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The biocompatibility, biodegradation, feasibility, and efficacy of medical devices like dural sealants and substitutes are
often evaluated in various animal models. However, none of these studies explain the rationale for choosing a particular
species, and a systematic interspecies comparison of the dura is not available. We hypothesized that histologic characteristics
of the dura would differ among species. We systematically investigated basic characteristics of the dura, including thickness,
composition, and fibroblast orientation of the dura mater, in 34 samples representing 10 animal species and compared these
features with human dura by using hematoxylin and eosin staining and light microscopy. Dura showed many similarities
between species in terms of composition. In all species, dura consisted of at least one fibrovascular layer, which contained
collagen, fibroblasts, and blood vessels, and a dural border cell layer beneath the fibrovascular layer. Differences between
species included the number of fibrovascular layers, fibroblast orientation, and dural thickness. Human dura was the thick-
est (564 nm) followed by equine (313 pm), bovine (311 pm), and porcine (304 pm) dura. Given the results of this study and
factors such as gross anatomy, feasibility, housing, and ethical considerations, we recommend the use of a porcine model for

dural research, especially for in vivo studies.
Abbreviation: DBC, dural border cell
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The dura mater is the outermost layer of the meninges that
cover the CNS. Dura has important roles as a protective barrier
against mechanical force and infection as well as other com-
plex functions.?®**3 Human cranial dura mater consists of 3
layers: the periosteal layer, meningeal layer, and dural border
cell (DBC) layer. The periosteal layer, the outermost layer, is
attached to the inner skull and contains vessels and nerves. It
consists of elongated fibroblasts with large intercellular spaces.
The meningeal layer is the middle layer and contains more fi-
broblasts and proportionally less collagen than the periosteal
layer. The innermost layer of the dura is the DBC layer, which
also is called the mesothelial layer, neurothelium, superficial
zone, inner dural cell layer, subdural cell layer, or dural limiting
layer.! Compared with the meningeal layer, the DBC layer has
flattened fibroblasts with relatively few intercellular junctions
and a lack of extracellular collagen and extracellular spaces of
various sizes and shapes.'*??**2 The periosteal and meningeal
layers are tightly adhered to each other, except at the height of
the dural venous sinuses and the cranial reflections (falx cerebri,
falx cerebelli, and tentorium), which are formed by the menin-
geal layer only.'#13%
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In neurosurgical practice, dural substitutes and sealants are
commonly used to ensure watertight closure of the dura. The
efficacy, biocompatibility, and degradation of such medical de-
vices are evaluated in various in vitro and in vivo studies, which
also are necessary for regulatory approval. Bovine, canine, cap-
rine, equine, feline, leporine, murine, porcine, and ovine dura
models have been used.>¢7?17192131 However, none of these
studies compared various species or explained the rationale
underlying the choice of a particular species, even though dural
characteristics may influence the results regarding dural closure
and the leakage of CSF. We hypothesized that various histologic
features of dura—including thickness, composition, orientation
of cells, and vascularization—would differ between species. The
2 main objectives of this study were to 1) histologically analyze
the cranial dura of various species used in ex vivo and in vivo
studies and 2) compare the dural features of animal species with
human cranial dura.

Materials and Methods

Pigs, rats, horses, rabbits, cows, sheep, goats, cats, and dogs
were used at a dural model in at least 1 study each.?>721117-213031
Dural samples from 4 pigs, 4 cows, 3 goats, 3 rabbits 3 sheep,
3 horses, 4 dogs, 3 cats, and 4 rats were harvested at necropsy
from animals referred to the Division of Pathology (Faculty of
Veterinary Medicine, Utrecht University) as surplus laboratory
animals of the Faculty of Veterinary Medicine (Utrecht Univer-
sity) or from animals at the slaughterhouse. No approval was
needed from the animal welfare committee or medical research
ethics committee for this study.

All 3 samples of human dura were obtained through the do-
nation program at the Department of Anatomy of the University
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Medical Center Utrecht. Written informed consent was obtained
from donors during life that allowed the use of their entire bod-
ies for educational and research purposes. We harvested the
dura at a standardized location (Figure 1) The samples of dura
were harvested within 24 h after death, fixed in 4% neutral buff-
ered formaldehyde solution, routinely processed for histologic
examination, and stained with hematoxylin and eosin. Dura of
the rat and rabbit were harvested and fixed together with the
skull as the dura was very thin and tightly attached to the skull.
A veterinary pathologist (WB) using light microscopy assessed
samples in terms of mean thickness, number of visible layers,
composition, vascularization, and fibroblast orientation. The
mean dural thickness was calculated based on 10 measurements
per species because the dura varied in thickness, even in the
same sample. When the fibrovascular layer comprised 2 layers,
the layers were distinguished as periosteal and meningeal
layers. However, when 2 layers were indistinguishable, we
simply called it the fibrovascular layer. A single representa-
tive histologic image was acquired per species, and we could
not show all dural characteristics in a single image.
Significance between categorical and continuous data was
tested by using the Mann-Whitney U or Kruskal-Wallis test.

Results

We analyzed 34 samples, representing 10 different species.
The main characteristics of dura (mean thickness, number of
visible layers and cellular orientation of the different layers)
are shown in Table 1 A representative histologic image was
obtained for each species (Figures 2 through 11).

It was not possible to show all characteristics in a single image.

Human dura consisted of 3 distinctive dural layers (perios-
teal, meningeal, and DBC layers) with a mean thickness (+ 1 SD)
of 564 + 50 pm. Cells were slightly haphazardly oriented in both
the periosteal and meningeal layers. The meningeal layer con-
tained substantially more fibroblasts per unit area, compared
with the periosteal layer. The DBC layer was visible and had a
mean thickness of 3 to 8 cells. This layer was irregularly thick
and sinuous. Large blood vessels were distributed mainly in
the periosteal layer, whereas small blood vessels (maximum
diameter, 42 um) were located within the border between the
meningeal and DBC layers (Figure 2).

Bovine dura had a mean thickness of 311 + 87 um). Multifo-
cally, all 3 layers could be distinguished. The orientation of the
fibroblasts in the periosteal layer was longitudinal, whereas the
orientation of the cells of the meningeal layer was more oblique.
The number of fibroblasts per unit area was higher in the men-
ingeal layer than in the periosteal layer. The DBC layer had a
mean thickness of 3 to 8 cells, which were irregular and without
invagination. Blood vessels were present mainly between the
periosteal and meningeal layers and at the upper border of the
periosteal layer. The maximum diameter of the vessels was 112
pm. Compared with human dura, bovine dura was markedly
thinner, fibroblasts had a more organized orientation, and the
bovine meningeal layer seemed to be more cellular than its hu-
man counterpart. In addition, the bovine DBC layer showed
more irregularity compared with human dura (Figure 3).

Canine dura had a mean thickness of 233 + 71 um. All 3 lay-
ers were visible, with slightly haphazard orientation of the fi-
broblasts in the periosteal layer and longitudinal orientation
in the meningeal layer. The fibroblasts in the meningeal layer
were slightly more haphazard than in the periosteal layer. The
DBC layer had a mean thickness of 3 to 6 cells and was regular.
The blood vessels were situated at the periphery of the menin-
geal layer, with a maximum thickness of 27 pm. Compared with
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Figure 1. As shown in the figure, the dura was harvested parasagittally
in all species.

human dura, canine dura was significantly thinner and more
longitudinally oriented, and its blood vessels were situated in
the meningeal layer, toward the DBC layer (Figure 4).

Caprine dura had a mean thickness of 284 + 57um. Within the
tissues examined, a single fibrovascular and DBC layer was vis-
ible. The orientation of the fibroblasts in the fibrovascular layer
was longitudinal. The DBC layer had a mean thickness of 2 to
5 cells. The blood vessels mostly were situated at the periosteal
border toward the cranium. The maximal diameter of the ves-
sels was 74 um. Compared with human, the caprine dura was
significantly thinner, its fibroblasts were longitudinally oriented,
it had proportionally more fibroblasts per unit area, and the
blood vessels were more often in the upper periosteal border.
The DBC layer was more regular than in humans (Figure 5).

Equine dura had a mean thickness of 313 + 64 pm. A single
fibrovascular and the DBC layer were visible. The orientation
of the fibroblasts in fibrovascular layer was longitudinal and
became slightly haphazardly toward the DBC layer. The propor-
tion of fibroblasts increased toward the inner border, without
a demarcated border. The DBC layer was irregular, 4 to 8 cells
wide, sinuous, and invaginated. Blood vessels (maximum di-
ameter, 44 um) were visible at the periphery of both borders and
occasionally in the middle of the dura. Compared with human
dura, only 2 layers were visible on light microscopy, and equine
dura was significantly thinner. In addition, the blood vessels
were more peripherally situated and. the DBC was more irregu-
lar and sinuous, compared with human dura (Figure 6).

Feline dura had a mean thickness of 201 £+ 78 pm. All 3 layers
were visible. The orientation of fibroblasts was slightly hap-
hazard in the periosteal layer and longitudinal in the menin-
geal layer. The DBC was mainly regular, 3 to 6 cells wide. Blood
vessels were present mainly between the meningeal and DBC
layers; fewer vessels were present between the periosteal and
meningeal layers. The maximum diameter of the blood vessels
was 88 um. Compared with human dura, feline dura was sig-
nificantly thinner, the orientation of fibroblasts more organized,
and more blood vessels were present between the meningeal
and DBC layers. The feline DBC layer was more regular and
thinner compared with human dura (Figure 7).

Leporine dura had a mean thickness of 99 + 32 pm. All 3
layers were distinguishable through light microscopy. The
fibroblasts in the periosteal layer were slightly haphazardly
orientated. In the meningeal layer, the fibroblasts were ori-
entated longitudinally. The DBC layer was regular and sinu-
ous, without invagination, and 3 to 5 cells wide. Most blood
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Table 1. Histologic characteristics of the dura according to species

Dural thickness
(um) Fibroblast orientation
No. of samples mean 1SD No. of layers no distinguishable layers periosteal layer meningeal layer

Human 3 564 50 3 — slightly haphazard slightly haphazard
Cow 4 311 87 3 — longitudinal longitudinal

Cat 3 201 78 3 — slightly haphazard longitudinal

Dog 4 233 71 3 — slightly haphazard longitudinal
Goat 3 284 57 2 longitudinal — —

Horse 3 313 64 2 slightly haphazard — —

Pig 4 304 77 3 — slightly haphazard longitudinal
Rabbit 3 99 32 3 — slightly haphazard longitudinal

Rat 4 49 15 2 slightly haphazard — —

Sheep 3 234 91 2 slightly haphazard — —
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Figure 3. Bovine dura mater.

Figure 4. Canine dura mater.

vessels (maximal diameter, 65 uym) were oriented at the perios-
teal upper border and between the meningeal and DBC layers.
Compared with human dura, leporine dura was significantly
thinner, the orientation of the fibroblasts of the meningeal layer
was more organized, and more blood vessels were present at the
periosteal upper border. The DBC layer of leporine dura was thin-
ner and more regular compared with human dura (Figure 8).

172

Figure 7. Feline dura mater.

Murine dura had a mean thickness of 49 + 15 um. A single
fibrovascular layer and a DBC layer were visible. The fibroblasts
in the fibrovascular layer were slightly haphazardly oriented.
The DBC layer was 2 to 4 cells wide and regular, without invagi-
nation. The blood vessels (maximum diameter, 20 um) were sit-
uated in the upper border. Compared with human dura, murine
dura was significantly thinner and contained fewer fibroblasts
and blood vessels. The DBC layer was thinner and more regular
than human dura (Figure 9).

Ovine dura had a mean thickness of 234 £ 91 pm. In the tis-
sues examined, only one fibrovascular layer and a DBC layer
were visible. The orientation of the fibroblasts was slightly
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Figure 9. Murine dura mater. The DBC layer is partially visible.

haphazard. The DBC layer was 2 to 3 cell layers wide, regu-
lar, and without invagination. The blood vessels (maximum
diameter, 32 pm) were commonly present at the border with the
DBC layer. Compared with human dura, ovine dura consisted
of only 2 layers and was significantly thinner. In addition, the
ovine DBC layer was more regular and without invagination
compared with human (Figure 10).

Porcine dura had a mean thickness of 304 £ 77 um. All 3 du-
ral layers were visible. The orientation of the fibroblasts was
slightly haphazard for the periosteal layer and longitudinal for
the meningeal layer. The DBC layer was irregular, 4 to 8 cells
wide, and sinuous. The blood vessels (maximum diameter, 35
pm) were present mostly in the periphery of the periosteal layer
and in the border between the meningeal and DBC layers. Com-
pared with human dura, porcine dura was significantly thinner,
and the orientation of the fibroblasts in the periosteal layer was
slightly more organized (Figure 11).

The dura, composed mainly of collagen and fibroblasts,
showed many similarities across species. In all species, blood
vessels were present in the fibrovascular layer. The DBC layer
could be identified in all species and was characterized by a
high density of cells, with proportionally less extracellular
matrix. Interspecies differences included the number of lay-
ers, dural thickness, and orientation of the fibroblasts. As in
human dura, the fibrovascular layer of cows, cats, dogs, pigs,
and rabbits had distinguishable periosteal and meningeal
layers. The dura of goats, horses, rats, and sheep consisted
histologically of a single fibrovascular layer. Equine dura
showed a single fibrovascular layer but with an increase in
fibroblasts toward the inner border without clearly separated
layers, suggesting an intermediate form. In addition, the ori-
entation of the fibroblasts within the different layers varied
among the species examined (Table 1). In none of the animals
with 2 fibrovascular layers was the fibroblast orientation was
exactly the same as in humans. Morphologic differences in
the DBC layer were seen between species. In human dura, the
DBC layer tended to be irregular and sinuous, whereas DBC
layer of animals was more regular and less sinuous. Measure-
ments showed that human dura (564 pm) was significantly
(P < 0.05) thicker than the dura in all other species. Human
dura was almost 2 times thicker than the thickest dura among
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Figure 11. Porcine dura mater. The DBC layer is partially visible.

animals. Neither dural thickness nor number of dural layers
differed among any species.

Discussion

Here we describe the basic characteristics of the dura mater
from 10 animal species that have been used in at least one study
to evaluate dural sealants or substitutes. None of the prior stud-
ies described the dural characteristics of the selected species
or compared them with human dura, although these features
might influence the outcomes of these studies. Therefore, we
analyzed the histologic morphology of the dura in these species
and compared the dura in animals with human dura.

Histologically the dura showed many similarities and dif-
ferences across the species evaluated. In all species, the dura
consisted of 2 parts: the fibrovascular layer, which contained
collagen, fibroblasts, and blood vessels, and the DBC layer,
which was beneath the fibrovascular layer. Differences in dura
between species involved the number of fibrovascular layers,
dural thickness, and the orientation of the fibroblasts. The fi-
brovascular layer consisted of 1 or 2 layers. In humans, cows,
cats, dogs, pigs, and rabbits, 2 layers (periosteal and meningeal
layers) separated by a clear border were distinguishable in the
fibrovascular layer. The 2 layers in these species were clearly
distinguishable due to differences in the orientation and den-
sity of the fibroblasts in both layers. Equine dura consisted of a
single fibrovascular layer but showed an increase of fibroblasts
toward the inner border but without the clear border seen in
species with 2 fibrovascular layers. In contrast, 3 species (goats,
rats, and sheep) had a single, homogenous fibrovascular layer.
However, it’s unknown whether these species in fact have only
one anatomic layer or whether 2 anatomic layers are visible as a
single layer through light microscopy due to the same orienta-
tion and density of the fibroblasts in both layers. The presence
of venous sinuses in these 3 species suggests that the second
explanation might be the case, given that the venous sinuses
form embryologically between these 2 layers.!*** Further stud-
ies should investigate this possibility.
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Morphologic differences in the DBC layer were particularly
marked between humans and the animal species. In humans,
the DBC layer was more irregular and sinuous, whereas in ani-
mals, the DBC layer appeared more regular and less sinuous.
This same observation was made in a previous study, which
showed that the cells in the DBC layer of humans frequently
appear sinuous or undulated and may interdigitate, whereas in
animals, the cells usually form a more orderly layer with fewer
irregularities.’* Perhaps the DBC layer in humans becomes in-
creasingly irregular as the dura thickens due to aging.

The measured dural thickness differed among species This
might be relevant in dural sealant and substitute studies, especially
when the dura is closed with stiches. Although no studies have
compared the CSF leakage rate among species, a thicker dura is
less fragile and—theoretically—the risk of leakage through needle
holes presumably is decreased. The dura of rats and rabbits were
very fragile and could not be harvested for this study without prior
fixation in formaldehyde. Therefore, despite their use in prior stud-
ies, we suggest that species like rats and rabbits should be avoided
as dura models for in vitro or in vivo studies.'>*?

Fibroblasts in the meningeal layer were longitudinally ori-
ented in all species except humans, in which they were oriented
slightly haphazardly. The orientation of the fibers in the dura
mater and risk of CSF leakage seem to be related, although the
exact mechanism is still unknown." The longitudinal orienta-
tion of the fibroblasts suggests that the dura may be dissected
more easily in one direction (that is, parallel to the fibers). This
phenomenon can be seen in human spinal dura; the collagen fi-
bers in human spinal dura are mostly longitudinally oriented.”
This orientation might be the reason that the dura can be easily
bluntly dissected from cranial to caudal, whereas dissection is
not possible in the transverse direction.

The results of this study indicate that dura thickness differs
significantly between species. This variable seems to be one of the
most important determinants regarding the choice of the animal
model. In terms of dura thickness, bovine, equine and porcine
dura resembles closest to human dura. However, the choice of an-
imal for in vitro or in vivo studies also depends on other factors,
such as gross anatomy, availability, feasibility, handling, housing,
and ethical considerations. In this context, bovine and equine
models are less relevant, whereas the porcine model meets these
factors favorably, especially for in vivo research.

This study had several limitations. First, despite that the at-
tempt to harvest the dura from the same location in all species,
precise determination of location was not always possible, part-
cularly in small animals like rabbits and rats. The paramedian
region in such small animals is only several millimeters in size,
thus making precise localization difficult. In addition, fiber ori-
entation could differ among regions.® Second, correctly embed-
ding the material into the paraffin is a difficult task, with a risk
of partial oblique cuts, leading to small variations in thickness.
We attempted to address this issue by measuring the thickness
at 10 different regions. Finally, the number of samples per spe-
cies was relatively small; individual variances depending on
race, sex, and age might occur.

In conclusion, the dura mater among the species examined
showed many similarities regarding composition of the dura
from a fibrovascular layer and a DBC layer. Differences in the
dura were observed in regard to thickness, the number of fibro-
vascular layers, and the orientation of the fibroblasts. Given the
results of this study and considering factors as gross anatomy,
feasibility, housing, and ethical considerations, we recommend
the use of a porcine model for dura research, especially for in
vivo studies.
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