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MRI Uncovers Disrupted Hippocampal Microstructure That
Underlies Memory Impairments After Early-life Adversity
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Abstract

Memory and related cognitive functions are progressively impaired in a subgroup of individuals
experiencing childhood adversity and stress. However, it is not possible to identify vulnerable
individuals early, a crucial step for intervention. In this study, high-resolution magnetic resonance
imaging (MRI) and intra-hippocampal diffusion tensor imaging (DTI) were employed to examine
for structural signatures of cognitive adolescent vulnerabilities in a rodent model of early-life
adversity. These methods were complemented by neuroanatomical and functional assessments of
hippocampal network integrity during adolescence, adulthood and middle-age. The high-
resolution MRI identified selective loss of dorsal hippocampal volume, and intra-hippocampal DTI
uncovered disruption of dendritic structure, consistent with disrupted local connectivity, already
during late adolescence in adversity-experiencing rats. Memory deteriorated over time, and
stunting of hippocampal dendritic trees was apparent on neuroanatomical analyses. Thus,
disrupted hippocampal neuronal structure and connectivity, associated with cognitive impairments,
are detectable via non-invasive imaging modalities in rats experiencing early-life adversity. These
high-resolution imaging approaches may constitute promising tools for prediction and assessment
of at-risk individuals in the clinic.
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INTRODUCTION

Progressive cognitive deficits including serious and worsening impairments of memory have
been observed in studies of populations exposed to early-life adversity (Kaplan et a/., 2001;
Everson-Rose et al., 2003; Wilson et al., 2005). Such cognitive impairments also constitute
an important and relatively understudied aspect of neuropsychiatric disorders including
depression and schizophrenia (Dere et al., 2010; Millan et al., 2012). These disorders,
believed to arise from interactions between genetic and environmental influences, are
especially prevalent after early-life stress and adversity (McEwen, 2003; Krishnan and
Nestler, 2008; Baram et al., 2012). However, cognitive problems do not affect all survivors
of early-life adversity or stress, and it is not possible to predict who will be impaired. The
inability to recognize individuals with incipient or emerging memory problems hampers
potential targeted interventions.

Neuroimaging has been employed to assess the consequences of stress in humans
(O’Doherty et al., 2015) and rodent models (Bourgin et al., 2015). Available neuroimaging
modalities include high-resolution volumetric acquisitions, diffusion tensor imaging (DTI)
and functional magnetic resonance imaging. These aim to identify structural and functional
alterations resulting from chronic stress or other adversity, in the hopes of delineating
biomarkers of cognitive or emotional deficits. The goal of the current study was two-fold.
First, we wished to examine for functional deficits in hippocampal function after early life
adversity. Second, we undertook non-invasive magnetic resonance imaging (MRI) to
determine if the observed functional hippocampal problems could be visualized by imaging,
as might be done clinically. Here, using a well-characterized rodent model of early-life
adversity, we demonstrate progressive deficits in both object memory and in hippocampus-
dependent spatial memory. We then employ high-resolution MRI and intra-hippocampal
diffusion tensor imaging (DTI) combined with regional analysis to provide a unique systems
view of the hippocampus, to probe the structure and connectivity of the hippocampus. We
find selective loss of dorsal hippocampal volume and disrupted dendritic microstructural
organization already during late adolescence, when nascent memory problems emerge. We
then identify the neuro-anatomical basis of these novel MRI changes. Together, these studies
indicate that disrupted hippocampal neuronal structure and connectivity are detectable early
using non-invasive imaging modalities, with broad clinical implications.

MATERIALS AND METHODS

Experiments were performed in accordance with NIH guidelines and approved by the
Institutional Animal Care and Use Committee.

Animals and Experimental Paradigms

Subjects were born to timed-pregnant Sprague-Dawley rat dams maintained in uncrowded
animal facilities on 12 h light/dark cycles with access to chow and water. On P2, pups from
several litters were gathered, and 12 (6 males; 6 females) were assigned at random to each
dam, to obviate potential genetic and litter size confounders. After weaning, males were
housed two to three per cage.
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The Early-Life Stress/Adversity Paradigm (CES)

The early-life stress/adversity paradigm (CES) consisted of limiting nesting and bedding
materials in cages between P2—-P9 (Brunson et al., 2005; Molet et al., 2014). For the CES
group, cages were fitted with a plastic-coated aluminum mesh platform ~2.5cm above the
floor (allowing for collection of droppings). Bedding was reduced to cover cage floor
sparsely, and one-half of a single paper towel was provided for nesting material. Control
(CTL) dams and litters resided in standard cages containing 0.33 cubic feet of cob bedding.
In this paradigm, maternal care was fragmented and unpredictable, provoking chronic stress
in the pups (lvy et al., 2008; Molet et al., 2014; Molet et al., 2016). Control and
experimental cages were undisturbed during P2—P9, housed in temperature-controlled rooms
with laminar airflow preventing ammonia accumulation. On P10, experimental groups were
transferred to routine cages, where maternal behavior normalized within hours (Ivy et al.,
2008; Molet et al., 2014). Rats were weaned on P21-22, and then housed in group cages.

Adolescent Short Stress

CTL and CES rats (7-8 weeks) were exposed to 5h concurrent physical, psychological and
social stresses (Maras et al., 2014). Briefly, rats were restrained and crowded six to a cage,

which was placed on a laboratory shaker in a brightly lit room bathed in loud rap music (90
dB) for 5 h. Rats were returned to home cages for 24 h, then trained and tested for memory.

Memory Tests

Rats were tested for object recognition (OR) (n=6-11/group) (Maras, Molet et al., 2014) or
in the more stringent and more hippocampus-dependent object location task (OL) (n=17-
21/group) (Squire et al., 2007; Broadbent et a/.,, 2010; Langston and Wood, 2010). These
consisted of two phases conducted over 2 days: a training session (24 h after termination of
the adolescent short stress, or “second hit”) and a testing phase (24 h after training). Rats
from each of the experimental groups (CTL, CTL+, CES, CES+) were run concurrently and
at the same time of day.

During the training session on day 1, rats were placed in the experimental apparatus with
two identical objects (Al and A2). These included a yellow radioactivity container or a clip
for the object recognition test, and 250-mL beakers for the object location. Rats were
allowed to explore the objects for 10 min. In the OR test, the objects for training were
counterbalanced across groups and all objects were cleaned with 70% ethanol between trials.
During the testing session on day 2, rats were returned to the testing room, placed in the
experimental apparatus and allowed to explore the two objects for 5 min. In the OR task,
animals were presented with a familiar object from the training session and a novel object
(either yellow radioactivity container or clip). In the OL task, rats were presented with the
two familiar objects from the training session with one object moved to a novel location.
Both training and testing phases were video-recorded using an overhead camera, and the
duration of exploration of each object (touching the object with the nose or sniffing with the
nose <2 cm from objects) as well as total object exploration were scored without the
knowledge of group. To assess recognition memory of the familiar object, exploration times
(t) for the novel (N) and familiar (F) objects were used to calculate a discrimination ratio
(Novel/Familiar) and a discrimination index (DI) for each subject, which reflects the
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preferential exploration of the novel object while taking into account any differences in total
object exploration: DI =(tN — tF)/(tN +tF).

Magnetic Resonance Imaging (MRI)

We used ultrahigh-resolution MRI scanners (11.7T for neuroanatomy, 9.4T for DTI), and
long acquisition times. To avoid motion artefacts, we imaged brains post-mortem. Two
cohorts of CTL and CES rats (7=9/group) were sacrificed via transcardiac perfusion using
4% paraformaldehyde (PFA). Whereas imaging of either the brain in the cranial vault (Papp
et al., 2014) or of the brain alone have been reported, brain-only samples have been used to
generate atlases (Kovacevic et al., 2005). Therefore, we elected to remove the brains from
the cranial vault. Brains were postfixed in 4% PFA, washed and stored at 4°C in 0.1M PB/
0.05% azide. Together, these procedures reduced the potential for artifacts particularly at
high field strengths. Prior to imaging, brains were placed in Fluorinert to facilitate
susceptibility matched imaging.

On a Bruker Avance scanner (Bruker Biospin, Billerica, MA), we employed 3D Rapid
Acquisition with Relaxation Enhancement (3DRARE), with a 2563 matrix, 2 cm field of
view and 78-um slice thickness, repetition time/echo =2,388/15 ms and a single average.
The 5 h imaging yielded 78 x 78 x 78 um/pixel isotropic resolution. High-resolution DTI-
MR images were acquired using a 9.4T Bruker Biospin MRI system (Paravision 5.1). Brains
were positioned in 5-ml plastic syringes and submerged in Fluorinert. Each acquisition
consisted of 50 0.5 mm slices, 1.922 cm field of view, 128 x 128 matrix zero-filled to 256 x
256 at reconstruction. Four-shot echo-planar imaging was used to acquire four averages of
diffusion weighted images with =0 (5 images) and £#=3,000 s mm~2 (30 images in
noncolinear directions); diffusion pulse width =4 ms; interpulse =20 ms; repetition time
=12,500 ms; echo time =36 ms. The resultant DT scans yielded an acquired in-plane
resolution of 150 um and a reconstructed resolution of 75 um. The 0.5-mm slice thickness
was utilized to optimize signal to noise whilst minimizing total scan time (1 h 56 min).

We avoided the use of exogenous contrast agents for several reasons: (1) the anatomical
boundaries of the rodent hippocampus are readily discernible on standard neuroimaging
protocols, so the potential improvements in visualization of brain anatomy, particularly
when ex vivo imaging is employed (Norris et al., 2013), was less important here; (2)
ultimately, we wished to use a neurocimaging protocol that is clinically translatable and use
of contrast agents typically are not considered routine for structural imaging.

Volumetric Analysis

Brains were realigned along a horizontal axis from anterior commissure to posterior
commissure using ImageJ, so that ventral hippocampus was present >200 um in the coronal
plane before appearance of most anterior dorsal hippocampus. Volumetric analyses of total
brain, ventricles and hippocampi were performed on coronal slices using Cheshire image
processing (Hayden, Waltham, MA) by investigators unaware of treatment groups. Regions
of interest were manually delineated and separate analyses undertaken of left and right brain
along the entire rostrocaudal extent of hippocampus, using anatomical landmarks. Using
external landmarks avoided potential confounders of treatment-specific changes in
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hippocampal shape or volume. Mid-dorsal hippocampus was defined here as consisting of
the four anterior-most slices (1248 um) where all hippocampal subregions were visible.
Within these landmark-driven boundaries, hippocampus, ventricles and hemispheres were
delineated in every fourth slice (312 um interslice distance). To calculate volumes,
interpolated areas were computed from the actual areas using cubic spline function
(MATLAB MathWorks, Natick, MA); volumes of brain, left and right total hippocampus,
left and right mid-dorsal hippocampus, and left and right ventral hippocampus were
calculated by summing the interpolated 2D areas x slice thickness (78 um).

We performed manual (rather than automated) segmentation here for the following reasons.
(A) Direct comparisons between manual and automated segmentation have reported that
subtle volumetric alterations may not be detected when imaging data are morphed to a
standardized atlas (Hayes et al., 2014). Similarly, over-estimation of hippocampal volumes
was found upon use of two separate automated segmentation methods (Schoemaker et al.,
2016). (B) As noted in the results, we found that only moderate dendritic changes, so that it
is likely that morphing to template atlases might have obliterated small, yet biologically
important differences. (C) We found a significant increase in ventricular volumes that was
commensurate with hippocampal volume loss. This was associated with altered ventricular
shape, which might render morphing of data to atlases more problematic. (D) Whereas it is
quite likely that proprietary or institution-generated atlases exist, there are few (if any)
widely available atlases that are based on tensor or voxel based morphometry for rats.
Together, these considerations led us to manual segmentation approaches as equal to, and
perhaps superior to, automated algorithms for the purpose of this study.

Diffusion Tensor Analyses

Initial analysis was performed using DSI Studio (National Taiwan University). Fractional
anisotropy and primary, secondary, and tertiary diffusion eigenvector maps were calculated
using FSL. Regions of interest (ROI) were drawn over the right and left CA1 dendritic
region (stratum radiatum, SR) of two adjacent slices encompassing dorsal hippocampus,
guided by atlases for each animal (Fig. 3A). CA1 SR region was manually delineated using
the primary eigenvector map color-coded for direction and modulated by FA, which
provided superior delineation for each pixel. CA1l SR was defined as commencing two
pixels below corpus callosum to exclude stratum pyramidal and 14-20 pixels long based on
FA values. The ROIs from each animal were then placed onto their respective eigenvalue,
radial diffusivity and FA maps, and values were derived using FSL tools.

Radioimmunoassay

Plasma corticosterone levels were measured together at 0, 60, 90 min and 5 h from onset of
5 h stress in two cohorts (17 =12/group), using a kit (MP Biomedicals, Solon, OH) as
described (Rice et al., 2008). Assay sensitivity was 0.5 ug dL~1 and all samples were run in
a single assay.

Golgi-Cox Impregnation and Quantification of CA1 and CA3 Pyramidal Cell Dendrites

Eight-week old CES and CTL rats (n=3-4/group) were euthanized and perfused with 0.9%
saline, pH7.4 Brains were removed into Golgi—Cox solution and coronal slices from the

Hippocampus. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Molet et al. Page 6

hippocampus (200 pm) were cut. Fully impregnated CA1 and CA3 neurons were imaged
and reconstructed without knowledge of treatment group (/7=6-10 neurons/rat). Dendritic
arborization was analyzed using Sholl’s method (Sholl, 1953) which provides a quantitative
description of the dendritic tree by counting the number of dendrites that cross virtual
concentric circles drawn at fixed distance from the soma.

Statistical Analyses

All measurements and analyses were performed without knowledge of group. Two-way
analysis of variance (ANOVA) was used for discrimination ratio, discrimination index values
and total exploration times. Two-way repeated-measures (RM)-ANOVA was used for
analyses the time course effect of the early-life stress in OR, corticosterone levels and Sholl
analyses of dendrites. Early-life treatment group was used as the “between-subjects” factor,
and age (OR), time elapsed from the start of stress (corticosterone) or distance away from
soma (Sholl) was used for the “within-subjects” factor. Two-way ANOVAs were followed by
Bonferroni’s post hoc multiple comparisons test. Student’s #tests (two-tailed unpaired) were
used to compare total apical dendritic length and hippocampal, brain and ventricle volumes
across early-life treatment group. All MR data (volumetric and DTI) were assessed using
one way ANOVA for group and left/right differences followed by Tukey post-hoc analysis.
Outliers were assessed using interquartile ranges and removed from final analysis.
Significance levels were set at 0.05, and data are presented as mean +SEM. Statistical
analyses were performed using GraphPad Prism 5.0 software (GraphPad, San Diego, CA).

RESULTS

Early-Life Adversity Leads to Progressive Memory Deficits

Rats reared in conditions promoting chronic early-life stress (CES) (Brunson et al., 2005;
Molet et al., 2014) performed well in the object recognition (OR) test at 4 and 8 months of
age (Fig. 1A). Specifically, the discrimination index (DI) a measure of novel object
preference, was similar in rats reared under typical laboratory conditions (CTL) and the CES
group (DI: 0.27 £0.07 vs. 0.28 +0.1 at 4 months; 0.29 £0.04 vs. 0.23 £0.07 at 8 months).
Using ratios of time exploring novel vs. familiar object as a measure of memory yielded the
same results: (1.87 £0.28 vs. 2.06 +£0.48 at 4 months; 1.89 +0.18 vs. 1.69 +0.22 at 8 months,
post hoc P>0.05, Table 1). However, by 12 months, object memory declined in CES rats
(Brunson et al., 2005; lvy et al., 2010) (DI: —0.03 £0.03 vs. 0.37 +£0.04; ratio: 0.94 +0.06 vs.
2.57 +0.20; all £<0.01, Fig. 1). Two-way RM-ANOVA revealed effects of CES (£ 19 =
7.96; £=0.02) and interaction of CES and age (£ 2o = 6.80; £ <0.01). Whereas total
exploration times decreased with age (training: £, o0 = 30.34; P<0.01; testing: /20 =
15.29; P<0.01), they did not differ among groups (all £>0.05, Table 1).

Vulnerabilities of Memory Function Emerge Already during Late Adolescence

The findings described above were consistent with several possible scenarios. Either the
CES led to no immediate consequence yet unleashed a delayed toxic effect on hippocampal
function with onset in middle-age. Alternatively, CES initiated an effect that remained latent
up to middle-age, and hence might be unmasked by appropriate provocation (“second hit”).
To probe the latter possibility, we tested 7- to 8-week old (late-adolescent) rats for their
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ability to remember an object following an acute challenge. Both CTL and CES adolescent
rats spent more time exploring the novel object and their discrimination indices and ratios
did not differ appreciably (DI: 0.39 £0.04 vs. 0.38 £0.04; Fig. 1B; ratio: 2.42 £0.25 vs. 2.41
+0.26 all £>0.05, Table 2). We then examined if the object memory of CES rats, dependent
on intact limbic circuitry (Squire et al,, 2007) might be compromised by challenges. We
exposed subgroups of both CTL and CES rats to a 5 h combined stress and tested them after
a 24 h recovery. Exploration times for the objects were comparable in the challenged (CTL
+; CES+) and nonchallenged groups during both training and testing (Table 2). However,
whereas performance in the memory task was not influenced by stress experienced 24h
earlier in CTL rats (DI: 0.40 +£0.03 vs. 0.39 £0.04, Fig. 1B; ratio: 2.42 £0.19 vs. 2.42 +0.25,
Table 2; all £>0.05), the performance of challenged CES rats was drastically impaired, with
novel/familiar ratio =1.44 £0.20 in CES+; 2.41 +0.26 in CES. DI was significantly lower in
CES+ rats compared with CTL+ (0.13 £0.06 vs. 0.38 £0.04, Fig. 1B). These results
indicated that rats experiencing CES were cognitively vulnerable: a “second hit” unmasked
incipient memory deficits that were not apparent when the test was performed under routine
circumstances.

Hormonal Responses to a Second Stress Are Not Altered in Adolescent Rats Reared
Under Adversity

The adverse effects of stress on memory in CES rats might derive from enduringly
heightened sensitivity to stress: stress might elicit a more robust or protracted
neuroendocrine response from these rats, differentially affecting their performance 24 h

later. To test this possibility, we measured the time-course of plasma corticosterone in
separate groups of CTL+ and CES+ rats exposed to identical 5 h stress (Fig. 1C). Basal
corticosterone levels did not differ between groups (two-way RM-ANOVA, early-life
experience effect: /1 5o = 0.52; £>0.05). In addition, neither plasma corticosterone at 60min
from stress onset nor the decay slope distinguished CTL+ from CES+ rats (early-life
experience X time interaction: /3 gs = 1.15; £>0.05). Thus, differential sensitivity to stress in
CES rats did not explain the cognitive vulnerability of this group.

Early-life Adversity Provokes Overt Memory Deficits in an Hippocampus-dependent Spatial
Memory Test

If rats experiencing CES perform poorly in the OR test when challenged but not under basal
conditions, then it is likely that this vulnerability might be unmasked by more rigorous or
more hippocampus-selective memory tests, revealing overt memory deficits. Accordingly,
the ability to remember the location/placement of objects (OL), a spatial memory test
requiring an intact mid-dorsal hippocampus (McQuown et af., 2011; Vogel-Ciernia and
Wood, 2014), was impaired in late adolescent CES rats even without exposure to a 2nd
challenge (two-way ANOVA, early-life stress effects: F 73 = 15.49; £<0.01; Fig. 1D).
Specifically, CTL and challenged-CTL (CTL+) rats performed well in the OL task, apparent
from their DI and new/old location ratios (DI: CTL =0.30 £0.04; CTL+=0.25 +0.05 Fig. 1D;
ratio: CTL =2.10 £0.25; CTL+=1.9 +0.19, Table 3). However, CES rats did significantly
worse than CTL both before and after challenge (DI: CES =0.08 +0.06, CES+=0.02 £0.04
Fig. 1D, ratio: CES =1.36 +0.18, CES+=1.10 £0.09; all £<0.01). Notably, exploration times
of all groups during both training and testing, as well as other parameters of the test, did not

Hippocampus. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Molet et al. Page 8

distinguish among groups (Table 3). Together, these results indicated that CES provoked
hippocampal functional deficits already during late adolescence. These deficits were not
sufficient to impair performance in OR. However, they became evident with the use of either
an adolescent stress challenge or upon more rigorous tests that require intact dorsal
hippocampus (Maras et al., 2014; Vogel-Ciernia and Wood, 2014).

High-resolution Magnetic Resonance Imaging Detects Selective Loss of Dorsal
Hippocampus Volume Loss after Early Life Adversity

The spatial memory deficits observed in CES rats already at 7-8 weeks suggested that the
hippocampal network responsible for memory was impaired, raising the possibility that CES
interfered with normal hippocampal growth and maturation patterns. If such structural
consequences of early-life adversity existed and are detectable using non-invasive methods
in rodents, they might be instructive about the human condition. Indeed, several studies have
described reductions in hippocampal volumes using MRI following childhood trauma and
adversity (Bremner et al., 1997; Bremner et al., 2003; Woon and Hedges, 2008). In human
studies, it is difficult to infer causality and it is not known if an observed volume reduction
results from CES, or from genetic (Lyons ef a/., 2001; van Haren et al., 2004) or other
unidentified factors. Therefore, we employed high-resolution anatomic MRI to probe
hippocampal volume and DTI to assess hippocampal microstructure. We focused on the
mid-dorsal hippocampus because it is crucial for spatial memory (McQuown et al., 2011).

High-resolution visualization of internal hippocampal structure and layers and matching of
sections within dorsal hippocampus among individual brains from both groups were enabled
by 3D-RARE acquisitions; these yielded virtual sections 78 um in thickness (Fig. 2A).
Comparing volumes of mid-dorsal hippocampus between groups (77=9/group), we found
significantly reduced volume of the left side in CES (4.84 +0.12 mm3) vs. CTL rats (5.26
+0.15 mm3; i = 2.19, £=0.04; Fig. 2B,C). The volume loss in CES hippocampi was
limited to a relatively confined region of mid-dorsal hippocampus which, in itself, accounted
for ~10% of total hippocampal volume (total volume of left hippocampus: 42.58 +0.44 mm3
and 42.58 +0.48 mm3 in control and CES groups, respectively). Therefore, as expected, the
reduction in volume of this small hippocampal subregion did not impact total hippocampal
volume significantly (Fig. 2D) and was associated only with a trend towards a modest
increase in the left ventral hippocampus volume (35.52 +1.4 mm3 and 35.78 + 1.5 mm3 in
control and CES, respectively). Whole brain volumes also did not distinguish between
groups (Fig. 2E). The selective reduction of mid-dorsal hippocampal volume was associated
with a commensurate increase of the volume of the dorsal portions of the lateral ventricles in
the CES group, measured on the same anatomical sections (CES: 5.17 +0.40 mm3, CTL:
4.19 £0.23 mm3, fig = 2.12, P=0.05, Fig. 2B).

Diffusion Tensor Imaging Detects Adversity-provoked Disruption of Hippocampal Dendritic
Architecture
The observed loss of dorsal hippocampal volume might be a result of a reduction of one or
several of its components. Structurally, the hippocampus (and therefore its volume) is
comprised of dendrites, glia, extracellular matrix and neuronal cell bodies and axons (Paus,
2009), and the dendritic trees account for ~30% of the total volume. Therefore, we examined
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here the possibility that diminished dendritic arborization, described in middle-aged rats
after early-life adversity (Brunson et al., 2005; lvy et al., 2010), contributed to the dorsal-
hippocampus volume loss. We capitalized on hippocampal organization: Within area CAL,
apical dendritic trees are oriented perpendicular to the pyramidal cell layer, providing a
highly organized structure (Fig. 3A,B). We conducted intra-hippocampal DTI, a method that
reports on directional water diffusion and that has been used to detect microstructural
alterations in pathological conditions in humans and experimental models (Ayling et al.,
2012; Shenton et al., 2012). Multiple metrics can be derived from DTI including individual
directional eigenvalues (A1, A2, A3), axial (AD) and radial (RD) diffusivities and fractional
anisotropy (FA). Using DTI we queried if CES provoked DTI-detectable hippocampal
disorganization. In addition, because of the laterality of hippocampal volume changes in
CES hippocampus, we assessed the left and right sides separately.

Fractional anisotropy (FA; a measure of the anisotropy of water diffusion) was increased in
dendritic layers of left hippocampal CA1 (Fig. 3B,C) of 2-month-old CES rats (£<0.01) but
not on the right (£=0.2) (Fig. 3C and Table 4). The increased FA implies that the water
diffusion was more anisotropic in CES dendritic layers, a factor governed by dendritic
microstructure (Fig. 3D). The increased FA resulted from combined trends for changes in
water mobility along the plane of the main apical dendritic stem (A1) and within the plane of
the commissural-associational and Schaeffer collateral branching (A2), without discernible
differences in the anterior-posterior direction (A3) or radial diffusivity (RD =(A2+A.3)/2)
(Fig. 3E and Table 4). These findings were confined to the left hippocampus, in line with the
volume changes, and suggested loss of integrity of hippocampal apical dendritic trees,
prompting us to examine these directly.

The Structural Neuroanatomical Correlates of Imaging-detected Hippocampal Deficits in
Rats Experiencing Early-life Adversity

Because dendritic trees contribute significantly to both hippocampal volume and
microstructure and their integrity is crucial for normal memory, we examined the structure
of apical dendritic trees of CA1 and CA3 pyramidal cells in dorsal hippocampus of CES vs.
control rats.

Total apical dendritic length in CA1 and CA3 neurons was diminished in 8-week-old CES
rats compared to CTL (1376 + 81.48 vs. 1655 +81.70 um, &7 = 2.42, £=0.03; 1655 +90.66
vs. 2053 £137.3 um, fig = 2.52, P=0.02; respectively; Fig. 4A,B). This reduction seemed to
derive from loss of dendritic branches mainly in the proximal tree, site of innervation of
commissural/associational fibers and Schaefer collaterals, key pathways for information
flow within hippocampus (arrows Fig. 4A). The complexity of dendritic arborization was
reduced in both CA3 and CAL. In CA3 a significant early-life stress effect (/2 110 = 2.99; P
<0.01), a distance from soma effect (/2 110 = 50.22; P <0.01) and an early-life stress x
distance from soma interaction were noted (£ 5 = 13.24; £=0.02; Fig. 4D). In area CA1, an
interaction of early-life stress x distance from soma was observed (£17 g5 = 3.49; P<0.01),
as well as a distance from soma effect (two-way RM-ANOVA, Fy7 g5 = 45.12; £<0.01; Fig.
4C). These findings indicate that dorsal hippocampus structure is impacted by CES already
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during late adolescence, and the process was more advanced in area CA3, as reported at
older ages (Brunson et al., 2005; Ivy et al., 2010).

DISCUSSION

The principal findings of the present studies are: (a) Cognitive vulnerabilities exist in late
adolescent rodents that had experienced early-life adversity and progress to overt pathology
with age. (b) These vulnerabilities can be unmasked by a “second hit” consisting of a short
stress, or by the use of more rigorous and hippocampus-dependent tests. (c) Clinically
relevant imaging methods, including high-resolution, intra-hippocampal DTI, can visualize
hippocampal volume loss and microstructural deficits and may allow diagnosis of cognitive
vulnerabilities in humans.

Early-life adversity is strongly associated with neuropsychiatric disorders such as depression
and schizophrenia, in which significant and progressive memory deficits accompany
emotional impairments (Millan et a/., 2012). Additionally, early-life adversities such as
rearing in orphanages or maltreatment are associated with reduced cortical and hippocampal
volumes (Teicher et al., 2012; Hodel et al., 2015). Whereas causality for both outcomes is
difficult to infer in human populations where numerous factors might interact, we probed
causality in rodents by artificially imposing adversity during a defined developmental
period. We reared rats in early-life adversity environment during P2—P9 which, for
hippocampal development, represents late gestation and early infancy periods (Avishai-
Eliner et al., 2002), then normalized the environment. We found seemingly normal memory
using a typical object recognition test (Broadbent et a/.,, 2010). However, memory
disintegrated in CES rats when tested 24 h after a short stress, and deficits progressed in all
CES rats, associated with abnormal hippocampal volume and structure on MRI.

How might early-life adversity/stress impact hippocampal microstructure and volume? CES
may both interfere with the normal construction and maturation of cortical and hippocampal
networks, as well as promote their destruction (Kehoe and Bronzino, 1999; Brunson ét al.,
2005; Radley et al., 2008; Maras et al., 2014). In middle-aged CES rats, impoverished
dendritic trees and reduced hippocampal volume have been described (Brunson et a/., 2005;
Ivy et al., 2010), and similar dendritic changes were found in prefrontal cortex (Radley et al.,
2008). Because dendrites comprise ~42% of cortical volume (Paus, 2009) and dendritic
impoverishment correlated with hippocampal volume loss in rodents, it is reasonable to
assume that cortical and hippocampal volume reduction in human adolescents and adults
exposed to early-life adversity might derive from abnormal growth and branching of
neuronal dendrites.

The relationship of dendritic arborization and memory has been established and both can
result from stress (Magarinos and McEwen, 1995; Brunson et al., 2005; Radley et al., 2008;
Ivy et al., 2010; Maras et al,, 2014). In mature brain, stress induces structural changes that
depend on its duration. Modifications of the synaptic machinery take place within minutes
(Chen et al., 2008). Loss of spines and the excitatory synapses they carry (Bourne and
Harris, 2008; Holtmaat and Svoboda, 2009) takes place within hours, and correlates strongly
with memory in individual mice (Chen et al., 2010). Chronic stress leads remodels dendritic
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branches (Kim et al., 2010; McEwen, 2012), presumably because dendritic integrity requires
functional excitatory synapses on dendritic spines. Indeed, rapid, stress-induced dendritic
spine loss is found in the distribution of eventual dendritic atrophy in adult hippocampus
(Pawlak et al., 2005; Chen et al., 2008). Therefore, a potential scenario for the effects of
CES on memory involves loss of synapses and spines mediated by stress hormones
including corticosterone and hippocampal CRH (Chen et al., 2008; Segal et al.,, 2010). This
loss both interferes with memory processes and promotes dendritic stunting/atrophy (Regev
and Baram, 2014).

Notably, dendritic disruption may progress with age, as supported by studies using
transgenic mice (Wang et a/., 2011, 2012). Mice with a conditional knock-out of the CRFR1
gene were resistant to enduring cognitive defects that follow CES. CES took place during
the first postnatal week, prior to repression of CRFRL1 receptor via CaM Kinase |1
mechanisms [the latter is expressed commencing P5-P10, with full maturation by P20;
(Wang et al., 2011)]. Thus whereas CRFRL1 receptors were still expressed during the first 10
days of life, the CES period, their absence later was protective, suggesting that memory
deficits require progressive processes beyond the CES period. Epidemiological studies in
humans also suggest a progressive injury: cognitive problems in individuals with evidence of
CES emerge during middle-age and are a risk-factor for early dementia (Kaplan et al.,

2001). Whereas studies on children subjected to early-life emotional deprivation followed by
environmental enrichment (Nelson et a/., 2007) support a sensitive (critical) period for the
major effects of CES, cognitive impairments over the lifetime may reflect cumulative effects
of both early and continuing processes (Ulrich-Lai and Herman, 2009). The evidence for
progression CES effects beyond infancy thus offers an important opportunity for
interventions.

Here we demonstrate the use of noninvasive imaging methods to detect disruption of
hippocampal structure already during late-adolescence/early adulthood, with the
development of ultra-high magnetic field strength and spatial resolution as mesoscopic MRI
techniques. We visualized the impoverished dendritic trees using high-resolution MR
imaging. Notably, the volume of the human brain is >1,000 cubic centimeters (cc),
compared with the ~2cc volume of the adolescent/adult rat. To enable sufficient resolution,
we used a high-field magnetic resonance imaging scanner (11.7 Tesla). The availability of
high-resolution quantitative neuroimaging has enabled such intra-hippocampal DTI
approaches in humans, albeit in a research setting (Yassa et al., 2010). Kerchner et al., 2010
detected of hippocampal neuropil loss and DTI at 3.0T in human infants has been reported
to be sensitive to developmental maturation of the dendritic microstructure (Trivedi et af.,
2009; Ball et al., 2013). Together, these encouraging developments suggest that the
methodologies described here might have clinical potential in the future.

This study is among the first to correlate memory deficits induced by early-life adversity
with disrupted hippocampal microstructure by combining histology and DTI to assess the
integrity of the organized dendritic layers within hippocampus. DTI has been extensively
utilized in humans and rodents to measure water diffusion, typically in ordered white matter
axonal bundles (Qiu et al., 2015). There are few reports of gray-matter DTI and fewer yet in
rodents (Keller et al,, 2012; Laitinen ef a/., 2015). Thus, our ROI analysis of hippocampal

Hippocampus. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Molet et al.

Page 12

gray matter using DTI is relatively new. Hippocampal plasticity via manual ROl delineation
has been examined in rodents (Sierra et a/., 2015) and in humans (Goubran et al., 2015).
These studies did not focus on the dendritic regions but included all hippocampal structures.
In addition, previous ex vivo DTI studies that have pushed the boundaries to increase
resolution have not been clinically relevant, demanding hours-long imaging times (Zhang et
al., 2002; Calamante et al., 2012). Here, we aimed to employ ex vivo imaging, with its
superior signal to noise ratio as an initial step towards in vivo imaging. Therefore, we used
specifically imaging sequences employed routinely for in vivo imaging.

We found increased FA in hippocampal dendritic regions together with volume loss after
CES. Similar associations between FA and volume were found in human Alzheimer’s and
mild cognitive impairments (Kantarci, 2014), as well as temporal lobe epilepsy (Kim et al.,
2010; Keller et al., 2012). In animal models of brain trauma, decreased FA in CA1 (all
cellular layers) was associated with radial diffusivity (A2+A.3/2) whereas increased FA in
CAZ2/3 associated with axial diffusivity (A1) (Sierra et a/., 2015). In a model of CES
(Zalsman et al., 2015) increased FA in dentate gyrus correlated with altered measures of
depression, and a single communication described increased FA correlating with decreased
dendritic densities (Pych et al., 2008). Thus, hippocampal gray matter DTI in humans and in
rodents may provide surrogate markers for emerging neuropathology.

Overall, our results show that cognitive vulnerabilities exist in late adolescent rodents that
had experienced early-life adversity and which then progress to overt pathology with age.
These vulnerabilities can be unmasked by a short challenge or by the use of more rigorous
and hippocampus-dependent tests. The neuroanatomical basis of these vulnerabilities
involves reduced dendritic arborization within the hippocampus. Importantly, clinically
relevant imaging methods, including high-resolution intra-hippocampal DT, allow
visualization of hippocampal volume loss and microstructural deficits in the rodent after
early life stress. These findings are important, because they indicate that we can detect early
and non-invasively disrupted hippocampal neuronal structure and connectivity which predict
memory problems. These findings allow translation to clinical populations at risk for these
cognitive problems following early-life adversity.
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FIGURE 1.
Chronic early-life stress (CES) provokes incipient and overt memory impairments. A: Using

object recognition tests, both control (CTL) and (CES) rats (77=6/group) spent more time
exploring the novel (N) compared to familiar (F) object at ages 4 and 8 months. However, by
12 months, CES rats failed to distinguish the objects. B: Already at 2 months, stress
challenge uncovered incipient impairments of object memory in CES rats. 24 h after a short
(5 h) stress, CES+ rats, but not CTL+ rats failed to spend more time exploring the novel vs.
the familiar object (r7=8-11/group). C: The impaired memory did not result from anxiety
(see text) or altered stress-responses in CES rats: the time-course of plasma corticosterone
was comparable between groups. (7=12/group/time-point). Statistical significance is
denoted by *P < 0.05 compared to CTL, #P< 0.05 compared to CTL, CTL+, and CES. D:
Hippocampus-dependent spatial memory (object location/placement, OL) was impaired in
CES rats already at age 2 months. These rats failed to spend more time exploring the novel
compared to familiar locations, indicated by the discrimination index (DI) values. These
deficits were apparent with (CES+) or without (CES) exposure to a short stress 24 h earlier.
Error bars indicate SEM. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2.
CES reduces the volume of dorsal hippocampus subregions involved in memory. Volumetric

analyses of brain and hippocampus were performed on 3D-RARE coronal MRI sections (78
um; see Methods). A: Representative regions of interest illustrate boundaries of left
hippocampus (red), right hippocampus (yellow) and brain (green). B: Left mid-dorsal
hippocampal volumes were reduced (/ef?) with corresponding increase of volumes of lateral
cerebral ventricles in the same mid-dorsal sections (r7ig/1) in CES rats (see Methods for
precise definitions and boundaries). C: three-dimensional rendering of hippocampus
illustrates decreased mid-dorsal hippocampal volume in CES rats. The color-coded scale
indicates the average percent of volume reduction of each hemisphere in the CES vs. CTL
rats. D: The sub-regional volume reduction is insufficient to alter total volumes of the whole
left or right hippocampi or E: of brain and cerebral ventricles. Statistical significance is
denoted by *P< 0.05 vs. CTL. Error bars indicate SEM. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3.
Diffusion tensor imaging (DTI) identifies microstructural alterations provoked by CES. In

images obtained using high-resolution, 30-direction DTI, two regions of interest (ROI)
within CA1 dendritic layers were delineated and analyzed. A: Stratum radiatum (SR)
delineated on fractional anisotropy (FA) maps B: via anatomical landmarks (see Methods).
Because directional vectors within CA1-SR vary along the mediolateral axis, the region was
divided into two ROIs. Group-specific differences were confined to ROI-1. C: FA (water
mobility asymmetry) was significantly (P< 0.01) increased in 7- to 8-week old CES rats
compared to controls (CTL). D: FA represents the anisotropy from three eigenvalues (\),
illustrated by the diffusion ellipsoid. Therefore, E: the contribution of each eigenvalue (A1,
A2, A3) to the increased FA is shown. Increased FA is a result of trends for increased A1 and
A2 values. Statistical significance is denoted by *£ < 0.05 vs. CTL. Error bars indicate SEM.
SP, stratum pyramidale; ML, molecular layer; GL, granule cell layer. [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 4.
Dendritic tree abnormalities in CES hippocampus underlie the volume loss and abnormal

microstructure identified by MRI and DTI. A: Representative neurons from each group
illustrate reduced dendritic arborization in CES CA1 neurons. B: Total apical dendritic
lengths in hippocampal areas CAl and CA3 were significantly reduced in CES rats (n=3-4/
group). C: Complexity of dendritic arbors was quantified using Sholl analyses, counting
numbers of dendritic intersections in apical dendritic hippocampal CA1 and D: CA3 regions.
Dendritic complexity was diminished in CES rats vs. CTL (7=6-10 neurons/rat). Statistical
significance is denoted by *~ < 0.05 vs. CTL. Error bars indicate SEM. [Color figure can be
viewed at wileyonlinelibrary.com]
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TABLE 4
DTI Parameters Extracted from the CA1 Apical Dendritic Region of the Hippocampus

Parameter CTL right CESright CTL left CESleft

FA 0.234 £0.007  0.244 +0.003  0.220 £0.003  0.234 +0.002
AL* 5.103 +0.059 5.107 £0.044 5.1150.077 5.199 +0.030
A2* 4.183+0.039 4.129 +0.022 4.244 +0.029 4.282 +0.047
A3* 3.102 +0.030 3.146 £0.029  3.243 +0.038  3.238 +0.030
RD* 3.619+£0.023  3.629 £0.027 3.754 £0.021  3.759 +0.033

Fractional anisotropy (FA) increased in CES compared to CTL rats. In the left hippocampus of CES rats, the increased FA was associated with
trends in changes, along the plane of the main apical dendritic stem (A1), as well as water mobility within the plane of the commissural-
associational and Schaeffer collateral branching (A2). However, there was any discernible difference in the anterior-posterior direction (A.3), as well
as radial diffusivity (RD). Together, these findings suggest that FA is the best predictor of altered diffusion in the apical dendritic CA1 region of the
hippocampus after CES, wherein A.1 and 2 might be the largest contributors. Data are presented as mean (+ SEM) and were analyzed using one-
way ANOVA, followed by Tukey’s post hoc multiple comparisons test. Abbreviations: CTL, control; CES, chronic early-life stressed; FA,

fractional anisotropy; RD, radial diffusivity. Statistical significance is denoted by * x10™4 pmz s7L
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