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Abstract

Neuropsychological and brain imaging studies have demonstrated persistent deficits in memory
functions and structural changes after neonatal neurotoxic hippocampal lesion in monkeys.
However, the relevant microstructural changes in the white matter of affected brain regions
following this early insult remain unknown. This study assessed white matter integrity in the main
hippocampal projections of adult macaque monkeys with neonatal hippocampal lesions, by
diffusion tensor imaging (DTI). Data analysis was performed using tract-based spatial statistics
(TBSS) and compared with volume of interest statistics. Alterations of fractional anisotropy (FA)
and diffusivity indices were observed in fornix, temporal stem, ventromedial prefrontal cortex and
optical radiations. To further validate the lesion effects on the prefrontal cortex, probabilistic
diffusion tractography was used to examine the integrity of the fiber connections between
hippocampus and ventromedial prefrontal cortex, and alterations were found in these connections.
In addition, increased radial diffusivity in the left ventromedial prefrontal cortex correlated
negatively with the severity of deficits in working memory in the same monkeys. The findings
revealed microstructural changes due to neonatal hippocampal lesion, and confirmed that neonatal
neurotoxic hippocampal lesions resulted in significant and enduring functional alterations in the
hippocampal projection system.
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Introduction

The hippocampus exhibits a pronounced vulnerability to hypoxic, ischemic or metabolic
noxious events and behavioral stress, and is highly susceptible to epileptogenic mechanisms
that have been associated with a spectrum of neurological diseases and psychiatric disorders
(Bartsch, 2012). For example, children and adolescents that had suffered hypoxia-ischemia
perinatally or later in childhood due to cardiac, respiratory, or other neurological disorders
or their treatments have been diagnosed with severe long-term memory impairment (Adlam
etal., 2009; de Haan et al., 2006; Gadian et al., 2000; Vargha-Khadem et al., 1997).
Memory impairment in these cases has been mainly ascribed to selective bilateral
hippocampal atrophy (Bachevalier and Vargha-Khadem, 2005). However, alterations of
other brain structures, such as posterior thalamus, putamen, and retrosplenial cortex are also
present in these cases (Vargha-Khadem et al., 2003) and could likewise be responsible for
the memory impairment. These additional neural changes could have resulted from direct
impact of the hypoxia-ischemia insult and treatments or to plastic changes following early
hippocampal atrophy. While this question remains unresolved in the clinical literature,
experimental lesion studies in honhuman primates could provide important clues on the
source of the widespread cognitive and neural impacts of neonatal hippocampal damage.

Like the memory impairment reported in children with perinatal hippocampal atrophy,
recent reports on the effects of neonatal hippocampal lesions in nonhuman primates (NHPs)
have indicated severe and long-lasting deficits in relational memory processes known to be
mediated by the hippocampus (Eichenbaum, 2003; O'Keefe and Nadel, 1978; Squire et al.,
2007). These deficits include impairment in object recognition memory (Zeamer and
Bachevalier, 2013; Zeamer et al., 2010), memory for food/place associations (Glavis-Bloom
etal., 2013), and memory for spatial locations and object/place associations (Blue et al.,
2013). Interestingly, the neonatal hippocampal lesions appeared to have altered widespread
neural systems given that the same animals also presented with loss of working memory
processes (Heuer and Bachevalier, 2011a, 2013) thought to be mediated by the lateral
prefrontal cortex (Curtis and D'Esposito, 2004; Owen, 2000; Petrides, 2005). Direct
evidence of such large scale neural reorganization after early hippocampal lesions in the
monkeys has not been fully explored. Earlier studies demonstrated significant changes in the
maturation of prefrontal neurons after neonatal medial temporal lobe lesions (Bertolino et
al., 1997; Chlan-Fourney et al., 2000; Chlan-Fourney et al., 2003). However, these neural
alterations could not be entirely associated with damage to the hippocampus since the
neonatal lesions were large, including not only the hippocampus but also the amygdala and
adjacent cortical areas. Therefore, the impact of selective neonatal hippocampal lesions on
brain functions and microstructure in monkeys remains to be fully investigated. As a first
step towards investigating the long range neural changes that may have resulted from early
damage to the hippocampus, the present study assessed the integrity of the hippocampal
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projections in monkeys that had received bilateral damage to the hippocampus in the first
week of life using Diffusion Tensor Imaging (DTI).

DTl is a valuable tool for investigating microstructural integrity and connectivity of
neuronal fibers non-invasively, providing a possible biomarker of disease progression and a
robust approach to investigate the neuronal substrates for abnormal behaviors of animals and
humans. Several useful measures based on DTI have found to be sensitive to a series of
white matter-related disruptions in the brain (Le Bihan et al., 2001). For example, fractional
anisotropy (FA), a scalar measure of the degree of anisotropic water diffusion of brain
tissues, and mean diffusivity (MD) that characterizes the overall displacement of water
molecules, are thought to relate to the microstructural features of white-matter organization
(Beaulieu, 2002). In addition, recent studies have shown that the three eigenvalues of the
diffusion tensor matrix can be further separated into components parallel and perpendicular
to local axon tracts, with the former defined as axial diffusivity (D,) and the average of the
latter two defined as radial diffusivity (D). D, and D, are suggested to indicate different
patterns of underlying pathological alterations, such as the disruption and loss of axonal
membranes and myelin in the fiber tracts in the brain and also the alterations in the size,
density and organization of axons (Le Bihan, 2003; Song et al., 2003; Song et al., 2002).
Thus, the patterns of directional diffusivity alteration may be useful in further revealing the
nature of white matter disruptions resulting from neonatal hippocampal lesions, and could
provide more sensitive measures to explain behavioral and cognitive changes reported after
such early lesions.

DTI has been applied to evaluate changes in the white matter microstructure in diseases
related to hippocampal damage in human and NHP models (Kubicki et al., 2007; Lee et al.,
2012; Shamy et al., 2010). In particular, abnormal FA and diffusivity changes were observed
in the fornix and ventromedial prefrontal cortex of macaque monkeys with hippocampal
lesions received in adulthood (Shamy et al., 2010). This report suggested that hippocampal
damage acquired in adulthood results in altered connections between the hippocampus and
cortical regions through the fornix. Given the greater reorganization of brain connectivity
usually found after early-onset versus adult-onset brain insults (Kolb et al., 2010; Payne and
Cornwell, 1994), it is likely that alterations in the connectional networks of the hippocampus
may also be present, or even more pronounced, after early-onset lesions. To test this
hypothesis, we performed several processing analyses of DTI data obtained on animals with
neonatal hippocampal lesions and their controls, in which detailed behavioral and cognitive
characterization was obtained throughout development. Tract-based spatial statistics (TBSS)
performs medium-resolution nonlinear registration followed by projection onto an
alignment-invariant tract representation, which is a robust and sensitive approach for
voxelwise multiple-subject comparisons of DTI data (Smith et al., 2006). This analysis was
used to evaluate the integrity of the main hippocampal projection of adult monkeys with
neonatal hippocampal lesions and their age-matched controls. To compare and further
validate the results, evaluation of white matter changes was performed on the areas of the
hippocampal projections by volume of interest analysis, and on the delineated fiber tracts
connecting hippocampus and ventromedial prefrontal cortex by probabilistic diffusion
tractography performed on the DTI data with high angular resolutions (Behrens et al., 2007;
Behrens et al., 2003). Finally, to examine whether the enduring recognition and working
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memory deficits after neonatal hippocampal lesions were related to changes in areas onto

which the hippocampus projects, correlation analysis was performed between recognition

and working memory scores and the DTI-derived measures.

Methods and materials

Animals

Ten adult rhesus macaques (Macaca mulatta) of both sexes and aged 8 to 10 years were
utilized. Five had received neurotoxic lesions of the hippocampus (Group Neo-Hibo: 3
males, 2 females), induced with bilateral injections of ibotenic acid (5.0 ul) at the age of 10—
12 days, and five age-matched controls had received sham lesions (Group Neo-C: 2 males, 3
females). Details of the MRI-guided surgical procedures, lesion evaluation and rearing
conditions were reported previously (Goursaud and Bachevalier, 2007; Zeamer et al., 2010).
Development of cognitive functions was evaluated in the same cohorts of animals at
different time points during development and included measures of object recognition
memory (Heuer and Bachevalier, 2011a; Zeamer and Bachevalier, 2013; Zeamer et al.,
2010), memory for location and object/place associations (Blue et al., 2013), memory for
food/place associations (Glavis-Bloom et al., 2013) and working memory (Heuer and
Bachevalier, 2011b, 2013).

Neuroimaging procedures

All procedures were approved and applied in full compliance with the Institutional Animal
Care and Use Committees (IACUC) of Emory University, and were in line with the policies
outlined in the NRC Guide for the care and use of laboratory animals (2001, 8t ed).

For the scanning procedures, animals were anesthetized with 1-1.5% isoflurane mixed with
100% O, and immobilized in a supine position in a custom-made head holder. Et-CO,
inhaled CO», O, saturation, blood pressure, heart rate, respiration rate, and body temperature
were monitored continuously and body temperature was maintained with a warm blanket
surrounding the animal as described previously (Li et al., 2013). An intravenous drip of
0.45% dextrose and sodium chloride was administrated to ensure normal hydration.

All MRI experiments were performed on a Siemens 3T Trio scanner (Siemens Medical
Solutions USA, Inc., Malvern, PA). Diffusion images were acquired with a Siemens 8-
channel phased-array volume coil and a dual spin-echo, echo planar imaging (EPI) sequence
with GRAPPA (R = 3) and the following imaging parameters: TE = 96 ms, TR = 5700 ms,
FOV =96 mm x 96 mm, data matrix = 74 x 74, voxel size = 1.3 mm x 1.3 mm x 1.3 mm.
DTI data were collected at a single b-value of 1000 ss/mm?2 with 60 diffusion encoding
directions chosen to be approximately isotropically distributed on a sphere according to the
electrostatic repulsion model (Jones et al., 1999). We acquired 5 repetitions of DTI data sets
with the phase-encoding direction in the anterior-posterior (A-P) axis and another 5
repetitions with identical imaging parameters except for reversed phase-encoding direction
(P-A) for correcting susceptibility-related distortion with TOPUP function in FSL
(Andersson et al., 2003). Each 5 repetitions with the identical phase-encoding direction were
co-registered using rigid-body affine transformation and then averaged to improve the signal
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to noise ratio (SNR). T1-weighted images were acquired by using a 3D MPRAGE sequence
with GRAPPA (R = 2) with the following parameters: inversion time = 950 ms, TE/ TR =
3.5ms /3000 ms, FOV =96 mm x 96 mm, matrix = 192 x 192, 6 averages, and were used
for structural identification and to construct an anatomical macaque template for the DTI
image registration.

Volumetric measurements of hippocampus

Volumetric measurements of the hippocampus were performed using high-resolution Tq
weighted images and were recorded for the left and right hemispheres separately (Fig. 1).
All images containing the hippocampus were identified and selection of the boundaries of
the hippocampus were performed with reference to a rhesus macaque brain atlas (Saleem
and Logothetis, 2006). The anterior border of the hippocampal formation was the image
following that of the most posterior border of the amygdala and was usually the first image
posterior to the optic chiasm. This coronal image typically showed the optic tracts splitting
away from the optic chiasm and moving to a more lateral position. In this image, the
hippocampus is located ventral to the amygdala, and often the tail of the lateral ventricle is
visible on the lateral and superior aspects of the hippocampus. The most posterior
measurement for the hippocampus was made on the image that clearly showed the crus of
the fornix emerging from the hippocampus. On this image, the gyrus fasciolaris and the
fornix were excluded from the measurements. On all images between these two extremes,
the boundaries of the hippocampus were defined ventrally and medially by the white matter
separating the hippocampus from the parahippocampal gyrus. Laterally and dorsally, the
borders of the hippocampus followed the temporal horn of the lateral ventricle. Thus, the
volume of the hippocampus included the CA fields, dentate gyrus, and subicular complex,
but excluded the entorhinal, perirhinal, and parahippocampal cortices. Once all surface area
measurements were collected, the volume of the hippocampal formation was calculated for
the left and right hemispheres separately (in mm3) using Cavalieri’s principle (Gundersen
and Jensen, 1987). Two-way ANOVA with Group (Neo-C and Neo-Hibo) as the between-
subject factor and hemisphere (left and right) as the within-subject factor was performed to
test differences in hippocampal volumes between hemispheres. P-values less than 0.05 were
considered statistically significant.

TBSS analysis

Data were processed with FSL (FMRIB, Oxford) and in-house MATLAB (Mathworks,
Natick, MA) scripts. Voxelwise TBSS analysis was derived with FA using the TBSS
toolbox in FSL. Specially, FA maps were nonlinearly registered to a population-specific FA
template, and then skeletonized (i.e., thining non-maximal FA values perpendicular to the
local tract structure) to produce a skeleton mean FA map representing the major white
matter tracts with low inter-subject variability. Then, each subject’s registered FA image
was projected onto the skeleton by filling the skeleton with FA values from the nearest
relevant tract center through searching the surface perpendicular to the local skeleton
structure (Smith et al., 2006). After confirming normal distribution of the data by a one-
sample Kolmogorov-Smirnov test, a two student’s sample t-tests was used to voxelwisely
test the difference within the skeletonized FA maps of the main hippocampal projections,
with false discovery rate (FDR) multiple comparisons correction with a g-value of 0.05. The

Neuroimage. Author manuscript; available in PMC 2015 November 15.



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

1duosnuely Joyny vd-HIN

Meng et al.

Page 6

hippocampal projections include corpus callosum (CC), fornix (FX), temporal stem (TS),
optic radiations (OR), cingulum bundle (CB), and ventromedial prefrontal cortex (VM),
defined on the basis of atlas of the rhesus monkey brain (Saleem and Logothetis, 2006).

In order to further investigate the underlying mechanisms of the FA changes observed by
voxelwise TBSS method, maps of diffusivity indices including mean diffusivity (MD), axial
diffusivity (D) and radial diffusivity (D,) were nonlinearly registered to a population-
specific template based on the registrations between subjects and the template derived
earlier using FA maps, and then skeletonized to produce the skeletons of the corresponding
maps. Independent ttests were performed to investigate changes of DTI-derived measures
(FA, MD, D, Dy) in the areas identified with FA abnormalities using SPSS 17 (SPSS Inc,
Chicago, IL, USA). A statistical significance level of p < 0.05 was used.

Volume-of-interest analysis

To compare with the TBSS results, DTI-derived measures (i.e., FA, MD, Da, Dr) within the
volume of interest of the skeletonised hippocampal projections, including CC, FX, TS, OR,
CB and VM, were extracted based on the brain atlas of rhesus monkey (Saleem and
Logothetis, 2006). These specific volumes were previously selected to assess the impact of
adult-onset hippocampal lesions on white matter in the previous study (Shamy et al., 2010).
Independent t-tests were performed on these DTI-derived measures with p < 0.05
significance level.

Analysis of fiber tracts connecting hippocampus and VM

To further validate the alterations of the structural connections between hippocampus and
ventromedial prefrontal cortex, probabilistic tractography was used to track the fiber tracts
connecting the hippocampus and ventromedial prefrontal cortex, implemented with FSL
(Behrens et al., 2007; Behrens et al., 2003). These two areas, defined on the basis of the
rhesus monkey brain atlas (Saleem and Logothetis, 2006), were exacted from the T4-
weighted brain template. The two areas were then aligned to the native diffusion space to
conduct the fiber tracking for each individual. Probabilistic tractography was carried out in
two-mask mode (i.e., the two areas of hippocampus and ventromedial prefrontal cortex) with
a waypoint mask of fornix or temporal stem. In this way, only the tracts passing through the
fornix or temporal stem between two seed regions were kept and delineated. 5000 samples
from each voxel in the seed masks were sent to generate a map of streamline hits connecting
the two seed masks. The probabilistic map of connectivity in each individual was further
normalized by the number of samples that were sent from the seed mask and reached the
other seed mask (i.e., waytotal), and then was transformed to the T1-weighted template
using nonlinear transformation. The normalized connectivity maps from all animals were
subsequently averaged across animals for a probability map in the population. The final
population-specific tracts connecting the hippocampus and the ventromedial prefrontal
cortex were generated by thresholding the results at 0.1% before the binarization. We then
extracted the DTI-derived measures (FA, MD, Dg, D;) on the skeleton of the tracts of each
subject using these tract-defined volume-of-interests specific to the VM-hippocampus
pathway. Independent t-tests were performed to test group difference in these measures with
p < 0.05 significance level.
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Correlation analysis with behavioral measures

Results

Pearson’s correlation analysis in the Neo-Hibo group was carried out to evaluate the relation
between with the memory scores in recognition and working memory tasks (Heuer and
Bachevalier, 2013; Zeamer and Bachevalier, 2013) and the DTI-derived measures with
significant group difference revealed by TBSS analysis, volume-of-interest analysis, and
tracts-defined analysis, as stated above. For the incidental object recognition task (Zeamer
and Bachevalier, 2013), memory scores were represented by the percent looking at novel
black-white pictures at delays of 120-s collected at 48 months of age (n = 4). In the 4-objects
serial order working memory task (SMOT) (Heuer and Bachevalier, 2013), memory scores
were ratio scores measuring cumulative correct responses on the inner object discrimination
(2 vs 3) divided by the number of correct responses on the outer discrimination (1 vs 4)
across the three-day probe sessions collected at 6 and 8 years of age (n = 5). Higher scores
indicated better performance. P-values less than 0.05 were considered statistically
significant.

Volumetric measurements results for hippocampus

As expected, there was a significant difference between groups in hippocampal volume (F
(1, 16) = 21.15, p < 0.0001), confirming that the volume of the hippocampus was
significantly smaller in monkeys that had received neonatal neurotoxic injections than in
controls. However, differences between hemispheres were not significant (F (1, 16) = 0.32,
p = 0.58) nor was the interaction between group and hemisphere (F (1, 16) = 0.061, p =
0.81).

TBSS analysis results

The voxelwise TBSS analysis revealed several brain areas with significant FA difference of
the hippocampal projections in Neo-Hibo animals relative to Neo-C animals (Fig. 2). These
areas included the fornix, ventromedial prefrontal cortex (see z = 0.0 mm, 2.5 mm in Fig. 2),
optic radiations, and the left temporal stem. In addition to changes in FA values, the
diffusivity indices also showed alterations in these same regions. As shown in Table 1,
significant increases in MD and D, were found in the left TS and in both hemispheres for
FX; significant increase in D, was found in the left VM, and in both hemispheres for OR.

Volume-of-interest analysis results

The volume-of-interest analysis (Table 1) showed several changes in FA values and
diffusivity indices. These changes included: a) significant decrease in FA and increase in
MD and Dy in FX of both hemispheres (all p values < 0.05); b) a trend in increased MD (p =
0.06) and a significant increase in D, (p = 0.048) in the left VM; and c) a significant increase
in MD (p = 0.037) and D, (p = 0.048) in the left TS. No change of FA or diffusivity indices
was found in other areas (p > 0.1).
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Results of analysis of fiber tracts connecting hippocampus and VM

As expected (see Table 1), significant changes in DTI-derived measures were also found in
tracts connecting hippocampus and VM (Fig. 3 and Fig. 4). Animals with neonatal
hippocampal lesions showed decreased FA (p < 0.05), increased MD (p < 0.05) and D, (p <
0.05) in the fibers passing through FX and reaching the VM in both hemispheres. In
addition, significant increase in D, (p = 0.035) was found in the fiber tract passing through
TS in the left hemisphere and reaching the left VM.

Correlation analysis results

As shown in Table 2 and Fig. 5, D, values in the FA-identified regions in the left VM were
negatively correlated with the working memory scores (p < 0.03), though such significant
correlation would not hold up to FDR correction with g-value = 0.05. No significant
correlations between the working memory scores and the DTI-derived measures were
observed in all other areas identified by either TBSS analysis, volume-of-interest analysis or
analysis based on the fiber tracts connecting hippocampus and VM. There were no any
significant correlations between the incidental recognition memory scores and any DTI-
derived measures (see Table 2, p = 0.08).

Discussion

The present study demonstrates significant and enduring alterations of white matter integrity
in the hippocampal projections of adult monkeys with neonatal hippocampal lesions. These
white matter changes were observed not only in the fornix and ventromedial prefrontal
cortex, as for the adult-onset lesions (Shamy et al., 2010), but also in the temporal stem and
optic radiations. Although the white matter changes in the hippocampal projections did not
correlated with recognition memory performance, white matter microstructural alterations in
the left ventromedial prefrontal cortex significantly correlated with the working memory
deficits reported in the same animals.

Analysis of results and possible mechanism for the change of DTI-derived measures

DTI-derived measures were compared and validated by using TBSS analysis, volume-
ofinterest analysis, and tracts-defined analysis. TBSS analysis on DTI-derived metrics is
more sensitive than volume-of-interest analysis as TBSS allows voxelwise comparisons of
maximal DTI-derived measures on the skeleton maps, avoiding inter-rater variability and
averaging FA values over a large region of interests (Smith et al., 2006). In the present
study, TBSS analysis revealed significant differences of more DTI-derived measures and in
more areas of the hippocampal projections measured. For example, both decreased FA and
increased D, were found in the left VM by TBSS analysis, whereas only increased D, was
found in the left VM when using volume-of-interest analysis. Similar differences between
the two analyses were found in the left TS and the left and right OR, where fewer or no
changes in the DTI-derived measures were detected with volume-of-interest analysis, as
compared to TBSS analysis. The undetectable DTI-derived measures in OR by volume-of-
interest analysis suggest that changes in OR may be restricted to only a portion, but not the
entire, part of this fiber tract.
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FA, MD, Da and Dr are scalar measures based on simplistic diffusion tensor model where
only one dominant diffusion direction is assumed in each voxel. A recent study indicates
that 63~90% of brain white matter contains more than one fiber bundle with different
orientations (Jeurissen et al., 2013). To further examine if the fiber-crossing effects hinder
the detectability of white matter microstructure changes between Neo-C and Neo-Hibo
animals, we further performed TBSS analyses based on a multi-fiber model (Behrens et al.,
2007), in which the diffusion signal is decomposed into multiple fiber orientations in a
single voxel(see Supplemental Materials). Therefore, measuring contribution of each fiber
orientation to the diffusion MR signal is more interpretable than using the conventional DTI-
derived measures in the regions with crossing fibers (Jbabdi et al., 2010). As shown in Table
A.1 (Supplemental Materials), decreased compartmental fraction (either f1 or f2) was
observed in left TS, and also VM, FX and OR in both hemispheres, whereas no changes of
f1 or f2 were seen in other hippocampal projectional areas. These results are in good
agreement with those in Table 1, indicating the findings of general TBSS analysis may not
be affected significantly with the crossing fibers.

Nevertheless, FX and the left VM showed significant decreased FA, and/or increased MD
and Dy detectable with both TBSS and volume-of-interest analysis, suggesting extensive
changes in these two areas. We further performed tract-defined analyses, which confirmed
the findings detected with the TBSS and volume-of-interest methods. As expected, the tracts
connecting hippocampus and VM passing through fornix showed significant decrease in FA
and increase in MD and Dy in both hemispheres, and the tracts connecting hippocampus and
VM via TS showed significant increases in D, in the left hemisphere. TS includes fibers
from the uncinate fasciculus connecting the anterior temporal cortical regions to the gyrus
rectus (VM) as well as medial and lateral orbital gyri (Thiebaut de Schotten et al., 2012).

FA changes in white matter could be attributed to alterations of myelination, axon size, fiber
geometry and extracellular water space (Le Bihan, 2003). The finding of significant increase
in Dy is consistent with the axonal injury and also in adult-onset hippocampal lesion model
reported previously, which is probably due to disruption of the integrity of myelin sheaths in
these affected areas and fiber tracts (Concha et al., 2006; Shamy et al., 2010; Song et al.,
2002).

Widespread white matter microstructural changes

The fornix represents one of the main outputs originating from the hippocampus (Rosene
and Van Hoesen, 1977) and, as expected, most DTI parameters (i.e., FA, MD, Dy) in this
fiber tract were significantly altered in Neo-Hibo animals as compared to controls. These
alterations are indicative of changes in the integrity of the axonal projections and/or myelin
sheaths (Concha et al., 2006; Song et al., 2002), and are consistent with similar changes
previously reported in macaques that had received neurotoxic hippocampal lesions in
adulthood (Shamy et al., 2010). The present study extends these earlier data by
demonstrating that the white matter microstructural changes in the fornix are present even
when damage to the hippocampus occurs early in infancy and are consistent with recent
findings in infant monkeys demonstrating the presence of ammonic and subicular neurons at
birth (Jabes et al., 2010, 2011; Lavenex and Banta Lavenex, 2013) constituting the origins of
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hippocampal efferent fibers coursing through the fornix. In addition, similar to adult-onset
hippocampal lesions (Shamy et al., 2010), white matter abnormalities in the fornix following
neonatal hippocampal lesions were associated with white matter changes in ventromedial
prefrontal cortex onto which the hippocampal-fornix efferent fibers terminate (Cavada et al.,
2000; Croxson et al., 2005). Thus, FA reduction in VM was consistent with the D, increase.

There were two additional white matter changes in the optic radiations and the temporal
stem after the neonatal hippocampal lesions that were not reported previously in animals
with adult-onset hippocampal lesions (Shamy et al., 2010). These white matter changes were
present in the optic radiations and the temporal stem as indicated by decreased FA and
increased Dy in each fiber tract. These different outcomes may relate to the type of DTI
analyses performed, given that, as the earlier report, we found fewer changes in DTI indices
in these two tracts when using volume-of-interest than when using the more sensitive TBSS
analysis. Both OR and TS are not directly connected with the hippocampus but contain
fibers from temporal cortical areas with which the hippocampus has strong anatomical
projections. For example, OR contains fibers connecting the occipital cortical areas to the
parahippocampal gyrus via the inferotemporal segment of inferior longitudinal fasciculus
(Schmahmann and Pandya, 2006) and TS contains fibers from the medial temporal cortical
areas to the ventral prefrontal cortex via the uncinate fasciculus (Choi et al., 2010; Croxson
et al., 2005; Ebeling and von Cramon, 1992; Kier et al., 2004; Schmahmann and Pandya,
2006; Ungerleider et al., 1989). Thus, the impact of early insult to the hippocampus on OR
and TS white matter may have resulted from unintended damage to these medial temporal
cortical areas, i.e. parahippocampal areas TH/TF for OR changes and entorhinal and
perirhinal cortex for TS changes. This possibility seems unlikely, however, given that
careful inspection of the extent of hypersignals seen on the anatomical MR FLAIR images
taken 1 week after the neurotoxic injections (see Table 2 and Fig. 2 in (Goursaud and
Bachevalier, 2007)) indicated negligible damage to these cortical areas (average: 5.4 % for
area TH/TF, 0.3% and 0.5% for the entorhinal and perirhinal cortex). Furthermore, sparing
of these temporal cortical areas after neonatal hippocampal lesions was also seen on the
high-resolution structural T, images acquired at the same time of the DTI scans (see
illustration on Fig. 1 for 2 cases).

The sensitivity of TBSS analysis to detect white matter changes was also demonstrated by
the correlation analysis. As shown in Table 2, the radial diffusivity (D;) in VM identified
only with TBSS analyses significantly correlated with the memory scores. This correlation is
in accordance with the known projections from the hippocampus to VM via the fornix
(Cavada et al., 2000; Croxson et al., 2005). It was found that memory performance
correlated with DTI indices in VM but not in DTI indices in the fiber tracts connecting the
hippocampus to VM. Although the impaired hippocampus altered both the hippocampal
projectional pathway and the projected destination, the correlation results emphasis the
importance of prefrontal cortex in memory performance, as compared to the pathways
connecting hippocampus and the prefrontal cortex.

The most interesting, and perhaps unexpected, finding of the present study was the
significant alterations of the white matter within the temporal stem. Changes of DTI-derived
measures were found in animals with neonatal hippocampal lesions as compared to controls.
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No such changes were previously reported when the hippocampal lesions were acquired in
adulthood (Shamy et al., 2010). The temporal stem consists of fibers linking the temporal
and frontal lobes via the uncinate fasciculus (Choi et al., 2010; Ebeling and von Cramon,
1992; Kier et al., 2004; Schmahmann and Pandya, 2006; Thiebaut de Schotten et al., 2012;
Ungerleider et al., 1989). Fibers coursing through the uncinate fasciculus do not originate
directly from hippocampal neurons but rather from temporal cortical areas such as the
entorhinal (BA area 28) and perirhinal (BA 35) cortex; two medial temporal cortical areas
heavily interconnected with the hippocampus. Thus, the impact of early insult to the
hippocampus on temporal stem white matter may also have resulted from unintended
damage to these medial temporal cortical areas. This possibility also seems unlikely,
however, given that as mentioned above, careful inspection of the extent of hypersignals
seen on the anatomical MR FLAIR images taken 1 week after the neurotoxic injections (see
Table 2 and Fig. 2 in the previous report (Goursaud and Bachevalier, 2007)) indicated
negligible damage to these two cortical areas (average: 0.4% and 0.2% for the left and right
entorhinal cortex and 0.9% and 0.2% for the left and right perirhinal cortex).

Another interpretation for the impact of the neonatal lesions on white matter connecting the
temporal and frontal lobes may relate to the time course of maturation of white matter
fasciculi. Although there exists no such information in monkeys, data in humans suggest that
the temporal-prefrontal fiber tracts develop postnatally with the uncinate fasciculus showing
the most prolonged maturation (Lebel et al., 2008). Thus, the microstructural changes in the
temporal stem may relate to a lack of functional inputs from the hippocampus to the
entorhinal and perirhinal cortex at a time in development when axons from these cortical
areas are not fully matured. The laterality effect observed in the correlation between DTI
changes in VM and working memory scores is intriguing and has also been reported in
humans for working memory processes and decision-making, using functional imaging
(Gallagher et al., 2000; Goel et al., 1995; Leopold et al., 2012; Oztekin et al., 2009; Tranel et
al., 2002). However, a more definite explanation for the asymmetric DTI changes found in
the temporal stem will likely be reached upon post-mortem histological analyses of the brain
of the animals with neonatal hippocampal lesions.

Relationships to cognitive deficits

The behavioral and cognitive development of the animals participating in this study have
been fully characterized using multiple paradigms at different time points and allowed us to
consider whether the microstructural changes in hippocampal connections described above
may be associated with some of the deficits observed in the same animals. Despite the small
sample size, we found that white matter radial diffusivity (Dy) alterations in left
ventromedial prefrontal cortex were closely related to the deficits in working memory
(Heuer and Bachevalier, 2013). Although no correlations were found between working
memory scores and the DTI-derived measures in the temporal stem, the working memory
deficits may be associated with microstructural changes in the uncinate fasciculus
connecting the anterior temporal cortex to the ventromedial prefrontal cortex as revealed by
the increased D, in TS. This is supported by recent findings in humans demonstrating
correlation between DTI indices in the uncinate fasciculus with memory scores (Sato et al.,
2012). In the current study, the correlation between microstructural alterations in the left
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ventromedial prefrontal cortex and working memory deficits validates the enduring
morphological and functional impairments in development of hippocampal-prefrontal
connections.

Limitations in the present study

One limitation in this study is the small number of animals available in the lesion model,
although such unique model could provide essential information for evaluating the
widespread impact of the neonatal hippocampal lesion in adulthood. With the limited sample
size, individual variations in DTI-measures resulted in significant group comparisons that
could not hold up to FDR correction and more animals would be required to obtain
significant p values when comparing multiple regions. Likewise, in the correlation analysis,
the significant correlation between Dr of left VM and the serial order working memory
scores would not hold up to FDR correction (Table 2). Thus, the alterations in DTI-
measures, which were perhaps due to the demyelization of the white matter, could be more
convincing after post-mortem brain histological analyses that will be performed after all in
vivo examinations are complete.

Conclusion

The study demonstrates widespread disruption of white matter following selective neonatal
lesions of the hippocampus. The data provide relevant information for the source of the
cognitive and memory deficits reported in developmental cases of ischemic-hypoxic
hippocampal damage in humans. Although volumetric gray matter alterations of other brain
structures, such as posterior thalamus, putamen and retrosplenial cortex, are also present in
these children (Vargha-Khadem et al., 2003), no studies to date have examined white matter
integrity of the hippocampal connectional system in these cases. Thus, the present data
indicate for the first time that, as for the monkeys, early selective insult to the hippocampus
in humans is likely to result in significant white matter alterations in fiber tracts associated
with the hippocampus as well as in white matter of the ventromedial prefrontal cortex. These
white matter changes may also provide, at least in part, an account for the memory loss
reported in the human cases.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Coronal T1-weighted images through the rostro-caudal extent of the medial temporal lobe

illustrating the loss of hippocampal tissue in cases Neo-Hibo2 and Neo-Hibo3 as compared
to a sham-operated control (Neo-C2). The white outlines illustrate the borders of the
hippocampal formation in all three cases (see text for a more complete description). White
arrows point to sparing of entorhinal (Brodmann area 28), perirhinal (Brodmann areas
35/36), and parahippocampal areas TH/TF cortices in the two representative cases with
neurotoxic hippocampal lesions.
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Figure 2.
TBSS and volume-of interest analysis in the hippocampal projections in the horizontal

direction (z). Areas with red color indicate significant FA group difference (p < 0.05,
corrected with FDR). To aid visualization, voxels showing significant difference are
thickened using the “tbss_fill” script implemented in FSL. Areas in blue color indicate the
hippocampal projectional ROIs. DTI-derived measures within areas were averaged from the
correspondent skeletonized map (e.g., FA) in green color. Abbreviation: CC, corpus
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callosum; FX, fornix; TS, temporal stem; OR, optic radiations; CB, cingulum bundle; VM,
ventromedial prefrontal cortex. L, R: left or right hemisphere.
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Figure 3.
Fiber tracts connecting fornix and ventromedial prefrontal cortex in the left and right

hemispheres passing through fornix (blue color) or temporal stem (yellow color), by
probabilistic diffusion tractography. DTI-derived measures were calculated from the
correspondent skeletonized map (not shown) within the fiber tracts.
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Figure 4.
A graphical representation of DTI-derived measures with significant group difference in

Table 1 (p < 0.05), and additionally, the star (*) indicating significant group difference with
FDR correction. Abbreviation. VM: ventromedial prefrontal cortex; TS: temporal stem; FX:
fornix; OR: optic radiations; Tract!: tracts connecting hippocampus and VM through FX;
Tract?: tracts connecting hippocampus and VM through TS; L: left; R: right. VOI: volume
of interest.
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Figure 5.
Radial diffusivity (Dy) values of the left ventromedial prefrontal cortex (VM) in Neo-Hibo

group are significantly correlated with working memory scores in serial order task
(Pearson’s corrections, p < 0.05).
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