MR waveform with its corresponding rest-
ing MR waveform by subtracting each active MR signal from its
corresponding resting signal.

Two types of time-series analysis were performed. For type 1
we hypothesized that each neuronal activity event only affects
the MR signal recorded after each neuronal activity event in a
time window T, which ranges from 0.1 s to 1.0 s with a step of
0.1 s. The corresponding resting MR for each active MR was the
MR recording the closest in time to the moment before the neu-
ronal activity event (Fig. 5a). The fluorescence signal for each MR
signal was the average of the entire deconvoluted fluorescence
signal within T prior to each MR recording. For type 2 we hypoth-
esized that each neuronal activity event only affects the MR sig-
nal recorded within 2 s before and following each neuronal
event. All MR signals outside this 4-s time window were denoted
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Figure 3. Spontaneous neuronal activity in the organotypic culture. (a) Fluorescence image of the organotypic cortical cultures (two coronal slices
cocultured) and the position of seven different regions of interest (ROIs). (b) The raw calcium traces of each ROl in a 100-s time window. (c) The zoomed
version of the selected box in (b). (d) The decay curves after each event and their fittings with single- and bi-exponential functions. (e) Example of the

deconvolution algorithm on the calcium signals.

as resting state (Fig. 5b). The fluorescence signal for each MR sig-
nal was the average of the entire deconvoluted fluorescence sig-
nal within 2 s before and following each MR recording. To scale
the difference across samples and perform statistics, the fluores-
cence signals for all MR recordings in each sample were normal-
ized by their maximum value in the active state. Each active MR
was further binned into different groups on the basis of how dis-
tant it was in time (4) from the neuronal activity event with a
time step 0.2 s. For each active MR, the four resting MRs closest
to it in time, both before and after, were chosen and averaged
as the corresponding resting MR.

Immunohistochemistry and confocal imaging

A subset of cultures was used for immunological identification of
cell types. Cultures were rinsed in phosphate-buffered saline
(PBS), fixed in 4% paraformaldehyde for 40-60 min, and incu-
bated for 2 h at room temperature in blocking solution (10% nor-
mal donkey serum, 0.5% bovine serum albumin, and 1% Triton
X-100 in PBS). The cultures were incubated in three primary

antibodies simultaneously at 4°C overnight in a carrier solution
consisting of 1% normal donkey serum, 0.5% bovine serum albu-
min, and 0.3% Triton X-100 in PBS: (i) mouse anti-NeuN (EMD
Millipore, Temecula, CA, USA; 1:1000); (i) rabbit anti-s100f /anti-
GFAP combined (Dako, Carpinteria, CA, USA; 1:2000 and 1:1000, re-
spectively); and (iii) goat anti-lbal (Abcam, Cambridge, MA, USA;
1:500). After the cultures were washed for 5, 15, and 5 min in PBS
containing 1% normal donkey serum and 0.3% Triton X-100, they
were incubated for 1 h at room temperature in secondary antibod-
ies, diluted in carrier solution: Alexa 555 donkey anti-mouse; Alexa
488 donkey anti-rabbit, Alexa 633 donkey anti-goat (1:1000,
Invitrogen, NY, USA). The cultures were then washed two more
times with the wash solution for 5 and 15 min at room temper-
ature. Before imaging, cultures were rinsed in PBS for 5 min and
mounted on coverslips with a fluorescence-preserving mount-
ing medium (MOWIOL 4-88, EMD Millipore, Temecula, CA,
USA). Control images of cortical cell distribution were obtained
with an 8-day-old rat brain fixed by transcardial perfusion. Brain
slices (200 pm thick) from the same cortical region as the
organotypic cultures were immunostained following the same
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procedure as described above. Confocal images were obtained
on an inverted Zeiss LSM 510 with a 20x Zeiss plan-apochromatic
objective (0.75NA) at the Microscopy and Imaging Core Facility,
NICHD, NIH.

RESULTS

Micro RF coils

Tuning and matching the coil with an external circuit were
achieved with a quality factor (Q) of 14 (62). The B; field distribu-
tion in the selective plane (middle of the tissue, y ~ 200 um)
shows a plateau inside the RF coil with maximal sensitivity com-
bined with a slight rise near the inner edge of the coil and a
rapid decay starting at the inner edge of the coil in the lateral di-
rections (Fig. 1d).

MR spatial localization

In the 1D profile (Fig. 2c), the signal intensity increased as the se-
lective volume was lowered toward the surface of the RF coil, but
the signal dropped quickly to zero as the selective volume
moved onto the coverslips (thickness ~ 0.13 mm to 0.16 mm).
Then, the magnet was moved up by 80 um to 120 um to locate
the center of the culture tissues.

MR diffusion measurements

To confirm that the selective volume (selective thickness ~100
um) contained the tissue, diffusion MR was performed prior to
the simultaneous fluorescence and MR recording (Fig. 2d). The
diffusion decay signals were fit well by a biexponential function
with the tissue in place. In contrast, the diffusion MR signal of the
ACSF itself showed a clear single-exponential decay. Statistics for
the 14 samples and the 5 ACSF samples are shown in Table 1.

Simultaneous calcium fluorescence and MR recording

One example MR CPMG signal (3000 averages) from one sample
is shown in Fig. 2e. Most of the signal intensity is in the real
channel after the phase has been automatically adjusted
(imaginary/real ratio is less than 0.1%). The decay curves in all
the samples (n =14) were fit well by a single-exponential
function with T, = 59.0£2.7 ms, except for the faster decaying
part at echo time (TE) < 5 ms with a fraction 2.5% =+ 0.8% and re-
laxation time < 10 ms. As for the control with ACSF alone (n = 6),
the decay curves were fit well by the single-exponential function
over the entire TE range with T, = 56.1+£0.3 ms, which is slightly
(but significantly, p < 0.001) smaller than the results of the
cultures. The small, faster-decaying parts in the culture slices
might arise from some highly ordered water molecules (such
as macromolecule-bound water) and some macromolecules
(such as metabolites and proteins).

In the calcium images, three ROIs were selected in each cortex
region (ROl 1-6), and one ROI (ROI 7) close to the RF coil inner
edge but not containing tissue was selected as background.
Highly spontaneous activity was observed in all six ROIs, 1-6,
(Fig. 3b, 3c), whereas the background ROI 7 showed low fluores-
cence intensity without neuronal activity information. The corre-
lation coefficients of the fluorescence signals (30-min recording)
between all ROI's, 1-6, were no less than 0.78. The fluorescence
from the large ROI containing the entire tissue inside the RF coil
also showed high correlation coefficients (>0.88, Table 2) with all
ROIs in the two cortex region, which makes it representative of
the calcium signal there and therefor it was used for further cor-
relation tests with the MR signals.

Figure 3d shows 30 decay curves after neuronal activity from
one experiment (solid gray lines). A biexponential function can
fit the averaged decay curve very well with a fast decay compo-
nent (69 + 11%) and a slow decay component, with time con-
stants (the time required for the signal to decay to 1/e) 0.21 +
0.07 s and 1.67 + 0.37 s, respectively. The failure of the single-
exponential fit might be a result of the large-scale imaging in
which the calcium kinetics depends on local calcium concentra-
tion, neuron types, and the location of the neurons (63,64). By
implementing the biexponential decay function into the convo-
lution kernel, our deconvolution algorithm can precisely and suc-
cessfully detect the time and amplitude of each neuronal activity
(Fig. 3e).

Stability of the MR and calcium recording

An example of a 1.5-h simultaneous calcium and MR recording is
displayed in Fig. 4. For a healthy culture sample, good neuronal
activity can last from one to several hours under continuous op-
tical and MR recording. In this example, the neuronal activity was
quite stable during the entire 1.5-h recording. At the same time,
the MR signal, which includes all three parameters (o, R, ) ex-
tracted from each CPMG echo train, was also very stable.

Table 2. Correlation coefficient table for the calcium signals
from each region of interest (ROI) on the two cultures (Fig. 3)
and the entire tissue inside the RF coil

ROI 1 2 3 4 5 6 Entire tissue
1 1.00 0.85 0.89 0.85 0.83 0.85 0.92

2 0.85 1.00 0.82 0.81 0.80 0.81 0.88

3 0.89 0.82 1.00 0.80 0.78 0.81 0.88

4 0.85 0.81 0.80 1.00 0.93 0.93 0.96

5 0.83 0.80 0.78 0.93 1.00 0.93 0.95

6 0.85 0.81 0.81 0.93 0.93 1.00 0.96
Entire tissue  0.92 0.88 0.88 0.96 0.95 0.96 1.00

model for the ACSF

Organotypic cortical culture samples (n = 14)

Table 1. Diffusion parameter estimation with the bi-exponential model for the organotypic cultures and with the single-exponential

Dtase (1073 mm?/s) 2.56 + 0.05
ACSF (n = 5)
D (1073 mm?/s) 2.66 + 0.01

Dgiow(1073 mm?/s)

0.16 + 0.03 foiow 103 £3.1%
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Figure 4. Stability of the MR and fluorescence signal. Simultaneous MR (bottom, three MR parameters) and calcium fluorescence (top) recording from
one culture sample for ~1.5 h. The first and last 100 s were expanded and are shown on the left and right sides of the central panel. Visual inspection

does not reveal any correlations between the two.

In the above example, the signal-to-noise ratio (SNR) for I and
R are 12.9 and 15.0, respectively, and the standard deviation of ¢
is 0.04 rad [~6 x 10 parts per million (ppm) in frequency]; sim-
ilar noise levels were found in all admissible experiments and in
two control experiments in which only ACSF was present. In
some experiments, there was low-frequency (<0.005 Hz) drift,
which might be caused by small trapped air bubbles in the ACSF
line, slow motion caused by temperature bending of the cover-
slips, etc. The drift of I, R, and ¢ in the 1.5-h recording session
was less than 2.6%, 0.7%, and 0.02 rad (~3 x 10> ppm), respec-
tively, for the example in Fig. 4 and 5.8%, 3.2%, and 0.09 rad, re-
spectively, for all the samples used in our statistical analysis.
However, this type of drift is small and can be neglected when
active- and resting-state MR are compared in the data analysis
procedure as that time window is less than 12 s.

Effects of neuronal activity in the MR signal

The potential effects of neuronal activity on the two MR param-
eters, Iy and R, were further analyzed. In the Type 1 analysis, Stu-
dents’ t-tests were performed on the results from all the
admissible cultures with the null hypothesis that the mean of
the difference between active and resting MR was equal to 0.
No significant changes were observed for any of the two MR pa-
rameters (I, and R) for the time window T from 0.1 sto 1.0 s (p >
0.14 for all of the tests, Fig. 5e), whereas the calcium signal
showed much higher intensity in the active state (Fig. 5c). For
the Type 2 analysis, similar Student’s t-tests were performed on
the paired comparison between the active (the entire 4-s time
window without further binning) and resting MR signals, and
no significant changes were observed for the two parameters ei-
ther (P>0.37, Fig. 5d). The time profiles of the changes of the MR
parameters are shown in Fig. 5f. All of the averaged changes of
the two MR parameters (I, and R) from all of the admitted cul-
tures were less than 0.5% and 0.4%, respectively. One-way
ANOVA performed on the time-profile MR results and the null
hypothesis that the mean of the difference between active and
resting MR in each bin were equal was also accepted (p = 0.85
and 0.97 for Iy and R, respectively).

Immunohistochemistry

To clarify the cell types and densities in the organotypic culture,
immunohistochemistry was performed using three antibodies,
which label neurons, astrocytes and microglial cells with three
different colors. In the control (acute rat brain cortex slices,
Fig. 6a), all three types of cells were spatially homogenously dis-
tributed with the neuron as the dominant cell type. In the
organotypic culture, a layer of astrocytes formed at the surface
(Fig. 6b) and border of the culture (Fig. 6¢,d) whereas the more
susceptible neurons were predominantly found deeper in the
core of the culture (>10 um, Fig. 6c,d). Visual inspection indi-
cates even higher cell density of neurons at these steps than at
the one in the control.

DISCUSSION

Here we provide a novel, versatile, and stable test bed for non-
BOLD fMRI assessment consisting of (i) a well-established
biological model of neuronal activity, (i) a well-controlled
environmental chamber to maintain stable neuronal activity
and (iii) a multimodal optical and MR means of recording neuro-
nal activity. In our design, real-time calcium images can be
acquired simultaneously with the MR signal. Calcium imaging is
a well-established method for quantitatively measuring neuronal
activity (63,64). This setup allows for direct comparison of the MR
signals and the calcium-based indicators of neuronal activity and
precise temporal localization of the effects of neuronal activity
on MR signals.

The use of organotypic cortical cultures as a biological model
of neuronal activity eliminates any possible hemodynamic con-
tributions to the MR signal. The organotypic cultures possess
healthy neurons similar to those in the in vivo cortex with high
cell densities and extracellular matrix (51). Moreover, sponta-
neous activity in organotypic cortex cultures organizes as
neuronal avalanches (53), a common dynamic mode of ongo-
ing activity also observed in vivo in humans and nonhuman
primates (56,57). Together, the high neuronal density and
synchronized neuronal activity provide the best chance to
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Figure 5. Two types of statistical methods for analysis of the potential effects of neuronal activity on the MR signal. Schematic diagram of the analysis
methods: Type 1 (a) and Type 2 (b). For Type 1, bar plots of the deconvoluted fluorescence signal and boxplots of statistical results of the paired-com-
parison MR in the active and resting state at time window T=1.0s, 0.6 s, and 0.2 s are shown in (c) and (e). For Type 2, bar plots of the deconvoluted
fluorescence signal and boxplots of statistical results of the paired-comparison MR in the entire active (4-s time window) and resting states are shown in

(d). The time profiles of the group results for Type 2 analysis are shown in (f),

and the broad black line is the average of the 14 cultures.

observe changes in the MR signal due to neuronal activity, if
such relationships exist.

Performing electrophysiology experiments inside the MRI
magnet could be very technically challenging due to the elec-
tromagnetic interface (36,37). The closed configuration and the
size of the magnet bore also make it difficult to move the mod-
ern optical microscope into inside the MRI scanner (38-41). Sev-
eral hybrid setups with simultaneous optical recording and fMRI
were reported, but they were limited to hemodynamic-based
optical imaging (65,66) or a single fiber recording (6). Here we
offer an alternate solution by using the single-sided MR system
(42), which is open-access, low-cost, portable, reliable and com-
patible with high-resolution optical fluorescence imaging sys-
tems. Although in the MR spectroscopy experiment performed
in this study an MR signal from the entire selective volume
was used because MR imaging with single-sided MR system is
currently too slow (42,67), the ultimate goal is to achieve simul-
taneous calcium and MR imaging. The fact that fast imaging
techniques are under development for this system (68) suggests
that the simultaneous MR and fluorescence imaging should be
feasible in future.

An obvious question for this setup is whether the results from
this experimental setup are relevant to conventional pre-clinical
and clinical MRI systems, which normally have much higher

in which the narrow gray curves are the averaged result from each culture,

magnetic fields. Some MR contrasts, such as proton density, wa-
ter self-diffusion, etc., are independent of the magnetic field
strength, while others, such as the relaxation times, phase,
Lorentz-force, etc., are dependent on the magnetic field strength
(15,69-72). In principle, the changes in the non-field-dependent
MR contrasts caused by neuronal activity observed here apply to
a high magnetic field, while the other field-dependent changes
should have a more careful discussion. For instance, the
Lorentz-force effect can be several orders higher in the high
magnetic field; therefore, the expected changes here should be
several orders smaller. In addition, the inhomogeneous magnetic
field also makes some pulse sequences used here different from
those used in conventional MR and limits the application of
some pulse sequences. For example, the gradient echo is
unachievable in this system since the apparent relaxation time
T, is too short to detect (42), which is the common MRI sequence
for phase imaging (11,73). What is more, the presence of the
static gradient also puts limitations on the diffusion direction ex-
periments. In addition, the baseline noise should also be consid-
ered in comparing the results from high-field MRI. For instance,
the phase noise level (ppm) in our unshielded magnet is approx-
imately 10 times higher than that observed in the high-field
shielded MRI system (3,73). More detailed discussion will be pro-
vided for each specific MR contrast/sequence in our future work.

NMR Biomed. 2015 Copyright © 2015 John Wiley &
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Figure 6. Fluorescence staining of rat brain slices with three antibodies labeled astrocytes, neurons, and microglial cells. (a) Control: acute brain slice
from 8-day-old rat. (b—d) Organotypic cortical culture at different imaging depths (b, top layer; ¢, 10 um deep; d, 20 um deep).

While the SNR for a single MR echo train is not high (SNR ~ 10-20
in this study) due to the low magnetic field and field inhomoge-
neity, here its sensitivity to the potential changes can be
improved by multiple repetitions and prolonging our data
recording. For example, in a 1-h experiment, there are approxi-
mately 180 active MR waveforms within a T=0.5 s time window
after each neuronal activity if we assume the spontaneous
neuronal activity occurs every 10 s. Taking the noise level in
Fig. 5 and a statistical power of 0.80, the sensitivity of the detect-
able changes in this study will be 0.53% for /, and 0.45% for R.
Simultaneous recording on each sample can normally last no
less than 1 h until some epileptic activity appears or normal
activity disappears in the calcium imaging owing to phototoxic-
ity. In the future, use of more neuronal-activity-sensitive and less
toxic fluorescent dyes with low light intensity could result in an
even longer recording time.

Because no imaging is performed in MR, partial volume is still
a problem for MR detection in the current setup as the cultured
tissue cannot occupy the entire MR selective volume, even when
the selective volume was significantly reduced by the small cus-
tom RF coil (tissue occupies ~60% of the inner area of the coil).
The non-single-exponential diffusion MR signal clearly demon-
strated that the MR selective volume covers, at least partly, the
two cultures inside the RF coil. From the results of the bi-
exponential fitting, Dyow (0.16 x 10~° m?/s) values obtained here
are similar to those from in vivo rat brain and in vitro rat acute
brain slices with imaging, while the Dgg (256 x 10°° m?%/s)
values are larger and fy,,, (10.3%) values are smaller than the
corresponding values in the literature (9,25,27,74). The

differences are probably caused by the fast-diffusing ACSF in
the selective volume being taken as the fast diffusion compo-
nent in the bi-exponential fitting.

In this study, only a conventional CPMG MR pulse sequence
was applied together with calcium imaging. The two parameters
extracted from each CPMG echo train correspond to different
and distinct contrast mechanisms. [y is sensitive to the proton
density and the longitudinal relaxation time T; (~1.5 s for the cul-
tures). The weighting ratio, R, is sensitive to T,ef, Which depends
both on the diffusion constant, D, and on the transverse relaxa-
tion time, T. In the culture, two diffusion components (fast and
slow) were observed using the SE sequence. However, the asso-
ciated T, of each diffusion component and the exchange dynam-
ics between these spin populations are still unknown and
currently are beyond the scope of this article.

Statistical analysis of our results does not show statistically sig-
nificant changes in the MR signals (/, and R) associated with neu-
ronal activity when the active and the resting MR are compared,
either by comparison of the MR signals before and after neuronal
activity or inside and outside of the 4-s time window centered at
the neuronal activity spike. However, it would be premature to
conclude that this is a negative result for the newly proposed
contrast mechanisms described in the Introduction (7,9,16), par-
ticularly as there are differences in the pulse sequences, the MR
system, and the analysis methods used. As for the I, effect,
changes in proton density might be canceled out or masked
by changes in T;. In the case of R, a similar cancelation might oc-
cur between the contributions from D and T,. Moreover, the dif-
fusion time in this CPMG sequence is 7 = 30 pus, which is much
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shorter than that in the conventional functional diffusion MRI ex-
periments (~80 ms for clinical scanners and ~10—30 ms for pre-
clinical scanners) (7-9,31,75). It has been reported that diffusion
MR signals from the cortex are strongly dependent on diffusion
time in the short diffusion time regime (<10 ms) (74,76).

More importantly, the biophysical basis of many aspects of
neuronal activity is still poorly understood. MR visible effects
may result from long-timescale changes, such as the BOLD fMRI
signal (=10 s). In the organotypic cortical culture, spontaneous
neuronal bursts occur approximately every 5 to 20 s. If the effect
of the neuronal activity in the MR contrast lasted longer than
that, the definition of the active and resting MR would need to
be changed, as no resting state would exist in the entire record-
ing. Moreover, if the effect of the neuronal activity in the MR con-
trast is on the millisecond range (77), our current setup might
not have enough temporal resolution to capture this effect. More
experiments are still needed to address these questions.

It is often presumed that it is sufficient to understand brain
function by studying the distribution and pattern of neuronal ac-
tivity while the role of astrocytes and other glial cells is often
overlooked (78). This test bed, which uses healthy organotypic
brain tissue, has the potential to be used not only to study neu-
ronal excitatory behavior, but also to assess possible connections
between MR signals and glial activity, particularly over a longer
timescale than that used in these experiments. Though the cur-
rent optical microscope does not have enough spatial resolution
to distinguish glial cells from neurons, the fluorescence imaging
of glial functions, e.g., astrocytes calcium signaling, can be
achieved with proper glial-specific synthetic (79) or genetically
encoded calcium fluorescence sensors (80). We view these appli-
cations as important future uses of this novel test system.

Although important information can be extracted from the
CPMG echo trains, the main purpose of this paper is to describe
and demonstrate the successful operation of this novel test bed.
The clear biexponential diffusion signal in the SE pulse sequence
shows that the MR selective volume covers the tissue on the cov-
erslip. Figure 4 demonstrates the stability of both the calcium
and MR signals during a long recording period. Two types of
analysis methods were also provided to look for the potential ef-
fects of neuronal activity. It is important to note that because the
pulse sequence design and experimental protocol are flexible to
modify, it is possible to validate or test existing or newly pro-
posed MR sequences and address open biophysical questions
with this method.
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