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Introduction

Transgenic mice that overexpress human AChE-S in central nervous system tissues (Beeri et al.,
1995) have now been found to also have elevated levels of murine AChE-R; and an antisense
oligonucleotide (AS-ON) (Seidman et al., 1999) depresses synthesis of the murine AChE-R
variant and its tissue levels. These two tools have allowed us to demonstrate the importance of
AChE-R in several model systems and the utility of the antisense approach for controlling the
levels of this variant. In phaeochromocytoma (PC12) cells, the levels of AChE-R mRNA and of
AChE-R itself were rapidly depressed by treatment with the AS-ON. Extremely low levels of the
AS-ON, in the nanomolar range, were effective, and were non-cytotoxic by several criteria
(Galyam et al., 2001). Chronic exposure of mice, both control and the transgenic mice, to sub-
lethal doses of the organophosphate, DFP, caused proliferation of their neuromuscular junctions,
which was prevented by treatment with the AS-ODN (Lev-Lehman et al., 2000). These
transgenic mice perform poorly in a test of short-term memory (Beeri et al., 1997). Their
performance is markedly, if only temporarily, improved by injection the AS-ON into their brains.
The same AS-ON corrects the electrophysiological defects of experimental autoimmune
myasthenia gravis in rats and improves their performance in a test of stamina. In these animals,
administration of the AS-ON was attempted by i.v. injection and orally; surprisingly, both routes
of administration were successful.

Creation of novel antibodies selective for the C-terminal peptides that are unique to the S and R
variants of AChE (Flores-Flores et al., 2001) enabled us to test their cell-type specific expression
patterns. In human umbilical cord stem cells, surface AChE-S is associated with monocytic
lineages whereas AChE-R is associated with granulocytes. This suggests that myelopoietic
differentiation is accompanied by a shift in AChE pre-mRNA splicing.

An additional model system, a transgenic mouse that overexpresses human AChE-R (Sternfeld et
al., 2000) has been useful in exploring the role of this protein in stress-dependent male infertility.
The transgenic mice, like stressed normal mice, had characteristically lower sperm counts, lower
levels of AChE-R in sperm heads, reduced motility and lower seminal gland weight, emphasizing
the importance of the central role of the AChE-R variant in yet another stress-associated function
(Mor et al., 2001).

There is good reason to suspect a locus on chromosome 7 as contributing to the occurrence of
autism. Accordingly, the frequency of a deletion in the promoter region of the ACHE gene was
assessed among a population of 616 normal and 190 autistic individuals in the USA (in
collaboration with John Gilbert of Duke University). However, perhaps because of the low
incidence of the mutation, no significant difference in frequency was noted.

We were able to take advantage of having on sabbatical leave in our laboratory, an expert from
the University of Illinois on honey bee behavior. Therefore we were able to use these animals as
yet another test system in which to study the effects of AChE and its inhibition by an anti-AChE
agent, on learning. Consistent with studies in other model systems, moderate reduction of AChE
accompanied behavioral maturation, and mild exposure to metrifonate, a carbamate anti-AChE
supported an enhancement of learning (Shapira et al., 2001).

Below are enumerated the work tasks that were undertaken:




-

e task 1: characterize the sensory, cognitive and neuromotor consequences of a transgenic
excess in AChE variants.

e task 2: employ transgenic mouse models with up to 300-fold differences in peripheral AChE
levels for demonstration of direct correlation between AChE dosage and protection from
stress and chemical warfare agents and to test their responses to pyridostigmine
administration.

e task 3: develop RT-PCR tests in peripheral blood cells of model animals, and additional
surrogate markers, for follow-up of responses and protection.

e task 4: adapt such tests to use in humans following accidental exposure to agricultural anti-
ChEs.

e task 5: employ the transgenic mouse models to test effects of sudden changes in AChE levels
at all the above sites and functions.

e task 6: delineate the protein partners through which AChE exerts non-catalytic signals which
lead to delayed symptoms.

e task 7: develop tetracycline-inducible animal models in which AChE activity can be induced
or antisense-suppressed at will.

e task 8: continue the search for promoter sequence polymorphisms which lead to natural
variations in human AChE levels and correlate them with responses to anti-ChEs.

e task 9: expedite transgenic models for production from milk of recombinant human AChE,
as a potential scavenger.

Work on task 4 involved the training of a neurologist, Dr. Tatiana Vender of Soroka Hospital
(Beersheva), in DNA extraction and PCR amplification and in AChE enzyme assays. The
experimentation itself has been awaiting approval of human studies. As this report was being
compiled, this approval was granted conditional upon compliance with several requests. The
notification of this conditional approval is appended (letter from Col. J.K. Zadinsky, 20 July
2001). Work on task 9 was reported in the previous annual report; and work on task 7 is in
progress.

In the pages that follow, progress in tasks 1, 3, 5, 6, 7 and 8 is reported.



Neuronal overexpression of "readthrough" acetylcholinesterase is associated
with antisense-suppressible behavioral impairments (task 1)

Social behavior is a complex phenotype, composed of the individual's general level of
activity, cognitive perception and anticipation of the outcome of such behavior (Carlson,
1994). Working and storage memory and the ability to integrate information can also
contribute towards social behavior, which is tightly linked to cholinergic neurotransmission.
For example, the hypocholinergic features of Alzheimer's disease (AD) patients include
aggressive behavior and/or avoidance of novel social challenges (Cummings and Back,
1998), as well as fears of social interactions alleviated by treatment with anticholinesterases
(Giacobini, 2000). Surprisingly, anticholinesterases, e.g. tacrine (tetrahydroaminoacridine,
Cognex™, Parke-Davis), donepezil (Aricept™, Pfizer), rivastigmine (Exelon™, Novartis)
and galantamine (Reminyl™, Janssen), were reported to cause more pronounced
improvement in more severely affected patients. To explain the molecular basis of this
phenomenon, re-evaluation is needed of the linkage between cholinergic neural pathways,
social behavior and acetylcholinesterase (AChE).

Both anticholinesterase exposure and stressful insults, i.e. confined swim, induce in the
mammalian brain a rapid c-fos elevation that mediates muscarinic responses and subsequent
ACHE overexpression (Kaufer et al., 1998). A stress-associated switch in alternative splicing
(Xie and McCobb, 1998; Kaufer and Soreq, 1999) diverts AChE from the major, "synaptic"
AChE-S to the normally rare "readthrough" AChE-R variant (Grisaru et al., 1999). The
distinctive non-catalytic activities of these AChE isoforms (Sternfeld et al., 2000), suggest
links between AChE-R accumulation and behavioral anticholinesterase responses.

Transgenic (Tg) mice overexpressing human (h) AChE-S in brain neurons are amenable to
pursuit of this linkage. These mice present , early-onset loss of learning and memory
capacities (Beeri et al., 1995), progressive dendritic depletion (Beeri et al., 1997), stress-
related neuropathology (Sternfeld et al., 2000), and modified anxiety responses (Erb et al.,
2001). However, their social behavior and psychological stress responses have not yet been
addressed.

AChE-S Tg mice constitutively overexpress AChE-R mRNA in their intestinal epithelium.
When exposed to an organophosphate anticholinesterase (DFP), they fail to increase further
the already overproduced AChE-R, and present extreme DFP sensitivity. Humans with
inherited AChE overexpression are likewise hypersensitive to the anticholinesterase
pyridostigmine (Shapira et al., 2000). Our working hypothesis postulated that at appropriate
levels, AChE-R accumulation in response to stress restores normal cholinergic activity and
social behavior. However, under chronic stress, acute anti-AChE treatment or exposure, or in
individuals with inherited AChE excess, AChE-R increases to a limit beyond which their
cholinergic system cannot further respond and impaired social behavior is a result.

To test this hypothesis, we ascertained whether (a) AChE-S Tg mice display excessive
response to a mildly stressful stimulus, a switch in the day/night cycle (Suer et al., 1998), (b)
examined AChE-R expression in the brain neurons of AChE-S Tg mice; and (c) studied the
social recognition behavior (Thor and Holloway, 1982) of AChE-S Tg mice before and after
administration of tacrine or AS3, an antisense oligonucleotide (AS-ON) shown to selectively
suppress AChE-R production (Shohami et al., 2000). Our findings demonstrate constitutive



mAChE-R accumulation with inter-animal variability in brain neurons of hAChE-S Tg mice,
associated with an exaggerated response to changes in circadian rhythm, and impaired social
recognition, which are amenable to effective AS-ON suppression.

Materials and Methods

Animals: AChE-S Tg mice were obtained in a 100% FVB/N genotype from heterozygous
breeding pairs (Beeri et al., 1995). Control, non-Tg FVB/N mice were obtained by littermate
breeding. Adult, 8-20 wk old Tg and control male mice were housed 4-5/cage in a 12 hr
dark/light cycle with free access to food and water. All experiments were conducted during
the first half of the dark phase of a reversed 12 hr dark/light cycle, under dim illumination.
Routine locomotor activity in the home cage was measured using a remote motility detector
(MFU 2100, Rhema-Labortechnik, Hofheim, Germany) to quantify changes in the
electromagnetic field.

Telemetric measurements: Battery operated biotelemetric transmitters (model VM-FH, Mini
Mitter, Sun River, OR, USA) were implanted in the peritoneal cavity under ether anesthesia
12 days prior to the test. After implantation, mice were housed in separate cages with free
access to food and water. Output was monitored by a receiver board (model RA-1010, Mini
Mitter) placed under each animal's cage and fed into a peripheral processor (BCM 100)
connected to a desktop computer. Locomotor activity after the dark/light shift was measured
by detecting changes in signal strength as animals moved about in their cages, so that the
number of pulses that were generated by the transmitter was proportional to the distance the
animal moved. The cumulative number of pulses generated over the noted periods was
recorded (Yirmiya et al., 1997). Recording lasted 24 consecutive hrs, starting at 9:30 am,
with the light phase of a 12:12 hr dark / light cycle beginning at 7:00 a.m. To initiate a
day/night switch, the dark/light periods were reversed and recording started 72 hr after the
switch and lasted 24 hr. Following intraperitoneal injection of AS-ONs (see below), recording
proceeded for an additional 3 hr.

Social exploration tests: Each mouse was placed in a semicircular, transparent observation
box and allowed 15 min for habituation, following which a juvenile male mouse (23-29 days
old) was introduced. The time spent by the experimental mouse in social exploration
consisted mainly of body and anogenital sniffing, chasing, attacking and crawling over the
juvenile. Measurements covered a 4-min period, using a computerized event recorder. Each
mouse underwent 2 successive social exploration sessions at the noted inter-session intervals.
The first session was considered as baseline. In the second session (test), either the same or a
different juvenile was introduced. Social recognition was calculated as percentage of tested
out of baseline exploration time recorded for each mouse.

In situ hybridization and AChE activity measurements: Animals were sacrificed by
cervical dislocation, and brains were removed and dissected or fixed for in situ hybridization.
AChE activity was measured in hippocampus, cortex and cerebellum extracts as described
(Sternfeld et al., 1998). Protein determination was performed using a detergent-compatible kit
(DC, Bio-Rad, Miinchen, Germany). Immunoblot detection of specific AChE isoforms was as
reported (Shohami et al., 2000).

For in situ hybridization, 5 pm paraffin sections of brain tissue were prepared after fixation by
transcardial perfusion of anaesthetized mice with 4% paraformaldehyde in PBS (pH 7.4). A
50-mer fully 2'-O-methylated 5'-biotinylated AChE-R cRNA probe was applied as described



(Kaufer et al., 1998). Following probe detection with a streptavidin-alkaline phosphatase
conjugate (Amersham Pharmacia Biotech Ltd., Little Chalfont, UK) and Fast Red as the
reaction substrate (Roche Diagnostics, Mannheim, Germany), micrographs of hippocampal
and cortical neurons were subjected to semi-quantitative evaluation of Fast Red staining.
Mean signal intensities of light micrographs (taken with a Real-14 color digital camera, CR1,
Boston, MA, USA) were analyzed using Image Pro Plus (Media Cybernetics, Silver Spring,
MD, USA) image analysis software. The mean intensity of Fast Red labeling was measured in
CA3 hippocampal and cortical neurons and corrected for background staining in each picture.

Immunocytochemistry of glial fibrillary acidic protein (GFAP) was performed as described
(Sternfeld et al., 2000). Briefly, floating, formalin-fixed, 30 pum, coronal cryostat-sections
were pretreated with trypsin (type II, Sigma Chemical Co., St. Louis, MO, USA) 0.001% for
1 min. Sections were incubated overnight at 4°C with a mouse anti-glial fibrillary acidic
protein (GFAP) antibody (clone GA-5, Sigma-Israel, Rehovot, Israel), diluted 1:500. Then
sections were incubated overnight at 4°C with horseradish peroxidase-labeled goat-anti-
mouse antibody (Sigma-Israel), diluted 1:100. Color was developed by reaction with
diaminobenzidine 0.0125%, nickel ammonium sulfate 0.05% and hydrogen peroxide
(0.00125%). The development time of the DAB reaction product was controlled by stopwatch
to ensure comparability between experiments. Sections were counterstained with cresyl violet.

Quantitative analysis of the hippocampal stratum lacunosum moleculare (SLM) was
performed at the level of posterior 2.5 mm from bregma. Using a 40x objective, consecutive
fields of the SLM were visualized with a Nikon microscope and processed using an AnalySIS
image analysis system. A total of 35 astrocytes were sampled from each group (control vs.
Tg). The variables that were compared were intensity of staining of the soma (arbitrary units
from a range of 256 shades of gray), soma size (um2), and thickness of the largest process of
each astrocyte at the process stem (um). Statistical comparisons were made using Student’s t-
test, with 68 degrees of freedom.

Considerations for designing antisense tests: /n vivo antisense suppression of de novo
AChE-R synthesis was employed throughout the current study to provide a proof of concept
(i.e. demonstrate the causal involvement of the secretory, soluble mAChE-R variant in the
excessive locomotor activity and the impaired social recognition of Tg mice). Two types of
experiments were performed: (1) intracerebroventricular (i.c.v.) AS3 injection of animals
subjected to longitudinal social exploration tests (up to one week post-treatment) and (2) i.c.v.
injection followed by 1-day social exploration test, immunochemical detection and
measurement of catalytic activity of brain AChE. Both of these were associated with certain
inherent limitations, as is detailed below, yet each test provided evidence to support part of
the explored concept.

Intracranial AS-ON injection is inherently more powerful when centrally controlled
behavioral parameters are sought; limitations in this case involve the duration of tests (as the
animals are all at a post-surgery state) and the requirement to control for the outcome of this
surgical procedure in addition to the behavioral test itself. To avoid excessive complications,
we refrained from employing double operations (and, therefore, could not use telemetric
measurements, which require transmitter implantation, on i.c.v.-injected animals).

The experimental controls, as well, were chosen after careful consideration. Each test should
involve both Tg and control animals, as well as sham treatment (injection of either saline or




an irrelevant oligonucleotide) and comparison between pre- and post-treatment phenotypes.
Whenever possible, animals were self-compared, requiring careful time-of-day comparisons;
in other cases, groups of animals with similar pre-treatment behavior patterns were compared
to each other with regard to the efficacy of the antisense treatment. Neither of these tests is
conclusive by itself, however, their cumulative outcome substantially supported the
possibility of employing antisense knockdown in careful behavioral tests.

Cannula implantation: Mice under sodium pentobarbital anesthesia (50 mg/Kg, i.p.) were
placed in a stereotaxic apparatus. Skulls were exposed and a burr hole was drilled.
Implantation was with a 26-gauge stainless steel guide cannula (Plastics-One Inc., Roanoke,
VA, USA). The tip of the guide cannula was positioned 1 mm above the left lateral ventricle
according to the following coordinates: A: -0.4 -0.66* (bl-3.8), (bl = bregma-lamda); L: 1.5;
D: -2.2. The guide cannula was secured to the skull with 3 stainless-steel screws and dental
cement, and was closed by a dummy cannula. Mice were housed in individual cages and
allowed postoperative recovery of 10-14 days before experiments.

Preparation of AS-ON: For i.c.v. injection, 2'-O-methyl protected (three-3’ nucleotides)
oligonucleotides (5 uM) targeted against murine AChE (AS3) or BuChE (ASB) mRNA
(Shohami et al., 2000) were combined with 13 uM of the lipophilic transfection reagent
DOTAP (Roche Diagnostics) in PBS and incubated for 15 min at 37°C prior to injection. One
pl (25 ng) of this oligonucleotide solution was injected in each treatment.

Lc.v. administration of AS-ON: For intracranial microinjections, solutions were
administered through a 33-gauge stainless steel internal cannula (Plastic One Inc.), which was
1 mm longer than the guide cannula. A PE20 tube connected the internal cannula to a
microsyringe pump (KD Scientific Instruments, Boulder, CO, USA). Solutions were
administered at a constant rate during 1 min, followed by 1 min during which the internal
cannula was left within the guide cannula, to avoid spillage from the guide cannula. Correct
positioning of the cannula was verified following each experiment by injection of trypan blue
through the cannula and testing dye distribution after removal of the brains.

Statistical analysis: The results of the in situ hybridization experiment were analyzed by a t-
test. The results of the circadian shift (Figure 3C) were analyzed by a three-way, repeated
measures ANOVA (genotype x day (routine/reversed) x circadian phase (dark/light)). The
results of the social recognition test (Figure 4) were analyzed by a three-way, repeated
measures ANOVA (genotype x stimulus animal (same or different juvenile) x intersession
interval). The results of the experiment on tacrine’s effect on social recognition (Figure 5)
were analyzed by a three-way ANOVA (genotype x stimulus animal (same or different
juvenile) x drug (tacrine/saline)). The results of the effect of AS3 on social recognition
(Figure 6B) were analyzed by a two-way, repeated measures ANOVA (pretreatment
(short/long explorers) x time (days after injection)). The results of the specificity of AS3
effect (Figure 7) were analyzed by a three-way ANOVA (genotype x drug (AS3/ASB) x time
(before/after the treatment)). All ANOVAs were followed by post-hoc tests with the Fisher
PLSD procedure.

Results
Transgenic mice overexpress host AChE-R: To explore the specific contribution of variant
AChE mRNA transcripts towards neuronal ACHE gene expression, Tg mice overexpressing
hAChE-S in the nervous system were tested by high resolution in situ hybridization using




cRNA probes selective for each of the two major AChE variants. Excessive labeling was
observed in hAChE-S Tg mice as compared with controls in which hybridization was
performed with the AChE-S selective probe. This was consistent with the expected
cumulative contribution of the overexpressed human transgene and the host mouse (m)AChE-
S mRNA transcript (Beeri et al., 1995; Beeri et al., 1997). However, hAChE-S Tg mice also
displayed variably excessive labeling with the AChE-R cRNA probe, decorating mouse
(m)AChE-R mRNA. Figure 1 presents a representative micrograph of mAChE-R mRNA
overexpression in the cortex and hippocampus of a Tg as compared to a control mouse.
Neuronal mAChE-R mRNA overproduction in these Tg mice was heterogeneous in its extent,
yet significantly higher than that in control mice. Analysis of Fast Red staining showed an
increase from an average of 20 + 3 arbitrary intensity units (+ standard error of the mean,
S.EMM.) in 5 control animals to 41 + 5.5 in 6 transgenics (t (9) = 10.27, p< 0.05). This
suggested an inherited predisposition to constitutive AChE-R overproduction in Tg mice.
Because AChE-R overproduction is associated with psychological stress, this further called
for evaluating its neuroanatomical and behavioral manifestations.

- Control hAChE-STg  Figure 1: Intensive neuronal AChE-R
Al Bl mRNA expression in Tg mice Shown are
representative  micrographs of in  situ
hybridization in parietal cortex (Aj, By) and
hippocampus (A,, By) using an AChE-R ¢cRNA
probe and Fast Red detection. Insets: schematic
T drawing (top) or low-magnification
- micrograph (bottom) presenting the location of
A2 t B2 higher magnification micrographs in the cortex
k,,__‘-,__,VS,O'D','/—u11‘ and hippocampal CA3 region. Note the intense
AChE-R  expression in cortical and

hippocampal neurons of Tg mice.

hippocampus 50 ym

Hypertrophy in hippocampal astrocytes reflects elevated stress in hAChE-S Tg mice:
Immunocytochemical labeling of glial fibrillary acidic protein (GFAP) was used in search of
an independent parameter for evaluating the stress-prone state of hAChE-S Tg mice.
Hippocampal astrocytes are known from previous studies to be sensitive to various forms of
stress (Laping et al., 1994; Sirevaag et al., 1991). This property is manifest in morphological
changes, increased size of cell soma and of astrocytic processes collectively called
“hypertrophy” and which is accompanied by increased expression of GFAP. The hippocampal
SLM is particularly enriched in astrocytes, which appeared to be hypertrophic in hAChE-S Tg
mice (Figure 2, B,D) as compared to age-matched controls (Figure 2, A,C). Astrocytes in
other regions, such as cortex appeared unchanged (Figure 2, E,F). Figure 2 presents this
selective hippocampal change, which is generally considered to reflect the cumulative load of
stressful insults in the mammalian brain and is frequently associated with impaired cognitive
and behavioral properties (McEwen and Sapolsky, 1995).
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Control hAChE-S Tg . . .. .
Figure 2: Intensified GFAP staining in

hypertrophic hippocampal astrocytes of
hAChE-S Tg mice. Shown are light
microscopy micrographs of GFAP
immunocytochemical staining in the brain of
control (A,C,E) and Tg (B, D, F) mice. Note
the intensified cell body staining in
hippocampal (A-D) but not in cortical
astrocytes (E,F) and the thickened process

. 25 ym Y " ,..rq. | PGt en AN . . )
Tt AU P KL extensions in the transgenics' astrocytes.

Intensity of staining of GFAP-like immunoreactivity in the astrocytic soma was significantly
higher in Tg mice (176.3 + 4.0, arbitrary units) compared to control mice (147.8 £3.5,t= 5.3,
p<0.0001). Cross-sectional area of the astrocytic soma was significantly increased in Tg (45.9
+ 1.4 um?2) compared to control mice (35.4 + 1.5, t = 5.16, p< 0.0001). The stem thickness of
the large astrocytic process was greater in Tg mice (1.75 % 0.05 pm) compared to control
mice (1.32 £ 0.05, t = 6.21, p<0.0001). Taken together, these data form a picture of 20-30%
hypertrophy in hippocampal astrocytes of hAChE-S Tg mice, consistent with the earlier
reports of stress-associated and pathology-associated astrocytic hypertrophy (Laping et al.,
1994; Sirevaag et al., 1991).

AChE overexpression predisposes to hypersensitivity to changed circadian cycle:
Behavioral differences between Tg and control mice were first sought by recording
locomotion patterns. Under routine conditions, both genotypes displayed similar home cage
activity (Figure 3A). Their circadian rhythms included, as expected, significantly more
frequent and pronounced locomotor activity during the dark phase of the circadian cycle (F
(1,24) = 18.16, p<0.001) (summarized in Figure 3C). Seventy-two hr following reversal of the
light/dark phases both genotypes lost most of the circadian rhythm in their locomotor activity,
as reported by others (Hillegaart and Ahlenius, 1994), but presented distinctive behavioral
patterns (Figure 3B and 3C). After the shift, hAChE-S Tg mice showed a general increase in
activity, which was reflected in a significant genotype by day (routine vs. reversed)
interaction (F (1,24 = 4.68, p<0.05). Post-hoc tests demonstrated in Tg mice significantly
increased activity in the reversed cycle (compared with activity in the routine cycle), both
during the dark and the light phases (p<0.05). In addition, activity in the dark phase of the
reversed cycle, was significantly greater in Tg compared with control mice. These findings
indicate that adjustment to the circadian insult was markedly impaired in Tg mice, suggesting
that these mice display a genetic predisposition to abnormal responses to changes in the
circadian thythm. The transgenics’ intensified activity was found to be suppressed for a short
time (< 3 hr) by i.p. administration of AS-ONs targeted to the common domain shared by all
AChE mRNA variants (preliminary data, data not shown).
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Impaired social recognition due to AChE excess: In the social recognition paradigm,
control mice could recognize a previously encountered (“same”) juvenile. This is manifest as
a reduction in exploration time in the second exposure of the mice to the same, but not to a
different juvenile, provided that the time interval from the end of the first encounter with that
juvenile to the beginning of the memory test did not exceed 15 min. As expected, this
memory decayed with increased intersession interval. In contrast, Tg mice tended to explore
the previously introduced juvenile longer than control mice and did not display social
recognition even after a short interval of 5 min (Figure 4). These findings were reflected by a
significant statistical interaction between the genotype (control vs. Tg) and the stimulus
juvenile (same/different) (F (1,76) = 9.93, p<0.01). In Tg mice, post-hoc analysis revealed
significant reduction in exploration time only when Tg mice were tested immediately after the
baseline (0 interval) with the same juvenile. These results are consistent with the cholinergic
modulation of social recognition behavior (Winslow and Camacho, 1995).
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Figure 4: Working memory deficiency in Tg mice
Shown is percent of baseline social exploration time for 8-11
wk old Tg and control male mice as a function of the
intersession interval. Average baseline exploration time was
143 £ 5 and 153 + 5 (sec + S.E.M.) for transgenics (n = 42)
and control mice (n = 48), respectively. Asterisks mark
significant reductions of exploration time toward the same
T RO same juvenile (p <0.QS), as compared to a differen_t ju\{enile, ie.
S short-term working memory. Increased exploration time of the
same juvenile with increasing intersession intervals reflects
time-dependent decay in the working memory of control mice.
After a 5 min interval, Tg mice displayed no reduction in
exploration time toward the same juvenile, indicating that they
did not remember the same mouse for even 5 min.
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The reversible AChE inhibitor, tacrine, has been clinically used for blocking acetylcholine
hydrolysis and extending the impaired memory of Alzheimer’s disease patients (Giacobini,
2000). Therefore, we tested the capacity of tacrine (1.5 mg/Kg), injected immediately
following a baseline encounter with a juvenile mouse, to improve the social recognition of Tg
mice. Injected mice were tested with either the same or a different juvenile following a 10-
min interval. As expected from previous reports on the beneficial effects of tacrine on social
recognition in rats (Gheusi et al., 1994), injection of Tg mice with tacrine induced a
significant improvement in recognition memory, with post-treatment performance similar to
that displayed by untreated control mice. In contrast, Tg mice displayed no recognition of the
same juvenile when injected with saline, and non-Tg control mice maintained unchanged
recognition performance when injected with either tacrine or saline (Figure 5). These findings
were reflected by a significant 3-way interaction between the genotype, (control/Tg), the
stimulus juvenile (same/different) and the drug (tacrine/saline) (F (1,52) = 4.18, p<0.05). In a
similar experiment, in which the injections preceded the social recognition test by 40, rather
than 10 min, tacrine had no effect in either Tg or control mice (data not shown). Therefore,
tacrine facilitated memory consolidation when administered during the consolidation process,
but did not affect acquisition of memory when given in advance.
Lot B airor lhAChE’bTﬂ Figure 5: Tacrine improves working memory of
n szlimce] 0 Tg mice.
Presented is the mean social exploration time =
S.E.M. as percentage of baseline time for 29 control
and 32 Tg mice (12-15 wk. old, 7-8 mice/group)
where either tacrine (1.5 mg/Kg) or saline (10 ml/Kg
body weight) was administered intraperitoneally
immediately following the baseline exploration
period. The intersession interval was 10 min for all
groups. Note the post-treatment shortening of
explorative time of Tg mice, reflecting improved
saline  tacrine saline tacrine  working memory. Asterisks mark significant
reduction of exploration time toward the same juvenile (p <0.05) as compared to a different
juvenile. # marks a significant tacrine-induced reduction of exploration time toward the
different juvenile (p <0.05).
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Explorative behavior is inversely correlated with brain AChE activity: Apart from its
improvement of memory, tacrine suppressed the exploration behavior toward a different
juvenile in control (p<0.05) but not in Tg mice. Decreased locomotor activity under tacrine
treatment was suggested to reflect cholinergic mediation of social exploration behavior
(Shannon and Peters, 1990). To further investigate this concept, control mice were divided
into 3 equal groups (n = 10), presenting short, intermediate or long exploration time of same
juveniles. AChE activity was determined in the cortex and hippocampus of each subgroup, 24
hr following social recognition tests of the "same" juvenile (presented 10 min following first
exposure). Mice with lower levels of cortical and hippocampal AChE activity spent more
interaction time with the “same” juvenile than mice with high AChE activity levels (Table 1),
so that their explorative behavior was inversely correlated with cortical and hippocampal
ACHE activity levels (correlation magnitude, r = -0.49 and 0.41, respectively). Compared to
shorter explorers, longer explorer mice exhibited a 29% reduction in cortical AChE activity,
corresponding to a >80% increase in social exploration time. The significance of the
difference between the shorter and longer explorers was verified by ANOVA (F (2,27) = 4.89,
p<0.05) and post-hoc tests.

Table 1: Social exploration behavior and brain AChE activities.”

exploration time specific AChE activity
percent of baseline | nmol ATCh hydrolyzed/min/mg protein
hippocampus cortex
total population 804 874 905
shorter exploration time 57+3 96+ 6 104 £ 10
intermediate exploration 78 £2 95+6 92+10
time
longer exploration time 104+3 71 £ 7** 74 = 8*

aControl FVB/N male mouse population (n = 30) (3-5 months) was divided into three equal
groups (n = 10) with short, intermediate and long exploration time of the same juvenile
(shown as average = S.E.M. percent of baseline). Intersession interval was 10 min for all
groups. Mice were sacrificed 24 hr after the behavior test and AChE specific activities were
measured in hippocampus and cortex extracts. Asterisks mark significantly lower AChE
specific activity in control long explorers as compared with short explorers (p <0.01 for
hippocampus and p <0.05 for cortex; ANOVA followed by post-hoc tests with the Fisher
PLSD procedure).

The lack of tacrine effect on the social recognition performance in control mice, and its
improvement effect on the social recognition in transgenics, with approximately 50% excess
AChE (Sternfeld et al., 2000), presented an apparent contradiction to the inverse correlation
between AChE catalytic activity and social exploration. One potential explanation to this
complex situation was that the inverse correlation in control mice reflected primarily the
levels of the synaptic enzyme AChE-S; in contrast, the massive mAChE-R excess in the Tg
brain could cause their impaired social recognition behavior. According to this working
hypothesis, selective suppression of AChE-R should improve the social recognition
performance. To test this hypothesis, we adopted i.c.v. injection of AS3 to prevent de-novo
mAChE-R production (Shohami et al., 2000). Mice were tested in the social exploration
paradigm once before (baseline) and then 1, 3 and 6 days after 2 daily injections of AS3.
Figure 6A presents the experimental design of these tests.
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AS3 improvement of social exploration increases in efficacy and duration in animals
with severe pre-treatment impairments: Post-treatment follow-up of social exploration was
performed 1, 3 and 6 days following AS3 treatment in animals with short, medium and long
pre-treatment social exploration behavior (n = 5-6/group). As expected, there was a
significant overall difference between the short and the long groups in exploration time (F
(1,24) = 10.81, p<0.05). However, post-hoc tests revealed that these groups differed
significantly only during the pre-treatment day (p<0.05), and not after the AS3 treatment
(Figure 6B). Furthermore, within the long, but not the short explorers group, social
exploration of the “same” juvenile was significantly reduced (p<0.05) one day after the AS3
injection, with progressive increases in social exploration time during the 5 subsequent days.
Because of the pre-treatment differences, the severely impaired animals sustained a certain
level of improvement even at the sixth post-treatment day (Figure 6B) (i.e., even on this day
there was no resumption of the pre-treatment difference between the short and long
explorers). This experiment thus demonstrated both the efficacy and the reversibility of the
antisense treatment, however with exceedingly long duration, especially in animals with
severe pre-treatment impairments and in comparison to the short-term efficacy of tacrine.
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Antisense AChE-R mRNA suppression selectively reduces brain AChE-R protein: Tg
mice with long pre-treatment explorative behavior displayed a significant improvement in
social exploration of the “same” juvenile 24 hr following the second treatment with AS3, but
not with the irrelevant AS-ON ASB (Figure 8A) (F (1,10) = 33.95, p<0.001). ASB, targeted
to the related enzyme, butyrylcholinesterase, served as a sequence specificity control. Control
mice with either long or short pre-treatment social exploration showed no response to either
AS3 or ASB (Figure 7A and data not shown).
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Figure 7: AS3 decreases brain AChE-R levels and
ameliorates social recognition deficits in Tg-mice.
Tg (n = 36) and control (n = 22) cannula-implanted
mice, 10-20 wk old, were injected i.c.v. with AS-ONs
targeted against AChE (AS3) or butyrylcholinesterase
(ASB) on 2 consecutive days. Social exploration of the
"same" juvenile was tested 24 hr before (pre) and 24 hr
after (post) injections. Mice were sacrificed
immediately after the last social recognition test and
brain homogenates subjected to immunodetection of
AChE-R. A. Social exploration behavior. Shown are
mean social exploration of the same juvenile (percent
of baseline = S.E.M.) before (pre) and 24 hr after
(post) AS-ON treatment for long explorer mice (see
Table 1). Asterisk marks significant reduction of social
exploration time after AS3 treatment (p <0.05). Inset:
Location of i.c.v. cannula in the brain (arrow). B.
Immunodetected ~ AChE-R. Mean + S.EM.
densitometry values for immunodetected AChE-R in
cortex extracts of the noted groups post-treatment.

AChE-R levels in uncannulated control mice were considered 100%. Asterisks mark
significant reduction of AChE-R levels in AS3 as compared to ASB treated mice (**: p
<0.05, *: p <0.1). Note the significant reduction of immunodetected AChE-R and fragments
thereof in cortices from both groups treated with AS3 as compared with those treated with the
control reagent, ASB.
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Figure 8: Decreased AChE-R levels correlate with
reduced social exploration time in Tg mice. Presented
are cortical AChE-R levels (immunodetected protein,
percent of levels in uncannulated controls) as a function
of social exploration for each mouse before (A) and
after (B) AS3 treatment. Long-explorer mice, each
represented by a dot, were sorted by their genetic
backgrounds (control and Tg). Note the exclusive post-
treatment shift in the clustered distribution of the Tg
long explorers, with excessive mAChE-R levels, as
compared with the non-shifted cluster of long-explorer
controls.

Catalytic activity measurements performed 24 hr after the last AS-ON injection failed to show
differences, perhaps due to the limited number of animals and the variable enzyme levels.
However, immunodetected AChE-R protein levels were significantly lower in AS3 treated
mice as compared with ASB treated mice, regardless of their genotype or pre-treatment
behavior pattern (Fig 7B and data not shown, F (1,22) = 19.63, p<0.001). In contrast,
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densitometric analysis of immunodetected total AChE protein (detected by an antibody
targeted to the N-terminus, common to both isoforms) revealed essentially unchanged signals
(data not shown). In further tests for potential association, post-treatment AChE-R levels were
plotted as a function of the social exploration values. Data points clustered separately before
the AS-ON treatment (Figure 8A), with both AChE-R levels and exploration times of controls
clearly different from transgenics. After treatment, long explorer transgenics shifted to short
exploration values (Figure 8B). Intriguingly, the explorative behavior of long explorer
controls was not affected by the treatment, indicating that the reduction in mAChE-R
following AS3 treatment affected only animals that were behaviorally impaired before the
treatment. Together, these findings attest to the selectivity of the antisense treatment for
treating AChE-R overexpressing animals and its sequence-specificity in reversing the AChE-
R induced impairment of behavior.

Discussion

Combination of behavioral, molecular and biochemical analyses revealed multileveled
contributions of cholinergic neurotransmission and ACHE gene expression, towards the
general activity and social behavior of adult Tg mice over-expressing neuronal AChE. In
addition to inherited excess of hAChE-S, these Tg mice display conspicuous yet
heterogeneous overexpression of the stress-associated "readthrough” mAChE-R in their
cortical and hippocampal neurons. Nevertheless, they present close to normal activity patterns
under normal maintenance conditions with minimal external challenges. In contrast, their
capacity to adjust to behavioral changes in response to external signals appears to be
compromised, suggesting that they suffer genetic predisposition for adverse responses to
stressful stimuli (McEwen and Sapolsky, 1995). This should be of particular interest to the
Army, as inherited tendency for AChE overproduction was associated with a promoter
polymorphism in the 4CHE gene (Shapria et al., 2000) and because impaired social behavior
can be detrimental in the field.

Behavioral and learning impairments of cholinergic origin: When subjected to a day/night
switch, hAChE-S Tg mice respond with excessive bursts of locomotor activity, particularly
during the dark phase, but also during the light phase of the post-shift diurnal cycle. In
preliminary experiments, this excessive activity could be transiently suppressed by antisense
oligonucleotides, which was especially encouraging in view of the progressively impaired
neuromotor functioning in these mice (Andres et al., 1997). Matched controls, unlike
transgenics, display, as expected, relatively suppressed locomotor activity during the post-
shift dark phase (Murata et al., 1999). When confronted twice with a conspecific young
mouse, hAChE-S Tg mice spend significantly longer periods than controls in the social
interactions characterizing such confrontations. Similarly, in a new environment, hAChE-S
Tg mice displayed increased locomotor activity as compared with controls (Erb et al., 2001).
In the social recognition paradigm, they failed to remember a conspecific juvenile, even
following a delay interval of only 5 min. This extends previous reports on their spatial
learning and memory impairments (Beeri et al., 1995; Beeri et al., 1997) and agrees with
previous reports (Perio et al., 1989; Winslow and Camacho, 1995) on the social behavior
changes associated with cholinergic impairments.

A clear pattern appears to be emerging regarding acetylcholine function and behavioral
deficits, highlighting potentially major effects on behavior, both motor and cognitive.
Moreover, some in some cases, suppression of the excess of AChE of the transgenic animals
returned many of the behaviors to normal, suggesting that the consequences of toxin exposure
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may be similarly reversible in the field. Also, the influences on circadian periodicity and the
potential disruptions to behavioral periodicity are striking. This is probably often overlooked
in the military arena and is likely to be highly significant due to the 24 h activity status of
combat troops.

Several other neurotransmission systems, e.g. vasopressin (Bluthe et al., 1990), are most
likely related, as well, with impaired social interactions. In hAChE-S Tg mice, however, this
phenotype may be attributed to hypocholinergic functioning due to AChE excess, as is
evident from the capacity of the AChE inhibitor tacrine to retrieve their social recognition.
Nevertheless, tacrine's effects appeared surprisingly short-lived, consistent with findings of
others (Sekiguchi et al., 1991). In contrast, exceedingly low doses of oligonucleotides
suppressing AChE-R synthesis exerted considerably longer-term improvement of the social
recognition skills of Tg mice. This suggested non-catalytic activities as an alternative
explanation (s) for the behavioral and cognitive impairments caused by AChE-R excess
(Soreq and Seidman, 2001).

Circadian switch as a behavioral stressor: Cholinergic neurotransmission circuits are
known to be subject to circadian changes (Carlson, 1994) and control the sensorimotor
cortical regions regulating such activity (Fibiger et al., 1991). Therefore, the intensified
response of hAChE-S Tg mice to the circadian switch suggested that their hypocholinergic
state is the cause. The variable nature of the excessive locomotor activity in the Tg mice
indicates an acquired basis for its extent and duration. A potential origin of such heterogeneity
could be the variable extent of neuronal mAChE-R mRNA in the sensorimotor cortex and
hippocampal neurons. Both psychological (Kaufer et al., 1998) and physical stressors
(Shohami et al., 2000) induce neuronal AChE-R overproduction. Exaggerated stress
responses, such as the intense locomotor response to the mild stress of a circadian switch, can
hence be expected to exacerbate the hypocholinergic state of these already compromised
animals,

In social behavior tests, hAChE-S Tg mice display impaired recall processes causing poor
recognition when confronted with a conspecific young mouse. Therefore AChE-R
overexpression, which is also induced under stress (Kaufer et al., 1998), may be causally
involved with the reported suppression of recall processes under stress (Kramer et al., 1991)
as well as with the apparent correlation between stress and hippocampal dysfunction
(Liberzon et al., 1999). This suggests that excess AChE-R can simultaneously impair recall
processes and induce excessive locomotion. Stress-induced effects on learning and memory
processes have been reported by others (Kaneto, 1997), but were not correlated with AChE
levels. Our current findings of improvement in trangenics' exploration behavior following
tacrine injection, which would be expected to augment cholinergic neurotransmission,
strongly indicate that their hypocholinergic state was the cause.

Advantages and limitations of anticholinesterases: In control mice, with low AChE-R
levels, tacrine did not affect the normal social recognition capacity. This suggests that
suppression of AChE activity may have distinct effects under normal and stress-induced
conditions. Tg mice with higher AChE levels have accommodated themselves to this state,
and it may be this accommodation that renders them incapable of facing a challenge by an
anticholinesterase. One option is that of a threshold AChE-R activity that would be
compatible both with satisfactory memory and normal locomotion. This balance is impaired
in the Tg mice and may also be disrupted under inducers of long-term AChE-R
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overproduction, e.g. stress or exposure to anticholinesterases (Kaufer and Soreq, 1999). This,
in turn, implies that the effect of anticholinesterases would depend on the initial levels of
specific AChE variants in the treated mammal. Above the behaviorally-compatible threshold
of AChE-R, anticholinesterases would exert behavioral improvement, whereas below it, their
effects would be limited, which can explain their differential efficacy in patients with
different severity of symptoms.

Glucocorticoid regulation of cholinergic behavioral patterns: The separation between
general behavior patterns and learning paradigms as those relate to cholinergic transmission
may explain why AChE transgenics, so dramatically impaired in their learning capacities,
display such subtle deficiencies in their daily behavior. According to this concept, a
constitutive hypocholinergic condition would be evident as a failure to learn and remember,
however, its behavioral effect will be far less pronounced, unless challenged. This
predisposition to drastic responses to external insults is indeed reminiscent of the reported
behavior of demented patients. It had been initially attributed to their elevated cortisol levels
(Weiner et al., 1997), which matches recent findings in primates (Habib et al., 2000). Indeed,
cortisol upregulates ACHE gene expression and elevates AChE-R levels (Grisaru et al., 2001),
possibly above the required threshold. In addition, both psychological stress and
glucocorticoid hormones were reported to impair spatial working memory (de Quervain et al.,
1998; Diamond et al., 1996), consistent with such impairments in the hAChE-S Tg mice. The
intensive overexpression of mAChE-R in these mice mimics a situation in which the
individual capacity for AChE-R overproduction would be tightly correlated both with the
severity of the behavioral impairments induced under cholinergic hypofunction and with the
capacity of anticholinesterases to affect learning and behavior properties.

Brain region specificity:

Working and storage memory and the ability to integrate information are tightly linked not
only to cholinergic neurotransmission, but to other neurotransmitters as well. Several studies
demonstrate that even mild environmental changes (like a day-to-night switch), are
accompanied by increased dopamine and noradrenaline extracellular concentration in the
prefrontal cortex, and only to a minor extent in the limbic and striatal areas40. This activation
is very selective, since molecular studies have shown that thirty minutes of restraint increase
Fos protein in dopamine neurons projecting to the cortex but not in those projecting to the n.
accumbens. In this respect altered accumbens and cortical extracellular dopamine
concentrations during stress are not secondary to motor activation, but instead reflect
increased attention to the provocative stimulus or attempts by the intruder to "cope" with the
stimulus, and therefore are independent of a specific motor activation41.

The ventral hippocampus is an important neuronal "gate" which should be regarded as system
modulator of the cortical response to stress. In this respect cholinergic transmission may
contribute to the significance of environmental cues. When neonatal ibotenic acid lesions are
produced in the ventral hippocampus, repeated intraperitoneal saline injections attenuate
dopamine release in the medial prefrontal cortex, while chronic haloperidol augments
dopamine release in the same area of

lesioned animals compared to controls#2. This suggests that the ventral hippocampus
influences the functioning of midbrain dopamine systems during environmental and
pharmacological challenges in different ways43.
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Low dose and long duration of efficacy for antisense agents: The short duration of the
behavioral and memory improvements afforded by administration of tacrine parallels the time
scale reported for the induction by such inhibitors of a transcriptional activation (Kaufer et al.,
1998). Together with a shift in alternative splicing this feedback response causes secondary
AChE-R accumulation facilitating the hypocholinergic condition (Coyle et al., 1983). Recent
reports demonstrate AChE accumulation in the cerebrospinal fluid of anticholinesterases-
treated Alzheimer's disease patients45, suggesting that such feedback response occurs also in
humans with cholinergic deficiencies*0 and perhaps explaining the gradual increase in
anticholinesterase dosage that is necessary to maintain their palliative value in patients.

Unlike tacrine, the temporary antisense suppression of AChE synthesis improves social
recognition in Tg mice for up to 6 days. This requires exceedingly low doses (25 ng per daily
treatment) of the antisense agent, about 104-fold lower in molar terms than tacrine
concentrations. Active site enzyme inhibitors should be administered in stoichiometric ratios
with the large numbers of their protein target molecules. Moreover, the action of such
inhibitors terminates when they reach their target. In contrast, a single chemically protected
antisense molecule can cause the destruction of numerous mRNA transcripts, each capable of
producing dozens of protein molecules. Assuming translation rates of approximately half-
hour per chain and an average half-life of several hours for each transcript, destruction of each
mRNA chain would prevent the production of many protein molecules. Therefore, the
cumulative efficacy of antisense agents can exceed that of protein blockers by several orders
of magnitude47:48. Moreover, the palliative effects of AS-ON destroying AChE-R mRNA
should extend long after the AS-ON is destroyed, because AChE-R-induced adverse
consequences would occur only above a certain threshold which takes time to accumulate.
Therefore, the dose dependent nature of the adverse consequences of AChE-R excess makes it
particularly attractive as a target for antisense therapeutics.

We have recently found that AChE-R mRNA, having a long 3' untranslated domain, is
significantly more sensitive to antisense destruction than the synaptic transcript (Grisaru et al.,
2001; Shohami et al., 2000). AChE-R mRNA transcripts would hence be preferentially
destroyed, so that the excess of AChE-R, but not much of the synaptic enzyme, would
decrease. This effect may explain the extended duration and increased efficacy of the
antisense treatment in modifying behavior and learning exclusively in those mice with
disturbed social recognition.

In conclusion, our study provides a tentative explanation for the behavioral impairments under
imbalanced cholinergic neurotransmission, attributes much of these impairments to the stress-
related effects of the AChE-R variant and suggests the development of antisense approach to
selectively ameliorate these effects.
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Antisense oligonucleotides relieve neuromuscular weakness in experimental autoimmune
myasthenia gravis (task 1)

Recently, we observed that the irreversible cholinesterase inhibitor
diisopropylfluorophosphonate (DFP) induces overexpression of AChE-R, a non-abundant, non-
synaptic splicing variant of AChE, in mouse brain and intestine, and muscle (Shapira et al.,
2000). Muscles from DFP treated animals treated with DFP displayed exaggerated neurite
branching, disorganized wasting fibers and proliferation of neuromuscular junctions (NMJs).
EN101, a partially protected 2'-oxymethyl AS-ON preferentially reducing AChE-R mRNA
suppressed feedback upregulation of AChE and partially ameliorated DFP-induced NMJ
proliferation (Lev-Lehman et al., 2000). These observations demonstrated that cholinergic
stress can induce specific overexpression of AChE-R in muscle, and raised the possibility that
AChE-R plays a previously unsuspected role in the pathophysiology of additional states
associated with cholinergic imbalance.

Myasthenia gravis (MG) is caused by defective neuromuscular transmission mediated by
autoantibodies that severely reduce the number of post-synaptic muscle nAChR (Drachman,
1994; Vincent, 1999). MG is characterized by fluctuating muscle weakness that is transiently
improved by inhibitors of AChE, the acetylcholine hydrolyzing enzyme (Penn and Rowland,
1995). The diagnostic electrophysiological abnormality characterizing MG is a progressive
decrement in the amplitude of compound muscle action potentials (CMAP) evoked by
repetitive nerve stimulation. Standard treatment for MG includes immunosuppression and
multiple daily doses of peripheral AChE inhibitors such as pyridostigmine (Mestinon™) (Penn
and Rowland, 1995). While AChE inhibitors provide effective palliative relief to MG patients,
a direct role for AChE in the pathophysiology of MG has not been demonstrated.

Here, we demonstrate overexpression of AChE-R in muscles and peripheral blood of EAMG
rats. Moreover, we show that AS-ON-mediated suppression of AChE-R elicits pronounced and
long-lasting relief of muscle fatigue in EAMG rats. These data indicate a previously
unrecognized role for AChE-R in MG pathology, and raise questions about the long-term
consequences of therapeutic AChE inhibitors. Moreover, they suggest that AS-ON targeting
AChE may offer a novel mode of therapeutic intervention in neuromuscular diseases with
cholinergic involvement.

Methods
Human MG patients: Serum samples from anonymous MG patients were used according to
the guidelines of the Hebrew University’s Bioethics Committee.
Materials: Unless otherwise specified, materials were purchased from Sigma Chemical Co.
(St. Louis, MO).
Animals: EAMG was induced in female Lewis rats (120-150 g) purchased from the Jackson
Laboratory (Bar Harbor, ME), and housed in the Animal Facility at the Hebrew University
Faculty of Medicine, in accordance with NIH guidelines. Control FVB/N mice were bred from
the FVB/N strain purchased from Harlan Biotech Israel (Rehovot, Israel). Transgenic FVB/N
mice overexpressing AChE-R were as described (Sternfeld et al., 2000).
Oligonucleotides: HPLC-purified, GLP grade oligodeoxynucleotides (purity >90% as verified
by capillary electrophoresis) were purchased from Hybridon, Inc. (Worchester, MA).
Lyophilized oligonucleotides were resuspended in sterile double distilled water (24 mg/ml), and
stored at —20 °C. The three 3’-terminal residues in all of the employed AS-ON agents were
substituted with oxymethyl groups at the 2’ position. The primary sequences used in this study
were:
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rEN101 5-CTGCAATATTTTCTTGCA'C C’-3';

rEN102 5-GGGAGAGGAGGAGGAAGA'G'G - 3'; and

inv-rEN102  5’-GGAGAAGGAGGAGGAGAG G'G™-3".

(Asterisks denote 2’-oxymethyl protected residues.)
All of these AS-ONs are complementary or inverse (inv) to the coding sequence of the rat (r)
AChE mRNA sequence common to all variants (Legay et al., 1993).
Antibodies: Rabbit polyclonal Abs against the C-terminal sequence that is unique to AChE-R
were prepared and purified as described (Sternfeld et al., 2000). Goat polyclonal anti-nAChR
(C-20, S.C.-1448) Abs were from Santa Cruz Biotechnology (Santa Cruz, CA). Biotinylated
donkey anti-rabbit Ab (Chemicon International, Temecula, CA) and biotinylated donkey anti-
goat Ab (Jackson ImmunoResearch Labortories, West Grove, PA) were used as secondary
antibodies.
Induction of EAMG: The Torpedo acetylcholine receptor (tAChR) was purified from T.
californica electroplax by affinity chromatography on neurotoxin-Sepharose resin, as
previously described (Boneva et al., 2000). Rats were immunized with 40 pg of purified tAChR
emulsified in CFA supplemented with 1 mg of M. tuberculosis H37Ra (Difco, Detroit MI).
Subcutaneous injection in the hind footpads was followed by a booster injection of the same
amount after 30 d. A third injection was administered to animals that did not develop EAMG
after the second injection. Animals were weighed and inspected weekly during the first month,
and daily after the booster immunization, for evaluation of muscle weakness. The muscle
weakness status of the rats was graded according to: apparently healthy — Without definite
weakness (treadmill running time, 23 + 3 min), Mild — weight loss >10% during a week,
accompanied by weak grip or audible complaint with fatigue (4-8 min run on the treadmill).
Moderate — hunched posture at rest, head down and forelimb digit flexed, tremulous ambulation
(1-3.5 min run on treadmill). Severe — general weakness, no audible complaint or grip
(treadmill running time <1 min).
Anti-AChR Ab determination: Sera from EAMG animals and MG patients were assayed by
direct radioimmunoassay, for 151.a-bungarotoxin (BgT) binding to tAChR or rat (r) AChR
(Boneva et al., 2000; Wirguin et al., 1994). All the EAMG rats displayed high anti-tAChR
and/or anti-rAChR titers, with serum mean + SEM values of 82.1 £ 16.0 nM for anti-tAChR
antibodies and 19.9 + 1.8 nM for anti-rAChR.
Quantification of nAChR: AChR concentration in the gastrocnemius and tibialis muscles was
determined using 1251_o-BgT binding followed by precipitation in saturated ammonium sulfate
as described previously (Changeux et al., 1992).
Electromyography: Rats were anesthetized by ip. injection of 2.5 mg/Kg pentobarbital,
immobilized, and subjected to repetitive sciatic nerve stimulation, using a pair of concentric
needle electrodes at 3 Hz. Baseline compound muscle action potential (CMAP) was recorded
by a concentric needle electrode placed in the gastrocnemius muscle, following a train of
repetitive nerve stimulations at supramaximal intensity. Decrease (percent) in the amplitude of
the fifth vs. the first muscle action potential was determined in two sets of repetitive
stimulations for each animal. A reduction of 7% or more was considered indicative of
neuromuscular transmission dysfunction (Wirguin et al., 1994).
Drug administrations: Intravenous injections and blood sampling for anti-nAChR Ab
determination, were via the right jugular vein under anesthesia. For oral administration, a
special intubation feeding curved needle with a ball end (Stoelting, Wood Dale, IL) was used.
Mestinon, administered in a dose of 1 mg/Kg per day, was purchased from Hoffmann La-Roche
(Basel, Switzerland).
Exercise training on treadmill: To establish a physiological measure of neuromuscular
performance in EAMG rats, animals were placed on an electrically powered treadmill (Moran
et al., 1996) running at a rate of 25 m/min, a physical effort of moderate intensity, until visibly
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fatigued. The time the rats were able to run was recorded before and at the noted times after
AS-ON or Mestinon treatment.

In situ hybridization was performed with fully 2'-oxymethylated AChE-R-or AChE-S-specific
50-mer cRNA probes complementary to pseudointron 4 or exon 6, respectively, in the ACHE
gene (Galyam et al., 2001). Detection was with alkaline phosphatase and Fast Red™ substrate
(Molecular Probes, Eugene, OR). DAPI (Sigma) staining served to visualize nuclei.
Immunohistochemistry: Muscle sections (7 pm) were deparaffinized with xylene and were re-
hydrated in graded ethanol solutions (100%, 90%, 70%) and PBS. Heat-induced antigen
retrieval was performed by microwave treatment (850 W for rapid boil followed by 10 min at
reduced intensity) in 0.01 M citrate buffer, pH 6.0. Slides were cooled to room temperature and
rinsed in double distilled water. Non-specific binding was blocked by 4% naive donkey serum
in PBS with 0.3% Triton X-100 and 0.05% Tween 20 (1 h at room temperature). Primary Ab
was diluted (1:100 and 1:30 for rabbit anti-AChE-R and goat anti-nAChR, respectively) in the
same buffer and slides were incubated 1 h at room temperature following overnight incubation
at 4 °C. Sections were rinsed and incubated with the appropriate biotinylated secondary Ab,
diluted in the same blocking buffer 1 h at room temperature and then overnight at 4 °C.
Detection was with streptavidin conjugated to alkaline phosphatase (Amersham Life Science,
Arlington Heights, IL) and Fast Red substrate; slides were cover-slipped with Immunomount
(Shandon Pittsburgh, PA).

Patient serum analyses: Blood samples were drawn from 19 MG patients who displayed Ab
titers between 1 and 60 pmol/ml serum. Non-denaturing gel electrophoresis was as described
(Kaufer et al., 1998), as were catalytic activity measurements of AChE in the serum of patients
and experimental animals.

Results

AChE-R accumulates in plasma of MG patients and EAMG rats

To search for potential correlations between AChE-R expression and neuromuscular junction
dysfunction in humans, we evaluated the levels of AChE-R in plasma collected from MG
patients. Serum samples from healthy individuals showed primarily a slow-migrating enzyme
which could be effectively inhibited by 5 x 10° M of the AChE-specific inhibitor, BW284c51,
but not by the butyrylcholinesterase-specific inhibitor iso-OMPA (Fig. 1 and data not shown).
Serum from mice subjected to confined swim stress (Shapira et al., 2000), or transgenic mice
overexpressing human AChE-R (Sternfeld et al., 2000) displayed higher levels of a similar
rapidly migrating AChE isoform than non-stressed controls. This activity, like the slowly
migrating enzyme, was blocked by BW284c51, but not iso-OMPA (Fig. 1A and data not
shown). This suggested that the rapidly migrating AChE is AChE-R. In 2 of 4 tested MG
pateints, but not in patients with other diseases, we observed the presence of a similar fast-
migrating, catalytically active AChE isoform (Fig. 1A). This suggested that MG patients, like
stressed or AChE-R transgenic mice, accumulate excess serum AChE-R. There was no
apparent correlation between the intensity of AChE-R staining and the anti-AChR titers in the
12 analyzed patients (data not shown). Also, total AChE activity measurements in the serum of
patients or of stressed and non-stressed mice showed no correlation with these AChE-R
migration patterns, probably due to differences in released erythrocytic AChE due to hemolysis
(Fig. 1B). Thus, immunodetection or activity gel analyses appeared more informative than
serum enzyme assay.

AChE-R accumulates in muscles and serum of EAMG rats

To address the role of AChE-R in changes occurring at the myasthenic neuromuscular junction
(NMYJ), we induced EAMG in rats and performed in situ hybridization with AChE splice-
variant selective probes. In triceps muscles of EAMG rats, we observed pronounced punctuated
expression of AChE-R mRNA. In contrast, control rats, displayed only weak diffuse labeling
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(Fig. 2A). The "synaptic" AChE-S variant displayed similar staining patterns in both control
and EAMG rats (data not shown). Following i.v. administration of an EN101, an AS-ON
preferentially targeting AChE-R mRNA labeling was reduced close to the limit of detection in
both control and myasthenic rats (Fig. 2). In contrast, AChE-S mRNA labeling was nominally
affected by EN101.

A.sctivity staining B serum cataltic actvity Fig. 1. A rapidly migrating AChE variant
¢ ¥ e el accumulates in the serum of human MG patients.

‘: crosees Shown is a non-denaturing polyacrylamide gel

'; & - ¥ . . eniz‘““ stained for catalytically active cholinesterases (left)

l’ o MM hea":y and a bar graph representing the catalytic AChE

" - non_MG_l activities in the serum of these patients and animals

( p—— (right). Additional lanes depict the catalytically

) ‘M —‘ human  active isoforms in serum from confined-swim

1 - | " stressed mice (lane 1), control mice (lane 2) and

\ 5 N AChE-R transgenic mice (lane 3), a healthy human

FEErTEE—TT volunteer (lane 4), a patient with an irrelevant
serum catalytic activity,

electrophoresis heroont healthy metabolic disease (non-MG) (lane 5) and 4 MG

patients (lanes 6-9). Note the presence of a rapidly

migrating AChE isoform, parallel to AChE-R in its properties, in the serum of MG patients but
not other individuals.

ontrol EAMG control 13 1 3
A__c :\CLE-HmRNAA\‘_‘”". B__ TCTET S Fig. 2. EN101 selectively s.upp.resses elevated
L T = muscle AChE-R accumulation in EAMG rats.

A. Muscle AChE mRNA variants. Shown are
paraffin-embedded sections of triceps muscle
from severely ill EAMG or control Lewis rats
T b L e 1 following in situ hybridization with 2’-O-methyl
L A ol protected cRNA probes specific for AChE-S or -
C control EAMG R mRNAs. The white size bar represents 50 pm.
P Fast Red (red) labeling reflects mRNA presence.
DAPI (white) was used to visualize cell nuclei.
— Note the prominent sub-nuclear accumulation of
EN101 AChE-R mRNA in preparations from EAMG,
but not control animals. AChE-S mRNA displayed similar focal expression around subnuclear
domains in control and EAMG rats. Twenty-four h following treatment with EN101 (250
pg/Kg), AChE-R mRNA was barely detectable in both control and EAMG rats, while AChE-S
mRNA levels were not visibly affected (insets).
B. Inverse intensities of AChE-R and AChR labeling in EAMG. Shown is
immunohistochemical staining observed using polyclonal rabbit antibodies to AChE-R (top) or
to nAChR (bottom) and Fast Red. The white size bar represents 10 pm. Immunostaining for
AChE-R protein was prominently elevated in EAMG as compared to control rats, and
suppressed by EN101 (insets). Consistent with their myasthenic pathology, staining of the
nAChR is dramatically reduced in EAMG rats. nAChR was not affected by EN101.
C. Serum AChE-R labeling. Serum samples from EAMG and control rats were subjected to
non-denaturing polyacrylamide gel electrophoresis and immunolabeling with anti-AChE-R
antibodies. Note pronounced enhancement of a band representing AChE-R (arrow) in plasma of
EAMG rats and its significant reduction in EN 101-treated control and EAMG animals.
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Immunocytohistochemical staining with a polyclonal antiserum that selectively detects AChE-
R (Sternfeld et al., 2000) revealed positive signals in some, but not all muscle fibers of control
rats. In contrast, pronounced accumulation of AChE-R in virtually all muscle fibers from
EAMG rats indicated increased levels of this protein species (Fig. 2). The disperse cytoplasmic
localization of immunodetected AChE-R in EAMG muscle was characteristic of this isoform
(Soreq and Seidman, 2001). In contrast, expression of AChE-S was similar in EAMG and
control rats (data not shown). Twenty-four h following a single i.v. injection of 250 ug/Kg
EN101, AChE-R but not AChE-S was conspicuously reduced in muscles from both control and
EAMG rats (Fig. 2). The association between muscle AChE-R accumulation and the EAMG
was confirmed by immunochistochemical staining for muscle nAChR protein. In EAMG
muscle, marked reduction was observed, as expected in the disease, which is associated with
nAChR loss (Fig 4B, bottom). Muscle nAChR loss was confirmed by direct measurement of
muscle AChR content, using labeled o-bungarotoxin. The nAChR content in mild EAMG was
reduced by 50% from control and in severe EAMG it was reduced by 70-80% (average, n > 10
in each group).

As AChE-R is a soluble secretory protein, we searched for it in serum from control and EAMG
rats. Immunoblot analysis of non-denaturing polyacrylamide gels indeed demonstrated the
presence of AChE-R in serum of control and EAMG rats (Fig. 1). However, EAMG rats
demonstrated significantly enhanced accumulation of AChE-R in serum as compared with
healthy animals. 24 h following a single injection of EN101, both group of animals displayed
conspicuously reduced AChE-R signals. (Fig. 1).

Antisense oligonucleotides restore normal CMAP in myasthenic rats

To evaluate the severity of muscle pathology in tested animals, we performed
electromyography recording from the gastrocnemius muscle. EAMG rats, but never control
animals, displayed a characteristic decrement in CMAP in response to repeated stimulation at 3
and 5 Hz (Fig. 3A, inset and data not shown). The baseline decrement, calculated by measuring
the decrease from the first to the fifth response, ranged from 7% to 36% (mean = 13.0% *
2.5%) as compared to a limited variation around 4.0% + 0.9% in control animals. To examine
whether accumulated AChE-R was causally involved, we treated EAMG rats with rEN101, a
partially 2’-oxymethyl protected AS-ON targeted to a region of rAChE mRNA that is common
to all 3 variants, but which we found previously to selectively destroyed AChE-R mRNA
(Grisaru et al., 2001).

A. neostigmine . B. EN101 Fig. 3. EN101 elicits lasting
atio
Eaue improvement in muscle
0 AR 0 function of myasthenic rat
100% - 7.6% .
i \.M!U e unction of myasthenic rats

Compound muscle action

EAMG + EN 101

2 2
3 |
3 3
[ o
> >
i o .

£ 10 AT\ SR - otentials CMAP were
g TN 2
3 o 8 recorded from the
g depolarization H EN101 .
: od a pakg N gastrocnemius ~ muscle  of
g 100 >\V_______-——-—V g100Q A 10 & . e
g N ~» EAMG rats during repetitive
a A neostigmine 1000 ug/kg o v 250 . . .
< W Inv EN102 50 pgkg : S stimulation at 3 Hz and the ratio
o o — . .

ol 70— m o between the 5™ and 1% peaks

time, hours time, hours determined (inset). Animals

exhibiting a decrement, reflecting the fatigue characteristic of myasthenic muscles (CMAP ratio
<90%), were treated with a single iv injection (1000 pg/Kg) of the AChE inhibitor
Prostigmine, increasing concentrations of EN101, or a control AS-ON with the 5'-3' nucleotide
sequence of EN102 reversed (INV-EN102). Graphs display percent above baseline of average
CMAP ratios (5™ to 1%) measured at the specified times post-injection for at least 6 rats in each
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group. The average CMAP ratio of EAMG rats included in the study prior to treatment was 87
+ 2.5% of control animals. Inset: CMAP Ratio Improvement. Shown are the 1% and 5%
depolarization peaks in EAMG muscle (top) and in EN101-treated EAMG muscle (bottom; 500
ng/Kg, 1 h post-treatment). Note the constant size of CMAP peaks under treatment (percent).

A. Prostigmine. Following administration of Prostigmine at a standard therapeutic dose of 1000
pg/Kg body weight, normal CMAP ratios (2100%) were recorded within 30 min and for up to 2
h. The control AS-ON invEN102 had no effect on muscle responses to stimulation at 3 Hz from
EAMG rats, demonstrating sequence-specificity for the AS-ON.

B. EN101. Shown are dose-dependently restored normal CMAPs from 1 h and up to 72 h under
10-500 ug/Kg EN101. Higher doses conferred longer-lasting relief.

A. single dose B. repeated daily doses

C. survival Fig. 4. Effective oral

V] [}
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3 ‘—9’120 el CMAP rat administration of

nitial ratio

8 120 . 5 80} 83.6£8.5 EN101.

2 g 2 o EAMG rats received
3 s
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8 /\ EN101 50 8 /A EN101 po.50 20} /\ EN10150 up to 4 days via an

g % / Mestinon 1000 2 %0 7/ Mestinon p.o. 1000 0 %/ Mestinon 1000. intubation feeding

0 12 24 0 24 48 72 96 0 24 48 72 96 needle. CMAP ratio
hours hours hours

was determined 1 and
5 h following the first drug administration and then every 24 h, prior to the administration of the
subsequent dose.

A. Single dose. The graph depicts percent CMAP ratios above baseline measured at the noted
time points following oral administration of EN101 (n=8) or Mestinon (n=4). Orally
administered Mestinon and EN101 relieved decremental CMAP responses to repetitive
stimulation within 1 h. Twenty-four h following administration of Mestinon, CMAP ratios in
muscles of treated rats returned to baseline. In contrast, no decrement was detected in rats
treated with EN101.

B. Repeated daily doses. The graph depicts the equivalent improvement in muscle function
elicited by oral (n=8) as compared to i.v. (n=4) administration of EN101. Note that repeated
administration of EN101 conferred stable, long-term alleviation of CMAP decrements.
Repeated daily administration of Mestinon at 24 h intervals had no cumulative or long-term
effect on CMAP ratios.

C. Survival. The graph depicts the percentage of EAMG rats still alive at specified days
following initiation of treatment with repeated oral administrations of Mestinon or EN101.
Average CMAP values for each group at the starting day are noted. A greater fraction of
animals treated with EN101 survived than those treated with Mestinon at the given doses
despite their poorer initial status, as indicated by initial CMAP ratios.

rEN101 effects were copared tot hose of cholinesterase inhibitors used in the treatment of MG.
Intra;eritoneally (i.p.) administered neostigmine bromide (Prostigmine™, 1000 pg/Kg, which
equals ca. 0.5 pmol/rat) rapidly and effectively reversed the myasthenic CMAP decrement in
EAMG rats. The effects of cholinesterase blockade were evident starting 30 min after injection
and up to 2-3 h post-injection, after which CMAP decrements reverted to baseline (Fig. 3A). A
control AS-ON with an inverse sequence to rAChE mRNA, inv-rEN102, showed no effect at
50 pg/Kg, demonstrating that neither the injection itself nor the presence of an inert AS-ON
would alter the CMAP ratio (Fig. 3A). Following i.v. injection of EN101 at doses ranging from
50-500 pg/Kg, i.e. 2 to 20 nmol/rat, CMAP ratios changed to normal values within 1 h post-
administration (Fig. 3B). CMAP normalization was accompanied by visible improvement in
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motor activity associated with increased mobility, upright posture, stronger grip and reduced
tremulous ambulation. A second, independent and similarly protected AS-ON, targeting a
neighboring sequence in rAChE mRNA (EN102), produced similar rectification of decrements
in CMAP in EAMG rats (Table 1), validating the specificity for the target protein.
Nevertheless, antisense effects on neuromuscular activity were sequence-dependent, as
comparable amounts of inv-rEN102, the control oligonucleotide with inverse sequence, did not
improve muscle function (Fig. 3A and Table 1). The duration of CMAP restoration increased
with the dose of EN101, from short-term improvement with 10 pg/Kg up to over 72 h with 500
ng/Kg. Fifty ng/Kg yielded 24 h improvement, and was therefore used for repetitive daily
treatments (Fig. 3B).

Table 1. Summary of responses to treatments”

Oral® Intravenous®
EN101- EN102- INV102 Mestine EN101- EN102- INV102
EN101 n-  ENI10I
treated treated treated -treated treated  treated treated treated -treated
healthy SAMG EAMG EAMG pyic poony EAMG EAMG EAMG
101.5+0 83.6+3. 82.3%2. 78.4+5. 89.5+1. 100.5+0 86.7+1. 84.7+5. 88.82.
Oh 9 0 0 5 0 4 2 6 4

©) (®) 4 “) (6) (6) (6) 4 )
10 100.9+1 97.2+2. 85.6+4. 86.3+4. 97.7+1. 102.1+0 100.0+1 103.9£1 89.0+3.
7 0 4 5 1 7 4 3 0
C)) (8) (3) “4) (6) (7) C)) “) (%)
S5h 103.0£2 97.4+2. 95.6+2. 86.4+5. 95.842. 100.4+1 98.4+2. 98.2+3. 88.6+1.
.1 5 3 4 0 .0 0 0 9
4 (7 4 “ (6) (6) “) 4) &)
24h  101.5¢ 101.0£1 94.8+2. 81.2+7. 87.2+2. 102.0+0 100.0+0 100.3+1 89.7+1.
0.7 3 8 5 4 9 .0 .1 7
4 (6) (3) 4 (6) (6) “) 4 )
ACMAP ratios were determined at the noted times following treatment and the averages = SEM
are presented. Each treatment represents similarly, although not simultaneously treated rats,
the numbers of which are shown in parentheses.
BDrug doses were 50 ng/Kg for EN101, EN102 or INV102 and 1000 pg/Kg for Mestinon, for
both administration routes.
“Note the apparently delayed effect of orally administered EN102 as compared to EN101 or
Mestinon.

Since i.v. drug administration is of limited value in chronic treatment paradigms, and since oral
administration of AS-ONs had been shown to be effective in some applications (Agrawal and
Kandimalla, 2000), we explored the activity of orally administered EN101. Fifty ug/Kg EN101
was administered via an intubation feeding needle, to EAMG rats, and CMAP recordings were
performed 1, 5, and 24 h later. The orally administered EN101 was as active as iv.
administered 25 ug/Kg (Table 1 and Fig. 4A). Orally administered Mestinon (pyridostigmine,
1000 pg/Kg) imparted predictable restoration of CMAP for up to several hours, and invEN102
had no effect on CMAP. Under the oral administration route, EN102 appeared slower to affect
CMAP than ENI101, suggesting sequence-specific differences for this effect (Table 1).
Individual variabilities in animal responses to the EN101 treatment may parallel the variable
decrement observed in response to calcium channel blockers in EAMG (Wirguin et al., 1994).
To compare repeated daily oral and i.v. administration routes, we treated EAMG rats with
rEN101 once a day for 5 days and performed CMAP recordings prior to each drug treatment.
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Neither oral nor i.v. repeated administration of EN101 appeared to produce resistance to the
therapy, normal electrophysiological activities being recorded over the entire course of
treatment (Fig. 4B). Both the efficacy of EN101 treatment and its capacity to reduce the inter-
animal variability were comparable to those of Mestinon, with the exceptions that Mestinon’s
effects were more rapid (data not shown), whereas EN101's effect was considerably longer-
lasting. Also, the effect of daily single doses of Mestinon wore off within a day, causing drastic
fluctuations in the treated animals’ muscle strength (Table 1, Fig. 4B and data not shown).
Among the EAMG animals thus treated with single daily administration of Mestinon, 5 out of 6
died within these 5 days. In contrast, 6 out of 8 animals treated by single daily oral
administration of EN101, which maintained consistently normal CMAP levels throughout the
treatment period, survived the full 5 day period (Fig. 4C). Although inconclusive, this
experiment indicated EN101 as suitable for longer treatment evaluation.

EN101 promotes muscle stamina in EAMG rats

Placed on a treadmill at 25 m/min, control animals ran for 23.0 = 3.0 min after which time they
displayed visible signs of fatigue. Myasthenic animals placed on the treadmill were able to run
as short a time as only 2.3 + 0.5 min before signs of fatigue appeared, depending on the severity
of symptoms. We then classified animals as mildly, moderately, or severely affected based on
their stamina in the treadmill test and disease signs, and monitored their performance 24 h
following administration of 250 pg/Kg EN101 (Fig. 5). All groups demonstrated improved
stamina following injection. Thus, severely sick animals performed, when treated, as well as
untreated moderately sick ones, and treated moderately sick animals reached performance
levels better than those of untreated mildly sick animals, amounting to 3-fold improved running
times of 6.5 = 1.5 min. EN101 had no significant effect on the running time of control rats (Fig.
5).
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Fig. 5. EN101 improves stamina in myasthenic

o pre-treatment treadmill rats.

8 EN101, 24 hr

£ i post-treatment | EAMG rats with varying severity of symptoms
g5l 4 (severe n=11, moderate n=4 , mild »=5) and
o ' control Lewis rats (none, n=7) were prodded to
'§1°' PW run on an electrically powered treadmill (25
2 gl m/min, inset) until visibly fatigued. The time (in
min = SEM) each rat was able to run was recorded

0

e il moderats. severe before, and 24 h following, i.v. administration of

myasthenic severity 250 pug/Kg EN101. Note that EAMG rats run
considerably less time than controls, and that running time is increased for each group by
EN101.

In a yet longer-term treatment regimen, 7 out of 9 EAMG animals under daily EN101
administration presented improved treadmill performance one mo after initiation of treatment, 1
showed no improvement and 1 animal died. In contrast, of 5 similarly sick animals that
received daily Mestinon treatment, 3 died, 2 performed worse, and none showed improved
performance. Saline injection yielded similar results, 3 dead, 2 worse. Thus, daily EN101
administration appeared effective for long-term treatment, enabling EAMG animals with
moderate to severe symptoms to thrive under conditions where untreated or Mestinon-treated
animals did not survive.

Discussion
By targeting an orally delivered AS-ON drug to a long-known MG target, AChE, we achieved
rapid, yet long-lasting physiological improvement, associated with reversal of the CMAP
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decremental response at 3 Hz nerve stimulation and increased muscle stamina in the treadmill
test. The beneficial effect of AS-ON injection on the CMAP response began within 1 h post-
treatment and lasted many more hours than the effect of the currently employed
anticholinesterases, likely reflecting the mechanistic differences between these two groups of
drugs.

Chemical anticholinesterases are stoichiometrically targeted at the large number of AChE
molecules present in the NMJ -- density of 3000-5000 molecules/um? (Anglister et al., 1994).
In contrast, AChE mRNA chains exist in far lower quantities than their protein products, and
are produced only by subsynaptic nuclei -- 1:200 of total muscle nuclei (Rotundo, 1990).
Furthermore, AChE-R mRNA is normally the least abundant of the alternative splice variants
of AChE mRNA. In addition, AS-ON agents that target the AChE-R mRNA transcripts can
operate repeatedly, i.e. one AS-ON is responsible for hydrolysis of many mRNAs. This
explains the over 100-fold difference in the molar dose of AS-ON as compared to Prostigmine
or Mestinon that is effective in relieving EAMG weakness.

Because of the intrinsic instability of the AChE-R mRNA transcript (Chan et al., 1998), AS-ON
agents targeted to the AChE mRNA sequence that is shared by all transcripts, will destroy
primarily the longer, less G,C-rich AChE-R mRNA (Grisaru et al., 2001). This provides
selectivity towards this normally rare transcript, while protecting most of the synaptic AChE-S
variant from the antisense effect. Consequently, neuromuscular functioning is maintained while
the disease-associated damaging protein is efficiently removed. The 3' terminal 2'-oxymethyl
protection of AS-ON chains increases the hybridization affinity while minimizing toxicity
(Galyam et al., 2001). This may further explain the beneficial effect of 2'-oxymethyl protected
AS-ON agents following i.v. as well as oral administration. In comparison, conventional
anticholinesterases would similarly inhibit the catalytic activity of the two variants, but would
not remove the blocked enzyme from the system. This may be detrimental for three reasons:
first, anticholinesterases induce a robust, multi-tissue feedback response of AChE-R
overproduction; second, the overproduced protein apparently possesses additional, non-
catalytic activities that are not necessarily blocked by anticholinesterases (reviewed in ref.
(Soreq and Seidman, 2001); third, prolonged exposure may cause tissue damage, as indeed is
the case in DFP-exposed muscle. Together, these may explain the apparent absence under AS-
ON treatment of adverse effects often associated with chronic anti-cholinesterase exposure. The
long-term survival of animals receiving AS-ON by daily oral treatment, as compared with the
poor survival of severely diseased animals under the physiologically fluctuating effects of a
daily dose of Mestinon, may also reflect these differences.

Chemically protected RNA aptamers, capable of blocking the autoantibodies access to the
nAChR, have been developed for the treatment of MG (Lee and Sullenger, 1997), however
their reaction with the antibodies is stoichiometric, whereas the AS-ON reaction is catalytic,
allowing a considerably lower dosage of the drug. In this context, two surprising properties of
EN101 merit special discussion: the rapid onset and the long-lasting effect. The rapid onset of
CMAP improvement that is offered by EN101 is most likely due to its easy accessibility to the
highly metabolic muscle tissue combined with the instability of its target mRNA. The long-
lasting functioning of this AS-ON agent probably reflects the fact that its neuromuscular effect
may last after the AS-ON is totally degraded, to cease only when AChE-R accumulation passes
a threshold beyond which this protein causes functional damage. This is compatible with the
myasthenic symptoms reported in patients with acute anticholinesterase poisoning, which begin
several hours after the acute phase (He et al., 1998). Pyridostigmine toxicity, reported in one
myasthenic patient and in one healthy control (Cohan et al., 1976), manifested weakness
following drug administration, and displayed higher pyridostigmine blood levels than in
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myasthenic patients with satisfactory clinical response. This suggests individual differences in
the clinical responsiveness to anticholinesterases that may depend on the individual rates of
their metabolism.

A polymorphism at the HLA-DQ locus was reported to regulate the susceptibility to EAMG in
mice (Raju et al., 1998), and polymorphisms in the B, adrenergic receptor gene appear to have
distinct distributions in human MG patients (Xu et al., 2000), indicating involvement of both
immune modulators and general stress responses in the disease process and suggesting that
overexpressed AChE-R may contribute to either or both of these levels of response. To this end,
the beneficial effect of repeated AS-ON treatment likely reflects long-lasting changes in
cytokine balances that contribute to the myasthenic syndrome. The complexity of relevant
elements is evident from recently reported animal models that show, for example, that T cell
overexpression of IL-10 facilitates EAMG development (Ostlie et al., 2001), whereas genomic
disruption of the murine IL-18 gene diminishes the AChR-mediated immune response (Huang
et al., 2001), and deficiency in IFN 7 receptor limits both EAMG development and the negative
feedback cascades that are induced by such development (Zhang et al., 1999). Indeed, injected
IL-12, a major inducer of IFN 7y production, accelerates and enhances disease in AChR-
immunized mice, but not in strain-matched mice with a disrupted IFN y gene (Sitaraman et al.,
2000). The wide span of tissues involved, and the importance of altered cytokine relationships
were reflected in the capacity of orally administered AChR fragments to suppress on-going
EAMG (Im et al, 1999). Future studies should address the issue of whether AS-ON
suppression of systemic AChE-R production affects mysathenic symptoms indirectly by
eliminating the hematopoietically active AChE-R (Grisaru et al., 2001) and thus modulating
cytokine production.

Apart from its obvious utility, this study, therefore, highlights the previously unperceived
involvement of the AChE-R splice variant in MG etiology. Alternative splicing has recently
emerged as a primary neuronal stress response, which affects different genes (Ohno et al., 2000;
Xie and McCobb, 1998). Our current findings suggest that synaptic muscle nuclei similarly
respond to cholinergic stress by alternative splicing of their pre-mRNA products. MG patients
are routinely treated by a combination of anticholinesterase, immune and glucocorticoid
therapy. Both anticholinesterases and glucococorticoids would enhance AChE gene expression,
further increasing the cumulative AChE-R load in treated MG patients. Due to the secretory
nature of AChE-R, it also accumulates in the serum. Further studies will be required to test the
applicability of AChE-R detection as a surrogate marker for MG; however, the accumulation of
serum AChE-R in EAMG rats and human patients gives reason to believe that, unlike blood
catalytic AChE activity, immunodetected serum AChE-R may reflect the severity of the disease
state.

The pathogenesis of MG and EAMG is primarily related to the destructive effect of anti-AChR
antibodies on the NMJ. In addition, neuromuscular weakness associated with cholinergic
imbalance is known in patients with congenital myasthenic syndromes (Ohno et al., 2000),
where synaptic AChE is the only form missing, as well as following exposure to
anticholinesterases, e.g. in Gulf War veterans (reviewed in ref. 20), muscle dystrophy and in
amyotrophic lateral sclerosis and post-traumatic stress disorder, among others. As AS-ONs
targeted to AChE mRNA provide relief of cholinergic muscle malfunctioning, they should be
useful for symptomatically treating these and many other diseases.

The likely existence of a polymorphism that confers AChE overproduction could potentially be
assessed using peripheral markers. If this turns out to be the case, it is probable that levels of
stress-induced changes could be monitored in the field and prior to deployment to identify those
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troops who are most and least at risk. Another observation is the apparent clinical implications
these data have on the management of patients with MG. It is likely that the results from these
studies will provide opportunities to identify reasons why patients are treatment-resistant, as
well as new methods for further alleviating symptoms in patients who do respond.
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Modified testicular expression of stress-associated “readthrough” acetylcholinesterase
predicts male infertility (task 1)

Reduced male fertility is one of the known consequences of psychological stress (Clarke et
al., 1999; Giblin et al., 1988; Negro-Vilar, 1993). The molecular pathways translating stress
into depressed male reproductive potency are not yet known, but likely involve stress-
hormone-induced alterations in gene expression (Jolly and Morimoto, 1999). Glucocorticoid
hormones released by the adrenal gland in response to stress (Sapolsky et al., 2000) are
known to exert long lasting effects on gene expression. We previously reported activation of
the gene encoding the acetylcholine hydrolyzing enzyme acetylcholinesterase (AChE; EC
3.1.1.7) by forced swim stress and pharmacological inhibitors of AChE in brain (Kaufer et al.,
1998), muscle (Lev-Lehman et al., 2000), hematopoietic cells (Grisaru et al., 2000) and
intestinal epithelium (Shapira et al., 2000). In all these cases, over-expressed AChE appeared
as an otherwise rare splicing variant known as “readthrough” AChE, or AChE-R. Stress-
induced overexpression of AChE-R likely involves both glucocorticoid-sensitive (Grisaru et
al., 2000) and glucocorticoid-insensitive (Kaufer et al., 1998) components.

The classical function of AChE, acetylcholine hydrolysis (Taylor, 1996), plays a crucial role
in cholinergic neurotransmission. AChE was also observed in spermatozoa (Egbunike, 1980;
Palmero et al., 1999), where its presence was attributed to cholinergic mechanism(s) involved
in sperm motility (Dwivedi and Long, 1989; Young and Laing, 1991). Nevertheless, it has
recently been shown that AChE exerts morphogenic and/or developmental activities unrelated
to acetylcholine hydrolysis (Grisaru et al., 1999). Furthermore, AChE inhibitors in use as
agricultural insecticides were associated with yet unexplained impairments in
spermatogenesis and sperm properties (Sarkar et al., 2000; Tielemans et al., 1999). For these
reasons, we explored the influence of AChE-R on spermatogenesis and sperm properties.

Male gamete production, spermatogenesis, takes place in the seminiferous tubules of the
testes. Progression through this process is accompanied by migration of cells from the tubule
periphery towards the central cavity. At the periphery of the tubules are diploid stem cells,
spermatogonia, which pass through proliferative mitotic divisions to generate spermatocytes.
Spermatocytes give rise to round haploid spermatids through meiosis. Spermatids elongate
and differentiate to form spermatozoa that are released to the genital duct system. In the
epididymis, spermatozoa acquire motility and fertilization ability (Leonhardt, 1993).

Methods

Animals and tissue collection: Male FVB/N mice (2-6 months old) were sacrificed 24 hr
following 4 successive daily forced swim sessions as detailed (Kaufer et al., 1998). Control
mice, and mice that have a transgene encoding human AChE-R inserted into their genome,
were sacrificed with no prior treatment. Serum was prepared from blood samples allowed to
clot 1hr at room temperature and overnight at 4°C, followed by centrifugation and supernatant
collection. Testes and seminal vesicles were excised and weighed. One testis from each
animal was fixed in 4% paraformaldehyde or Bouin’s fixative, the other was kept at -70°C for
protein extraction.

Serum hormone levels: Serum corticosterone concentrations were determined by
radioimmunoassay (ICN Pharmaceuticals, Inc., Costa Mesa, California).

Sperm Evaluation: Live, motile sperm were counted manually in isolates prepared from a
single cauda epididymis shredded in 1 ml saline. Sperm concentration was measured using
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the Improved Neubauer chamber (Heinz Herenz, Hamburg, Germany). For staining with the
fluorogenic dye JC-1, epididymal sperm cells were incubated 20 minutes at room temperature
in the presence of 3uM JC-1 and 12puM Propidium Iodide (Molecular Probes, Inc., Eugene,
Oregon), essentially as detailed (Garner and Thomas, 1999). Samples were centrifuged at
500g for 7min to remove excess dye. A drop of the suspended cells was placed on a coverslip
and covered by a second coverslip. Viable motile cells that reached the drop’s periphery were
subjected to fluorescence microscopy and quantitative evaluation of JC-1 emission at
525nm(green) and 585nm(red). The ratio between red and green fluorescence was considered
to reflect mitochondrial membrane potential.

AChE analysis: AChE activity assay, 5-20% sucrose gradient and immunoblot analysis were
performed essentially as described(Sternfeld et al., 2000) on testes tissue homogenized in 1M
NaCl, 0.01M EGTA, 0.01M Tris HCI pH7.4, 1% TritonX100. AChE-R was detected with a
polyclonal antibody targeted at the C-termial peptide of AChE-R (Sternfeld et al., 2000).
Band intensities of 2 lanes loaded with protein from individual mice of each group were
quantified using Adobe Photoshop 5.0 software.

In situ hybridization was performed as detailed elsewhere (Kaufer et al., 1998) on 7um thick
paraformaldehyde-fixed paraffin-embedded sections using 50-mer, biotinylated, 2’-O-methyl
cRNA probes targeted to either pseudointron 14 or exon E6 in AChEmRNA transcripts.
ELF™ (Molecular Probes, Inc., Eugene, Oregon) was used as a fluorogenic alkaline
phosphatase substrate.

Immunohistochemistry: Detection of the AChE isoforms was performed on 7um thick
paraffin embedded sections with polyclonal antibodies targeted at the C-terminal peptide of
synaptic AChE-S (C-16; Santa Cruz Biotechnology, Santa Cruz, California) or of AChE-
R(Sternfeld et al., 2000). Biotinylated secondary antibodies were detected with strepavidin-
alkaline phosphatase conjugate (Amersham Pharmacia Biotech, Piscataway, New Jersey).
Fast Red (Roche Molecular Biochemicals, Mannheim, Germany) was used as a chromogenic
substrate. PCNA was detected using a dedicated staining kit (Zymed Laboratories, San
Francisco, California); nuclear counterstaining was with hematoxylin (Sigma, St. Louis MI).
All immunodetections were performed following heat induced antigen retrieval.

Confocal analysis: An MRC-1024 Bio-Rad confocal microscope equipped with an inverted
microscope was used to scan the Fast Red precipitate used for immunodetection.
Fluorescence was excited at 488nm, and emission was measured with a 580df32 filter. To
examine mouse testicular spermia in tissue sections, a confocal plane was scanned every
0.35um using a 63X/1.4 oil immersion objective and a three-dimensional projection created
from all sections. To examine human sperm smears a confocal plane was scanned every
0.30um using a 40X/1.3 oil immersion objective; three-dimensional projections of the signal
were overlaid on a phase contrast image of the cells.

Results

AChE-R is overexpressed in testes from psychologically stressed mice

To examine the effects of acute stress on AChE expression in the male gonads, we subjected
adult male FVB/N mice to 4 successive daily sessions of confined swim (Kaufer et al., 1998).
Stressed mice displayed 5-fold elevated serum corticosterone levels (171.0162.4 ng/ml serum
(AvgtSEM); N=4) as compared to naive mice (31.6+7.5; N=3; p<0.04, Mann-Whitney).
Elevated glucocorticoid levels were accompanied by mildly increased AChE activities in
testicular extracts (0.3%£0.03 nmoles substrate/min/mg protein after stress vs 0.1+0.01
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nmoles/min/mg protein in controls). To identify the cell population(s) that respond to stress
by increasing ACHE gene activity, we employed in situ hybridization (Kaufer et al., 1998). A
selective 2’-O-methyl biotinylated cRNA probe revealed a circumferential distribution of
AChE-R mRNA in testicular tubules from naive mice (Fig. 1A). In stressed mice 24 hours
after the last swim session, AChE-R mRNA signals were notably intensified and extended
into all cell layers (Fig. 1B). Immunodetection with an antibody selective for AChE-R
(Sternfeld et al., 2000) produced no detectable staining in testes from control mice (Fig. 1C).
In contrast, anti-AChE-R antibodies intensively labeled internal cell layers in tubules of
stressed mice (Fig. 1D), particularly the innermost stratum containing maturing spermatozoa.
Stress therefore induced AChE-R mRNA overproduction in cells undergoing early
spermatogenesis and caused accumulation of AChE-R protein at later stages of sperm
formation.

Control .,  Fig. 1. Repeated forced swim stress induces
= testicular AChE-R overexpression

", AB. In situ hybridization was performed on
sections of seminiferous testicular tubules from
naive and stressed FVB/N mice. Yellow
- fluorescence is the product of alkaline
- phosphatase-mediated  hydrolysis  of ELF™
(Molecular Probes Inc., Eugene, Oregon) and
indicates sites of AChE-R mRNA accumulation.
Note the intense, dispersed signal in tubules from
stressed mice. C,D. Immunohistochemistry with
‘ antibodies selective for AChE-R. Signal is orange.

& Note that in stressed mice AChE-R protein
product is localized primarily, but not exclusively,
to the inner cell layer harboring maturing testicular spermatozoa. Schemes present probe
location for the hybridization experiment (A,B) and the antibody-targeted domain for the
immunostaining (C,D).

Transgenic mice as a model for chronic testicular overexpression of AChE-R

To establish a model for chronic gonadal overexpression of AChE-R, we exploited mice
transgenic for human AChE-R (Sternfeld et al., 2000). Transgenic mice displayed 700-fold
excess testicular AChE activity (Fig. 2A). Elevated levels of a 66 KDa immunoreactive band
co-migrating with recombinant AChE-R protein was accompanied by unchanged labeling of a
slightly faster migrating band (Fig. 2B), potentially reflecting another AChE variant (Soreq
and Glick, 2000), different glycosylation patterns (Kronman et al., 2000) or proteolytic
cleavage of the AChE protein, which was previously observed the serum of stressed mice
(Grisaru et al., 2000). Sucrose gradient centrifugation (5-20%) demonstrated the excess AChE
to migrate as a single peak of globular monomeric enzyme, as expected from AChE-R (Fig.
2C). Using In situ hybridization, we detected high levels of AChE-R mRNA in the peripheral
layers of testicular tubules from transgenic as compared to control FVB/N mice (Fig. 3A,B),
similar to that observed following stress (compare to Fig 1B). These are the cell layers
harboring both mitotic spermatogonia and post-mitotic spermatocytes. Using anti-AChE-R
antibodies, we could not detect protein in sections from control mice (Fig. 3B). In contrast,
transgenic mice displayed pronounced deposition of AChE-R in a single peripheral cell layer
in 65% of stained tubules (Fig. 3D). The remaining 35% were evenly divided between those
with AChE-R deposits in the inner cell layers harboring spermatozoa heads (similar to the
stress pattern) and those with labeling within the tubular cavity into which the spermatozoa
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tails project (data not shown). Some tubules stained in the periphery were also stained in the
inner layer (12%) or the cavity (26%). Thus, AChE-R expression in testes of transgenic mice
resembled that of mice subjected to repeated acute stress at the level of the mRNA, but
exhibited a more complex pattern of cellular distribution at the level of the protein. In
contrast, the expression of the “synaptic” AChE-S splicing variant appeared largely
unaffected by either stress or transgenic overexpression of AChE-R (data not shown).

A. B. rAChE  Tastus homogenates Fig. 2. Testicular AChE-R
AChE activity R S ol R-Tg overproduction in transgenic mice
80} * - R A. Presented are average = SEM specific
8 18 " AChE activity (nmol acetylthiocholine
. A.-i. RIBRE 1 *, hydrolyzed/min/mg protein) from duplicate
’ j 1€ t s measurements performed in testicular
bz < 41‘\‘-» . b Gl | homogenates from 3 adult male FVB/N
(joJ" S 0 0 20 33 40 (Ct) or AChE-R-overexpressing transgenic

G Rl Iractior 09 (R-Tg) mice (Sternfeld et al., 2000). Stars

note statistical significance (P< 0.05, Mann-Whitney).

B. Testicular homogenates were subjected to SDS-polyacrylamide gel electrophoresis and the
resultant blots incubated with antibodies directed at the C-terminal peptide unique to AChE-
R (Sternfeld et al., 2000) (R). Shown is an immunoblot with each two lanes loaded with
homogenates from individual mice of the noted pedigree. Of the two bands observed, the top
one (of approximately 66Kd, arrow) co-migrated with recombinant AChE-R produced in
transfected phaeochromocytoma PC12 cells (left lane). Recombinant AChE-S (S, second
lane from left, Sigma, U.S.A.) remained unlabeled, demonstrating selectivity of the antibody.
C. Presented are AChE activities (nmol acetylthiocholine hydrolyzed/min/mg. protein) in
fractions collected following sucrose gradient centrifugation of a testicular homogenate from
an AChE-R transgenic mouse. The observed sedimentation coefficient of 4.5-5.0S reflects
globular monomers (G1), consistent with the AChE-R isoform. Arrow notes the localization
of alkaline phosphatase (6.1S), which served as a sedimentation marker. One of two analyses.

Fig. 3. AChE-R  accumulates in
spermatocytes of transgenic mice

In  situ  hybridization (yellow) and
immunohistochemistry (red) of representative
tubules from naive adult FVB/N or AChE-R
transgenic mice. Tubuli of transgenic mice
display high levels of dispersed AChE-R mRNA
(A,B) but restricted localization of AChE-R
protein to a single peripheral cell layer (C,D).
Antibodies toward proliferating cell nuclear
antigen (PCNA) detected mitotic cells
undergoing DNA replication in the outermost
cell layer containing spermatogonia (E) but not
in the next inner layer of meiotic spermatocytes
with high levels of AChE-R (F). White arrows
indicate  spermatogonia;  black  arrows,
spermatocytes. Nuclei were counterstained with
B hematoxylin. Inset: high magnification image
m demonstrates focal perinuclear accumulation of
’ *  AChE-R in spermatocytes.
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Accumulated AChE-R in post-mitotic sperm progenitors imposes a partial block to post-
meiotic differentiation

We recently observed that AChE-R promotes expansion of hematopoietic progenitor cells
(Grisaru et al., 2000) and terminal differentiation of osteoblasts (Grisaru et al., 1999). We
therefore considered the possibility that overproduction of AChE-R may affect the
proliferation of male germ cell progenitors. To quantify replicating cells, we stained for
proliferating cell nuclear antigen (PCNA). In both naive FVB/N and AChE-R transgenic
mice, PCNA staining was confined to the most peripheral cell layer comprised exclusively of
spermatogonia, the proliferative spermatogenic progenitors (Fig. 3E and data not shown).
AChE-R was undetectable in this cell layer (Fig 3F), being concentrated in the next inner
layer of post-mitotic spermatocytes. In spermatocytes, AChE-R displayed a subcellular
disposition that included diffuse cytoplasmic distribution in addition to focal perinuclear sites
of accumulation (Fig. 3F, inset). The average number of PCNA labeled cells was identical in
transgenic and control mice (67.512.8 vs. 67.242.0 cells/normalized tubule perimeter,
respectively). In addition, we did not observe any changes in the organization of
spermatogonia in testes from transgenic mice (data not shown). In contrast, the number of
post-meiotic, differentiating spermatozoa surrounding the tubular cavity was significantly
reduced in transgenic as compared to control mice (8212 vs. 97£15 cells/normalized tubule
perimeter, respectively; N=3, 8-10 tubules per mouse, p<0.0005, Student’s t-test).

Transgenic testicular overproduction of AChE-R is associated with impaired sperm
properties
As predicted by the reduced number of spermatozoa in testicular tubules, epididymal sperm
counts were also significantly lower in transgenic as compared to control mice (Fig 4).
However, the 45% reduction in epididymal sperm cells exceeded the cell loss observed in
tubules by 30%, indicating that additional cell loss takes place following the release of
spermatozoa from the seminiferous tubules. In addition, motility of surviving sperm appeared
compromised in transgenic mice as compared to controls (Fig. 4), suggesting functional
impairments. Using JC-1 (Garner and Thomas, 1999) to assess mitochondrial activity of
motile transgenic epididymal sperm, we observed hyperpolarization rather than
hypopolarization of mitochondrial membranes (data not shown). This observation excluded
reduced cellular respiration as a cause for reduced sperm motility, but raised the possibility
that mitochondrial hyperpolarization foreshadows apoptotic events that contribute to reduced
sperm counts (Matsuyama et al., 2000; Vander Heiden and Thompson, 1999). In addition to
sperm properties, seminal gland weight of transgenic mice was also reduced as compared to
controls (Fig 4).

Fig. 4. Testicular AChE-R overproduction is

16, associated with impaired sperm properties
0 Ct I Bar Graph represents data from 3-5 adult male FVB/N
121 OTg £ (Ct) or AChE-R-overexpressing transgenic (Tg) mice.
1 I Average + SEM values are shown for sperm counts
81 x ]_ * (cells/epididymis x10'6), sperm motility (percent
1 * motile of total sperm cells), and seminal gland weight
41 ¥ (mg/gr body weight). Stars note statistical significance

(P< 0.05, Mann-Whitney).

Sperm  Sperm Seminal
count motility gland wt.
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AChE-R may serve as a marker of stress-related male infertility

Testicular tubules from stressed mice and a large portion (approx. 60%) of those from
transgenic mice displayed accumulation of AChE-R in differentiated spermatozoa residing at
the inner cell layer surrounding the cavity. To characterize the expression of AChE-R in
mouse spermatozoa, and to explore the relevance of the mouse models to human fertility, we
performed confocal microscopy. Anti-AChE-R antibodies failed to label testicular
spermatozoa from control mice (Fig. 5A). In contrast, repeated acute stress facilitated strong,
punctate, intracellular labeling that was limited to spermatozoa heads (Fig. 5B), with few cells
also stained at the neck. Spermatozoa from AChE-R transgenics were either unlabeled (40%),
or stained at the neck (35%) or head (25%) (Fig. 5C). We then examined human sperm in air
dried smears of ejaculates from apparently fertile donors or from the male partner of couples
with unexplained infertility. Normal sperm were stained in both the head and neck regions. In
contrast, samples from infertility patients presented large fractions of sperm with intense
labeling in the neck region, but no detectable head-associated AChE-R (Fig. 5D). Cumulative
analysis by a blind observer of approximately 40 sperm cells from each of 3 individuals in
each group demonstrated a significantly decreased proportion (p<0.05, Mann Whitney) of
head-stained sperm from male partners of infertile couples as compared to sperm-bank
donors.

Fig. 5. AChE-R sperm head staining intensifies in
stressed mice and decreases in transgenic mice
and in subjects with unexplained infertility

A-C. Shown are representative compound confocal
images of testicular spermatozoa reaching the central
space  within  testicular  tubules  following
immunohistochemical staining with anti-AChE-R
antibodies and Fast Red. Note the pronounced labeling
in heads of spermatozoa from mice subjected to forced
swim stress as compared to those from both naive
FVB/N and transgenic mice. Spermatozoa from
transgenic mice were divided among those unstained,
and those stained primarily in the tail region, or in the
head (white arrows; see text for details). D. Bar Graph
shows percentage of sperm labeled by anti-AChE-R
antibodies (average = SEM) in the head or neck
regions for approximately 40 cells from each of 3
healthy human donors (C) and 3 male partners from
infertile couples (INF). Star notes a statistically
significant difference between controls and patients (p<0.05, Mann Whitney). Shown in the
outside columns are representative compound confocal images of a sperm from a donor
(right) or infertility patient (left). Note labeling of the post-acrosomal region of sperm heads
and neck in control cells (black arrowheads) as compared with limited sperm head labeling in
the patient (white arrowhead).

Discussion
Testicular AChE is subject to stress-induced changes in alternative splicing
Our current findings associate stress with testicular overproduction of AChE-R and suggest
that stress insults of varying duration or severity may initiate graded increases in AChE-R in
spermatogenic cells (Fig 6). The increase in AChE expression following stress is consistent
with the presence of a recently discovered consensus sequence for a putative glucocorticoid
response element (GRE) in the upstream promoter region of the human 4CHE gene locus

37




(Shapira et al., 2000). AChE overexpression following stress was highly selective as it was
observed only for the AChE-R isoform. This suggests active diversion of 3’ alternative
splicing of AChE mRNA. This pattern of stress-mediated ACHE gene expression parallels
that observed in other tissues, and strengthens the concept of shifted alternative splicing and
the resultant AChE-R protein as universal stress response elements in multiple mammalian

organs, including the gonads.

Fig. 6. Graded increases in AChE-

R associated with its altered
spermatogenic localization.

Shown is a schematic representation of

Stress  wadp

T ——,

AChE-R walp seminiferous tubules. Following stress,
Control Stress AChE-R AChE-R levels increase in
transgenics

spermatogonia -» A5, S Ny N spermatocytes and ' all other
= 8_”5) “\ spermatogenic cells with the most

spermatocytes - {_+/ ) N : . .
D v ¥ Fho marked elevation in the head of

testicular Rk A LIRS ;

spermatozoa -; N 4 K ) testicular _sperma?ozoa. A. greater or
’ : : ) more persistent increase in AChE-R

expression, represented by the transgenic model might be found under intense or prolonged
stress. Under such conditions, spermatocytes are stained while AChE-R is either excluded from
testicular spermatozoa altogether or localized to the tail, with only a smaller fraction of the
spermatids displaying head staining. AChE-R overexpression in spermatocytes could impede
spermatogenesis thereby explaining reduced sperm counts in transgenic mice.

Massive AChE-R elevation could impair spermatogenesis and sperm function in a non-
catalytic manner

Compared to psychologically-stressed FVB/N mice, transgenic mice exhibiting massive
AChE-R overproduction displayed heterogeneity in the cellular and subcellular localization of
AChE-R. It is yet unclear whether this difference between stressed and transgenic mice
reflects the high levels of overexpression achieved in the transgenic model, or a property
resulting from chronic congenital overexpression of the transgenic protein. The greatly
elevated expression of AChE-R in transgenic mice was accompanied by decreased sperm
counts, sperm motility and seminal gland weight. The decline in post mitotic spermatozoa
numbers in AChE-R transgenics suggests that AChE-R excess may impose yet undefined
restrictions on spermatogenesis following mitotic cell division. While the reduction in
seminal gland weight potentially reflects systemic effects of chronic AChE-R overexpression
and its impact on autonomous cholinergic innervation (Prince, 1992), not all the effects
should necessarily be attributed to increased cholinesterase activity. The high accumulation
of AChE-R in sperm cell progenitors suggests that the primary impact of its transgenic
overexpression on spermatogenesis and/or sperm properties results from direct effects of the
protein on cellular processes. In this light, non-catalytic, cell signaling capacities now well
established for nervous system AChE (Bigbee et al., 2000; Koenigsberger et al., 1997,
Sternfeld et al., 1998) may be relevant. Our findings therefore emphasize the need to identify
the yet unknown protein partner(s) of AChE-R and its putative signal transduction pathways.
The perinuclear localization of AChE-R in spermatocytes resembled the nuclear association
of megakaryocytic AChE (Lev-Lehman et al., 1997). In hematopoietic progenitors, AChE
regulation is tightly associated with that of CHED, a CDC-related protein kinase (Lapidot
Lifson et al., 1992), suggesting potential involvement in cell cycle processes and calling for a
search for potential correlation between cyclin regulation during mammalian gametogenesis
(Zhang et al., 1999) and AChE-R.
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AChE-R is potentially involved in the detrimental effects of psychological stress on male
fertility

The transgenic mouse model demonstrates the potentially detrimental effects of high levels of
dispersed testicular AChE-R on mammalian sperm maturation and/or properties. Absence of
AChE-R from heads of testicular spermatozoa, as was primarily observed in AChE-R
transgenic mice, also appeared to be characteristic of sperm from the male partners of human
couples with unexplained infertility, but not of sperm from fertile controls. These results
support the notion of a role for stress-related changes in AChE expression in impaired sperm
quality in humans as well. The differential AChE-R staining patterns observed in the two
human groups suggest AChE-R labeling as a possible useful marker for stress-related male
infertility, and strengthen the notion that stress-associated overexpression of AChE-R may be
arisk factor in fertility disturbances.

AChE-R as a molecular target for understanding and resolving various aspects of male
infertility

As anticholinesterases were shown to induce overproduction of AChE-R (see Introduction),
our findings may also explain the impaired sperm properties and male infertility associated
with exposure to agricultural insecticides or other anti cholinesterase agents (Sarkar et al.,
2000; Tielemans et al., 1999). If so, these findings further imply potential modes of
intervention, including blockade of AChE feedback overexpression, prevention of the shift in
alternative splicing from AChE-S to AChE-R, and selective antisense suppression of AChE-R
(Shohami et al., 2000). In the brain, AChE feedback overexpression was shown to be
independent of the hypothalamus-pituitary axis (Kaufer et al., 1998). Nevertheless, the recent
demonstration of a functional glucocorticoid response element in the extended AChE
promoter (Grisaru et al., 2000) suggests a glucocorticoid-mediated component to stress-
related AChE overexpression. This could be examined in glucocorticoid-receptor knockout
mice (Jolly and Morimoto, 1999; Tronche et al., 1999). AChE-R thus presents a previously
unrecognized target for studying, analyzing and treating stress-induced human male
infertility.
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Development of AChE variant-specific antibodies for the demonstration of differential
expression of variants in hematopoietic cells (task 3)

A. Development of human antibody fragments directed towards synaptic
acetylcholinesterase using a semi-synthetic phage display library

Acetylcholinesterase (AChE) hydrolyzes the neurotransmitter acetylcholine at cholinergic
synapses, but also exercises morphogenic activities (Soreq and Seidman, 2001). Three C-
terminal variants are generated by alternative splicing of the single ACHE gene transcript.
“Synaptic” AChE-S constitutes the principal variant protein in brain and muscle, and plays an
important role in growth-regulating processes affecting neurons, independently of its catalytic
activity (Sternfeld ez al., 1998). “Readthrough” AChE-R is a secretory, non-synaptic form of
the enzyme that is expressed in embryonic and tumor cells (Karpel et al., 1994), and is
induced under psychological and chemical stressors, including therapeutic anticholinesterases
(Friedman et al., 1996; Kaufer et al., 1998). In addition, a peptide derived from the unique C-
terminal sequence of AChE-R has by itself haematopoietic growth-factor-like activity (Grisaru
et al, 2001). “Erythrocytic” AChE-E possesses a C terminus with the potential for
phosphoinositide linkage to the external membrane of red blood cells (Futerman ef al., 1985).

Alzheimer’s disease involves complex changes in acetylcholine-mediated neurotransmission
(Coyle et al., 1983). Current therapies include inhibitors of AChE aimed at restoring the
cholinergic balance (Schneider, 2001). However, increased AChE activity has been reported
in the cerebrospinal fluid of Alzheimer’s disease patients treated with inhibitors of the enzyme
(Nordberg et al., 1999), which is consistent with AChE-R accumulation in the mouse brain
under exposure to commonly used anticholinesterases (Kaufer et al., 1998). Excess AChE
accumulation may be detrimental, due to the non-catalytic structural roles of the protein.
Indeed, transgenic mice overexpressing AChE-S show late-onset deterioration in cognitive
(Beeri et al., 1995, 1997) and neuromotor (Andres et al., 1997) functions reminiscent of
Alzheimer’s disease. Moreover, accumulation of a yet undefined AChE variant has been
observed in amyloid plaques of Alzheimer’s patients (Wright et al, 1993), and AChE-
amyloid-B complexes were reported to be more neurotoxic than B-amyloid peptide alone
(Alvarez et al., 1998).

Obtaining monoclonal antibodies directed against the C-terminal region unique to each human
ACHhE variant would be useful for research into the mechanisms by which such variants signal
their morphogenic functions, as well as for studying their specific roles in the etiology and
drug treatment of Alzheimer’s disease, and as surrogate markers for stress and inhibitor
exposure.

The phage antibody libraries offer an alternative way to isolate antibodies with many different
specificities (Marks et al., 1991; Griffiths ef al., 1993; Nissim et al., 1994; Hoogenboom et
al., 1999). Selected specific antibodies, phage displayed or secreted from infected bacteria,
can be readily used as reagents in immunoblotting, immunohistochemistry, flow cytometric
analysis and other applications (Harrison et al., 1996).

We used a library of antibodies encoded by human variable-gene segments rearranged in vitro,
and displayed on the M13 bacteriophage surface as single-chain Fv (scFv) antibodies (Nissim
et al., 1994). Synthetic biotinylated peptides representing the C-terminal sequence unique to
human AChE-S were used as targets for selection. Three scFv antibodies were obtained which
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are highly specific for the AChE Synaptic Peptide (ASP) and interact with the authentic
AChE-S.

Materials and Methods

Preparation of biotinylated peptides
Two peptides, ASP:

NH,-DTLDEAERQWKAEFHRWSSYMVHWKNQFDHYSKQDRCSDL-COOH, and
ARP:

NH;-GMQGPAGSGWEEGSGSPPGVTPLFSP-COOH,
were prepared by solid-phase-techniques (Atherton and Sheppard, 1989) with a 4334 peptide
synthesizer (Applied Biosystems, Foster City, CA), and biotinylation was performed on the
protected peptide before cleavage from the resin. The non-biotinylated ARP and ASP C-ter,
the latter representing the C-terminal 23 amino acid residues of ASP, were kindly provided by
Dr. M. J. Gait (MRC, UK; Grisaru et al., 2001). Peptides were purified by high-performance
liquid chromatography to greater than 90% homogeneity.

Selection of phage display antibody library

We used a phage display human semi-synthetic library of > 10® scFv antibodies (Nissim et al.,
1994) for selection. An aliquot of the library (50 pl, 10" t.u./ml) was two-fold diluted in PBS,
0.2% BSA (BSA-PBS) (selection buffer) containing 0.1% Tween 20, and then incubated with
4 uM biotinylated ASP for 1 h at room temp. In parallel, 3 x 107 streptavidin-coated
paramagnetic beads (Dynal, Oslo, Norway) were blocked with 1% BSA-PBS, washed with
PBS and resuspended in 100 pl of selection buffer. Streptavidin beads and phage were mixed
and left for 15 min on a rotating wheel at room temp. After 5 washes with selection buffer, 5
washes with PBS, 0.1% Tween 20 (PBS-T), and 5 washes with PBS, the captured phage were
eluted by incubating the beads in 40 ul 4 M NaCl, 50 mM Tris-HCI, pH 7.5 for 30 min at
room temp; the eluates were diluted to 150 pl with water. The recovered phage particles were
amplified in the E. coli amber suppressor strain TG1, and used in a further round of selection
after rescue with the helper phage KM13 (Kristensen and Winter, 1998) followed by PEG
(20% polyethylene glycol, MW 6000; 2.5 M NaCl) precipitation of the supernatant of the
infected bacteria (Harrinson et al., 1996). Before the second round, streptavidin binders were
depleted by preadsorption on a streptavidin-coated (10 ug/ml) tube. Selection was then
repeated as above; to increase the specificity and the stringency of selection, 2 rounds of
antigen binding using 2 UM ASP-biotin were performed before phage growth in bacteria
("double round").

Screening and sequencing of clones
Screening of phage binders was done as described with minor variations (Harrinson et al.,

1996). Briefly, selected phage were rescued from single ampicillin-resistant colonies of
infected E. coli TG1 using the helper phage KM13. Bacterial supernatants containing the
rescued phage were preincubated with the biotinylated ASP, at the same concentration and
conditions as used for the first round of selection, and then added to a streptavidin-coated (10
wg/ml) microtiter plate to detect phage binding by ELISA. As negative controls, supernatants
preincubated without the biotinylated antigen were used. The diversity of selected clones was
determined by PCR amplification using as primers LMB3 (5'-CAGGAAACAGCTATGAC-
3") and fd-SEQ1 (5'-GAATTTTCTGTATGAGG-3") and DNA sequencing of scFv inserts with
an automated ABI377 sequencer (Applied Biosystems, Foster City, CA). Characterized
monoclonal phage were used as reagents after PEG precipitation and quantification of the
number of t.u. (Harrinson et al., 1996).
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Induction of soluble scFvs, preparation of periplasmic fraction, and purification of antibody
fragments

Once the antiASP 1 scFv antibody was selected, it was further engineered with 6 consecutive
C-terminal histidine residues. To this end, a PCR amplified product encoding the scFv
antibody was purified and digested with the restriction enzymes Ncol and Notl. The resultant
750 bp DNA fragment was gel-purified and ligated into the Ncol — Notl restriction sites of the
phagemid vector pHEN1/pTI2 (kindly donated by Dr. I. Tomlinson, MRC, UK) encoding the
His6 tail. The ligation product was introduced into the E.coli strain TG1 by electroporation.
Transformants, picked out from ampicillin-resistant colonies, were checked for antiASP1
scFv amino acid sequence and C-terminal histidine residues deduced after PCR amplification
and DNA sequencing. AntiASP 1 phage with the His6 tail were rescued from selected TG1
transformants using the helper phage KM13, concentrated with PEG, and used to infect (non-
suppressor) E. coli HB2151. Monoclonal His6-tagged scFvs were harvested from the
periplasmic fraction of 1 I cultures of infected HB2151 bacteria induced overnight with
isopropyl-B-D-thiogalactoside at 30 °C (Harrinson et al., 1996), and purified over Ni-NTA
resin following the protocol provided by the manufacturer (Qiagen). To avoid protein
degradation, a protease inhibitor cocktail (Sigma Chemical Co., St. Louis, MO) was added
(0.4 mg/ml) to the periplasmic fraction, and the whole protocol was carried out at 4 °C. After
eluting from the Ni-NTA resin with 250 mM imidazole, 300 mM NaCl, 50 mM Na-
phosphate, pH 8.0, the purified antlbody fragments were dialyzed overnight against PBS and
used immediately or stored at -80 °C with 10% glycerol. The purified scFvs were estimated to
be > 90% pure by gel electrophoresis and Coomassie staining. Protein concentration was
determined with a protein assay kit (Bio-Rad, Hercules, CA).

Specificity evaluation of selected antibodies

Specificity of monoclonal phage antibodies was assessed by ELISA, essentially as described
by Henderikx et al. (1998), using indirectly coated ASP. Briefly, biotinylated BSA was added
to a microtiter plate at a concentration of 5 pg/ml in PBS, and incubated overnight at 4 C.

After 3 washes with PBS, streptavidin (10 pg/ml in PBS, 0.5% gelatin) and 1 ug/ml of the
biotinylated antigen (ASP, or ARP as negative control) in 3% BSA-PBS were applied in
consecutive steps. After coating, 10" t.u./ml of the indicated monoclonal phage were added to
different wells. Phage binding was then detected with a 1:5000 dilution of horseradish
peroxidase/anti-M13-conjugated antibody (Amersham Pharmacia Biotech, Little Chalfont,
UK). Phage and secondary antibody were diluted in 3% BSA-PBS. All incubations were for 1
h at room temp, and followed by 3 washes with 0.1% PBS-T and 3 washes with PBS. In the
competition experiments, the incubation step with the phage was performed in the presence of
the indicated concentrations of human recombinant AChE-S (Sigma) or ARP. For specificity
analysis of the soluble antiASP 1 scFv antibody, the same ELISA protocol was carried out,
but the concentration of biotinylated ASP or ARP was increased (5 pg/ml). In these
experiments, the myc tag was exploited for detection of antibody fragments. This peptide tag
was originally incorporated into the expression vector of the library subjected to selection to
be appended to the scFvs (Nissim et al., 1994). Purified, dialyzed scFv antibodies were added
to each coated well at a concentration of 0.35 mg/ml in 3% BSA-PBS. Bound scFvs were
detected by adding together 1:500 dilutions of the 9E10 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA), which recognizes the c-myc epitope (Munro and Pelham, 1986), and
peroxidase-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West
Grove, PA) in 3% BSA-PBS. Peroxidase activity was measured with 0.1 mg/ml of 3,3’,5,5’-
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tetramethylbenzidine containing 0.012% hydrogen peroxide in 0.1 M sodium acetate, pH 6.
The reaction was stopped with 1 M H,SOs, and the resulting absorbance was measured at 450
nm in a microtiter plate reader (Molecular Devices, Sunnyvale, CA).

Affinity measurement using the BIAcore technology

The affinity of binding between the antiASP 1 scFv antibody and its epitope was determined
using the technique of SPR (BIAcore 3000 System, Uppsala, Sweden) (Roden and Myzka,
1996). The ASP C-ter, human recombinant AChE-S (Sigma) and ARP were immobilized in
the different flow cells of a CMS sensor chip using standard amine coupling procedure (Lofas
and Johnsson, 1990). To this end, the ASP C-ter peptide was dissolved to a concentration of
100 pg/ml in 10 mM acetate buffer, pH 4.5, which is below its isoelectric point, to permit
preconcentration of the peptide on the biosensor matrix of the BIAcore chip via electrostatic
interactions. Immobilization was carried out using a flow of 10 pl/min to obtain 1000 RU.
Recombinant AChE-S was diluted to a concentration of 0.87 uM in 10 mM sodium acetate,
pH 3.8, and ARP to 100 pg/ml in 10 mM glycine, pH 3.0, for direct immobilization to the
chip surface of 2664 RU and 320 RU, respectively. In all cases, the same flow of 10 pl/min
was used. The purified scFv antiASP 1 protein was then diluted in 10 mM HEPES, pH 7.4,
150 mM NaCl, 3 mM EDTA and 0.005% (v/v) polysorbate 20, and passed through the
different flow cells on the sensor chip at 20 pl/min using concentrations ranging from 125 to
1000 nM. To eliminate the contribution of non-specific binding, the antiASP 1 scFv antibody
was passed through a blank flow cell as well. The dissociation constants were calculated using
the BIAevaluation software.

Results

Selection of human phage antibodies to ASP

Two rounds of selection were performed using biotinylated ASP in solution. The conditions
of the second round, in which 2 consecutive incubations with antigen were performed before
phage amplification in bacteria (“double round”), were designed to enrich the population in
specific binders as opposed to phage with growth advantages. A significant decrease in phage
titers coming from the second double round demonstrated the stringency of these selection
conditions. Whereas in the first simple round, an output phage of 7.5 x 10° t.u. was obtained
for an input of 5 x 10" tu., only 1.5 x 10 t.u. were recovered after the second double round
for the same input titer. No doubt, the preabsorption on a streptavidin-coated tube to deplete
streptavidin binders also contributed to this low yield. Under these conditions, an
extraordinarily high frequency (44/96, 46%) of specific anti-ASP monoclonal phage
antibodies was found following 2 rounds of selection (Fig. 1). Different clones were then
picked out for DNA sequencing, to determine the diversity of the selected antibodies. Three
distinct specific clones to ASP were identified, namely antiASP 1, 2 and 3 (Table 1). AntiASP
1 was dominant in the population, representing 4 of the 10 sequenced clones. Moreover, the
Vu-CDR3 sequences of antiASP 1 and 2 are closely related, both including the SRPS motif,
attesting to the sequence specificity of their antigen-antibody interactions. Interestingly,
antiASP 1, 2 and 3 were not found among the sequenced clones picked out after the first
simple round (sequences not shown), indicating their low concentration in the population until
this step. Also, the percentage of anti-ASP phage antibodies was much lower in the first round
(10/96, 10%) than in the second round, demonstrating efficient enrichment in specific binders
owing to double selection before phage growth in bacteria.
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Table 1. V4-CDR3 sequences of antibody fragments selected against ASP-biotin®

Antibody designation Deduced Vy-CDR3 sequence Frequency
antiASP 1 SRPSI 4/10
antiASP 2 SRPSH 1/10
antiASP 3 GARFKE 1/10

non-specific HRAYYS 1/10
non-specific NSEV 1/10
non-specific CDMHG 1/10
non-specific REPVA 1/10

The diversity of selected clones was determined by PCR amplification and DNA sequencing
of scFv inserts. After 2 rounds of selection, 3 different specific anti-ASP clones were
identified (antiASP 1, 2 and 3) from deduced amino acid sequences of Vy-CDR3. Moreover,
the germline origin of the selected ASP-specific antibodies was determined, according to the
nomenclature described in Tomlison et al. (1992). The two closely related antibody fragments,
antiASP 1 and 2, use DP-24 and DP-3 germline segments, respectively; both belonging to the
Vyl family. AntiASP 3 uses DP-32 of theVy3 family.
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In a parallel search for ARP-specific antibodies, 2 selection attempts were performed against
different concentrations (8 and 40 uM) of the biotinylated peptide. None of the selected phage
antibodies were found to be specific for ARP. In protein blots using a polyclonal rabbit
antibody generated against ARP (Sternfeld et al., 2000), we found that the synthetic peptide
easily forms self-aggregates of high molecular weight, even in the presence of the dissociating
agents sodium dodecyl sulphate and urea (data not shown). The antigenic determinants in
ARP would be likely hidden inside of these aggregates, interfering with the antibody
selection. ASP therefore appeared to be much more immunogenic than ARP.

44




Selected scFv antibodies are highly specific for ASP and do not interact with ARP
To exclude the possibility that the 3 isolated anti-ASP monoclonal phage would also interact

with the distinct C-terminal peptide unique for human AChE-R, an ELISA was performed
(Fig. 2). The absorbance signal was specific for all phage antibodies, since they reacted
strongly with ASP, the antigen used for selection, but not with ARP. AntiASP 1 showed the
highest specific signal, as expected for the dominant clone in the population after 2 rounds of

selection.

The selected antiASP 1 was engineered with 6 consecutive C-terminal histidine residues, as
described in Materials and Methods. AntiASP 1 phage with the embodied histidine residues
were used to infect the non-suppressor HB2151 strain of E. coli, which was then induced to
produce free scFvs (Harrison et al., 1996). The His6-tagged antibody fragments purified over
a Ni-NTA resin were highly specific for ASP as judged by ELISA, and did not interact with
ARP (Fig. 3). This assay thus reinforced the results obtained for the phage display antibody.
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Fig. 2. Specificity analysis of
monoclonal phage antibodies. An
ELISA was carried out using wells
indirectly coated with ASP or ARP, to
check the specificity of selected
antibodies. For the coating, BSA-biotin,
streptavidin and the biotinylated antigen
(ASP or ARP) were applied to a
microtiter plate in consecutive steps, as
described in Materials and Methods.
After last wash, 10" tu. of phage were
added to different wells. Detection of
bound phage was as in Figure 1. Values
reported are average <+ standard
deviation from 4  independent

determinations. Inset: a schematic representation of the ELISA.
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Fig. 3. Specificity analysis of soluble antiASP 1 scFv
antibody. The ELISA protocol was carried out as for phage
antibodies (Fig. 2), except the last detection step. Thereby,
9E10 and secondary anti-mouse peroxidase antibodies were
used to detect the myc-tagged scFvs. Average + standard
deviation values are shown for three different measurements.
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AntiASP 1 recognizes authentic AChE-S

To test whether the antiASP 1 monoclonal phage antibody would also be selective for native
AChE-S, a competitive ELISA was performed (Fig. 4). The antiASP 1 clone was chosen due
to its high occurrence after the last round of selection (Table 1) and because it exhibited the
strongest interaction with ASP in ELISA (Fig. 2). Phage were mixed with increasing
concentrations of AChE-S or ARP, and then added to different wells of a microtiter plate
coated with ASP. The AChE-S protein acted as a competitor diminishing the binding of the
antiASP 1 phage to the wells, suggesting that the phage antibody interacted specifically with
soluble AChE-S. About 70% of the binding was abolished in the presence of 0.5 uM AChE-S,
whereas no effect was observed in the case of soluble ARP (Fig. 4), even when a 8§ uM
concentration was tested (data not shown).

0.0 ——

Fig. 4. AChE-S specific interaction with
antiASP 1 analysed by competitive
ELISA. ASP-biotin (100 ng, 19 pmol) was
indirectly immobilized as in Figure 2.
AntiASP 1 phage suspension (100 pl; 10"
t.u./ml) was added to the ASP-coated wells
02 I in the presence of increasing concentrations

of either human recombinant AChE-S
(black column) or ARP (white column).
Average * standard deviation values are
shown (n = 2).
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AntiASP 1 binds to its antigen with micromolar affinity
The binding affinity of the soluble antiASP 1 scFv antibody was determined using SPR in the

BIAcore 3000 system. A peptide with the sequence of the 23 C-terminal residues of AChE-S
(ASP C-ter), human recombinant AChE-S and ARP were immobilized in the different flow
cells of a CMS5 sensor chip. The scFv purified antiASP 1 was passed through the flow cells at
several concentrations, and the kinetic constants were determined by the evaluation software
of the BIAcore version 1.2. The best fit for the binding curves was obtained using the bivalent
analyte model, suggesting that the antibody fragments can partly associate to form a mixture
of dimers and monomers (Nissim et al., 1994). The measured affinities of antiASP 1 show
dissociation constants at the micromolar range: 1.6 x 10 and 2.0 x 10 M for ASP C-ter and
AChE-S, respectively. No interaction was observed between antiASP 1 and ARP.

The ASP C-ter, unlike ARP, is rich in polar residues, which are often exposed and involved in
the interactions between antibodies and antigens (Chothia and Lesk, 1987). In the Vy-CDR3
of antiASP 1, the replacement of an isoleucine with a histidine residue induces a diminution in
the binding signal (Table 1 and Figure 2, antiASP 1 versus 2). This was compatible with
electrostatic repulsion, due to the high number of basic residues in ASP C-ter (2 His, 2 Lys,
and 1 Arg).

Discussion

During recent years, non-classical AChE functions have been established by several research
groups (Layer and Willbold, 1995; Bigbee er al., 2000; Soreq and Seidman, 2001).
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Cumulative information attributes some of these alternative activities to the C-terminal
variants of the enzyme (Sternfeld et al., 1998, 2000). However, unequivocal evidence for this
heterogeneity is still sparse. Therefore, obtaining monoclonal antibodies with the capacity to
distinguish among AChE protein isoforms will be of utmost importance to study tissue and
cellular distribution of each variant, and to determine whether specific functions may be
assigned to specific variants.

Our current findings present one step in a wider effort to develop research tools for studying
the distinct properties of AChE variants. Our previous preparation of a polyclonal rabbit
antibody against a glutathione transferase fusion protein with ARP (Sternfeld e al., 2000)
demonstrated the very low immunogenicity of ARP, which calls for improved methods. To
this end, synthetic peptides, which represent the C-terminal sequences unique to human
AChE-S and AChE-R, were used as targets for selection from a phage display antibody
library. This methodology offers important advantages over the classical hybridoma
technology. First, phage display repertories from variable-genes rearranged in vitro enable the
isolation of monoclonal antibodies with specificities that have proved difficult by animal
immunization and classical technology, for example against highly conserved intracellular
proteins (Nissim et al., 1994).

Second, we have assumed that the sequence homology of AChE to nervous system cell
adhesion proteins, such as neurotactin, neuroligin, and gliotactin, is the basis of its
morphogenic functions (Darboux et al., 1996; Grifman et al., 1998; Grisaru et al., 1999).
Interaction of AChE variants with distinct protein partners would, therefore, modify cellular
signaling to cause clearly different biological effects (Grisaru et al, 1999). A suitable
approach to the identification of these protein partners should be to screen phage display
random peptide libraries, since central to this strategy is the observation that peptides isolated
by affinity selection from such libraries typically interact with biologically relevant domains
of the target protein (Adey and Kay, 1997). The DNA that encodes the selected peptides can
be easily sequenced from the appropriate region in the viral genome; this enables a search of
sequence homologs to identify potential AChE protein partners. Therefore, the acquired
experience with phage repertoires during the selection of monoclonal antibodies will be
essential to undertake the next goals of the project. Furthermore, the amino acid Vy-CDR3
sequences of antibody fragments selected from phage libraries can be readily deduced. The
Vi-CDR3 is the most important region in the recognition between antigen and antibody
(Chothia and Lesk, 1987), and can contribute to our understanding of the type of protein
interactions in which the AChE C-termini may be involved.

A high frequency (46%) of phage carrying specific anti-ASP scFvs was found after 2 rounds
of selection against the biotinylated peptide in solution (Fig. 1). The DNA sequencing of
selected phage antibodies allowed identification of 3 different clones, 2 of them with closely
related Vy-CDR3 (Table 1). AntiASP 1 was dominant in the population, representing the 40%
of sequenced clones, and showed the strongest specific signal to ASP by ELISA (Fig. 2). Most
importantly, antiASP 1 also interacted with the whole AChE-S protein as judged by
competitive ELISA and BlAcore analysis (Fig. 4 and SPR results), in accordance with
previous work that demonstrated the ability of antibodies selected against peptides from phage
display libraries to recognize the native protein (Henderikx ez al., 1998; Persic et al., 1999).

The antigenic determinant for antiASP 1 is located within the C-terminal 23 amino acids of
ASP, as BIAcore analysis showed interaction between the soluble scFv antibody and the ASP
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C-ter. By hybridoma technology, Boschetti et al. (1996) obtained monoclonal antibodies
against a peptide with the sequence of the 10 C-terminal residues of AChE-S; these antibodies
recognized the brain enzyme. All together, these observations demonstrate that the C-terminal
sequence of ASP is an efficient and physiologically exposed immunogen, capable of
interacting with antibodies also when part of the complete protein. This is an important
consideration since the structural properties of ASP are not yet known. Besides surface
exposure and accessibility to the large antibody molecule (Thornton et al., 1986), protein
regions corresponding to antigenic peptides are thought to possess high mobility. So, based on
X-ray crystallographic temperature factors, Tainer et al. (1984) showed that anti-peptide
antibodies against highly mobile regions react strongly with the native protein, while anti-
peptide antibodies from well-ordered regions do not. These authors suggest that molecular
mobility could be an essential part not only of the antigenic recognition process but also of
protein-protein recognition in general.

The core domain common to all AChE variants possesses a high degree of sequence
homology with adhesion proteins but lacks the capacity to form protein interactions by itself.
In contrast, their variable C-terminal chains could interact with distinct protein partners. The
AChE-S variant includes an exon 6-encoded 40 residue C-terminal extension (ASP), which
initiates by a putative amphipathic ring formed by the closest 16 amino acids to the core
domain of the protein (Soreq and Glick, 2000). This amphipathic ring may enable the
attachment of AChE-S to membranes. On the other hand, our experimental data indicate that
the C-terminal 23 amino acid sequence of ASP is highly exposed and mobile, suitable for
participation in protein-protein interactions when it is not involved in dimerization of AChE
subunits through its cysteine residue.

In conclusion, we have selected human antibody fragments, which are highly specific for the
C-terminal sequence unique to human AChE-S. The dissociation constants, calculated by SPR
in BlAcore, are 1.6 x 10° M for the interaction between ASP C-ter and antiASP 1, and 2.0 x
10 M for the interaction between AChE-S and antiASP 1, within the affinity range expected
for scFv antibodies selected from phage display libraries (Marks et al., 1991; Griffiths et al,
1993; de Kruif et al., 1995). Antibodies with improved affinities can be obtained by diverse
means (Marks et al., 1992; Vaughan et al., 1996; Neri et al, 1997). However, affinity
maturation may not be required for in vivo biological effects or for other applications.
Thereby, antiASP 1 should be useful for a quantitative assay (ELISA or immunoblot-type) for
the determination of AChE-S levels in tissues and body fluids, for example during embryonic
development and neurogenesis and in syndromes such as Alzheimer’s disease, and for
studying other processes in which AChE is involved. For these purposes, antiASP 1 can be
used as either phage displayed or soluble scFvs, the latter being easy to purify through their
His6-tag and detect by their myc-tag. Determination of AChE-S levels in ageing and
dementia should be of particular interest.

B. Differentially modulated expression of acetylcholinesterase C-terminal variants in
hematopoietic cells

Hematopoiesis is an active and complex process of cell division, commitment and maturation
that is regulated by interactive pathways, intimate cell-cell contacts and release of growth
factors that are only partially understood. AChE is found in multiple blood cell lineages and
has been proposed to exert morphogenic roles unrelated to its well-known involvement in
cholinergic neurotransmission. AChE is therefore, an intriguing candidate for both cell-cell
interactions and growth factor roles in hematopoietic regulation. The ACHE gene, through

48



alternative splicing, produces 3 C-terminally distinct proteins (Fig. 6): AChE-S, with an
amphipathic C-terminus, AChE-E, C-terminally attached to red blood cells through a
glycophosphatidoinositide anchor and AChE-R, with a hydrophilic C-terminus. Recently, the
C-terminal sequence that is unique to the AChE-R variant emerged as an independent
hematopoietic modulator (Grisaru et al., 2001). To further investigate these properties,
selective antibodies have been produced against the C-termini of AChE-S and AChE-R, ASP
and ARP respectively. Anti-ARP (Sternfeld et al., 2000) is a rabbit polyclonal antibody while
anti-ASP, was selected from a bacteriophage library of monoclonal single-chain antibodies
(Flores-Flores et al., in press). Here, we report the use of these two antibodies in flow
cytometry to resolve the complex patterns of AChE variants and their C-terminal peptides in
human cord blood populations (Fig 7). Anti-ASP primarily displayed surface labeling of
hematopoietic lineages, whereas anti-ARP was expressed both in the cytoplasmic and on the
surface (Figs. 7, 8). Lymphocytes and granulocytes displayed ARP labeling while monocytes
presented ASP (Figs 9, 10), suggesting that hematopoietic differentiation is accompanied by a
shift in alternative splicing.

AChE-S: amphipathic, AChE-E AChE-R
membrane-bound multimers GPl-anchored dimers soluble monomers
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Fig. 6. The variant C-terminal peptides of human AChE. Shown are the amino acid C-
terminal sequences unique to each of the human AChE variants. The core domain (3-D
cartoon) is similar in all 3, but the C-terminus is characteristic of each variant (green, red and
yellow flags on the cartoons). Note that both the ASP and AEP but not ARP, include cysteine
residues (starred in the peptide sequences), which enable the formation of RBC-associated
AChE-E dimers and synapse-associated AChE-S multimers. Note also that ASP, the longest
peptide, includes a putative amphipathic ring that may enable its attachment to membranes,
and that AEP terminates with a glycophosphoinositide anchor that can integrate with
membrane phospholipids. This leaves ARP as most accessible for proteolytic cleavage.
Polyclonal antibodies produced against ARP and a single chain antibody selected from
bacteriophage library against ASP enable distinct detection of each of these variants.
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Fig. 7. Detection of ASP and ARP on the
surface of cord blood cell populations.
Cord blood cells were divided into 4
populations depending on their expression of
CD45 (A). Red dots, are lymphocytes, green
dots, monocytes, yellow dots, granulocytes
and blue dots, red blood cells. Expression of
surface ASP was detected on these
populations using the selected phage anti-
ASP antibody, as single chain antibody with
a multi-histidine or MYC tag. Surface ARP
was detected with the use of a polyclonal
rabbit antibody against the C-terminal end of
human AChE-R. Two different flourescent
probes, anti-MYC FITC (B and C) and anti-
HIS FITC (D and E) were used as secondary
labeling to verify the ASP antibody using
flow cytometry, while anti-rabbit FITC was
used to verify anti-ARP (F and G). Positive
cells were defined as those to the right of the
black gate. Note that the HIS tag is
considerably less efficient than MYC,
probably since it is lost during the
preparation of the anti-ASP antibody and
disappears (E). Therefore, further studies
used anti-MYC FITC.

Fig. 8. Cytoplasmic expression of ASP and
ARP in various populations of cord bloed
cells. Cord blood cells were divided into
four populations, depending on their
expression of CD45-PerCP. Red dots are
lymphocytes, green dots, monocytes, yellow
does, granulocytes and blue dots, red blood
cells, as in Fig. 7. The intensity of
fluorescence in the positive cells was weak,
less than two log units (B and D), as
compared to controls (A and C), likely
reflecting a low expression levels of
cytoplasmic ASP and ARP in these cells.
This is compatible with the AChE protein

being secretory. The cytoplasmic expression of ASP appears to be exclusive to the monocytes

monocytes.
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(green dots) while ARP seems to be expressed cytoplasmically in lymphocytes and
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labeling. Highly CD45-
expressing lymphocytes
selected as in Fig. 6 were
analyzed for their ASP
labeling (black box).
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Fig. 10. Differential ASP and ARP labeling in
leukocyte populations. ASP and ARP expression
was quantified by flow cytometry in the cytoplasm
and on the surface of cord blood leukocyte
populations. Red blood cell labeling was minimal
for both antibodies, lymphocytes primarily expressed
surface ARP, granulocytes expressed predominantly
surface and cytoplsmic ARP, while monocytes
expressed surface ARP and were the only population
that significantly expressed ASP both on their
surface and in their cytoplasm.
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Changes in neuronal acetylcholinesterase