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ABSTRACT

Alterations in gut microbiome populations via dietary manipulation have been shown to induce diet-dependent
changes in white matter microstructure. The purpose of this study is to examine the durability of these diet-
induced microstructural alterations. We implemented a crossover experimental design where post-weaned male
rats were assigned to one of four experimental diets. Following the administration of experimental diets and
again following crossover and resumption of a normal diet, brains were imaged ex-vivo with diffusion tensor
imaging. Following standard image preprocessing, tract-based spatial statistics and region-of-interest measure-
ments were then calculated for all diffusion tensor indices. Voxel-wise differences in FA were identified in the
high fat diet group when compared to animals receiving a control diet. Following crossover, there were new
voxel-wise changes in both FA and TR that do not correspond to the regions previously identified. Animals
crossed over from the high fiber diet demonstrate widespread and global changes in the diffusion tensor that
stand in stark contrast to the minimal changes identified before crossover. While no significant differences
between any of the diffusion metrics were identified in the high protein group before crossover, statistically
significant decreased RD values were observed following resumption of a normal diet. Diet-induced changes in
neural microstructure are durable changes that are unrecoverable following the resumption of a normal diet. We
further show that in certain experimental diets, resumption of a normal diet can lead to further marked and
unanticipated changes in white matter microstructure.

1. Introduction

and region-specific changes in neural microstructure [12].
With well-established associations between diet, diet-dependent gut

Diet has long been recognized as an important modulator of central
nervous system (CNS) function. Reductions in brain synaptic plasticity
caused by a disruption of insulin-sensitive processes has been associated
with the consumption of a high fat diet [1] and a low calorie diet
promotes the growth and development of nervous tissue while in-
creasing the brain-derived neurotropic factor (BDNF) levels in adult rats
[2]. A maternal high fat diet has also been associated with social be-
havior deficits in mice [3]. Diet has also been shown to induce changes
in the composition of the gut microbiome in as little as 24 h [4] and can
subsequently shape complex social and emotional behavior in both
mice and humans [5,6]. Diet-induced changes in the gut microbiome
are also associated with the development and exacerbation of several
neurologic and psychiatric diseases including anxiety and depression
[5-10] and are linked to alterations in white matter microstructure [11]

microbiome populations, and neurological disease and neuropsychiatric
illness, the concomitant changes in neural tissue microstructure oc-
curring parallel to these changes in the composition of the gut micro-
biome have not been fully characterized. Previous work has demon-
strated both diet-dependent and microbe-specific induced changes in
white matter microstructure [12] but little is known about the dur-
ability of these structural changes. We sought to further examine the
durability and degree of plasticity of these diet-induced microstructural
alterations. Towards these ends, we implemented a crossover experi-
mental design where post-weaned male rats were imaged with diffusion
tensor imaging (DTI) following the administration of four different
experimental diets and again after they were crossed over to a normal
diet. We hypothesized that diet would have a minimal impact on neural
microstructure, especially in the crossover group after animals resumed
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Table 1

Composition of experimental diets. Elemental composition for the control,
high fat, high fiber, and high protein diets. The control diet is a diet derived
from AIN-93G, a standard widely-used rodent chow formula.

Ingredients (g/kg) High fat diet” High fiber  High Control diet
diet protein
diet
(5.3kcal/g) (2.5kcal/ (3.7 keal/ (3.8 kcal/g)
8) g)

Casein 200 200 793 200
1-Cystine 3 3 0 3
Corn starch 92.178 152.234 10.234 392.234
Maltodextrin 182 52 12 132
Sucrose 70 70 12 100
Soybean oil 10 70 70 70
Lard 340 0 0 0
Cellulose 50 400 50 50
Mineral mix, AIN- 35 35 35 35

93G-MX (94046)
Vitamin mix, AIN-93- 15 15 15 15

VX (94047)
Choline bitartrate 2.75 2.75 2.75 2.75
Vitamin K1, 0.002 0.002 0.002 0.002

phylloquinone
TBHQ, antioxidant 0.07 0.014 0.014 0.014
Total (g) 1000 1000 1000 1000

2 All custom diets from Teklad (Madison, WI, USA): TD97184, TD150669,
TD150670, TD150671.

a normal diet. Unexpectedly, we found that diet-induced changes in
neural microstructure to be durable changes that are unrecoverable
following the resumption of a normal diet. We further show that in
certain experimental diets, a return to a normal diet further exacerbates
changes in white matter microstructure. The constellation of these
findings demonstrates the complex role of diet in the bidirectional
communication of the gut-brain axis and highlights unexpected chal-
lenges in the search for and application of microstructural en-
dophenotypes of neurologic and neuropsychiatric disease.

2. Materials and methods
2.1. Animals and experimental design

Animals were housed and cared for in an AAALAC-accredited fa-
cility and all animal experiments were conducted in accordance with
local institutional IACUC-approved protocols. Immediately following
weaning, male outbred Sprague-Dawley littermate rats (n = 44, Charles
River, Wilmington, MA, USA), were singly housed and randomized to
one of four purified and irradiated diets: a control (chemically purified),
high fat, high fiber, and high protein, low carbohydrate diet (Table 1).
Male animals were chosen to avoid potentially confounding estrous
effects; animals were singly housed to circumvent confounding effects
of rat coprophagy and its impact on gut microbiome populations. Post-
weaning, all animals were fed their assigned experimental diet for a
total of 3-weeks with free access to water and their assigned diet [12];
animals were maintained on a 12:12-h light-dark cycle. At post-natal
day (PND) 42, animals from each diet cohort (n = 20, n = 5 per diet
group, PRE) were brought to a surgical plane of anesthesia and trans-
cardially perfused with ice-cold 4% paraformaldehyde (PFA). Brains
were then dissected from the cranial vault, post-fixed in 4% PFA, and
stored at 4 °C. The remaining animals (n = 24, n = 6 per diet group,
POST) were crossed over and placed on the control diet for an addi-
tional 21 days, whereupon the brains were dissected in a similar fashion
(Fig. 1). Prior to ex-vivo imaging (48 h), brains were serially washed in
1x PBS to minimize the attenuating effects of fixative solution and
placed in a custom-built filled with Fluorinert (FC-3283, 3 M, USA) to
minimize magnetic susceptibility.
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2.2. Imaging and data acquisition

Ex-vivo diffusion tensor imaging (DTI) acquisition was performed on
2-3 brains simultaneously using a 4.7-T Agilent MRI system and 3.5-cm
diameter quadrature volume RF coil. All imaging data was obtained
concurrently on the same MR system. A multi-slice spin echo sequence
was employed to obtain the diffusion-weighted imaging (DWI) data.
MRI acquisition parameters include: repetition time: 2000 ms; echo
time: 24.17 ms; field of view: 32mm X 32mm; image dimension:
128 x 128 x 100; and resolution: 0.25 mm (isotropic). Diffusion was
encoded along 30 non-collinear directions (b = 1200 smm~2) and
three additional non-diffusion weighted measurements (b = 0 smm~2).
The acquisition was averaged across two repeats for a total scanning
time of approximately 11 h.

2.3. Image preprocessing and spatial normalization

Following image data acquisition, individual diffusion weighted
(DWI) images were co-registered and corrected for eddy currents dis-
tortions using the affine registration tool [13] from the FMRIB software
library (FSL; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki). Additional pre-
processing was performed to correct for rotations in gradient directions
[14]. Following corrections, the diffusion tensor was fitted using FSL
and DTI output volumes were converted to NIfTI tensor format. The
NIfTI tensor format is compatible with the DTI-TK software platform
(http://dti-tk.sourceforge.net/pmwiki/pmwiki.php) which was then
implemented for the normalization and registration of the data sets. The
normalization and registration of the data was performed separately for
the PRE and POST crossover groups. Diffusivity units were confirmed to
be within 1073>mm?/s as required by the DTI-TK normalization rou-
tine. A study specific tensor template was estimated from all individual
data sets from each sample within the control group. The template was
then used to normalize and register each individual DTI tensor volume
using the DTI-TK tensor-based registration routine. The DTI-TK regis-
tration routine is a non-parametric, diffeomorphic deformable image
registration [15], with enhanced performance over other registration
tools [16].

2.4. Tract-based spatial statistics (TBSS)

Voxel-wise statistical analysis of both the PRE and POST crossover
data were carried out using TBSS as recommended by Bach et al. [17].
A TBSS pipeline was implemented replacing the traditional registration
tool (FSL's FNIRT) by the DTI-TK registration routine, which improves
alignment quality. The rest of the pipeline was implemented using the
standard parameters in FSL, including a 0.2 FA threshold to create the
white matter skeleton [18]. A permutation test (n = 252) corrected for
multiple comparisons and threshold-free cluster enhancement (TFCE)
[19] was employed with FSL's Randomize for inter-group comparison
(a < 0.05 for significance).

2.5. Region of interest analysis

The UNC Rat Atlas [20] was utilized to extract DTI measures from
regions-of-interest (ROIs) in the brain. Before automated volumetric
segmentation of the brain, the atlas was normalized to subject common
space and ROIs masked. Mean values of diffusivity were then computed
for each individual subject in 6 predetermined regions of the brain
(hippocampus, external capsule, internal capsule, thalamus, neocortex,
and corpus callosum). These values were calculated for each hemi-
sphere of the brain for a total of 12 ROIs. A two-tailed, two-sample, and
unequal variance Student's t-test was performed comparing FA (frac-
tional anisotropy), AD (axial diffusivity), RD (radial diffusivity), and TR
(trace; mean diffusivity [MD] X 3) mean values in each diet group
against age-sex-matched controls for both the PRE and POST diet ex-
perimental groups. Raw p-values were reported and adjusted p-values
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Fig. 1. Experimental design. Male rats were fed the ex-
High-fat perimental diets immediately post-weaning for a total of
Y Standard chow 21 days. At post natal day (PND) 42, animals from each diet
High-fiber cohort (total n = 20, n = 5 per diet group, PRE) were sacri-
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ficed and brains dissected. The remaining animals (total
n = 24, n = 6 per diet group, POST) were crossed over and
remained on the control diet for an additional 21 days,
whereupon the brains were isolated in a similar fashion.
Voxel-wise TBBS analysis was performed between animals on
the control/standard chow diet and those on either a high fat,

PND 63

Diet crossover

(correcting for multiple comparisons) were calculated using a Benja-
mini-Hochberg false discovery rate (FDR) correction (FDR = 0.05).

3. Results
3.1. Refractory diet-dependent changes in white matter structural integrity

To uncover diet-induced changes in neural tissue microstructure, ex-
vivo whole brain DTI was performed followed by voxel-wise and ROI
analyses on samples from both the PRE and POST diet crossover groups
(Fig. 1). In a crossover experimental design, animals from the PRE diet
group were compared against animals from the control diet group at
PND 42 following 3-weeks of experimental diet administration. To next
examine the durability of diet-induced changes in neural micro-
structure, all animals on experimental diets were crossed over to a
control diet for an additional 3-weeks (POST diet group) and subse-
quently compared to age- and sex-matched control animals that were
exclusively fed a control diet.

Statistically significant voxel-wise differences in fractional aniso-
tropy (FA) were identified in the high fat diet group when compared to
animals receiving a control diet (Fig. 2a). Following 3-weeks of a high
fat diet, there is evidence of decreased FA through a small portion of the
right neocortex accompanied by decreased RD (radial diffusivity) (Fig.
S1b). When animals on a high fat diet are crossed over to the control
diet, interestingly, there are new voxel-wise changes in both FA and TR
(trace; mean diffusivity [MD] x 3) that do not correspond to the areas
of previous FA change see in the PRE diet cohort (Fig. 2c—d); suggesting
that the microstructural changes appreciated as a consequence of a high
fat diet are durable and refractory to diet normalization. These voxel-
wise changes seen in the crossover group correspond to statistically
significant higher FA in the right superior neocortex, right internal
capsule, right hippocampus, left inferior neocortex, left hypothalamus,
and brainstem with increased TR in the corpus callosum, right and left
external capsule, and left fimbria. As expected, increased FA and TR
values in the POST high fat group are coupled with an increase in AD
values (Fig. Sle).

Animals randomized to the high fiber diet group demonstrate de-
creased TR values through the right neocortex and external capsule
(Fig. 3b) with decreases in RD also in the right neocortex and external
capsule with extension into the left hemisphere (Fig. S2b) following 3-
weeks on a high fiber diet. No significant differences in FA were
identified. Surprisingly, animals crossed over from the high fiber diet
demonstrated widespread and global changes in the diffusion tensor
with decreased FA, TR, AD and RD, and increased RD that stand in stark
contrast to the minimal changes see in the high fiber PRE group. These
FA changes encompass the neocortex, external capsule, corpus cal-
losum, and rest of the forebrain (Fig. 3c). Decreased TR values are
observed at the central gray and brainstem (Fig. 3d). By and large, areas
of decreased FA and TR in the high fiber POST group are accompanied
with concomitant changes in AD and RD (Fig. S2e—f). While no sig-
nificant differences between any of the DTI metrics were identified in
the PRE high protein group, statistically significant decreased RD values
were observed throughout the brainstem after crossover (Fig. S3).

high fiber, or high protein diet at PND 24 (PRE diet group)
and PND 63 (POST diet group).

3.2. Diet contributes to significant changes in specific regions of interest in
the brain

Voxel-wise TBSS analysis uncovered global differences in the dif-
fusion tensor between experimental and age- and sex-matched control
groups in both the PRE and POST diet crossover groups. To further
explore the contribution of diet to neural microstructure, a ROI analysis
was next performed to explicitly examine how changes in diet impact
neural microstructure in regions of the brain implicated in both neu-
rologic and neuropsychiatric illness. A total of six regions of the brain
were a priori selected to further analysis: the hippocampus, external
capsule, internal capsule, thalamus, neocortex, and corpus callosum.
Mean values of FA, AD, RD, and TR were computed for each individual
subject in each priori selected region. The mean diffusivity values were
calculated for each hemisphere of the brain for a total of 12 ROIs.
Within the high fat diet group, an increase in FA in the left thalamus is
observed in the PRE high fat diet when compared to the corresponding
control group (Table 2). In addition, decreased FA is observed in the
right hippocampus and right neocortex, following crossover to the
control diet, along with increased FA in the left internal capsule
(Table 3). While no significant TR differences were observed PRE
crossover, the POST crossover high fat group shows an increase in TR at
the right external capsule. Accounting for multiple comparisons (Ben-
jamini-Hochberg correction with FDR = 0.05), statistically significant
decreased FA in the left thalamus and right neocortex, PRE and POST
crossover respectively, were sustained. Although a significant increase
in FA at the right neocortex ROI appears to be contradictory to the TBSS
results, we could expect this segmentation-based test to be more spe-
cific and revealing important neuroanatomical alterations. Additional
significant AD and RD values were obtained prior to FDR correction for
the high fat group, PRE (Table S1) and POST crossover (Table S2).

Within the high fiber diet cohorts, a significant decrease in FA is
seen in the right thalamus, left thalamus, and left neocortex along with
increased TR at the right internal capsule (Table 1). Following diet
crossover, the high fiber group demonstrated widespread significant
decreases in FA in the right corpus callosum and left external capsule
and increased FA in the left neocortex (Table 2). An increase in TR is
also observed in the right hippocampus, right thalamus, and left ex-
ternal capsule, following the diet crossover. After controlling for mul-
tiple comparisons, only the decreased FA in the left thalamus in the PRE
high fiber group remains significant. Other AD and RD ROIs within the
high fiber group demonstrated statistical significance with increased RD
in the right hippocampus and left external capsule following diet
crossover and FDR correction (Table S2). The high protein group shows
a significant decrease in FA at the left internal capsule and left thalamus
before crossover (Table 1) and a decrease in FA at the left external
capsule after crossover (Table 2). No significant TR values were ob-
served, PRE or POST crossover; and only a significant increase in RD at
the left internal capsule is detected for the PRE high protein group after
FDR correction (Table S1).
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Fig. 2. High fat diet induces refractory changes in white matter microstructural integrity. Whole-brain voxel-wise tract-based spatial statistics (TBBS) analysis
was performed between animals on the control/standard chow diet and those on a high fat diet at PND 24 (PRE diet group) and PND 63 (POST diet group).
Statistically significant differences in fractional anisotropy (FA) and trace (TR; trace: mean diffusivity [MD] x 3) were calculated for the (a-b) PRE high fat and (c-d)
POST high fat diet groups (family-wise error corrected, a < 0.05). Voxels of increased (blue) and decreased (magenta) FA or TR as compared to controls are shown.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

The role of diet in the bidirectional communication between the
gastrointestinal microbial environment and the central nervous system
involves complex neuronal, endocrine, and immunological processes.
Notably, the interactions between diet, subsequent changes in the
composition of the gut microbiome, and the CNS is consequential, one
capable of modulating system-level behavior in animals [21] and also
one that is able to induce microstructural changes in the brain [11,12].
To build upon these findings, we next explored the durability of these
microstructural changes in the brain so as to determine whether sub-
sequent changes in diet — specifically resuming a normal diet — would
be sufficient to rescue our previously observed changes in neural mi-
crostructure. To this end, we implemented a crossover experimental
design to examine the durability of diet-induced microstructural
changes to the brain. We anticipated that diet-induced changes would
be observed (both in our TBSS and ROI analysis), with decreased FA
suggesting a decrease in microstructural integrity as a consequence of
each experimental diet but that these changes would be temporary and

recoverably following a return to a normal diet. To our surprise, we
found that many of the diet-induced microstructural changes are dur-
able and are unable to be rescued with a return to a normal balanced
diet (in the crossover arm). In some cases, we also saw an unexpected
marked increase in microstructural change following the resumption of
a normal diet that demonstrates an extraordinary mixture of both
plastic and durable microstructural changes that can be attributable to
changes in diet.

Changes in diet and subsequent downstream changes in the gut
microbiome may contribute to alterations in neural microstructure due
to the production of secondary metabolites generated by diet-depen-
dent shifts in the composition of the gut microbiome. These metabo-
lites, including short chain fatty acids (SCFAs), which are produced by
the bacterial fermentation of dietary carbohydrates that are also seen in
in high fiber diets [22-24], are potent molecules known to alter neu-
ronal excitability [25]. Of particular interest is butyrate, a SCFA pro-
duced by fermentation of non-digestible fiber by bacteria in the colon
that also functions as a histone deacetylase (HDAC) inhibitor, an energy
metabolite to produce ATP, and a G protein-coupled receptor (GCPR)
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Fig. 3. High fiber diet induces refractory changes in white matter microstructural integrity. Whole-brain voxel-wise tract-based spatial statistics (TBBS)
analysis was performed between animals on the control/standard chow diet and those on a high fiber diet at PND 24 (PRE diet group) and PND 63 (POST diet group).
Statistically significant differences in fractional anisotropy (FA) and trace (TR; trace: mean diffusivity [MD] X 3) were calculated for the (a-b) PRE high fiber and
(c—d) POST high fiber diet groups (family-wise error corrected, a < 0.05). Voxels of decreased FA or TR (magenta) as compared to controls are shown. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

activator [26] and has also been shown to decrease blood brain barrier
(BBB) permeability in germ free mice while simultaneously increasing
brain histone acetylation and expression of tight junctions proteins,
such as occludin and claudin 5 [27]. As many of our most pronounced
changes were seen in animals returning to a normal diet following 3-
weeks of a high fiber diet, a potential hypothesis to explain these
changes would be the dramatic decrease in circulating butyrate and
concomitant increased porosity in the BBB, which would allow for a
greater influx of other factors that could then secondarily bring about
the observed changes in neural tissue microstructure. Future studies
exploring how changes in the composition of the gut microbiome and
how the relative abundance of different bacterial species can alter the
underlying porosity of the BBB would begin to answer questions re-
garding the mechanism whereby changes in the gut microbiome can
induce changes within the brain.

Gastrointestinal and psychiatric illnesses such as anxiety disorders,
major depressive disorder, bipolar disorder, autism spectrum disorder,
and schizophrenia share a surprising degree of comorbidity that sug-
gests a causal association between microbiome populations and the

development of psychopathologies [28-31]. Complementary to the
voxel-wise diet-dependent microstructural changes observed, our sub-
sequent ROI analyses revealed specific neuroanatomical alterations in
the brain that may be linked to neurologic and psychiatric diseases. A
high fat diet has been previously associated with deficits in hippo-
campus-dependent memory/learning and mood states [32-35]. Our
findings buttress these reports by uncovering a significant decrease in
FA at the right hippocampus for the high fat group following diet
crossover. Likewise, high fiber diets are known to have beneficial ef-
fects on memory and cognition [26] with previous work demonstrating
children exposed to a high fiber diet exhibited better cognitive control
than children on a low fiber diet [36]. Surprisingly, our ROI analysis
highlights the thalamus, a contributor of cognitive processes, such as
attention, speed of information, and memory [37], as a region with
statistically significant decreased FA in animals fed a high fiber diet for
3 weeks. These results suggest that interventions based singularly on
diet may not represent a viable treatment option for some neurologic
and psychiatric diseases despite promising evidence in certain cognitive
and behavioral processes.
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Regions-of-interest (ROIs) analysis for PRE diet crossover groups. All values are mean * s.e.m. Units of measure for TR are [10 ™ mm?/s]. Bolded and italicized
p-values are statistically significant. Starred p-values are statistically significant after controlling the false discovery rate with the Benjamini-Hochberg procedure
(false discovery rate = 0.05). Regions of interest (ROIs) correspond to ROIs derived from the P72 UNC Atlas. Diffusion measure abbreviations: Hemi. = hemisphere;
FA = fractional anisotropy; TR = trace (mean diffusivity [MD] X 3). ROI abbreviations: HC = Hippocampus; EC = External Capsule; IC = Internal Capsule;
T = Thalamus; NC = Neocortex; CC = Corpus Callosum. For all sample groups, n = 5.

DTI measure Hemi. ROI Mean ( = SEM) p-Value
Control High fat High fiber High protein High fat High fiber = High protein
FA Right HC  0.30571 ( + 0.00102) 0.30951 ( + 0.0036) 0.30509 ( + 0.00146)  0.30845 ( + 0.00211) 0.36099 0.73472 0.28941
EC 0.45738 ( £ 0.00243)  0.45753 ( = 0.00057)  0.45531 ( = 0.00414)  0.45406 ( = 0.00098) 0.95439 0.68035 0.25867
IC 0.44523 ( = 0.00244) 0.44335 ( = 0.00229) 0.44614 ( = 0.00114) 0.44767 ( = 0.00195) 0.59016 0.74722 0.45823
T 0.37672 ( £ 0.00104)  0.37413 (£ 0.00196)  0.37214 ( = 0.00111) 0.37526 ( + 0.0009) 0.28608 0.01657 0.31893
NC  0.29114 ( +0.00167)  0.28834 ( = 0.00054)  0.29341 ( + 0.00083)  0.28972 ( * 0.00085) 0.17309 0.27092 0.47825
CcC 0.52253 ( = 0.00059) 0.52156 ( = 0.00271) 0.52056 ( = 0.00145) 0.52192 ( = 0.00158) 0.74327 0.26211 0.73532
Left HC 0.32909 ( = 0.0004) 0.32818 ( = 0.00051) 0.32849 ( = 0.00057) 0.32845 ( = 0.00106) 0.20216 0.41544 0.59584
EC 0.41067 ( + 0.00445)  0.41852 ( = 0.00518)  0.41867 ( = 0.00221)  0.41238 ( + 0.00355) 0.28455 0.16015 0.77157
IC 0.56526 ( = 0.00194)  0.56864 ( = 0.00581)  0.56382 ( = 0.00469) 0.55423 ( + 0.003) 0.60526 0.78715 0.01805
T 0.35199 ( = 0.00122) 0.34497 ( = 0.00083) 0.34426 ( = 0.00051) 0.34707 ( = 0.00045) 0.00208* 0.00168* 0.0128
NC  0.28975 ( +0.00141)  0.29034 ( + 0.00228)  0.28544 ( = 0.00103)  0.28889 ( = 0.00142) 0.83204 0.04119 0.67933
CcC 0.56878 (= 0.00221)  0.57108 ( + 0.00142) 0.57014 ( = 0.0017) 0.57066 ( + 0.00137) 0.41102 0.63939 0.49349
TR Right HC 0.36516 ( = 0.00054) 0.3668 ( = 0.00077) 0.36453 ( = 0.00065) 0.36661 ( = 0.00071) 0.12037 0.47959 0.14353
EC 0.28571 ( = 0.00068) 0.28629 (= 0.00067) 0.28785 (= 0.00098) 0.28595 ( + 0.00061) 0.56099 0.11343 0.79917
IC 0.29937 ( + 0.0006) 0.29974 ( + 0.00065)  0.30131 ( + 0.00041) 0.30114 ( + 0.0006) 0.6838 0.0313 0.06973
T 0.35771 ( £ 0.00029)  0.35787 ( = 0.00074)  0.35764 ( = 0.00058) 0.3585 ( = 0.00068) 0.84801 0.92472 0.32717
NC 0.32101 ( = 0.00071) 0.32086 ( = 0.00035) 0.32221 ( = 0.00094) 0.31918 ( = 0.00068) 0.8608 0.34305 0.10145
cC 0.27201 ( + 0.00044)  0.27177 (= 0.00071)  0.27285 ( = 0.00077)  0.27189 ( + 0.00081) 0.78014 0.37682 0.90151
Left HC  0.37408 ( £ 0.00075)  0.37489 ( £ 0.00115)  0.37469 ( = 0.00078)  0.37324 ( = 0.00085) 0.57565 0.58835 0.47937
EC 0.29986 ( = 0.00077) 0.29862 ( = 0.00083) 0.30012 ( = 0.00069) 0.29885 ( = 0.00077) 0.30586 0.805 0.37965
IC 0.29258 ( + 0.00051) 0.29246 ( + 0.0007) 0.29401 ( + 0.0005) 0.29396 ( + 0.00029) 0.89902 0.0795 0.05329
T 0.36053 ( £ 0.00056)  0.36046 ( = 0.00073)  0.36114 ( = 0.00074)  0.36079 ( + 0.00072) 0.94917 0.52648 0.78088
NC  0.32448 ( = 0.00095)  0.32443 ( = 0.00051)  0.32611 ( + 0.00037)  0.32491 ( + 0.00116) 0.96196 0.16605 0.78014
cC 0.26192 ( £ 0.00071)  0.26083 ( = 0.00067)  0.26062 ( = 0.00069)  0.26099 ( + 0.00052) 0.30119 0.22861 0.32528

The work described herein is also bears important experimental
considerations for the neuroscience and neuroimaging community.
Quantitative microstructural neuroimaging techniques such as diffusion
tensor imaging are often utilized to detect imaging endophenotypes

across a broad range of neurologic and psychiatric diseases and the
sensitivity of diffusion tensor imaging, coupled with its bias-free auto-
mated analysis, makes this an established and widespread clinical and
experimental technique. Diffusion tensor techniques also serve as the

Table 3

Regions-of-interest (ROIs) analysis for POST diet crossover groups. All values are mean *+ s.e.m. Units of measure for TR are [1073 mm?/s]. Bolded and
italicized p-values are statistically significant. Starred p-values are statistically significant after controlling the false discovery rate with the Benjamini-Hochberg
procedure (false discovery rate = 0.05). Regions of interest (ROIs) correspond to ROIs derived from the P72 UNC Atlas. Diffusion measure abbreviations:
Hemi. = hemisphere; FA = fractional anisotropy; TR = trace (mean diffusivity [MD] x 3). ROI abbreviations: HC = Hippocampus; EC = External Capsule;
IC = Internal Capsule; T = Thalamus; NC = Neocortex; CC = Corpus Callosum. For all sample groups, n = 6.

DTI measure Hemi. ROI Mean ( = SEM) p-Value
Control High fat High fiber High protein High fat High fiber ~ High protein
FA Right HC 0.30734 ( = 0.00121)  0.30386 ( + 0.00074)  0.30771 ( + 0.00072)  0.30726 ( = 0.00105) 0.0382 0.80275 0.95717
EC 0.45699 ( = 0.0008) 0.45788 ( = 0.00061) 0.45729 ( = 0.00172) 0.45898 ( + 0.00112) 0.40148 0.88192 0.18226
IC 0.44601 ( + 0.0035) 0.44888 ( + 0.0015) 0.45195 ( + 0.00208)  0.44865 ( = 0.00182) 0.4764 0.18239 0.52457
T 0.37145 ( = 0.00087)  0.36995 ( = 0.00048)  0.37414 ( = 0.00177)  0.37295 ( + 0.00202) 0.16836 0.21403 0.51719
NC 0.28903 ( = 0.00062) 0.28542 ( = 0.00043) 0.28772 ( = 0.00146) 0.28805 ( = 0.00103) 0.001* 0.43446 0.43782
cC 0.52227 ( + 0.00069) 0.52303 ( + 0.0013) 0.51947 ( £ 0.0007) 0.52168 (£ 0.00092) 0.62077 0.0176 0.62318
Left HC 0.32857 ( + 0.00062)  0.32853 ( + 0.00059)  0.32832 ( = 0.00073)  0.32812 ( + 0.00046) 0.96599 0.79671 0.56802
EC 0.42132 ( = 0.00082)  0.41555 ( = 0.00378)  0.40644 ( = 0.00343)  0.40902 ( + 0.00438) 0.19098 0.00656 0.03696
IC 0.56353 ( = 0.00476) 0.57836 ( + 0.00383) 0.55882 ( + 0.0044) 0.57433 ( = 0.00465) 0.03662 0.48402 0.13565
T 0.34697 ( + 0.00095) 0.3479 ( = 0.00062) 0.3466 ( + 0.00113) 0.34694 ( + 0.0006) 0.43053 0.81063 0.98378
NC 0.28669 ( = 0.00063) 0.28771 ( + 0.0009) 0.29087 ( = 0.0013) 0.29028 ( + 0.00171) 0.37671 0.0229 0.0945
CcC 0.5732 ( = 0.00176) 0.5704 ( = 0.00131) 0.56935 ( = 0.00185) 0.56882 ( + 0.00116) 0.23242 0.16202 0.06879
TR Right HC 0.36527 ( + 0.00089)  0.36484 ( + 0.00064)  0.36823 ( = 0.00046)  0.36585 ( + 0.00092) 0.70427 0.01995 0.66239
EC 0.28632 ( + 0.00026)  0.28741 ( = 0.00023)  0.28683 ( = 0.00023)  0.28634 ( £ 0.00022)  0.01146 0.17152 0.95896
IC 0.30134 ( £+ 0.00049)  0.30151 ( + 0.00022) 0.30017 ( = 0.0003) 0.30083 ( = 0.00056) 0.76399 0.07503 0.5113
T 0.35663 ( + 0.0005) 0.35675 ( + 0.00022) 0.3583 ( = 0.00035) 0.35746 ( + 0.00052) 0.82363 0.02298 0.27671
NC 0.32094 ( + 0.00051) 0.3204 ( + 0.00026) 0.32167 ( + 0.00059) 0.32142 ( + 0.0004) 0.37644 0.37343 0.48129
cC 0.27229 ( £+ 0.00043)  0.27213 ( + 0.00036)  0.27199 ( + 0.00052)  0.27216 ( + 0.00063) 0.7813 0.67055 0.8699
Left HC 0.37382 ( + 0.0006) 0.37329 ( + 0.00067) 0.37394 ( = 0.0006) 0.37433 ( = 0.00075) 0.56942 0.8874 0.60926
EC 0.29895 ( + 0.00061)  0.29987 ( + 0.00079)  0.30183 ( % 0.00077) 0.30116 ( + 0.0008) 0.38013 0.01571 0.05426
IC 0.29348 ( £+ 0.00073)  0.29333 ( + 0.00043) 0.2936 ( + 0.00031) 0.29218 ( = 0.00033) 0.86005 0.88123 0.14683
T 0.36001 ( = 0.00053)  0.35931 ( = 0.00022) 0.3612 ( = 0.0003) 0.36052 (= 0.00045) 0.26204 0.08607 0.47802
NC 0.32509 ( + 0.00059)  0.32375 ( = 0.00049)  0.32534 ( = 0.00086)  0.32604 ( + 0.00057) 0.10887 0.82113 0.2773
CcC 0.26097 ( + 0.00078) 0.2618 ( + 0.0003) 0.2615 ( + 0.00059) 0.26131 ( £ 0.00037) 0.35693 0.59891 0.70486
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basis for several large ongoing neuroimaging trials including the
Alzheimer's Disease Neuroimaging Initiative, the Human Connectome
Project, and ENIGMA-DTI. In the work presented herein, our findings
that unaccounted experimental variables such as diet are able to exert
an unexpected impact on sensitive measures of diffusion tensor is an
unanticipated and surprising challenge and one that bears significant
consideration as we begin to interpret these neuroimaging measure-
ments.

Although we have demonstrated that diet and subsequent changes
in diet are able to exert a broad range of plastic and durable micro-
structural changes throughout the brain, additional analyses are needed
to ascertain whether these microstructural changes can be correlated
with specific gut bacterial populations [12] or if they are a result of
other metabolic processes that may arise secondary to changes in diet.
In particular, the caloric density (and observed accelerated weight gain)
of animals on the high fat diet may have contributed to other diet-
induced metabolic changes that could conceivably influence the mi-
crostructural changes seen in the high fat diet; conversely, the relative
energy depleted food made available to animals in the high fiber diet
could also yield a similar (opposite) effect. Despite this limitation, that
we observe such significant changes in neural microstructure due to
simple changes in diet remains a surprising finding and an important
consideration as we begin to examine and interpret large-scale neu-
roimaging studies. A potential criticism of our study is the timeframe
selected for diet intervention as the brain undergoes significant neu-
rodevelopmental changes during this time (PND 21-63) thus making it
difficult to disambiguate normal neurodevelopmental changes from
pathologic changes arising from changes in diet. The experimental
timeframe was selected, however, to address emerging evidence of the
role of diet in the development of psychiatric illness, especially during
childhood and early adolescence, which corresponds to the ages of the
animals used in this study [5-10]. As only age-matched comparisons
are made and if changes in diet have no impact on quantitative mea-
sures of neural microstructure, we would accordingly expect no dif-
ferences between our age-matched groups, irrespective of diet. Our
results, however, suggest otherwise and show how changes in diet can
alter neurodevelopmental trajectories during a sensitive neurodeve-
lopmental window.

5. Conclusions

Implementing a crossover experimental design, we uncovered re-
fractory and global diet-induced changes to white matter micro-
structural integrity in male rats subjected to one of three experimental
diets: a high fat diet, high fiber diet, and high protein diet. These data
reinforce the linkage of diet with neurologic and psychopathological
outcomes and diet as an important factor in the development and
treatment of neurological and neuropsychiatric disorders. As we begin
to examine large-scale cross-sectional and longitudinal neuroimaging
data, understanding how experimental variables such as diet and the
ability of diet to exert an unexpected impact on sensitive measures of
diffusion tensor will be critical and important as we start to unpack and
translate these neuroimaging data to the clinic and hope to reliably and
faithfully interpret these neuroimaging data.
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