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Abstract

While hippocampal connectivity is essential to normal memory function, our knowledge of human hippocampal circuitry is
largely inferred from animal studies. Using polarized light microscopy at 1.3 pm resolution, we have directly visualized the 3D
course of key medial temporal pathways in 3 ex vivo human hemispheres and 2 ex vivo vervet monkey hemispheres. The
multiple components of the perforant path system were clearly identified: Superficial sheets of fibers emanating from the
entorhinal cortex project to the presubiculum and parasubiculum, intermixed transverse and longitudinal angular bundle
fibers perforate the subiculum and then project to the cornu ammonis (CA) fields and dentate molecular layer, and a significant
alvear component runs from the angular bundle to the CA fields. From the hilus, mossy fibers localize to regions of high kainate
receptor density, and the endfolial pathway, mostly investigated in humans, merges with the Schaffer collaterals. This work
defines human hippocampal pathways underlying mnemonic function at an unprecedented resolution.
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connections may explain symptoms of neurodegenerative

Introduction disorders such as Alzheimer’s disease (Mueller and Weiner

The medial temporal lobe (MTL) is critical to the creation,
retrieval, and consolidation of new memories (Andersen 2007).
Dynamic connections between its multiple components and
with other parts of the brain underlie many mnemonic processes
(Zeineh et al. 2003). Dysfunction of MTL components and/or

2009; Kerchner et al. 2012). However, circuitry of the MTL, like
the rest of the human brain, is known mostly from inference
based on tracer studies in animals such as rats and monkeys
(Saunders and Rosene 1988; Witter and Amaral 1991; Suzuki
and Amaral 1994; Chrobak and Amaral 2007; Kondo et al. 2009;
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Fig. 1). Descriptions up until now of the human hippocampus mnemonic dysfunction in hippocampal disorders requires an ac-
have shown a different anatomy from that of other mammals curate map of the circuitry in humans. For example, the perforant
both macroscopically [in primates, the dentate gyrus is dorsal path system, the connections between the entorhinal cortex
to the cornu ammonis field 1 (CA1), whereas the opposite is (ERC) and the hippocampus, is thought to be the first white mat-
true in rodents (Insausti and Amaral 2004)] and possibly micro- ter pathway to degenerate in Alzheimer’s disease (Gémez-Isla
scopically [a white matter tract called the endfolial pathway et al. 1996), but incomplete mapping of this set of tracts has im-
has only been described in the human literature; (Lim, Mufson, peded efforts at direct disease detection (Kalus et al. 2006). A
et al. 1997)]. Detecting the structural alterations that explain “ground truth”, that is, the direct visualization of the nerve fibers
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Figure 1. Hippocampal circuitry and validation in the vervet monkey. Top: A-F indicate the components of the perforant path system largely identified from animal
studies. Major pathways are represented by solid lines, whereas minor pathways are represented by dotted lines. A =“sublamina supratangentialis” (dotted red), a
minor superficial entorhinal bundle projecting to the parasubiculum and presubiculum. B = entorhinal projection to the angular bundle (yellow). C = angular bundle
fibers (yellow) perforating through the subiculum. D + E = these same fibers projecting superiorly (D) into the dentate gyrus or inferiorly (E) into the hippocampal CA
fields (yellow). F = angular bundle fibers subjacent to the subiculum projecting into the CA fields (alvear path, light blue: note, for the human diagram, this pathway is
larger in humans and is depicted as solid, whereas it is smaller in monkeys and depicted as dotted light blue on the bottom left). The remaining hippocampal
circuitry includes: mossy fibers projecting from the dentate gyrus to CA3 and CA4 (dark blue), the endfolial pathway projecting from CA4 toward CA3 (light brown),
CA3 projecting to the fornix (green) and to CA1 (Schaffer collaterals, orange), followed by CA1 and subiculum output to ERC (pink), and subicular output to the fornix
(green). CA, cornu ammonis; DG, dentate gyrus; ERC, entorhinal cortex; PaS, parasubiculum; PHC, parahippocampal cortex; PRC, perirhinal cortex; PreS, presubiculum;
ProS, prosubiculum; Sub, subiculum. Bottom: Polarized light microscopic images from the vervet monkey illustrate the above pathways.
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building this and other pathways in the MTL, will guide efforts at
noninvasive in vivo neuroimaging as well as modeling of mne-
monic processes and dysfunction.

The extensive animal and limited human brain literature sug-
gests that the perforant path system consists of the following
components [Fig. 1, solid lines are prominent pathways and dot-
ted lines are minor pathways (Witter and Amaral 1991)]:

(A) A superficial entorhinal projection called the “sublamina su-
pratangentialis”: This minor bundle runs in entorhinal cor-
tical layer I along the surface of the parahippocampal gyrus
toward the molecular layer of the parasubiculum and presu-
biculum. (Braak 1980; Insausti et al. 1995).

(B) For the remainder of the elements of the perforant path sys-
tem, the ERC projects into the angular bundle (white matter
of the parahippocampal gyrus).

(C) From the angular bundle, many fibers perforate through the
subicular pyramidal layer.

(D) A major component of these perforant fibers projects super-
iorly into the dentate gyrus.

(E) The other major component of these perforant fibers projects
inferiorly into the hippocampal CA fields.

(F) Some of the angular bundle fibers remain deep to the subicu-
lum, curve around the hippocampus within the alveus, and
then turn sharply to project to CA1.

The subsequent step in the circuitry is the mossy fiber projection
from the dentate gyrus to CA3 and CA4 in the hilus (Rosene and
Van Hoesen 1977, 1987; Lim, Blume, et al. 1997; Kondo et al. 2008).
Previously only demonstrated in humans, there is a pathway pro-
jecting downstream from CA4 known as the endfolial pathway
(Lim, Mufson, et al. 1997; Parekh et al. 2015). CA3 sends output
both to the fornix (Saunders and Aggleton 2007) and to CA1 via
the Schaffer collaterals (Kondo et al. 2009). CA1 and the subicu-
lum together provide output back to the ERC, with the subiculum
providing additional output to the fornix (Saunders and Rosene
1988; Saunders and Aggleton 2007).

Polarized light imaging (PLI) offers direct visualization of
white matter pathways without the need of any staining proce-
dures because myelin exhibits a strong birefringence. It enables
the definition of the 3D orientation of myelinated fibers at an
in-plane resolution of 1.3 pm (Axer, Amunts, et al. 2011; Axer,
Grafel, et al. 2011). This unprecedented resolving power of the
trajectory of myelinated axons enables the mapping of fiber
tracts in a very large brain region (see Supplementary Figs 1
and 2). In this study, we utilized PLI to identify multiple fiber
tracts in the parahippocampal gyrus and the hippocampus, in-
cluding the perforant path system, endfolial pathway, Schaffer
collaterals, and subicular and CA1 fibers, in human and vervet
monkey ex vivo tissue specimens.

Materials and Methods

Brain Tissue

We examined 3 human hemispheres for PLI obtained through the
body donor program of the University of Rostock, Germany, in ac-
cordance with the local ethics committee. Postmortem delay was
between 24 and 26 h. Two of the hemispheres were obtained
from a 64-year-old male (brain #1) who died of pancreatic cancer
and subsequent biliary obstruction. The patient had diabetes for
8 years and cardiomyopathy for 10 years. One left hemisphere
came from a 79-year-old female who died of cardiac failure and
suffered from diabetes type 2 and essential hypertonia (brain
#2). We also examined both hemispheres of an adult male vervet
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monkey (age 2.5 years) that were perfusion fixed in accordance
with the UCLA Chancellor’s Animal Research Committee (ARC)
ARC #2011-135 and by the Wake Forest Institutional Animal
Care and Use Committee JACUC #A11-219.

Kainate receptors were visualized by means of in vitro receptor
autoradiography in 5 female brains (age range 65-89) obtained
through the body donor program of the University Disseldorf,
Germany, in accordance with the local ethics committee. Causes
of death were cardiac arrest, pneumonia, pancreas carcinoma, or
gastric bleeding. Postmortem delay was between 8.3 and 16 h.
None of the patients had a history of neurological or psychiatric
diseases.

Preparation of Brains for Polarized Light Imaging (PLI)

Human brains were removed from the skull, and fixed in 4% forma-
lin. Both hemispheres were separated. The vervet monkey was
deeply anaesthetized with ketamine-pentobarbital and its brain
perfusion fixed with a 4% paraformaldehyde solution. After
cryoprotection with 20% glycerin, all tissue blocks were frozen.
Two left human hemispheres and the vervet monkey brain were
sectioned coronally, and the right human hemisphere sagittally,
all at 70-pm thickness using a large-scale cryostat microtome (Poly-
cut CM 3500, Leica, Germany). During sectioning, each blockface of
the frozen tissue was digitized with a CCD camera to obtain an un-
distorted reference image. These blockface images were serially
aligned by means of rigid registration of the fiducial marker system
ARTag mounted underneath the frozen block of tissue (Fiala 2005;
Wagner and Schmalstieg 2007). ARTag markers are bitonal planar
patterns, containing a unique ID number encoded with robust digit-
al techniques of checksums and forward error correction, which
was useful for automated detection and alignment across images.
This registration produced volumetric images of each frozen
human hemisphere (Fig. 2A-D) and for the vervet monkey brain.

Image Acquisition and Processing

The sections were mounted on glass slides with 20% glycerin and
coverslipped. Each section was imaged at 18 equidistant rotation
angles of a polarimeter covering an angle range between 0° and
170°. The PLI raw images were acquired on a Taorad LMP-1 micro-
scope with 2.7 x 2.7 mm? overlapping tiles at an image size of
2400 x 2400 pixel. The image pixel size was 1.3 x 1.3 pm? in-
plane. The optical resolution was approximately 3 pm. Before-
hand, a calibration scan was obtained on a blank slide and used
for shading correction. Images were stitched using scale-invari-
ant feature transform landmarks in the overlapping zones. The
individual rotational images were fit to a three-parameter
model based on a Fourier series solution to the Jones calculus
to create maps of fiber orientation, inclination, and transmit-
tance (Axer, Grafdel, et al. 2011). Transmittance images were nor-
malized by dynamic range. Coregistered color fiber orientation
maps were weighted by the normalized transmittance images
and depicted in-plane fiber orientation according to color (see
Supplementary Fig. 1, color wheels in Figs 1 and 3-7) and inclin-
ation according to darkness (darker means more through-plane
orientation, at the center of the color wheel).

The PLI process produces fiber orientation (Fig. 1, bottom row)
and transmittance images (Figs 2E-G and 3B). The transmittance
images resemble a “hybrid stain” combining the appearance of
both cell body and myelin-stained sections in the same image
because of the low transmittance properties of cell bodies and
myelin. Since transmittance and fiber orientation images are
acquired from identical sections, they are automatically coregis-
tered and can easily be compared. The transmittance images


http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw010/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw010/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw010/-/DC1

1782 | Cerebral Cortex, 2017, Vol. 27, No. 3

Sub :
PreS ProS
PaS

Figure 2. Sectioning and segmentation procedure from the left (A,B) and right (C,D) hemispheres of brain #1. (A) Example coronal blockface image from the left hemisphere
from brain #1, section 548. (B) Sagittal reformat of coregistered serial coronal blockface sections with the numbers indicating the coronal slice number. (C) Coronal reformat
of coregistered serial sagittal blockface sections from the right hemisphere from brain #1, with the numbers indicating the sagittal slice number. (D) Sagittal blockface
image from the right hemisphere, slice 209. (E-G) Coronal transmittance images with overlaid medial temporal subregion demarcations in green. For the remainder of
the figures, subregion demarcations will also be in green. The green asterisks highlight the darkening associated with myelin in the deep presubicular pyramidal cell

layer that facilitates its segmentation. The blue scale bar is 1 cm in length.

were used to segment the hippocampal subregions in the coronal
plane (Fig. 2E-G), and post-PLI Nissl stains were used to further
identify the detailed lamination of the ERC from human brain #1
(Fig. 3B).

Segmentation of Medial Temporal Subregions

In keeping with other anatomic descriptions of the MTL (Witter
and Amaral 1991), proximal/distal refers to nearer/further from
the dentate gyrus (e.g., CA2 is proximal to CA1, and CA1 is distal
to CA2), and superficial/deep refers to nearer/further from the
hippocampal sulcus (e.g., the molecular subiculum is superficial
to the subicular pyramidal layer in Fig. 3A on the far right). Radial/
tangential means perpendicular/parallel to the adjacent cortical
surface or hippocampal sulcus (e.g., the yellow arrow in Fig. 3B re-
presents radial orientation whereas the superficial red arrows in
Fig. 3A denote a tangential orientation), and transverse/longitu-
dinal means within-plane/through-plane on a coronal section
(e.g., the superficial red arrows in Fig. 3A represent a transverse
orientation, whereas the red cross hair in the presubiculum in
Fig. 3A corresponding to the red arrows in Fig. 3C represents a
longitudinal orientation).

To facilitate visual analysis of pathways, we segmented
the medial temporal subregions on transmittance images from
the coronally sectioned temporal lobes (Figs 2E-G, 3B, and 7).
Myelin generally appears dark on transmittance images, and re-
gions with less densely packed myelin, such as the CA field pyr-
amidal cell layers, are overall hypointense. Cell bodies also
appear dark, but they are not as dark as myelin on transmittance
images, and only large cells are visible, limiting the ability to use
conventional cell morphology-based delineations of the bound-
aries between CA fields and hippocampal layers. Instead, we
used a rule-based system applied to the transmittance images
as described below. The uncal and most anterior portions of
the hippocampal head are extremely complicated (Ding and
Van Hoesen 2015) and were not comprehensively investigated
as part of this study. In general, when boundaries were unclear
on a given section, adjacent sections were used to aid in the inter-
pretation. We approximated all borders between subregions as
orthogonal to the cortical and hippocampal sulcal surface.
Segmentation was not performed on the sagittal images; instead,
the reformatted coronal blockface image was used to judge the
subregion by analogy with the left-sided direct coronal sections
when needed.
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Figure 3. Entorhinal pathways and the angular bundle. (A) Coronal PLI at the level of the posterior hippocampal head of the left hemisphere of brain #1. The approximate
localization of sagittal section S190 (shown in C) is indicated by peach vertical line. The green boundaries correspond to the subregion demarcations on the transmittance
images from Figure 2E. The hue on the color wheel indicates the direction of the in-plane fiber orientation (see Supplementary Fig. 1), and the brightness/darkness of the
color (e.g., more peripheral/central in the color wheel) indicates a primarily in-plane/through-plane orientation. Arrows with cross hairs denote a through-plane
orientation. Best seen on the zoomed in coronal section from the box on the left are dual superficial entorhinal pathways (red arrows) running tangentially
throughout the ERC to the parasubiculum and presubiculum. Both project longitudinally in the molecular layer of the presubiculum (red cross hair), confirmed on
sagittal plane S190 of the right hemisphere in (C). In yellow are medial entorhinal projections to the angular bundle (lower 2 curvilinear yellow arrows) and from the
angular bundle through the presubiculum into the molecular subiculum (top yellow sigmoidal arrows). Subicular lamination on the far right is indicated as mol,
molecular; pyr, pyramidal; a-m, alvear/multiforme. (B) A slightly more anterior section (C500) with Nissl staining performed after PLI for visualization of cell bodies.
Lamination of the ERC derived from the Nissl stain is superimposed on the transmittance and fiber orientation maps. Perforant pathway fibers originate in
approximately layer Pre-o of the ERC and radially project to the angular bundle (yellow curved arrow). (C) Sagittal PLI slice S190 from the right hemisphere of brain #1
at the approximate location indicated by the vertical peach line in A. The approximate localization of the coronal section from the left hemisphere in A is indicated by
the vertical black line on this right sagittal section. Red arrows highlight the presubicular longitudinal components of the superficial entorhinal pathways from A. The
lower yellow arrow signifies perforant path projections from the medial ERC, through the angular bundle, and toward the presubiculum and subiculum. More superiorly is
a longitudinal entorhinal pathway (thin yellow arrow) running in the pyramidal layer of the presubiculum, depicted as the yellow ellipses in Figure 4. The green arrow
depicts fibers projecting to the fimbria; in blue is the alvear bundle to the posterior hippocampus; and in orange is the cingulum bundle within the parahippocampal
gyrus (see Supplementary Fig. 3). (D) Diagrammatic representation of entorhinal pathways in the coronal and sagittal planes.

We segmented subregions according to the following guide- 1. Dentate gyrus
lines primarily on the coronal transmittance images (Figs 2E-G, (a) The granular cell layer was a thin dark intensity stripe on
3B, and 7): transmittance images.
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Figure 4. Resolving crossing fibers in the parahippocampal gyrus. (A) Coronal sections anteriorly (C518) to posteriorly (C723). (B) Zoom in on the white box on C643.
(C) Schematic of crossing fiber bundles. Yellow ellipse: the ERC most anteriorly (C518) projects to a longitudinal bundle that extends through the entire presubiculum
within the pyramidal cell layer, deep to the molecular layer (see also Fig. 7 for the dark signal underneath the presubicular label). From and deep to this, obliquely
oriented thick perforant pathway bundles can be seen extending to the subiculum proper (yellow arrows). Green arrows: a crossing curvilinear pathway projects from the
subiculum to the parahippocampal gyrus and then turns to enter the alveus, representing subicular fibers projecting to the fornix (see also Fig. 8B). Thus, PLI can discern that
the subicular output (dark purple fibers in C643) and perforant input fibers (yellow-green fibers in C643) cross one another subjacent to the subiculum, confirmed on the
spotlight images of Supplementary Figure 4. Pink arrows: distally in the parasubiculum are CA1 and subiculum output fibers extending to the entorhinal region.

(b) The relatively less intense molecular layer extended from (b) The distal border was defined as a gentle U-shaped curve
the granular cell layer to the hippocampal sulcus. Lamin- stretching from the medial to lateral blade of the dentate
ation of the outer, middle, and inner thirds of the dentate gyrus.
molecular layer was evident on the color fiber orientation 3. CA3
maps (Figs 6B and 8C). (a) Large dense pyramidal cell bodies occupied the central

(c) The relatively less intense polymorphic layer was identi- hypointense portion of this layer. At the CA3/CA2
fied as the thin cell-sparse layer subjacent to the granular boundary, the pyramidal cell layer became more dense,
cell layer. compact, and narrower.

2. CA4 (b) Lamination was well seen on the color fiber orientation

(a) Large cell bodies populated this otherwise hypointense maps (Fig. 6A).

region filling the hilus. 4. CA2
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Figure 5. Perforant path system longitudinally. (A) Medial sagittal section through the subiculum indicated by the medial gray dotted line in C (S210). The bottom left inset
shows thick steeply longitudinal bundles of perforant fibers ascending through the subiculum (yellow arrow). The bottom right inset shows perforant path fibers going
posteriorly to the hippocampal tail, targeting the outer one-third of the dentate superiorly and CA1 inferiorly (yellow arrows). Alvear fibers can be seen coursing into CA1
(light blue arrow). Superiorly, the alveus and fimbria contain extensive longitudinal fibers heading to the fornix (green arrow). (B) Lateral sagittal section indicated by the
more lateral gray dotted line in C (S310). Extensive longitudinal fibers occupy CA1 lacunosum-moleculare (corresponding to the relatively dark portions on the coronal
images from Fig. 8B,C, and yellow encircled regions in Supplementary Fig. 5). The alveus also contains extensive longitudinal fibers (green arrow). (C) Medial (5210)
and lateral (S310) sagittal schematics on the right, with the corresponding coronal schematic cross-referenced by the gray dotted lines on the left.

(@) The boundary to CA1 was defined by the expansion of (i) the alveus, which contains mostly longitudinal fibers
the central hypointense layer, representing the wider proximally,
pyramidal cell layer of CA1. (ii) stratum oriens, which contains tangential fibers (Fig. 6A),
5. CA1l (iii) the pyramidal cell layer, which demonstrates extensive ra-
(a) The border to the prosubiculum is described below. dial fibers (Fig. 8B,C),
(b) Lamination also best defined on the color fiber orientation (iv) stratum radiatum, which proximally contains Schaffer col-
maps (Figs 64, 7, and 8B,C). Progressing from deep to laterals (Fig. 6A) and distally contains tangential perforant

superficial: fibers that arc deep into the pyramidal layer (Fig. 8C), and
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Figure 6. Dentate fibers, mossy fibers, endfolial pathway, and Schaffer collaterals. (A) Coronal PLI at the level of the hippocampal body showing a relatively diminished
color orientation in fields CA4 and CA3 pyramidal cell layers, circumscribed in blue, representing the unmyelinated target of the mossy fibers. Endfolial fibers originate in
CA4 (upper light brown curvilinear arrow) and project to stratum oriens. The Schaffer collaterals originate in CA3 (orange arrow) and project to the stratum radiatum. Fibers
project from the endfolial pathway to the Schaffer collaterals (lower light brown sigmoidal arrow). The overlying alveus contains largely longitudinal forniceal fibers (see
Figs 3C and 5A,B). (B) Zoomed in section on the medial and inferior dentate gyrus indicated by the blue box in A at the bottom left. p, polymorphic layer, g, granular cell
layer, and i, inner one-third of the dentate gyrus. This demonstrates tangential fibers in the polymorphic layer and inner one-third of the dentate gyrus, likely representing
mossy cell associational fibers. Some subtle fibers can be seen traversing the granular layer to bridge these 2 layers (dark blue arrow).

(v) stratum lacunosum-moleculare, which contains tangential
and longitudinal perforant fibers that cross the hippocam-
pal fissure en route to the dentate molecular layer.

6. Subicular complex [each component contains a molecular
layer superficially, a pyramidal cell layer centrally, and an al-
vear/multiform layer in the deepest portion, seen in Fig. 3A at
the far right and Fig. 8B at the far left; (Stephan 1975; Ding
2013)].

(@)

(b)

Prosubiculum—An oblique wedge of dark intensity on
transmittance images defined the entire prosubiculum
(Fig. 2E-G).

Subiculum proper—The proximal/distal borders were
clearly defined by the conspicuous prosubiculum/
presubiculum boundary described above/below. A few
superficial hypointense cell islands were present in
anterior slices (Fig. 2E).

Presubiculum—The deeper pyramidal layer contained
dark intensity indicative of myelin on all coronal sections
(green asterisks in Fig. 2E-G), fully defining the
presubiculum.

Parasubiculum—Less intense darkening in the deeper
pyramidal layer defined the extent of the parasubiculum.

7. ERC

(@)

To determine entorhinal lamination, cresyl violet Nissl
staining was performed on coronal section 500 from
human brain #1 after PLI measurement (Fig. 3B). The
Nissl stain was inspected under a camera lucida micro-
scope and the borders between the cellular layers demar-
cated according to the convention of Braak (1980). The
equivalent Insausti terminology would be as follows:
I=mol(ecular) layer, II = Pre-q, III = Pre-B and Pre-y, IV =
diss(ecans), V =Pri-a, VI="Pri-B, and Pri-y (Insausti et al.
1995).

Throughout the slices containing the hippocampal head,
a very thin stripe of hypointensity at layer V/Pri-y [Figs 2E,
F and 3B, one layer deep to the lamina dissecans (Braak
1980; Insausti et al. 1995; Heinsen et al. 1996)] formed
the distal border. The collateral sulcus was deep on cor-
onal sections from all human specimens, so the border
along the collateral sulcus was not shifted (Insausti et al.
1998). Anteriorly, where the hippocampal sulcus was
fused, we segmented the ERC extending superiorly up to
the semiannular sulcus. Posteriorly, the boundary separat-
ing the entorhinal, perirhinal, and parahippocampal
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Figure 7. Coronal PLI of hemisphere #3. (A) Transmittance image of an anterior left coronal section from brain #2. (B) Corresponding color orientation map of section shown
in A. alv, Alveus; CA, cornu ammonis; h, hilus; mol, molecular layer; Im, stratum lacunosum-moleculare; LV, temporal horn of lateral ventricle; PaS, parasubiculum,; PreS,
presubiculum; ProS, prosubiculum; Put, putamen; pyr, pyramidal layer; r, stratum radiatum.

cortices was difficult to identify, and the posterior entorh-
inal border was approximated as 16 sections (~1.1 mm)
posterior to the posterior most uncus.

Analysis of Fibers

Combining visual analyses of coronal and sagittal sections
enabled us to take advantage of the extremely high in-plane reso-
lution of PLI to optimally detect the superior-inferior and right-
left trajectories in the coronal images, and superior-inferior
and anterior—posterior trajectories in the sagittal images. Our pri-
mary interpretation was based on the coronal images, in which
we identified the orientation of myelinated fibers by examining
the color-coded fiber orientation maps (the explanation of color
orientation is provided in Supplementary Fig. 1), examining the
color as well as the image texture (e.g., numerous lines pointing
in one direction). Dark regions on transmittance images that
were not cell bodies were generally considered to represent mye-
lin. PLI is maximally sensitive for fibers oriented in-plane; on cor-
onal images, fibers oriented through-plane (i.e., along the
anterior-posterior axis of the hippocampus) would appear dark
on the transmittance images, but show reduced or no color orien-
tation. The sagittal images were used in this case to confirm
through-plane orientation of any pathway, and the appropriate
sagittal section was identified by visually comparing the block-
face volumes from the coronally and sagittally sectioned hemi-
spheres. Combining all of this knowledge of PLI with our
subregion segmentation, we visually identified the major path-
ways that reflect known connectivity in animal studies. A path-
way is described when 3 experienced neuroanatomists (M.M.Z.,
N.P.-G., and K.Z.) agreed on the interpretation of a fiber bundle.
A known limitation of PLI and MRI-based fiber tracking is that
we cannot determine, based solely on the image, whether a
fiber, or a fiber bundle, is entering or leaving the hippocampus

(i.e., which way is anterograde/retrograde), so we used animal
studies to guide the interpretation.

We describe fiber bundles associated with following different
pathways (Fig. 1):

1. Perforant path system.

2. Pathways in and from the fascia dentata.
3. Endfolial path and Schaffer Collaterals.

4. CA1/subiculum to ERC.

In Vitro Receptor Autoradiography

To confirm the location of mossy fibers, we performed receptor
autoradiography of kainate receptor-binding sites in the human
hippocampus since it has been demonstrated that kainate recep-
tors are found at very high density in the mossy fiber termination
fields (Zilles et al. 2002). Thus, kainate receptor distribution can
be used to corroborate the identification of the mossy fiber ter-
mination as visualized by PLI. Unfixed deep frozen human brains
were sectioned in the coronal plane with a section thickness of
20 pm. Sections were mounted on glass slides and incubated in
a 50-mM Tris-citrate buffer (pH 7.1) containing 10 mM calcium
acetate and 8 nM [°H]kainate in the presence of (as a displacer
for the determination of non-specific binding), or without,
100 pM kainate. Radiolabeled sections were exposed against trit-
ium-sensitive films and processed densitometrically. The bind-
ing site densities were calculated in fmol/mg protein and color-
coded. For details of the autoradiographic procedure, see Zilles
et al. (2002).

Magnetic Resonance Imaging

A single male 26-year-old right-handed subject was consented in
accordance with the Stanford Institutional Review Board and im-
aged on a GE 750 HDx 3.0 T 60 cm bore magnet with 60 min of
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Figure 8. Perforant path system in-plane. (A) Angular bundle fibers projecting to the more posterior portion of the hippocampal head. (B) Perforant (yellow), alvear (light
blue), and forniceal (green) pathways, shown at a higher magnification (see box in A). Yellow arrows: Sigmoidal perforant pathway fibers of varying obliquities can be seen
extending from the angular bundle, through the subiculum, and into the deeper part of the molecular layer of the subiculum. Light blue arrows: Deeper angular bundle
alvear pathway fibers extend subjacent to the prosubiculum and into the stratum oriens where they penetrate the pyramidal layer of CA1. Green arrows: output fibers
emanating from the subiculum obliquely cross the fibers of the angular bundle en route to the parahippocampal gyrus and then alveus, ultimately to reach the fornix.
Subicular lamination is indicated as mol, molecular; pyr, pyramidal; a-m, alvear/multiforme. CA1lamination is indicated as oriens, stratum oriens; alv, alveus. (C) Higher
magnification of the box shown in B depicting the dentate layers (polymorphic, granular, and inner/middle/outer thirds of the molecular layer) and CA1 lacunosum-
moleculare (L-M), radiatum, and pyramidal layers. Perforant pathway bifurcation: Tangential perforant pathway fibers in the superficial molecular layer of the
subiculum extend into the superficial L-M and project to the outer one-third and to a lesser degree to the middle one-third of the dentate molecular layer (yellow
arrows, top). Fibers in the deeper molecular layer of the subiculum continue in a tangential manner in the radiatum and then turn inferiorly to penetrate deeper into
the CA1 pyramidal cell layer (yellow curved arrow, bottom). (D) Graphical depiction of the perforant, alvear, and forniceal pathways.

diffusion tensor imaging (DTI) as part of our prior work, pro-
cessed in an identical manner as previously described (Zeineh
etal. 2012). Briefly, an axial diffusion-weighted sequence of 70 di-
rections at b= 1500 mm/s? and 10 b =0 mm/s? images at an iso-
tropic resolution of 1.4 mm covering the entire temporal lobe
was acquired 7 times. Images were eddy-current, distortion,
and motion coregistered using the FMRIB Software Library (FSL)

5.0 (Jenkinson et al. 2012). We generated tractography using
“MRtrix3” (J-D Tournier, Brain Research Institute, Melbourne,
Australia, https:/github.com/MRtrix3/mrtrix3), which utilizes a
response function generated from the diffusion-weighted
images to perform constrained spherical deconvolution, result-
ing in a fiber orientation distribution (Tournier et al. 2008). Bidir-
ectional probabilistic streamline tractography was subsequently
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performed between the ERC and CA1-3 using the following para-
meters: maximum number of tracks = 2000, step size =0.07, cut-
off value=0.2, initiating cutoff=0.2, and minimum track
length=3.5 mm. The resulting tracts were filtered further by ex-
cluding those that pass through the surrounding cerebrospinal
fluid and truncating those that exceed a whole hippocampus
mask. This same subject underwent consent and structural im-
aging as part of another study at 7 T on a GE 950 HDx magnet (Zei-
neh et al. 2014), and the 3D T,-weighted fast spin-echo
(0.7 x0.7 x 0.7 mm) from this study was used as a backdrop for
displaying tracks, manually aligning both with 3D Slicer (www.
slicer.org). These data were used for Supplementary Figure 7.

Results
Vervet Monkey Validation

Polarized light microscopy demonstrates all of the perforant
pathway elements established in the monkey literature (Fig. 1,
bottom left and Supplementary Fig. 2): The superficial entorhinal
projection to the parasubiculum and presubiculum (A); perforant
path system originating in the ERC (B), penetrating the subiculum
(C), and projecting to the dentate gyrus (D), and CA fields (E); as
well as the alvear component (F). Other pathways directly evident
include Schaffer collaterals extending from CA3 to CA1 as well as
hilar and subicular projections to the fornix (Fig. 1, bottom right).
The endfolial pathway can be visualized (Fig. 1, bottom right,
light brown arrow; Supplementary Fig. 2, coronal slices C582
and C675, light brown arrows).

Perforant Pathway

The present observations demonstrate the following compo-
nents of the perforant path system in the human brain.

A. Superficial Entorhinal Projection

The “sublamina supratangentialis” was identified as a tangential
bundle throughout the superficial molecular layer (layer I) of the
ERC (Fig. 3A, right panel, red arrows). From there, a thick longitu-
dinal projection is clearly visible on the sagittal images in the
superficial and proximal presubiculum (Fig. 3C, red arrows). Just
deep to this superficial projection was a second tangential projec-
tion with even greater thickness in the coronal plane, demon-
strating a parallel trajectory to the parasubiculum (Fig. 3A,
deeper red arrow). This slightly deeper pathway projected to a
longitudinal component throughout the entire parasubiculum
and presubiculum (Fig. 3C, deeper red arrow).

B. ERC to Angular Bundle

Radial fibers emanated from all entorhinal layers, with the excep-
tion of the molecular layer, and are found in the angular bundle
located in the white matter of the medial parahippocampal gyrus
(Figs 3A,B, 4, 7, and 8). Dense longitudinal fibers were clearly evi-
dent throughout the bulk of the anterior parahippocampal gyrus
and superior portion of the posterior parahippocampal gyrus on
the sagittal sections, extending toward the subicular complex
(Fig. 3C, lower yellow arrow). These fibers were separable from
the cingulum bundle more inferiorly in the parahippocampal
gyrus (see Supplementary Fig. 3). Additionally, the anterior and
proximal ERC sent a longitudinal pathway to the presubicular
pyramidal layer (Fig. 4, yellow oval; Fig. 3C, upper thin yellow
arrow; Fig. 7B, directly under the presubiculum label), deeper
than both longitudinal projections of pathway A as described
above. This deeper longitudinal pathway extended along the
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presubiculum, and fibers from it enter the parahippocampal
gyrus as seen in the coronal plane (Fig. 4, C643). From there,
thick clumps of fibers can be seen heading toward and into the
subiculum (Fig. 4, C643, yellow arrows). These fibers exhibit de-
creased conspicuity laterally in the posterior parahippocampal
gyrus because of crossing of curvilinear subicular fibers project-
ing to the alveus and fornix (Fig. 4, C643, green arrows). At the
crossing point in the mid-parahippocampal gyrus, the yellow-
green perforant fibers intersected dark purple subicular fibers
heading to the alveus, producing an intermediate red coloration
by superimposition of fibers in the 70-pm thick sections, but per-
forant and subicular fibers can still be differentiated. This separ-
ation is confirmed on spotlight images that highlight the
perforant separate from the subicular fibers (see Supplementary
Fig. 4).

C. Angular Bundle Perforation Through the Subiculum
Sigmoidal fibers perforated the presubiculum, extending from
the angular bundle medially to the molecular layer of the presu-
biculum, and projected toward molecular layer of the subiculum
laterally (Fig. 3A, upper yellow sigmoidal arrow; Figs 7 and 8B).
Angular bundle fibers also demonstrated an extensive projec-
tion through the subiculum proper and prosubiculum (Figs 7, 8,
and Supplementary Fig. 5). The course of this portion of the path-
way was largely sigmoidal, and a great number of individual fi-
bers were entirely in-plane in the coronal sections (Fig. 8B,
yellow sigmoidal arrows; Supplementary Fig. 5). The sigmoidal
bundles were dense in particular throughout the middle-to-pos-
terior hippocampal formation (see Supplementary Fig. 5). In add-
ition, separate groups of obliquely sectioned longitudinal fibers
from the parahippocampal gyrus (Fig. 4, yellow arrows, fibers pro-
jecting through the deep subiculum, also in Fig. 7) continue as
thick steeply longitudinal bundles clearly visible in sagittal sec-
tions (Fig. 5A, bottom left, yellow arrow). All of these perforant fi-
bers extended to the molecular layer of the subiculum and
prosubiculum (Fig. 8B and Supplementary Fig. 5). From there, a
large bundle of myelinated fibers continued longitudinally
throughout the stratum lacunosum-moleculare along the long
axis of the hippocampus (see Supplementary Fig. 5, encircled yel-
low region C600, C663, and C750; Fig. 5B, yellow arrows).

D. Perforant Path to Dentate Gyrus

In the stratum lacunosum-moleculare, fibers crossed the hippo-
campal fissure to project to the outer and middle thirds of the
dentate molecular layer in the coronal and sagittal planes
(Fig. 5A, bottom right panel, upper yellow arrow; Fig. 8C, upper
yellow arrows). The superficial fibers were dense, whereas slight-
ly deeper dentate fibers appeared less dense in both section
directions.

E. Perforant Path to CA Fields

In the stratum radiatum, curvilinear thick fibers arced distally
(inferiorly) toward the CA pyramidal cell layer in both the coronal
(Fig. 8C, lower yellow arrow) and sagittal planes (Fig. 5A, bottom
right, lower yellow arrow).

F. Alvear Path

In the coronal plane, fibers from the deep angular bundle can be
seen arcing in a curvilinear fashion deep to the subiculum, and
then toward the pyramidal layer of CA1; these alvear fibers ex-
hibit a greater density than those in the vervet monkey
(Figs 3A,D and 8B, light blue arrows, compare with Supplemen-
tary Fig. 2). In the sagittal plane, similar fibers can be seen pro-
jecting to CA1 of the hippocampal tail (Fig. 5A, bottom right,
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light blue arrow). In the very anterior hippocampus, anterome-
dial entorhinal fibers project directly to CA1 via a similar ap-
proach both superiorly and inferiorly (see Supplementary Fig. 6,
light blue arrows). At this anterior level, where the hippocampal
sulcus is fused medially and the ERC is in close proximity to the
hippocampus, the perforant and alvear pathways can be seen in
completion on one coronal PLI section, all the way from the ERC
to the dentate molecular layer and stratum lacunosum-molecu-
lare (see Supplementary Fig. 6).

Comparison with DTI

In vivo diffusion tensor probabilistic tractography on a different
subject utilizing constrained spherical deconvolution can visual-
ize longitudinal projections of the angular bundle best seen on
the sagittal plane (see Supplementary Fig. 7, left) as well as per-
forant, alvear, and forniceal components in the coronal plane
(see Supplementary Fig. 7, right).

Pathways in and from the Fascia Dentata

Two pathways could be determined:

1. Two thin stripes of myelinated fibers were seen at either side
of the granule cell layers, one lining the polymorphic layer
and the other the inner one-third of the molecular layer
(Figs 6B and 8C, and Supplementary Fig. 8). These fibers,
which may represent mossy cell axons (Amaral et al. 2007),
run tangentially to the dentate granule cell layer in both the
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coronal and sagittal planes (Fig. 6B and Supplementary
Fig. 8),indicating a nonpreferential spatial course. Additional-
ly, radial components are visible and bridge the granular cell
layer (Fig. 6B and Supplementary Fig. 8, dark blue arrows).

2. Aregion characterized by a relative absence of signal in PLI in-
dicating a low or lack of myelin content was found in the
hilus, and this extended distally lateral to the endfolial path-
way up to the CA3/CA2 margin (Figs 5A and 6A, dark blue out-
lines in the hilus). This location correlates with a site of
selectively high kainate receptor density specific for mossy
fiber termination sites (Fig. 9). Therefore, we inferred this rela-
tive absence of PLI signal together with high kainate receptor
density as representing the course and termination field of
mossy fibers, an unmyelinated pathway projecting from the
dentate granular layer to the hilus and CA3 (Hamlyn 1962;
Lim, Blume, et al. 1997; Kress et al. 2008).

Endfolial Path and Schaffer Collaterals

A meshwork of fibers was seen to originate in CA4, converge in
the upper hilus, and extend into the stratum oriens of CA3
(Fig. 6A, upper light brown curvilinear arrow); this is probably
the correlate of the endfolial pathway (Lim, Mufson, et al. 1997,
Parekh et al. 2015). A thick band of fibers originates in CA3 and ex-
tends distally in the stratum radiatum to CA1 (Fig. 6A, orange
arrow); this is likely the correlate of the Schaffer collaterals
(Kondo et al. 2009). Many of the distal endfolial fibers crossed
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Figure 9. Kainate receptor autoradiography. (A) Nissl stain of one representative medial temporal section. (B) Kainate autoradiography. (C) Mean concentration of kainate
receptors across hippocampal subfields and layers (n =5). The highest concentration is in the pyramidal and lucidum layers of CA3 followed by the hilus. or, oriens; pyr,
pyramidal; rad, radiatum; lac-mol, lacunosum-moleculare; luc, lucidum; mol, molecular; gr, granular; hilus, both the polymorphic layer of dentate gyrus and CA4.
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the pyramidal layer of CA3 and appeared to run together with the
Schaffer pathway (Fig. 6A, lower light brown sigmoidal arrow). Fi-
bers visualized heading toward the alveus and fornix emanate
from the stratum oriens (Fig. 6A, green arrow) and extend longi-
tudinally (Figs 3C top and 5A,B top, green arrows). The color orien-
tation maps clearly delineate the distinction proximally between
the longitudinally oriented alveus projecting to the fornix and
the tangentially oriented stratum oriens containing the endfolial
path (Fig. 6A).

CA1/Subiculum to ERC

The projection from the subicular complex and CA1 back to the
ERC forms a curvilinear pathway extending through the parasu-
biculum into the ERC, with both a deep and more superficial com-
ponent (Fig. 4, C643, pink arrows), similar to that seen in monkey
tracer studies (Saunders and Rosene 1988).

Discussion

In this study, we have used high-resolution polarized light mi-
croscopy to define the course and architecture of the perforant
path system as well as of all other key pathways in the MTL.
After validating our technique by examining the known anatomy
of the perforant path system in the monkey, we established the
normative anatomy in humans. This should provide an anatomic
“ground truth” for methods, such as DTI-based tractography, and
a reference for studies of the perforant path system in Alzhei-
mer’s disease and of hippocampal circuitry in modeling of mne-
monic function and impairment.

The human perforant path system has been previously stud-
ied with high-resolution ex vivo DTI as well as with a combin-
ation of structural MRI and myelin-stained histological sections
(Augustinack et al. 2010). Portions of the perforant path system
were shown that are similar to our findings: Projections from
the ERC to the angular bundle and subiculum, and projections
from the subiculum to the dentate gyrus and CA fields. However,
these efforts had difficulty capturing the continuity from the ERC
to the dentate gyrus and the CA region because of crossing fibers
in the presubicular and subicular regions and an inability to de-
tect crossing through the hippocampal fissure. These difficulties
were avoided in the present study by ultra-high-resolution PLI,
which allows the direct visualization of myelinated fibers and
the tracking of crossing fibers through the angular bundle and
the presubicular and subicular region. Similarly, we capture the
central portion of the perforant path system as has been done
with in vivo studies (Yassa et al. 2010), without the requirement
of any modeling or prior knowledge of fiber directions. Finally, in
comparison with all of this prior work, we show many more com-
ponents of the perforant path system by directly illustrating the
3D orientation of the anatomic fibers and fiber bundles.

In addition to confirming the key connections expected from
animal data, new insights are provided by this examination of
vervet monkey and human tissue. The superficial entorhinal
pathway is more extensive in humans than expected according
to the monkey data (Witter and Amaral 1991) and limited
human data (Braak 1980): 2 tangential layers run along the en-
torhinal surface, the deeper of which has an extensive longitu-
dinal pathway through the parasubiculum and presubiculum.
The alvear pathway is also unexpectedly prominent and signifi-
cantly larger in the human in comparison with the monkey, hav-
ing a great number of fibers projecting to CA1, confirming the
limited evidence from other ex vivo examinations of human tis-
sue (Hevner and Kinney 1996). The other elements of the
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perforant path system demonstrate multiple trajectories of inter-
woven axonal bundles. The angular bundle was identified to have
the expected transverse curvilinear projection to the subiculum,
but there was an additional set of thick bundles running steeply
longitudinally in the parahippocampal gyrus, as well as a dense
band of longitudinal fibers in the deep presubicular pyramidal
layer. More laterally in the parahippocampal gyrus, the fibers of
the angular bundle intersected curvilinear subicular fibers pro-
jecting to the alveus and fornix. In spite of the extremely high
in-plane resolution of 1.3 um, each pixel can contain crossing
of fibers because of the 70-pm thickness of the section that is cap-
tured by the optical depth of the microscope. While crossing fiber
effects can occur within a pixel, they are much less frequent than
in the much larger pixels of DTI. Therefore, fewer pixels contain
multiple fiber bundles at this high resolution, enabling us to tease
apart these crossing pathways and decipher the complexity of
the parahippocampal gyrus. The pattern of multiple perforant
pathway elements continued into the subiculum proper: While
a great number of fibers showed a transverse sigmoidal penetra-
tion through the pyramidal cell layer, numerous thick bundles
continued longitudinally from the parahippocampal gyrus
through the subicular pyramidal layer. The perforant pathway
then took the expected trajectory in the stratum lacunosum-mo-
leculare: Either continuing to terminate in the dentate gyrus or
arcing downward in the stratum radiatum toward the CA fields
(Witter and Amaral 1991). The extensive longitudinal projection
observed in the stratum lacunosum-moleculare confirms ex
vivo dissection work on human specimens (Yasutaka et al. 2013).

Beyond this portion of the perforant path system, the contrast
and resolution of this technique provides further information on
the remainder of anatomy and circuitry of the MTL. The remark-
ably consistent conspicuity of the inner one-third of the dentate
molecular layer containing fibers tangential with the granular
cell layer, and the almost mirror-like appearance of the adjacent
polymorphic layer, raises the importance of the mossy cell den-
tate pathway. Mossy cells (unrelated to mossy fibers) of the poly-
morphic layer are known to produce projections to the ipsilateral
(associational, found in rat, monkey, and human) and contralat-
eral (commissural, only found in the rat) inner one-third of the
dentate gyrus (Amaral et al. 1984; Seress and Ribak 1984; Demeter
et al. 1985; Ribak et al. 1985; Frotscher et al. 1991). Given this lit-
erature and the limited evidence in humans confirming the
lack of hippocampal commissural fibers (Wilson et al. 1991),
this finding we are visualizing throughout the dentate likely re-
flects the associational mossy cell pathway constituting exten-
sive interconnections with the dentate gyrus.

The principal dentate output via mossy fibers to CA3 and CA4
is unmyelinated, but PLI is primarily sensitive to myelinated
axons because of the birefringent property of myelin. Neverthe-
less, this pathway, which shows a lack of intensity on the trans-
mittance images together with black coloration in the fiber
orientation images, can be identified as being mossy fibers, be-
cause its position and extent correspond to those of high kainate
receptor density. Kainate receptors in the hippocampus have
been shown to occur at very high density nearly exclusively in
the termination fields of the mossy fibers (Zilles et al. 2002; Zilles
and Amunts 2009).

The endfolial pathway was previously thought to be a human-
only pyramidal cell output from CA4 (Parekh et al. 2015). It
extends superiorly from the hilus into the stratum oriens, synap-
sing along the way in CA3, and its termination was previously
undetermined, but suggested to connect to the Schaffer system
(Lim, Mufson, et al. 1997). Here, we can clearly see the endfolial
pathway running to the Schaffer collaterals, confirming this
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proposed affiliation, and supporting the basis of the trisynaptic
model of hippocampal connectivity. The identification of a smal-
ler version of this same pathway in the vervet monkey suggests
that this pathway is not unique to humans, butlarger when com-
pared with that of the vervet monkey.

PLIis associated with some methodological challenges as fol-
lows: Itis difficult to determine fiber tracts running perpendicular
to the plane of sectioning, because such fiber tracts appear black
in fiber orientation images based on polarized light microscopy.
To compensate for this, we sectioned, in addition to the 2
human lobes processed in the coronal plane, a third human
lobe in the sagittal plane. This enabled us to confirm suspected
longitudinal pathways because they are running in-plane over a
much longer extent in the sagittal sections. A further challenge of
PLI studies is to precisely align the serial sections at high reso-
lution to produce three-dimensional reconstructions of the
human brain in order to implement fiber-tracking procedures.
This requires supercomputing facilities given the extremely
large image sizes and is the object of current efforts. While cur-
rent implementations of PLI focus on the strong birefringence as-
sociated with myelin, unmyelinated axons are also birefringent,
though to a much lesser degree. Future work analyzing this lower
order birefringence could clearly complement the present re-
sults. The spatial orientations of fibers in PLI are based on bi-
refringence measurements of unstained histological sections
using a voxel-based analysis with a pixel size in the present
study of 1.3 x 1.3 x 70 pm. Since single fibers often have a diam-
eter below 1 pm, a fiber orientation vector of each voxel reflects
the net effect of all comprised single fibers. Therefore, partial vol-
ume effects cannot be completely ignored. However, in most
cases, PLI images clearly show the crossing and bending of very
small fiber bundles that have diameters well above 1.3 ym, enab-
ling us to resolve crossing fibers in the parahippocampal gyrus.
Furthermore, novel methods are under development to compen-
sate for the remaining resolution and partial volume effects
(Dohmen et al. 2015; Reckfort et al. 2015). Finally, the 2 humans
whose brains were used in this study had diabetes, which can af-
fect microstructure through microvascular ischemia and obscure
the visualization of certain tracks though there is not a known
predisposition to affect the hippocampus (Biessels and Reijmer
2014; Wisse et al. 2014). Future studies on a greater number of
specimens with and without diabetes should confirm the con-
sistency of the findings we observed here.

In conclusion, polarized light microscopy offers hitherto un-
precedented direct visualization of the course of myelinated
pathways in the human brain without modeling as necessary
for DTI analysis and fiber tracking. Evaluation of the human tem-
poral lobe has confirmed pathways based on the animal litera-
ture and revealed important differences between animal and
human connectivity. Future applications of PLI may more fully
discern the circuitry underlying brain function and serve as an
anatomic evaluation of DTI data, and a platform to understand
mesial temporal diseases.

Supplementary Material

Supplementary material can be found at: http:/www.cercor.
oxfordjournals.org/.
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