Although membrane tension at the site of
ridge contact can only be estimated, calcula-
tions (12) indicate that the germlings can
experience tensions similar to those in patch-
es, provided that signal transduction is lim-
ited to a small area such as a small portion of
the cell apex. One might suspect that ridges
<0.2 or >0.8 um in height are noninduc-
tive for different reasons: too few MS chan-
nels may be affected, or contact may be
made with an area in which the wall has
already polymerized, respectively.
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Depletion of CD4* T Cells in Major
Histocompatibility Complex Class II-Deficient Mice

MicHAEL J. GRUSBY, RANDALL S. JOHNSON,
VIrRGINIA E. ParatoaANNOU, LAURIE H. GLIMCHER*

The maturation of T cells in the thymus is dependent on-the expression of major
histocompatibility complex (MHC) molecules. By disruption of the MHC class IT {1“;
gene in embryonic stem cells, mice were generated that lack cell surface expression of
class TI molecules. These MHC class II-deficient mice were depleted of mature CD4*
T cells and were deficient in cell-mediated immune responses. These results provide
genetic evidence that class II molecules are required for the maturation and function

of mature CD4* T cells.

HE NORMAL DEVELOPMENT OF MA-

ture CD4" T lymphocytes requires

their interaction with MHC-encod-
ed elass IT molecules in the thymus (1-6).
These polymorphic molecules are present on
thymic cortical epithelial cells, and their
engagement with the ap T cell receptor on
immature thymocytes is thought to result in
the positive selection of CD4* T cells and
their ultimate export to the periphery (4-7).
Gene targeting (8) is a method by which
specific genes can be altered in embryonic
stem (ES) cells regardless of their expression
(9) and’subsequently passed through the
germ line (10-17). We have used this tech-
nique to generate mice that are devoid of cell
surface expression of MHC class IT mole-
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cules by introducing a loss of function mu-
‘tation into the A gene (18) in ES-D3 cells.
ES-D3 cells ar¢ derived from mice of the
H-2° haplotype (19) and thus harbor a
deletion in their ES gene that prevents the
expression of I-E molecules on the surface of
class II expressing cells (20). Disruption of
the A gene in ES-D3 cells would similarly
prevent the cell surface expression of I-A
molecules on class II expressing cells. There-
fore, mice of this genotype should be defi-
cient in the cell surface expression of both
I-E and I:A class I MHC molecules.

The targeting vector (Fig. 14) incorpo-
rates the neomycin resistance (neo”) gene
into the second exon of the Af gene, con-
tains 5.4 kb of homologous flanking se-
quence, and contains the herpes simplex
virus (HSV-1) thymidine kinase (tk) gene,
allowing positive-negative selection of trans-
fectants (21). Of the 2 x 10”7 ES-D3 cells
transfected with this construct, 720 colonies
were G418" (calculated from control plates),
whereas 143 were resistant to both G418
and gancyclovir. Of these 143 colonies, 86
were screened by Southern (DNA) blot
analysis and four clones contained a disrupt-
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ed A} gene. One clone containing a disrupt-
ed AR gene was injected into C57BL/6]
blastocysts. Fifteen mice were born out of
39 embryos transferred to recipients that
became pregnant. Of these 15 animals, sev-
en males and one female were chimeric. Two
males out of the three test bred transmitted
the ES cell genotype, one to <1% and the
other to 28% of their offspring. Half of the
progeny carried the disrupted Aj allele as
determined by Southern blot analysis of
DNA obtained from tail biopsies. Hetero-
zygous offspring were then mated to yield
(129/Sv x C57BL/6])F, animals, some of
which were homozygous for the disrupted
A} allele (Fig. 1B). The F, animals were
raised under germ-free conditions and ap-

Fig. 1. Gene targeting of the A gene and germ
line transmission of the disrupted allele. (A) A
schematic of the gene targeting construct used for
disruption of the Ag gene is shown above the
endogenous Af gene. Black boxes represent ex-
ons, and restriction enzyme sites are as indicated.
A 5.4-kb Eco RI-Xho I fragment of the A} gene
encompassing the first four exons was subcloned
into a pBluescript SK (+) vector into which a
3.4-kb Bam HI fragment of HSV-1 containing
the tk gene was previously blunt-cloned into the
Nae I site (9). The unique Bst EII restriction
enzyme site in the second exon of the A gene
was changed to a Sal I site with linkers and the
1.1-kb Xho I-Sal I fragment of pMClneo-poly A
(Stratagene) containing the neo” gene was inserted
into this site. ES-D3 cells (2 X 107) in 0.8 ml of

peared healthy. The animals used for the
experiments described were between 5 and 6
weeks of age.

To assess the effect of this mutation on
MHC class II expression, we examined fro-
zen sections of thymus from wild-type (+/
+) or mutant (—/—) animals by immuno-
histochemistry ~using the  Ag-specific
monoclonal antibody (MAb) 25-9-17.
Wild-type thymic sections had a characteris-
tic reticular pattern of staining in the cortex
with a more uniform staining in the medulla
(Fig. 2A). In contrast, thymic sections from
animals homozygous for the disrupted A§
allele had no specific staining either in the

cortical or medullary regions (Fig. 2B), as .

similar background staining was seen with

A
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1
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1 1kb 2
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PBS were transfected with Not I linearized DNA (20 pg) with a Bio-Rad Gene Pulser (25 wF/0.35 kV)
and plated in ten 150-mm petri dishes in media (Dulbecco’s minimum essential medium with 20% fetal
calf seram, 2 mM glutamine, 0.1 mM nonessential amino acids, and 0.1 mM 2-mercaptoethanol)
supplemented with leukemia inhibitory factor—containing supernatants. Media with Geneticin (150
pg/ml; Gibco) and gancyclovir (2 pM; Syntex, Palo Alto, California) was added 24 hours after

transfection and drug selection continued for 9 days. Genomic DNA was p!

repared from individual

colonies and analyzed by Southern blot with the indicated probes. Probe 1 is a 690-bp Bgl II-Eco RI
fragment that hybridizes to a 6.3-kb Nco I fragment of the endogenous Ag gene and to a 3.8-kb
fragment of the disrupted allele resulting from homologous recombination with the depicted targeting
construct (22). Probe 2 is a 705-bp Xho I-Eco RI fragment that hybridizes to a 6.4-kb Eco RI fragment
of the endogenous Af gene and 5.2-kb fragment of the disrupted allele. (B) Southern blot analysis of

tail DNA from several animals in a litter derived from a h

pair results in the

mating
identification of animals that are homozygous wild type (+/+), heterozygous (+/—), or homozygous

for the disrupted A} allele (—/—). DNA was digested

with Eco RI and hybridized with probe 2.

Restriction sites are Eco RI (E), Nco I (N), StuI (S), and Xho I (X).
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Fig. 2. Inmunohistochemistry of thymic sections
from class II-deficient mice. Frozen sections (6
pm) of thymus from (A) wild-type (+/+) and (B)
mutant (—/—) mice were hydrated in 0.05 M
tris-HCl, pH 7.5, for 5 min and then blocked
with 3% horse serum for 15 min. Sections were
incubated with purified A} specific MAb 25-9-17
(diluted in horse serum) for 60 min, then with
biotinylated horse antibody to mouse IgG and
avidin-horseradish xidase as described by the
manufacturer (Vectastain Elite ABC kit, Vector
Laboratories). Stained sections were developed
with 3,3'-diaminobenzidine as chromogen for 4
min. Thymic sections from wild-type (+/+) mice
showed a reticular pattern of staining in the cortex
with the AZ-specific MAb characteristic of cortical
epithelial cells. This staining is absent on thymic
sections from class II-deficient (—/—) animals.
Thymic sections from class II-deficient animals
had even lower background staining with immu-
noperoxidase than do thymic sections from CBA/J
animals of the H-2* haplotype (22).

the 25-9-17 MAD on thymic sections from a
mouse of the H-2* haplotype (22). Further-
more, flow cytometric analysis of lympho-
cytes from spleen and lymph nodes with
MADs to A§ (25-9-17 and 34-5-3) and A3,
(3JP and 1E9) showed an absence of I-A
antigens on lymphoid cells in the periphery
of animals homozygous for the disrupted Ag
allele (Fig. 3, C and D). Although these
H-2® animals do not express class II I-E
antigens due to a deletion in their EZ gene
(20), it was formally possible that expression
of the functional E} and A% genes could
result in the mixed isotypic molecule EZAZS
on the cell surface. Flow cytometric analysis
of lymphoid cells with either A3-specific
MAbs (Fig. 3, C and D) or the Eg-specific
MAD Y17 (22) did not detect this mixed
isotypic molecule. Although we cannot rule
out the possibility that these antibodies,
generated against the ASAS or E§E2 mole-
cule, do not recognize the EFAY, molecule,
this mixed isotypic pair has not been ob-
served at the cell surface of bulk transfected
L cells (23). Flow cytometric analysis with
MADbs to the class I K® molecule and immu-
noglobulin M indicated normal levels of
these surface markers on cells from the
spleen, thymus, and lymph nodes of class
II-deficient animals (22).

Neonatal treatment of mice with antibod-
ies specific for class IT molecules arrests the
development of CD4* T cells in the thymus
(1). We, therefore, examined the composi-
tion of thymocyte subsets in class II-defi-
cient animals. Two-color flow cytometric
analysis of thymocyte subsets in mutant
mice revealed a reduction in the number of
single positive CD4* cells in the thymus
(0.6% versus 9.9% in control animals) (Fig.
4A). In contrast, the number of double
positive CD4*CD8™ cells in mutant mice is
equivalent to that seen in control animals.
These results imply that the expression of
CD4 during T cell maturation in the thymus
does not require the presence of I-A and I-E
class IT molecules, but that progression from
the double-positive CD4*CD8* stage to
the single-positive CD4* stage does.

Examination of single-positive CD8* T
cells in the thymus and periphery of class
II-deficient animals shows elevated num-
bers of these cells relative to control litter-
mates (Fig. 4, A and B). It is possible that
the CD8* T cell population expands be-
cause of the deficit of CD4™ cells. However,
B,-microglobulin (MHC class I)-deficient
mice that lack CD8* T cells do not have
elevated numbers of CD4* cells (24, 25).
The number of single positive CD4™ cells in
the periphery of class II-deficient mice is
reduced in comparison to control littermates
(Fig. 4B). In contrast to the thymus, how-
ever, there are detectable numbers of CD4*
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cells in the periphery (3.2%). Although the
nature of this population is unclear, it is
possible that these cells represent either class
I-restricted CD4™" T cells, CD4* y3 T cell
receptor—bearing T cells, or CD4* natural
killer-like cells. Another possibility is that
this small population of CD4™" cells is re-
stricted to a novel MHC class II molecule,
H-20, whose distribution in the thymus
and periphery differs from classical MHC
class II antigens (26).

In order to determine the functional con-
sequences of MHC class II deficiency, we
examined animals for their ability to mount

from control and mutant animals immu-
nized with trinitrophenol (TNP)-conjugat-
ed ovalbumin were assayed by enzyme-
linked immunosorbent assay (ELISA) to
determine the isotype profile of TNP-specif-
ic antibody produced (Table 1). Although
control animals produced immunoglobulins
(Ig) IgG,, IgG2,, IgG2,, and IgG; specific
for TNP 12 days after immunization, class
II-deficient animals did not make immuno-
globulins of these isotypes. In contrast, both
control and mutant animals produced IgM
TNP-specific antibodies, with consistently

higher titers (even in preimmune sera) in

an antigen-specific antibody response. Sera mutant animals than in control littermates.

Table 1. ELISA analysis of TNP-specific antibody in class II-deficient animals. Animals were
immunized with TNP-OVA (300 pg in complete Freund’s adjuvant) and bled 12 days after
immunization. Dilutions (Diln) of sera were analyzed by ELISA with alkaline phosphatase-
conjugated isotype-specific reagents (Southern Biotechnology Associates). Absorbance at 405 nm is
given. The data shown are from one control and one mutant animal and are representative of three
experiments.

IgM IgG, IgGy, IgGy, IgG,
Diln -
Pre Post Pre  Post DPre Post Pre Post Pre Post
Control serum
1:100 0.094 0.116 0.010 0.642 0.064 0.784 0.040 0.775 0.006 0.132
1:1000 0.012 0.014 0.033 0.168 0.028 0.150 0.007 0.070 0.002 <0.001
1:10,000 0.018 <0.001 0.050 0.012 0.023 0.007 0.002 0.005 0.001 <0.001
Mutant serum
1:100 0.338 0.480 0.028 0.034 0.033 0.040 0.003 <0.001 0.014 0.027
1:1000 0.042 0.020 0.016 0.018 0.010 ° 0.008 <0.001 <0.001 0.012 <0.001
1:10,000 <0.001 <0.001 0.043 0.002 0.001 <0.001 <0.001 <0.001 0.014 <0.001
Wild-type (+/+) Mutant (/=)
Spleen
A c
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Fig. 3. Flow cytometric analysis of MHC class II expression in the periphery. of class II-deficient
animals. Single-cell suspensions were prepared from spleens and lymph nodes of (A and B) wild-type
(+/+) or (C and D) mutant (—/—) animals and 1.5 X 10° cells were stained with hybridoma
supernatant containing class II-specific antibodies. MAbs were 25-9-17 and 34-5-3 (A§), and 3)P and
1E9 (AL). Cells were washed once in Hanks basic salt solution, 3% fetal calf serum, and 0.1% NaN;,
and then incubated with fluorescein-conjugated F(ab’), fragment of goat antibody to mouse IgG
(y-chain-specific) (Cappel). Cells were then washed, fixed in 2% paraformaldehyde, and analyzed by
flow cytometry on a Coulter 752 (Coulter Electronics). Control shows background staining obtained
with the secondary reagent alone. Flow cytometric analysis was performed three separate times with one
wild-type and one mutant animal, each time yielding essentially identical results. 1, 25-9-17 MAb; 2,
34-5-3 MAb; 3, 1E9 MADb; and 4, 3JP MAb.
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Fig. 4. Flow cytometric analysis of lymphocyte
subsets in class II-deficient animals. Single cell
suspensions were prepared from thymus (A) and
lymph nodes (B) of control (+/—) or mutant
(—/-) animals and analyzed as in Fig. 3 except
that a FACScan (Becton Dickenson) flow cytom-
eter was used. Fluorescein-conjugated anti-CD4
and phycoerythrin-conjugated anti-CD8 were
from Pharmingen. Flow cytometric analysis was
performed four separate times with one control
(4+/4+ or +/-) and one mutant (—/—) animal each
time yielding essentially identical results. Number
of events counted: lymph node, 25,000; thymus,
50,000.

That the T cell compartment in mutant
animals is not completely anergic to stimu-
lation could be demonstrated by the equiv-
alent proliferative responses exhibited by
these cells to stimulation with CD3 anti-
body or concanavalin A as compared to
lymphocytes from control animals (22).
‘These results are consistent with the notion
that class switching from IgM to IgG iso-
types requires cognate interactions between
CD4* T cells and antigen-specific B cells.
Because these mutant animals are both defi-
cient for class II expression and depleted of
CD4* cells, additional studies will be re-
quired to determine the contribution of each
of these defects to the failure to undergo
isotype switching. Finally, preliminary stud-
ies suggest that the ability of class II-defi-
cient animals to reject allografts is signifi-
cantly impaired, as minor histocompatibility
complex disparate grafts survive approxi-
mately three times longer on mutant animals
relative to control animals (27).

In summary, we have used gene targeting
in ES cells to generate mutant mice that are
deficient in cell surface expression of MHC
class IT molecules. Our data provide genetic
evidence for the essential role of these mol-
ecules in the development and function of
CD4* T cells. These class II-deficient ani-
mals do have small numbers of CD4* T cells
in their spleen and lymph nodes, and the
phenotype of these cells will require further
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examination. Finally, these animals will
serve as useful recipients for the reintroduc-
tion of class II molecules targeted to specific
locations in order to better understand the
role of these proteins in various autoim-
mune phenomena.
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Excitatory Synaptic Responses Mediated by GABA,
Receptors in the Hippocampus

HirLary B. MicHELSON AND ROBERT K. S. WoNG

Gamma-aminobutyric acid (GABA) is a major inhibitory neurotransmitter in the
cortex. Activation of postsynaptic GABA, receptors hyperpolarizes cells and inhibits
neuronal activity. Synaptic responses mediated by GABA, receptors also strongly
excited hippocampal neurons. This excitatory response was recorded in morphologi-
cally identified interneurons in the presence of 4-aminopyridine or after elevation of
extracellular potassium concentrations. The synaptic excitation sustained by GABA,
receptors synchronized the activity of inhibitory interneurons. This synchronized
discharge of interneurons in turn elicited large-amplitude inhibitory postsynaptic
potentials in pyramidal and granule cells. Excitatory synaptic responses mediated by
GABA, receptors may thus provide a mechanism for the recruitment of GABAergic
interneurons through their recurrent connections.

TUDIES OF THE CELLULAR AND CIR-

cuit properties of the hippocampus

have focused primarily on the output
excitatory neurons, the pyramidal cells. In-
hibitory GABAergic interneurons are the
other major cell type in the hippocampus
(1). The features of these inhibitory cells are
not as well characterized as those of the
pyramidal cells, presumably because it is
difficult to obtain intracellular recordings
from these sparsely distributed elements (2).
During normal activity, interneurons are
activated by afferent fibers (feedforward in-
hibition) (3) and by recurrent axons of

Department of Pharmacology, State University of New
York, Health Science Center, Brooklyn, NY 11203.
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pyramidal cells (feedback inhibition) (4).
Excitation through these pathways is medi-
ated by glutamatergic synapses. However,
recent studies in the cortex (5) suggest that
another mechanism, independent of gluta-
matergic transmission, may be involved in
the synchronization of GABAergic interneu-
rons.

We investigated the glutamate-indepen-
dent recruitment of interneurons by record-
ing intracellularly from pyramidal cells and
interneurons in the hippocampal slice (6). In
the presence of the convulsant compound
4-aminopyridine (4-AP) (50 to 100 uM)
and excitatory amino acid (EEA) receptor
blockers (7) [3-(2+«carboxypiperazin-4-yl)pro-
pyl-1-phosphonic acid (CPP), 10 to 30 uM,

and 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), 10 pM], rhythmic, synchronized
inhibitory postsynaptic potendals (IPSPs) (7 to
15 mV peak amplitude; up to 900 ms in
duration) occurred in pyramidal and granule
cells. These events occurred at frequencies
ranging from 0.1 to 0.3 Hz (8).

To explore the origin of the synchronized
IPSPs, we obtained intracellular recordings
from GABAergic interneurons. The hilar
region of the dentate gyrus is particularly
suitable for such a study. A dense popula-
tion of GABAergic interneurons is located
in an identifiable site that is distinct from the
granule-cell layer and devoid of granule-cell
dendrites (9). In the presence of 4-AP and
EAA receptor blockers, intracellular record-
ings obtained from electrodes placed in stra-
tum pyramidale or within the granule cell
layer consistently revealed spontaneous, syn-
chronized IPSPs. In contrast, in a large
proportion of intracellular recordings
(80%) from neurons within a specific region
of the hilus (see Fig. 1), we saw spontane-
ous, rhythmic bursts of action potentials.
Simultaneous recordings indicated that
bursts in these hilar cells occurred simulta-
neously with synchronized IPSPs in princi-
pal (pyramidal and granule) cells (Fig. 1A).
Recordings from pairs of hilar cells demon-
strated that burst firing occurred simultane-
ously in these neurons (Fig. 1A). Thus, we
named the depolarizing events in hilar cells
synchronized bursts.

Spontaneous synchronized bursts in hilar
interneurons and’ corresponding synchro-
nized IPSPs were also recorded in the pres-
ence of EAA receptor blockers when the
extracellular-  potassium  concentration
([K*]o) was raised from 5 to 12 mM (10)
(Fig. 1B). Synchronized events recorded in
the high [K*], condition occurred sporad-
ically. However, they could be triggered
consistently by electrical stimulation applied
at frequencies lower than 0.2 Hz (see be-
low).

We visualized hilar neurons that had the
above described electrophysiological prop-
erties. Recording electrodes containing the
fluorescent dye Lucifer yellow (LY) were
used, and cells of interest werefilled with the
dye (6). Eleven bursting hilar cells were
filled with LY (Fig. 1C). All of the filled cells
were nonpyramidal and sharéd some com-
mon morphological features. The somata of
these cells were typically ovoid in shape,
with dendrites preferentially extending in a
plane parallel to the granule cell layer. The
shape of these cells resembled that of hori-
zontal cells. Horizontal-type cells in the hilar
region are positively stained by antibodies to
glutamic acid decarboxylase, the synthetic
enzyme for GABA, suggesting that they are
GABAergic neurons (11).
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