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Assessing calcineurin's role in immunosuppression and neurotoxicity.

Related Applications

This is a Continuation-In-Part application of United
States S.N. 08/433,162, filed 03 May 1995, the teachings of
which are incorporated herein by reference in its entirety.

Government Funding

This invention was made with Government support under
NIH Grant Nos. AG08084 and AG09665 awarded by the National
Institutes of Health. The U.S. Government has certain
rights in the invention.

Background

Calcineurin, also known as protein phosphatase 2B, was
first identified in the bovine brain. It represents a
small family of calcium and calmodulin dependent
serine/threonine protein phosphatases. It is expressed in
all mammalian tissues examined, and is most abundant in the
brain. In lymphocytes, calcineurin is the major soluble
calmodulin-binding protein. Calcineurin is a heterodimer
consisting of a catalytic subunit (A; 61 kD) and a
regulatory subunit (B; 19 kD). The A subunit contains a
catalytic domain, a carboxyl-terminal inhibitory domain, a
B subunit binding site, and a camodulin binding site. The
phosphatase activity of the A subunit is regulated by ca*
through both calmodulin and the B subunit. The B subunit
has only a Ca’* dependent regulatory activity and does not
have any phosphatase activity. There are two genes
encoding closely related (about 80% identical) A subunit

isoforms, Aa and AB, in the mouse, human, and rat genomes.
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The a isoform is the predominant isoform found in brain,
thymus, and T cells. The Aa and A isoforms have distinct
cellular distribution in the brain, with Ae most abundant
in the hippocampus, cerebral cortex, cerebellum, and
striatum. The differential distributions of the two
isozymes suggest they may each have specific functions in
modulating neuronal activities. The physiologic functions
of the different calcineurin A isoforms are not yet
defined.

Summary of the Invention

The present invention relates to a method of
identifying drugs or agents which have immuno-suppressive
effects through or as a result of their effect on
calcineurin, including drugs which affect the calcineurin
Aa (CNia) subunit or the calcineurin Af (CNAB) subunit. It
particularly relates to methods of identifying drugs which
inhibit the phosphatase activity of calcineurin. The
present invention further relates to a method of
identifying drugs which overcome, prevent or reduce
(partially or totally) the neurotoxic or other adverse:
effects of immuno-suppressant drugs, such as cyclosporin A
(CsA) and FK506, which exert their effects by inhibiting
calcineurin phosphatase activity.

In addition, the present invention relates to a method
of identifying drugs which reduce (partially or totally)
phosphorylation of the microtubule-associated protein tau,
in the nervous system of a mammal; a method of identifying
drugs which reduce (partially or totally) paired helical
filament formation in the nervous system of a mammal; and a
method of identifying drugs which reduce (partially or
totally) formation of paired helical filaments, amyloid
deposits or both. Such drugs are useful in reducing the
extent to which Alzheimer’s disease occurs, reducing the
rate at which Alzheimer’s disease progresses or preventing
its occurrence.
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The present invention also relates to transgenic non-
human mammals, such as rodents and particularly mice, which
lack a functional calcineurin gene and, thus, have
disrupted calcineurin expression. In one embodiment,
transgenic non-human mammals of the present invention lack
a functional calcineurin Aa (CNAa) subunit gene, a
functional calcineurin Af (CNAB) subunit gene or both CNAa
and CNAB subunit genes. In a further embodiment,
transgenic non-human mammals (e.g., rodents such as mice
and rats) lack a functional calcineurin gene (e.gq.,
calcineurin subunit Aa gene, calcineurin subunit A gene)
and express human tau protein. In such transgenic mammals,
hyperphosphorylation of human tau protein is expressed and
polymerizes, resulting in formation of paired helical
filaments that make up neurofibrillary tangles in the
brain. A third type of transgenic non-human mammal (e.g.,
rodents, such as mice and rats) lacks a functional
calcineurin gene, expresses human tau protein and
overexpresses human amyloid precursor protein and human
Alzheimer AB protein. Such transgenic mammals exhibit both
of the pathological lesions of Alzheimer’s disease--amyloid
deposits and paired helical filaments (which make up the
neurofibrillary tangles that accumulate in brain neurons in
Alzheimer’s disease)--and serve as an improved model for
Alzheimer’s disease in which to identify drugs or agents
which will reduce (partially or totally) the pathological
lesions.

Detailed Description of the Invention

As described herein, a transgenic non-human mammal
which lacks a functional calcineurin (CN) gene produces
greatly increased amounts of hyperphosphorylated tau
protein. The transgenic non-human mammal of the present
invention can be used to identify drugs or agents which
have immuno-suppressive effects through or as a result of
their effect on CN, including drugs or agents which affect
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the calcineurin Aa (CNAa) subunit or the calcineurin AfS
(CNAB) subunit. In addition, further transgenic mammals of
the present invention, described herein, can be used to
identify agents which are useful in reducing
phosphorylation of tau protein and production of
pathological lesions characteristic of Alzheimer’s Disease.
In one embodiment, the present invention relates to a
method of identifying an agent that reduces the
phosphorylation of tau protein in the nervous system of a
mammal, comprising the steps of a) administering to a
transgenic non-human mammal which lacks a functional CN
gene, an agent to be assessed for its ability to reduce
phosphorylation of tau protein; b) determining the extent
to which phosphorylation of tau protein occurs in the
nervous system of the transgenic non-human mammal to which
the agent is administered; and c) comparing the extent
determined in b) to the extent to which phosphorylation
occurs in the nervous system of an appropriate control. If
phosphorylation occurs to a lesser extent in the nervous
system of the transgenic non-human mammal to which the
agent is administered than in the nervous system of the
control, the agent reduces phosphorylation of tau protein.
In another embodiment, the present invention relates
to a method of identifying an agent which reduces paired
helical filament (PHF) formation in the nervous system of a
mammal, comprising the steps of: a) administering to a
transgenic non-human mammal which lacks a functional CN
gene and expresses human tau protein, an agent to be
assessed for its ability to reduce PHF formation; b)
determining the extent to which PHF formation occurs in the
nervous system of the transgenic non-human mammal to which
the agent is administered; and c) comparing the extent
determined in b) to the extent to which PHF formation
occurs in the nervous system of an appropriate control,
wherein if PHF formation occurs to a lesser extent in the
nervous system of the transgenic non-human mammal to which
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the agent is administered than in the nervous system of the
control, the agent reduces PHF formation. In another
embodiment, the present invention relates to a method of
identifying an agent which reduces a lesion characteristic
of Alzheimer’s disease in the nervous system of a mammal
comprising the steps of: a) administering to a transgenic
non-human mammal which lacks a functional CN gene,

‘expresses a human tau protein, and overexpresses the human

amyloid precursor protein and the human Alzheimer AB
protein, an agent to be assessed for its ability to reduce
a lesion characteristic of Alzheimer’s disease; b)
determining the extent to which the lesion occurs in the
nervous system of the transgenic non-human mammal to which
the agent is administered; and c) comparing the extent
determined in b) to the extent to which the lesion occurs
in the nervous system of an appropriate control; wherein if
the lesion occurs to a lesser extent in the nervous system
of the transgenic non-human mammal to which the agent is
administered than in the nervous system of the control, the
agent reduces a lesion characteristic of Alzheimer’s
disease.

The pathological lesions characteristic of Alzheimer’s
Disease which can be reduced in a mammal using agents
identified by the method of the present invention include
paired helical filament (PHF) formation and amyloid
deposits. 1In addition, the phosphorylation of tau protein
associated with Alzheimer’s disease can be reduced using
agents identified by the methods of the present invention.

The present invention further relates to a method of
identifying an agent that reduces the phosphatase activity
of calcineurin Af subunit gene in the nervous system of a
mammal, comprising the steps of: a) administering to a
transgenic non-human mammal which lacks a functional
calcineurin Af subunit gene, an agent to be assessed for
its ability to reduce the phosphatase activity of
calcineurin AB subunit; b) determining the calcineurin A
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subunit phosphatase activity present in cells in the
nervous system of the transgenic non-human mammal to which
the agent is administered; and c¢) comparing the calcineurin
AB phosphatase activity determined in b) to the calcineurin
AB phosphatase activity in cells in the nervous system of
an appropriate control, wherein if calcineurin Af
phosphatase activity is present to a lesser extent in the
nervous system of the transgenic non-human mammal to which
the agent is administered than in the nervous system of the
control, the agent reduces phosphatase activity of
calcineurin A8 subunit.

The transgenic non-human mammal which lacks a
functional CN gene includes mammals in which the CN gene is
not present in the genome and mammals in which the
structural or functional activity of the CN gene present in
the genome of the mammal has been disrupted (both types are
referred to as calcineurin knockout mammals). The CNAa
subunit gene and/or the CNAB subunit gene can be removed or
functionally disrupted for use in the prsent invention.

For example, as described in Example 1, the genome of a
non-human mammal can be recombined with a sequence which
becomes inserted into the exon encoding the CNAa gene of
the animal, resulting in disruption of CNAa expression.
Other methods of producing a CN knockout mammal for use in
the present invention can be determined by one of skill in
the art using routine experimentation.

A suitable mammal for use in the present invention is
a mammal, which upon removal of the CN gene or disruption
of the function of the CN gene, produces increased amouhts
of hyperphosphorylated tau protein. Transgenic non-human
mammals of the present invention include rodents, (e.qg.,
rats, mice) and primates.

In the method of the present invention, determination
of the ability of an agent to reduce the lesions associated
with Alzheimer’s Disease is detected in the nervous systenm
of the transgenic mammal. In particular, the effect of the
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agent to be assessed can be determined in the central
nervous system of the transgenic mammal. For example, the
effect of the agent to be assessed can be determined in the
brain of the transgenic mammal.

The methods used to determine the ability of an agent
or drug to reduce a lesion characteristic of Alzheimer’s
disease, which includes phosphorylation of tau protein, are
routine methods known to those of skill in the art. For
example, as described in Example 1, determination of the
extent to which phosphorylation of the tau protein occurs
in the transgenic non-human mammal of the present invention
can be determined using anti-PHF antibodies. Anti-PHF
antibodies can also be used to determine the extent to
which PHF formation occurs. Assessing reduction of amyloid
deposits can be determined using anti-f protein, thioflavin
S or Congo Red. In addition, behavioral observations of
the transgenic mammal to which an agent has been
administered can be used to determine the ability of the
agent to reduce lesions characteristic of Alzheimer’s
disease, including phosphorylation of tau protein.

As used herein, "an appropriate control" can be one or
more suitable controls. An example of a suitable control
is a transgenic non-human mammal which has the same
characteristics as the transgenic animal to which an agent
being assessed is administered (i.e., the test transgenic
non-human mammal). The test and control non-human mammals
are maintained under the same conditions; they differ only
in the presence (test animal) or absence (control animal)
of the agent being assessed. For example, a suitable
control used to compare the results achieved with the agent
or drug to be assessed, can be: 1) a transgenic non-human
mammal which lacks a functional CN gene, 2) a transgenic
non-human mammal which lacks a functional CN gene and
expresses a human tau protein or 3) a transgenic non-human
mammal which lacks a functional CN gene, expresses a human
tau protein and overexpresses the human APP protein 4) a
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transgenic non-human mammal which lacks a functional CN
gene, expresses a human tau protein and overexpresses the
human APP and the human Alzheimer Af proteins in the
absence of the agent being assessed, and 5) variations
thereof. For example, in the embodiment for identifying an
agent that reduces the phosphorylation of tau protein in
the nervous system of a mammal, a suitable control is a
transgenic non-human mammal which lacks a functional CN
gene. The amount of phosphorylation of tau protein in the
control transgenic non-human mammal is determined in the
absence of the agent being assessed.

Another example of a suitable control is a normal
litter mate. That is, to produce a full calcineurin
knockout mouse, two mice heterozygous for the CN gene are
mated and three types of progeny are produced: mice
heterozygous for the CN gene, wild type (WT) mice and mice
homozygous for the CN gene (i.e., CN knockout mice). The
progeny which are WT mice are the normal litter mates and
can be used as a suitable control in the methods of the
invention. A further example of an appropriate control is
a corresponding wildtype mammal. Other controls can be
determined by those of skill in the art using no more than
routine experimentation.

The present invention further relates to a transgenic
non-human mammal which lacks a functional calcineurin gene.
In addition, the present invention relates to a transgenic
non-human mammal which lacks a functional calcineurin gene
and expresses the human tau protein. Further, the present
invention relates to a transgenic non-human mammal which
lacks a functional calcineurin gene, expresses the human
tau protein and overexpresses the human amyloid precursor
protein (APP) and/or the human Alzheimer Af protein.

Pathological lesions that characterize the Alzheimer’s
disease brain and cause the neurodegeneration that leads to
dementia include the extracellular amyloid deposits and the
intracellular neurofibrillary tangles which are composed of
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bundles of paired helical filaments as seen in the electron
microscope. The amyloid deposits are composed primarily of
an approximately 42 amino acid peptide termed Af that is
derived from the larger precursor protein termed amyloid
precursor protein, or APP. The paired helical filaments
are composed primarily of the microtubule-associated
protein tau that has become abnormally modified with extra
phosphate groups (hyperphosphorylated). The relative
contribution of these two lesions to the neuronal cell
death is not yet known, but both are believed to be
important. The correlation with neuronal cell death and
dementia is highest with the appearance of the
neurofibrillary tangles containing paired helical filaments
in neurons. It is, therefore, accepted as axiomatic in the
field that a successful treatment for Alzheimer’s disease
will need to prevent or reduce the formation of paired
helical filaments or remove filaments already formed.

At the present time, no rodent model exists that
generates paired helical filaments or accumulates
hyperphosphorylated tau protein. The Exemplar/Athena
transgenic mouse model for Alzheimer'’s disease
overexpresses a mutant form of the APP gene (associated
with familial Alzheimer’s disease) and shows some synaptic
loss and the accumulation of amyloid, but it does not
produce paired helical filaments and does not show clear
learning disorders (Games, D., et al., Nature, 373:523-527
(1995). It is therefore of importance to develop a mouse
model in which paired helical filaments can form. Such a
model would serve as a target for testing potential
Alzheimer’s therapeutic agents designed to reduce or
prevent the formation of paired helical filaments. 1In
addition, an animal model, preferably rodent, that shows
both amyloid deposits and paired helical filaments would
most closely resemble human Alzheimer’s disease and would
allow the testing of therapeutic agents directed at
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reducing both of the pathological legions of Alzheimer’s
disease.

On the basis of the discovery that the calcineurin
knockout mouse produces greatly increased amounts of
hyperphosphorylated tau protein, the mouse model for
Alzheimer’s disease in which a hyperphosphorylated form of
the human tau protein is expressed, hyperphosphorylated
human tau protein and the accumulation of paired helical
filaments is exhibited and the Alzheimer amyloid deposits
of B protein and the paired helical filaments of
hyperphosphorylated tau protein is expressed is generated
as described below.

The calcineurin knockout mice is mated to a mouse line
homozygous for the expression of a human tau protein.
These latter mice have been generated by standard
transgenic technology in which the human tau protein is
injected into fertilized mouse oocytes in a construct that
allows its expression under the control of the human thy 1
promoter. In these animals, the transgenic human tau
protein is present in nerve cell bodies, axons, and
dendrites and is partially hyperphosphorylated at the
appropriate sites for producing paired helical filaments,
but not to the degree in the mouse tau protein in the
calcineurin knockout mouse line. Mating of these two
animals will génerate progeny, all of whom will carry a
knocked out calcineurin gene on one chromosome, a normal
calcineurin gene on the homologous chromosome, and half of
whom will carry the human tau transgene.

The genotype of the progeny is determined by removing
a small section of the tail, preparing DNA, and carrying
out either a Southern Blot or PCR analysis to determine
that they all carry one knocked out calcineurin gene and
that 50% carry the human tau transgene. The progeny
carrying the human tau sequence are grown to adulthood and
inter-mated to generate a new set of progeny, 25% of whom
are, by Mendelian laws, homozygous for the knocked out
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calcineurin gene and either homozygous or heterozygous for
the human tau transgene. The genotypes of these animals is
determined as before by analysis of tail DNA. Animals
carrying the knocked out calcineurin gene in homozygous
state plus the human tau transgene in either the
heterozygous or homozygous state are further analyzed.
Animals whose genotypes have been confirmed by the analysis
of tail DNA are allowed to reach maturity and inter-mated
to generate a line of animals that continues to have the
correct genotypes. Mice at different ages are perfused
with fixative and subjected to immunocytochemistry and
electron microscopy to confirm that they express human tau
protein and do not express the calcineurin protein.

Phosphorylation-sensitive antibodies are used as
described for the calcineurin knockout mouse to confirm
that the human tau protein is hyperphosphorylated due to
the lack of calcineurin in its environment. Particular
focus is placed on the hippocampus which has previously
been shown to be an area of high calcineurin expression and
the largest increase in hyperphosphorylation of tau due to
the calcineurin knockout mutation. Neurofibrillary tangles
are identified by modified Bielchowsky silver stain and by
anti-PHF antibodies and are confirmed by electron
microscopic identification. The protein expression studies
are complemented by northern blot analysis to confirm that
the calcineurin gene in these animals is not expressed.

Once a mouse line has been generated, it expresses
hyperphosphorylated human tau protein and preferably paired
helical filaments in the neurons of the hippocampus. The
mice can be used in several ways. First, they can be used
directly to screen for therapeutic agents that reduce the
hyperphosphorylation of tau and the production of paired
helical filaments. They can also be used to test putative
therapeutic agents for their efficacy in preventing the
hyperphosphorylation of tau and the formation of paired
helical filaments. these mice can also be used to
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determine the ideal dose of a putative therapeutic agent
for Alzheimer’s disease.

The mice can also be used to generate a further
improved animal model for Alzheimer’s disease. For this
use, homozygous mice which lack a functional calcineurin
gene (mice homozygous for the knocked out calcineurin gene)
and which express the human tau gene so that
hyperphosphorylated human tau protein, and preferably PHF,
is produced in the brain are mated to the Exemplar/Athena
APP transgenic mouse that overexpresses the APP protein and
the Alzheimer A( protein and, as a consequence, produces
amyloid deposits. The purpose of this cross is to generate
progeny that have all of the characteristics of Alzheimer’s
disease, namely hyperphosphorylated tau, paired helical
filaments, and amyloid deposits. The progeny of this cross
are analyzed as before using tail DNA to confirm their
genotype. For example, two heterozygous animals are
crossed, one expressing the human tau transgene and one
expressing a human APP transgene. Tail DNA analysis is
carried out to determine which of the progeny carry both
transgenes. If, on the other hand, the mating is between a
homozygous version of the APP transgenic mouse and a
homozygous version of the human tau transgenic mouse (of
course already combined with the homozygous calcineurin
knocked mutation), then technically the tail DNA analysis
should not be necessary but is carried out nonetheless in
case the germ line of any of the mice has lot any of the
transgenes. The progeny of this cross thus carry two human
transgenes, one for APP and one for tau under different
promoters but both expressed in the nervous system, plus a
homozygous knockout mutation in the calcineurin gene.

These mice will produce amyloid deposits and
hyperphosphorylated tau/paired helical filaments, thus
satisfying the two major criteria for an Alzhemer’s animal
model. The mice can be used to screen for the test
putative therapeutic agents for Alzheimer’s disease. They
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can also, as will the mice mentioned above, be used to test
putative diagnostic tests for Alzheimer’s disease
including, but not limited to, analysis of the tropicamide
hypersensitivity of the pupil, the presence of key protein
such as antichymotrypsin, APP, A, and hyperphosphorylated
tau in the serum and/or cerebrospinal fluid.

The invention is illustrated in the following examples
which are not intended to be limiting.

Exemplification
Methods and Materials

The following methods and materials were used in the
examples described herein. References cited in Examples 1-
3 are those included in the subject application which
immediately follow Example 3.

Construction of Targeting Vectors

The targeting construct used to disrupt the CNAa gene
was designed for implementing the double-selection
technique previously described (Mansour, 1988; Mortensen,
1992). Murine CNAa cDNA was cloned by PCR amplification
from mouse brain total mRNA using primers corresponding to
CNAa cDNA sequence (Kincaid, 1990; accession number J05479)
using standard procedures (Ausubel, 1994). A bacteriophage
clone encoding part of the calcineurin Acc catalytic domain
(Kincaid , 1990), designated MCAL-1, was obtained by
screening a 129/Svj liver genomic library (Strategene) with
murine CNAa cDNA. A 13 kb EcoRI fragment from clone MCAL-1
was subcloned into Bluescript-tk using standard procedures
(Ausubel , 1994). The intron-exon boundaries of the murine
calcineurin Aa gene were defined by restriction enzyme site
mapping and nucleotide sequence analysis (Ausubel , 1994).
The neo gene was inserted into an Mlul site in the middle
of the exon encoding nucleotides 572-717 of the mouse CNAa
MRNA sequence (accession number J05479; Kincaid, 1990).



WO 96/35126 PCT/US96/06152

10

15

20

25

30

-14-

Both neo and tk were driven by the phosphoglycerate kinase
promoter.

Transfection and Selection of Mutant ES Cells

J1 ES cells were grown on feeder layers of
7-irradiated embryonic fibroblast (EF) cells as described
(Li, 1992). 1.5-2x10"J1 cells at passage 9-10 were
trypsinized and resuspended in 1 ml of electroporation
buffer (Thomas and Capecchi, 1987), except that the NacCl
concentration was 137 mM. 50 ug of construct DNA
introduced into J1 ES cells by electroporation and grown in
G418 and FIAU as described previously (Li , 1992).
Surviving clones were picked 8-10 days after selection and
DNA was extracted for Southern blot analysis.

Generation of Germline Chimeras

Heterozygous ES cells were injected into C57BI/6J
blastocysts and reimplanted into the uteri of Black Swiss
pseudopregnant female mice as described (Bradley, 1987).
Agouti male offspring (derived from the 129 ES cells) were
mated to Black Swiss or C57BI/6J females. Tail DNA from
the agouti F1 offspring was analyzed by Southern blot
analysis for germline transmission of the mutated allele of
the CNAa gene. Homozygous mutant mice were obtained by
mating the heterozygous mutant mice. The mice used in the
experiments presented here were 8-10 weeks old, of either
Black Swiss/129 background or of B6/129 background, as
noted.

Generation of Double-knockout ES cells and RAG-2 chimeras
Homozygous mutant ES cells were generated from
heterozygous CNAa*"ES cells as described (Mortensen , 1992)
with the following modification. 1-2x10%heterozygous
knockout ES cells from a single clone were plated onto each
10cm plate on G4l18-resistant EF cells in LIF- supplemented
(1000U/ml) media. After 12 hours 1.5mg dry powder G418 was
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added per ml of culture. After 4-6 days of G418 selection,
surviving colonies were picked and the structure of the
calcineurin Aec gene was assessed by Southern blot
analysis.

Double knockout ES cells were injected into RAG-2"
blastocysts (Shinkai , 1992) of either B6/129 or FvB
background to generate somatic chimeras (Chen , 1993). The
ES cell contribution to the chimera was assessed by coat
color (for FvB background only) and by measuring the number
of CD4*and CD8* lymphocytes in the peripheral blood. The
chimeras used in the experiments presented here were 10
weeks old.

Cytofluorometric Analyses

Thymus, lymph nodes, and spleen were isolated from
B6/129 wild type and mutant mice and dispersed into single
cell suspension. The red blood cells were removed by lysis

with Tris/NH,C1l solution for 5 min at room temperature.

‘The cell suspension were filtered with a nylon mesh and

washed twice with staining medium, which was HBSS with
reduced phenol red, sodium azide, BSA, and EDTA. 0.5x10°
ceIls/25 pl/staining were incubated with 1 pg/10
pl/staining of PE- or FITC-labeled antibodies (PharMingen,
San Diego, CA) for 15 minutes on ice, washed once and fixed
with 0.5% formamide in staining medium. Flow cytometry was
carried out using an Cytofluorograf IIs flow cytometer and
cell sorter (Becton-Dickinson, San Jose, CA). A total of
20,000 cells was recorded in each staining.

In vivo Immunization and in vitro T cell proliferation and
cytokine production assays

Eight to ten weeks old wild type and homozygous mutant
mice of Black Swiss/129 background were immunized with 150

5 ug of trinitrophenyl (TNP) coupled to keyhole limpet
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hemocyanin (KLH), or with 300 5ug of TNP coupled to
ovalbumin (OVA) in complete Freund’s adjuvant via foot pad
injection (Coligan , 1994). Both the wild type and mutant
mice had at least one H-2’allele in their genome, as
detected by PCR, using primers which amplified an l1-Ee~b
derived fragment (Mathis , 1983); Dr. Leslie Berg, personal
communications).

Ten days after immunization, the lymph node cells were
harvested. 2x10°1lymph node cells/well were restimulated in
96-well plates with OVA alone; or with OVA plus 4x10*
T-cell-depleted and irradiated C57BL/6 spleen cells as
exogenous antigen presenting cells; or with OVA plus 10
units/ml exogenous IL-2. At 60 hours of stimulation, the
culture was pulsed with 1 uCi/well *H-thymidine for 6
hours. Experiments were done in triplicate.

T-cell production of cytokines was measured using
standard procedures. Lymph node cells from immunized mice
were harvested and restimulated with 1 mg/ml OVA in vitro.
Supernatants from 2x10°cells/200ul/96-well were harvested
after 24 hours. The IL-2 activity in the supernatants was
measured by proliferation of HT-2 cells in the presence of
IL-4 antibody (11B11). At 24 hours, the HT-2 culture was
pulsed with 1 uCi/well of ’H-thymidine for 6 hours.
Supernatants from 6x105cells/2005ul/96-well were harvested
after 60 hours. The amounts of IFNy in the supernatants
were measured by ELISA.

Preparation of T cell Extracts

Spleen and lymph nodes were harvested from wild type
and mutant mice and were dispersed into single cell
suspension. Red blood cells were removed by lysis. The
final concentrations were adjusted to 1.5-2.0 x 10%cells
suspended in 2 ml of PBS containing 5% fetal calf serum and

4 mM EDTA. The cell suspensions were enriched for T cells
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using Mouse T Cell Enrichment Column (R&D Systems). T
cells were then lysed with lysis buffer containing 50 mM
Tris-HCl, pH 7.5, 15% glycerol, 0.1 mM EGTA, 1 mM EDTA, 0.5
nM DTT, 50 5ug/ml PMSF, 50 ug/ml soybean trypsin inhibitor,
5 pug/ml aprotinin, 5 pg/ml leupeptin. Aliquots of 8 x 10°

cells per 50 pl of lysis buffer were frozen until further
analysis.

Preparation of Brain Extracts

Using a scinterred-glass tissue grinder, a single
mouse brain was homogenized in 1 ml buffer containing 50 mM
Tris pH7.5, 15% glycerol, 0.1 mM EGTA, 1 mM EDTA, 0.5 mM
DTT, 50 wpg/ml PMSF, 50 5ug/ml soybean trypsin inhibitor, 5
kg/ml aprotinin, 5 ug/ml leupeptin, and 0.05% (v/v) NP-40.
The extract was subjected to centrifugation (10,000 x g)
and the supernatant was saved at -80°C until it was
assayed. Protein was measured using the Bio-Rad assay and
concentrations were typically between 15 and 20 mg/ml.

Western Blot Analysis

The amount of calcineurin Aa in T cell extracts was
assessed by Western blotting using standard procedures.
Twenty micrograms of T cell extract or brain homogenates
were fractionated by SDS-PAGE on a 16% Tris/glycine gel
(Novex) at 150 volts (constant voltage)and transferred to a
PVDF membrane (Immobilon) at 100 volts for 1.5 hours.
Following transfer, the membrane was blocked in M-Blotto
overnight at 4°C. The membranes were briefly rinsed in PBS
and reacted with either rabbit antibody R2929 (specific for
C-terminal peptide, SNSSNIQ from human CNAa) or rabbit
antibody R2948 (specific for CNAB residues 386-396,
LMTEGEDEFDG). Rabbit anti-peptide antiserum was diluted to
1:10,000. The membranes were washed and incubated for 1
hour at room temperature in TBST containing HRP-conjugated
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donkey-anti-rabbit secondary antibody (Amersham) diluted
1:10,000. The membranes were washed in TBST and developed
with the ECL Western blotting detection system (Amersham).

Calcineurin Phosphatase Assay

The phosphatase assay is a modified version of a
previously described procedure (Manalan and Klee, 1983;
Liu, 1991). The reaction mixture (total volume 60 nl)
contained 50 mM MES (pH6.0), 100 mM NaCl, 6 mM Mg(OAc),,
100 mM CacCl,, 100 mg/ml BSA (Fraction V), 1.25 mM okadaic
acid (Calbiochem), 20 mM [*P] RII peptide (600 cpm/pmole),
and T cell or brain extract. The reaction mixture was
incubated for 20 minutes at 30°C. The reaction was
terminated by the addition of 100 ml of ice-cold 5%
TCA/0.1 M potassium phosphate (pH 7.0). The precipitate
was collected on a MultiScreen IP plate (Millipore).
One-quarter (40 ml) of the terminated reaction mixture was
applied per well, washed and counted in a Top-Count
scintillation counter (Packard Instrument Co.).

Preparation of Labeled Phospho-R1l1l Peptide

The RII peptide (modified from (Manalan and Klee,
1983; Liu , 1991), DLDVPIPGRFDRRVSVAAE. was phosphorylated
at the serine residue with *P as follows: The final
reaction mixture contained 1.5 mg of the synthetic peptide
substrate, 20 mM MOPS (pH 7.0), 2 mM Mg(OAc),, 1 mM -
Bp.ATP (final specific activity 600 cpm/pmol), 13 mM DTT,
and 250 units of the protein kinase subunit. 50 ml of 6
mg/ml DTTI was added to 250 units of the protein kinase
subunit and, after 10 minute incubation, the DTT/protein
kinase mixture was added to the other components to
initiate the phosphorylation reaction which was performed
at 30°C for 50 minutes. The phosphorylated peptide was
purified on a 1.0 ml Dowes AG-1 X8 column equilibrated in



WO 96/35126 PCT/US96/06152

10

15

20

25

30

=19~

30% acetic acid and concentrated as described. The final
concentration of the labeled peptide would be between
300~400 pmol [®P] peptide/ml.

Histology and Immunohistochemistry

Mice were anesthetized with 2.5% avertin and perfused
intracardially with Tyrode’s solution followed by 4%
buffered paraformaldehyde. The brains were removed
immediately and postfixed in 4% buffered paraformaldehyde
at 4°C overnight. They were then soaked in 4% buffered
paraformaldehyde with 10% sucrose at 4°C overnight. Two to
three pm thick coronal sections of the cerebrum and
sections perpendicular to the axis of the brain stem with
attached cerebellum and the spinal cord were processed
routinely and embedded in paraffin. Sections were stained
with hematoxylin and eosin, Luxol fast blue, Bielchowsky
silver and cresyl violet (Nissl) stains. To determine
areas of representative brain sections, the two maximal
dimensions of cerebrum at approximately the level of the
optic chiasm and of the mid-pons/cerebellum were measured
in the slides and areas calculated for each sample.

Pafaffin sections were de-paraffinized and were
immunostained using the ABC, and ABC-AP kits according to
manufacturer’s instructions (Vector, Burlingame, CA). To
enhance the signal on fixed tissue, occasionally slides
were treated with either 88% formic acid for 10 min or 0.1
M citrate pH 6.0 for 10 min in the microwave (bringing the
citrate to boil).

Morris Water Maze Task

Naive adult mice (10-37 weeks old) were utilized. The
training apparatus for the spatial version of Morris water
maze was a circular polypropylene pool 120 cm in diameter.
The escape platform was 11.5 cm in diameter. The maze is
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divided into four equal quadrants and the escape platform
was put at the center of one of the four quadrants. The
water was maintained at 78°F. Nontoxic Crayola white
powder paint was added to make the water opague. The pool
was located in a room that had a number of items on the
walls and inside the room that could be seen by a mouse
swimming in the pool. Prior to training, in order for the
mice to get used to the water and the escape platform, each
mice was allowed to stay on the platform for 30 seconds and
to swim around for 1 minute and then to practise climbing

- the platform 5 times. The genotypes of the experimental

subjects were blind to the experimenter.

Hidden-Platform Training

Acquisition: The top of the platform was 1 cm below
the surface of the water, which is invisible to the animal
swimming in the pool. The platform location varied among
different animals, but always remained in the same place
for any given mouse. Before each trial, a mouse was put on
the platform for 30 seconds. A trial was started by
placing an animal along the edge of the pool facing the
wall. The start location alternated in 1 of 4 start
locations, with each trial in the same day starting at a
different start location. A subject was allowed 60 second
to locate the platform, with its movement traced by a
computer. The time taken to locate the escape platform
(escape latency) was determined on each trial. Animals not
finding the platform in 60 seconds were guided there by the
experimenter and the escape latency was recorded as 61
seconds. After each trial, animals were allowed to remain
on the platform for 3D seconds. Animals were given four
trials a day for eight consecutive days. Each trial in one
block of four trials was separated by 1 hour (distributed
trial procedure).
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Probe Trial

One hour affer the last training trial, each animal
was given a probe test. During the probe test, each
subject was allowed to stayed on the platform for 30
seconds, then remove the platform from the pool without
letting the mice noticing the action. Trial was initiated
by placing the mouse slightly off-center opposite to where
the platform used to be. Each animal was allowed 60
seconds to search the pool. Two measures of search
behavior were determined. A quadrant search time measure
was obtained by determining the amount of time spent in
each quadrant. A platform crossing measure was obtained by
counting the number of times a subject crossed the exact
place in the training quadrant in which the platform was
located during training. For comparison, the number of
times a subject crossed the equivalent location in each of
the other quadrants was determined.

Random Platform Test

The next day of the probe trial, mice were given one
trial with the platform in its original location and three
trials with the platform in one of the platform sites in
other three quadrants. The average escape latency to the
platform when it was in its original place was used as the
trained platform escape latency of the mice, and the
average time taken to locate the platform when it was in
the three new locations was used as the other platform
escape latency of the animals.

Visible-Platform Training

After the hidden-platform task, the same animals were
subjected to the visible-platform training. 1In the visible
platform task, the platform was still 1 cm below the water
surface, but a flag was attached to the top of the platform
to make it visible. The training procedure was the same as
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in the hidden-platform task, except that the platform
position alternated among four possible positions within
each block of four trialé, and that the starting position
was always opposite from the position of the platform.
Each mouse was given 12 trials a day, in blocks of four
trials for three consecutive days (massed-trial procedure).
Each block of four trials was separated by 1 hour.

Fear Conditioning

Adult mice were housed individually for at least 1
week prior to behavioral testing. They were handled every
day for 1 week prior to testing to reduce stress. Fear
conditioning and context-dependent learning testing were
conducted in a small rodent chamber (Coulbourn) containing
a stainless steel rod floor (5 mm diameter, spaced 1 cm
apart) through which scrambled foot shocks could be
administered. The chamber is placed inside a
sound-attenuating chest (Coulbourn) with a ventilation fan
providing background noise. The chamber was cleaned with
1% acetic acid and dried completely before each animal was
placed inside. Freezing was assessed by a time sampling
procedure in which an observer blind to mouse genotypes
scored each mouse every 2 s. Experiments were videotaped
and freezing was assessed again by two observers blind to

mouse genotypes.

Context-dependent Fear Conditioning

Some of the animals underwent Morris water maze
training (6 wild type and 6 mutants) and some age-matched
naive animals (3 wild type and 2 mutant) were subjected to -
the following context-dependent fear conditioning protocol.
In the conditioning phase, animals were placed in the
shocking chamber for 3 minutes and subsequently subjected
to three foot shocks (0.5 mA intensity, 1 s duration, 1
minute apart). Mice were removed from the chamber 1 minute
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after the last foot shock. At 1 hour, 2 hours, or 24 hours
after the training, animals were returned to the shocking
chamber and freezing was monitored for 3 minutes without
any foot shocks.

Tone-dependent Fear Conditioning

Naive adult animals (9-17 weeks old) (15 wild types
and 14 mutants) were placed in the shocking chamber for 3
minutes and then presented with three 20-second loud tones
(approximately 75 db, 1000 Hz, 3 minutes apart) through a
speaker mounted on the chamber. A foot shock (0.5 mA
intensity, 1 s duration) was presented at the offset of
each tone. Mice were removed from the chamber 3 minutes
after the last foot shock. At 1 hour, 2 hours, or 24 hours
after the training, one group of mice (wild type n-6,
mutant n-6) were tested for their tone-dependent learning.
Mice were placed in an empty plastic cage different from
the shocking chamber (to minimize freezing due to
context-dependent conditioning) and freezing was scored for
3 min prior to the tone and subsequently for 3 min in the
presence of the tone. Another group of mice (wild type
n=9, mutant n-8) were returned to the shocking chamber
twenty-four hours later, to test their context-dependent
learning. The freezing was monitored for 3 minutes. This
group of animals were also tested for their tone-dependent
learning forty-eight hours after the training.

Pain Sensitivity Test

Mice were tested for their sensitivity to foot shocks.
Animals were put into the conditioning chamber and were
given foot shocks (1 s duration) of increasing intensities,
from 0.05 mA to 0.40 mA, with 0.05 mA increments. The
intensities causing the nociceptive responses, i.e. flinch,
run/jump, and vocalization, were determined. All the
animals were tested at the same intensity before increasing
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it, till they vocalized. Experimenter was blind to the
genotypes of the subjects.

Electrophysiology
Hippocampal slices from 16-18 days old mice were

5 prepared by standard methods. Experiments were conducted
at 27-29°C in normal ringer containing 2.5 mM calcium, 1.3
mM magnesium with no picrotoxin added. Two path experiment -
protocol was used to allow LTP and LTD to be recorded from
the same slice, in which two stimulating electrodes were

10 placed in the stratum radiatum in CAl at either end with
the recording electrode in between the two stimulating
electrodes. LTD was induced by 1 Hz, 10 minutes
stimulation. LTP was induced with 100 Hz, 1 second tetanus
given twice with a 20 seconds inter stimulus interval.

15 Statistical Analysis
Data from hidden-platform Morris water maze task have

a great portion of cercored measurements, thus an analysis
of variance (ANOVA) applied to the original data is
inappropriate. We treated the escape latency as a binary

20 observation, then fit a generalized linear model for this
binary data using statistical software GLIM or Splus. Data
from visible-platform Morris water maze task were subjected
to logarithm transformation before ANOVA was performed.
Since the fear conditioning freezing data are binomial

25 déta, we first used a standard arc sine transformation on
the data to stabilize the variance. ANOVA was performed on
arcsine of the square root of percentage of freezing.

Example 1 Generation of CNAe™” mice
Calcineurin Aa knockout mice (CNAa”) were produced by
30 standard methods (Bradley, 1987)involving homologous
recombination in embryonic stem (ES) cells. The gene



WO 96/35126 PCT/US96/06152

10

15

20

25

30

-25=

targeting vector was constructed by inserting the neomycin
phosphotransferase (neo) gene into an exon which encodes
part of the calcineurin catalytic domain and by inserting
the thymidine kinase gene (tk) outside the region of
homology. Linearized construct DNA was transfected into J1
ES cells and colonies were selected for neomycin and FIAU
resistance (Li , 1992; Mortensen , 1992). DNA from
individual clones was analyzed by Southern blot analysis
following digestion with MscI and hybridization with the
1.2 kb probe. A novel 7.5 kb fragment, as well as the 18
kb fragment found in wild-type ES cell DNA, were found in
CNAa*" ES cell DNA. Heterozygous CNAa*" ES cells were then
injected into C57BL/6 blastocysts and some of the resultant
chimeric mice passed the mutated gene onto the next
generation when mated with Black Swiss mice. CNAa™ mice
were obtained by mating the heterozygous CNAa’ mice.

Generation of CNAa’-RAG-2" chimeras

CNAa*" ES cells were grown in a high concentration of
G418 to select for ES cells lacking both copies of
functional CNAc genes (Mortensen , 1992). ES cell clones
surviving in 1.5 mg/ml G418 were picked and analyzed by
Southern analysis. The CNAe” clone DNAs were identified
because they lacked the endogenous 18 kb MscI fragment.

Double knockout ES cells were injected into RAG-2"
blastocysts of either B6/129 or FvB background to generate
somatic chimeras (Chen , 1993). In the RAG-2" mice, there
are no mature T and B cells due to their inability to
undergo gene rearrangement (Shinkai , 1992). Therefore, in
the RAG-2"chimeras, all the mature T and B cells should
come from the injected ES cells, which were CNAa™’.

The functional disruption of the calcineurin Aa gene
was confirmed by lack of CNAa expression in double knockout
ES cells. RNA from wild type, CNAa*", and CNAa” ES cells
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were characterized by Northern blot analysis using the 57

end of CNAa cDNA (nucleotides 95-714) as probe. CNAa mRNA
was detected in wild-type ES cells and in CNAa*" ES cells,
but not in CNAa” ES cells.

Calcineurin activity in CNAa’T cells

The calcineurin activity in these cells was measured
by Western blotting and enzyme activity assays. Wild-type
and CNAa” derived T cell extracts were fractionated on
SDS-polyacrylamide gels, transferred to a membrane and the
calcineurin Aa and AfB polypeptides identified using
calcineurin A subunit a-isoform or (-isoform specific
antibodies. There was no detectable CNAa polypeptide in T
cell extracts from the CNAa” mice, while CNAa was readily
detectable in wild type T cell extracts. CNAS peptide was
not detected in either wild type or mutant T cells with the
f-isoform specific antibody, even though CNAS peptide could
be readily detected in the brain.

Residual calcineurin activity, (i.e., okadaic acid
resistant and EGTA-sensitive phosphatase activity) was
measured in the same CNAa” T cell extracts (Martin and
Wiederrecht, in press). Calcineurin’s phosphatase activity
in CNAa”T cells extracts (169i32 pmols substrate/minute/mg
protein) was 34% of the activity found in wild type T cell
extracts (500+77 pmols substrate/minute/mg protein). The
phosphatase activity in both the wild type and mutant T
cells was 90-95% inhibited by FK506.

Normal development of T and B lineage cells

CNAa™ T and B cells were phenotypically normal, and
the composition and distribution of different subsets of T
and B lineage ceils were normal in the thymus, spleen,
lymph nodes, and bone marrow in the CNAa™ mice, as
indicated by staining with antibodies to TCRafB, TCRy§, CD3,
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CD4, CD8, MHC Class I and II, Thy-1, IL-2Ra, B220, IgM,
IgG, IgD, IgA, IgE, CD23, S7 and Ly-1l. Compared to the
wild type littermates, CNAa” mice have normal populations
of double negative (CD4-CD8-), double positive (CD4+CD8+),
and single positive (CD4+CD8- or CD4-CD8+) thymocytes.
Staining with different VB antibodies (VB5, VB6, VB8, VB9,
VB11, VB13, VB14) showed that these VS representations in
the mutant thymus were the same as the wild type control.
These findings indicated that a functional CNAa gene is not
required for the maturation of both T and B lymphocytes.

CNAa” T cells respond normally to mitogens in vitro and
remain sensitive to CsA and FK506

We tested the responses of the wild type and mutant T
cells to mitogenic stimulation with phorbol 12-myristate 13
acetate (PMA) plus ionomycin, concanavalin A (ConA), and
anti-cD3e antibodies. All three mitogens induced the CNAa™
T cells to proliferate as rapidly as the wild type T-cells.
Further, stimulated mutant and wild type T ceils produced
the same amounts of IL-2 and IL-4 and expressed normal
level of IL-2 receptor on the surface. Thus, CNAa™ T cells
appeared to be functional when stimulated by mitogens in
vitro.

Calcineurin, especially calcineurin containing the Aa
subunit, has been implicated as the target for
immunosuppressive drugs CsA and FK506, which inhibit the
TCR mediated proliferation and IL-2 production of normal T
cells (O’Keefe , 1992; Clipstone and Crabtree, 1992;
Frantz, 1994; Tsuboi , 1994). We tested the drug
sensitivity of the CNAa” T cells. When stimulated with PMA
plus ionomycin, ConA, or aCD3e antibody, CNAa” T cells and
wild type T cells were both inhibited by CsA and FK506, as
measured by proliferation and by IL-2 and IL-4 production.
CNAa” T cells were even more sensitive to these drugs than
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normal T cells, with a ICy,, of 2-7 fold lower than that of
the wild type T cells.

Defective T cell responses to Protein Antigens

To determine if CNAa is required for a normal immune
response, we measured the responses of wild-type and CNAa™
mice to hapten-protein antigens. Wild type and CNAa™’ mice
were immunized with TNP-KLH, or TNP-OVA via foot pad
injection (Coligan , 1994). Ten days after immunization,
the lymph node cells were harvested. The total number of
cells in the lymph nodes were similar in the immunized wild
type and mutant mice, which were much more than that in the
lymph nodes of non-immunized animals. Also, the CD4*:CD8*
ratio was the same in lymph nodes from the two types of
mice. We concluded that the wild type and mutant mice T
cells were both primed during the 10 days of immunization.
However, after re-stimulation in vitro with KLH or OVA, T
cells from wild type mice proliferated much more rapidly
than T cells from CNAa~I- mice.

Addition of normal antigen presenting cells or IL-2 to
the in vitro cultures did not complement the proliferative
defect of CNAa” T cells.

The defect in the antigen specific T cell response
could be due to either a defect in CNAa” T cells or to a
defect in other cells whose function is required for the
priming of antigen specific T cells during the immunization
process. To distinguish between the two possibilities, we
immunized the RAG-2""CNAa’ chimeras with TNP-OVA and
restimulated the lymph node cells with the immunogen after
10 days. CNAc” T cells in the RAG-2-CNAa” chimeras did not
proliferate as well in response to the immunogen. 1In these
RAG-2-CNAa™ chimeras, the CNAa”ES cells comprised about 10
percent of the chimeric animals, as judged by coat color
contributions. Only T and B cells in the chimeras were
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completely CNAa deficient since they were derived from the
injected CNAc” ES cells, while up to 90% of other cell
types.were derived from the RAG-27CNAa*'* background.

B cell function was assessed in CNAa’ mice and in
RAG-27-CNAa” chimeric mice immunized with TNP-KLH or
TNP-OVA. Similar serum titres of anti-TNP antibodies (IgGl
and IgG2a) were found in immunized wild-type, CNAa’ mice
and the immunized RAG-2"-CNAa'chimeric mice.

Upon restimulation with the immunogens, the lymph node
T cells from immunized CNAa” mice secreted significantly
less IL-2, IL-4, and IFNy than the lymph node T cells from
immunized normal mice (Table 1 and data not shown). IFNy
was detected in the TNP-OVA immunized RAG-2 chimeras, at a
level much higher than the mutant mice but lower than the
wild type mice (data not shown), most likely because in the
RAG-2 chimeras some IFNy secreting cells, such as NK cells,
were from the RAG-27CNAa*'* background and were able to
secret IFNvy.
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Table 1. IL-2 and IFNy secretion by wild type and CNAa™ T

cells.
Mouse # Genotype IL-2 IFNy
2741 +/+ nd 799
2752 +/+ nd 982
2768 +/+ 7.6 622
2769 +/+ 7.5 33
2802 +/+ >16 537
2838 +/+ 15.4 358
2841 +/+ >16 257
2740 -/- nd 0
2751 -/- nd 0
2736 -/- 0.7 164
2764 -/- 0.7 0
2806 -/- 4.2 0
2791 -/- 0.4 0

Table 1. Wild type and CNAc” mice were immunized with 300
ug of TNP-OVA. At day 10, lymph node cells were harvested
and restimulated with 1 mg/ml OVA in vitro . Supernatants
from 2x10°cells/200ul/96-well were harvested after 24
hours. The IL-2 activity in the supernatants was measured
by proliferation of HT-2 cells in the presence of aIL-4
antibody (11B11 ). At 24 hours, the HT-2 culture was
pulsed with 1 uCi/well of *H-thymidine for 6 hours.
Supernatants from 6x10°cells/200ul/96-well were harvested
after 60 hours. The amounts of IFNy in the supernatants
were measured by ELISA. Lymph node cells cultured without
antigen did not produce detectable lymphokines. (nd, not
determined). CNAa” T cells secreted significantly less
IL-2 (ave. wildtype = 12.5 units of IL-2 activity vs ave.
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CNAa’= 1.5; p<0.003) and IFNy (ave. wild-type = 513 units
of IFNy activity vs ave. CNAa’= 27; p<0.005) than the wild
type T cells.

Discussion

We have generated a CNAa’mouse by structurally
inactivating the CNAa gene, resulting in the disruption of
CNAa expression. We demonstrate here that there was more
than 65% reduction of calcineurin activity in the CNAaa” T
lymphocytes. B and T-cell development in these mice
appears to proceed normally. The mutant mice have a normal
B-cell response but a defective T-cell response in vivo.
The immune response of RAG-2/CNAc’ chimeric mice is also
defective suggesting that T-cells per se are defective and
not some other aspect of the immune response. Further,
mutant T-cells remained sensitive to FK506 and CsA. These
mice provide information about the physiologic roles of
calcineurin Ac and AS and suggest that these two
polypeptides have non-identical roles in T-cell development
and function.

Previous studies and our own data showed that a is the
predominant isoform of the two major calcineurin A subunit
isoforms, a and § (Takaishi, 1991; Kuno, 1992; Guerini and
Klee, 1991;). 1In T-cells, Aa accounted for at least 65% of
calcineurin expression and activity in these cells. The
residual calcineurin-like activity in the mutant T cells
could be contributed by other calcineurin isoforms or by
other related phosphatases. In the thymus, Ac is also the
predominant isoform, because when we screened a murine
thymocyte cDNA library under low stringency conditions with
full length CNAa cDNA, we were not able to pull out any Af
clones, while Ac clones were abundant (unpublished data).
In the absence of the CNAa, CNAS doesn’t seem to be
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upregulated, arguing against the possibility that CNAB is
substituting CNAa’s function in its absence.

CNAa is required for a normal in vivo antigen specific
T cell response. The defect in proliferative T cell
response is not due to lack of normal antigen presentation,
because the addition of exogenous wild type antigen
presenting cells at the time of in vitro restimulation
could not complement the proliferation defect. Also, in
the immunized RAG2 somatic chimeras, there was normal
antigen presentation function, because only the mature T
and B cells were derived only from the injected ES cells,
which were CNAa deficient, while the other cell types,
including antigen presenting cells, were mostly RAG-2"
CNAa*'*. The proliferative defect also existed in the
immunized RAG-2 somatic chimeras, suggesting that the
defect was in T cells per se instead of other cell types
that might be important for the proper immunizations.

When restimulated with the immunogens in vitro, CNa-/-
T cells failed to secret IFNy (Table 1). This is in
agreement with the findings that CsA and FK506 inhibit IFNy
mRNA expression (Reem , 1983; Tocci , 1989), suggesting
that CNAa is required for IFNy production. Also, CNAa” T
cells secreted significantly reduced amounts of IL-2 and
IL-4 (Table 1 and data not shown), confirming the in vitro
studies in which CsA and FK506 were shown to inhibit IL-2
and IL-4 production (Bierer, 1991; Bloemena, 1988;
Bloemena, 1989; Dumont, 1990; Herold, 1986; Hess, 1982;
Johansson and Moller, 1990; Kumagai, 1988; Lin, 1991;
Mattila, 1990; Orosz, 1982; Reem, 1983; Sawada, 1987;
Schreiber, 1992; Schreiber and Crabtree, 1992; Siekierka
and Sigal, 1992; Sigal and Dumont, 1992; Tocci, 1989). The
data suggested that in vivo, calcineurin a is required for
the normal expression of IL-2, IL-4, and IFNy.



WO 96/35126 PCT/US96/06152

10

15

20

25

30

-33=

Interestingly, CNAa™ B cells responded normally to
TNP-OVA and TNP-KLH, suggesting the T cell help for the
antibody response was normal. Why the T cells having a
defective antigen specific proliferation response still
could provide normal help to B cells for antibody
production is unclear. It is possible that even though the
mutant T cells proliferated slower and produced reduced
amount of lymphokines, the smaller amount of lymphokines
and the smaller number of activated T cells present were
sufficient enough to help the B cells to mount a normal
antibody response.

The defective in vivo T cell response might have been
due to defects in T cell development, because calcineurin
is thought to play a role in T-cell development. It was
shown that CsA inhibits the development of mature single
positive (CD4*8or CD4'8*) TCR-af* thymocytes (Jenkins,

1988; Gao, 1988). CsA also interferes with the deletion of
cells bearing self-reactive TCRs in the population of
single positive thymocytes that do develop, possibly by
inhibiting TCR-mediated activation-induced cell death
(Jenkins, 1988; Shi, 1989). However, thymocyte development
appeared normal in CNAe” mice, which have a normal
composition of mature and immature T-cells in the thymus
and normal VB usage. Furthermore, neither the CNAa’ mice
nor the RAG-2-CNAa” chimeras were associated with
autoimmune reactions (our unpublished observations). CNAa
is not absolutely required for the maturation of thymocytes
and probably not required for mediating the effect of Csa
on thymocyte development into single positives and on
negative selection of autoreactive thymocytes. However, we
cannot rule out the possibility that even though the mutant
T cells are phenotypically normal, they are somehow
anergized after thymic selection and thus cannot mount a

normal in vivo T cell response.
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Even though CNAa is required for in vivo T cell
response, it is not required for a normal in vitro T cell
response to mitogens. CNAa’T cells responded normally to
in vitro mitogenic stimulation. This result appears to
contradict previous findings which implicated CNAa in the
TCR mediated proliferation and IL-2 production (0’Keefe,
1992; Clipstone and Crabtree, 1992; Frantz, 1994; Tsuboi,
1994). Perhaps calcineurin Aa is normally involved in
transducing the TCR-mediated signals, but aCD3e¢ and ConaA
might provide much stronger signals than antigen. That is,
these mitogens might engage other signaling pathways and
thus obfuscate the loss of calcineurin Aa’s function.

Proliferation and lymphokine production of CNAa™ T
cells were still fully inhibitable by both CsA and FK506,
suggesting other proteins can mediate the drugs’
immunosuppressive effect. One of these proteins could be
the calcineurin Af subunit. When CNAS is over expressed in
Jurkat cells, it has the same biological activities as
overexpressed Ac subunit (Dr. Stephen J. 0’Keefe,
unpublished results). Further, 90-95% of the residual
calcineurin activity found in CNAa” T cells, which is most
likely contributed by CNAB, is FK506 sensitive. Both of
these observations suggest that CNAa™ can serve as an
immunosuppressive drug target in the CNAa” T cells. Other
proteins could also mediate CsA and FK506 inhibition,
because the non-calcineurin mediated and activation-induced
IL-2 production in T cell line 171 was inhibited by both
CsA and FK506 (Metcalfe, 1994). However, CNAa” T cells had
increased sensitivity to both CsA and FK506, suggesting
that under normal conditions, i.e. in wild type T cells,
CNAa is the primary target of the drug-immunophilin
complex, probably due to the predominant presence of the
CNAa protein in T cells. '
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The finding that CNAe” mice have a marked deficiency
in T cell immunity suggests that calcineurin o may be a
relevant isoform of calcineurin that mediates
immunosuppression in transplantation patients who are
treated with CsA or FK506. However, other targets for
these drugs remains because CNAe” T cells are sensitive to
FK506 and CsA. We imagine that calcineurin A8 might
replace some of the functions of CNAa. However, Aa subunit
has unique physiological functions because the CNAa™ mice
have defects in T cell immunity and in other physiological
processes.

Example 2 Calcineurin Ac, A Target for CsA and Fk506, is a
key Signaling Molecule in Long Term Memory Formation
Calcineurin Aa (CNAa) knockout mice were generated by
standard homologous recombination technique and ES cell
manipulations as described in Example 1. Homozygous
mutants are not sterile, but are extremely poor breeders.
Therefore, the homozygous mutants studied were generated by
mating the heterozygous mutants, which are of Black
Swiss/129 background. The wild type littermates from these
heterozygote matings were used as the wild type controls in
the studies presented here. (Hereafter, homozygous CNAa
knockout mice are referred to as mutants, and the wild type
littermate controls are referred to as wild type).

Lacking of Calcineurin Aa Protein And Phosphatase Activity
in The Mutant Brain Did Not affect its Development
Insertion of a copy of neo gene into an exon of
calcineurin Aa leads to structural disruption of the gene
and of mRNA transcription. Western blot analysis of whole
brain homogenates with a calcineurin Ac specific peptide
antibody showed that there was no calcineurin Aa protein

being expressed in the mutant brain, while calcineurin A«
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was very abundant in the wild type brain. The same amount
of homogenates were also probed with a calcineurin AR
specific peptide antibody. There was similar amount of
calcineurin A present in the mutant and wild type brains.
We also measured the calcineurin activity, i.e. the
okadaic acid resistant and EGTA-sensitive phosphatase
activity, in the brain. The calcineurin phosphatase
activity was greatly reduced in the mutant brain. The
residual calcineurin activity in the mutant brain might be
contributed by calcineurin Af or other calcineurin
isoforms.

As shown by other people and our own data, calcineurin
Aa is the predominant isoform of calcineurin A subunit in
the brain, consisting more than 85% of total calcineurin
protein and more than 85% of the calcineurin phosphatase
activity (Takaishi, 1991; Kuno, 1992). In the absence of
calcineurin Aa, the expression and activity of A8 isoform
were not upregulated, suggesting that Ac and Af have
distinct physiological functions of their own, and that AS
is very unlikely substituting Aa for its functions in the
mutant brain.

The mutant brains are smaller than that of the wild
types. The average wild type brain weighs 494.4 mg (n=5),
while the average mutant brain weighs only 408.8 mg (n=4),
85.7 mg lighter in weight. The density of the mutant
brains were higher than that of the wild type brains.

After being fixed in 4% paraformaldehyde at 4°C overnight
and transferred to 10% sucrose in 4% paraformaldehyde, the
mutant brains sunk to the bottom while the wild type brains
floated (n=4 of each). Determined by very crude method,
the volume of the mutant brains were about 0.15 ml smaller
than the wild type’s, while they were only 63 mg lighter'in
weight, resulting in 0.175 g/ml higher in density (after 4%
paraformaldehyde fixation).
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Histological studies revealed no gross malformations
or other anomalies in the mutant brains (data not shown).
There were no differences detected in general architecture,
neuronal morphology, or neuronal numbers in the cerebral
cortex, subcortical nuclei, including the amygdala, or
spinal cords. No neurofibrillary tangles or other
cytoplasmic abnormalities of neurons or of other cell
populations were identified and myelination appeared to be
normal throughout the central nervous system in both wild
type and mutant mice. However, the mutant brains,
particularly the cerebellums, appeared to be smaller than
those of the wild type littermates. By measuring the
cross-sectional areas (mm’), the cerebral hemispheres in
the mutants seemed to be slightly smaller than those in the
wild type, but the differences were not statistically
significant (wild type 53 * 4.8, n = 5; mutant 50.3 * 4.8,
n=5; p=0.43). In the cerebellums and brain stems,
there were no specific differences among neuronal or other
cell populations, but these structures appeared to be
smaller overall (wild type 44.5 * 3.8, n = 5; mutant 36.8 *
4.1, n=5; p = 0.0012) and the density of the fiber tracts
appeared to be less in the mutant mice compared to the
controls (data not shown).

Phenotypes of The Mutant Mice Resemble The Manifestations
of CsA and FK506’s Neurotoxicity

Mutant mice were indistinguishable from the wild type
or heterozygote littermates when weaned at three weeks old.
They groom and feed normally. However, they showed some
phenotypes similar to the manifestations of CsA and FK506’s
neurotoxicity previously described. The mutant mice had a
motor coordination deficit (ataxia). There were severe
tremors and errors in the metrics of movements in the
mutants. This motor deficit was not affecting all the
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mutants to the same extend. Some mutants showed much more
severe motor problem than others. This phenomenon also
became more evident when the animals got older. Compare to
the wild types, the mutant mice had abnormal gaits. They
could not walk in a straight line and had uneven paces.
Their hind limbs tend to be dragged behind on the ground
and then moved almost simultaneously instead of
alternating. Severe seizures were observed in the mutants.
Many of the mutants also experienced weight loss.

During our characterization of the CNAa” mice we
recognized that these mice had a reduced life expectancy.
When scored at three weeks old, there were significantly
fewer (15%) homozygous CNAa” offspring resulting from
intercrosses between heterozygote parents (CNAa*'x CNAa*")
than expected (25%, p<10%). Surviving CNAa” mice
underwent grossly normal development, however their life
expectancy is dramatically shortened. These mice were bred
in a virus free facility where other immunodeficient (RAG-2
deficient) mice had a normal life expectancy (our
unpublished observation). Pathological studies revealed no
evidence of consistent pattern of infection or auto-immune
reactions (unpublished observations). Therefore, CNAa is
playing a critical role in some physiological processes
that are essential for extended survival although it is not

absolutely required for development.

Defective Spatial Learning in The Morris Water Maze Task
Using the Morris water maze tasks (Morris, 1981;
Brandeis, 1989), we tested the mutant mice for their
spatial learning abilities, a form of learning which
requires an intact hippocampus (Morris, 1982; Sutherland,
1983). 1In this task, animals are placed in a round pool of
opaque water, and they learn to escape the water by
swimming to a platform. In the spatial version of the
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Morris water maze task, the platform is submerged in the
water, and the animals have to learn the location of the
hidden platform relying on the spatial cues provided by
distal visual objects'surrounding the pool. During each
trial, the animal is placed in the pool at one of the four
start sites and the platform position for each individual
mouse remains constant throughout training. 1In the
non-spatial version of the Morris water maze task, the
platform is made visible to the animals swimming in the
pool by placing a flag on top of the platform. For each
trial, animals were placed in the pool at one of the four
start positions, while the platform was alternating in one
of the four platform positions. 1In this task, animals need
to learn to associate the flag with the position of the
platform, and spatial information is irrelevant. The
hidden-platform and visible-platform versions of the Morris
water maze tasks are similar in terms of motivation and the
requirements for vision and for swimming ability. There-
fore, the visible platform task serves as an important
control for the hidden-platform test.

We started by testing the wild type (n = 11) and
mutant (n = 10) mice in the hidden-platform test with one
block of four trials each day, with each trial separated by
one hour. The training lasted for eight days. On the
eighth day, one hour after the last training trial, each
animal was given a probe test, in which the platform was
removed from the pool and each animal was allowed 60
seconds to search for the platform. The next day of the
probe trial,, mice were given a random platform test, i.e.
one trial with the platform in its original location and
three trials with the platform in one of the platform sites
in other three quadrants. Twenty-four hours later, these
animals were subjected to visible-platform test with three
blocks of four trials each day, nine blocks of training in
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total. Data was analyzed after all the training were
finished.

In the visible-platform test, both the wild types and
mutants split into two groups. One group (wild type n =
10; mutant n = 5) could locate the visible platform with a
reasonable latency while the other (wild type n = 1; mutant

n 5) could not, most likely due to the lack of motivation
to escape and, for the mutants only, the motor deficit.
Both the wild type and mutant mice capable of performing
the visible platform task should have similar motivation to
escape, the vision to see, and the motor skill required to
swim to the platform. So, only the data from those mice
which could performed the visible-platform task were
analyzed and the others were excluded.

There is no significant difference between the wild
types (n = 10) and mutants (n = 5) in the performance of
visible-platform task (p = 0.248), even though at the
beginning of the training, it took the mutants longer time
to reach the platform. However, in the hidden-platform
test, the overall performance of the wild types was
significantly better than that of the mutants
(p < 0.00001). The mutants did not learn how to locate the
submerged platform (p = 0.956) after 32 training trials,
while the wild types improved significantly by training
(p < 0.00001).

In the probe test, in which the platform was removed
from the pool, the wild types spent significantly more time
searching the target quadrant, where the platform had been,
than that spent in the other three quadrants (p < 0.001 ),
while the mutants did not search preferentially the target
quadrant (p = 0.41 ). Also, in the probe test, the wild
types crossed the target platform position significantly
more times than the corresponding positions in the other
three quadrants (p < 0.03), while the mutants did not cross
the target platform position more than the others (p =
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0.39). In the random platform test, the latencies to
locate the platform at its original position (target) or at
other three new locations (other) were determined. The
wild type mice found the platform at its original position
much faster than the other positions (p < 0.001) while
there was no difference for the mutants (p = 0.47). Aall
these tests confirmed that using our training protocol, the
wild type controls learned and remembered to locate the
platform using spatial cues, and the mutants did not.

Fear Conditioning Studies

Fear conditioning is a form of associative learning in
which an emotionally neutral conditioned stimulus (CS),
such as a tone, a light, or the distinct environment
(context)in which the events happen, is paired with an
aversive unconditioned stimulus (US), such as a foot shock.
The CS, by virtue of its relationship with the US, acquires
aversive properties and comes to elicit responses
characteristically elicited by aversive stimuli, i.e.
freezing, defecation, piloerection, etc. (Blanchard and
Blanchard, 1969; Bolles and Fanselow, 1980). 1In the
contextual fear conditioning, the CS is the context in
which the animals were exposed to the US, and this type of
learning is dependent on both hippocampal and amygdala
functions (Kim, 1993; Phillips and LeDoux, 1992). 1In
cue-dependent fear conditioning, the CS is a_tone related
to the US in a temporal fashion, and this type of learning
is dependent on amygdala but not hippocampal functions
(Kim, 1993; Phillips and LeDoux, 1992). We examined the
performance of the mutant mice in both context- and tone-
dependent fear conditioning tests.

Since changes in pain sensitivity were shown to affect
freezing performance (Fanselow and Bolles, 1979; Fanselow
and Bolles, 1979; Fanselow, 1986), it was important to

determine if mutants had altered nociceptive responses to
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foot shocks, i.e. flinch, run/jump, and vocalization.
There was no significant difference in the shock
intensities causing the wild types ahd the mutants to
flinch and vocalize (flinch, p = 0.71; vocalization, p =
0.94). Actually, the intensity causing the mutants to
run/jump was lower than that for the wild types

(p = 0.012). This suggested that the pain sensitivity of
the mutants were normal, if not slightly more sensitive
than the wild type controls. Thus, their lack of freezing
in the fear conditioning tests could not be caused by
changes in pain sensitivity.

Learning and Memory in Tone-dependent Fear Conditioning

In the tone-dependent fear conditioning, wild type and
mutant animals were placed in the shocking chamber for
three minutes and then presented with three 20-second loud
tones (CS) (3 minutes apart) and a foot shock (US) at the
offset of each tone. One hour, two hours, or twenty-four
hours after the initial training, animals were tested in a
different chamber to minimize the confounding effect of
contextual conditioning. They were allowed to stay in the
novel chamber for three minutes before the onset of tone,
which lasted for three more minutes. Freezing was
monitored by a time sampling method.

The wild type and mutant mice behaved similarly during
and immediately after the training (p = 0.396), and the
training effect was strong for both groups (p < 0.000001),
suggesting there is no difference between the wild types
and mutants in their associative learning ability and
short-term memory. When tested at one hour after training,
compared to the first three minutes without the tone, the
wild types had significantly increased freezing at the
onset of tone (p = 0.0011), indicating the presence of
tone-dependent memory. The mutants also showed some tone--

dependent memory as evidenced by an increase in freezing at
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the onset of tone (p = 0.0034), but this should be regarded
as marginally significant since the statistics is
inaccurate when their percentages of freezing were very
small. At one hour after the training, there was a
significant decrease in tone-dependent memory for the
mutants when compared to the wild types (p = 0.0025).

When tested at two hours or twenty-four hours after
the training, the wild type also showed significantly
increased freezing at the onset of the tone (p = 0.026 and
p = 0.011 respectively), while the mutant did not (p =
0.731 and p = 0.888), suggesting the little tone-dependent
memory present in the mutants at one hour after training
was totally lost by two hours after training. Compared to
the wild types, the mutants showed a defective
tone-dependent memory at both two and twenty-four hours
after training (p = 0.0043 and p < 0.00001, respectively).

At two hours, the wild types showed significantly more
tone-dependent freezing than that at one hour, suggesting
the consolidation of memory (Rozin, 1976; Squire, 1984;
Zerbolio, 1969; Rudy and Morledge, 1994; Kim, 1992). There
was no difference between their performances at two and
twenty-four hours after training. There was no significant
difference of mutants’ performance between either one and
two hours or two and twenty-four hours (p = 0.183 and p =
0.473, respectively).

Learning And Memory in Contextual-dependent Fear
Conditioning

In the context-dependent fear conditioning, wild type
and mutant animals were placed in the shocking chamber (CS)
for three minutes and then presented with three foot shocks
(US) (1 minute apart). At one, two, and twenty-four hours
after training, mice were returned to the shocking chamber
to test their context-dependent memory for four minutes.
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Both the wild type and mutant mice showed
context-dependent learning with the three-foot-shock
protocol (wild type p = 0.015, mutant p = 0.013). Overall,
there was no significant difference between the wild type
and mutant mice in their performance during the training
(for the learning curves, p = 0.497; for the freezing
responses in the three minutes after the onset of the first
foot shock, p = 0.158). However, even though the mutant
and wild type showed no significant differences in freezing
at the 4th and 5th minute (p= 0.38 and p = 0.43,
respectively), the mutant mice froze less than the wild
type at the 6th minute (marginally significant, p = 0.050),
suggesting a very mild deficit in contextual learning in
the mutant.

When tested at one hour after the training, there was
no significant difference in the freezing to the context
between the wild type and mutant mice (p = 0.109),
suggesting similar retention of the context-dependent
memory in both groups. However, there seemed to be a mild
trend for the mutants to freeze less than the wild types,
which may due to the mutants’ mild deficit in learning.
When tested at two and twenty~-four hours, the mutants
showed significantly less freezing than the wild types (p =
0.011 and p = 0.0043, respectively). However, there was no
decrease in the freezing response for the mutants between
one and two hours after training (p = 0.78). Therefore,
the significant difference between wild type and mutant at
two hours might be caused by the slight increase in wild
type’s response (p = 0.08), due to memory consolidation
process (Rozin, 1976; Squire, 1984; Zerbolio, 1969; Rudy
and Morledge, 1994; Kim, 1992). There was a significant
decrease in the freezing response for the mutants between
two and twenty-four hours (p = 0.023), while the wild
types’ responses remained similar (p = 0.29). This
suggested that the mutants started to lose their memory
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between two and, twenty-four hours, mostly likely due to
their inability to consolidate information into long-term
memory.

Discussion

CNAa is mediating CsA and FK506’s neurotoxicity

CsA and FK506 have been used successfully to prevent
graft rejections in tissue transplantations (Schreiber and
Crabtree, 1992; Siekierka and Sigal, 1992). These drugs
bind to their perspective binding proteins, cyclophilins
and FK506 binding proteins (FKBPs), collectively called
immunophilins. The drug-immunophilin complex binds to
calcineurin and inhibit calcineurin’s phosphatase activity
(Liu, 1991), thus asserting their immunosuppressive
effects. However, the use of these drugs also associated
with severe side effects, primarily neuro- and
renal-toxicity (Siekierka and Sigal, 1992). It is very
important to determine whether the immunosuppressive
functions of these drugs and their side effects are
mechanistically linked. The information would be useful
for treating transplantation patients with
immunosuppressive drugs and for the design of better

immunosuppressive drugs with less side effects.

The CNAa deficient mice showed symptoms similar to CsA
and FK506 induced neurotoxicity, including changes in brain
density, severe tremor, seizures, cerebellar ataxia,
behavioral disorders, weight loss, and increased mortality
(Miach, 1986; Wilson, 1988; Labar, 1986; Atkinson, 1984;
Menegaux, 1994; Rodriguez, 1992; Appleton, 1989; Lane,
1988; Reece, 1991; Truwit, 1991). We suggest that CNAa is
a mediator of the drugs’ neurotoxicity. We also have
demonstrated previously that CNAe was a relevant isoform in

mediating the drugs immunosuppressive effect on T cells.
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Thus, CsA and FK506’s immunosuppressive functions and
neurotoxicity are mechanistically linked, i.e. by
inhibiting CNAa’s phosphatase activity.

It was suggested that the neurotoxic effects of CsA
were mediated by metabolites, through an effect on the
blood-brain barrier (Lane, 1988). But CsA was found in
every mouse organ assayed, including the brain, after
subcutaneous administration of the drug, in a
dose-dependent fashion (Boland, 1984). This suggested the
drug was capable to cross the blood-brain barrier,
depending on its serum concentrations. In the brain,
FKBP12 (a twelve kilodalton FK506 binding protein) and
cyclophilins were found abundant and colocalizing with
calcineurin (Steiner, 1992; Dawson, 1994; Snyder and
Sabatini, 1995). The colocalization of FKBP12 and
cyclophilin with calcineurin would enable them to bind to
the drugs entered the brain and to mediate their inhibition
of calcineurin, thus causing the neurotoxicity. FKBP12
localizations are almost exclusively neuronal with marked
regional variations resembling those of calcineurin, while
even though cyclophilin localizations are also quite
similar to that of calcineurin, there are some brain areas
enriched in cyclophilin that lack calcineurin (Steiner,
1992; Dawson, 1994; Snyder and Sabatini, 1995). The
difference between FKBP12 and cyclophilin localization
would predict that FK506 has more severe side effects.
FK506 indeed has more severe neurotoxicity than CsaA
(Anonymous, 1994; Mueller, 1994). These findings support
our own that CNAac mediates CsA and FK506’s neurotoxicity.

It was previously suggested that the emulsifier for
CsA in clinical i.v. formulations, Cremophor EL, accounted
for nearly all the neurotoxicity of clinically formulated
CsA, in terms of effects on elaboration of neurites by N1
E.115 neuroblastoma cells (Brat, 1992). In the clinical
sense, it is worth emphasizing that even though the
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emulsifier may also contribute to the neurotoxicity, the
actions of CsA and FK506 themselves, i.e. inhibition of
CNAa activity, can cause severe neuronal side effects.

When various blood and serum parameters, including
ALT, bilirubin, urea, creatinine, and glucose, were
analyzed alone or in multivariate fashion, they correlated
significantly with the incidence and severity of early
postoperative neurotoxicity, suggesting that neurotoxicity
following liver transplantations may be caused by various
factors and is not exclusively a drug-specific side effect
of immunosuppression (Mueller, 1994). Even though our data
demonstrated that lacking CNAa itself is sufficient to
cause the neurotoxicity, suggesting this side effect is
drug-specific, we cannot rule out the possibility that
mallunction of other organs due to the lack of CNAa is also
contributing to the symptom. Further studies are needed to
address this question.

CNAa deficient mice have increased mortality rate,
which was reported in CsA and FK506 treated child and adult
patients (Menegaux, 1994), and mice (Boespflug, 1989). 1In
rats, CsA lowers seizure threshold and probably increase
susceptibility to seizure, and 20 mg/kg/day i.p. of CsA
caused significant EEG abnormalities and mortality
(Racusen, 1990). Why these mice die is unclear to us.

CNAa deficient mice can serve as an animal model for study

CsA and FK506 immunosuppressive action and side effects.

CNAa is involved in hippocampus-dependent spatial learning
and play a critical role in long-term memory formation
Calcineurin Aa deficient mice have a motor deficit,
which is affecting the mutants to different degrees.
However, this motor deficit is not responsible for the
defective spatial learning in the Morris water maze task,
because these mutants can find the visible platform as fast

as the wild types, suggesting the mutant mice have the
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motor skill required to swim at a similar speed as the wild
type mice. This motor deficit is not responsible for the
mild deficit in contextual learning and the defective fear
response when testing for their long-term memory in the
fear conditioning studies, because the mutant mice are
capable of holding the freezing posture and showing a
freezing response over an extended period of time.

These mice are not blind either, because they can see
the visible platform. But we cannot rule out the
possibility that these mice are somehow near-sighted so
that they cannot see the more distal spatial cues as
clearly, even though near-sightedness of mice has not been
reported in the literature. Also, the shocking chamber for
the fear conditioning studies is a very small chamber. The
mutant mice should be able to see the context inside the
chamber, and yet they have a mild deficit in contextual
dependent learning, suggesting eyesight is a not a
determining factor in our studies.

CNAa deficient mice seem to have normal associative
learning ability, since they could perform the visible
platform Morris water maze task and had fear responses to
foot shocks. However, their hippocampus-dependent learning
seem to be affected. The mutant mice have a dramatic
deficit in spatial learning in the hidden-platform Morris
water maze task, but only a mild deficit in contextual
fear conditioning. Both tasks have been shown to be
hippocampus dependent (Morris, 1982; Sutherland, 1983; Kim,
1993; Phillips and LeDoux, 1992).

It was suggested that in order to condition to the
context, an animal had to construct a unitary configural
representation of the context (Nadel, 1985; Fanselow, 1990;
Rudy, 1993). So it is possible that the construction of
such a configural representation by the hippocampus
requires calcineurin o function. In the contextual fear
conditioning, due to the mild deficit in spatial
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information processing, the mutant mice showed a mild
deficit in learning. 1In the hidden-platform Morris water
maze task, the spatial cues are much further away and more
complexed than the shocking chamber, so that the
construction of the "spatial map" is more difficult. The
greater difficulty of this task makes it harder to learn
and thus the learning deficit in the mutant mice was more
severe. Another possibility is that in the Morris water
maze task, long term memory may be critical for learning in
a distributed trial procedure. So the lack of long term
memory formation (as discussed below)in the mutant mice
would contribute to the lack of learning during eight days
of training. Mass training procedure should be able to
compensate for the lack of long-term memory. This argument
is supported by the finding that the CREB deficient mice,
which have defective long-term memory, learned poorly with
a distributed training procedure but their performance was
similar to that of the wild type controls during a mass
training procedure (Bourtchuladze, 1994). These two
poésibilities do not conflict with each other, with both
may contributing to the severe learning deficit of the
mutant mice in the hidden-platform task. This is
consistent with the previous findings that memory
impairment is exacerbated by increasing the retention delay
or the amount of material to be learned (Mishkin, 1978;
ZolaMorgan and Squire, 1985; Squire and Zola-Morgan, 1991).
It was previously shown that there are two temporally
distinct forms of associative fear memory, short-term and
long-term, that activate the freezing response that emerges
shortly after foot shock (Zerbolio, 1969; Kim, 1992; Rudy
and Morledge, 1994; Bourtchuladze, 1994). The freezing
response measured immediately after the foot shocks are the
result of associative learning and short-term memory
(Blanchard, 1976; Fanselow, 1986; Kim, 1992; Kim, 1993;
Phillips and LeDoux, 1992; Rudy and Morledge, 1994;
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Bourtchuladze, 1994). The CNAa mutant mice displayed a
normal fear response in cued fear conditioning, and an
overall normal response in the contextual fear
conditioning, even though in the 6th minute the mutants’
freezing was marginally significant less. Also, when
tested one hour after the contextual training, there was no
significant difference between the wild type and mutant
mice. All this suggest that their short-term memory is
normal.

The formation of long-term and stabilized fear memory
requires a time-~-dependent consolidation process (Rozin,
1976; Squire, 1984; Zerbolio, 1969; Rudy and Morledge,
1994; Kim, 1992). The time window for the consolidation
process was shown to be between 10 minutes to 24 hours
after the training in rat (Rudy and Morledge, 1994) and
between 15 minutes to 2 hours in mice (Zerbolio, 1969). 1In
our studies, the wild type controls underwent memory
consolidation between one and two hours after training,
while the mutant mice did not, thus causing the gradually
loss of fear memory in the mutants. So, as Rudy and
Morledge concluded from their study of infantile amnesia
(Rudy and Morledge, 1994), our study show that CNAa
deficient mice have a defective long-term memory due to a
deficiency in memory consolidation. The retention period
for the tone-dependent or the context-dependent short-term
memory seems to be different, with that of the
tone-dependent much shorter. This is in agreement with the
previous findings that the time course of amnesia differs
for different tasks involving different neuroanatomical
structures (Kim and Fanselow, 1992; Kim, 1993; Phillips and
LeDoux, 1992; Bourtchuladze, 1994).

Why the lack of CNAa can cause deficit in long-term
memory formations is not clear. We would like to postulate
that CNAa is a key signaling molecule in such processes.

However, even though the medial temporal lobe is important
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for memory formation (Squire and ZolaMorgan, 1991 ),
evidence also suggests that cerebellum is involved in
higher cognitive functions (Middleton and Strick, 1994).
Thus, the smaller cerebellum in the mutant mice might
affect its function. More studies are needed to further

assess CNAa’s role in neuronal activities.

Conclusions

We conclude from our study of the CNAa deficient mice
that CNAa is mediating CsA and FK506’s neurotoxicity and
that CNAc is playing a role in the processing of spatial
information and the formation long-term memory. Huang, Li,
and Kandel had postulated that both NMDA-dependent and
NMDA-independent pathways shared a common late phase LTP,
which is mRNA and protein synthesis dependent, in which
cAMP-dependent kinase is involved, and which leads to
memory consolidation (Huang, 1994). It is likely that
calcineurin is a key signaling molecule in such a process,
the activation of which would lead to the transcription and
translation of proteins that are required for the common
memory consolidation process.

Example 3 Tau and Neurofilament in Calcineurin Aa Deficient
Mice

We studied the role of calcineurin Ac in the
regulation of phosphorylation status of cytoskeleton
proteins in the brain. 1In mice lacking the a isoform of
calcineurin A subunit (CNAa), there is more
hyperphosphorylated form of tau protein, which is the major
component of paired helical filaments (PHF) found in
Alzheimer’s disease. The hyperphosphorylation of tau is
most profound in the hippocampal mossy fiber region of the

mutant mice. In addition, the mossy fiber axons of the
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CNAa” mice contained less neurofilament protein than the
wild type. Electromicroscopic studies of mossy fiber
revealed a higher microtubule/neurofilament ratio in the
mutant brain than in the wild type brain. Our findings
indicate that the CNAa regulates the phosphorylations of
cytoskeleton proteins, either directly or indirectly. The
altered phosphorylation status of tau might have functional
consequences that are relevant to Alzheimer’s disease.

Alzheimer’s disease is a degenerative disease of the
central nervous system that results in deficits in memory
and cognition. The pathological hallmarks of the disease
include neuritic plaques containing the amyloid Af protein
together with several pathological chaperones, and
neurofibrillary tangles (NFT) of paired helical filaments
(PHF). Antibodies raised against purified PHF were found
to recognize hyperphosphorylated forms of the
microtubule-associated protein tau, which were then shown
to be the main constituents of PHF. Normally, tau is
believed to be involved in the maintenance and development
of axonal morphology (Goedert, 1993).

Calcineurin has been shown to have a close association
with the cytoskeleton formation or function. In vitro,
calcineurin dephosphorylates microtubule-associated protein
2 (MAP2) and tau which are phosphorylated by PKA and
CaM-kinase, and tubulin which is phosphorylated by CaM-
kinase (Goto, 1985; Drewes, 1993; Gong, 1994). Calcineurin
was identified and isolated from adrenal cell cytoskeleton
and was able to dephosphorylate cytoskelatal proteins
(Papadopoulos, 1990; Papadopoulos, 1989). It is also
enriched with the cytoskeleton in the growth cones of
developing cerebellar neurons (Ferreira, 1993). 1In CsA
injected rat brain, the inhibition of calcineurin
phosphatase activity correlated with the accumulation of
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phosphorylated neurofilament and probably tau (Tanaka,
1993).

Because of calcineurin’s potential role in regulating
the phosphorylation status and function of cytoskelatal
proteins, we have examined its function in vivo by
analyzing the phosphorylation of these proteins in mice
deficient for the a isoform of calcineurin A subunit
(CNAx) . Mutant mice display a large increase in the degree
of tau phosphorylation as detected by anti PHF antibodies.
The level of PHF immunoreactivity in the mutant mice was
highest in the messy fibers of the hippocampus. 1In the
same area, there was decreased neurofilament
immunoreactivity in the mutant hippocampus. These results
are the first documentation of a role for calcineurin in
tau phosphorylation in vivo and suggest that proper
cytoskeleton formation depends on the correct balance in
phosphorylation of tau and perhaps other proteins.

We have used phosphorylation-dependent or -independent
antibodies to investigate the neuropathological effects of
lacking CNAa function. Of particular interest was the
PHF-1 monoclonal antibody that was raised against PHF
purified from Alzheimer’s disease brain (Greenberg, 1992).
The antigen most clearly recognized by PHF-1 has been shown
to be a phosphorylated form of the microtubule-associated
protein tau. The dependence of PHF-1 antibody on the
phosphorylation state of tau is demonstrated by the fact
that immunostaining with PHF-1 is abolished when the PHF
tau is dephosphorylated with calcineurin (Gong, 1994).
Another antibody used in our study is 7-1 (Binder, 1985)
which recognizes dephosphorylated tau but not
phosphorylated tau, allowing the specific detection of
non-PHF tau. Two other antibodies that are believed to be
phosphorylation independent, tau-2 and 5E2, were also
tested (Kosik, 1988).
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Brain homogenates were prepared from 2-4 months old
age matched wild-type and mutant mice, and the
phosphorylation state of the proteins were probed with
different antibodies. Western analysis showed a consistent
increase (up to 7 fold)in PHF-1 immunoreactivity in mutant
mice. The mutant mice had either the same or occasionally
slightly lower amount of dephosphorylated tau, as shown by
7-1 antibody staining. When the blots were immunostained
with the phosphorylation-independent antibodies tau-2 and
5E2 there was a slightly stronger reaction with the mutant
mice than the wild type (data not shown). This indicated
that the increased staining with PHF-1 in the mutant mice
reflected a specific increase in the PHF form
(hyperphosphorylated) of tau rather than a general increase
in all forms of tau. Thus, the absence of CNAa function
caused a shift in tau phosphorylation state, and perhaps
also a slight increase in total tau expression.

We next tried to determine the brain regions that were
affected by hyperphosphorylation of tau, and whether there
were neurofibrillary tangles in the mutant brain.
Immunohistochemistry was performed on hippocampal sections
with anti~-PHF antibodies. Increased immunoreactivity was
consistently observed in the hippocampi of mutant mice when
compared to that of wild type mice. The most intense
immunoreactivity was in the stratum lucidum of the CA3
region, and some staining was also observed in the hilus of
the dentate gyrus. 1In some of the mutant mice, staining
was observed in both infrapyramidal and suprapyramidal
layers. The PHF staining in the mutants did not correspond
to cell bodies of granule or pyramidal cells. The location
and orientation of the staining is most consistent with the
mossy fiber axons projecting from dentate gyrus into CA3
region. We could not identify plaques or tangles using
Congo Red or Bielchowsky’s silver staining. The absence of

silver staining plaques and tangles is not unexpected since
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in Alzheimer’s disease, positive immunostaining with
anti-PHF antibodies long precedes any positive silver
staining tangles (Braak, 1994).

Neurofilaments are phosphorylated to different degrees
depending on their location and maturation. They have been
suggested to convey on axon thickness and stability, and to
modulate the axonal caliber (de Waegh, 1992; Hoffman and
Cleveland, 1988). Immunostaining with an antibody (SMI32)
that recognizes non-phosphorylated neurofilaments revealed
no significant difference between wild type and mutant mice
(data not shown). Immunostaining with antibodies directed
against phosphorylated neurofilament, including SMI34 and
SMI310, which stain intracellular and extracellular
neurofibrillary tangles respectively, showed a slightly
stronger reaction in the wild type than that in the mutant
mice. These data suggested that there was no difference in
the phosphorylation status of neurofilaments between the
wild type and mutant brains.

Interestingly, we observed that processes which showed
strong Bielchowsky silver staining in the CA3 region in
wild type mice, did not stain in mutant mice.

Bielchowsky’s silver stain normally labels axons, and a
loss of such argyrophilic staining has been observed in
degenerating axons in ischemia. The silver staining
pattern of the wild type mossy fibers was reminiscent of
the anti-PHF staining pattern of the mutant mossy fibers,
suggesting that the mossy fibers that stained positively
with PHF-1 in mutant mice are not staining with silver.
This result could reflect either a reduction in the number
of mossy fiber axons or an alteration in their
cytoskeleton, since this silver stain is believed to
recognize cytoskelatal elements, particularly
neurofilaments.

The possibility that the neurofilaments are altered in
mossy fibers in the mutant mice was tested directly by
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staining sections with an antibody against the 68 kD
subunit of neurofilament in a phosphorylation independent
manner. We observed a much stronger NF staining in the
mossy fibers of wild type mice than that of mutant mice.

We also examined the consequences of these alterations
on the ultrastructure of these axons at the electron
microscope (EM) ' level. Half brains from perfused animals
were postfixed and processed for EM. The mossy fibers were
traced from the pyramidal neurons of CA3. EM studies
showed that the neurofilament/microtubule ratio was
decreased in the mutant mossy fiber region. The wild type
mossy fibers had many regions with abundant neurofilaments,
while in the mutant mossy fibers, the neurofilament-rich
regions were less frequent. This finding confirmed our
observations with immunostaining the Bielchowsky silver
staining.

Discussion:

Tau is a microtubule-associated protein that is
localized primarily in the axons; it has been proposed to
form cross-bridges between microtubules and between
microtubules and neurofilaments (Hirokawa, 1988).

Moreover, tau has been shown to stabilize microtubules and
promote their assembly, a property that is probably
regulated by the phosphorylation state of tau. When tau is
phosphorylated, its ability to promote microtubule assembly
is diminished (Brandt, 1994) (Drechsel, 1992; Lindwall and
Cole, 1984). Recently, it was shown that abnormally
phosphorylated tau from Alzheimer’s brain inhibited
microtubule assembly, and that its ability to promote
microtubule assembly was restored upon dephosphorylation
(Alonso, 1994). It is conceivable that a shift in tau
phosphorylation might perturb cytoskeleton function.

Tau gained special attention when it was shown that

the neurofibrillary tangles that accumulate in Alzheimer’s
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disease are composed predominantly of hyperphosphorylated
tau. Using antibodies against hyperphosphorylated tau,
changes were detected much earlier than the development of
argyrophilic staining and before the appearance of any
neurofibrillary tangles or amyloid plaques (Braak, 1994;
Braak, 1994). In CNAa deficient mice, we were unable to
detect any neurofibrillary tangles. It is possible that we
are looking at an early stage of the disease onset and that
the tangles might form as the mice become older.
Alternatively, inasmuch as neurofibrillary tangles have not
been observed in mice, the properties of mouse tau protein
could preclude PHF formation. Finally, it is possible that
other components are needed for the formation of the
tangles, just as pathological chaperones appear to be
required for the Alzheimer (-protein to polymerize into
amyloid filaments (Ma, 1994), while in CNAa mutant mice
such components are not affected.

The hippocampal mossy fibers which are projected from
granule cells into CA3 are believed to be involved in
memory and learning. Granule cells exhibit post-natal
neurogenesis and have been proposed to be very plastic in
terms of their ability to form new synapses. Such
plasticity is normally observed in developing neurons, but
persists in adult hippocampus, presumably because of the
need for constant synaptic remodeling during memory
formation and processing. Mossy fibers have a smaller
diameter than many axons, and small axons have been
reported to contain greater amount of tau relative to other
microtubule associated proteins than the large diameter
axons (Harada, 1994). This might result in the prominent
PHF staining in the mossy fiber region.

The lack of staining in the mutant mossy fiber area by
anti-neurofilament antibodies and by Bielchowsky silver
suggests that neurofilaments in mutant mossy fiber axons
are down-regulated. This finding was confirmed by the EM
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examination of the mossy fibers. Tau has been shown to
bind to both neurofilaments and microtubules (Miyata,
1986). Since hyperphosphorylation affects tau’s ability to
bind and stabilize microtubules, it is likely that
hyperphosphorylation could also reduce tau binding to NF.
The interactions between tau and neurofilaments and
microtubules are likely to be important for axonal
transport of neurofilaments. Overphosphorylation of tau
might perturb these interactions and result in fewer
neurofilaments to be transported to the mossy fibers.
However, it is possible that overphosphorylation of tau and
lack of neurofilament staining in the mutant mossy fibers
are two independent phenomena due to lack of CNAa function.

The regional specificity of the PHF-1 immunostaining
observed is reminiscent of that affected in some seizures
and their animal experimental models. In children with
severe epilepsy, there is an increase in Timm’s silver
deposits (indicating sprouting) in CA3 (Represa, 1989).
After kindling or kainic acid treatment of rats (models of
epilepsy), mossy fibers exhibited increased Timm’s zinc
staining in CA3 region, while the CAl region was not
affected (Frotscher, 1983; Sutula, 1988; Represa, 1989).
Kainic acid treatment also induced a transient increase in
PHF tau immunoreactivity (detect by the Alz50 antibody) in
the CA3 neurons (Elliot, 1993). Perhaps CNAa is regulating
some key component of the CA3 neural circuit which might be
common to the neurological disorders, such as Alzheimer’s
disease and epilepsy.

In conclusion, we have shown that in CNAa deficient
mice, there was an increased level of PHF immunoreactivity
in specific regions of the hippocampus. This provided the
first link between calcineurin activity to the accumulation
of PHF tau in vivo. It is likely that the observed changes
in tau phosphorylation and the axonal cytoskeleton underlie
a perturbation in neuronal function in mutant mice.
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Elucidating the specific functional changes especially in
the hippocampus might prove to be beneficial in
understanding the normal physiology as well as the

pathology in neurodegenerative diseases.
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Example 4 Assessment of Alzheimer’s PHF Tau_in Mice Lacking
Calcineurin

References cited in Example 4 are those included in
the subject application immediately following Example 4.

Mice lacking calcineurin were produced as described above.

Protein Processing and Assay:

Brains were homogenized in 50 mM tris/0.2 mM EDTA,
with five passes (up and down) in a ground glass
homogenizer. Homogenates were assayed for protein in
Bradford’s Coomassie Blue binding assay (Bradford , 1976)
according to the manufacturer’s (Bio-Rad; Richmond, Ca)
instructions. Protein assays were performed in duplicate.
Following mixing of the sample with the dye reagent, the
absorbance was read at 600 nm.

Sodium Dodecyl Sulphate-polyacrylamide Gel Electrophoresis
(SDS-PAGE)

The protein fractions were subjected to SDS-PAGE in 4-
20% gradient gels using Laemmli discontinuous buffer system
(Laemmli, et al., 1970). Twenty pg of the boiled samples
and of protein standards (Amersham, Arlington Heights, IL)
were loaded in each well and run at a constant current of
20 mA/gel. The gels were stained with Coomassie Blue R-250
or silver (Bio-Rad; Richmond, CA).

Western Blotting and Immunostaining

Duplicate SDS-PAGE gels were used immediately for
electrophoretic transfer. The transfer was carried out
using 0.025 M Tris, 0.192 M glycine, 15% methanol, pH 8.3
(Towbin et al., 1979). The proteins were transferred
overnight in the cold room at a constant voltage of 30
volts to Immobilon-P membranes (Millipore, Bedford, Ma).
Upon the termination of the transfer, the membranes were
blocked by incubating with either 5% (w/v) bovine serum
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albumin or 5% non-fat milk in 10 mM tris-buffered saline pH
7.4, 0.1% Tween-20 (TBST) for 1 hour. After blocking non-
specific binding sites, the membranes were incubated for 1-
2 hours with the primary antibody solution at a titer
recommended by the manufacturer or determine empirically in
the laboratory. The membranes were then washed 1x15 and
2x5 minutes with TBST. After washing, the secondary
antibody solution, horseradish peroxidase-conjugated anti
mouse IgG, (Pierce, Rockford, IL) was added and incubated
for 1 hour. Then, the membranes were washed again 1x15 and
4x5 minutes as before. The membranes were stained with the
chemiluminescent substrate solution ECL (Amersham,
Arlington Heights, IL) according to manufacturers
instructions, and exposed on Kodak XAR-5 film for 1-60 min
depending on intensity of bands observed. For quantitation
of bands the films were scanned and the stained peaks
integrated using an LKB Ultroscan XL densitometer
(Pharmacia, Piscataway, NJ).

Histochemistry and Immunocytochemistry

Mice were anesthetized with ketamine.HCl/xylazine, and
perfused transcardially with Ames solution containing
procaine and heparin, followed by 1% glutaraldehyde, 1%
formaldehyde. Next the brains were dissected out, and
placed in 4% formaldehyde. The samples were embedded in
paraffin and sections were cut for histochemistry and
immunocytochemistry. Sections were dre-paraffinized and
some were stained with Hematoxylin and Eosin, Bielchowsky
silver, Luxol Fast Blue, or Congo red as described by AFPI
manual (Prophet et al., 1992). Other slides were
immunostained using the ABC, and ABC-AP kits according to
manufacturer’s instructions (Vector, Burlingame, CA). To
enhance the signal on fixed tissue, occasionally slides

were treated with either 88% formic acid for 10 min or 0.1



WO 96/35126 PCT/US96/06152

10

15

20

25

30

-106-

M citrate pH 6.0 for 10 min in the microwave (bringing the
citrate to boil).

Results

Phosphorylation-dependent antibodies were used to
investigate the neuropathological effects of deleting the «
isoform of the catalytic subunit (A) of calcineurin. Of
particular interest was the PHF-1 monoclonal antibody that
was raised against PHF purified from Alzheimer’s disease
brain (Greenberg et al., 1992). The antigen most clearly
recognized by PHF-1 has been shown to be a phosphorylated
form of the microtubule-associated protein tau. The
dependent of PHF-1 antibody on the phosphorylation state of
tau is demonstrated by the fact that immunostaining with
PHF-1 is abolished when the PHF tau is dephosphorylated
with calcineurin (Gong et al., 1994). Another antibody
used in the study is 7-1 (Binder et al., 1985), which
recognized dephosphorylated tau but not phosphorylated tau,
allowing the specific detection of non-PHF tau. Two other
antibodies that are believed to be phosphorylation
independent, tau-2 and 5E2, were also tested (Kosik et al.,
1988).

In the first set of experiments brain homogenates were
prepared from 2-4 months old wild type mice and mice in
which the expression of calcineurin was knocked out (Cn’),
and the phosphorylation state of the proteins were probed
with different antibodies. First, the expression of
calcineurin was examined using a monoclonal antibody
against calcineurin (Transduction Laboratories, Lexington,
KY) and shown to be significantly suppressed in the
calcineurin knock-out mice. The residual staining is
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probably due to calcineurin  which is expressed at lower
levels in the rat brain (Kuno et al., 1992). When Western
blots were immunostained with PHF-1, bands with molecular
weights corresponding to tau consistently showed an
increase (up to 7 fold) in the level of PHF-1
immunoreactivity in Cn" samples as compared to wild type
samples from age-matched litter mates. When these samples
were run in parallel and stained with antibody to
dephosphorylated tau (7-1), the Cn" mice had either the
same or occasionally slightly lower tau staining. The fact
that 7-1 immunostaining was not increased in Cn mice
indicates that the increased staining with PHF-1 in the Cn
mice reflects a specific increase in the PHF form of tau
rather than a general increase in all forms of tau. When
the blots were immunostained with the phosphorylation-
independent antibodies tau-2 and 5E2 there was a slightly
stronger reaction with the knock-out mice than the wild
type. From these data, we conclude that the predominant
effect on tau of knocking out calcineurin is a shift in its
phosphorylation state, with perhaps also a slight increase
in absolute tau levels.

To investigate the effect of calcineurin deletion on
the phosphorylation of other cytoskeletal proteins, we
probed the Western blots with various phosphorylation-
dependent and independent antibodies. Normally,
neurofilaments are phosphorylated to different degrees
depending on their location and maturation. Their function
is believed to involve modulating the axonal caliber, and
the degree of neurofilament phosphorylation is believed to
regulate the spacing between them (de Waegh et al., 1992).
Immunostaining with an antibody (SMI32, Sternberger
Monoclonals, Baltimore, MD) that recognized non-
phosphorylated neurofilaments (NF) showed that the levels
of NF proteins were not significantly different between
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wild type and Cn mice, although in some Cn’ samples there
was a stronger staining of a band of ~50 KDa that might
represent a cross-reactive form of tau. Immunostaining
with antibodies directed against phosphorylated NF,
including SMI34 and SMI310 (Sternberger Monoclonals,
Baltimore, MD), which strain intracellular and
extracellular neurofibrillary tangles (NFT) respectively,
showed a slightly stronger reaction with the wild type than
the Cn" samples, indicating that the increase in
phosphorylated tau is specific and does not reflect a
general increase in the phosphorylation of cytoskeletal
proteins. The reduced staining of phosphorylated NF in the
Cn" knock-out mice could be due to a general reduction in
expression of neurofilaments. Neurofilaments, which are
believed to convey on axons thickness and stability, are
down-regulated in regenerating neurites, which thus have a
concomitant increase in the microtubule/neurofilament ratio
(Hoffman et al., 1988). Finally, several other antibodies
against different cytoskeletal proteins have been tested to
check for different proteins and no consistent differences
in immunoreactivity were observed.

Upon finding that the Cn mouse brains had a higher
level of PHF immunoreactivity, we wished to determine
whether some areas of the brain were more affected than
others, and whether the PHF immunoreactivity is accompanied
by the formation of neurofibrillary tangles. - In the second
set of experiments wild type and Cn” mice were perfused
with fixative and paraffin sections were prepared from
their brains. When the seconds were stained with anti PHF
antibodies, increased immunoreactivity were consistently
observed in the hippocampi of Cn" mice when compared to
wild type. The most intense immunoreactivity was observed
in the stratum lucidum of the observed region; some

staining was also observed in the hilus of the dentate
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gyrus.  In some of the Cn mice, staining was observed in
both infrapyramidal and suprapyramidal layers. The PHF
staining in the Cn" mice did not correspond to cell bodies
of granule or pyramidal cells, but based on the location
and orientation is most consistent with the labeling of
mossy fiber axons projecting from dentate gyrus into CA3.

The finding of PHF tau in the mossy fibers of the Cn
mice prompted a parallel analysis of the localization of
calcineurin. Sections labeled with anti calcineurin
antibodies revealed strong staining in the hippocampus and
striatum in the wild type but not in the Cn" knock-outs, as
expected. The difference in calcineurin levels between .
wild type and Cn mice was particularly large in the mossy
fibers—the area strongly labeled with anti PHF antibodies
in the knock-out mice, demonstrating that calcineurin is
depleted in regions that exhibit increased anti PHF
staining. Other regions in the hippocampus, such as CA1l,
showed some weak staining in the Cn" mice, which could be
due to the B isoform of calcineurin. More importantly, the
anti calcineurin staining in wild type mice in CAl was
localized in the dendrites unlike CA3 where it was
localized in mossy fiber axons. Since tau is predominantly
localized in axons, it is therefore not surprising that we
found no anti PHF staining in the CAl region in the Cn" -
mice.

Several histochemical stains were used to analyze the
Cn brains for potential pathology. Staining of sections
with Eosin-Hematoxylin did not reveal significant
differences between the Cn and wild type. We could not
identify plaques or tangles using Congo Red or
Bielchowsky'’s silver staining, nor did we observe gross
changes in myelination of neurons in these mice by staining
with Luxol Fast Blue. The absence of silver staining

plaques and tangles is not unexpected since in Alzheimer’s
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disease, positive immunostaining with anti PHF antibodies
long precedes any positive silver staining tangles (Braak
et al, 1994). Interestingly, we observed that processes
which showed strong silver staining in the CA3 region in
wild type mice, did not stain in Cn" mice. Bielchowsky’s
silver stain normally labels axons, and a loss of such
argyrophilic staining has been observed in degenerating
axons in ischemia. The silver staining pattern of the WT
mossy fibers was reminiscent of the anti PHF staining
pattern of the Cn mossy fibers, suggesting that the mossy
fibers that stained positively with PHF-1 in Cn" mice are
not staining with silver. This result could reflect either
a reduction in the number of mossy fiber axons or an
alteration in their cytoskeleton, since this silver stain
is believed to recognize cytoskeletal elements,
particularly neurofilaments (NF).

The possibility that the neurofilaments are altered in
the Cn" mice was tested directly by staining sections with

an anti NF antibody that recognizes the 68 KDa subunit in a

phosphorylation independent manner (Zymed Laboratories, San
Francisco, CA). We observed a much stronger NF staining in
the mossy fibers of wild type mice than of Cn" mice,
suggesting decreased production or increased degradation of
neurofilament proteins. In sum, a series of immuno- and
histochemical labeling experiments indicate a reduced level
of neurofilaments in the mossy fibers of the Cn mice
coupled with an increase in the degree of phosphorylation
of a key microtubule-associated protein, tau.

After observing the drastic alteration in cytoskeletal
elements biochemically and localizing the alterations to
the mossy fiber region, we wished to examine the
consequences of these alterations on the ultrastructure of
these axons at the electron microscope (EM) level. Half

brains from perfused animals were postfixed and processed
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for EM. The mossy fibers were traced from the pyramidal
neurons of CA3. The wild type mossy fibers had many
regions with abundant neurofilaments and very little
microtubules. On the other hand, in the mossy fibers of
the Cn mice, there was almost a complete absence of
neurofilament-rich regions coupled with an abundance of
microtubules. These findings confirm our observation with
immunostaining with anti neurofilament antibodies and the
Bielchowsky silver staining.

Discussion

The function of the phosphatase calcineurin in the
brain is not fully understood. Several roles have been
proposed including regulation of the neuronal cytoskeleton
through dephosphorylation of proteins such as neurofilament
proteins and tau. Another proposed role is in the
regulation of long term depression (LTD) through
dephosphorylation of phosphatase I inhibitor and activation
of the phosphatase I cascade (Mulkey et al., 1994). 1In
addition calcineurin has been proposed to control synaptic
vesicle recycling through its action on dynamin (Liu et
al., 1994). These functions have been inferred either from
in vitro studies or from in vivo studies in which
calcineurin activity was blocked with inhibitors such as
cyclosporin. One limitation to inhibition experiments is
that the inhibitors used act indirectly through
immunophilins, and different inhibitors bind different
immunophilins. Also immunophilins have proline isomerase
activities which might affect proteins other than
calcineurin. By using knock-out mice in which a specific
isotype of calcineurin is eliminated completely, we can
directly assess the consequence of its depletion of
specific end points.
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The first end point we have examined is the
phosphorylation of cytoskeletal proteins such as tau. Tau
is a microtubule-associated protein that is localized
primarily in the axons; it has been proposed to form cross-
bridges between microtubules and between microtubules and
neurofilaments (Hirokawa et al., 1988). Moreover, tau has
been shown to stabilize microtubules and promote their
assembly, a property that is likely regulated by the
phosphorylation state of tau. Specifically, when tau is
phosphorylated, its ability to promote microtubule assembly
is diminished (Brandt et al., 1994; Dreschsel et al., 1992;
Lindwall et al., 1984). Recently, it was shown that
abnormally phosphorylated tau from Alzheimer’s brain
inhibited microtubule assembly, and that is ability to
promote microtubule assembly was restored upon
dephosphorylation (Alonso et al., 1994).

Tau gained special attention when it was shown that
the neurofibrillary tangles that accumulate in Alzheimer’s
disease are composed predominantly of tau that is
abnormally phosphorylated. Using antibodies against
hyperphosphorylated tau, changes were detected much earlier
than the development of argyrophilic staining and before
the appearance of any NFT or amyloid plagues (Braak et al.,
1994; Braak et al., 1994). Indeed, phosphorylation of tau
has also been shown to alter its structure by making it
longer and stiffer (Hagestedt et al., 1989). These
findings prompted research into possible mechanisms by
which tau could become hyperphosphorylated. As mentioned
above, several kinases will phosphorylate tau to generate
PHF-like immunoreactive isoforms and several phosphatases,
including calcineurin will return PHF tau to a more normal
state of phosphorylation. cCalcineurin has been further
implicated recently, with other phosphatases, in the
formation of PHF tau by studies on biopsied human brain
tissue, in which it was demonstrated that tau is normally
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phosphorylated but becomes dephosphorylated during tissue
processing and preparation by calcineurin and other
phosphatases present in normal but not Alzheimer’s brains
(Matsuo et al., 1994). These findings were taken to
indicate that in Alzheimer’s disease deficits in
phosphatases such as calcineurin might underlie the
accumulation of hyperphosphorylated tau. Another study
that examined the levels of calcineurin in Alzheimer’s and
normal cerebellum and neocortex immunocytochemically found
no differences in protein level between the two groups.
However, calcineurin was located around some
neurofibrillary tangles, and the study did not compare
levels of calcineurin enzyme activity (Billingsley et al.,
1994).

Our experiments reveal a clear and specific effect of
deleting the major isoform of calcineurin in the mouse
brain. The most prominent effect observed was an increase
in the PHF-type tau. This observation is consistent with
the ability of calcineurin to convert PHF tau into normal
tau in vitro (Drewes et al., 1993; Gong et al., 1994), and
is the first in vivo evidence that calcineurin plays a role
in the normal phosphorylation/dephosphorylation of tau. It
also suggests that lowered amounts of calcineurin activity
may underlie the accumulation of the PHF-(phosphorylated)
form of tau in Alzheimer’s disease. The fact that
increased anti PHF reactivity was observed using two
independent méfhods, Western Blotting and
immunocytochemistry on perfused and fixed tissue, argues
against the increased phosphorylation being an artifact of
tissue processing where phosphatases and kinases can become
activated. Although we were unable to observe NFT in the
Cn" mice, we cannot rule out the possibility that they will
form as the mice become older. This possibility is
supported by the fact that studies that attempted to stage
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Alzheimer’s disease have concluded that hyperphosphory-
lation of tau is the earliest change observed in affected
brain regions (Braak et al., 1994). Alternatively,
inasmuch as NFT have not been observed in mice during any
neurological disease, the properties of mouse tau could
preclude PHF formation. Finally, it is possible that other
components are needed for the formation of the tangles,
just as pathological chaperones appear to be required for
the Alzheimer B-protein to polymerize into amyloid
filaments (Ma et al., 1994).

The hippocampal mossy fibers which are projected from
granule cells into CA3 are believed to be involved in
memory and learning. Granule cells exhibit post-natal
neurogenesis and have been proposed to be very plastic in
terms of their ability to form new synapses. Such
plasticity is normally observed in developing neurons, but
persists in adjust hippocampus, presumably because of the
need for constant synaptic remodeling during memory
formation and processing. The plasticity of the CA3 region
can be partly regulated by calcineurin and calcium. The
staining of sections with an antibody against calcineurin
revealed intense staining in wild type mice in the
hippocampus, including the mossy fibers, where we observed
the PHF immunostaining in Cn mice. Mossy fibers have a
smaller diameter than many axons, and small axons have been
reported to contain a greater amount of tau relative to
other MAPs as compared to large diameter axons (Harada et
al., 1994). The fact might help explain the prominence of
PHF staining in that region. Some regions such as CAl
exhibited anti calcineurin immunoreactivity in wild type
mice but no PHF immunoreactivity in Cn” mice, presumably
because calcineurin in CAl, was localized in the dendrites
which normally do not contain tau. This is an interesting

observation indicating that a specific phosphatase can have
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a predominantly axonal localization in one synapse (mossy
fiber-CA-3) and a dendritic localization in another (CA3-
CAl). These two major synapses of the hippocampus have
been shown to differ in terms of their electrophysiological
behavior and neurotransmitter modulation when studying
learning paradigms such as LTP. The different calcineurin
distribution between axons and dendrites suggests a
possible mechanism by which these two synapses can be
differently modulated—either calcineurin may be involved in
synaptic plasticity—pre-synaptically or post-synaptically.
It is not clear how calcineurin might effect such
mechanisms, but its actions on cytoskeletal proteins such
as tau and dynamin are clear candidates for altering
synaptic function. Finally, it is worth mentioning that a
hallmark of Alzheimer’s disease is the appearance of PHF
tau in the cell bodies and dendrites of CNS neurons, while
normal tau is restricted to axons. The cells of the CAl
region of the hippocampus are particularly prone to
developing PHF. Now that we have shown that calcineurin is
the somas and dendrites of this region, rechanneling of tau
to the dendrites, coupled with reduced calcineurin activity
should lead to hyperphosphorylation of tau and accumulation
of PHF similar to that seen in Alzheimer’s disease.

The straining of mossy fibers in wild type mice by
anti neurofilament antibodies and silver and the absence of
such staining in Cn mice, suggests that neurofilaments in
Cn" mossy fiber axons are either absent or down-regulated.
These findings were confirmed by the EM examination of the
mossy fibers. There are several possible scenarios that
might explain the reduction of neurofilaments in the mossy
fibers. First, calcineurin might have a direct effect on
neurofilaments by dephosphorylating the head region of NF.
Since, inhibition of phosphatases by okadaic acid disrupts

the neurofilament network, it is plausible that deleting
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calcineurin might result in a similar effect (Sacher et
al., 1992). Second, the interaction between neurofilaments
and microtubules has been shown to be stronger when the
neurofilaments are dephosphorylated at the projection
domain of the largest subunit (Miyasaka et al., 1993).

Thus it is possible that in the granule cells of Cn mice
from which mossy fibers originate, hyperphosphorylation of
neurofilaments weakens their interaction with microtubules
and hence their axonal transport. Third, since tau has
been shown to bind to neurofilaments as well as
microtubules (Miyata et al., 1986), and that
hyperphosphorylation affects tau’s ability to bind and
stabilize microtubules, it seems likely that
hyperphosphorylation could also reduce tau binding to NF.
Finally, the interactions between tau and neurofilaments
and microtubules are likely to be important for axonal
transport of neurofilaments which, if perturbed, would
result in fewer neurofilaments to be transported and
delivered to the mossy fibers. In sum, there are several
means by which a phosphorylated state of tau might regulate
the plasticity and stability of axons by affecting the
interaction of microtubules with neuro-filaments and result
in the staining and immunolabeling changes we have observed
in the Cn" hippocampus.

The most intense staining for PHF we observed was in
the hippocampus which has also been shown to contain the
highest levels of calcineurin in the brain (Goto et al.,
1986; Goto et al., 1993; Polli et al., 1991). The
hippocampus is affected in a number of neurodegenerative
and neurological disorders which may include alteration in
protein phosphorylation. For example, as already mentioned
Alzheimer’s disease results in alterations in the
phosphorylations of tau and particularly ;ffects the
hippocampus. The regional specificity of the PHF-1
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immunostaining that was observed is also very reminiscent
of the area affected in some seizures and their animal
experimental models. For instance, in children with severe
epilepsy there is an increase in Timm’s deposits
(indicating sprouting), in CA3 (Represa et al., 1989).
Also, after kindling or kainic acid treatment of rats
(models of epilepsy), it was observed that mossy fibers
exhibit increased Timm’s zinc staining in CA3 region
(indicating sprouting), while the CAl region remained
unchanged (Frotscher et al., 1983; Represa et al., 1989,
Sutula et al., 1988). Moreover, it has been reported that
kainic acid treatment induced a transient increase in CA3
neurons staining by the Alz50 antibody which, like PHF-1,
recognizes PHF tau (Elliot et al., 1993). Perhaps the
specific isotype of calcineurin that has been deleted in
our knock-out mice is also affected in other neurological
disorders such as epilepsy.

In conclusion, we have shown that in mice in which
calcineurin was knocked out, there is an increased level of
PHF immunoreactivity in specific regions of the
hippocampus. These findings provide the first link between
calcineurin activity to PHF in vivo and are consistent with
previous in vitro observations that calcineurin can convert
PHF tau into normal tau by dephosphorylation. It is likely
that the observed changes in tau phosphorylation and the
axonal cytoskeleton underlie a perturbation in neuronal
function in ¢n" mice. Elucidating the specific functional
changes especially in the hippocampus might prove to be
beneficial in understanding the normal physiology as well
as the pathological manifestations in diseases such as
Alzheimer’s disease and epilepsy.
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Equivalents
Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the invention
5 described specifically herein. Such equivalents are
intended to be encompassed in the scope of the following
claims.
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CLAIMS

What is claimed is:

1.

A method of identifying an agent that reduces the
phosphorylation of tau protein in the nervous system
of a mammal, comprising the steps of:

a) administering to a transgenic non-human mammal
which lacks a functional calcineurin gene an
agent to be assessed for its ability to reduce
phosphorylation of tau protein;

b) determining the extent to which phosphorylation
of tau protein occurs in the nervous system of
the transgenic non-human mammal to which the
agent is administered; and

c) comparing the extent determined in b) to the
extent to which phosphorylation occurs in the
nervous system of an appropriate control,

wherein if phosphorylation occurs to a lesser extent

in the nervous system of the transgenic non-human
mammal to which the agent is administered than in the
nervous system of the control, the agent reduces
phosphorylation of tau protein.

A method of Claim 1 wherein the transgenic non-human
mammal is a mouse and the calcineurin gene is a
calcineurin Aa subunit gene or a calcineurin Af
subunit gene.

A method of Claim 2 wherein in b) the extent to which

phosphorylation occurs is determined by:

a) combining brain cells obtained from the
transgenic non-human mammal and treated to render
tau protein available for binding with antibodies
with anti-paired helical fragment antibodies and
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b) detecting binding of the antibodies to tau
protein.

A method of Claim 1 wherein the tau protein is human
tau protein.

A method of identifying an agent which reduces paired
helical filament formation in the nervous system of a
mammal, comprising the steps of:

a) administering to a transgenic non-human mammal
which lacks a functional calcineurin gene and
expresses human tau protein, an agent to be
assessed for its ability to reduce paired helical
filament formation;

b) determining the extent to which paired helical
filament formation occurs in the nervous system
of the transgenic non-human mammal to which the
agent is administered; and

c) comparing the extent determined in b) to the
extent to which paired helical filament formation
occurs in the nervous system of an appropriate
control,

wherein if paired helical filament formation occurs to

a lesser extent in the nervous system of the

transgenic non-human mammal to which the agent is

administered than in the nervous system of the
control, the agent reduces paired helical filament
formation.

A method of Claim 5 wherein the transgenic non-human
mammal is a mouse and the calcineurin gene is a
calcineurin Aa subunit gene or a calcineurin AB
subunit gene.
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A method of Claim 5 wherein in b) the extent to which

paired helical filament formation occurs is determined

by:

a) combining brain cells with anti-paired helical
filament antibodies and

b) detecting binding of the antibodies to brain
cells.

A method of identifying an agent which reduces a
lesion characteristic of Alzheimer’s disease in the
nervous system of a mammal comprising the steps of:

a) administering to a transgenic non-human mammal
which lacks a functional calcineurin gene,
expresses human tau protein, overexpresses the
human amyloid precursor protein and the human
Alzheimer Af protein, an agent to be assessed for
its ability to reduce a lesion characteristic of
Alzheimer’s disease;

b) determining the extent to which the lesion occurs
in the nervous system of the transgenic non-human
mammal to which the agent is administered; and

c) comparing the extent determined in b) to the
extent to which the lesion occurs in the nervous
system of an appropriate control;

wherein if the lesion occurs to a lesser extent in the

nervous system of the transgenic non-human animal to

which the agent is administered than in the nervous
system of the control, the agent reduces a lesion
characteristic of Alzheimer’s disease.

A method of Claim 8 wherein the transgenic non-human
animal is a mouse and the calcineurin gene is a
calcineurin Ac subunit gene or a calcineurin Af
subunit gene.
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A method of Claim 9 wherein in b) the extent to which

paired helical fragments occur is determined by:

a) combining brain cells with anti-paired helical
fragment antibodies and

b) detecting binding of the antibodies to brain
cells.

A method of Claim 8 wherein the lesion
characteristic of Alzheimer’s disease is selected
from the group consisting of: amyloid deposits
and paired helical filament formation.

A method of identifying an agent that reduces the

phosphatase activity of calcineurin Af subunit in the

nervous system of a mammal, comprising the steps of:

a) administering to a transgenic non-human mammal
which lacks a functional calcineurin Af subunit
gene an agent to be assessed for its ability to
reduce the phosphatase activity of calcineurin AB
subunit;

b) determining the calcineurin Af subunit
phosphatase activity present in cells in the
nervous system of the transgenic non-human mammal
to which the agent is administered; and

c) comparing the calcineurin A phosphatase activity
determined in b) to the calcineurin AB
phosphatase activity in cells in the nervous
system of an appropriate control,

wherein if calcineurin Af phosphatase activity is

present to a lesser extent in the nervous system of

the transgenic non-human mammal to which the agent is
administered than in the nervous system of the
control, the agent reduces phosphatase activity of
calcineurin A subunit.
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A method of Claim 12 wherein the transgenic non-human
mammal is a mouse.

A method of Claim 13 wherein in b) calcineurin AS
phosphatase activity is determined by determining the
extent to which tau protein is phosphorylated in cells
of the nervous system of the transgenic non-human
mammal.

A method of Claim 13 wherein the tau protein is human
tau protein.

A transgenic non-human mammal which lacks a
functional calcineurin gene.

A transgenic non-human mammal which lacks a
functional calcineurin gene and expresses human
tau protein.

A transgenic non-human mammal which lacks a
functional calcineurin gene, expresses human tau
protein and expresses the human amyloid precursor
protein and the human Alzheimer A protein.

An agent identified by a method according to any one
of claims 1 to 15.

An agent according to claim 19 for use in therapy,
e.g. the therapy of neurological diseases.

Use of an agent according to claim 19 for the
manufacture of a medicament for the treatment of
neurological diseases, e.g. Alzheimer’s disease.
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