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Abstract

Purpose—To investigate if frequency-dependent contrasts using oscillating gradient diffusion
MRI (dMRI) can detect hypoxia-ischemia (HI) induced neurodegeneration in the neonatal mouse
hippocampus.

Methods—~Pulsed- and oscillating-gradient dMR images (at 50, 100, and 150 Hz) were acquired
from postmortem fixed brains of mice exposed to neonatal HI using the Rice-Vanucci model. MRI
data were acquired at 1, 4, and 8 days following HI, and compared with histological data from the
same mice for in situ histological validation of the MRI findings.

Results—The rate of change of apparent diffusion coefficient with gradient frequency (AfADC)
revealed unique layer-specific contrasts in the neonatal mouse hippocampus. A;ADC
measurements were found to show a significant decrease in response to neonatal HI injury, in the
pyramidal (Py) and granule (GrDG) cell layers compared to contralateral regions. The areas of
reduced intensity in the AfADC maps corresponded to regional neurodegeneration seen with H&E
and Fluoro-Jade C stainings, indicating that alterations in A{ADC contrasts are sensitive to early
microstructural changes due to HI-induced neurodegeneration in the studied regions.

Conclusion—The findings show that the frequency-dependence of ADC measurements with
oscillating-gradient dMRI can provide a sensitive contrast to detect HI-induced neurodegeneration
in neuronal layers of the neonatal mouse hippocampus.

Correspondence to: Jiangyang Zhang, Ph.D., Traylor Building, Room#208, Johns Hopkins University School of Medicine, 720
Rutland Avenue, Baltimore, MD 21205, USA, jzhang3@jhmi.edu, Phone: (410) 502-9856, Fax: (410) 614-1948.
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INTRODUCTION

Neonatal hypoxia-ischemia (HI) is associated with significant damage to both grey and
white matter, and can lead to severe long-term neurological sequelae [1]. To study the
mechanisms and outcomes of HI-related brain injury, rodent models of neonatal HI have
been established and are widely used [2, 3]. Studies in these models have shown that HI
induces significant neuronal injury in selectively vulnerable brain regions, including the
hippocampus, basal ganglia, and cerebral cortex, and the neurodegeneration in these regions
evolves progressively after the initial injury [4-6]. HI-induced neurodegeneration in the
immature hippocampus has been the focus of several studies in HI rodent models, both
because of the selective vulnerability of the hippocampus to HI and its potential regenerative
capacity. Findings based on histopathological assessment have shown that the pyramidal
cells in the CA1-CA3 regions of the hippocampus, and the granule cells in the dentate gyrus
undergo selective neurodegeneration following HI [7-11].

Magnetic resonance imaging (MRI) provides several diagnostic markers for the detection of
neonatal HI-induced injury, and has been used clinically to establish the pattern of injuries
and predict neurologic outcomes in term infants with HI [12]. MRI has also been used to
monitor the neuropathology in rodent models of HI. Conventional diffusion MRI (dMRI)
and T,-weighted MRI are sensitive to acute cytotoxic edema and subsequent vasogenic
edema following HI, respectively, and have been used in studies of HI models [13-15],
while diffusion tensor imaging has been used to assess the progression of white matter
injury [16, 17]. Measurements of the apparent diffusion coefficient (ADC) with dMRI have
been routinely used to evaluate brain injury following HI in the rodent brain [13, 14]. A few
recent studies using dMRI in rodent models have shown that changes in diffusivity
measurements in the hippocampus correlate with neuronal injury and glial activation
following HI [18, 19]. However, detailed examination of hippocampal neurodegeneration
induced by HI has mostly relied on post-mortem neurohistology, due to a lack of specific
MR contrasts that can delineate neuronal damage in the hippocampus.

Recently, dMRI using oscillating-gradient waveforms was shown to enable the acquisition
of diffusion measurements in the ultra-short diffusion time regime (e.g., 5 ms or less) [20,
21]. With effective diffusion times much shorter than those typically achievable with
conventional pulsed-gradient dMRI, oscillating-gradient dMRI can potentially provide more
specific information on local tissue microenvironment [22, 23]. Several studies have
demonstrated that oscillating gradient dMRI measurements obtained over a range of gradient
frequencies can reveal information on the relative spatial scales of microscopic barriers
restricting diffusion, in phantoms [24-26] and in rodent brains in vivo [27-29] and ex vivo
[29-31]. Further, the differential dependence of ADC measurements on gradient frequency
in different regions of the fixed rodent brain was recently shown to generate novel tissue
contrasts in grey matter regions, especially the pyramidal and the granule cell layers in the
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adult rodent hippocampus [30, 31], regions that are selectively vulnerable to HI injury. It
was also shown that the frequency dependence of ADC contrasts corresponded closely with
the intensity of nuclei-specific histological staining in the mouse brain, suggesting that the
observed contrasts were associated with underlying cytoarchitectural features such as cell
density in these regions [31]. Because the rates of water diffusion in brain tissue are
determined by the cellular and molecular tissue composition, they are directly influenced by
changes in tissue microstructure associated with neuropathological events, such as
neurodegeneration and reactive glial and vascular changes. Therefore, we hypothesized that
the frequency-dependent ADC contrasts observed with oscillating gradient dMRI can be
sensitive to early microstructural changes associated with HI-induced neurodegeneration in
the hippocampal neuronal layers.

In this study, we used the well-established Rice-Vanucci mouse model of neonatal HI [32]
to test the hypothesis. The neuropathology in this model has been previously well-studied
using histological staining techniques. Oscillating-gradient diffusion MR images with
different gradient frequencies were acquired from post-mortem fixed brains of mice that
were exposed to neonatal HI. To investigate if changes in the frequency-dependent ADC
contrasts can detect the early temporal evolution of injury after HI in the neonatal brain,
MRI data were acquired from mice sacrificed at three time points (1, 4, and 8 days) after
exposure to neonatal HI, and later compared to histological data from the same animals in
order to characterize the underlying histopathological correlates of the MRI findings.

METHODS

Animals and neonatal hypoxia-ischemia

Postnatal day 7 (P7) C57BL6 mouse pups were subjected to HI using the Vanucci model
adapted for neonatal mice as described previously (unilateral ligation of the right carotid
artery followed by 45 minutes of hypoxia, FiO,=0.08) [32, 33]. Mice were sacrificed at 1, 4,
and 8 days after HI (P8, P11 and P15, n=5 at each age) and transcardially perfused with 4%
paraformaldehyde (PFA) in phosphate buffered saline (PBS) for ex vivo MRI and histology.
Three mice were subjected only to unilateral carotid artery ligation without hypoxia (sham-
injured), and sacrificed at P8. At each time point, age-matched naive mice (n=5 each at P8,
P11, and P15) were used as controls. After fixation, the mouse heads were removed and
immersed in 4% PFA in PBS for 24 hours, and then transferred to PBS with 2 mM
gadopentetate dimeglumine (Magnevist, Berlex Imaging, Wayne, NJ, USA) for 48 hours.
For MR, the specimens were placed in custom-built glass tubes that were filled with
fomblin (Fomblin Perfluoropolyether, Solvay Solexis, Thorofare, NJ, USA) for
susceptibility matching and to prevent dehydration. All animal procedures were approved by
the Animal Use and Care Committee at the Johns Hopkins University School of Medicine.

MR image acquisition

MR imaging of the mouse heads was performed on a vertical-bore 11.7-Tesla NMR
spectrometer (Bruker Biospin, Billerica, MA, USA) equipped with a Micro2.5 gradient
system (maximum gradient strength of 1000 mT/m), using a 15-mm diameter volume coil
for radiofrequency transmission/reception. The temperature of the specimens was
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maintained at 37°C during imaging via the spectrometer’s temperature control system.
Conventional pulsed-gradient diffusion MR images were first acquired for diffusion tensor
mapping, using a diffusion-weighted gradient and spin echo (DW-GRASE) sequence with
navigator echo phase correction [34], with a rare-factor of 4, three echoes per refocusing
pulse, echo time (TE)/repetition time (TR) of 33/800 ms, four signal averages, and diffusion
gradient duration (5)/separation (A) = 3.2/15 ms. Two images with minimal diffusion
weighting (bg images) and nine images with relatively heavy diffusion weighting (b-value
~1200 s/mm?) were acquired, at an isotropic native spatial resolution of 100 x 100 x 100
um3. The field-of-view (FOV) and matrix size ranged from 12.0 x 9.6 x 14.4 mm?3 to 12.8 x
10.0 x 15.6 mm?3 and 120 x 96 x 144 to 128 x 100 x 156 for the P8 to P15 specimens,
respectively. Three sets of co-registered 3D diffusion-weighted images were then acquired
with the same resolution and fields-of-view as the pulsed-gradient data, using a DW-
GRASE sequence that was modified with cosine-modulated oscillating diffusion-sensitizing
gradient waveforms as previously described in Parsons et al. [26]. The sequence parameters
for acquisition were identical to those used for the pulsed-gradient DW-GRASE sequence,
with TE/TR =50/800 ms, and the duration of the diffusion-sensitizing gradients equal to 20
ms. Data were acquired at three different gradient oscillation frequencies of 50, 100, and 150
Hz (effective diffusion times of 5, 2.5, and 1.67 ms, respectively, computed according to
Ref. [26]). At each frequency, one by image and diffusion-weighted images (b-value ~700
s/mm2) in four tetrahedral diffusion directions: [1,1,1], [-1,1,1], [1,-1,1], and [1,1,-1] were
acquired for ADC mapping. The b-value for oscillating-gradient experiments was kept
constant at 700 s/mm?, as this was the maximum attainable value within gradient hardware
limits for the diffusion-encoding gradients at 150 Hz. The total acquisition time ranged from
25 to 31.5 hours for the P8 to P15 mouse heads.

Data analysis

The k-space data were apodized by a symmetric trapezoidal function with 10% ramp widths
to reduce noise, and zero-filled to twice the native matrix size prior to Fourier
transformation. Diffusion tensor fitting for the pulsed-gradient dMRI data was performed
using a log-linear fitting method, and maps of fractional anisotropy (FA) were calculated
from the fitted tensor data. Isotropic diffusion weighted (iDW) images were generated by
taking the mean intensity at each voxel of diffusion-weighted images along isotropically-
distributed diffusion directions. ADC maps at each gradient frequency were calculated by
averaging the diffusion coefficients computed along each of the four tetrahedral directions

k)
by D(k):—ln( s )/b, where S¥ is the signal intensity for the k-th direction and  is the
intensity of the bo image [35]. To compute the frequency-dependence of ADC
measurements in the brain, a linear least squares fitting of ADC with the gradient oscillation
frequency was performed using IDL (ITT Visual Information Solutions, Boulder, AZ). The
resulting maps (referred to as AfADC here) represent the rate of change in ADC with the
frequency of the oscillating gradients. The ADC measurements were fit to a linear model,
since the frequency-dependence of ADC within the relatively narrow frequency range used
in this study can be closely approximated by a linear curve as shown previously [31].
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For analysis, the signals from the skull were manually removed in the iDW images, using
Amira (Mercury Computer Systems, Inc., USA). The skull-stripped images of each mouse
were first aligned to age-matched mouse brain MRI atlases [36], using intensity-based linear
rigid registration [37]. The aligned images were then warped to the age-matched atlas at
each age (P8, P11, and P15), using two-channel large deformation diffeomorphic metric
mapping (LDDMM) based on iDW and FA contrasts [38]. The LDDMM procedure was
driven by iDW and FA contrasts in order to ensure accurate alignment of both the overall
brain morphology and internal structures within the brain, respectively (Fig. 1). The derived
diffeomorphic transformations were then applied to the iDW images, ADC maps at each
frequency, and the A;ADC maps, from which group-averaged iDW, ADC, and AfADC
images were generated for the HI-injured and control groups at each time point.

For measurements of ADC and AsADC, regions of interest (ROIs) were manually segmented
in the pyramidal cell layer (Py) in the CA1 hippocampal subfield and the granular cell layer
in the dentate gyrus (GrDG) at the level of the dorsal hippocampus in the group-averaged
maps, using ROIEditor (www.mristudio.org). Bilateral ROls were segmented on four
coronal slices in the left and right hippocampi at each age, for each of the GrDG and Py
layers. The mean ADC measurements at each frequency and the mean AfADC value in the
ROIls were obtained for all individual mice. Student’s two-tailed t-tests were used for group
comparison and comparison between ipsilateral and contralateral measurements. Statistical
analysis was performed using MATLAB (MathWorks, Natick, MA, USA).

Tissue processing and histopathology

The same mice used for MR imaging were also used for histology studies. After imaging,
brains were removed from skulls and soaked in paraformaldehyde for 48 hours prior to
processing. Specimens were processed at the Tissue Microarray Laboratory at Johns
Hopkins Medical Institute in Baltimore, Maryland. The brains were processed in an
automated tissue processor (Tissue-Tek VIP 2000, Sakura Finetek, Torrance, CA) for
paraffin embedding of tissue. The paraffin embedded brains were then sectioned into
coronal slices of 5 microns thickness, and mounted on slides coated with poly-L-lysine. The
slides were dried overnight and then baked in a dry oven at 60°C prior to staining. Select
slides were stained with hematoxylin and eosin (H&E) using a Leica AutoStainer XL (Leica
Biosystems, Richmond, Virginia, USA). H&E staining was used to assess neuronal injury
following HI because both apoptotic and necrotic neurons, and their structural variants, can
be identified on H&E-stained sections by their morphological features [6]. Staining of the
mounted slides with Fluoro-jade C (Chemicon, Temecula, CA) was performed using
previously described methods [39], for detection of neuronal degeneration. Fluoro-jade C
has been shown to stain degenerating neurons regardless of specific insult or mechanism of
cell death, with a high signal to background ratio [39]. Histological images were obtained at
a magnification of 10x and 40x using light microscopy.
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RESULTS

Delineation of Py and GrDG layers in the neonatal mouse hippocampus

ADC measurements with oscillating-gradient dMRI at increasing gradient frequencies
revealed strong contrast enhancement in specific regions in the neonatal mouse brain, which
appeared relatively homogeneous in the pulsed-gradient ADC maps (Fig. 2). An increase in
ADC values with gradient frequency was observed in most regions of the neonatal brain,
and the frequency-dependent increase was significantly higher in specific neuronal layers in
the hippocampus, the cerebellum, and the olfactory bulb, compared to other brain regions. In
the neonatal hippocampus, the significant increase in ADC with gradient frequency was
found to be specific to both the Py (p <0.005) and the GrDG (p <0.005) layers, whereas
neighboring hippocampal regions showed only moderate frequency-dependent increase in
ADC. The plot in Fig. 2 compares the ADC measurements from the hippocampal Py and
GrDG layers and an adjacent region in the CA1 subfield from control mice at P8 (mean %
standard deviation, n=5). While ADC values in these three regions did not differ
significantly in the zero frequency range (measured using the pulsed-gradient sequence), a
significant (p <0.005) progressive increase in the differences between ADC values of the Py
and GrDG layers and ADC values of adjacent hippocampal regions was observed with
increasing gradient frequencies. Maps of AfADC derived from a linear fitting of the ADC
measurements with gradient frequency show the frequency-dependent anatomical contrasts
observed in the P8 mouse brain, with prominent delineation of the Py and GrDG layers in
the hippocampus (Fig. 2).

Hl-induced hippocampal neurodegeneration detected with oscillating gradient dMRI

At twenty-four hours after neonatal HI injury (at P8), a marked decrease in the A{ADC
values was detected in the Py layer of the ipsilateral CA1 hippocampal region (1.52 £ 0.34
um?2) compared to the contralateral side (2.05 + 0.23 um?) (Fig. 3a). H&E staining revealed
pockets of apparent cell loss with pyknotic nuclei and decreased neuronal density in the Py
layer of the ipsilateral CA1 subfield, which corresponded to regions of decreased intensity
observed in the AsADC maps (Fig. 3b—c, f-g). The H&E-stained sections showed no
apparent neuronal loss in the caudal CA2 and CA3 regions (Fig. 3c), and the corresponding
regions in the AfADC map also showed relatively unchanged values (Fig. 3a). Fluoro-jade C
staining, a marker of neurodegeneration and reactive gliosis, showed evidence of
degenerative changes in the ipsilateral CAL region at this stage (Fig. 3e, i). In contrast, the
contralateral hippocampus exhibited no apparent injury on the H&E and Fluoro-Jade C
stained sections (Fig. 3d, h) and in the AfADC maps. No significant differences in measured
AsADC values were found between the ipsilateral and contralateral dentate gyrus.
Histological evaluation showed no apparent injury in the GrDG region in the H&E stained
sections (Fig. 3c), while Fluoro-Jade C staining revealed scattered degenerative changes in
the dentate gyrus at 24 hours after the injury (Fig. 3e).

To rule out potential carotid artery ligation-related perfusion fixation artifacts on measured
AsADC values, the AfADC maps acquired from control, sham-operated, and Hl-injured P8
mouse brains were compared (Fig. 4). The AfADC measurements in sham-operated mice

that underwent unilateral carotid artery ligation without hypoxia did not differ significantly
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from those of control mice. In comparison, the regional damage to the ipsilateral CA1 Py
layer in the HI-injured group could be clearly seen in the group-averaged AADC maps (Fig.
4a). Mean AfADC values in the ipsilateral Py layer in HI-injured mice were significantly
lower compared to the contralateral side (p <0.01) and the control group (p <0.01). Fig. 4b—c
shows the mean ADC values in the ipsilateral and contralateral Py and GrDG regions from
P8 mouse brains plotted against gradient oscillation frequency. In the pulsed-gradient
diffusion measurements (denoted by 0 Hz in the plots in Fig. 4), no significant difference in
ADC values between the ipsilateral and contralateral Py layers was observed in the HI-
injured mice. However, significant (p <0.005) differences were detected between the
ipsilateral and contralateral Py regions in ADC values measured with oscillating gradient
dMRI at increasing frequencies of 50, 100, and 150 Hz (Fig. 4b). The GrDG layer exhibited
no significant differences in ADC measurements between the ipsilateral and contralateral
sides 1 day after HI at any of the tested oscillation frequencies (Fig. 4c).

Spatiotemporal evolution of oscillating gradient dMRI contrasts in the hippocampus
following neonatal HI

Oscillating gradient dMRI of mouse brains at 1, 4 and 8 days following HI revealed the
regional and temporal evolution of neurodegeneration in the hippocampal layers, as
evidenced by spatiotemporal changes in A;ADC contrasts. Fig. 5 shows the group-averaged
AsADC maps from control and HI-injured brains at P8, P11, and P15. At day 1 after
exposure to HI (P8), the decrease in A{ADC values was confined to the Py layer in the
ipsilateral hippocampus, with no marked difference observed in the dentate gyrus. Similar to
the observations at day 1, the ipsilateral Py layer continued to exhibit significantly lower
AfADC values compared to control and contralateral measurements at 4 and 8 days post-
injury. By day 8 (P15), the Py layer in the CA1 hippocampal region was barely discernible
in the AfADC maps (indicated by the white arrows in Fig. 5a). Compared to the Py layer, a
noticeable decrease in AfADC in the ipsilateral GrDG region was observed only later, at day
4 after the injury (P11). Quantitative measurements of A/ADC values at 1, 4 and 8 days
following HI (Fig. 5b) revealed no significant differences in the GrDG region at day 1, while
significant decrease in the ipsilateral measurements was observed at day 4 (p < 0.01) and
day 8 (p < 0.01) relative to contralateral values. Compared to the Py layer, the decrease in
AsADC in the ipsilateral GrDG region was less severe at both P11 and P15, and was not
observed in all mice subjected to HI. These observations suggested that while the Py layer
showed regional neurodegeneration as early as on day 1 post-injury, damage to the GrDG
region occurred at a relatively delayed interval and with variable severity after the initial
insult.

H&E-stained histological sections through the hippocampus from representative HI-injured
mouse brains at 4 and 8 days post-injury (at P11 and P15) are shown in Fig. 6, along with
the corresponding AfADC maps. H&E staining indicated continued neurodegeneration in the
Py region at day 4 after the injury (Fig. 6¢c—d), and consistent with the MR-based findings,
regional neuronal damage was also evident in the ipsilateral GrDG layer at this stage (Fig.
6i—j). By P15, the Py layer in the ipsilateral CA1 region exhibited extensive pyramidal cell
loss and overall decreased neuronal density in the H&E-stained sections (Fig. 6e—f).
Localized neuronal loss was also seen in the ipsilateral GrDG layer compared to the
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contralateral side in the P15 brain (Fig. 6k-I), in regions that corresponded to the areas of
reduced signal intensity observed in the A;ADC contrasts (shown in Fig. 6h). Fluoro-Jade C
stained sections did not show active degenerating neurons at either of these stages (data not
shown).
DISCUSSION

This study investigated the application of oscillating gradient dMRI to characterize
neurodegeneration in the neonatal mouse hippocampus following HI. Our findings show that
the technique could detect early morphological changes associated with neurodegeneration
in the hippocampal Py and GrDG layers in the neonatal mouse brain. Comparisons with
histopathological assessment showed that changes in the observed AfADC contrasts
corresponded closely with histologic evidence of neuronal injury in the studied regions.
These results indicate that the frequency-dependence of ADC measurements using
oscillating gradient dMRI can potentially allow us to quantitatively examine the degree and
extent of neurodegeneration in the hippocampus after neonatal hypoxic ischemic injury.

There have been several studies using oscillating-gradient diffusion MRI to probe restricted
diffusion in biological tissues [20, 27, 28, 30]. A few recent reports have also demonstrated
the application of this technique to investigate structural changes associated with pathology
in animal models. Does et al. reported increased ADC dependence on diffusion time in rat
brains with global ischemia [27]. Colvin et al. showed increased ADC contrast between
glioblastoma tumors and surrounding tissues using oscillating gradient dMRI at increasing
frequencies in rats [29]. The rate of frequency-dependent increase of perpendicular
diffusivity measurements with this technique was shown to be significantly elevated in the
corpus callosum in a mouse model of cuprizone-induced demyelination [31]. Here, we
showed that similar to previous findings in the adult mouse brain [31], the neonatal mouse
brain exhibits unique tissue contrasts with increasing gradient frequencies, highlighting the
hippocampal Py and GrDG layers as well as regions in the cerebellum, which are relatively
difficult to delineate using standard relaxometry-based or pulsed-gradient diffusion MR
contrasts. We found that the rate of frequency-dependent increase in ADC in the
hippocampal layers shows a significant decrease in response to neonatal Hl-injury, and the
regions in which this decrease is detected correspond specifically with regions showing local
neuronal degeneration on histologically-stained tissue sections. These findings show that the
anatomical contrasts generated using high-resolution oscillating-gradient dMRI can provide
a means to uniquely examine neuronal degeneration and grey matter injury in the mouse
brain.

An interesting observation in the present study was that the rate of frequency-dependent
increase in ADC in the CA1 Py layer of uninjured (control) mice showed a progressive
decrease with age from P8 to P15 (the plot in Fig. 5b). Table 1 presents a comparison of the
measured AfADC values in the Py and GrDG layers from P8, P11, P15, and adult (P60)
C57BL6 mouse brains, from ROIs at the level of the dorsal hippocampus at each age. Data
used for measurements for the adult brains are obtained from our previous study [31]. At P8,
the Py layer exhibited significantly higher A;ADC values compared to previous observations
in the adult C57BL6 brain, and by P15 the mean AfADC had decreased significantly (~61%
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of values at P8, p < 0.005), approaching the values measured in adult brains. In comparison,
the GrDG layer showed no significant age-related changes in AfADC measurements.
Quantitative data on the morphological changes occurring in neuronal layers of the
hippocampus during early postnatal mouse brain development are limited. H&E staining of
the CA1 Py layer at P8, P11, and P15 from control mouse brains in our study (Figure 7)
shows a progressive increase in the pyramidal cell soma size with age. At P8, the pyramidal
cells are very densely packed, with cell bodies stacked in multiple rows. The P15 brain
shows fewer rows of pyramidal cells, along with an increase in the cell diameter and
reduced cell packing density (Fig. 7a—c). These observations are similar to a previous
electron microscopy study in the rabbit brain [40], that showed a remarkably high cellular
density in the CA1 Py layer of immature animals, with increasing soma area and a steady
decrease in cell packing density during early postnatal maturation. Although this was not a
focus of the present study, exploring how the AfADC contrasts in different brain regions
evolve during brain development can potentially yield additional insights into the contrast
mechanisms of this technique.

The A:ADC maps of control and HI-injured mouse brains imaged at 1, 4 and 8 days
following HI revealed the regional and temporal evolution of neuronal injury in the
hippocampus. We found early changes in A{ADC contrasts in the Py cell layer of the
hippocampal CAL1 region (at 24 hours post-HI), with relatively delayed onset of changes
observed in the GrDG layer. HI has been previously shown to lead to selective cell death of
CAL pyramidal neurons and granule cells in the dentate gyrus in the neonatal mouse brain,
at 24-72 hours following injury [9, 41, 42]. In our study, compared to the Py region,
significant differences in AfADC measurements between the ipsilateral and contralateral
GrDG regions were first detected at day 4 after HI-injury. As seen in Figs. 3 and 6, regional
changes in A{ADC contrasts in the Py and GrDG layers observed in Hl-injured mice in each
age-group were mirrored by regional neuropathology seen from histological assessment in
the same animals (Figs. 3, 6). These findings suggest that regional differences in the
progression of HI-induced neurodegeneration in the hippocampus could be sensitively
detected by AfADC contrasts. Further, we observed a higher reduction in AfADC values in
the Py layer compared to the GrDG layer (Fig. 5b), consistent with histologic evidence of
less severe neuronal loss in the GrDG region seen with H&E staining. These observations
are similar to a previous report using the Vanucci neonatal mouse model of HI, that showed
delayed and less severe neurodegeneration of granule cells in the dentate gyrus compared to
pyramidal cells in the CA1 region using Toluidine blue staining [7].

The range of gradient oscillation frequencies used in our study corresponds to effective
diffusion times extending from 1.67 ms to 15 ms, equivalent to free water root-mean-square
displacements of 3 um to 9.2 um at 37°C. Therefore, the changes in the rate of frequency-
dependent increase in ADC measurements following HI reflect underlying changes in tissue
microstructure occurring at spatial scales within this range. The areas of local pyramidal and
granule cell loss seen with H&E staining suggest that the observed contrast changes in
AsADC maps potentially reflect alterations in the neuronal cell packing density in these
regions. HI-induced neurodegeneration involves an array of complex biochemical and
molecular mechanisms, that are accompanied by astrogliosis and microglial activation.
Although the precise mechanisms of neuronal injury after HI have not been completely
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elucidated, previous reports using electron microscopy have shown evidence of distinctive
changes in pyramidal and granule cell morphology. For instance, degenerating pyramidal
cells in the neonatal mouse hippocampus were shown to exhibit greatly condensed nuclei
immediately after HI, with vacuolization of the cytoplasm [7]. Since the ratio of nuclear
volume to cellular volume, or nuclear volume fraction, has been shown to influence the rate
of ADC increase with gradient frequency in a previous simulation-based study [23],
reduction in the cell nuclei size could also contribute to an observed decrease in A;ADC
measurements. However, our current understanding of the relative contributions of
intracellular and extracellular compartments to the frequency-dependent contrasts observed
with oscillating gradient dMRI is not complete. Further morphological analyses of cellular
populations in the Py and GrDG hippocampal layers following HI can potentially provide
additional insights into other underlying neuropathological changes that contribute to the
observed AfADC decrease in this model.

One potential technical limitation of oscillating gradient dMRI experiments is the relatively
high gradient strength needed to generate the desired tissue contrasts. The gradient strengths
used in our study (e.g., 390 mT/m for a b-value of 700 s/mm? at 150 Hz) are well beyond
the capability of gradient systems on existing clinical MRI scanners (~40 mT/m). The use of
longer gradient waveforms (increasing the number of cycles) can potentially reduce the
gradient strength requirement, but in turn poses a constraint on the achievable signal-to-
noise ratio (SNR) due to the increased echo time. A few studies have recently demonstrated
the feasibility of oscillating gradient dMRI on existing clinical scanners, by using specially
designed gradient waveforms with lower b-values than those used in this study [43, 44]. It
should also be noted that the data in our study were acquired from ex vivo fixed brain
specimens. It is known that ADC measurements in tissues can be affected by postmortem
processing and fixation procedures [45]. Therefore, quantitative comparison of absolute
ADC values across subjects needs to be interpreted carefully. It has been shown that the use
of higher b-values can potentially yield better contrasts in ex vivo tissue specimens [46], but
the gradient strength requirement of oscillating diffusion-encoding waveforms limits the
maximum attainable b-values for oscillating gradient dMRI on existing MRI scanners. In the
future, combining faster acquisition modules such as echo planar imaging with oscillating
diffusion-sensitizing gradients may reduce the acquisition times further to improve the
feasibility of high-resolution 3D oscillating gradient dMRI of the in vivo mouse brain,
which can enable longitudinal monitoring of Hi-related hippocampal neurodegeneration
using this technique.

In summary, this study demonstrated that oscillating gradient dMRI is uniquely sensitive to
early neuronal degeneration in the neonatal mouse hippocampus following HI. The
frequency-dependence of ADC contrasts with this method can be used to delineate areas of
regional neuronal injury specifically in the Py and GrDG layers. These findings will be
useful for investigations in neonatal HI mouse models, for quantitative evaluation of injury
outcomes and therapeutic efficacy as well as to direct histopathological investigation
towards specific regions of the hippocampus.
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Figure 1.
Axial isotropic diffusion-weighted (iDW) and fractional anisotropy (FA) images from one

representative mouse brain (left panel) and the group-averaged (n=5) iDW and FA images
(right panel), from control mice at P11. The group-averaged images were generated using
dual-channel large deformation diffeomorphic metric mapping driven by both iDW and FA
contrasts.
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Figure 2.
Oscillating-gradient diffusion MRI revealed region-specific contrast enhancement in the

neonatal mouse brain. a) ADC maps of a coronal (top panel) and an axial (bottom panel)
section at the level of the hippocampus from a P8 brain, derived with pulsed-gradient (PG)
and oscillating-gradient (50, 100, and 150 Hz) diffusion-weighted sequences are shown. The
anatomic locations of the sections are indicated in the scout sagittal image at the top left.
The units of ADC shown are um?/ms. b) Maps derived from a linear fitting of the ADC
measurements with gradient frequency (AfADC) revealed anatomical contrasts highlighting
the pyramidal cell layer in the hippocampus (Py) and the granular cell layer in the dentate
gyrus (GrDG). c) Plot of ADC measurements versus gradient frequency shows the
significantly higher frequency-dependent ADC increase observed in the Py and the GrDG
layers compared to adjacent hippocampal regions, e.g., a region in the CAL subfield (region
1, indicated by the green squares in (b)). Averaged ADC measurements from both left and
right hippocampal layers from P8 control mice are shown, with the pulsed-gradient
measurements denoted by 0 Hz. *indicates significant (p <0.005) differences in ADC values
in both Py and GrDG layers compared to region 1. Error bars indicate standard deviations
(n=5).
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Figure 3.
Oscillating-gradient diffusion MRI and histopathological assessment of hippocampal injury

at twenty-four hours after neonatal HI (at P8). a) Coronal sections at the level of the
hippocampus from a P8 brain show regional decrease in AfADC measurements in the
pyramidal cell layer of the ipsilateral injured hippocampus (black arrowheads), compared to
the contralateral side. b—c) H&E-stained sections within the areas indicated by the white
squares in (a) (sections in (b—c) are rotated by 45° with respect to the AfADC map in (a))
reveal interrupted staining of neuronal cell bodies in the ipsilateral CAL Py layer, in areas
corresponding to the regions of decreased intensity in the AfADC map (black arrowhead). d—
e) Fluoro-Jade C labeled sections reveal fluorescent signal located primarily in the Py layer
of the ipsilateral hippocampus, with scattered Fluoro-Jade staining in the dentate gyrus at
this stage. f—g) High-magnification views of the H&E-stained sections within the area
indicated by black squares in (b,c) show neuronal injury and damage in the ipsilateral Py
layer, with no evident damage to the contralateral region. h—i) High-magnification views of
Fluoro-jade C labeled sections show degenerative changes in the ipsilateral Py layer. Scale
bars = 0.5 mm.
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Figure 4.
Oscillating-gradient diffusion MRI of control, sham-operated (unilateral carotid artery

ligation only), and Hl-injured mouse brains at P8. a) Group-averaged A;ADC maps of
control (n=5), ligation-only (n=3), and HI-injured (n=5) mouse brains show two coronal
sections at the level of the hippocampus. The anatomical locations of the sections are shown
in the scout image at the top right. White arrows indicate regional decrease in AfADC
measurements in the ipsilateral hippocampus observed in the Hl-injured group. b—c) Plots of
ADC values (mean + standard deviation) versus gradient frequency for the Py and GrDG
regions for the three cohorts. Mean ADC measurements from symmetric regions-of-interest
in the left and right hippocampal layers are shown. Error bars represent standard deviations
across subjects for each group. *indicates significant (p<0.005) differences in ADC
measurements between the contralateral and ipsilateral regions.

Magn Reson Med. Author manuscript; available in PMC 2015 September 01.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Aggarwal et al.

Page 18

control control HI

con.tra \™ ‘,igsi
N\

r L=y

L Y

& =3
£
32 x g: * *
:é: % 8 21 . i T
s 14 — P I
. g
1  — — T—
0L — —— — 0L — —
d1 d4 d8 d1 d4 d8
days post Hl-injury days post HI-injury

[Dcontrol @contralateral Mipsilateral ]

Figure 5.
Spatiotemporal evolution of AfADC contrasts in the mouse hippocampus after exposure to

neonatal HI at P7. a) Group-averaged AfADC maps of control and HI-injured mouse brains
at 1, 4, and 8 days following injury (at P8, P11 and P15, n=5 per group at each time point)
show the regional and temporal progression of injury in the ipsilateral Py (white arrows) and
GrDG (orange arrows) regions. Two coronal sections at the level of the hippocampus at each
age are shown. The anatomical locations of the sections are indicated in the group-averaged
iDW scout images at each age. b) Quantitative measurements of AfADC values (mean +
standard deviation, n=5) in the Py and GrDG regions from control and HI-injured groups at
1, 4 and 8 days following HI. Values shown are measured from symmetric regions-of-
interest in the contralateral and ipsilateral hippocampal regions (shown in the inset images).
*p<0.01 and **p<0.005 compared with measurements from the contralateral hippocampus.
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Figure 6.
AsADC contrasts and histological evaluation showing regional neurodegeneration in the

ipsilateral hippocampal layers at 4 (P11) and 8 (P15) days post exposure to Hl-injury. a—b)
Coronal sections through a P11 (a) and a P15 (b) mouse brain show regional decrease in
AsADC in the ipsilateral Py layer compared to the contralateral side. c—f) High-
magnification views of H&E-staining through the hippocampi of the same mice
(corresponding to the areas within the white squares in a and b, respectively). The H&E-
stained sections show regional neuronal loss and reduced cell density in the ipsilateral Py
layer (black arrowheads) compared to the contralateral region at 4 (c,d) and 8 (e,f) days after
the injury. g—h) Coronal sections showing regional decrease in A{ADC in the ipsilateral
GrDG layer, at P11 (g) and P15 (h). i-l) High-magnification views of H&E-stained sections
corresponding to the white squares in g and h show regional neuronal loss in the GrDG layer
of the ipsilateral hippocampus (black arrowheads). Scale bars for the MR images = 1 mm.
Scale bars for the histology sections = 200 pm.

Magn Reson Med. Author manuscript; available in PMC 2015 September 01.



1duasnuely Joyiny vd-HIN duasnuey Joyiny vVd-HIN

1duasnuely Joyiny vd-HIN

Aggarwal et al. Page 20

P8

P11

P15

Figure 7.
H&E-stained sections showing the pyramidal cell layer (Py) and the granule cell layer of the

dentate gyrus (GrDG), taken from control mice at P8, P11, and P15. a—c are sections through
the Py layer, and d—f are sections through the GrDG layer from the left hippocampus at each
age. Scale bars = 200 pum.
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AsADC measurements in the CAL pyramidal layer (Py) and the granule cell layer in the dentate gyrus (GrDG)
from control C57BL6 mouse brains at different ages. Measurements are from ROIs at the level of the dorsal
hippocampus (as indicated in Fig. 5) at each age.

Age | AADC inthe Py layer (um?) | A:ADC in the GrDG layer (um?)
P8 2.33+0.19 2.68£0.12
P11 1.87 £0.04 2.50+0.17
P15 1.40+0.13 2.55+0.09
P60 1.37 £0.04 2.52+0.10

Data are shown as mean + standard deviation (n=5 at each age). The P60 measurements are from adult mouse data from our previous study [31].
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