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ABSTRACT

A key issue in the development of the central nervous system (CNS) is understanding the
molecular mechanisms regulating cell number. The present study examines the role of CD81
(previously known as TAPA, the target of the antiproliferative antibody) in the control of
brain size and glial cell number. CD81 is a member of the tetraspanin family of proteins. This
group of small membrane proteins is associated with the regulation of cell migration and
mitotic activity. Glial cells express CD81, and antibodies directed against this protein
suppress the mitotic activity of cultured cells. In this study, we examine the effects of the
CD81 —/— mutation on the CNS of mature mice. These mice have extremely large brains, as
much as 30% larger than the brains of wild-type (+/+) littermates. The increase in brain
weight is accompanied by an increase in the number astrocytes and microglia, whereas the
number of neurons and oligodendrocytes in the CD81 —/— animals appears to be normal.
When the CD81 —/— mutation is placed on different genetic backgrounds, there is a remark-
able range in the penetrance of the null allele phenotype, demonstrating that the mutation
can be affected by modifier loci. This work provides support for the role of CD81 in the
regulation of astrocyte and microglial number, perhaps by regulating cell proliferation by a

contact inhibition-dependent mechanism. J. Comp. Neurol. 453:22-32, 2002.
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The cellular composition of the brain and spinal cord
belies a series of molecular events that control the final
number of each cell type within the mature central ner-
vous system (CNS). The present study focuses on CD81
(previously known as the target of the antiproliferative
antibody TAPA), a small membrane protein that is ex-
pressed by all glial cells in the CNS. As its original name
suggests, antibodies directed against this protein sup-
press the mitotic activity of cultured cells (Oren et al.,
1990; Geisert et al., 1996). CD81 is a member of the
recently defined tetraspanin family of proteins (http:/
www.ksu.edu/tetraspan/thepage.htm) that is structurally
related, with four transmembrane domains and two rela-
tively small extracellular loops (Jennings et al., 1990;
Kaprielian and Patterson, 1993; Yatomi et al., 1993; Dong
et al., 1995; Kopczynski et al.,, 1996; Tachibana et al.,
1997; Todd et al., 1998; Le Naour et al., 2000; Miyado et
al., 2000; Serru et al., 2000). Many of these tetraspanins
are found in association with adhesion molecules
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(Ikeyama et al., 1993; Yanez-Mo et al., 1998; Hemler,
1998; Fitter et al., 1999; Stipp et al., 2001; Charrin et al.,
2001). These tetraspanin complexes can link events of
cellular adhesion to intracellular signaling cascades (Jen-
nings et al., 1990; Yatomi et al., 1993; Schick and Levy,
1993; Berditchevski et al., 1997). Like other members of

Grant sponsor: PHS; Grant number: RO1 EY12369; Grant number: P30
EY13080; Grant number: CA24233; Grant number: AI45900.

Dr. Maecker’s current address is Becton-Dickinson Immunocytometry
Systems, 2350, Qume Drive, San Jose, CA 95131.

*Correspondence to: Eldon E. Geisert, Jr., Department of Anatomy and
Neurobiology, University of Tennessee, Medical Center, 855 Monroe Ave-
nue, Memphis, TN 38163. E-mail: egeisert@nb.utmem.edu

Received 11 December 2001; Revised 5 April 2002; Accepted 21 June
2002

DOI 10.1002/cne.10364

Published online the week of September 16, 2002 in Wiley InterScience
(www.interscience.wiley.com).



BIG BRAINS IN CD81 —/— MICE

this family, CD81 is part of a protein complex within the
plasma membrane (Takahashi et al., 1990; Bradbury et
al., 1992; Schick and Levy, 1993; Yanez-Mo et al., 1998;
Stipp et al., 2001). The specific functional role of CD81 is
dependent on its molecular context and the cell type it is
associated with. For example, CD81 can be associated
with the control of mitotic activity in lymphocytes (Oren et
al., 1990), astrocytes (Geisert et al., 1996), or retinal pig-
ment epithelium (Geisert et al., 2002).

In the CNS, CD81 appears to be expressed by all major
glial cell classes: ependymal cells, choroid cells, astrocytes,
oligodendrocytes (Sullivan and Geisert, 1998), and micro-
glia (Dijkstra et al., 2000). Hints regarding the functional
role of this tetraspanin can be gleaned from its dynamic
temporal/developmental regulation. During CNS develop-
ment, neurons are born first and most glial cells are born
in a later phase (Caviness, 1982). In this latter phase of
brain development, astrocytes and oligodendrocytes are
born and mature (Ling and Leblond, 1973; Caviness, 1982;
Parnavelas et al., 1983). Most of these cells are born
postpartum in the rodent, with peak mitotic activity oc-
curring during the first 10 days (Ling and Leblond, 1973;
Parnavelas et al., 1983). By the end of the second postna-
tal week, astrocytes mature, down-regulate their mitotic
activity, and form relatively stable populations (Parna-
velas et al., 1983). For oligodendrocytes, the developmen-
tal pattern differs from that of the astrocyte. In the second
postnatal week, there is an overproduction of oligodendro-
cytes. Then as myelination occurs, oligodendrocytes un-
dergo an apoptotic cell death if appropriate contacts with
axons are not made (Gard and Pfeiffer, 1989; Hardy and
Reynolds, 1991). It is during this period of decreased glial
mitosis when CD81 is up-regulated dramatically. Relative
to the adult, the overall level of this protein increases from
15% at postnatal day (P) 7 to 70% at P14 (Sullivan and
Geisert, 1998). This tight correlation of CD81 expression
with the down-regulation of glial cell proliferation is con-
sistent with the hypothesis that CD81 plays a role in
controlling glial cell number (Sullivan and Geisert, 1998).
Based on its apparent function in vitro and its develop-
mental expression pattern, we consider CD81 to be part of
a molecular complex regulating glial cell number. To test
this hypothesis, we examined the effects of a CD81 —/—
mutation on the structure of the adult brain. If this pro-
tein is part of the molecular process modulating mitotic
activity, then we would predict an increase in the number
of glial cells in the brains of CD81 —/— animal and possi-
bly an overall increase in brain size.

MATERIAL AND METHODS

All animal protocols were approved by the Animal Care
and Use Committee at the University of Tennessee Health
Science Center. Adult mice with a CD81 —/— mutation
were produced as previously described (Maecker and
Levy, 1997). The original CD81 —/— mutation was carried
on a complex genetic background, a mixture of NIHS-BC/
Tac and 129X1/Svd strains. To assess penetrance of the
knockout on different genetic backgrounds, we back-
crossed carriers to strains with significant differences in
brain weight. The —/— mutation was backcrossed to
C57BL/6Byd (average brain weight of ~460 mg) for six
generations and onto the small-brain strain BALB/cBydJ
(average brain weight of ~430 mg) for seven generations.
These backcross progeny are >99% homozygous for alleles

23

derived from C57BL/6ByJ and BALB/cBydJ. CD81 —/—
mice on both inbred backgrounds have difficulty breeding
and are propagated as CD81 heterozygotes. We also gen-
erated CD81 on a hybrid F1 background by mating BALB/
cBydJ and C57BL/6BydJ carriers. All mice used in this study
were over 70 days of age. We studied male and female
mice of all three genotypes. The majority of CD81 —/—
animals were females. There are no statistically signifi-
cant sex differences in brain weights of normal adult mice
belonging to any of the three key background strains
(129X1/SvdJ, C57BL/6Byd, and BALB/cBydJ; data available
on-line at www.nervenet.org/main/databases.html, eight
cases minimum per sex per strain).

Mice were anesthetized with a mixture of xylazine (13
mg/kg, Rompun) and ketamine (87 mg/kg, Ketalar), which
was administered by intraperitoneal injection. The ani-
mals were perfused through the heart with a solution of
0.01 M phosphate buffered saline (PBS, pH 7.5) followed
by 4% paraformaldehyde in 0.1 M phosphate buffer (PB,
pH 7.5). Each brain was removed from the skull, and the
spinal cord was separated at a level that corresponds to
the decussation of the pyramids. The brains were then
blotted dry and weighed on an electronic balance with an
accuracy of = 1 mg.

Brains were placed in a 30% sucrose solution and were
sectioned at 50 pm with a freezing microtome. All sections
were stored in borate buffered saline (pH 8.4) at 4°C. One
1-in-5 series of sections was mounted on glass slides and
stained by the Nissl method. A second series of sections was
stained for the astrocytic marker glial fibrillary acidic pro-
tein (GFAP). Selected sections from each animal were also
stained for the following: (1) a second astrocyte marker using
S-100 (Sigma, St. Louis, MO), (2) neurons using NeulN
(Chemicon, Temecula, CA), (3) oligodendrocytes using RIP
(Chemicon), and (4) microglia using Mac-1 (PharMingen,
San Diego, CA). Detailed methods for immunostaining ap-
pear in Sullivan and Geisert (1998). The sections were
placed in 4% bovine serum albumin (BSA, Sigma) in 0.2 M
borate buffered saline (BBS, pH 8.4) for 2 hours, then placed
in rabbit anti-GFAP (Immunon) 20 pg/ml in 0.2 M BBS with
1% BSA. Sections were washed 3X for 10 minutes in BBS
and transferred to a solution containing the secondary anti-
body (a peroxidase-conjugated donkey anti-rabbit immuno-
globulin G (IgG) or anti-mouse IgG (Jackson Immuno Re-
search Laboratories Inc.) for 2 hours at room temperature.
Solutions with primary or secondary antibodies also con-
tained either 0.05% dimethyl sulfoxide or 0.05% Triton
X-100. The sections were rinsed in 0.2 M BBS, followed by
three rinses in 0.1 M PB (pH 7.2), and incubated in a solution
containing 1 mg/ml of 3,3’-diaminobenzidine tetrahydrochlo-
ride (Sigma) in 0.02 M PB (pH 7.4) and 5 pl/ml of 3%
hydrogen peroxide for 15-30 minutes at room temperature.
Controls included sections treated in a similar manner with
either the omission of the primary antibody or the substitu-
tion of a nonimmune mouse IgG1 (ICN).

Cell counts

The present study was undertaken to determine
whether there were significant differences in the brains of
animals with a CD81 null (—/—) mutation compared with
wild-type (+/+) littermates. Several complimentary ap-
proaches were used to evaluate the brains from CD81 —/—
mice and the control littermates. The use of frozen sec-
tions allowed us to identify specific cell types by immuno-
histochemical methods. However, there is a considerable
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amount of shrinkage in the Z-axis (Abercrombie, 1946;
Guillery and Herrup, 1997) that complicates stereologic
analysis. For this reason, we chose to use both two-
dimensional (2D) counting methods (Abercrombie 1946,
Method 1) and the von Bartheld modification of the 3D
counting method (Williams and Rakic 1988; von Bartheld,
1999) to analyze several brain regions. Results obtained
by using these complementary methods all demonstrate a
selective effect of the null mutation on glial cell popula-
tions, whether in the whole brain, cortex, hippocampus, or
corpus callosum.

Method 1. To define numbers of neurons and glia in
the cerebral cortex, a modification of the optical disector
was used (Williams and Rakic, 1988; West et al., 1991). In
this modification, the entire thickness of the section was
included in the counting box as described by von Barth-
held (1999). We used a systematic random sampling pro-
tocol, counting all cells within a counting box (120 X 90 X
50 pm) that was moved through the thickness of the
cerebral cortex. We estimated the density of glial cells and
neurons in the frontal cortex immediately rostral to the
somatosensory cortex. A single translaminar probe lo-
cated 2 mm lateral from the midline was sampled. The
number of neurons and glia in successive fields were
counted, beginning at the pial surface and continuing
through the subcortical white matter. Glial cells were
recognized by their small size and distinctive nuclear mor-
phology. Neurons were larger and displayed the large pale
nuclear morphology with distinctive cytoplasmic morphol-
ogy. Similar methods were used in counting the number of
immunostained (GFAP-positive or S-100 positive) astro-
cytes. Cell density estimates were corrected by using
Abercombie’s method (1946) after assessing cell size by
category for over 100 cells per category. In sections immu-
nostained for GFAP, S-100, or Mac-1, the entire immuno-
stained cell body was included in the measurements. This
cell size measurement was used to correct the potential
sampling bias (Abercrombie, 1946). The tissue was photo-
graphed by using an Optronics digital camera on a Leitz
Orthoplan microscope. The digitized image was analyzed
to determine nuclear area by using NIH image 1.62. The
area measurement for each nucleus in the sample popu-
lation was reduced to a mean diameter (D = [area/
3.14]°% X 2). The true estimate of cell density or cell
number was then calculated by using Abercrombie correc-
tion method: N = n (T /T + D), where N is the “true” cell
number, n is the estimated cell number, T is the section
thickness, and D is the diameter of the nucleus.

Method 2. To estimate changes in neuron-glia ratio in
the entire mouse brain, we used a systematic random
sampling protocol (Howard et al., 1998) with a grid inter-
val of 2 mm across the entire set of slides as described in
Williams (2000). Cells in the counting box that extended
the full thickness of the section were categorized and
counted. The tissue was imaged by using video-enhanced
differential interference contrast optics with a 100 X 1.25
NA oil-immersion objective. Over 100 sample sites were
counted per brain to derive mean estimates of neuron-glia
ratio for CD81 —/—, +/—, and +/+ mice.

Method 3. The volume and cell numbers in the hip-
pocampus were determined as follows. The sections were
photographed by using an Optronics Magnafier digital
camera attached to an Olympus SZX12 microscope. Every
series of sections included a calibration image. The area of
the hippocampus within each section was determined by

E.E. GEISERT ET AL.

using NIH Image 1.62 software. This measure included
the hippocampal complex, dentate gyrus, and hippocam-
pus. To define the total volume of the hippocampus, the
total cross-sectional area of each hippocampus was multi-
plied by the sampling interval. Cells in the hippocampus
were counted by using a systematic sampling protocol and
a standard counting box (120 X 90 X 50 wm). The sections
were stained for microglia (Mac-1) and astrocytes (S-100
and GFAP). These samples of cell densities were averaged
and then multiplied by the total hippocampal volume. Cell
sizes were measured, and an Abercrombie correction was
applied to each case.

Method 4. To define the number of pyramidal cells in
the hippocampus, the total length of the hippocampus
(CA1, CA2, and CA3) was measured in each of the 1-in-5
series of sections through the hippocampus. The total area
of the pyramidal cell layer was calculated by multiplying
the linear distance of the cell layer by the interval between
sections (250 pm). The cells were counted by using a
procedure similar to that described by Abussad et al.
(1999), with the exception that our counting box included
the entire thickness of the section (50 pm). We counted the
total number of pyramidal cells in four fields (two fields
from each of two uniformly selected sections) and esti-
mated the total number of pyramidal cells in the pyrami-
dal cell layer for each hippocampus.

Method 5. The total area of the corpus callosum in the
sagittal plane was estimated by reconstructing this struc-
ture from coronal sections. To estimate numbers of oligo-
dendrocytes, we sampled two uniformly selected regions—
the first immediately above the anterior commissure and
the second in the plane of section with the subfornical
organ. The counting box was 120 X 90 X 50 pm. Total
numbers of oligodendrocytes in all three genotypes were
compared within the corpus callosum.

Photography

All photomicrographs were produced by digital photog-
raphy by using an Optronics Magnafier digital camera
and Magnafier Software (Optronics, Golenta, CA). Then
final figures were constructed by using Adobe Photoshop
version 6.

RESULTS

Brains of CD81 knockout (—/—) mice are larger than
either wild-type (+/+) or heterozygote (+/—) littermates
(Figs. 1, 2B). This difference is not related to any dispro-
portionate enlargement of the cerebral ventricles but is
due to an increase in brain mass. The increase in size is
evident in parasagittal sections through the brainstem
and cerebellum (Fig. 1). The CNS cytoarchitecture in —/—
mice is similar to that of the +/4, with the obvious excep-
tion that structures are consistently larger than those of
either +/+ or +/— mice (Fig. 1). The cortex is also thicker
in the —/— mice (Fig. 3). Previous studies found no obvious
abnormalities in other organ systems within the CD81
—/— mice (Maecker and Levy, 1997; Tsitsikov et al., 1997;
Miyazaki et al., 1997).

Penetrance of the CD81 null mutation

The large brains of —/— mice were characterized ini-
tially in mice that were a mixture of two strains NIHS-
BC/Tac and 129X1/Svd (Fig. 2A). We also observed in-
creased brain size in CD81 —/— mice from an F1 cross
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Fig. 1. Effects of the CD81 null mutation on brain size. A dorsal
view of brains of +/+ littermate (A) and a CD81 —/— mouse (B) is
shown. Notice the dramatic effect of the CD81 —/— mutation on brain
size. The brain of the CD81 —/— mouse weighed 605 mg and was
derived from a 26g female, whereas that of the +/+ mouse weighed
463 mg and was derived from a 46-g male mouse. C,D: Parasagittal
sections through the brainstem and cerebellum. C: A Nissl-stained
section from the wild-type mouse shown in A. D: A similar section
from the littermate with a CD81 —/— mutation shown in B. Notice
that the overall structure is similar and that the cerebellum of the
CD81 —/— brain is considerably larger than that of the +/+ litter-
mate. Both photomicrographs are taken at the same magnification.
Scale bar = 1 mm in D (applies to C,D).

between BALB/cBydJ mice and C57BL/6BydJ mice (Fig. 2A).
On both of these non-inbred backgrounds, there was an
obvious difference between weights of —/— mice and lit-
termates (Fig. 2A). To test the penetrance of the large
brain phenotype, we placed the —/— mutation on two
different inbred backgrounds, C57BL/By6 or BALB/cBydJ
(Fig. 2A). Remarkably, when the —/— mutation was intro-
gressed onto the C57BL/By6dJ background, there was no
detectable difference in brain size. When the —/— muta-
tion was placed on a BALB/cBydJ background, there was a
modest increase in brain size. This important observation
demonstrates that the penetrance of the null allele phe-
notype is dependent on the genetic context. The loss of
phenotype on an inbred strain indicates the presence of
modifier loci that modulate the effects of the CD81 —/—
mutation (Doetschman, 1999).

Analysis of CD81 phenotype

Our detailed analysis of cellular changes that may be
targets of the CD81 —/— mutation (Fig. 2B,D) only in-
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Fig. 2. A: The effects of the CD81 —/— mutation on brain weight in
four different mouse strains. On mice of a mixed background of
NIHS-BC/Tac and 129X1/SvdJ mice (SW/Tac 129, n = 9), the CD81
—/— mutation produces very large brains. On the C57BL/6 back-
ground (C57BI, n = 11), there was no difference in brain size between
the —/—, +/—, or +/+ mice. The CD81 —/— mutation has an effect on
brain size when expressed on a BALB/cBydJ background (BALB/c, n =
9). When the CD81 —/— mutation was expressed on an F1 cross
between BALB/cBydJ mice and C57BL/6 mice (CB6F1, n = 15), the
—/— brains were larger than either the +/— or +/+ brains. The results
from two backgrounds (F1 BALB/cByJ and C57BL/6; and a mixed
background of NIHS-BC/Tac and 129X1/SvJ mice) were combined to
illustrate the effect of the —/— mutation on brain weight (B), body
weight (C), and glial/neuron ratio (D). B: Mean and standard devia-
tion for brain weights (in milligrams) is shown. Brains of CD81 —/—
mice are 20% heavier than those of +/— or +/+ mice. There was no
difference in the brain weights between the +/— and +/+ animals.
This difference in brain weight is statistically significant (P = 0.0001,
Scheffés F test). C: The body weight of the animal is shown. Notice
that there is no significant difference between genotypes. D: The ratio
of glia to neurons in the cerebral cortex is shown. The numbers of glia
and neurons were counted in the cerebral cortex of a coronal section.
There was a significant increase (P = 0.005, Scheffés F test) in the glia
to neuron ratio in the —/— mice relative to their +/— and +/+
littermates.

cludes mice with mixed genetic backgrounds—either a
mixture of NIHS-BC/Tac and 129X1/Svd, or F1 crosses of
BALB/cBydJ mice with C57BL/6ByJ mice. Using these
mice with mixed backgrounds eliminates the potential
influence of recessive interacting loci. The CD81 —/—
mouse brains are, on average, 20% larger than those of
either +/+ or +/— littermates (Fig. 2B). This increase in
brain size is even more impressive when making compar-
isons with other strains of mice. The brain weight of CD81
—/— is higher than that of all mice in an extensive database
documenting brain weights of over 9,000 mice from 230
strains of genetically defined mice (www.nervenet.org/main/
databases.html). No strain had a mean brain weight near
that observed in the CD81 —/— animals. The mean brain
weight of CD81 —/— animals is 570 mg—three standard
deviations higher than that of typical mice. Moreover, no
individual mouse in our database has a brain weight greater
than 600 mg, whereas two CD81 —/— mice have brains
weights over 600 mg. This increase in brain size does not



Fig. 3. The effects of CD81 —/— mutation on the histology of the
brain is illustrated in Nissl-stained sections. A: A photomicrograph
from the cortex of a +/+ littermate. B: The cerebral cortex from a
CD81 —/— mouse is illustrated. The cellular layers in both animals
are similar, but the cortex of the CD81 —/— mouse (B) is thicker than
that of the +/+ littermate. High-magnification photomicrographs
taken from the same cortical region (layer V) are shown for +/+ mice
(C) and —/— mice (D). Scale bar = 500 wm in B (applies to A,B), 100
pm in D (applies to C,D).

correlate with either the body weight (Fig. 2C) or sex. These
data reveal that the brains of CD81 —/— mice are dramati-
cally larger than those of their +/— and +/+ littermates, or
any other strain of mice.

The factors controlling brain size were defined by using
a multiple regression analysis with body weight, sex, ge-
netic background, and genotype as independent variables,
and brain weight as the dependent variable. The only
significant factor controlling brain weight is genotype
(F;3.4 = 9.8; P =0.0003). The difference between —/— and
+/+ is 103 mg, and genotype alone accounts for 65% of all
variance in brain weight in our diverse sample. +/— mice
have a normal brain weight, indicating that the —/— has a
recessive inheritance pattern on all genetic backgrounds.

To define the basis for this increase in brain size, we
estimated the density and numbers of glial cells and neu-
rons (G:N) in Nissl-stained sections. There is a highly
significant increase in the G:N ratio in the neocortex of
—/— animals (1.09 * 0.20, Fig. 2D) compared with +/+
(0.78 = 0.04) and +/— littermates (0.82 = 0.04). Multiple
linear regression using genotype, strain background,
brain weight, body size, and sex as dependent variables
also demonstrates that only genotype is a significant pre-
dictor of the G:N ratio (P = 0.007). We also examined
densities of glial cells and neurons in Nissl-stained sec-
tions. The density of neurons changes dramatically in the
different genotype, with the means being 32.2, 39.3, 40.7
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Fig. 4. The density of neurons (A) and glial cells (B) in the cerebral
cortex is shown for each genotype. There is a significant decrease in
density of neurons in the cerebral cortex (A; P = 0.02, Scheffés F test)
but no significant change in the density of glia between —/— mice and
+/— or +/+ mice (B). The numbers are expressed in cells/field with
each field being 15,950 u2.

neurons/field in —/—, +/—, and +/+ mice, respectively
(Fig. 4A). Multiple linear regression using genotype,
strain background, brain weight, body size, and sex dem-
onstrates that the only significant predictor of neuron
density is brain weight (P = 0.001). The brain weight
accounts for 71% of the variability in neuron density.
Thus, as brains become bigger, the density of neurons
decreases, indicating that the total number of neurons
within the cerebral cortex of the CD81 —/— mice does not
increase proportionately with brain weight. In contrast to
the changes in neuronal density, there is virtually no
change in the density of glial cells within the different
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genotypes. The means from the three groups are 34.5,
32.2, and 31.6 cells/field in —/—, +/—, and +/+ mice,
respectively (Fig. 4B). Thus, there is no change in the
density of glial cells in the larger brains of the CD81 —/—.
The correlate of this finding is that the total number of
glia within the brains from the —/— mice is increased
relative to that in the +/+ mice.

To assess the effects of the null mutation on the relative
densities of neurons and glia throughout the entire brain,
a systematic random sampling of the entire brain was
conducted. The mean G:N ratio for the entire mouse brain
is 1.04 + 0.03 in —/— animals (n = 3) vs. 0.78 * 0.02 in
+/+ animals (n = 3). These data indicate that the number
of glia is increased in the brains of —/— mice, and the
larger brains have a decreased neuronal density tending
to keep the number of neurons constant.

Effects on the hippocampus

The analysis of the brains from the CD81 —/— mice was
extended by examining two well-defined brain structures:
the hippocampus and the corpus callosum. As a first step
in the analysis, the hippocampus from each animal was
reconstructed from Nissl-stained coronal sections to pro-
vide an accurate measure of the hippocampal volume (Fig.
5). This analysis revealed that the hippocampus of —/—
mice on mixture backgrounds (NIHS-BC/Tac and 129X1/
SvdJ) have a greater volume than the wild-type litter-
mates. The volume of the hippocampus increased in CD81
—/— mice of F1 cross from BALB/cByJ mice with C57BL/
6BydJ mice (Fig. 5A). The hippocampus is slightly larger in
the —/— mice when the mutation is placed on the BALB/
cByd background (Fig. 5A). There is no difference in hip-
pocampal volume between the —/— and +/+ mice when
the —/— mutation is expressed on the C57BL/By6 back-
ground (Fig. 5A). This overall pattern in increased hip-
pocampal volume is very similar to that observed in the
changes in brain size (Fig. 2A). The relationship was ex-
amined by plotting total brain weight vs. hippocampal
volume for each animal (Fig. 5B). This reveals a clear
positive correlation between these two measures with a
correlation coefficient of 0.82. Thus, the change in hip-
pocampus volume across all genotypes and strains of mice
mimic change in the total brain weight.

The number of cell types within the hippocampus was
estimated from sections immunostained for astrocytes
(GFAP, Fig. 6; S100, Fig. 7E,F), neurons (NeuN Fig.
7A,B), oligodendrocytes and myelin (RIP, Fig. 7C,D), and
microglia (Macl, Fig. 7G,H). The total number of neurons
within each hippocampus was estimated by measuring the
total linear surface of CAl, CA2, and CA3 of the hip-
pocampus. Neurons were counted in two fields from each
hippocampus. These counts of cells were multiplied by the
total linear surface of the pyramidal cell layer. The results
are shown in Table 1. Notice that there is no significant
difference between the number of neurons in the —/— and
+/+ mice in both the strains counted. Thus, even though
the hippocampus of the —/— mice have a greater volume
than the hippocampus of the +/+ mice, there is no signif-
icant increase in the number of pyramidal cells. If the
volume of the hippocampus has increased and the number
of neurons has not, then there must be an increase in the
territory of the dendrites of the neurons. To address this
specific question, the linear distance from the hippocam-
pal fissure to the alevus was measured in CA1. This dis-
tance was measured in four sections through the hip-
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Fig. 5. The volume of the hippocampus (A) and relationship to
total brain weight (B) is shown. The effects of the CD81 —/— mutation
on hippocampal volume is shown for four different mouse strains
illustrated in Figure 2A. On mice of a mixed background of NTHS-BC/
Tac and 129X1/SvdJ (SW/Tac 129), mice with the CD81 —/— mutation
produce very large hippocampi. When the —/— mutation is expressed
on the C57BL/6 (C57Bl) background, there is no difference in hip-
pocampal volume. The CD81 —/— mutation has an effect on the
hippocampus when expressed on a BALB/cByJ (BALB/c) background.
When the CD81 —/— mutation was expressed on F1 crosses between
BALB/cByJ mice and C57BL/6 (CB6F1) mice, the hippocampi were
larger than either the +/— or +/+ brains were. The brain weight of each
animal was plotted against its hippocampal volume (B). A clear relation-
ship can be observed. Mice with small brains have small hippocampi;
whereas animals with large brains have large hippocampi. The regres-
sion line is shown, and the correlation coefficient was 0.82.



Fig. 6. The distribution of glial fibrillary acidic protein (GFAP)
-positive astrocytes in the hippocampus of CD81 —/— (B) and +/+
mice (A) is shown. All sections were stained in batch, so that each
section was exposed to the same concentration of antibodies. The
overall intensity of GFAP immunoreactivity is considerably higher in
the CD81 —/— animal (B and D). At a higher magnification (C and D)
showing the junction of the dentate gyrus and hippocampus, the
increased number of astrocytes in the —/— mice can be observed (C is
+/+ and D is —/—). C and D are shown at the same magnification.
Scale bars = 1 mm in B (applies to A,B), 200 pm in D (applies to C,D).

pocampus at the level of the habenula, from the —/— and
+/+ mice with mixed backgrounds (mixture of NIHS-BC/
Tac and 129X1/Svd and F1 cross from BALB/cBydJ mice
with C57BL/6BydJ mice). The average distance in the —/—
mice was 571 pm (SD = 37 wm), whereas in the +/+
littermates, the average distance was 531 pm (SD = 35
pm). The —/— mice had a 7.5% increase in the thickness of
CA1 relative to the normal littermates. This increase was
a significant difference (P < 0.01; Student ¢ test). Thus,
the increase in volume of the hippocampus and the thick-
ness of the hippocampus allows room for a greater expanse
of the pyramidal cell dendritic fields in the —/— mice.

When we estimated the total number of astrocytes
within the hippocampus, there was a distinct increase in
the number of astrocytes in the hippocampus of the CD81
—/— mice compared with their +/+ littermates (Table 1).
This increase in astrocyte number was observed in sec-
tions stained for GFAP (Fig. 6) as well as sections stained
for S-100 (Fig. 7E,F). Thus, there is a significant increase
in the number of astrocytes within the hippocampus of the
CD81 —/— mice relative to their +/+ littermates. This
increase is observed in both the CB6F1 mice and SW/
Tac129 mice. The number of GFAP-positive cells in the
hippocampus of the CD81 —/— animals is significantly
higher (P = 0.01 level, Scheffé F test), with an average
increase of 64%. Counts of S-100—positive cells revealed
an average increase of 38% in the CD81 —/— mice (P <
0.001, Scheffé F test). Finally, counts of S-100—positive
astrocytes in the cerebral cortex showed a 47% increase in
the number of S-100 astrocytes in the animals with a
CD81 —/— mutation (data not shown). Thus, in the CD81
—/— mice, there is an increase in the number of astrocytes.
This increase in astrocyte number is not associated with
an increase in cell body size (Table 2).
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Fig. 7. Sections through the hippocampus from —/— (B,D,F,H) and
+/+ (A,C,E,G) mice were stained with antibodies directed against
NeuN (A,B), RIP (C,D), S-100 (E,F), and Macl(G,H). The insert in F
is a high magnification of a single S-100 stained hippocampal astro-
cyte. The insert in H illustrates a single Mac-1-positive microglia.
Scale bar = 250 pm in H (applies A—H).

CDS81 and microglial number

There is also an increase in the total number of micro-
glia within the hippocampus of the CD81 —/— mice com-
pared with +/+ littermates (Table 1). To quantify the
microglia, sections were stained with a monoclonal anti-
body directed against Mac-1 (CD11b). This antibody rec-
ognized microglia in CB6F1 mice; however, no cells were
stained in the SW/Tac129 mice. When estimates were
made for the total number of microglia within the hip-
pocampus, we observed a 58% increase in the number of
microglia (P = 0.001 level, Scheffé F test).

CDS81 and oligodendrocyte number

The final cell type to be examined was the oligodendro-
cyte. In sections stained for RIP, the myeloarchitecture of
the CD81 —/— brains is in general similar to that observed
in the CD81 +/+ animals (Fig. 7C,D). The RIP antibody
stains both myelin and oligodendrocyte cell bodies. When
the sections were examined to count the number of oligo-
dendrocytes, the cell body labeling was obscured by the
immunolabeled myelin. Thus, we turned to Nissl-stained
sections and the corpus callosum to evaluate potential
changes in the overall number of oligodendrocytes. The
corpus callosum is an especially well-defined white matter
tract. The initial step of our analysis was to reconstruct
the cross-sectional area in the sagittal plane of the corpus
callosum from coronal sections. For the analysis of the
corpus callosum, we examined the CB6F1 mice. Despite a
very appreciable difference in brain weight, there was no
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TABLE 1. Effects of CD81 —/— on Different Cell Types in the Two Strains of Mice, CB6F1 and Sw/r,..129*
Cell type
Strain Neurons/hippocampus S-100/hippocampus GFAP/hippocampus Microglia/hippocampus
CB6F1 —/— 174000 = 38000 63000 = 9000 70000 * 14000 65000 + 9000
CB6F1 +/+ 182000 + 34000 38000 = 9000 42000 = 18000 38000 + 9000

SWimae. 129 —/—
SwW/pae. 129 +/+

172000 = 10000
181000 = 23000

70000 = 8000
44000 = 4000

75000 = 9000 *
52000 = 9000 *

1The numbers were derived from counts using stereologic methods and from calculations based on total length, area, and volume of the hippocampus. There was no significant
difference in neuronal numbers between the CD81 —/— and the CD81 +/+ mice. There were significant increases (P < 0.01, Student’s ¢ test) in the number of S-100—positive cells,
GFAP-positive astrocytes, and Mac-1-positive microglia. Asterisks indicate that no data were available. GFAP, glial fibrillary acidic protein.

difference in the cross-sectional area between the —/— and
+/+ mice. The mean for the CD81 —/— animals (n = 4)
was 886,000 um? (SD = 111,000 pm?); whereas in the
wild-type mice (n = 6) was 814,000 um? (SD = 66,800
wm?). To define the number of oligodendrocytes within the
corpus callosum, we counted the number of oligodendro-
cytes within two identified regions (above the anterior
commissure and above the subfornical organ). These
counts were used in combination with the cross-sectional
area to calculate the total number of oligodendrocytes
within a single sagittal section of the corpus callosum. In
the CD81 —/— mice, the mean number of oligodendrocytes
was 5,080 cells (SD = 1,160), and for the +/+ mice, the
mean was 5,430 (SD = 1,250). Thus, there is no increased
size in the cross-sectional area of the corpus callosum, and
there is no significant increase in the number of oligoden-
drocytes within the corpus callosum. These data reveal
that oligodendrocyte number, unlike that of astrocytes, is
not affected by the CD81 —/— mutation. This issue will be
considered in detail in the Discussion section.

CDS81 is not an imprinted gene

One issue specifically related to CD81 is the potential
for imprinting. The portion of chromosome 7 in which
CD81 is located in the mouse contains many imprinted
genes (Williams et al., 1998) where only one allele is
transcribed. In most cases, the promoter of the mother’s
copy is inactivated by methylation. To examine the possi-
ble role of imprinting, we looked at litters in which the
mother and father were CD81 +/—. There were no cases in
which the +/— offspring had brains as large as the CD81
—/— littermates, indicating that at least one wild-type
allele of CD81 was being expressed in every +/— animal.
If the normal copy of CD81 from the mother was imprinted
(inactivated by methylation of the promoter), then one
would expect that animals receiving the null mutation
from the father and an imprinted normal copy from the
mother would have a +/— genotype and a big brain phe-
notype. In addition, we had litters where the mother was
either +/+ or +/—, and in all cases, there were no +/—
littermates with brains as large as the CD81 —/— animals.
Thus, in the CD81 transgenic animals, this potential for
imprinting does not appear to affect the brain size.

DISCUSSION
Effects of genetic background

In the present study, genetic background had a pro-
found effect on the big brain phenotype of the CD81 —/—
mice. A dramatic increase in brain size was observed in
the CD81 —/— mice when the mutation was placed on a
non-inbred background of 129/SvJ and NIHS-BC/Tac. In

TABLE 2. Effects of CD81 —/— on Cell Size in the Two Strains of Mice,
CB6F1 and Swi/r,..1291

Cell diameters in hippocampus

Strain Neurons S-100 GFAP Microglia
CB6F1 —/— 8.90 = .50 12.10 = .20 10.90 = .30 9.20 = .20
CB6F1 +/+ 8.90 = .20 11.50 = .20 10.90 = .60 8.90 = .20
SwWitge.129 —/— 10.80 = 1.00 10.90 = .30 12.10 = .20 *
SW/pae.129 +/+ 10.90 = .70 10.90 = .60 11.50 = .20 *

IThe numbers were derived from measuring 25 immunostained cells from each animal
in the database. There was no significant difference (using a Student’s ¢ test, P < 0.05)
in the volume of any nucleus or cell body measured (neuron, S-100—positive cells,
GFAP-positive astrocytes, and Mac-1-positive microglia) between the CD81 —/— and
the CD81 +/+ mice. Thus, the CD81 —/— mutation does not affect cell body size
significantly. Asterisks indicate that no data were available. GFAP, glial fibrillary
acidic protein.

contrast, no difference in brain size was found between
CD81 —/— and CD81 +/+ when the mutation was placed
on C57BL/6BydJ mice. As with other well-documented mu-
tations (for reviews see, Doetschman 1999; Lariviere et
al., 2001; Linder, 2001), the genetic background of a
mouse can have profound effects on the big brain (CD81
—/—) phenotype. On the C57BL/6Byd background, there
was no increase in brain size in the CD81 —/— mice
compared with the +/+ littermates, although a modest
increase in brain weight was observed on the BALB/cBydJ
background. One potential explanation for these back-
ground effects is the presence of interacting genetic mod-
ifier loci (Doetschman, 1999). If interacting loci are
present in inbred strains, then one test for these interact-
ing loci is to cross two different inbred strains, making an
animal that is heterozygous at all loci. CD81 +/— BALB/
cByJ mice were crossed with CD81 +/— C57BL/6Byd
mice. In these F1 crosses, the brains of the CD81 —/— mice
were significantly heavier than either the +/— or +/+
littermates. Thus, in the CD81 —/— mice, genetic back-
ground can affect the big brain phenotype and there ap-
pears to be loci that are interacting with the CD81 —/—
mutation. Future experiments will aid in defining the
nature of the interacting loci.

CDS81 regulates astrocyte number

As previously noted, the supportive cells of the CNS
express CD81. In developing mice, glial cell production
peaks approximately 10 days postpartum, and during the
second postnatal week, glial cells exit the cell cycle to form
a relatively stable cell population (Caviness, 1982). Based
on our previous studies (Geisert et al., 1996; Sullivan and
Geisert, 1998), CD81 appears to play a role in this down-
regulation, because (1) antibodies directed against this
protein block cell cycle progression in cultured astrocytes,
and (2) the levels of this protein increase as the mitotic
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activity of the astrocytes decreases. In the CD81 —/— mice
with large brains, there is an increase in the number of
astrocytes. Our laboratory has demonstrated that anti-
bodies directed against CD81 can regulate the growth of
astrocytes (Geisert et al., 1996). In the mice with non-
inbred backgrounds, there was an average increase of 43%
in the number of astrocytes (S-100—positive cells and
GFAP-positive cells). Taken together, these data demon-
strate that CD81 contributes to the molecular mechanism
controlling the final number of astrocytes in the adult
rodent brain.

There are two potential mechanisms that may explain
the increased number of astrocytes in the brains of CD81
—/— mice. The first is decreased cell death. There is evi-
dence that glial cells undergo apoptosis early in develop-
ment before the second postnatal week (Soriano et al.,
1993; Krueger et al., 1995). However, this seems an un-
likely mechanism in CD81 —/— mice, for CD81 expression
levels are very low before the second postnatal week (Sul-
livan and Geisert, 1998). The second possible mechanism
is an increase in astrocyte cell proliferation. The down-
regulation of glial cell mitotic activity that occurs during
early postnatal development correlates with the increase
in CD81 expression (Sullivan and Geisert, 1998). During
the second postnatal week, CD81 is dramatically up-
regulated, increasing from 15% of adult levels at P7 to
70% of adult levels at P14 (Sullivan and Geisert, 1998).
Thus, astrocytes express CD81 specifically at the stage at
which they down-regulate their mitotic activity. Although
the CD81 —/— mutation may affect glial apoptosis, we
think it is more likely that CD81 is directly involved in
down-regulating astrocyte proliferation during the second
postnatal week of development.

CDS81 regulates microglia number

In addition to observing an increase in the number of
astrocytes in the CD81 —/— brains, there was an increase
in the number of microglia. An earlier study demonstrated
that antibodies directed against CD81 can regulate the
growth of microglia (Dijkstra et al., 2001). The microglial
cells increase in number in animals with a CD81 null
mutation (Table 1). In the mice with non-inbred back-
grounds, the number of microglia increased by 50% for the
total hippocampus. The increase in number of microglia
parallels the increase observed for astrocytes. The in-
crease in cell types appears to account for most of the
change in the CD81 —/— mice; however, we cannot rule
out the potential contribution of dendrites or axons to the
overall increase in brain mass.

CDS81 does not affect oligodendrocyte
number

The final glial cell type examined was the oligodendro-
cyte. The corpus callosum was chosen to define the poten-
tial changes in oligodendrocyte cell number, for it is a
well-delineated structure. This choice allowed for the se-
rial reconstruction of the callosum from coronal sections to
provide an accurate estimate of its cross-sectional area.
When the cross-sectional area of the corpus callosum from
the CD81 —/— mice was compared with that of CD81 +/+
littermates, there was no significant difference between
groups, indicating that the area of this white matter path-
way was not altered by the CD81 null mutation. Further-
more, systematic measurements demonstrate no differ-
ence in the density of oligodendrocytes within the corpus
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callosum between the CD81 —/— mice and their +/+ lit-
termates. If the area of the corpus callosum for each ani-
mal is multiplied by the density of oligodendrocytes, there
is no difference between the CD81 —/— mice and their
wild-type littermates. Thus, the CD81 null mutation does
not appear to alter the number of oligodendrocytes in the
mature mouse brain. The lack of effect of the CD81 null
mutation on oligodendrocyte cell number may be directly
attributed to its developmental history. We know that
cultured oligodendrocytes express CD81 (Geisert et al.,
1996) and that it is found in isolated CNS myelin (Sullivan
and Geisert, 1998). If this is the case, then why is there no
effect on cell number in the CD81 —/— mice? CD81 may be
playing a different role in oligodendrocytes than it plays in
astrocytes. As with many members of the tetraspanin
family, CD81 can form different molecular complexes that
are cell-type specific and functionally distinct. In tissue
culture, once oligodendrocytes differentiate, they exit the
cell cycle (Gard and Pfeiffer, 1989; Hardy and Reynolds,
1991). These differentiated oligodendrocytes express high
levels of CD81 (Sullivan and Geisert, 1998). If the same is
true in vivo, then once the oligodendrocyte phenotype is
determined, the cell would no longer be proliferating and
its cell cycle would not be affected by a CD81 mechanism.
Thus, the number of oligodendrocytes would not be af-
fected by a null mutation of CD81. Finally, the cellular
control of oligodendrocyte cell number is well defined and
is dependent on contact with developing axons (Burne et
al., 1996; Barres and Raff, 1999). During gliogenesis,
there is an overproduction of oligodendrocytes. The cells
that do not make appropriate contact with axons, forming
myelin sheaths, die by apoptosis. Thus, neuron number
regulates oligodendrocyte cell number. In the case of the
CD81 —/— mice, there is no detectable change in neuron
number. If the number of axons that are myelinated de-
termines the final number of oligodendrocytes, then in the
CD81 —/— mice, one would expect to see no change in the
number of oligodendrocytes relative to the wild-type lit-
termates.

Controlling astrocyte number in
development

Several different cellular interactions may contribute to
the control of the astrocyte cell cycle in the developing
brain. Glial cells are known to interact with neurons and
with each other. When neurons contact developing astro-
cytes, the cells exit the cell cycle (Hatten, 1985). This
down-regulation of glial proliferation appears to be asso-
ciated with a variety of molecular mechanisms. In the
cerebellum, the exit of astrocytes from the cell cycle is
controlled by the neuronal protein astrotactin (Zheng et
al., 1996). Others (Sporns et al., 1995; Amoureux et al.,
2000) have shown that N-CAM plays a role in regulating
glial proliferation, and N-CAM on neurons can interact
with N-CAM on glial cells. Recently, an additional mech-
anism involving astrocytic CD81 was described (Kelic et
al., 2001). The interaction of CD81 on the surface of cul-
tured astrocytes with neurons added to the culture system
is also involved in neurons-induced inhibition of astro-
cytes proliferation. (Kelic et al., 2001). Glial-glial interac-
tions are also known to regulate glial cell cycle. As cul-
tures of glial cells become confluent, they down-regulate
their own mitotic activity. One molecule that may be di-
rectly involved in the astrocyte—astrocyte interaction is
N-CAM. N-CAM, expressed by cultured astrocytes, inhib-
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its the mitotic activity of adjacent astrocytes (Sporns et
al., 1995). In cultured astrocytes, CD81 also plays a direct
role in regulating glial mitotic activity (Geisert et al.,
1996). This tetraspanin concentrates at regions of glial—
glial cell contact, and antibodies directed against this pro-
tein depress the mitotic activity of cultured glial cells
(Geisert et al., 1996). The evidence reveals that CD81 is
uniquely placed to affect the glial cell cycle, potentially
interacting with the different cellular components of the
developing brain.
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