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In this work, we show the feasibility of performing functional MRI
studies with single-cell resolution. At ultrahigh magnetic field,
manganese-enhanced magnetic resonance microscopy allows the
identification of most motor neurons in the buccal network of
Aplysia at low, nontoxic Mn?* concentrations. We establish that
Mn?* accumulates intracellularly on injection into the living Aplysia
and that its concentration increases when the animals are presented
with a sensory stimulus. We also show that we can distinguish
between neuronal activities elicited by different types of stimuli. This
method opens up a new avenue into probing the functional organi-
zation and plasticity of neuronal networks involved in goal-directed
behaviors with single-cell resolution.

neuroimaging | manganese-enhanced MRI

ne of the current goals of neuroscience is to decipher the

functional properties of the neuronal networks generating
behaviors and their modulations by sensory stimuli. Studies on
a variety of animal models have considerably advanced our un-
derstanding of the sensory control of automatic behaviors, in-
cluding motor reflexes and rhythmic behaviors (locomotion and
respiration) (1-4). In contrast, much less is known about the
neuronal organization and adaptability of networks responsible
for goal-directed actions. These complex behaviors, such as
feeding or sexual activities, depend on the interaction between
internally driven neuronal activity and external sensory inputs.
Several macroscopic structures in the central nervous system
(CNS) of vertebrates have been found to play a role in the or-
ganization of these behaviors (5). However, investigations of the
cellular operations in these networks remain difficult because of
their high degree of structural complexity.

Functional neuroimaging techniques have reached levels of
performance that make possible the mapping of neural circuits
(6). Among these techniques, MRI has been extensively applied to
functional studies of mammalian brains. At present, the highest
spatial resolution of such MRI experiments is of the order of (0.3
mm)?, averaging the signal from clusters of hundreds of neurons
(7). Magnetic resonance (MR) microscopy (MRM) achieves
higher resolution (of only a few micrometers) but requires long
acquisition times, which prohibit its application to studying in-
dividual neurons in mammalian brains (8, 9). In the last decade,
a new functional MR technique, manganese-enhanced MRI
(MEMRI), has been successfully proven on various vertebrate
animal models (10-12). MEMRI uses manganese, an MR contrast
agent, to label active neurons. The amount of manganese that
accumulates intracellularly is directly linked to neuronal activity,
because the Mn** ion enters the neurons through calcium and
nonspecific cationic channels (13-16). MEMRI was also applied
to invertebrate animal models to visualize their nervous system
and label activity-dependent Mn?" uptake (17, 18).

In a previous study, we showed that MEMRI can be used to
track axonal projections and follow changes in Mn** distribution
induced by chemical stimulation in isolated neuronal preparations
from Aplysia californica (19). The advantage of using this animal is
that it has a simple nervous system composed of a relatively
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small number of neurons with large cell bodies, which can be
resolved on high-resolution MR images.

In this manuscript, we introduce MEMRI as a functional im-
aging method that enables high-spatial resolution recordings of
individual neurons of the buccal ganglia of Aplysia. We inves-
tigate neuronal responses to food-related stimuli (arousing and
rewarding) and show that we can distinguish between different
levels of neuronal activity that are generated spontaneously or in
response to specific sensory stimuli. The method presented here
can be extended to the entire nervous system of the animal,
which will enable us to probe how different neuronal networks
interact to generate motivated, goal-directed behaviors and how
these behaviors are regulated by sensory inputs and learning.

Results

In Vivo Intraneuronal Accumulation of Mn>*. Previously, we have
shown the feasibility of performing MEMRI studies on isolated,
functional Aplysia neuronal networks at low, nontoxic Mn** con-
centrations (19). In this work, we further designed a method to
probe the neuronal activation elicited by peripheral sensory
stimuli in the living Aplysia (Fig. 14). In a first set of control ex-
periments, we tested whether Mn?* accumulates intracellularly on
injection of MnCl, solution into the hemolymph of living animals.
Two days before the experiments, the animals (n = 10) were
isolated and food-deprived. After the MnCl, injection, they were
allowed to behave normally for 45 or 90 min in an aquarium
filled with artificial sea water (ASW) containing no food stimu-
lus. Subsequently, they were anesthetized, and their bilateral
buccal ganglia were resected (Fig. 1B). Each pair of ganglia was
placed in a capillary containing ASW for imaging. MR imaging
was performed at ultrahigh magnetic field, 17.2 T, using dedi-
cated radio frequency solenoidal transceivers wrapped around
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The direct observation with MRI of neuronal activity at single-
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their responses to sensory stimuli.
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Fig. 1. Functional MRI of A. californica. Photographs of (A) A. californica in the feeding posture, (B) the caudal view of the isolated buccal ganglia, (C) the
radiofrequency transceiver used for imaging, and (D) the 17.2 T MR imaging system.

the capillary containing the ganglia (Fig. 1 C and D). The acqui-
sition protocol was optimized to detect the presence of manganese
(19). Manganese accumulation within the ganglia produced hy-
perintense regions on T1-weighted images, because Mn?" shortens
the T1 relaxation time of the protons located in its vicinity. The
comparison of these T1-weighted images (Fig. 24) with the T2-
weighted images (Fig. 2B) of the same ganglia showed that the
hyperintense regions corresponded to somas of the buccal motor
neurons, which can be individually identified on the basis of their
size and relative position in the ganglia (20, 21). Thus, in freely
behaving animals, the Mn?* ions crossed some plasma membrane
channels and accumulated into neurons. All the identified motor
neurons in the buccal ganglia were found to contain Mn**, which
is seen in the 3D rendering of the buccal ganglia shown in Movie S1.
Between the two postinjection times at 45 and 90 min, we measured
an average signal intensity increase of 9.5 + 3.1%, reflecting an
increase in the amount of Mn** accumulated intracellularly.

Stimulus-Evoked Neuronal Activation. A second set of experiments
was designed to test whether the intracellular accumulation of
Mn?* in the buccal ganglia can be modified by the neuronal
activity elicited by sensory stimuli. Twenty animals, food-deprived
before MnCl, injection, were divided into two groups: non-
stimulated (STIMO; n = 10) and stimulated (STIM1; n = 10).
The nonstimulated Aplysia received no food stimulus postin-
jection, whereas the stimulated Aplysia were individually placed
in an aquarium that contained Ulva lactuca and had unrestricted
access to this food. Each of the two groups was divided into two
subgroups of five animals each. The subgroups were different
by the time interval, either 45 or 90 min, between the MnCl,

solution injection and the anesthesia of the animal. After the
anesthesia, the buccal ganglia of all the animals were isolated
and imaged. Representative images of ganglia coming from
stimulated animals are shown in Fig. 2C, T1-weighted, and Fig.
2D, T2-weighted. The average signal intensity measured in each
identified neuron (as described in Methods) was found to be sig-
nificantly higher in ganglia from stimulated than nonstimulated
animals for both stimulation durations as confirmed by Kol-
mogorov—Smirnov (K-S) statistical comparison of the signal
intensity distributions (P < 4E-12). The percent signal intensity
changes accrued as a result of the two stimulation times are
plotted in Fig. 34. After calculating the average signal in-
tensities in individual cells (C), the percent signal changes were
calculated as 100 x (JCSTIM1(45.90) _ [CSTIMO(45.90)) /7C.STIMO(5.90)
where I€STIM1 and J€STIMO are signal intensities measured in
ganglia coming from stimulated and nonstimulated animals,
respectively; the indices 45 and 90 represent the stimulation
duration in minutes. The data indicated that the percent signal
change found after 45 min of stimulation is only marginally lower
than that measured after 90 min of stimulation (Fig. 34). The
difference between the two stimulation times was 5%, on average,
over all 14 identified cells. These results are in agreement with
previous reports showing that exposure to food stimuli soon elicits
a state of food-induced arousal and food consumption, which can
last tenths of minutes and is associated with an increase in the
neuronal excitability in several ganglia, including the buccal
ganglia (7, 22). However, prolonged stimulation leads to a grad-
ual decrease in these behavioral and neuronal responses as
a result of satiation, sensory adaptation, and habituation (23-25).

Fig. 2. Mn?* accumulates intracellularly when injected into the living Aplysia. Representative MR images of ganglia from nonstimulated (STIMO; 90 min) and
stimulated (STIM1; 90 min) animals. (A and C) Selected slices from T1-weighted images showing intracellular Mn?* accumulation. The hyperintense regions
represent individual neurons that have been identified using the T2-weighted images shown in B and D. In the T2-weigthed images, the neurons’ somas can
be easily distinguished, even in the absence of manganese. Spatial resolution: 25 um isotropic. (Scale bar: 200 pm.)
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Fig. 3. The amount of Mn?* accumulated inside neurons is stimulus-dependent. (4) Percent signal intensity change in STIM1 relative to STIMO condition
[defined as: 100 x (/C-STIM1(45,90) _ [C,STIMO(45,90) ) / [C.STIMO(45,90)] for two different stimulus durations: 45 min in green and 90 min in magenta. (B) Average nor-
malized signal intensity for three stimulation conditions: STIMO (green; no food stimulus), STIM2 (blue; food-aroused and unfed animals), and STIM3 (ma-
genta; food aroused and fed animals). n = 10 for each data point. The error bars represent the SEM.

Differential Neuronal Responses Revealed by MEMRI. There are at
least two classes of food stimuli that modify the feeding behavior
of Aplysia (23). The first class consists of external chemical
and mechanical stimuli on the perioral zone that trigger the
appetitive phase of the behavior, characterized by a state of
food-induced arousal. The second class contains the internal
chemical and mechanical stimuli in the buccal cavity that provide
rewarding or punishing information, modifying the consumma-
tory phase of the feeding behavior (26-28). Our next aim was to
establish if MEMRI can be used to differentiate the neuronal
activation resulting from these different stimuli. Fifteen Mn>*
-injected animals were divided into three groups according to the
types of stimuli received. In the first group, the animals received
no stimulation (STIMO; n = 5). In the second group, they re-
ceived an arousing stimulus consisting of a piece of food (U.
lactuca) maintained on the animals’ perioral zone (STIM2; n =
5). Care was taken to prevent this stimulus from being bitten and
ingested. In the third group, the animals received the same
arousing stimulus, but they were allowed to bite and ingest it to
provide internal rewarding stimuli (STIM3; n = 5). These con-
ditions were maintained for 45 min before the isolation of the
buccal ganglia. MEMRI responses were quantified for 14 in-
dividual neurons. Fig. 3B shows the signal intensity measured in
these neurons for the three groups. As seen in Fig. 3B, the re-
sponse of each individual neuron from the animals that were
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allowed to ingest food (STIM3) differed significantly from the re-
sponse of the same neuron in the nonstimulated animals (STIMO).
This difference was confirmed by K-S statistical comparison of
the signal intensity distributions within neurons in STIM3 vs.
STIMO conditions (P < 1E-17 for all 14 neuron pairs). Thus, the
activity of the motor neurons in the buccal ganglia was strongly
modified by the arousing and rewarding stimuli applied together.
The arousing stimulus alone had a less pronounced effect on the
buccal motor activity; the difference in the signal intensity between
the aroused but unfed (STIM2) and nonstimulated (STIMO) ani-
mals was small. However, for several neurons, we did observe
(Table 1) significant differences between these two conditions.
Specifically, the signal intensities were significantly increased in
neurons B1, B2, B3, B6, and B9 and significantly decreased in
neurons B8 under the STIM2 condition. Graphical representa-
tions of the signal intensity distributions under STIMO and STIM2
are shown in Fig. 4 as typical examples of each type of neuronal
response. The comparison of the neuronal responses between
the aroused but unfed (STIM2) and the aroused and fed
animals (STIM3) indicated that the signal intensity was signifi-
cantly higher in STIM3 than STIM?2 for all neurons (P < 1E-25).
These results indicate that the modification in the buccal motor
activity is essentially induced by stimuli from food intake and
consumption rather than the arousing stimuli. Thus, MEMRI
not only revealed changes in the neuronal properties that are
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Table 1. Statistical comparison of the signal intensity
distributions between STIM2 and STIMO conditions

Cell K-S P value Motor function*

B9 9.5E-35" Jaw closure

B1 7.36-227 Gut peristalsis

B2 8.4E-15" Gut peristalsis

B3 4.8E-11" Jaw closure

B6 5.7E-08" Jaw closure

Bg* 8.8E-07" Radula closure and retraction
B39 0.0016 Jaw closure

B4 0.0069 Undefined

B11 0.0221 Radula backward rotation
B62 0.0563 Radula protraction

B38 0.0582 Anterior jaw closure

B15 0.1392 Radula backward rotation and closure
B5 0.6277 Undefined

B61 0.8434 Radula protraction

*According to Church and Lloyd (20, 21) and Hurwitz et al. (37).
P < 0.001.
*The average signal intensity is lower for STIM2 condition.

induced by sensory stimuli in vivo, but also, it distinguished
between different neuronal responses elicited by specific stimuli.

Quantification of the Intracellular Mn?>* Concentration and Assessment
of Toxicity. The change in the amount of Mn®* accumulated intra-
cellularly because of sensory stimuli is clearly visible as a change in
the measured longitudinal (T1) relaxation time (Fig. 5). Based on
the measured T1s, we computed the intracellular Mn?* concentra-
tion in several large neurons: B1, B2, B3, and B4 (Table 2). Asseen in
Table 2, the intracellular Mn?* concentration in individual neurons
varied depending on the sensory stimulation. Moreover, in all con-
ditions and all identified neurons, the Mn?* concentrations mea-
sured were under 100 pM, which is well below the value of 250 M
that was previously shown to not affect the neuronal electrical
properties in the buccal ganglia of Aplysia (19) and much lower than
concentrations locally injected in rodent studies (>5 mM) (29). In
addition, we did not observe any change in animals’ feeding behav-
ior on MnCl, injection and therefore, expect no deleterious effects
on the cellular and network properties that drive this behavior.

Discussion

This study shows that functional MRI can be used to image sen-
sory-induced changes in neuronal activity at single-cell resolution.

First, we have established that Mn?* accumulates intracellularly
when injected into the living Aplysia. Second, we found that the
intracellular Mn?* concentration in identified neurons changes in
response to sensory stimuli. Third, we showed that the method
implemented here can be used to distinguish different activities
in an identified neuron in response to different sensory stimuli.

It has been previously shown that Mn** crosses the plasma
membrane through voltage-gated calcium or nonspecific cationic
channels (13, 14, 16). Consequently, the neuronal depolarization
and opening of the ionic channels contribute to intracellular
accumulation of Mn*. As a result, the Mn>* concentration in
neurons is expected to be related to the intensity and the dura-
tion of the neuronal activity. This study shows that the Mn**
concentration measured in the buccal ganglia varied when the
level of activity was changed by different food stimulation
paradigms. In the absence of food, Aplysia generates a food-
seeking behavior, during which the animal spontaneously emits
repeated cycles of buccal movements. These movement cycles
have a low frequency and are generated by the buccal motor
pattern generating network in the buccal ganglia (30). This low
spontaneous activity is expected to lead to a low Mn?>* concen-
tration in the buccal ganglia coming from nonstimulated animals,
which is what was measured with MRI. Conversely, food intake
and swallowing provide various sensory stimuli on the inner
surface of the buccal mass that reinforce the frequency and
strength of the buccal movement cycles generated by the ganglia
(25, 27, 28). These data agreed well with the strong increase in
the Mn** concentration measured in the buccal ganglia coming
from animals that were allowed to ingest food (STIM1 or STIM3).
Moreover, the presence of food in the animal’s surrounding en-
vironment, in contrast to its presence in the buccal cavity, stim-
ulates the perioral zone (lips and rhinophores) and generates an
appetitive behavior that does not require neuronal activity in the
buccal ganglia (7, 23). The stimuli from this perioral zone are
conveyed by peripheral nerves to the cerebral ganglion, which
triggers activity in neuronal networks that are primarily located
in the pedal-pleural ganglia rather than the buccal ganglia.
Thus, the weak changes in the Mn®" concentration in the buccal
ganglia from aroused but unfed animals (STIM2) are consistent
with a partial effect of the sensory stimuli from the perioral zone
on the neuronal network in the buccal ganglia. Therefore, our
results indicate that the functional MRI technique developed in
this study can be successfully used to probe the different levels of
neuronal activity that are generated spontaneously or in response
to different sensory stimuli in a neuronal network.
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Fig. 4. MEMRI can distinguish different neuronal responses to a sensory stimulus. Distributions of voxel signal intensities (percentage of all voxels) obtained
for neurons (A) B5, (B) B8, and (C) B9 for STIMO (blue line) and STIM2 (red line). There is no statistically significant difference between the two stimulation
conditions for neuron B5. For neurons B8 and B9, the distributions corresponding to STIMO and STIM2 are statistically different. For neuron B8, the histogram
corresponding to STIM2 is shifted to the left compared with STIMO, because it contains more voxels with lower signal intensity, suggesting a decrease in
neuronal activity. For neuron B9, the situation is reversed, indicating that neuronal activity increases in the STIM2 vs. STIMO condition. The data are binned in
histograms for visualization purposes, and the K-S tests were performed on unbinned data.
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Fig. 5. The concentration of intracellularly accumulated Mn?* can be
measured in individual neurons. T1 maps of buccal ganglia coming from (A)
a nonstimulated animal (STIMO) and (B) a food-aroused and fed animal
(STIM3). Shorter T1 values indicate higher concentrations of Mn?* corre-
sponding to a higher level of neuronal activity. (Scale bar: 300 pm.)

The method implemented here also distinguishes different
neuronal responses to the stimulation paradigms. In addition to
the increase in the Mn** concentration as observed in most of
the cells, a decrease in this concentration was also revealed in
specific neurons for a particular stimulus (e.g., neurons BS in
STIM2 vs. STIMO). Although the significance of such a decrease
in stimulated compared with nonstimulated animals is unclear,
it is reasonable to trace it to a decrease or an inhibition of the
spontaneous electrical activity of these neurons. Similarly, al-
though it is difficult to clearly establish a link between the Mn*
concentration and the motor function of specific motor neurons,
our data suggest that this possibility must be more carefully in-
vestigated; in animals that were allowed to ingest food (STIM3),
the signal intensity was higher in the retractor motoneuronal
group (B3, B6, B9, B11, and B39) than the protractor moto-
neuronal group (B61 and B62). Such a result is consistent with
the short and weak protraction phase followed by the long and
powerful retraction phase of the radula that mediates food in-
gestion (31).

There are several ways to expand this method in the future.
Although we have focused on the buccal ganglia in this study,
there are other types of networks worth exploring, such as the
cerebral ganglion, which is responsible for overall control and
coordination of behavior, or the pedal-pleural ganglia, which
mediate locomotion and head-weaving behavior. On a technical
side, integrating multiple radio frequency (RF) detectors within
one probe body (32) will expand our ability to simultaneously
image several ganglia and will allow the investigation of the
relationships between different networks, such as, for exam-
ple, buccal and cerebral. Also, we envision using electrophysi-
ological methods in vitro to stimulate identified sensory nerves
or neurons in isolated ganglia to better quantify the relationship
between the neuronal responses and MEMRI measurements.

Using the approach described in this work to investigate ver-
tebrate nervous systems is challenging but certainly not impos-
sible. MRM images of fixed human and porcine neurons have
already been reported (33). It is conceivable that improved
hardware technology (smaller microcoils and stronger magnetic
field gradients) will significantly boost both the spatial and tem-
poral resolutions, allowing single-cell functional MRM studies of
live mammalian neuronal tissues.

Radecki et al.

Methods

Experimental Protocol. In these experiments, we used a total of 30 A. californica
(Fig. 1A) purchased from National Resource for Aplysia. The animals were
stored in two 200-L tanks of aerated and filtered ASW (Instant Ocean), and
they were stimulated and fed with fresh algae U. lactuca (Station Biologique,
Roscoff, France). Two days before the experiments, the animals were
isolated and food-deprived. The day of the experiment, they were injected
with MnCl; solution (100 mM MnCl,, 345 mM Nacl, 10 mM KCl, 25 mM MgCl,,
10 mM Hepes, pH 7.5; 500 pL/100 g). Based on the stimulation protocol
performed during the postinjection period, the animals were divided into
four groups.

STIMO: No stimulation (n = 10 animals). Animals were allowed to freely
move in the tank in the absence of any food-related stimulus for 45 (five
animals) or 90 min (five animals).

STIM1: Stimulation (n = 10 animals). Animals were left in the aquarium
and had unrestricted access to food for 45 (five animals) or 90 min
(five animals).

STIM2: Controlled stimulation without ingestion (n = 5 animals). Animals
were stimulated for 45 min by a continuous application of food (U. lactuca)
to the lips. Care was taken by the experimenter to avoid the biting or
ingestion of the stimulus by the animals. This arousing stimulus triggers
the appetitive behavior characterized by feeding posture, head-waving,
and buccal movements.

STIM3: Controlled stimulation with ingestion (n = 5 animals). Food was
presented for 45 min to the animals using the same procedure as for
STIM2, but the animals were allowed to bite and ingest. This arousing
and rewarding stimulus triggers the appetitive behavior (see above) and
reinforces the consummatory behavior characterized by frequent repeti-
tions of the ingestion movement cycles of the radula (a tongue-like or-
gan), which drive food into the buccal cavity and gut.

Neuronal Preparation. The animals were anesthetized by injection of an
isotonic magnesium chloride solution (360 mM MgCl,, 10 mM Hepes, pH 7.5).
The bilateral buccal ganglia (Fig. 1B) were resected and placed in a 2.5-mm
OD glass capillary (VitroCom) filled with ASW (450 mM NacCl, 10 mM Kdcl,
30 mM MgCly, 20 mM MgSO,4, 10 mM CaCl,, 10 mM Hepes, pH 7.5). All
chemicals were from Sigma-Aldrich.

MRI Acquisitions. All MR acquisitions were performed on a 17.2 T Bruker
imaging system (Bruker Biospin) (Fig. 1D) using a homemade solenoid (coil
diameter = 2.6 mm, wire diameter = 0.7 mm) as an RF transceiver. The coil
was immersed in FC-40 (3M) for improved B, homogeneity (Fig. 1C). Three
different acquisitions were realized on each pair of ganglia. For T1 contrast
we performed a 3D fast low angle shot (FLASH) acquisition with the fol-
lowing parameters: repetition time (TR) = 150 ms, echo time (TE) = 2.44 ms,
acquisition time (TA) = 1 h, 25 um isotropic resolution. Subsequently, we ac-
quired 3D rapid acquisition with relaxation enhancement (RARE) data (TR =
3,200 ms, TE = 20 ms, TA = 2 h, 25 pm isotropic resolution) for T2 contrast,
and 3D inversion recovery (IR) fast imaging with steady-state precession
(FISP) data (TR =8.4 ms, TE =4 ms, neeg =6, TA =1 h, resolution 30 x 30 x
100 pm, flip angle = 5°) with 20 inversion times (from 0 to 4,000 ms) for T1
mapping. The field of view was 2.2 x 2.2 x 5 mm? for all acquisitions. The cell
bodies displayed a natural T2 contrast with respect to ASW, making them all
visible on T2-weighted images, whereas the T1-weighted images revealed
regions of Mn?* uptake only.

Table 2. Intracelullar Mn2* concentrations for three different
stimulation conditions

Intracellular Mn?* concentration (uM)

Cell STIMO STIM2 STIM3

B1 18377 30.1 + 16.6* 53.1 + 221
B2 176 £7.0 29.0 + 10.6* 51.6 + 16.5
B3 22.6 +9.0 26.1 + 8.8 84.1 +29.3
B4 26.3 + 10.0 31.6 = 12.1 64.4 + 26.1

The errors represent SEM (n = 10).
*Nine cells were used for this average (one cell could not be identified).
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Data Processing. The acquired data were processed using Matlab (Math-
Works); 3D renderings were produced using Amira software (Amira 5.3.3;
TGS). Most of the large neurons in the buccal ganglia were identified on the
T2-weighted images based on their relative position and size as described by
Church and Lloyd (20, 21) [additional information in the work by Jelescu
et al. (19)]. To correct for possible RF inhomogeneities, the signal intensity
for each T1-weighted dataset was normalized to the signal of ASW. That is,
in each slice in the 3D dataset, for a given voxel j at a particular position x
along the solenoid axis, the signal intensity was normalized to the average
ASW signal at the same position: [;=S5;/5#5W (Fig. S1). Regions of interest
(ROIs) encompassing the identified neurons were manually traced on the
T2-weighted images. The T1-weighted images were then coregistered
with the T2-weighted images, and the voxel intensities within the defined
ROIs were sorted by cell name for each ganglia. For each cell C, we calcu-
lated its signal intensity I as the average of J; over all voxels j contained in
the ROI of C. The analysis was limited to 14 cells, which were selected
based on their ease of identification.

Statistical tests were performed using ROOT (34). All voxels corresponding
to a particular cell and a particular stimulation condition were grouped
together in distributions {I/.C'ST”"”‘} (k = 0, 1, 2, 3), which therefore, in-
corporated both voxel-to-voxel and animal-to-animal intensity variations.
For each ganglia pair, the cells located on the left and right sides were
considered identical and grouped together. In our statistical treatment, the
responses of cells to different stimulation conditions were compared by
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performing K-S tests to check whether the two sets of voxel intensities
({IF*™¥} and {If"™¥}) are compatible with coming from the same distri-
bution (35).

T, relaxation times were measured inside four large cells to minimize
partial volume effects (cells B1, B2, B3, and B4 with average diameters of
160 pm). The mean IR FISP signal, averaged over manually drawn ROls
encompassing the soma of each cell, was plotted against inversion times.
Using a least square fitting routine, we performed a three-parameter fit
based on the following equation: /(T))=/ (1—INV exp(=T;/T:)). In the
equation, INV =1+1y/lstst, where Iy is the signal at equilibrium, /s is the
steady-state signal, T; is the inversion time, and T is the apparent longi-
tudinal relaxation time (36). Absolute T; was found using the relationship
Ti=T¢ (INV =1) cos(a/2), where a is the flip angle of the FISP acquisi-
tion. Based on [Mn**]=1/r;(1/T; —1/T?), these T; measurements gave
access to the intracellular Mn?* concentration, where T? =1,740 ms is
the relaxation time in control cells (from animals not injected with MnCl,
solution), and r; =5.110"3 mM~"ms~" is the longitudinal relaxivity of Mn?",
both measured at 17.2 T (19).
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