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Abstract: Using MR-based radial mapping, we assessed morphological alterations of the hippocampal
dentate gyrus (DG) in patients with relapse-onset multiple sclerosis (MS). We analyzed different stages
of the disease and the association of DG alterations with hippocampal-related cognitive functions.
Using high-resolution morphological imaging, hippocampal radial mapping analysis was performed in
28 relapsing-remitting (RR), 34 secondary progressive, and 26 benign MS patients and 28 healthy con-
trols (HC). Between-groups differences of DG radial distance (from surface points to the central core of
the hippocampus) and correlations with clinical, neuropsychological, and radiological measures were
evaluated using surface-based mesh modeling. Compared with HC, all MS clinical phenotypes
revealed a larger radial distance of the DG, which was more marked on the left side. Radial distance
enlargement was more pronounced in RRMS patients compared with the other disease clinical pheno-
types and was inversely correlated to disease duration. Radial distance enlargement was correlated
with higher T2 lesion volume and a better cognitive performance in RRMS and with a poor cognitive
performance in secondary progressive and benign MS patients. Surface expansion of the DG might
represent an inflammation-induced neurogenic (reactive) process of the subgranular zone of the hippo-
campus primarily aimed at rescuing the functional competence of hippocampal circuitry. Hum Brain
Mapp 36:4702-4713, 2015. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Growing interest has been devoted, in the past few
years, to the role of hippocampal injury for the develop-
ment of spatial and episodic memory impairment in
patients with multiple sclerosis (MS) [Dutta et al., 2013;
Longoni et al., 2015; Roosendaal et al., 2010; Sicotte et al.,
2008]. Anatomopathological substrates of hippocampal
dysfunction in MS are likely to be diffuse demyelination
and plaque formation [Geurts et al., 2007; Papadopoulos
et al., 2009], neuroaxonal loss [Papadopoulos et al., 2009],
and gliosis. Two recent pathological studies of the hippo-
campus in MS patients have also reported demyelination-
induced alterations in genic expression profiles, leading to
abnormalities in hippocampal axonal traffic, synaptic plas-
ticity and neurotransmitter homeostasis [Dutta et al., 2011,
2013].

The human dentate gyrus (DG) of the hippocampus,
composed by three histologically distinct layers (the
molecular layer, the granule cell layer, and the polymor-
phic layer), is an allocortex lamina which concavity envel-
ops the Cornu Ammonis (CA) 4 subfield (also known as
the hilus of the DG) [Duvernoy, 2005]. Consistently with
its central location in the intrahippocampal circuitry, the
DG plays an essential role in memory function: long-term
potentiation (LTP), a well-characterized form of synaptic
plasticity, is indeed activated in the DG by learning and
memory tasks [Lynch, 2004]. Moreover, the acquisition of
episodic memory during childhood has been linked to
structural and molecular development of the hippocampus
[Lavenex and Banta Lavenex, 2013]. Adult neurogenesis is
probably another form of neural plasticity of the DG
[Eriksson et al, 1998] that likely contributes to
hippocampal-dependent memory functions, with newly
generated neurons critically enhancing accuracy of mem-
ory encoding [Clelland et al., 2009]. Within the subgranu-
lar zone of the DG, thousands of new granule cells are
continuously generated throughout life [Eriksson et al.,
1998], with 700 new neurons being added in each hippo-
campus per day in adult humans, corresponding to a daily
exchange of 0.004% of the DG neurons [Spalding et al.,
2013]. Noteworthy, in the light of the sophisticated interac-
tions between the immune system and the neurogenic
niche [Martino et al., 2011], inflammatory conditions of the
CNS are able to modulate the homeostasis of neural stem/
precursor cells (NPCs) and perturb some aspects of neuro-
genesis [Pluchino et al., 2008].

In this study, we hypothesized that, due to its exquisite
composition, the DG of the hippocampus could undergo
selected modifications of its volume in MS patients, which
may differ according to the stage of the disease and which
may result in differential functional competence of hippo-
campal circuitry. To test this hypothesis, we used surface-
based mesh modeling [Thompson et al., 2004], which has
allowed a detailed, non-invasive investigation of the
regional shape alterations associated with several physio-
logical [Luders et al.,, 2012] and pathological conditions

[Apostolova et al., 2012; Gold et al., 2014; Narr et al., 2004;
Thompson et al., 2004], to characterize local expansions or
contractions of DG morphology across MS clinical pheno-
types with a relapse-onset disease and their correlation
with neuropsychological performance. Differently from
currently available methods for automated hippocampal
segmentation, such as voxel-based morphometry or FIRST,
this technique allows exploring selective subregional hip-
pocampal volume modifications in vivo.

METHODS
Subjects

We enrolled 88 (62 females, 26 males) right-handed con-
secutive patients with MS (28 relapsing-remitting [RR] MS,
34 secondary progressive [SP] MS, and 26 benign [B] MS,
defined as an EDSS score <3.0 and a disease duration >15
years). To be included, patients had to be relapse and
steroid-free for at least one month and with stable disease-
related treatment for at least six months before MRI acqui-
sition. Thirty-seven patients (13 RRMS, 11 SPMS, and 13
BMS) were treated with interferon beta, 12 with glatiramer
acetate (8 RRMS, 2 SPMS, and 2 BMS), and 12 with immu-
nosuppressive treatments (1 RRMS and 11 SPMS).

Twenty-eight right-handed, age- and gender-matched
healthy controls (HC) (18 female, 10 males) with no previ-
ous history of neurological, psychiatric, or medical disor-
ders, and a normal neurological exam were also enrolled.

Within 48 h of MRI acquisition, MS patients underwent
a neurological evaluation with rating of the Expanded Dis-
ability Status Scale (EDSS) score and a neuropsychological
assessment, designed to assess hippocampal verbal mem-
ory functions, which included the Paired Associate Word
Learning [WL] Test [Novelli et al., 1986] and the Short
Story (SS) Test [Novelli et al., 1986]. All tests were adapted
to and validated in the Italian language. Referring to nor-
mative data [Novelli et al., 1986], individual raw scores
were adjusted for age, sex and education.

Standard Protocol Approvals, Registrations,
and Patient Consents

Approval was received from the ethical standards com-
mittee on human experimentation of San Raffaele Scientific
Institute. Written informed consent was obtained from all
subjects prior to study enrolment.

MRI Acquisition and Analysis

Using a 3.0 T scanner (Philips Medical Systems, Eind-
hoven, The Netherlands), the following sequences were
obtained: (a) 3D Tl-weighted fast field echo (FFE) (TR/
TE =25/4.6 ms, flip angle = 30°, matrix size =256 X 256,
FOV =230 X 230 mm? 220 contiguous, axial slices with
voxel size=0.89 X 0.89 X 0.8 mm), and (b) dual-echo
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Figure I.
Radial mapping analysis: hippocampal segmentation. Coronal magnetic resonance imaging (MRI)
slices from a healthy control in posterior-anterior direction. Representative manual tracings of
the right (light-blue, top row) and left (light green, bottom row) hippocampus are shown.

turbo spin echo (TSE) (TR/TE =2,599/16-80 ms, echo
train length = 6, 44 contiguous 3-mm thick axial slices with
a matrix size =256 X 256, FOV = 240 mm?).

All image preprocessing was performed by a single
observer, experienced with hippocampal segmentation,
blinded to subjects” identity.

T2-hyperintense lesions were identified and T2 lesion
volumes (LV) quantified using a local thresholding seg-
mentation technique (Jim 5, Xinapse Systems Ltd., North-
ants, UK). After refilling of T1-hypointense lesions [Chard
et al., 2010], normalized brain (NBV), white matter
(NWMV) and gray matter (NGMV) volumes were meas-
ured on three-dimensional (3D) T1-weighted images, using
the Structural Imaging Evaluation of Normalized Atrophy
(SIENAX) software.

Hippocampal Segmentation

Hippocampal segmentation was obtained for each sub-
ject from the 3D Tl-weighted images as previously
described [Longoni et al., 2015]. After correction of inten-
sity nonuniformity, images were aligned to the Montreal
Neurological Institute (MNI) space and reformatted into
the coronal plane. Then, manual tracing of the hippocam-

pus was performed by an experienced neurologist
unaware of the aims of the study according to a standar-
dized protocol [Longoni et al., 2015] (Fig. 1). From con-
tours, the volume of the traced structures was computed
(LONI software) and retained for the subsequent steps of
the analysis [Longoni et al., 2015].

Intra- and interobserver reproducibility of hippocampal
segmentation has been tested in a previous study [Longoni
et al., 2015], which showed an intraclass correlation coeffi-
cient (ICC) of 0.93 for intrarater and 0.91 for inter-rater
assessment.

Binarized hippocampal masks were transformed from
the MNI to single subject’s dual-echo space and applied to
T2 lesion masks to exclude all the extra-hippocampal
lesional voxels and calculate hippocampal T2 LV.

Surface-Based Mesh Modeling

Hippocampal traces were converted to parametric sur-
face meshes and a radial mapping technique was applied.
This allowed to compare shape contractions and expan-
sions of anatomical structures between populations (LONI
software) [Thompson et al, 2004]. Briefly, manually
derived contours were resampled in a common number of
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Figure 2.
Plots of average core distance in HC and RRMS. Four sections of the left hippocampus where
the average core distance (in mm) is plotted for healthy controls (HC) (circle) and relapsing-
remitting multiple sclerosis (RRMS) patients (asterisk). The position of the medial core is indi-
cated for each section with a cross. L = left, R = right, A = anterior, P = posterior. See text for
further details.

100 X 150 surface vertices, which were made spatially uni-
form and homologous with each other [Narr et al., 2004].
From the parametric surface model of each individual hip-
pocampus, a medial curve was derived along its anterior-
posterior axis, and the distance of each vertex from its
medial core was calculated (“radial distance”). For each
group of the study, an “average” hippocampus was
obtained averaging the “radial distance” of each homolo-
gous vertex from all the subjects of the group. To check
for possible biases caused by the position of the medial
core, we derived the average medial core distances for the
group of healthy controls and RRMS patients and plotted
them in polar coordinates (rho, teta) allowing teta to span
360° with 150 equidistant steps and rho to be the radial
distance at each vertex (Fig. 2).

To assess local expansions or contractions affecting the
DG, surface vertices of each right and left DG region were
manually selected on the average shape obtained from the
HC group, based on anatomical reference [Duvernoy,
2005]. This procedure yielded to the segmentation of the
DG in about 900 vertices in each hemisphere (which is
about 6% of each hippocampal surface). Radial distances

calculated in DG vertices were then retained for statistical
analysis.

Statistical Analysis

For clinical, demographic, and MRI volumetric variables,
normality of data was explored using the Kolmogorov-
Smirnov Test. Between-group differences were assessed
using parametric and nonparametric tests as appropriate.
Between-group comparisons were defined a priori on the
basis of clinical relevance. The following comparisons
were assessed (in both directions): HC versus RRMS
patients, RRMS versus SPMS patients, RRMS versus BMS
patients, and SPMS versus BMS patients (SPSS Inc, Chi-
cago, IL, release 20.0). Comparisons between BMS and
SPMS patients versus HC are also reported for descriptive
purposes.

An analysis of variance and Pearson correlation, control-
ling for age, were used to evaluate radial distance differences
between groups at homologous surface locations and correla-
tions with clinical (disease duration), neuropsychological and
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TABLE I. Main demographic, clinical and conventional

MRI characteristics of multiple sclerosis (MS) patients

(divided according to disease clinical phenotypes) and healthy controls

HC (n=28) RRMS (1 = 28) SPMS (n = 34) BMS (n = 26) P

Women/men 18/10 20/8 24/10 18/8 n.s.
Mean age (range) (yr) 44.8 (25-69) 39.7 (20-63) 45.8 (24-67) 44.0 (33-62) ns.*
Median EDSS (range) - 3.5 (1.04.5) 6.0 (3.5-8.0) 2.0 (1.0-3.0) <0.001***
Mean disease duration (range) [years] - 9.9 (0.1-22.7) 13.9 (2.5-34.3) 22.0 (15.1-33.3) <0.001*
Mean education (range) (yr) 12 (8-17) 13 (8-17) 12 (5-17) 11 (8-17) ns.*
Word learning test mean score (SD) - 12.3 (2.8) 11.4 (3.9) 13.4 (3.4) n.s.*
Short Story test mean score (SD) - 109 (4.1) 109 (4.1) 11.9 (3.8) n.s.*
Mean brain T2 LV (range) (ml) - 11.6 (10.8) 17.7 (14.6) 12.5 (10) 0.001*
Mean R hippocampal T2 LV (SD) (ml) - 0.004 (0.01) 0.01 (0.05) 0.005 (0.06) n.s.***
Mean L hippocampal T2 LV (SD) (ml) - 0.002 (0.05) 0.009 (0.02) 0.001 (0.01) 0.03***
Mean NGMV (SD) (ml) 761 (75) 665 (85) 629 (104) 640 (91) <0.001**
Mean NWMV (SD) (ml) 856 (71) 864 (75) 836 (104) 887 (102) n.s.**
Mean R NHV (SD) (ml) 3.9 (0.5) 3.5 (0.6) 3.3 (0.5) 3.3 (0.5) <0.001**
Mean L NHV (SD) (ml) 3.8 (0.5) 3.5(04) 3.3 (0.6) 3.2(04) 0.001**

P values refer to: *ANOVA, Bonferroni corrected; **General Linear Model, age adjusted; ***Kruskal-Wallis test.

HC =healthy controls; MS =multiple sclerosis; SD = standard

deviation; n=number of subjects; RR =relapsing-remitting;

SP =secondary progressive; BMS =benign MS; EDSS = Expanded Disability Status Scale score; NBV =normalized brain volume;

NGMV =normalized gray matter volume; NWMYV = normalized
NHYV = normalized hippocampal volume; n.s. = not significant.

MRI (NWMYV, NGMYV, brain and hippocampal T2 LV) varia-
bles (LONI software). The resulting two-tailed P and r values
were mapped on the average 3D hippocampal shape
obtained from each group; results were expressed as number
of surface vertices in the DG showing a statistically signifi-
cant difference (P < 0.05) in radial distance at between-group
comparisons, or a significant correlation with the variable of
interest, as appropriate. False discovery rate (FDR) was used
to correct for multiple comparisons.

RESULTS

Table I summarizes the main demographic, clinical, neu-
ropsychological, and conventional MRI characteristics of
the study groups as well as the results of the between-
group comparisons of these measures. As expected, BMS
had a significantly longer disease duration than the other
MS phenotypes (P < 0.001 for all the comparisons). EDSS
was significantly higher in SPMS compared with RRMS
and BMS patients (P < 0.001 for both the comparisons),
and in RRMS compared with BMS patients (P = 0.02).

Compared with HC, RRMS patients had lower NGMV
(P=0.001) and right hippocampal volume (P =0.04). All
the remaining a priori comparisons were not significant.

No DG subregion was atrophic in MS patients, as a
whole and according to disease clinical phenotype, com-
pared with HC. The opposite comparison showed a larger
radial distance of the DG in all MS clinical phenotypes
when contrasted to HC, which was more pronounced for
the left hippocampus (Table II). These morphological alter-

white matter volume; LV =lesion volume; R=right; L =Ileft;

ations were especially evident (FDR <5%) in the left hip-
pocampus of RRMS (Fig. 3) and SPMS patients, while only
a small cluster of larger radial distance in the left DG was
found in BMS patients compared with HC (not surviving
FDR correction). The comparison between disease clinical
phenotypes showed that RRMS had a significant radial
distance enlargement (FDR <5%) of the DG compared
with SPMS and BMS patients, whereas the opposite con-
trast showed only small clusters of larger radial distance
in SPMS and BMS versus RRMS patients. Bilateral DG vol-
umetric enlargement was found in SPMS versus BMS
patients (FDR <5% for the left and right hippocampus)
(Table II, Fig. 4).

In the whole group of MS patients, larger radial distance
of the DG was significantly correlated with a shorter dis-
ease duration and larger brain volumes (NWMV, NGMYV)
(Table III).

The association between DG radial distance modification
versus neuropsychological performance and T2 LV
showed a differential effect among disease clinical pheno-
types (Table III). In RRMS patients, left DG radial distance
enlargement was significantly correlated with better per-
formances at WL and SS tests. Bilateral DG radial distance
enlargement was correlated with higher brain and hippo-
campal T2 LV (Fig. 5). In SPMS patients, DG radial dis-
tance enlargement was significantly correlated with worse
performances at WL and SS tests as well as with higher
brain and hippocampal T2 LV (Fig. 5).

In BMS patients, left DG radial distance enlargement
was significantly correlated with a worse performance at
WL test.
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Figure 3.
Radial mapping analysis: HC versus RRMS. Some representative contours extracted from the left
hippocampal region included in dashed green lines. Contours were straightened and at each ver-
tex, average and standard deviation of radial distances from relapsing-remitting multiple sclerosis
(RRMS) patients (blue) and healthy controls (HC) (red) were plotted. Letters A and B indicates
the innermost and most lateral positions on the hippocampus.

DISCUSSION

By using surface-based mesh modeling, we found a sig-
nificant radial size enlargement of the DG in all MS
groups (which was marginally significant for BMS
patients), such an effect being more pronounced in the left
hippocampus and in patients with RRMS.

Despite global and regional hippocampal volumetric
reductions have been broadly observed in MS [Gold et al.,

2010, 2014; Papadopoulos et al., 2009; Roosendaal et al.,
2010; Sicotte et al., 2008] and non-MS pathological condi-
tions [Apostolova et al., 2012; Narr et al., 2004; Thompson
et al., 2004], MRI evidences of hippocampal size enlarge-
ment are still relatively scanty. Using MRI-based manual
segmentation, an increase of bilateral hippocampal head
has been recently detected in patients with Cushing’s dis-
ease after resection of the secreting tumor [Toffanin et al.,
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RRMS greater than HC SPMS greater than HC BMS greater than HC

Figure 4.

Radial mapping analysis: between-group comparisons. The supe- radial distance at between-group comparisons. Results are
rior aspect of the average right and left hippocampus from the reported for P < 0.05. MS = multiple sclerosis; RR = relapsing-
subjects included in each statistical comparison are shown. The remitting; SP =secondary progressive; BMS =benign MS;
color-coded maps of P values show vertices of the dentate gyrus HC = healthy controls; R = right; L = left.

surface characterized by a statistically significant difference of

TABLE Il. Results from the between-group comparisons of hippocampal dentate gyrus vertex analysis

Right dentate gyrus Left dentate gyrus
No. vertices Mean (SD) Percentage change No. vertices Mean (SD) Percentage change

RRMS > HC 56 2.66 (0.76) > 2.14 (0.78) 24.5 148 2.40 (0.71) > 1.83 (0.65) 31.1
SPMS > HC 18 2.47 (0.83) >1.99 (0.69) 24.2 164 2.67 (0.71) >2.19 (0.70) 21.5
BMS > HC - - 6 2.55 (0.65) >2.15 (0.63) 18.8
RRMS > SPMS 18 2.66 (0.82) >2.21 (0.69) 19.9 63 2.75 (0.62) > 2.37 (0.67) 16.1
SPMS > RRMS - - 38 3.15 (0.73) >2.56 (0.70) 23.4
RRMS > BMS 58 2.84 (0.83) >2.27 (0.84) 25.0 184 3.01 (0.74) >2.48 (0.70) 21.5
BMS > RRMS - - 8 3.39 (0.85) >2.79 (1.02) 21.3
SPMS > BMS 123 3.84 (0.89) >3.21 (1.09) 19.7 56 3.33 (0.80) >2.82 (0.74) 18.0
BMS > SPMS - - - -

The number of surface vertices out from the 900 of the dentate gyrus, showing a statistically significant difference in radial distance at
between-group comparisons (P < 0.05), radial distance means, SDs (in mm), and percentage of changes (i.e., relative difference between
the means of the two groups being compared) for the significant vertices are provided.

HC = healthy controls; MS = multiple sclerosis; RR = relapsing-remitting; SP = secondary progressive; BMS = benign MS; SD = standard
deviation.
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TABLE Ill. Correlations between dentate gyrus (DG) volumetric modifications in multiple sclerosis (MS) patients
and clinical, neuropsychological and conventional MRI measures

Right dentate gyrus

Left dentate gyrus

Group of patients Variable of interest No. vertices

r Value (range) No. vertices r Value (range)

All MS patients Disease duration 185
NGMV 162
NWMV 40
RRMS WL test -
SS test -
Brain T2 LV 4
Hippocampal T2 LV 79
SPMS WL test 52
SS test -
Brain T2 LV 46
Hippocampal T2 LV 26
BMS WL test -

—0.24 (—0.37 to —0.18) 54 —0.21 (~0.29 to —0.18)
0.24 (0.18 to 0.37) 146 0.25 (0.18 to 0.34)
0.23 (0.18 to 0.31) 27 0.21 (0.18 to 0.25)

- 11 0.50 (0.43 to 0.58)
- 34 0.47 (0.42 to 0.57)
0.42 (0.39 to 0.45) 62 0.43 (0.37 to 0.56)
0.46 (0.38 to 0.60) 34 0.44 (0.38 to 0.54)
—0.39 (—0.47 to —0.34) 130 —0.41 (=0.55 to —0.35)
- 26 —0.38 (—0.44 to —0.34)
0.40 (0.34 to 0.47) - -
0.40 (0.34 to 0.48) 44 0.41 (0.34 to 0.51)
- 12 —0.43 (—0.52 to —0.40)

For each correlation, the total number of surface vertices of the DG showing a significant correlation (P < 0.05) (Pearson correlation
coefficient) with the variable of interest as well as the means and ranges of r values for the significant vertices are provided.
NGMV =normalized gray matter volume; NWMYV =normalized white matter volume; LV =lesion volume; WL =word learning;

SS = short story.

2011]. In line with previous voxel-based morphometry
data [Holzel et al., 2011], a surface mesh model analysis
[Luders et al., 2012] described a global volumetric increase
of left hippocampus and of the left hippocampal head in
long-term meditators compared with controls. An abnor-
mal shape enlargement of bilateral hippocampi has also
been detected in offenders with psychopathy compared
with controls [Boccardi et al., 2010]. Since MRI-based
measurements of hippocampal volume have been shown
to correlate with anatomopathological neuronal counts
[Dawe et al., 2011], the enlargement of the DG of our
patients may reflect an increase in the cellular count at
this level. This interpretation is apparently in contrast with
the decrease of hippocampal cross-sectional area reported
by a pathologic MS study [Papadopoulos et al., 2009],
which, however, did not specifically investigate the DG
subregion. Additionally, the patients included in that
study [Papadopoulos et al., 2009] were older (mean age:
61 vs. 44.8 years) and had longer disease duration (mean
27.8 vs. 14.1) than ours. Despite a 27 to 30% reduction of
neuronal counts in CA1 and CA2-CAS3 subfields, no signif-
icant cellular loss and a neuronal shape change toward a
more rounded shape were found in the hilus of the DG in
MS patients compared with controls [Papadopoulos et al.,
2009]. Such a relative sparing of the CA4 structures may
partly rely on the scant proclivity for demyelinating lesion
formation in such a region [Papadopoulos et al., 2009].
Current views support the notion that neurogenesis per-
sists throughout the entire existence, being more promi-
nent in the subventricular zone (SVZ) [Quinones-Hinojosa
et al., 2006] and the subgranular zone of the DG [Eriksson
et al., 1998]. In humans, adult neurogenesis is thought to
contribute to physiological regeneration and reparative

processes after injury. New neurons in the adult DG have
been implicated in learning and memory [Zhao et al,
2008], and the granule layer of the DG can increase or
decrease in volume by a relatively large magnitude
(5-20%) depending on rates of neurogenesis [Kohman and
Rhodes, 2013]. Previous pathological studies from patients
with stroke [Marti-Fabregas et al., 2010] or Huntington’s
disease [Curtis et al., 2003] provided some evidence for a
proliferative reaction of NPCs within the germinal niche
that can then migrate to the injury site to promote the
replacement of damaged cells. According to our present
understanding, the DG enlargement we observed in RRMS
and that was not detected in the more chronic phase of
the disease (SPMS/BMS) might be interpreted as a reacti-
vation of neurogenesis aimed at counteracting tissue dam-
age and loss due to demyelination, neuroaxonal loss, and
disturbed synaptic transmission. This process might repre-
sent a compensatory reactive neurogenic phenomenon
aimed at reinstating the initially compromized hippocam-
pal circuitry. This notion is strengthened by the results of
the analysis of correlation with hippocampal verbal mem-
ory function. In RRMS patients, in whom DG morphologi-
cal abnormalities were prominent, a direct correlation
between the degree of DG enlargement and a high per-
formance at neuropsychological tests was found, whereas
the analysis of SPMS and BMS patients provided divergent
results. Despite the impact of neurogenesis on hippocam-
pal function has been recently challenged [Frankland
et al., 2013], several experimental data have shown that
reducing neurogenesis impairs subsequent hippocampal
memory formation, while increasing neurogenesis facili-
tates hippocampal memory formation [Zhao et al., 2008].
As a consequence, we postulate that, independently of the
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Figure 5.
Radial mapping analysis: correlation analysis. The color-coded maps show P and r values from the
correlation analysis of the dentate gyrus surface (superior aspect) with word learning (WL) test,
short story (SS) test and brain T2 lesion load for patients with relapsing remitting (A) and sec-
ondary progressive (B) MS. Results are reported for P < 0.05. R = right; L = left.

underlying cellular substrate, the mechanisms leading to
an expansion of the DG in the early, relapsing phase of
MS might have a positive effect, which contributes to pro-
mote functional competence of the hippocampal circuitry.
Modifications of these mechanisms with disease progres-
sion may finally impair hippocampal function.

Although a direct comparison between DG and SVZ
NPCs is not possible, given the different role and fate of
these cells [Martino et al., 2014], a 2-3-fold increase in cell
density and proliferation was shown in the SVZ of post-
mortem MS brains compared with non-neurological con-

trols [Nait-Oumesmar et al.,  2007]. Another
neuropathological study of subcortical chronic MS lesions
detected a population of newborn neurons, functionally
differentiated and integrated within local networks by syn-
apse formation, which may have originated from NPCs in
the adjacent SVZ [Chang et al., 2008].

In the absence of pathological assessment and without
the application of sophisticated techniques which allow
the study of cell turnover dynamics by birth dating cells,
such as the quantification of nuclear bomb test-derived ¢
concentration [Spalding et al., 2013], we cannot completely
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rule out that factors different from an increased neuron
formation may contribute to explain the larger DG radial
size we found. By studying cell turnover dynamic of
human postmortem hippocampi [Spalding et al., 2013], it
has been shown that a large proportion of non-neuronal
cells are continuously exchanged, with an estimated
annual turnover of these cells of 3.5% compared with
1.75% of hippocampal neuronal cells. Importantly and dif-
ferently from neuronal cells, the turn-over of these non-
neuronal cells declines with age. The notion that these
non-neuronal cells might account, at least in part, for the
larger size of the DG we have found is also supported by
a recent study which has applied the previous technique
to postmortem human ischemic cortical tissue and found
an increased turnover of non-neuronal cells (glial cells,
vascular cells, and other cell types involved in postisch-
emic lesion consolidation) after ischemic stroke, which
continued in the years after the event [Huttner et al.,
2014].

Our study revealed an asymmetry of the DG enlarge-
ment in MS patients, being the left DG larger than the
right one. Imaging studies of normal individuals have
reported subtle right larger than left hippocampal volumes
[Narr et al., 2004], and a recent study which has assessed
the trajectories of maturation of the hippocampus and its
subfields has shown larger volume growth in the right
than the left hippocampus and DG in childhood, with this
asymmetry effect being more pronounced during adoles-
cence [Krogsrud et al., 2014]. Based on this, in addition to
a preponderance of the cellular reaction in the left DG, our
results might be also explained by a more pronounced
susceptibility to damage affecting the right hippocampus
in the context of a more global reduction of cerebral asym-
metries and an higher susceptibility to damage of the right
hemisphere observed not only with aging, but also in
many neurological diseases [Dolcos et al., 2002]. Support
for the latter view might come from a previous study
reporting a predominant volume loss of right hippocam-
pus in MS patients [Roosendaal et al., 2010]. Intriguingly,
in a previous work, we reported a shrinking of the hilus
of the right DG in MS patients compared with controls,
which was absent on the contralateral side [Longoni et al.,
2015].

Due to the lack of anatomopathological support and the
cross-sectional nature of this study, any conclusion
remains, however, speculative, and the exact neuronal
mechanisms underlying our results are still to be estab-
lished. The altered hippocampal surface may arise from
biological mechanisms other than adult neurogenesis (e.g.,
gliosis, increase dendritic complexity of existing mature
granule cells, increase angiogenesis, increase amount of
extracellular fluid). Given its explorative nature, our work
also suffers from a suboptimal detection of cortical and
hippocampal lesions, given the lack of cortical-directed
sequences, such as double inversion recovery images. As a
consequence, the contribution of hippocampal demyelin-

ation to DG modifications could have been underesti-
mated. Other confounding factors on DG size, including
physical exercise [Pereira et al., 2007] and depression
[Gold et al., 2014] have not been specifically addressed by
our study. From a methodological point of view, the posi-
tion of the medial core could be biased depending on the
particular distribution of changes at the boundaries. The
effect of the deviation from a starlike topology would be
the redistribution of the changes over symmetrical vertices
and the consequent shift of the boundaries coming from
the alignment of the medial cores. We checked for this by
looking at the behavior at the opposite vertices and at
boundaries as a whole, displaying average radial distances
as contours at some relevant sections of the hippocampus,
as shown in Figure 2. For some plots, in addition to a
larger radial distance, there may be a shift of rotation,
which may have exaggerated this effect. Clearly, the
results strongly depend from the method we have chosen
(the use of radial distance implies that the registration is
obtained by aligning the centroids of each bidimensional
contour). We cannot rule out that other methods, that use
different criteria for registration, such as the minimization
of mean square distance between vertices considering
them as a whole, might provide different results. Another
methodological issue is related to the use of a linear inter-
polation to resample the data as the first step of the pre-
processing, which may have caused loss of spatial
resolution. However, this was an essential step for the
standardization of the manual segmentation process.
Although the high reproducibility of the manual segmen-
tation was assessed, we could not obtain an estimate of
the uncertainty of the measurement. Future longitudinal
studies are therefore warranted to confirm and deepen our
findings. Despite the functional role of adult neurogenesis
in CNS pathology is still debated, our results could pro-
mote an advancement in the understanding of disease
pathobiology and a tool for monitoring the neuroprotec-
tive effects of disease-modifying treatments.
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