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Abstract
The hippocampus is integral for learning and memory and is targeted by multiple diseases and disorders
such as anxiety, depression, epilepsy, and Alzheimer’s disease. Neuroimaging approaches frequently use
hippocampal or sub�eld volumes as a standard measure of neurodegeneration, thus making it an
essential biomarker to study. However, in vivo MRI lacks the resolution needed to accurately parcellate
sub�elds, and histologic delineations rely on vague or outdated features. More so, several discrepancies
exist in sub�eld segmentation among groups. The present study sought to advance the histology
segmentation �eld by acquiring quantitative neuron width measurements of the hippocampal sub�elds
from 18 postmortem human samples. Neuron widths were collected using Feret’s diameter on
hippocampal pyramidal neurons at �ve distinct anterior-posterior levels. Measurements were collected
from CA1, CA2, CA3, CA4 and subiculum and the uncinate (medial) counterparts (CA1u, CA2u, CA3u,
Subu). Ten neurons were measured per sub�eld per level, resulting in a total of 5,430 measured neurons.
Our measurements indicate the following order of neuron size: CA4 > CA3 = CA2 > CA1 = Sub > ParaSub > 
PreSub. We also observed that each medial (uncinate) sub�eld had smaller neurons than its lateral
counterpart (e.g., CA1 > CA1u). Further, we found that right hemisphere hippocampi had signi�cantly
larger neurons than left hemisphere hippocampi, and that controls had larger neurons than early Braak &
Braak staged cases. The �ndings provide quantitative ground truth histologic measures for pyramidal
neurons within individual sub�elds and a reliable method to distinguish the sub�elds at differing anterior-
posterior levels.

Introduction
It is well established that the hippocampus is crucial for learning and memory (Buzsáki and Moser, 2013;
Hannula et al., 2006; O’Keefe et al., 1998; Rubin et al., 2014; Squire, 2004; Warren et al., 2012). The
hippocampal formation is a complex structure, which includes the cornu ammonis sub�elds (CA1-4),
dentate gyrus (DG), and subicular cortices (subiculum [Sub], presubiculum [PreSub or PrS], and
parasubiculum [ParaSub or PaS]) (Ding and Van Hoesen, 2015; Duvernoy, 2005; Rosene and Van Hoesen,
1987). Numerous diseases target the hippocampus, such as Alzheimer’s disease (Braak et al., 2006;
Braak and Braak, 1991; Jaroudi et al., 2017), epilepsy (Dam, 1980; de Lanerolle et al., 1989; Engel, 1996),
schizophrenia (Harrison, 2004; Heckers et al., 1998; Zhou et al., 2008), and post-traumatic stress disorder
(PTSD) (Bonne et al., 2008; Harnett et al., 2020; Logue et al., 2018).

Hippocampal volume is used as a standard measure of neurodegeneration in neuroimaging, especially
structural MRI, thus making it a frequently used biomarker (Bosco et al., 2017). Substantial progress has
been made in segmenting the hippocampus as a whole structure as well as harmonizing that effort
(Boccardi et al., 2015; Bosco et al., 2017; Frisoni and Jack, 2011). Segmentation of the hippocampal
sub�elds has also progressed due to multiple groups producing hippocampal sub�eld atlases (Adler et
al., 2018, 2014; de Flores et al., 2020; Iglesias et al., 2015; Parekh et al., 2015) and to a large collaborative
effort from the hippocampal sub�elds segmentation group to harmonize these efforts (Olsen et al., 2019;
Wisse et al., 2017; Yushkevich et al., 2015). Although neuroimaging studies have reported both



Page 3/27

functionalities and vulnerabilities of the hippocampal sub�elds (de Flores et al., 2015; Goubran et al.,
2015; Mueller et al., 2007; Pan et al., 2021; Raz et al., 2015; Tardif et al., 2017; Zeidman et al., 2015), a
cohesive thread has yet to emerge. This could be attributed to the fact that the neuroimaging �eld is
outpacing the neuroanatomy �eld, as neuroanatomy studies do not always agree on sub�eld boundaries
(de Flores et al., 2020; Ding, 2013; Ding and Van Hoesen, 2015; Insausti et al., 2017; Olsen et al., 2019;
Palomero-Gallagher et al., 2020). The reason for the discrepancies is that identifying criteria for sub�elds
lack clarity and distinctiveness, which leads to individual interpretation. Such disagreements, combined
with the low resolution in in vivo MRI, have led some neuroimagers to base their segmentations on angles
or extrapolations (Bender et al., 2017; Mueller et al., 2007; Raz et al., 2015; Steve et al., 2017) rather than
the cytoarchitecture of the sub�elds.

There has been progress in recent years in cytoarchitectonic-grounded parcellations (Adler et al., 2014; de
Flores et al., 2020; Ding, 2013; Ding and Van Hoesen, 2015; Insausti et al., 2017; Palomero-Gallagher et al.,
2020; Rosene and Van Hoesen, 1987), yet discrepances among many of the sub�eld parcellations persist.
For instance, some authors combine CA3 and CA4 (de Flores et al., 2015; Ding and Van Hoesen, 2015;
Insausti and Amaral, 2004), while others separate them as their own individual sub�elds (Palomero-
Gallagher et al., 2020; Rosene and Van Hoesen, 1987; Steve et al., 2017; Zilles et al., 2015). Additionally,
the border between ParaSub and PreSub is often a source of disagreement: some authors suggest that
PreSub contains the lamina principalis externa (LPE), which designates the border between the two
sub�elds (Ding, 2013; Ding and Van Hoesen, 2015; Rosene and Van Hoesen, 1987), while others denote
that the distinguishing feature is ParaSub’s less de�ned lamina dessicans (cell free zone) compared to
PreSub (Insausti et al., 2017; Zilles et al., 2015). These discrepancies, among others, could be due to
using primarily qualitative approaches in sub�eld segmention. For example, several authors comment on
neuronal sizes of various sub�elds qualitatively, but provide no quantitative evidence to support the
descriptions (Ding, 2013; Ding and Van Hoesen, 2015; Insausti et al., 2017; Insausti and Amaral, 2004;
Zilles et al., 2015). While using qualitative measures is an important tool in characterizing sub�elds,
establishing quantitative measures that multiple inter-raters can reliably use provides essential ground
truth data of the sub�elds.

The present study sought to obtain quantitative neuronal width measurements from the hippocampal
sub�elds to provide a parcellation criterion to distinguish hippocampal sub�elds, and to determine
ground truth hippocampal neuron size in the human brain. These quantitative measures will establish a
baseline for this vulnerable circuit, and be applicable and useful for multiple diseases. We collected
quantitative neuronal width measures in the individual hippocampal sub�elds (CA1-4, Sub, PreSub,
ParaSub), as well as the uncinate (medial) sub�elds (CA1u-3u, Subu). Neuron width measurements were
manually collected on pyramidal neurons in 18 human hippocampi. Further, measurements were
collected on the hippocampal sub�elds at various anterior-posterior levels of the human hippocampus,
which enabled us to compare neuron sizes within sub�elds across the full length of the hippocampus.

Methods
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Tissue Samples
All 18 brain hemispheres were collected from the Massachusetts General Hospital Autopsy Service.
Table 1 details demographic information for all cases. Brain samples were �xed by immersion with 10%
formalin for at least two months. The ages ranged from 45–84 years with the mean 65.5 ± 11 years. The
sex ratio was eight males, nine females, and one not available. Postmortem intervals before �xation were
less than 24 hours with one exception (48 hours). The sample set included 13 left hemispheres and �ve
right hemispheres, and brain weights ranged between 1060–1595 grams. Brain tissue was screened and
diagnosed by a neuropathologist to control for comorbidities (MPF, SC, MLO). Tau antibody CP13 (gift
from Dr. Peter Davies) was used to stage neuro�brillary tangle severity to assess Braak and Braak
staging (MPF, JCA, JLR) (Braak et al., 2006; Braak and Braak, 1995, 1991). Table 1 shows the respective
Braak and Braak stages, which were: �ve control cases, �ve Braak & Braak stage I cases, and eight Braak
& Braak stage II cases. All cases included were preclinical stages of Braak’s stages and did not report any
cognitive nor memory impairment in their clinical history.
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Table 1
Demographic information for all cases. Abbreviations include: Dx = diagnosis, F = female, M = male, N/A 

= not available, LH = Left Hemisphere, RH = Right Hemisphere, PMI = postmortem interval.
Case
ID

Age Sex Hemisphere Cause of death PMI

(hours)

Brain
weight

(grams)

Dx Braak &
Braak
Stage

1 68 M RH Malignant
mesothelioma

17 N/A Cognitive
control

NC  

2 45 F LH Ischemic renal
injury

24 1215 Cognitive
control

NC  

3 49 M LH Liver failure 3 1300 Cognitive
control

NC  

4 67 M RH Lung cancer 48 1380 Cognitive
control

NC  

5 45 F LH Lung disease 24 1411 Cognitive
control

NC  

6 70 F LH Cardiac arrest 23 1103 Cognitive
control

BBI  

7 79 M LH Surgery
complications

15 1200 Cognitive
control

BBI  

8 59 M LH Liver failure 20 1319 Cognitive
control

BBI  

9 73 F RH Aortic
dissection

23 1356 Cognitive
control

BBI  

10 68 M RH Acute cardiac
death

24 1595 Cognitive
control

BBI  

11 N/A N/A LH N/A N/A N/A Cognitive
control

BBII  

12 73 F LH Visceral
hemorrhage

24 1142 Cognitive
control

BBII  

13 60 M RH Liver failure 24 1166 Cognitive
control

BBII  

14 75 M LH Vascular
disease

24 1187 Cognitive
control

BBII  

15 84 F LH Heart failure 24 1221 Cognitive
control

BBII  

16 60 F LH Pancreatic
cancer

2 1328 Cognitive
control

BBII  
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Case
ID

Age Sex Hemisphere Cause of death PMI

(hours)

Brain
weight

(grams)

Dx Braak &
Braak
Stage

17 59 F LH Lung disease 24 1402 Cognitive
control

BBII  

18 74 F LH Coronary
disease

24 1060 Cognitive
control

BBII  

Blocking & Sectioning Procedures
Hemispheres were stored in periodate-lysine-paraformaldehyde (PLP) at 4°C until ready to be blocked.
Samples were blocked coronally in an orthogonal plane, perpendicular to the long axis of the
hippocampus. The entire length of the hippocampus was included. Tissue was incubated in
cryoprotectant (20% glycerol, 2% dimethyl sulfoxide) for at least 1 month prior to sectioning to ensure
tissue was well protected. Medial temporal blocks were then serially sectioned in the coronal plane. We
used a sliding freezing microtome (Leica SM2000R, Leica Biosystems Inc Buffalo Grove, IL) for
sectioning at 50µm. Every section was saved sequentially and stored in cryoprotectant at -20ºC until
staining experiments.

Histology
Medial temporal lobe tissue sections were rinsed free from cryoprotection, and hand mounted onto gel
coated glass slides (gelatin, chromium potassium sulfate). Tissue that was mounted was selected at
approximately every 10 sections; thus, mounted sections were separated by at least 500µm. Mounted
tissue was dried overnight and underwent a Thionin Nissl stain (8% aqueous thionin, modi�ed slightly
from (Augustinack et al., 2005; Zilles et al., 2002). The Nissl stain protocol was as follows: tissue
defatting (100% ethanol: chloroform [1:1 mixture]), soaked in 50% EtOH, rinsed in twice distilled water
(ddH2O), pretreated (acetic acid: acetone: ddH2O: EtOH [1:1:1:1 mixture]), stained (8% aqueous thionin,
sodium acetate stock, and acetic acid stock), and differentiated in 70% ethanol and a few drops of glacial
acetic acid). The slides were then dehydrated in ethanol of ascending concentrations and cleared of
water with xylene. Slides were coverslipped using Permount (Fisher Scienti�c, USA).

Slide Digitization and Visualization
All stained tissue were analyzed and evaluated using four microscopes: a Nikon80i (Microvideo
Instruments, Avon MA), an Olympus BH-2 double headed microscope (Precise Instrument, Hansen MA), a
Nikon SMZ1000 (Microvideo Instruments, Avon MA), and a Keyence digital microscope BZX800,
(Keyence, Japan). The Nikon80i and Olympus BH-2 were used to evaluate the sub�eld architecture in
depth and to identify the boundaries of the sub�elds, as described in the following section. The Olympus
BH-2 is a double headed microscope, which allowed for inter-rater discussion during evaluation. Sub�eld
boundaries were drawn in ultra-�ne Sharpie marker under the Nikon SMZ1000 (EMW, JCA), and these
parcellated slides were then digitized at 2x using the Keyence to keep record of drawn sub�eld
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boundaries. Digitized images were imported into either Adobe Photoshop v2022 or GIMP 2.10.30 for
further data analyses.

Sub�eld Parcellation Protocols and Analyses

Hippocampal Sub�elds
All sub�eld parcellations were done by two experts (EMW, JCA) to ensure accurate segmentation (Fig. 1,
parcellated Nissl slide). Sub�eld parcellation was based primarily on the protocols de�ned in previous
publications (Ding, 2013; Ding and Van Hoesen, 2015; Insausti et al., 2017; Insausti and Amaral, 2004;
Rosene and Van Hoesen, 1987). CA1 is located on the dorsal most lateral edge as the lateral ventricle
dips ventrally in the temporal lobe, and it contains the most lightly stained neurons of the CA �elds. Both
CA2 and CA3 contain neurons that stain darkly (i.e., chromophilic) and appear more densely packed than
neurons in CA1. We differentiated CA2 and CA3 by their cellular organization. CA4 is located within the
hilus region and has the least organized and least densely packed neurons of the CA �elds. The subicular
cortices (Sub, PreSub, and ParaSub) reside ventrally on the lower bank of the hippocampal sulcus. Sub
differentiates from CA1 by the existence of the stratum radiatum in CA1 (Ding, 2013; Ding and Van
Hoesen, 2015; Lorente de Nó, 1934), and by Sub’s more tightly packed neurons than CA1. PreSub
contains the presubicular clouds and the lateral principalis external (LPE) (Ding, 2013; Rosene and Van
Hoesen, 1987), and is differentiated from ParaSub by its cellular organization.

Hippocampal Medial/Uncinate Sub�elds
The hippocampal head is much wider in the coronal plane than the hippocampal body and genu because
the head contains the medial uncus, which has three gross morphological divisions (i.e., three small gyri
or bulges): the gyrus uncinatus, the limbus Giacomini, and the gyrus intralimbicus (Gloor, 1997; Insausti
and Amaral, 2004; ten Donkelaar et al., 2018). The gyrus uncinatus is the most rostral part, consisting
primarily of the anterior most uncus and the hippocampal-amygdala transition area (HATA), which occurs
dorsally to the uncus. The next bulge is the limbus Giacomini and contains the DG. Finally, the gyrus
intralimbicus is the most caudal of the three external landmarks and contains the CA3 sub�eld. While
these divisions annotate useful gross features, we chose to annotate in the coronal plane, and as such,
refer to the medial area of the hippocampus as ‘uncinate’ regions and the lateral portion of the
hippocampus as ‘lateral’ regions. This distinction clari�es regionality in the coronal stained section,
provides greater detail, and eases readability. When the uncus is present in the hippocampus, multiple
instances of the same sub�eld may appear in the same plane (Fig. 1). To accurately track the sub�eld
location among sub�eld sites, we refer to the sub�elds in their lateral location as CA1, CA2, CA3, and the
medial locations as CA1u (uncinate), CA2u, CA3u, and Subu. The uncinate sub�elds (CA1u, CA2u, CA3u,
and Subu) equate to the uncal regions de�ned by Ding & Van Hoesen (2015) and Rosene & Van Hoesen
(1987). These sub�elds share similar cytoarchitecture to their lateral counterparts, the only visual
difference being the medial location.

Hippocampal Anterior – Posterior Levels
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Related, but different from the gross sub�eld anatomy of the hippocampus described above, two
structures (the hippocampal proper and the DG) intertwine, each with a unique cytoarchitecture, resulting
in a complicated structure in cross-section. To best represent anatomical structures and sub�elds across
the entirety of the hippocampus, we de�ned �ve coronal levels to investigate quantitatively. The �ve
levels consist of genu, pes, full DG, x-region, and body (Fig. 2). Genu is the most anterior level and is
relatively small (Fig. 2a). Moving posterior, hippocampal pes occurs once the hippocampal �ssure has
fully opened, and multiple pes appear dorsally (Fig. 2b). Notably, the DG is still posterior to this level. The
next level is the full DG, wherein the DG is fully present and at its widest breath from medial to lateral
(Fig. 2c). The x-region, coined by de Flores et al (2020), refers to the level where the DG has been split in
two, and the pyramidal layer begins to separate into two disparate portions, yet still connected
structurally (Fig. 2d). The pes, full DG and x-region all reside within the hippocampal head. Finally, the
most posterior level is hippocampal body, where the hippocampal head/uncinate gyrus have ended
(Fig. 2e). Only one level of the body was included due to the simplicity of that level; the body of the
hippocampus does not undergo signi�cant changes in appearance, compared to the hippocampal head.

Manual neuron width measurements

Systematic random sampling
Neuron width measurements were manually collected on all cases, using �ve Nissl-stained sections for
each case, ensuring one slide was selected for each level. Pyramidal neurons were measured in the lateral
sub�elds (CA1, CA2, CA3, CA4, Sub, PreSub, and ParaSub) as well as the medial sub�elds (CA1u, CA2u,
CA3u, and Subu). PreSub and ParaSub neurons were measured in layer I, which contains the presubicular
clouds and LPE; all other sub�elds were measured in layer II. The sub�eld parcellations on Nissl-stained
slides were traced within the Stereoinvestigator software (v.2021.1.3, MicroBrightField Inc, Burlington VT)
and categorized as regions of interest (ROIs) using the Nikon 80i and its 40x magni�cation (4x objective).
EMW performed all neuron measurements. Ten neurons were measured per subregion per section,
totaling 5,430 neurons measured among all cases. We employed a systematically random sampled
protocol for neuronal selection, wherein the Stereoinvestigator software randomly placed 10–15
measurement frames within each sub�eld, similar to a counting grid. Counting (i.e., measurement)
frames had two ‘inclusion’ lines (green) and two ‘exclusion’ lines (red). Pyramidal neurons were measured
if they met these criteria: 1) its nucleus was visible and within the counting frame, but not touching the
exclusion lines 2) its nucleolus was visible and 3) the neuron did not overlap with another neuron or glial
cell. Neuron width measurements were manually collected at 200x magni�cation (20x objective). Given
the differing sizes and three-dimensional nature of the sub�elds, some sub�elds were not present at all
anterior-posterior levels. However, we always measured 10 neurons per sub�eld per level; this design was
adopted to ensure that measurements could be compared across the same slide.

Feret’s diameter
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We followed the principle of Feret’s diameter to determine the width of the pyramidal neurons, as it is an
ideal caliper measure for neuronal width (Arai, 1996; Merkus, 2009). The measurement line was drawn
immediately inferior to the basal dendrites, at the widest part of the pyramidal neuron soma (Fig. 3).
Neuronal width was measured rather than length or area because the apical dendrite was not always
apparent, and the basal dendrites provided a more reliable landmark. The pyramidal neurons primarily
appeared in three shapes, see Fig. 3 for examples for where line measurements were drawn.

Statistical analysis
Statistical analyses were performed and illustrated using both PyCharm CE 2020.2.3 and Prism v9.1
(GraphPad). Shapiro-Wilk tests were run to assess normality of data. A Kruskal-Wallis ANOVA test was
used to test for group effects. Following a signi�cant Kruskal-Wallis result, post-hoc analyses were
conducted using Dunn’s multiple comparisons tests. Mann-Whitney tests were used as the nonparametric
independent t tests. Spearman correlations were used to assess correlations between neuron size and
other variables, such as age and Braak & Braak stage. The signi�cance level was set at p < 0.05.

Results

Neuron Width Measurements for Lateral and Medial
Sub�elds
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Table 2
lists the means, medians, standard deviation (STD) standard error of the mean

(S.E.M), and con�dence intervals (CI) of the neuronal measurements for all sub�elds.
A Kruskal-Wallis test revealed a highly signi�cant sub�eld effect on neuron size (p < 
0.0001). Further, multiple comparisons showed the differences in neuron size among

each sub�eld. Figure 4 shows the neuron width measurements for the lateral
hippocampal proper sub�elds (CA1-4). Sub�eld CA1 revealed the smallest neurons

among the CA �elds. Signi�cant neuron size differences were observed between CA1
and CA2, CA1 and CA3, and CA1 and CA4 (all p < 0.0001). Neurons in CA4 were
signi�cantly larger than neurons in CA3 (p = 0.0009). No signi�cant neuron size

differences were found between sub�elds CA2 and CA3, CA2 and CA4, or Sub and CA1
(all p > 0.999). Figure 4b illustrates the neuron width measurements for the subicular

cortices (Sub, PreSub, and ParaSub). Both ParaSub neurons and PreSub neurons were
signi�cantly smaller than neurons in Sub (both p < 0.0001), and the neurons in PreSub

were signi�cantly smaller than the neurons in ParaSub (p = 0.0003).
Region n Mean (µm) Median (µm) STD

(µm)

S.E.M.

(µm)

CI

(µm)

CA1 880 15.36 15.31 1.66 0.06 [15.25, 15.47]

CA1U 200 14.62 14.45 1.83 0.13 [14.37, 14.88]

CA2 530 16.80 16.75 1.81 0.08 [16.64, 16.95]

CA2U 200 14.63 14.80 1.73 0.12 [14.39, 14.87]

CA3 510 16.36 16.41 1.77 0.08 [16.21, 16.51]

CA3U 150 14.97 14.78 1.49 0.12 [14.73, 15.21]

CA4 360 17.35 17.34 2.00 0.11 [17.15, 17.56]

Sub 880 15.51 15.48 1.67 0.06 [15.40, 15.62]

SubU 380 14.76 14.76 1.78 0.09 [14.58, 14.94]

PreSub* 750 8.01 7.94 1.14 0.04 [7.93, 8.09]

ParaSub* 590 9.42 9.26 1.46 0.06 [9.30, 9.54]

Table 2. Descriptive statistics for neurons (n) measured, mean, median, standard deviation (STD),
standard error of mean (S.E.M.), and con�dence intervals (CI, 95%) for each sub�eld. Asterisk (*) denotes
measurements were from LPE and not from the pyramidal cell layer.

Figure 4c displays the hippocampal medial-lateral location effects on neuron size. Our data demonstrate
that every lateral hippocampal sub�eld was larger than its medial counterpart (Fig. 3D). More speci�cally,
neuron width measurements of CA1 neurons were larger than neurons in CA1u (p = 0.0147), CA2 neurons
were larger than CA2u neurons (p < 0.0001), and CA3 neurons were larger than CA3u neurons (p < 0.0001).
The subiculum continued this pattern as neurons in lateral subiculum were larger than those in the
medial counterpart, Subu (p < 0.0001). In addition, contrary to their lateral counterparts, which showed
differences among each other (Fig. 4a & 4b), no signi�cant differences were found among any of the
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medial sub�elds for neuron width measurements (all p > 0.999). For example, CA1u and CA2u did not
differ from each other in size, CA2u did not differ from CA3u, and so on.

Variables: Hemisphere, case, anterior-posterior levels, and
age

Hemisphere
We evaluated whether laterality affected neuron size in our sample set. The laterality test was assessed
in male samples (n = 8) only, since we did not have an equal number of female cases for left and right
hemispheres A Mann-Whitney test revealed a signi�cant difference among neuron sizes collected in right
hemisphere (n = 4) and those collected in left hemisphere (n = 4), such that neurons in left hippocampi
were smaller than those in right hippocampi (males, p < 0.0001) (Fig. 5). Sex as an effect was not
evaluated given the sample set was unequal for the number of males and females per hemisphere.

Case
A Kruskal-Wallis test determined that there was a main effect of case on neuron size (p < 0.0001).
Multiple comparisons revealed that four cases (Cases 3, 5, 7, and 8) had signi�cantly smaller neurons
from multiple other cases (Fig. 6).

Anterior-Posterior Levels
To determine whether neuronal sizes depended on the anterior-posterior level of the hippocampus, we
evaluated neuron size in CA1 and Sub. Subregions CA1 and Sub were selected since these sub�elds
appear at every level of the hippocampus; other sub�elds only appear at certain levels. A Kruskal-Wallis
test revealed no signi�cant differences in neuronal size for CA1 across the �ve levels (p = 0.16), nor Sub
across the �ve levels (p = 0.55). Thus, neuron size does not differ given the anterior-posterior level.

Age, Diagnosis
We also compared age and neuron size for all sub�elds but observed no correlation between them
(Spearman correlation, r = 0.28, p = 0.38). Notably, the ages (45–84) in this sample set were restricted to
middle age and older adults but did not include any considerably older adults (85+). We also compared
diagnosis against neuron size and observed that normal controls (NC) had signi�cantly larger neurons
than BBI cases (p < 0.0001). No difference was found between NC and BBII neuron sizes (p = 0.2494). BBI
cases were found to have signi�cantly smaller neurons than BBII cases (p = 0.0044) and thus neuron
sizes ranked as NC = BBII > BBI. To determine if Braak & Braak staging, regardless of I or II, signi�cantly
varied in neuron sizes from controls, we ran a Mann-Whitney test which revealed that controls had
signi�cantly larger neurons than Braak & Braak stages combined (p = 0.0014).

Discussion
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The major �ndings in this study were the differences in neuron widths among the CA �elds and the
diverse neuron widths within the subicular cortices. Among the CA �elds, we found that CA1 had the
smallest neurons, but no difference was observed between CA2 and CA3. Further, CA4 neurons were
larger than CA3 neurons. CA1 and Sub neurons were the same size. Our measurements indicate that Sub
had the largest neurons of the subicular cortices, and that ParaSub had larger neurons than PreSub. We
summarize the pyramidal neuron size in each respective sub�eld is as follows CA4 > CA3 = CA2 > CA1 = 
Sub > ParaSub > PreSub. We found signi�cant differences in neuron sizes between lateral sub�elds and
their medial (uncinate) counterparts. Finally, we found signi�cant differences in neuron sizes between left
and right hemispheres, and between cognitive controls and Braak & Braak stages I and II.

Our �ndings con�rm, clarify, and expand on the existing qualitative reports. For instance, we corroborate
reports that describe CA1 has smaller neurons than CA2 (Ding and Van Hoesen, 2015; Insausti and
Amaral, 2004), and that ParaSub has larger neurons than PreSub (Ding and Van Hoesen, 2015).
Additionally, we clarify other differences in the CA �elds. Some reports have disagreed about whether
sub�eld CA4 exists (de Flores et al., 2015; Ding and Van Hoesen, 2015; Insausti and Amaral, 2004), but
our �ndings show that CA4 has larger neurons than CA3. Thus, coupled with the location of CA4 inside
the hilus and its modi�ed pyramidal neurons, we present strong evidence for a clear separation of CA3
and CA4 as two sub�elds. Lastly, our �ndings expand on the existing qualitative remarks on certain
sub�elds and add quantitative measures on all subregions in the hippocampus. Notably, previous reports
remark on neuron size in a particular sub�eld but do not provide quantitative comparison to its
neighboring sub�eld. For example, it has been described previously that CA3 has “large neurons”, but the
reports do not state whether CA3 neurons are larger than its immediate neighbors CA2 or CA4 (Ding and
Van Hoesen, 2015; Rosene and Van Hoesen, 1987). Our �ndings indicate that CA3 has smaller neurons
than CA4, but similar neuron sizes to CA2. As such, our data provides quanti�able markers on the exact
location of the CA3/CA4 boundary. Our results indicate no signi�cant difference between CA1 and Sub,
although a qualitative report that Sub has larger neurons than CA1 (Insausti and Amaral, 2004). Often
times, the criteria to distinguish the CA1/Sub boundary is that Sub has no stratum radiatum (Ding, 2013;
Ding and Van Hoesen, 2015; Lorente de Nó, 1934; Rosene and Van Hoesen, 1987). However, the stratum
radiatum does not stain well in all human tissue preparations and thus is a less reliable feature for
segmentation purposes. This, and the lack of quanti�able differences in neuron sizes between CA1 and
Sub reported here illustrate a need for additional identi�ers to parcellate these two sub�elds. In sum, our
quantitative results provide segmentation guidance for most but not all sub�elds.

A novel �nding in this report pertains to neuron size in the medial hippocampal sub�elds: CA1u, CA2u,
CA3u, and Subu. We found that each medial sub�eld has smaller neurons than its lateral sub�eld (CA1
versus CA1u, CA2 versus CA2u, and so on). However, we observed no neuronal width differences among
the medial sub�elds (CA1u, CA2u, CA3u, Subu). For example, we did not observe any neuron size
differences between CA1u and CA2u, as was observed between lateral CA1 and CA2. It could be argued,
then, that based on neuron sizes, CA1u, CA2u, and CA3u represent unique sub�elds from their lateral
counterpart. However, we advocate that quantitative and qualitative differences should be used in
tandem to establish sub�eld boundaries. As such, the qualitative similarities (as outlined in Ding & Van
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Hoesen (2015)), between CA1 and CA1u, CA2 and CA2u, and so on, indicate that these sub�elds indeed
represent the same sub�elds, but their neuron sizes differ depending on their medial-lateral location.
Connectivity differences between the uncinate and lateral sub�elds may explain these neuron size
differences. For instance, the uncus is thought to mediate the communication between the hippocampus
and the prefrontal cortex (Zeidman and Maguire, 2016). Further, in fMRI experiments the uncus has been
shown to engage when participates were asked to recall scenes that occurred a week prior, suggesting
that the uncus has a distinct function from the lateral area of the hippocampus (Zeidman et al., 2015).
However, the uncus is vastly understudied in both histology and neuroimaging reports, so it is di�cult to
draw conclusions at this time.

We also observed that the right hippocampus had signi�cantly larger neurons than the left hippocampus.
MRI studies have consistently found that the right hippocampus is greater in volume than the left
hippocampus (Pedraza et al., 2004; Sarica et al., 2018). Our �nding suggests that hippocampal neuron
size may be responsible for and may correlate with the volume of the hippocampus. This presumptive
correlation between neuron sizes and hippocampal volume has been supported by the �ndings that
depression and schizophrenia reduce both hippocampal volume (Bremner et al., 2000; Harrison, 2004)
and hippocampal neuron sizes (Stockmeier et al., 2004; Zaidel et al., 1997). While human hippocampal
neuron size changes have not yet been explored in Alzheimer’s disease, it has been shown that
Alzheimer’s disease does result in a reduced hippocampal volume (Du, 2001; Schuff et al., 2009; Shi et al.,
2009). Presently, we explored whether neuron size differs in aging and preclinical Alzheimer’s stages
(Braak & Braak stages I and II), but still cognitive controls. We found that Braak & Braak I cases had the
smallest neurons compared to controls and Braak & Braak II cases, but no difference was found between
controls and Braak & Braak II cases. We expected that both Braak & Braak I and II cases would have
smaller neurons than our control brains, but this was not the case. This could be due to the inclusion of
only preclinical, early Braak & Braak stages, which are still classi�ed as cognitive controls. Our �ndings
suggests that if neuron size is impacted by Alzheimer’s disease, it does so at a later stage.

In general, neuron size reports have been limited, especially within the human hippocampus. In the
schizophrenia literature, some reports have provided size differences, using neuron area, within the CA
�elds between control and schizophrenic patients at the level of the hippocampal body (Arnold et al.,
1995; Benes et al., 1991; Jönsson et al., 1999; Todtenkopf and Benes, 1998; Zaidel et al., 1997). We
discern four noteworthy differences between the previous works and our �ndings. First, while these
studies provide valuable insight into the neuron sizes of the hippocampus, their studies centered on
comparing neuron sizes between cognitively healthy controls and schizophrenic brains. For example,
these reports compared CA1 neuron sizes between controls and schizophrenic patients, rather than
comparing CA1 and CA2. While this was best for their aims, our focus was instead on comparing neuron
sizes among sub�elds for parcellation purposes, and we only included cognitive controls. Second, these
reports typically examined neuron sizes only in CA1-4, and only one included subiculum (Arnold et al.,
1995); measurements from ParaSub, PreSub, or any medial CA sub�elds were not collected previously.
Third, the measurements were collected from one level, the hippocampal body. Collecting neuron
measurements from the sub�elds at various levels provides an anatomical context to the neuron size
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�ndings and is an innovative approach that may provide valuable data to the neuroimaging community.
Several studies have begun to evaluate the anterior-posterior aspect of the hippocampus and have shown
differences in function and connectivity among the different levels (Malykhin N et al 2017; Gordon et al
2013 and Ta 2011). Thus, it is important to understand where, if at all, neuron sizes differ depending on
anterior-posterior location in the hippocampus. Fourth, the mean area of each sub�eld varied immensely
among reports. For instance, Benes and colleagues reported the CA1 neurons with a mean area of 559.2
µm2 (Benes et al., 1991), and Jönsson et al reported mean CA1 neurons at 353.4 µm2 (Jönsson et al.,
1999). This substantial variability in neuron sizes between the studies could be due to each study’s
de�ning criteria and methods, such as including the axons/dendrites when outlining a neuron and/or not
having the most accurate sub�eld parcellations. Thus, we chose to measure neuronal width rather than
area so that subjective biases can be minimized – that is, axons and dendrites were not included. While
these previous reports were �rst to provide hippocampal neuron size data, we expanded on their work by
measuring and comparing neuron sizes among all the hippocampal sub�elds and subicular cortices,
collecting these measurements at multiple anterior-posterior levels, and by using an unbiased sampling
method using a consistent measure (Feret’s diameter).

Multiple �elds within neuroscience rely on accurate and reliable segmentations of the hippocampus. We
speculate that disagreement and/or confusion exists in sub�eld parcellations due to the use of primarily
qualitative observations. This controversary can be problematic since many of the ex vivo MRI atlases
base their segmentations on these parcellations (Adler et al., 2018; Iglesias et al., 2015; Olsen et al., 2019;
Parekh et al., 2015; Wisse et al., 2017; Yushkevich et al., 2015, 2009). In vivo MRI has poor resolution,
which makes segmentation increasingly di�cult, often leading to some authors basing their sub�eld
boundaries on angles or extrapolations (Bender et al., 2017; Mueller et al., 2007; Raz et al., 2015).
Qualitative observations serve an excellent purpose, but when one must draw a de�nitive
cytoarchitectural boundary line at the microscopic scale, using both quantitative markers and qualitative
markers is most reliable and lends more compelling evidence.

We denote multiple strengths in this report, including the large number of neurons (n = 5430) measured,
the inclusion of both lateral and medial sub�elds, and collecting measurements from multiple anterior-
posterior levels. Our �ndings on neurons manually measured neurons provide a strong foundational
understanding of the sub�elds’ neuronal sizes. The sub�elds included were the subicular cortices
(ParaSub, PreSub, Sub) inferiorly, the lateral sub�elds dorsally (CA1, CA2, CA3, CA4) and the uncinate
regions medially (CA1u, CA2u, CA3u). The inclusion of the medial sub�elds provides context to how
sub�elds may change depending on its medial-lateral axis of the hippocampus. Notably, we also provide
data on ParaSub and PreSub, two sub�elds consistently not included in the existing neuron measurement
data within the previously noted schizophrenia studies, and routinely not included in in vivo parcellations.
Finally, we report neuron sizes from multiple anterior-posterior levels, which gives a comprehensive view
and expands on the existing neuron size reports. Thus, our thorough sampling of the hippocampus
provides novel data on the uncinate (medial) area of the hippocampal head, as well as multiple coronal
levels, two aspects that are often overlooked.
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While this report has notable strengths, it is not without limitations; speci�cally, we note three minor
limitations. First, we did not include prosubiculum because it is currently widely debated as to whether
prosubiculum is present, and related, the neuroanatomy �eld lacks an understanding of prosubiculum’s
appearance. Second, the inclusion of samples that have Braak & Braak stage I and II and light tau
pathology in the perirhinal and entorhinal cortices. However, the cases had no clinical memory symptoms
and had only isolated neuro�brillary tangles (one or two tangles at most) in the hippocampal regions, so
we consider this a relatively minor limitation. Moreover, we found no effect of diagnosis on neuron size,
which also suggests that this is a minor limitation. Finally, although we had a good sample size, n = 18
cases for general analyses, this number signi�cantly falls when we separate variables (sex, hemisphere,
and diagnosis). While �ndings showed a strong and signi�cant effect for the analyses we ran for
hemisphere and diagnoses, future studies will need to con�rm our �ndings. Future studies will also need
to explore the neuronal width differences between the sexes, as we did not have enough female brains to
run such an analysis.
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