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Abstract
Diffusion tensor imaging (DTI) is a valuable tool for assessing presumptive white matter
alterations in human disease and animal models. The current study used DTI to examine the
effects of selective neurotoxic lesions of the hippocampus on major white matter tracts and
anatomically related brain regions in macaque monkeys. Two years post-lesion, structural MRI
and DTI sequences were acquired for each subject. Volumetric assessment revealed a substantial
reduction in the size of the hippocampus in experimental subjects, averaging 72% relative to
controls, without apparent damage to adjacent regions. DTI images were processed to yield
measures of fractional anisotropy (FA), apparent diffusion coefficient (ADC), parallel diffusivity
(lADC), and perpendicular diffusivity (tADC), as well as directional color maps. To evaluate
potential changes in major projection systems, a region of interest (ROI) analysis was conducted
including the corpus callosum, fornix, temporal stem, cingulum bundle, ventromedial prefrontal
white matter and optic radiations. Lesion-related abnormalities in the integrity of the fiber tracts
examined were limited to known hippocampal circuitry, including the fornix and ventromedial
prefrontal white matter. These findings are consistent with the notion that hippocampal damage
results in altered interactions with multiple memory-related brain regions, including portions of
the prefrontal cortex.

The development of the magnetic resonance imaging (MRI) technique diffusion tensor
imaging (DTI) permits the in vivo evaluation of the structural integrity of brain tissue. DTI
reflects displacement of water molecules, which is affected by cellular transport and non-
permeable membranes in the brain (for review see Beaulieu, 2002). Fractional anisotropy
(FA) and apparent diffusion coefficient (ADC) are two measures commonly analyzed in
DTI. FA measures the strength of orientation of water motion ranging from a value of 0,
when movement is locally unrestricted and isotropic, as in the ventricles, to 1, reflecting
highly directional, anisotropic movement, as in dense myelinated fiber tracts (Beaulieu,
2002). ADC measures diffusion of water molecules independent of the direction of motion.
Alterations in anisotropy and diffusivity have been reported during normal brain
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development as well as following demyelination, axonal loss, and axonal reorganization
(Beaulieu, 2002; Dijkhuizen, 2006; Sundgren et al., 2004; Voss et al., 2006). The precise
microstructural basis of measures derived from DTI, however, remains to be confirmed (e.g
Beaulieu, 2002; Schwartz and Hackney, 2003; Paus, 2009). The current study used DTI
techniques to evaluate the long-term effects of hippocampal lesions on the integrity of major
white matter projections in macaque monkeys.

Twelve young adult male rhesus monkeys (7–8 yrs; Macaca mulatta) served as subjects.
Two years prior to DTI (at age 5–6 yrs), six of the monkeys received bilateral injections of
the excitotoxin N-methyl-D-aspartic acid (NMDA) into the hippocampus via a longitudinal
approach using methods described elsewhere (Hampton et al., 2004). The other six remained
as unoperated controls. In the current study, structural MRI magnetization prepared rapid
gradient echo (MPRAGE) and DTI sequences were acquired for each subject using a
Siemens Allegra 3 T MRI scanner (Siemens Medical Solutions USA, Malvern, PA). First, a
conventional 3D T1-weighted MPRAGE sequence was acquired with the following
parameters: 208 slices, TR = 2,140 ms, TE = 4.38 ms, TI = 1100 ms, matrix = 96 × 96, field
of view (FOV) = 16 × 16 cm, flip angle = 8°, with a scan time of 9:09 min. Second, fifteen
3.0 mm slices (skip 0.36 mm) were acquired for DTI analysis with the following scanning
parameters: TR = 4,500 ms, TE = 78 ms, 12 diffusion directions, 13 averages, b = 1000 s/
mm2, in plane resolution 1.3 × 1.0 mm, FOV = 128 × 128 mm, with a scan time of 12:45
min. Experimental procedures were approved by the NIMH and Mount Sinai School of
Medicine Institutional Animal Care and Use Committees and conformed to the United
States Public Health Service policy on Humane Care and Use of Laboratory Animals and
the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

To evaluate the extent of the hippocampal lesions, structural MRI images were processed
into 3D isotropic voxels and aligned perpendicular to the long axis of the hippocampus. The
hippocampus was traced as described previously (Shamy et al., 2006), and included the
dentate gyrus, CA1–3 fields, presubiculum, subiculum and parasubiculum. Qualitative
observation of the structural MRI scans revealed substantial atrophy of the hippocampus in
all monkeys that sustained excitotoxic lesions, without apparent damage to neighboring
regions. The quantitative volumetric data were analyzed by a repeated measures ANOVA
with group (hippocampal lesion, control) as a between-subjects factor and hemisphere (left,
right) as a within-subjects factor. As expected, this analysis revealed a significant main
effect of group, confirming that the volume of the hippocampus was significantly smaller in
monkeys that received NMDA injections than among controls (F(1,10) = 234.62, P < 0.001).
Hippocampal volume averaged 379.02 mm3 for controls and 106.92 mm3 for monkeys with
lesions, a 72% reduction (Supplementary Figure. 1). There was no significant main effect of
hemisphere (F(1,10) < 0.01, P = 0.976) and no interaction between hemisphere and group
(F(1,10) = 0.311, P = 0.590). This degree of atrophy is highly consistent with a post-mortem
histological evaluation in hippocampectomized monkeys in which it was shown that 68–
79% volume reduction corresponds to 96–99% neuronal damage (Malkova et al., 2001).

Potential alterations in the integrity of major white matter tracts were assessed using images
acquired from the DTI sequences. Scans were analyzed using the Analyze 8.1 DTI add-on
module to produce FA, ADC and directional color maps (Supplementary Figure. 2). Further,
parallel diffusion (lADC, the diffusion along the primary direction of movement), and
transverse diffusion (tADC, the diffusion perpendicular to the primary direction of motion),
have been suggested to provide additional information about the integrity of axonal
projections and myelin sheaths, respectively (Concha et al., 2006). Therefore, in-house
software was used to calculate maps of lADC and tADC. Images were coregistered with
structural MRI scans from each animal to provide an individualized anatomical reference
(Fig 1a–c). A region of interest (ROI) analysis was conducted centering on the corpus
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callosum, fornix, temporal stem, cingulum bundle, ventromedial prefrontal white matter and
optic radiations (Fig. 1d–j) and were traced on the colormaps using the co-registered
structural image for reference. One lesion subject was excluded from the ventromedial
prefrontal white matter analysis due to image distortion in the frontal lobe on that scan. For
regions where the left and right sides were enclosed within individual borders, DTI
measures were averaged across hemispheres for analysis. Intra-rater reliability was
substantial, ranging from 0.95 to 0.97 as measured by tracing all regions for 3 subjects in
each group twice.

Means and standard errors for FA, ADC, tADC, and lADC for each ROI are reported in
Supplementary Table 1. Lesion-related changes in the integrity of fiber tracts were observed
in the fornix and white matter adjacent to the ventromedial prefrontal cortex. In the fornix,
FA was decreased (t = 3.13, p = 0.011), whereas ADC (t = 2.30, p = 0.044) and tADC were
greater (t = 3.66, p = 0.004) in lesion subjects relative to controls. Fornix lADC, in contrast,
was statistically equivalent across groups. FA was also decreased in the ventromedial
prefrontal white matter of experimental animals compared with controls (t = 2.61, p =
0.028), but without corresponding changes in measures of diffusivity. DTI measures were
preserved in the corpus callosum, temporal stem, cingulum bundle, and optic radiations (p-
values > 0.05; Fig. 2).

This study is among the first to demonstrate alterations of white matter integrity following
selective lesions of the hippocampus using in vivo DTI methods. Our findings for the fornix
are consistent with previous reports that chronic neuronal or axonal injury results in
increased tADC (Concha et al., 2006; Schwartz and Hackney, 2003), potentially reflecting
disruption of the myelin sheath (George and Griffin, 1994). The acute effects of such
lesions, by comparison, lead to decreased lADC (Concha et al., 2006; Schwartz and
Hackney, 2003) that may represent the disruption of axons (George and Griffin, 1994;
Kerschensteiner et al., 2005).

As predicted, excitotoxic hippocampal lesions were associated with selective alterations in
the integrity of the fornix and white matter in the region of the ventromedial prefrontal
cortex. The observation that compromised integrity was regionally selective is consistent
with the known anatomical organization of the pathways examined. The uncinate fascicle,
for example, carries reciprocal projections between inferior temporal cortex and lateral and
orbital prefrontal cortex (Ungerleider et al., 1989). Lacking a major hippocampal
contribution, preservation following lesions of the hippocampus was expected in these
projections. In contrast, many of the connections between the hippocampus and cortical and
subcortical regions are conveyed via the fornix (Aggleton and Saunders, 1997; Rosene and
Van Hoesen, 1977), including those to the orbital and medial regions of the prefrontal cortex
(for review see Cavada et al., 2000). Our results are also consistent with findings reported by
Croxson et al. (2005) using diffusion-weighted imaging tractography to examine
connections of the prefrontal cortex in macaque monkeys and humans. That study found that
the fornix in both species contains fibers terminating in the ventromedial portion of the
prefrontal cortex (their PFCom) as well as in medial frontal cortical areas in the anterior
cingulate gyrus.

Although the hippocampus receives the bulk of its inputs directly and indirectly from the
entorhinal and perirhinal cortex - structures known to be essential for certain types of
memory - it is of interest that impairments in recall are often associated with disrupted
interaction across a network of anatomically connected brain regions including the
hippocampus, mammillary bodies (which receive their hippocampal input entirely via the
fornix), the anterior thalamic nuclei, and portions of the orbital and medial prefrontal cortex
(Aggleton and Brown, 1999). Transection of the fornix in macaque monkeys, and partial or
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complete damage to the fornix in humans, produces memory impairment (humans: Aggleton
et al., 2000; Gaffan et al., 1991; monkeys: Brasted et al., 2003; Brasted et al., 2005; Gaffan,
1994). Moreover, in one study with a large cohort of patients who underwent removal of
colloid cysts, and therefore risked fornix damage, volumes of the mammillary bodies and
fornix best predicted measures of recall (Tsivilis et al., 2008). This same study reported a
relationship between the volume of the ventromedial prefrontal cortex (their OMPFC) and
recall, albeit a much less consistent relationship than for the mammillary bodies and fornix
(Tsivilis et al., 2008). The findings are noteworthy here because many of the hippocampal
fibers terminating in the ventromedial prefrontal cortex travel via the fimbria-fornix (Cavada
et al., 2000). Results of the present study extend this background, demonstrating that DTI is
sufficiently sensitive to detect the effects of cell body-selective, neurotoxic lesions of the
hippocampus on the organization of projections between memory-related brain regions in
monkeys. Our observations are consistent with the proposal that memory deficits following
damage restricted to the hippocampus arise from disrupted network interactions that include
the prefrontal cortex.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
To provide a qualitative anatomical reference, the directional DTI color maps were
coregistered with structural MRI scans for each animal (A–C). Colors indicate the
orientation of the white matter tracts (blue = D/V; green = A/P; red = R/L). To evaluate
potential changes in major projection systems, a region of interest (ROI) analysis was
conducted on several areas including the cingulum bundle (CB; D–F), corpus callosum (CC;
E,F), fornix (FX; F,G), optic radiations (OR; G), white matter adjacent to the ventromedial
prefrontal cortex (VM; H) and the temporal stem (TS; I,J).
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Figure 2.
Quantitative results for individual subjects (symbols) and group means (± S.E.M.) for
fractional anisotropy (A), apparent diffusion coefficient (B), transverse diffusivity (C), and
parallel diffusivity (D). Lesion-related changes in the integrity of the fiber tracts examined
were limited to the fornix and white matter adjacent to the ventromedial prefrontal cortex.
DTI measures were unchanged in the corpus callosum, temporal stem, cingulum bundle and
optic radiations. ADC (10−3 mm2/s); CC, corpus callosum; FX, fornix; TS, temporal stem;
CB, cingulum bundle; VM, white matter adjacent to the ventromedial prefrontal cortex; and
OR, optic radiations.
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