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EMISPHERIC ASYMMETRY, MODULAR VARIABILITY AND

GE-RELATED CHANGES IN THE HUMAN ENTORHINAL CORTEX
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bstract—The verrucae areae entorhinalis (VAE) are a char-
cteristic feature of the human brain that occupy the anterior
nd posterolateral parts of the parahippocampal gyri and
orrespond to the islands of layer II neurons. We analyzed
AE in 60 neurologically normal subjects ranging from 23 to
5 years of age using a casting method. In 10 of these sub-
ects the total number of neurons in the entorhinal islands
as estimated stereologically using the optical fractionator.
he number and surface area of VAE were higher in the left
emisphere compared with the right, and this leftward asym-
etry was highly significant. Regression analysis showed a
egative correlation between average VAE area and age in
oth hemispheres, representing a rate loss of about 800 �m2

er year. The estimated number of neurons obtained with the
ptical fractionator showed no significant difference between
he left and the right hemisphere (468,000�144,000 vs.
05,000�117,000). There was a highly significant negative
orrelation between neuron numbers and age in both sides.

n addition, clusters of small, undifferentiated layer II neurons
‘heterotopias’) were frequently observed in the rostral part of
he entorhinal cortex in young and elderly adults.

Layer II entorhinal neurons are among the first to show
eurofibrillary changes during normal aging. The present
ata confirm the occurrence of age-related neuron loss in the
ntorhinal cortex. Considering the consistent projections
rom ipsilateral auditory association areas that, together with
roca’s motor-speech area (Brodmann areas 44 and 45),
how leftward asymmetry from early infancy (such as Brod-
ann area 22, planum temporale, and area 52 in the long

nsular gyrus), we speculate that functional lateralization of
he human entorhinal cortex may be associated with special-
zation for memory processing related to language. Due to
he dependence of hippocampal formation on entorhinal pro-
ections, this finding is also consistent with the greater ca-
acity of the left hippocampus for verbal episodic memory.
2004 IBRO. Published by Elsevier Ltd. All rights reserved.

ey words: aging, Alzheimer’s disease, cerebral dominance,
ippocampus, language, schizophrenia.
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bbreviations: AD, Alzheimer’s disease; asf, area sampling fraction;
a
sf, section sampling fraction; tsf, fraction of the section thickness
ampled; VAE, verrucae areae entorhinalis.
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symmetries in the size of brain regions have been asso-
iated with functional lateralization. Since Broca’s discov-
ry of the left hemisphere dominance for language abilities
Broca, 1861, 1865), many structural and functional asym-
etries have been reported in the human brain, as well as

n non-human primates (Gannon et al., 1998; Sherwood et
l., 2003). The cortical structures of the human brain with
ocumented anatomical asymmetries (left commonly

arger than right) include the anterior speech region (pars
percularis and pars triangularis of the gyrus frontalis in-
erior; Falzi et al., 1982; Amunts et al., 1999, 2003), asso-
iation auditory cortex (planum temporale; Pfeifer, 1936;
eschwind and Levitsky, 1968), and area PG in the inferior
arietal lobule (Eidelberg and Galaburda, 1984). The ex-

stence of an asymmetry probably related to language
unction has also been shown in some subcortical struc-
ures, such as the lateral posterior nucleus of the thalamus
Eidelberg and Galaburda, 1982) and the subputaminal
ucleus (Simic et al., 1999).

A functional asymmetry of the entorhinal cortex with
he left (dominant) being more involved in verbal and the
ight in non-verbal processing has been proposed (Tranel,
991; Eustache et al., 2001). However, whether functional
symmetry of the entorhinal cortex is accompanied by
tructural asymmetry, such that more neurons and possi-
ly their connections are formed within the left hemisphere,

s unclear. With the exception of sulcal patterns (Heinsen
t al., 1996; Hanke, 1997), only one study has investigated
ther possible anatomic and cytoarchitectonic left-right
symmetries in the human entorhinal cortex (Heinsen et
l., 1994).

The entorhinal region in the human brain spreads over
he gyrus ambiens and a considerable part of the parahip-
ocampal gyrus (Brodmann, 1909; Braak, 1972). Small ele-
ations with shallow grooves in between are present on the
urface of these gyri. Retzius first observed these elevations
nd to describe them coined the term “verrucae gyri hip-
ocampi” (Retzius, 1896). Ramón y Cajal (1901–1902), von
conomo (1927) and von Economo and Koskinas (1925)
howed that they are formed from groups (‘glomeruli’) of layer
I neurons which cause an elevation on the cortical surface.
hese verrucae are a unique feature that define the entorhi-
al region macroscopically in humans, and allow for its de-

ineation even with the unaided eye (Klingler, 1948; Braak,
980; Braak and Braak, 1992; Heinsen et al., 1994; Insausti
t al., 1995; Solodkin and Van Hoesen, 1996). We designate

hem thereafter as the verrucae areae entorhinalis (VAE).
During the course of normal aging and in Alzheimer’s

isease (AD), layer II neurons of the entorhinal cortex are

mong the first to show neurofibrillary changes, and probably

ved.



T

C
n

1

1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2

2
2
2
3
3
3
3
3
3

3
3

3
3
4

4
4
4
4

4
4

4
4
4

G. Simic et al. / Neuroscience 130 (2005) 911–925912
able 1. Case information and data from VAE analysis

ase
o. Gender

Age
(yr.)

Number
of VAE
in left
ECa

Number
of VAE
in right
EC

Total area
of VAE in
left EC
(mm2)

Total area
of VAE in
right EC
(mm2)

Average
area of
single
left VAE
(mm2)

Average
area of
single
right
VAE
(mm2)

Asymmetry
coefficient
(�) Cause of death

1 F 23 99 81 31 27 0.313 0.333 �0.138 Traffic accident
2 F 25 110 95 35 32 0.318 0.337 �0.090 Traffic accident
3 F 25 105 89 34 32 0.324 0.360 �0.061 Homicide
4 M 26 109 102 32 31 0.294 0.304 �0.032 Traffic accident
5 M 27 106 81 34 31 0.321 0.382 �0.092 Traffic accident
6 M 27 110 90 35 33 0.318 0.367 �0.059 Freezing
7 M 27 115 110 34 31 0.296 0.282 �0.092 Traffic accident
8 F 27 117 107 35 31 0.299 0.290 �0.121 Homicide
9 F 28 120 118 35 31 0.292 0.258 �0.121 Homicide
0 F 28 110 99 35 32 0.318 0.323 �0.090 Breast

carcinoma
1 F 29 110 108 35 32 0.318 0.296 �0.090 Traffic accident
2 F 30 112 108 34 32 0.304 0.296 �0.061 Traffic accident
3 F 30 110 109 35 30 0.318 0.275 �0.154 Homicide
4 M 31 120 110 40 38 0.333 0.345 �0.051 Homicide
5 M 32 122 109 40 38 0.328 0.349 �0.051 Homicide
6 F 33 110 108 35 32 0.318 0.296 �0.090 Traffic accident
7 M 34 118 110 34 31 0.288 0.282 �0.092 Traffic accident
8 F 36 120 119 34 32 0.283 0.269 �0.061 Traffic accident
9 M 36 121 118 33 31 0.273 0.263 �0.094 Traumatic shock
0 F 36 111 89 30 27 0.270 0.303 �0.105 Traffic accident
1 F 39 125 118 30 28 0.240 0.237 �0.069 Traffic accident
2 M 40 115 109 32 30 0.278 0.275 �0.065 Peritonitis
3 M 40 110 102 31 30 0.282 0.294 �0.033 Cirrhosis
4 M 41 109 97 26 26 0.239 0.268 0.000 Traffic accident
5 F 41 120 109 37 32 0.308 0.294 �0.145 Homicide
6 M 41 98 75 31 29 0.316 0.387 �0.067 Myocardial

infarction
7 F 42 111 102 30 29 0.270 0.284 �0.034 Homicide
8 M 43 120 115 37 32 0.308 0.278 �0.145 Traffic accident
9 M 43 122 112 39 33 0.320 0.295 �0.167 Homicide
0 F 43 123 113 32 31 0.260 0.274 �0.032 Cirrhosis
1 F 45 127 113 35 31 0.276 0.274 �0.121 Breast cancer
2 M 45 126 120 34 32 0.270 0.267 �0.061 Traffic accident
3 M 46 122 118 37 32 0.303 0.271 �0.145 Traffic accident
4 M 47 122 114 34 31 0.279 0.272 �0.092 Cirrhosis
5 M 48 137 122 39 37 0.285 0.303 �0.053 Myocardial

infarction
6 M 49 120 117 39 37 0.325 0.316 �0.053 Traffic accident
7 M 50 125 120 28 26 0.224 0.217 �0.074 Myocardial

infarction
8 M 50 130 115 32 30 0.246 0.261 �0.065 Homicide
9 M 51 104 97 31 30 0.298 0.309 �0.033 Lung cancer
0 M 51 118 99 32 30 0.271 0.303 �0.065 Myocardial

infarction
1 F 53 125 122 34 33 0.272 0.270 �0.030 Colon cancer
2 M 54 133 123 40 33 0.301 0.268 �0.192 Homicide
3 M 55 129 111 35 32 0.271 0.288 �0.090 Traffic accident
4 F 55 119 109 34 33 0.286 0.303 �0.030 Myocardial

infarction
5 F 57 115 110 34 32 0.296 0.291 �0.061 Colon cancer
6 M 58 130 125 32 30 0.246 0.240 �0.065 Cerebral

infarction
7 F 59 125 119 30 29 0.240 0.244 �0.034 Traffic accident
8 F 59 123 113 32 32 0.260 0.283 0.000 Cirrhosis
9 M 64 142 132 41 36 0.289 0.273 �0.130 Colon cancer
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re the first to die, resulting in smaller VAE which eventually
isappear due to this cell loss (Hyman et al., 1986; Van
oesen et al., 1991; Braak and Braak, 1991; Bouras et al.,
993, 1994; Gómez-Isla et al., 1996; Giannakopoulos et al.,
998; Simic et al., 2000; Hof et al., 2003). Many studies also
oint to entorhinal cortex abnormalities in schizophrenia. One
f the most commonly reported is the poor development of
lusters of layer II neurons (Jakob and Beckmann, 1986;
alkai et al., 1988; Arnold et al., 1991).

Following our initial observations (Bexheti et al., 1988;
elovic et al., 1988), the goal of this study was to deter-
ine precisely the number and surface area of VAE as well
s size, shape and total number of neurons in the entorhi-
al islands on a larger sample of human brains. The ob-
ervations reported here provide a quantitative character-
zation of the extent and modular organization of the ento-
hinal cortex in human, reveal possible hemispheric and
ender differences as well as possible changes during
ging, and provide normative parameters for investigations
f pathologic conditions affecting the entorhinal cortex.

EXPERIMENTAL PROCEDURES

he brains of 60 normal individuals, between the ages of 23 and
5 (25 women and 35 men) were obtained between 1976 and
987 from the Departments of Forensic Medicine at the University
edical School Zagreb and the University Medical School Pristina
uring routine autopsies in accordance with the law and under the
ontrol of the Ethical Committee of the Zagreb Medical School.
nly subjects with no neuropsychiatric illnesses and no neurologic
vidence of vascular or neurodegenerative lesions based on their
edical records, and for whom the postmortem interval did not
xceed 24 h (mean 9.8�4.4 S.D.), were analyzed. Brains from
ubjects who died due to traffic accidents or brain trauma (such as

able 1. Continued

ase
o. Gender

Age
(yr.)

Number
of VAE
in left
ECa

Number
of VAE
in right
EC

Total area
of VAE in
left EC
(mm2)

0 M 65 127 119 35

1 M 68 137 128 41

2 M 70 149 131 42

3 M 71 119 110 35

4 F 73 156 136 40

5 F 75 127 115 32
6 M 80 148 118 37

7 M 80 128 115 34

8 M 80 130 125 39

9 M 83 139 127 38
0 F 85 141 128 39

EC, entorhinal cortex.
o. 46, 57 and 58) were used only if there were no visible injuries c
o the temporal lobe. The age, gender and the cause of death of
ach subject are shown in Table 1. Unfortunately, we had only

ncidental reports on handedness, but no formal, detailed testing
f the subjects. With respect to agonal state of subjects included

n the study, the population studied was comparable to other
ublished reports (Gómez-Isla et al., 1996, 1997; Simic et al.,
997; Hof et al., 2003). Since non-demented elderly subjects do
ot exhibit significant loss of neurons (Hof et al., 2003, among
thers), it would seem unlikely that the inter-individual differences

n agonal state represented a serious confound for the obtained
esults on neuron numbers.

After extraction from the skull, the whole brains were fixed in
0% neutral formalin. The brains were suspended by the basilar
rtery during the fixation process. After a short primary fixation, the
lock of tissue comprising the uncus and parahippocampal gyrus
as isolated and immersed in 10% fresh neutral formalin for up to 7
ays. The meninges were carefully removed from the surface by
sing microsurgical instruments and a stereomicroscope.

In order to demonstrate the presence of VAE as precisely as
ossible we utilized a method for taking casts using silicone-based

mpression materials (Optosil/Xantopren; Heraeus Kulzer, Dorma-
en, Germany) used in dental prosthetics. To avoid artifacts, the
urface of the specimen was quickly dried under a hot air stream prior
o print taking. After the first mold made of Optosil had hardened, it
as filled with Xantopren and then, using gentle pressure, the spec-

men was pressed into the mold. The specimen was not removed
ntil the Xantopren had hardened. In such endocasts, all indenta-
ions that corresponded to the VAE were visible under a stereomi-
roscope. Each indentation was delineated using a thin black water-
roof marker (Fig. 1A). Special attention was paid in cases where the
ntorhinal cortex extended into the opening and medial bank of the
ollateral fissure, because at these locations VAE were not reliably
eflected on the casts. In such cases, after visual inspection, the
pecimens were embedded in paraffin, serially cut at 20 �m in the
rontal plane, stained with Cresyl Violet and microscopically analyzed
or total number of VAE. Planimetric analysis and graphic reconstruc-
ion of the surface area occupied by the VAE were made from the

area
E in
C

Average
area of
single
left VAE
(mm2)

Average
area of
single
right
VAE
(mm2)

Asymmetry
coefficient
(�) Cause of death

0.276 0.269 �0.090 Cardiopulmonary
insuff.

0.299 0.313 �0.025 Myocardial
infarction

0.282 0.252 �0.240 Cardiopulmonary
insuff.

0.294 0.291 �0.090 Myocardial
infarction

0.256 0.279 �0.051 Cardiopulmonary
insuff.

0.251 0.261 �0.065 Traffic accident
0.250 0.271 �0.145 Myocardial

infarction
0.266 0.278 �0.061 Cerebral

hemorrhage
0.300 0.264 �0.167 Subarachnoidal

bleeding
0.273 0.268 �0.111 Colon cancer
0.277 0.250 �0.197 Traffic accident
Total
of VA
right E
(mm2)

32

40

33

32

38

30
32

32

33

34
32
asts using a Robotron Reiss planimeter (Budapest, Hungary) and a
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enius graphic tablet GT1212A under the control of ACAD 10E
oftware (Autodesk, San Rafael, CA, USA; Fig. 1B). For better ori-
ntation, a low power photograph of the entorhinal region as defined
y the macroscopically visible VAE is shown in Fig. 1C. To correct for
ariability in brain size, for each subject an asymmetry coefficient (�)
as calculated using the formula: ��(right entorhinal area�left en-

orhinal area)/0.5�(right entorhinal area�left entorhinal area) (Gala-
urda et al., 1987).

Thirteen (seven left and six right) out of the 120 hemispheric
pecimens were embedded in celloidin (Cedukol; Merck, Darm-
tadt, Germany) after casting, serially cut at 20 �m in the tangen-
ial plane, stained with Cresyl Violet and reconstructed using a
alibrated projecting Visopan microscope (Reichert, Vienna, Aus-
ria; Fig. 2B). Layer II neurons defined as large, darkly stained,
tellate, modified pyramidal and multipolar cells were easily dis-
inguished from layer III medium-sized pyramidal neurons. The
3–33 tangential sections that contained all of the entorhinal

slands were subjected to neuron counts using the fractionator
ethod (West et al., 1991). A systematic–random sampling de-

ign was used to sample every sixth section that contained ento-
hinal islands (the section sampling fraction, ssf, was therefore
.167; Gundersen, 1986; Simic et al., 1997). All layer II neurons
ere counted in disectors that were systematically positioned
long the two axes of the section plane with a random start. This

Fig. 1. (A) Casts o
denoted using a bla
the figure was appro
HS, hippocampal s
formerly called infe
bar�1 mm. (B) G
software. Subject n
region of subject no
macroscopically vis
Fig. 1A. Scale bar�
as accomplished using the meander algorithm function of the a
tereoInvestigator software and microscope-computer interface
ystem (MicroBrightField, Williston, VT, USA), so that the micro-
cope stage automatically moved to sampling positions that cor-
esponded to a randomly placed rectangular lattice of points in the
ection plane. The distance between these positions along each
xis was 980 �m (astep�0.96�106 �m2), while the area of the
isector counting frame was 5256 �m2 (i.e. the area sampling

raction, asf, was 0.05475). Since thickness of the sections was 20
m and the thickness of the disector was 10 �m, the fraction of the
ection thickness sampled at each point, tsf, was 0.5. Optical
isectors were used to count the number of neurons (Q�) at each
f the positions in the sampling grid, as described in detail previ-
usly (Simic et al., 1997; West and Slomianka, 1998). Finally, the
otal number of neurons (N), was estimated using the formula:
�� Q��(1/ssf)�(1/asf)�(1/tsf).

In addition, after the cryoprotection and sectioning, 80-�m-
hick free-floating sections of rostral part of entorhinal cortex
rom three neurologically normal subjects aged 19, 32 and 57
ears were processed for calbindin and parvalbumin immuno-
istochemistry using a Vectastain ABC kit (Vector Laboratories,
urlingame, CA, USA). Both primary monoclonal anti-calbindin-
28k and parvalbumin antibody (Sigma, St. Louis, MO, USA)
ere used at a dilution of 1:1000. For controls the primary

an entorhinal cortex made of silicone of high viscosity. Each VAE is
r under a stereomicroscope. The cognitive status of all subjects on

r age, except for subject no. 52, who was mildly cognitively impaired.
S, intrarhinal sulcus (also called uncal or hippocampal “notch,”

ncephalic sulcus); SS, semianular sulcus; US, uncal sulcus. Scale
reconstruction of casts by using a digitizing tablet and Autocad
cale bar�1 mm. (C) Low power photograph of the left entorhinal
re fixation. Black line encircles the entorhinal area as defined by the
GA, gyrus ambiens; GU, gyrus uncinatus. Other abbreviations as in
f the hum
ck marke
priate fo
ulcus; IR

rior rhine
raphical
o. 39. S
. 48 befo
ible VAE.
1 mm.
ntiserum was omitted.
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The statistical analysis was carried out using the Statistica
5.0 program (Statsoft, Tulsa, OK, USA). The age-related
hanges in number and size of VAE, as well as for neuronal loss,
ere described with the Pearson’s coefficient of correlation (r) and
valuated by testing the linear regression. Regressions with 2P
alues of Pearson’s coefficient of correlation less than 5% were
efined as statistically significant. Hemisphere- and gender-
elated differences in the number of VAE, area of VAE and asym-
etry coefficient were evaluated with paired (two-sided) Student’s

-test. A value of P less than 0.05 was chosen as the criteria for the
evel of confidence. Age-related changes in the number of VAE
ere tested using one-way analysis of variance (with age as a
ean factor). Post hoc analysis between defined groups of sub-

ects (20–29, 30–39, 40–49, 50–59, 60–69, 70–79 and 80–89
ears of age) was done by using Scheffé’s method.

RESULTS

oth the rhinal and collateral sulci were fully present in all of
he investigated hemispheres. No macroscopically noticeable
ifferences in the major sulcal patterns were observed be-
ween the right and left hemispheres, and between genders.
n eight out of 120 hemispheres, the entorhinal cortex ex-
ended significantly into the medial bank of the collateral
ssure so that VAE located in this part of entorhinal cortex
ould not reliably be imprinted on the casts. In these cases,
he number of VAE was counted by visual inspection and
ubsequent histologic verification for layer II cell islands on
oronally cut, Nissl-stained sections. As observed from the
asts, the overall difference in the modular variability among
he subjects was striking, no two casts being similar (Fig. 1A).
hus, the interindividual variability of entorhinal modules ap-
ears to be reflected in differences in size, number, and
istribution of the islands, possibly creating ‘individual ento-
hinal fingerprints.’ The main characteristic of most VAE (par-
icularly those located rostro-medially) was their elongated,
llipsoid shape, with the longer axis oriented in the rostrocau-
al direction of the parahippocampal gyrus. As the axis of the
arahippocampal gyrus rotates by about 180° at the anterior
spect of the uncus, the long axis of the VAE usually was
ligned along this curvature. The width of individual entorhi-
al islands on histological sections usually varied from 0.25 to
.8 mm and their length varied from 0.2 to 1.2 mm. The
ajority of VAE ranged in size from about 0.7�0.5 mm to
.2�1 mm (longer axis�shorter axis dimensions). The larg-
st VAE was 2.11�1.95 mm, and the smallest 0.53�0.48.
he number of VAE, the total surface of VAE, the average
rea of single VAE, as well as the asymmetry index of all of
he studied brains are shown in Table 1. As seen on tangen-
ial sections (Fig. 2), neighboring VAE were often connected
y narrow bridges of cells. The distance between VAE was
enerally shorter laterally. A series of Nissl plates that dem-
nstrate the most salient features of the entorhinal cortex on
oronal sections is given in Fig. 2C–E.

Clusters of small, undifferentiated spindle-shaped or bi-
olar neurons were commonly found in the olfactory and

ateral rostral subfields (according to the nomenclature of
nsausti et al., 1995), independent of the age of subjects (Fig.
A, B). Most of these neurons had the morphology of late
euroblasts or “immature” neurons (Rakic and Nowakowski,
981), and were easily distinguished from the differentiated

eurons of the entorhinal cortex. Because these cells may be t
mall GABAergic interneurons, immunohistochemistry for the
alcium-binding proteins calbindin and parvalbumin was per-
ormed. Very rare cells had faint calbindin immunoreactivity
Fig. 3C). Almost no positive parvalbumin labeling of these
ells was observed (Fig. 3D), indicating that these ectopic
ells are unlikely to represent a population of inhibitory

nterneurons.

umbers of VAE

he mean total number of VAE of all the studied brains was
32 (range: 173–292, S.D.�23.9), and on average 116 per
emisphere (range: 75–156, S.D.�13.3). The mean number
f VAE in the left hemisphere was 121 (range: 98–156,
.D.�12.0), while the mean number of VAE in the right
emisphere was 111 (range: 75–136, S.D.�12.7). The num-
er of VAE was significantly higher in the left than in the right
emisphere (t�4.56, df�118, P	0.001; Fig. 4). The mean
umber of VAE was higher in the left hemisphere in both
omen (118.8�11.8 vs. 109.5�12.3, t�2.75, df�48,
	0.01) and men (123.1�12.0 vs. 112.2�13.1, t�3.66,
f�68, P	0.001; Fig. 4). Men had slightly higher mean value
f VAE in both left and right hemisphere, but this difference
as not statistically significant (Fig. 4).

rea of VAE and asymmetry index

he mean total area of VAE in all of the studied brains was
6.4 mm2 (range: 52.0–81.1 mm2, S.D.�6.0 mm2). The
ean area of VAE for the left hemisphere was 34.7 mm2

range: 26.2–42.3 mm2, S.D.�3.4 mm2), while the mean
AE area in the right hemisphere was 31.8 mm2 (range:
5.8–40.0 mm2, S.D.�2.8 mm2). The area of VAE was
ignificantly higher in the left than the right hemisphere
t�5.11, df�118, P	0.001; Fig. 5). The mean area of VAE
as larger in the left hemisphere in both women

33.9�2.6 mm2
31.2�2.2 mm2, t�2.75, df�48, P	0.01)
nd men (35.3�3.9 mm2
32.2�3.1 mm2, t�3.66, df�68,
	0.001; Fig. 5). Men had slightly higher mean value of VAE
rea in both hemispheres than women, but this difference did
ot reach statistical significance (Fig. 5). The mean value of

he asymmetry coefficient � was �0.086 (minimum �0.24,
aximum 0.00, S.D.�0.049). A leftward asymmetry was
ighly significant (t�13.42, P	0.001). The difference in
symmetry between men and women was not statistically
ignificant.

AE and neuron number changes with aging

uring aging, a trend toward an increase in the total number
f VAE was observed, at a rate of approximately 1 VAE per
ear. The difference was significant among defined age
roups (ANOVA, F�8.77, df�59, P	0.01). The post hoc
nalysis using Scheffé’s method showed marked difference
nly when comparing subjects aged 20–29 years with
roups of subjects aged 50–59 (P	0.05), 60–69 (P	0.01),
0–79 (P	0.01) and 80–89 (P	0.001) years of age. The
quation of the linear regression line was: number of
AE�185.5�(age in years); Pearson’s r�0.71). However,

his trend was not reflected by a substantial increase of the

otal VAE area (VAE area�61.9�0.1�(age in years);
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�0.27). Regression lines showed negative correlations be-
ween average VAE area and age of similar magnitude in
oth hemispheres (Fig. 6). The mean VAE area in the left
ntorhinal cortex was calculated as 0.322�0.0007�(age in
ears) mm2 (r��0.48; Fig. 6), and 0.333�0.0009�(age in

ig. 2. (A) Illustration of entorhinal modules on a tangential section. D
ome of the islands of layer II entorhinal neurons are not visible. Note
issl stain. Subject no. 15, left hemisphere. Scale bar�1 mm. (B) Illust

heir consequent delineation before fractionator analysis. C, caudal
ar�1 mm. (C–E) Delineation of entorhinal cortex on coronal section

evel; E, caudal level; FD, fascia dentata; H, hippocampus; hf, hippoca
emianularis; U, uncus; V, ventricle. Scale bar�2 mm.
ears) mm2 (r��0.46) in the right entorhinal cortex (Fig. 6). t
he average area of single VAE decreased similarly in both
eft and right entorhinal cortices (r��0.48 for left, r��0.46
or right hemisphere), representing a decrease rate of ap-
roximately 800 �m2 per year.

Stereological estimates obtained using the optical frac-

convoluted shape of the entorhinal cortex and the section thickness,
nds may be connected with bridges of layer II neurons (arrowheads).
econstruction of entorhinal cortex islands from tangential sections and
ateral; M, medial; R, rostral. Subject no. 59, left hemisphere. Scale
). A, amygdala; C, rostral level; cs, collateral sulcus; D, intermediate
ure; PAC, periamygdaloid cortex; PRC, perirhinal cortex; ssa, sulcus
ue to the
that isla

ration of r
side; L, l
s (arrows
mpal fiss
ionator showed that 468,000�144,000 neurons in ento-
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hinal islands in the left and 405,000�117,000 neurons in
he right hemisphere were present (Table 2). There was no
ignificant difference between left and right sides (t�0.9,
f�11, P
0.05), while regression lines (Fig. 7) showed
early a identical degree of neuron loss during aging (left:

N�0.874�0.008�(age in years)�106; Pearson’s r�
0.91, right: N �0.791�0.006�(age in years)�106;

Fig. 2
N

earson’s r��0.93; Table 3). h
DISCUSSION

he present findings show that determination of the number
nd area of VAE on casts of the ambient and parahippocam-
al gyri, and area and number of neurons in entorhinal is-

ands provide us with quantitative parameters about the mod-
lar organization of the entorhinal cortex in a large sample of

ued).
. (Contin
uman brains. The number and area of VAE are substantially
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ig. 3. (A) Clusters of small, undifferentiated (‘immature’) neurons in the rostral part of the entorhinal cortex in 70 year old brain (arrowheads). Subject

o. 52, left hemisphere. Scale bar�500 �m. (B) Higher magnification of the central part of panel A. Calbindin (C) and parvalbumin (D) labeling of
ections adjacent to A. Inset in figure D shows parvalbumin-immunoreactive neuron in the same section. Scale bar�100 �m.
ig. 4. Hemispheric and gender differences in the number of VAE. The dots represent mean value, the bars represent the S.D., and the boxes, the

.E.M. The number of VAE is higher in the left hemisphere in both women (* P	0.01) and men (** P	0.001), as well as when all the subjects are

aken together (*** P	0.001).
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ig. 5. Hemispheric and gender differences in the area occupied by VAE. The dots represent mean value, the bars represent the S.D., and the boxes,
he S.E.M. The VAE area is higher in the left hemisphere in both women (* P	0.001) and men (** P	0.001), and when all the subjects are analyzed
ogether (*** P	0.001).
ig. 6. Average area of single VAE in the left (solid circles, continuous regression line) and the right hemisphere (open circles, dashed regression line),
s a function of age.
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igher in the left than in the right hemisphere, indicating an
natomical asymmetry of the entorhinal cortex. This finding is

n a general agreement with the study of Heinsen et al.
1994). By analogy with other brain regions, this suggests
hat more functionally distinct cortical columns are present
n the left entorhinal cortex. However, since the difference
n neuron number between hemispheres did not reach
tatistical significance, it is possible that the left entorhinal
ortex is richer in neuronal dendritic arborizations and
europil volume. The dominance of the left hemisphere in
he number and size of VAE is best illustrated by the fact
hat there were no brains with the same or higher numbers
f VAE in the right hemisphere. Only two of 60 brains had
omparable VAE area in both hemispheres (all others
ere larger on the left). On average, the numbers and
urface area of VAE, as well as the asymmetry coefficient,
ere slightly higher in men than in women, but these
ifferences were not significant.

The strongest anatomical asymmetry in the brain is the
ize of the planum temporale, which is larger on the left side
n 69–90% of reported cases, averaging of 78% of the sub-
ects in 22 studies (Shapleske et al., 1999). The present data
how that 96.7% of subjects have a larger entorhinal cortex
n the left side, potentially making the entorhinal region the
ost consistently lateralized part of the human brain. Layer II
ntorhinal neurons receive major inputs from the ipsilateral
uditory association areas, such as Brodmann area 22 (in the
uperior temporal gyrus) that projects mostly to the medial
ector of the entorhinal cortex, and Brodmann area 52 (para-
nsular cortex) that projects mostly to the lateral division of the
ntorhinal cortex (Amaral et al., 1983; Insausti et al., 1987).
ince areas 22 and 52, together with Broca’s motor-speech
rea (Brodmann areas 44 and 45; Amunts et al., 2003),
onsistently show anatomical and functional leftward asym-
etry from early infancy (Karbe et al., 1995; Galuske et al.,
000), it is reasonable to speculate that the larger size of the
ntorhinal area on the left side may play a role in memory
rocessing of language in the left hemisphere. Because the
ntorhinal cortex serves as a gateway between the neocortex
nd the hippocampus, and plays a key role in the processes
f memory and learning (Murray and Mishkin, 1986; Zola-
organ et al., 1989; Fernández et al., 1999; Eichenbaum,

able 2. Neuronal number estimates using the optical fractionator me

ase
o.

Age
(yr.) Gender ssf

aframe

(�m2)
astep

(106 �m) asf

5 32 M 0.167 5256 0.96 0.0
0 36 F 0.167 5256 0.96 0.0
0 43 F 0.167 5256 0.96 0.0
1 45 F 0.167 5256 0.96 0.0
6 49 M 0.167 5256 0.96 0.0
7 50 M 0.167 5256 0.96 0.0
9 64 M 0.167 5256 0.96 0.0
1 68 M 0.167 5256 0.96 0.0
7 80 M 0.167 5256 0.96 0.0
9 83 M 0.167 5256 0.96 0.0
000), this may also explain the dominance of the left hip- d
ocampus (or left medial temporal lobe in general) compared
ith the right in its capacity for verbal episodic memory (Mil-
er, 1970; Damasio and Geschwind, 1984; Kelley et al.,
998). Based on dissociated verbal and nonverbal retrieval
nd learning in a subject with circumscribed anterior temporal
amage (that included the left entorhinal cortex and hip-
ocampus and the left anterolateral association cortices), a

unctional asymmetry of the entorhinal cortex with the left
dominant) side being more involved in verbal and the right in
on-verbal processing has been proposed (Tranel, 1991).
ecent findings obtained using voxel-based mapping of the
orrelations between cognitive scores and resting state brain
lucose utilization measured by positron emission tomogra-
hy in early AD further support this observation (Eustache et
l., 2001). These authors showed that disruption of the left
ntorhinal cortex causes verbal episodic memory deficit (Eu-
tache et al., 2001). This is also consistent with postmortem
ata showing that this brain area is affected earliest and most
everely by tau pathology in AD (Hirano and Zimmerman,
962; Hyman et al., 1984; Morrison and Hof, 1997; Gianna-
opoulos et al., 1998). By using MRI volumetry, decreased
emory performance in AD has also been shown to correlate
ith an increased rate of entorhinal cortex atrophy, with the

eft side being more affected (Du et al., 2003).
Although we did not observe a significant difference in the

umber of VAE when comparing near age groups (but only
hen comparing subjects aged 20–29 years with subjects
ged 50–59, 60–69, 70–79 and 80–89 years of age), we

ound an overall tendency toward a higher number of VAE
ith aging. As the area of VAE with aging does not follow this

rend, it is possible that the higher number of VAE in old
ndividuals results from neuronal loss, so that some VAE
ecame ‘split’ during aging. It should however be kept in mind

hat VAE become more clearly visible after fixation, and that
he degree and duration of fixation and differential shrinkage
ay affect the number of VAE present in a given case. A
otential source of confound may also lie in differences in the

clustering’ of layer II neurons due to age-related reorganiza-
ion. Nonetheless, the casting method described in this study
ffers reliable identification of individual entorhinal islands
istribution patterns. This may be a useful and straightfor-
ard way to assess interindividual modular variability in the

t
(�m)

H
(�m) tsf Sum Q

NN

left
(106)

NN

right
(106)

NN

total
(106)

20 10 0.5 289 0.633
20 10 0.5 280 0.614
20 10 0.5 225 0.493
20 10 0.5 291 0.638
20 10 0.5 231 0.506
20 10 0.5 186/194 0.408 0.425 0.833
20 10 0.5 197 0.432
20 10 0.5 160/155 0.351 0.340 0.691
20 10 0.5 154 0.338
20 10 0.5 112/129 0.245 0.283 0.528
thod

055
055
055
055
055
055
055
055
055
055
istribution of the neurons of origin of the perforant afferents
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o the dentate gyrus by defining unique patterns of ‘individual
ntorhinal fingerprints.’ The fact that these patterns change
uring aging may have further implications for the study of
ge-related dementing illnesses such as AD. As a relatively
imple method to analyze globally and quantitatively this

able 3. Comparison with other estimates

Number of
cases
studied

Total number of
neurons
(thousands)

Age-relat
correlatio

Left Right Left

resent study 10 468 405 �0.91 (7
from 32
years o

einsen et al.,
1994

22 92 88 �0.63 (F
to 86 y
age)

ómez-Isla et al.,
1996

10 650 Not counted 0.0001 (6
Years o

rimer et al.,
1997b

8 2 Not counted Not calcu

est and
Slomianka,
1998

5 1100 Not counted Not calcu

ordower et al.,
2001

8 640 Not counted 64% Neu
in 10 o
subject
mild co
impairm
(80–97
age)

of et al., 2003 17 779 Not counted 30% Loss
subject
cognitiv
impairm
ell-defined population of neurons, it may detect localized i
athological changes during aging and AD in a non-invasive
anner.

Interestingly, clusters of layer II entorhinal neurons in
he superficial portions of layer III (so-called ‘heterotopias’)
ave been considered a possible neuroanatomical marker

n loss (coefficient of Only neurons
in entorhinal
islands
counted

Method/basis for
topographical delineation
of the entorhinal cortex

Right

�0.93 (6 Subjects
from 36 to 83
years of age)

Yes Optical fractionator
method/VAE

�0.49 (From 18
to 86 years of
age)

Yes Optical disector method/
clusters of layer II
neurons in only those
parts of the EC with a
lamina dissecans
(which is about 25%
smaller than area
defined on the basis
of VAE)

Not calculated No (all layer
II neurons
counted)

Optical disector method/
cytoarchitectonic
definition of EC
borders that is wider
than the EC area with
only cell islands.
Definition used has
about 50% shorter
anterior extent of the
EC than in the study
of West and
Slomianka, 1998.

Not calculated Yes Optical disector method/
cytoarchitectonic
criteria of five sub-
areas as defined by
Krimer et al., 1997a.
Reported neuron
numbers counted in
only three sub-areas.

Not calculated No (all layer
II neurons
counted)

Optical fractionator
method/widest
cytoarchitectonic
definition of eight sub-
areas and their
borders, as described
in Insausti et al.,
1995.

Not calculated No (all layer
II neurons
counted)

Optical disector method/
widest
cytoarchitectonic
definition of eight sub-
areas and their
borders, as described
in Insausti et al.,
1995.

Not calculated No (all layer
II neurons
counted)

Optical fractionator
method/widest
cytoarchitectonic
definition of eight sub-
areas and their
borders, as described
in Insausti et al.,
1995.
ed neuro
n)

Subjects
to 83

f age)
rom 18
ears of

0–89
f age)

lated

lated

ron loss
ld
s with
gnitive
ent
years of

in old
s with
e
ent
n schizophrenic and depressive patients (Bernstein et al.,
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998). However, our previous observations (Kelovic and
ostovic, 1981; Simic et al., 1995) and the present data
learly indicate that clusters of small neurons with the
orphological appearance of late neuroblasts are com-
on in layer II in rostral subfields of the entorhinal cortex in
ormal young and elderly adults, and thus may not repre-
ent a reliable neuroanatomical marker of schizophrenia.
he changes observed in the entorhinal cortex in schizo-
hrenia are thus likely to consist of more subtle cellular and
olecular disturbances (Akbarian et al., 1993; Hemby et
l., 2002). Additional studies will be necessary to clarify
his issue.

It should be noted that substantial discrepancies in ento-
hinal neuron number estimates exist among different studies
Heinsen et al., 1994; Gómez-Isla et al., 1996; Krimer et al.,
997a,b; West and Slomianka, 1998; Kordower et al., 2001;
of et al., 2003; Bussière et al., 2003). As pointed out by
est and Slomianka (1998) and Hof and colleagues (2003),

ne of the main reasons for this likely lies in the lack of
niform topographical delineation (Table 3). Thus, estimates
f neuron numbers obtained by Heinsen et al. (1994) are

ower than ours, possibly due to their definition of the ento-
hinal cortex that included only those parts of the entorhinal
ortex where the lamina dissecans is present (which is only a
ortion of the region defined as entorhinal cortex in our study;

ig. 7. Age-related changes in numbers of layer II neurons of the ento
nd solid squares and the dashed regression line the right hemisphere
bout 65 years on, but only when one compares old people with very
able 3). Other estimates (Gómez-Isla et al., 1996; West and a
lomianka, 1998; Kordower et al., 2001; Hof et al., 2003) are
igher, probably owing to a more inclusive definition of the
ntorhinal cortex and the fact that these authors counted all

ayer II neurons (including neurons in cell bridges among the
ntorhinal islands), and not just only those strictly located
ithin VAE. As there is no standard nomenclature for the
ytoarchitectonic fields included in the entorhinal region, the
pproach described here using VAE, may be advantageous

n the context of comparative studies of disorders of the
ervous system such as dementing conditions and schizo-
hrenia. It has been indeed proposed that schizophrenia may
e a disorder of the mechanisms that control the develop-
ent of cerebral asymmetry (Crow, 2000). Besides schizo-
hrenia, atypical patterns of brain organization and hemi-
phere specialization have also been proposed in develop-
ental dyslexia (Witelson, 1977; Galaburda et al., 1985),
utism and Asperger syndrome (Hier et al., 1979; Chiron
t al., 1995; Müller et al., 1999), and Williams syndrome
Galaburda and Bellugi, 2000; Reiss et al., 2000).

Layer II entorhinal neurons have been consistently
hown to be the first to show age-related neurofibrillary
hanges (Hirano and Zimmerman, 1962; Hyman et al.,
984; Morrison and Hof, 1997; Giannakopoulos et al.,
998). Heinsen and colleagues (1994) reported nega-
ive correlations of the number of layer II neurons with

tex. Solid circles and the continuous regression line represent the left,
t there is not much of a cell loss in aging within an old population from
ases.
rhinal cor
ge on both sides, with a mean 26.5% neuron loss in
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0 – 85 year old subjects. Our results obtained by the
ractionator method showed comparable, but even
reater age-related neuron loss in the entorhinal islands
Table 3), with a 43.5% average neuron loss in 32– 83
ear old subjects (34% in the left and 51% in the right
ntorhinal cortex). Moreover, Kordower et al. (2001)
ecently reported a 64% loss of layer II entorhinal neu-
ons associated with only mild cognitive impairment in
0 subjects aged 80 –97 years, which was even more
han a 58% neuron loss estimated in their AD group.
onversely, Gómez-Isla et al. (1996) did not observe
ignificant age-related loss of layer II entorhinal neurons
n the left hemisphere of 10 normal 60 – 89 years of age
ubjects with a Clinical Dementia Rating score of 0.
inally, Hof et al. (2003) showed that a considerable
roportion (73–77%) of entorhinal layer II neurons af-
ected by neurofibrillary degeneration might preserve
ome function even at stages with a Clinical Dementia
ating score of 3. Besides possible differences in small
ample size and owing to considerable interindividual
ariability in entorhinal modules number, size and dis-
ribution, an important source of discrepancy among
tudies arises from the fact that most AD studies have
ocused on elderly people without considering the pos-
ibility of a gradual neuronal loss over adult life prior to
he occurrence of AD-related changes. As long as el-
erly patients do not suffer from AD, they appear neu-
opathologically quite comparable as a group (Kordower
t al., 2001; Hof et al., 2003). It is therefore not surpris-

ng that significant neuron loss due solely to aging can-
ot be revealed without younger adult cases included in
he regressions (e.g. Gómez-Isla et al., 1996). On the
ther hand, when neuronal loss attributable to aging is
uperimposed to an unbiased estimate of the number of
eurofibrillary tangles in AD, regions like the entorhinal
ortex and hippocampal formation may display neuronal
osses larger than that accounted for by tangle counts
lone (Gómez-Isla et al., 1996, 1997; Simic et al.,
998a; Krill et al., 2002). It can be assumed that the
attern of neuron loss does not necessarily match the
attern of tangle formation due to mechanisms other
han neurofibrillary degeneration (Simic et al., 1998a,
998b; Hof et al., 2003).

In conclusion, the relationships between aging and
euron loss in the entorhinal cortex appear to be quite
omplex. Although the present study indicates that neuron

oss is taking place in human entorhinal cortex during
ormal aging, future quantitative studies based on unbi-
sed stereological principles on larger samples of human
rains and strict anatomical criteria are needed to further
ur understanding of the particular vulnerability of this
egion.
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