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Abstract
Amyloid beta protein (Aβ) levels are elevated in the brain of Alzheimer's disease patients. Anti-
Aβ antibodies can reverse the histologic and cognitive impairments in mice which overexpress Aβ.
Passive immunization appears safer than vaccination and treatment of patients will likely require
human rather than xenogenic antibodies. Effective treatment will likely require antibody to cross the
blood-brain barrier (BBB). Unfortunately, antibodies typically cross the BBB very poorly and
accumulate less well in brain than even albumin, a substance nearly totally excluded from the brain.
We compared the ability of two anti-Aβ human monoclonal IgM antibodies, L11.3 and HyL5, to
cross the BBB of young CD-1 mice to that of young and aged SAMP8 mice. The SAMP8 mouse has
a spontaneous mutation that induces an age-related, Aβ-dependent cognitive deficit. There was
preferential uptake of intravenously administered L11.3 in comparison to HyL5, albumin, and a
control human monoclonal IgM (RF), especially by hippocampus and olfactory bulb in aged SAMP8
mice. Injection of L11.3 into the brains of aged SAMP8 mice reversed both learning and memory
impairments in aged SAMP8 mice, whereas IgG and IgM controls were ineffective. Pharmacokinetic
analysis predicted that an intravenous dose 1000 times higher than the brain injection dose would
reverse cognitive impairments. This predicted intravenous dose reversed the impairment in learning,
but not memory, in the aged SAMP8 mice. It conclusion, an IgM antibody was produced that crosses
the BBB to reverse cognitive impairment in a murine model of Alzheimer's disease.
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The amyloid hypothesis (Hardy and Selkoe, 2002) states that amyloid beta protein (Aβ) plays
a causal role in Alzheimer's disease (AD). Aβ is a major component of the amyloid plaques
(Glenner and Wong, 1984) that are one of the hallmarks of AD. Numerous studies have shown
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that administration of Aβ directly into brain is neurotoxic and induces cognitive impairments
(Watt, Pike et al., 1994; Morley, Farr et al., 2002b). Rodents that overexpress amyloid precursor
peptide and so have elevated levels of Aβ, whether transgenic such as the APPsw or
spontaneous mutations such as the SAMP8, have impairments in cognition, an altered
cholinergic system, increased oxidative stress, and histologic changes, all reminiscent of AD
(Flood, Morley et al., 1993; Hsiao, Chapman et al., 1996; Frautschy, Yang et al., 1998; Chen,
Chen et al., 2000; Morley, 2002; Poon, Castegna et al., 2004).

The identification of Aβ as playing a major role in the pathogenesis of AD has led to using
Aβ as a therapeutic target. Some therapies such as breaker peptides, antibodies, and antisense
directly target Aβ (Bard, Cannon et al., 2000; Banks, Farr et al., 2001a; DeMattos, Bales et al.,
2002; Permanne, Adessi et al., 2002; Boules, Williams et al., 2004) whereas others such as
antioxidants and anti-inflammatory agents target the downstream effects of elevated Aβ levels
(Butterfield, 2002; Farr, Poon et al., 2003; Townsend and Pratico, 2005). One of the currently
most popular therapeutic approaches has been the use of antibodies which target Aβ (Schenk,
Barbour et al., 1999; Bard, Cannon et al., 2000; Chen, Chen et al., 2000; Janus, Pearson et al.,
2000; Morgan, Diamond et al., 2000; DeMattos, Bales et al., 2002; Morley, Farr et al.,
2002a; Hock, Konietzko et al., 2003). Initial reports of toxicity with active immunization has
shifted interest towards passive immunization (DeMattos, Bales et al., 2002; Pan, Solomon et
al., 2002). To the extent that circulating Aβ contributes to brain and cerebrovascular levels of
Aβ, antibodies would not have to enter the brain to exert important effects (DeMattos, Bales
et al., 2002; Pan, Solomon et al., 2002). However, to bind to amyloid within the CNS, antibodies
must negotiate the blood-brain barrier (BBB).

To date, few studies have examined the abilities of Aβ-directed antibodies to enter the brain
from the blood (Kozlowski, Sterzl et al., 1992; Poduslo, Curran et al., 1994; Banks, Terrell et
al., 2002; Banks, Pagliari et al., 2005). The studies which have examined the ability of Aβ-
directed IgG antibodies to cross the BBB found that they did so modestly by using the
extracellular pathways (Banks, 2004). Evidence suggests that a brain-to-blood efflux system
may exist at the BBB for IgG molecules (Schlachetzki, Zhu et al., 2002); such an efflux system
would hinder accumulation of IgG by the CNS.

Passive immunization of AD patients requires production of polyclonal or monoclonal anti-
Aβ antibodies. In general, antibodies given as therapy, unless derived from humans, induce an
immune response that rapidly eliminates the administered immunoglobulins. Therefore, there
is a definite requirement to engineer anti-Aβ human monoclonal antibodies. These can be
produced by a variety of molecular engineering methods or by immortalization of human B
cells which produce these specific anti-Aβ antibodies. In the present paper, we analyzed the
penetration into the brain and the cognitive effects induced in a murine model of AD by two
monoclonal IgM anti-Aβ antibodies established recently in our laboratory.

We examined the ability of two targeted IgM molecules, L11.3 and HyL5, to cross the BBB.
We compared these IgM antibodies to albumin which crosses the BBB by way of the
extracellular pathways (the same pathway previously found to be used by Aβ-directed IgG
antibodies), IgG, and a control human IgM antibody, RF, for their abilities to cross the BBB
and to reverse the cognitive impairments in a the SAMP8 mouse model of AD.

Materials and Methods
Mice

CD-1 or SAMP8 mice were from our in-house colony housed at the Veterans Affairs Medical
Center-St. Louis. All animals were used under protocols approved by our local animal use
committee and were conducted in an AAALAC approved facility. The CD-1 is the standard
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outbred albino laboratory mouse originally derived from stock from Charles Rivers
Laboratories (Wilmington, MA). The SAMP8 is used as a model for AD, as it has an age-
related overexpression of Aβ that mediates an age-related development of cognitive defects
(Flood and Morley, 1998; Morley, Farr et al., 2002b). The cognitive defects are reversed with
antibody or antisense directed against Aβ (Banks, Farr et al., 2001a; Morley, Farr et al.,
2002a). Our SAMP8 colony has been inbred for 19 years from stock obtained from Dr. Takeda
of Kyoto University, Japan. Over this time, the behavioral phenotype has remained stable. Mice
were housed on a 12 h light:12 h dark cycle with lights on at 0600. Food and water was available
ad libitum. Sentinels from the colony have remained free from pathogens including
mycoplasma, salmonella/shigella, ectoparasites, pnenomiavirus, Sendia virus, mouse hepatitis,
REO 3 ectomelia, GBVII, and lymphcytic choriomeningitis.

Purification of Human MoAb
Anti-Aβ (Geylis, Kourilov et al., 2005) and RF (Steinitz, Izak et al., 1980) human MoAb's
were isolated from cell culture supernatants derived from monoclonal antibody secreting EBV-
immortalized lymphoblastoid cell lines. First, the immunoglobulins were precipitated with
50% saturated ammonium sulfate and this fraction was then dissolved in PBS and dialyzed
against distilled water. The precipitate was finally solubilized in PBS and sterile-filtered.

Labeling of Antibodies and Albumin
The anti-Aβ monoclonal IgM antibodies L11.3 and HyL5, albumin, or the control IgM antibody
RF (5 microg) were radioactively labeled with iodine (1 mCi of 125I or 131I; Perkin-Elmer,
Shelton, CT) by the chloramine-T method and purified on a column of G-10 sephadex. Specific
activities were approximately 90 Ci/mMol for all proteins.

Measurement of Blood-to-Brain Unidirectional Influx Rate
The blood-to-brain unidirectional influx rate (Ki, in units of microl/g-min) was determined by
multiple-time regression analysis (Blasberg, Fenstermacher et al., 1983; Banks and Kastin,
1990). CD-1 (4 mo old) or SAMP8 (4 or 12 mo old) were anesthetized with urethane and the
right jugular vein and the left carotid artery exposed. Labeled antibody in a volume of 0.2 ml
of lactated Ringer's solution (LR) was injected into the jugular vein and blood from a cut in
the carotid artery was obtained 10, 30, 60, 120, or 240 min later; blood was centrifuged at 5,000
g for 10 min and serum obtained. Immediately after taking a blood sample, mice were
decapitated, the hippocampus and olfactory bulb dissected from the brain, and the weight and
level of radioactivity determined for the hippocampus, olfactory bulb, remainder of the brain,
and the serum. The brain region/serum ratio was calculated for the olfactory bulb and for the
hippocampus in units of microl/g. The whole brain/serum ratio was calculated by adding the
weight and level of radioactivity of the hippocampus and olfactory bulb to those for the
remainder of the brain. The brain/serum ratios were plotted against exposure time (in units of
min) calculated as previously described (Blasberg, Fenstermacher et al., 1983; Patlak, Blasberg
et al., 1983) and the slope of the linear portion of this relation taken as the Ki.

Calculation of Antibody/Albumin and Antibody/Antibody Ratios
Mice were anesthetized and prepared as above and given an injection into the jugular vein
containing either a radioactive antibody and albumin or two radioactively labeled antibodies.
The test antibody was labeled with 125I and the comparative substance (i.e., albumin or a second
antibody) was labeled with 131I. Arterial blood and brain were harvested as above 120 min
after the intravenous injection. Brain/serum ratios were calculated as above and the results
were expressed as the ratio of antibody to albumin or as the ratio of L11.3 to HyL5.
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Calculation of Percent of Injected Dose Taken up per g of Hippocampus
First, the percent of the injected dose of L11.3 present per ml of serum (%Inj/ml) in the 12 mo
old SAMP8 mice was calculated. Then, a value of 10 microl was subtracted from the
hippocampal/serum ratio for these mice to correct for vascular space. Finally, this corrected
hippocampal/serum ratio was multiplied by %Inj/ml and divided by 1000 to yield %Inj/g of
hippocampus.

Capillary Depletion—In other mice (n = 4), the relative distribution of L11.3 between the
cerebral cortex and capillaries was assessed by the method of Triguero et al (Triguero, Buciak
et al., 1990) as modified for mice by Gutierrez (Gutierrez, Banks et al., 1993). Anesthetized
mice received an injection into the jugular vein of 0.2 ml of LR-BSA containing 1×106 cpm
of radioactively labeled L11.3. Two h later, the abdomen was opened and blood was collected
from the abdominal aorta. The thorax was opened, the thoracic descending aorta clamped, the
left and right jugular veins severed, and the brain flushed of its intravascular contents by
injecting 20 ml lactated Ringer’s solution over 1 min into the left ventricle of the heart. The
mouse was decapitated and the brain harvested. The cerebral cortex was isolated and weighed
and placed in ice cold physiologic buffer (10 mM HEPES, 141 mM NaCl, 4 mM KCl, 2.8 mM
CaCl2, 1 mM MgSO4, 1 mM NaH2PO4, and 10 mM D-glucose adjusted to pH 7.4). The cortex
was then homogenized using a glass tissue grinder (10 strokes) in 0.8 ml physiologic buffer.
Dextran solution, 1.6 ml of a 26% solution in physiologic buffer, was added to the homogenate,
mixed vigorously, and homogenized (3 strokes). The homogenate was centrifuged at 5400 ×
g for 15 min at 4°C in a swing bucket rotor. The pellet which contains the brain vasculature
and the supernatant which contains the brain parenchyma were carefully separated and the
radioactivity of each component determined using a gamma counter. The parenchyma /serum
and capillary/serum ratios (ul/g) were calculated by the equation:

Ratio = (cpm Fr) / (w)(cpm/ µ l serum)

where cpm Fr is the cpm in either the parenchyma or supernatant fraction, w is the weight of
the cortex, and cpm/ µl serum is the level cpm in a µl of serum.

Stability of L11.3 in Blood and Brain as Assessed by Acid Precipitation—Other
mice (n = 4) were anesthetized and radioactive L11.3 (3×106 cpm/mouse) injected into the left
jugular vein in a volume of 0.2 ml of lactated Ringer’s solution. Serum from the carotid artery
and the whole brain were obtained two h later as described above. Serum (50 µl) was mixed
thoroughly with 0.25 ml of LR-BSA and 0.25 ml of 30% TCA, centrifuged at 5000 g at 4 °C
for 10 min, and the resulting pellet and supernatant counted. Each whole brain was
mechanically homogenized in 2 ml of 0.25 M phosphate buffer. The homogenate was
centrifuged at 5,000 g for 10 min and the supernatant collected. Brain supernatant (0.25 ml)
was vigorously mixed with 0.25 ml of 30% TCA, centrifuged at 5,000 g × 10 min, and the
resulting supernatant and pellet collected. To determine degradation of antibody that occurred
ex vivo (processing controls), 100 ul of radioactive antibody in lactated Ringer’s and BSA
solution was placed on the surface of a nonradioactive mouse brain or in a tube used to obtain
carotid blood and the samples processed as above. The results were expressed as the percent
of total radioactivity (supernatant cpm + pellet cpm) that was found in the pellet. Results were
corrected for degradation during processing by dividing the percent precipitated for the
biological samples by the percent precipitated in the processing controls and multiplying by
100.

Measurement of Acquisition and Retention—A dose response curve for L11.3 was
constructed following its intracerebroventricular (icv) injection in 12 mo old SAMP8 mice.
Forty-eight hours prior to testing, the mice were anesthetized with 2,2,2-tribromoethanol,
placed in a stereotaxic instrument, and the scalp was deflected. A unilateral hole was drilled
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0.5 mm anterior to and 1.0 mm to the right of the bregma. Twenty four hours prior to training,
the mice were again placed under light anesthesia, and received an inject into the lateral
ventricle of 0.5 µl of either rabbit anti-mouse IgG (Sigma, St. Louis, MO), L11.3, or RF.

We calculated an approximate intravenous dose of L11.3 based on the %Inj/g and the icv dose
needed to affect acquisition and retention. This dose of L11.3 or rabbit antimouse IgG was
given by tail vein to 12 mo old SAMP8 mice in a volume of 0.1 ml to lightly anesthetized mice
24 h prior to training.

Twenty four hours after the iv or icv injection of antibody, 12 mo old mice were trained in T-
maze footshock avoidance. Mice were trained and tested between 0700 and 1500 hours. The
T-maze consisted of a black plastic alley with a start box at one end and two goal boxes at the
other. The start box was separated from the alley by a plastic guillotine door, which prevented
movement down the alley until training began. An electrifiable stainless steel rod floor ran
throughout the maze to deliver scrambled footshock. Mice were not permitted to explore the
maze prior to training. A block of training trials began when a mouse was placed into the start
box. The guillotine door was raised and a buzzer sounded simultaneously; 5 sec later footshock
was applied. The goal box entered on the first trial was designated "incorrect" and the footshock
was continued until the mouse entered the other goal box, which in all subsequent trials was
designated as "correct" for the particular mouse. At the end of each trial, the mouse was returned
to its home cage until the next trial.

Mice were trained until they made one avoidance. Training used an intertrial interval of 60 sec,
the buzzer was of the door-bell type, sounded at 55 dB and shock was set at 0.35 mA (Coulbourn
Instruments scrambled grid floor shocker model E13-08). Retention was tested one week later
by continuing training until mice reach a criterion (5 avoidances in 6 consecutive trials). The
results were reported as the number of trails to first avoidance for acquisition and number of
trials to criterion for the retention test.

Statistics
Means are presented with their standard error and the number of mice in the statistical cell (n).
Means were compared by analysis of variance followed by Newman-Keuls range test.
Antibody/albumin ratios were compared to the theoretical value of 1.0 with the software in
Prism 4.0 (GraphPad, Inc., San Diego, CA). Regression lines were calculated by the least
squares method and compared statistically with the software package in Prism 4.0.

Results
Blood-to-Brain Uptake Rates

Figure 1 shows representative curves for CD-1 mice given L11.3 antibody. Table 1 summarizes
the results for brain uptake of L11.3 and HL5 in CD-1 and SAMP8 mice. It shows Ki values
for those groups that had a statistically significant relation between brain/serum ratios and
exposure time. By this criterion, L11.3 had many more occurrences of statistically significant
uptakes than did HyL5. Among the statistically significant relations for L11.3, whole brain in
CD-1 mice had the slowest uptake and olfactory bulb in 12 mo old SAMP8 mice had the fastest
rate.

Clearance from Blood
Clearance from blood was biphasic for both the L11.3 and HL5 antibodies and in all 3 groups
of mice (CD-1, young SAMP8, aged SAMP8). Blood levels were higher for HyL5 than for
L11.3 and CD-1 mice tended to have lower blood levels than 12 mo old SAMP8 which tended
to have blood levels a little lower than 4 mo old. Representative curves are shown in Figure 2.
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Comparison of Antibodies and Albumin
The uptakes by brain of L11.3 and HyL5 were compared by co-injecting them together or
individually with albumin or the control IgM antibody RF. Blood and brain were obtained 120
min after injection and the brain/serum ratios expressed as a ratio to the reference substance.
Values greater than 1.0 demonstrated selective uptake relative to the reference substance.
Figure 3 shows that L11.3/albumin (upper left panel) ratios tended to be higher than HyL5/
albumin ratios (upper right panel) and that ratios tended to be higher in aged SAMP8 mice.
Two way ANOVAs showed no differences among brain regions or interactions but did show
differences among mouse groups for the L11.3/albumin ratios [F(2,81) = 4.95, p<0.01] and for
the HyL5 ratios [F(2,81) = 5.24, p<0.01]. When compared to a theoretical value of 1.0, L11.3/
albumin ratios for total brain in all three groups of mice and for hippocampus in 4 and 12 mo
old SAMP8 mice were statistically significant (p<0.05). None of the HyL5/albumin ratios were
statistically greater than 1.0. In other 12 mo old SAMP8 mice, the L11.3/HyL5 ratio (Figure
3, lower right panel) was greater than 1.0 for hippocampus and for olfactory bulb (p<0.05).
The RF/albumin ratios (Figure 3, lower left panel) showed statistical differences for brain
region, mouse group, and interactions all at p<0.05, but the trends tended to be opposite those
seen with L11.3, with 12 mo old SAMP8 having lower RF/albumin ratios. Only the 4 mo old
SAMP8 total brain value was greater than 1.0. In 12 mo old SAMP8 mice, L11.3 had a
preferential penetration compared to HyL5 into olfactory bulb and hippocampus at p<0.05
(Figure 3, lower right panel).

Capillary Depletion
We performed capillary depletion to determine whether the L11.3 was sequestered by
capillaries as opposed to crossing the full width of the capillary wall to enter brain interstitial
fluid. We found that the parenchyma/serum ratio was 2.49 ± 0.64 µl/g, while the capillary/
serum ratio was 0.03 ± 0.01 µl/g. Therefore, 98.8% of L11.3 taken up by brain had entered its
parenchymal space.

Stability of L11.3 in Blood and Brain as Assessed by Acid Precipitation
No degradation of L11.3 was found in blood 2 h after its injection. For brain, 89.6 ± 2.5% of
the radioactivity recovered precipitated with acid.

Acquisition and Retention
The upper panel of figure 4 shows a dose response curve for the effect of icv administered of
L11.3 on acquisition (learning) and retention (memory). The ANOVA for acquisition showed
a significant effect [F(4,35) = 21.3, p<<0.01] and the Newman-Keuls posttest showed that the
24 ng and 240 ng doses significantly improved learning, both at the p<<0.01 level when
compared to either the IgG or RF antibody controls. The ANOVA for retention showed a
significant effect [F(4,32) = 9.39, p<0.01] and the Newman-Keuls post-test showed that the
24 ng (p<0.05) and 240 ng (p<0.01) doses significantly improved memory when compared to
either the of the control antibodies.

The lower panel of figure 4 shows the percent of an iv injection of L11.3 calculated to be taken
up by the hippocampus in a 12 mo old SAMP8 mouse. Based on previous examples with similar
levels of hippocampal uptake (Uchida, Arimura et al., 1996;Banks, Farr et al., 2001a;Banks,
Farr et al., 2001b), we predicted that an iv dose of about 100–1000 times that of the icv dose
of L11.3 would be needed to have an effect on learning and memory. As figure 5 shows, an iv
dose of 25 microg/mouse improved acquisition [F(3,24) = 17.5, p<<0.01] but not retention in
12 mo old SAMP8 mice. For acquisition, treatment with L11.3 returned acquisition to those
levels seen in young 4 mo old SAMP8 mice.
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Discussion
Immunotherapy shows promise as a treatment for Alzheimer's disease. However, it is probable
that circulating antibody must enter the brain in order to be effective. This would require the
antibody to negotiate the BBB. Little work has been done on the abilities of antibodies to cross
the BBB, and most of that has used IgG antibodies. In general, penetration of the BBB by IgG
is poor and accumulation is low (Kozlowski, Sterzl et al., 1992; Poduslo, Curran et al., 1994;
Banks, Terrell et al., 2002; Banks, Pagliari et al., 2005). This is in part because the IgG
antibodies studied to date have no saturable blood-to-brain transport system and so must rely
on the extracellular pathways to enter the CNS (Banks, 2004). It may also be in part because
of a brain-to-blood transport of IgG antibodies (Schlachetzki, Zhu et al., 2002).

It should not be assumed that all antibodies will behave as do the IgG antibodies studied to
date. For example, evidence suggests that Fab can cross the BBB (Chekhonin, Kabanov et al.,
1991; Broadwell, Bakder et al., 1994). Here, we studied two human IgM antibodies specifically
raised against AβP. The monoclonal antibodies were engendered by two lymphoblastoid cell
lines derived from Ebstein-Barr virus (EBV)-immortalized peripheral blood lymphocytes. The
fact that both are IgM antibodies is probably due to the fact that in blood, IgM positive cells
constitute the vast majority of the B lymphocytes. Our major findings show that one of the
antibodies crossed the BBB to a greater degree than the other AβP-directed antibody, albumin,
or a control human IgM antibody and that it could reverse learning impairments in an animal
model of Alzheimer's disease after administration either directly into brain or into blood.

We first measured the ability of the two AβP-directed IgM antibodies, L11.3 and HyL5, to
cross the BBB of the whole brain as well as at the olfactory bulb and hippocampus. The
olfactory bulb and hippocampus are the two brain regions found to be capable of neurogenesis
in the adult (Elder, De Gasperi et al., 2006) and so an interesting therapeutic target. The
olfactory bulb, like the hippocampus, is also an area of early changes in Alzheimer's disease
(Christen-Zaech, Kraftsik et al., 2003; Attems and Jellinger, 2006) and a seat of learning and
memory in the rodent (Hallam, Horgan et al., 2004). We used multiple-time regression analysis
to measure the CNS uptake of the radioactively labeled antibodies after their intravenous
injection. This method is very sensitive and can often detect the uptake of even albumin when
studied over a 4 h time-course as we did here. The unidirectional influx rate, or Ki, into whole
brain as measured for albumin by this method is typically 0.005–0.01 µl/g-min (Blasberg,
Fenstermacher et al., 1983; Patlak, Blasberg et al., 1983). The L11.3 antibody exceeded these
values for whole brain in young CD-1 mice and even more so for olfactory bulb and
hippocampus, whereas HyL5 uptake was only measurable in the olfactory bulb of CD-1 mice
(Table 1).

Uptake of L11.3, but not of HyL5, was greater in the aged SAMP8 mice than in the CD-1 or
4 mo old SAMP8 mice. The SAMP8 mouse has a spontaneous mutation and has an age-related
overexpression of APP, elevated levels of AβP, and cognitive defects (Morley, 2002; Morley,
Farr et al., 2002b). At 4 mo of age, the SAMP8 has brain levels of APP, AβP, and learning
abilities similar to the control CD-1 mice. The 12 mo old SAMP8 mouse has APP and AβP
levels that are about twice that of the 4 mo old SAMP8 and has developed severe learning and
memory problems (Kumar, Farr et al., 2000; Morley, Kumar et al., 2000). These learning and
memory problems can be reversed by treating mice with either antibody or antisense directed
against AβP (Kumar, Farr et al., 2000; Morley, Farr et al., 2002a). Thus, the SAMP8 represents
a model of age-related, AβP-dependent cognitive decline. We postulate that the increase in
uptake of L11.3 by aged SAMP8 is a result of those mice having more AβP which can bind
and retain the antibody. This is also consistent with the higher uptakes by hippocampus, an
area important in learning and memory, and the olfactory bulb, an area of increased
permeability in the SAMP8 mouse (Ueno, Dobrogowska et al., 1996). Similar retention has
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been noted for intravenously administered ligands in brain areas that have a high concentration
of the ligand's receptor (Weber, Greene et al., 1991; Weber, Greene et al., 1992). The results
cannot be explained by disruption of the BBB as such disruption would equally effect albumin
and all the antibodies. Furthermore, this strain of SAMP8 mice do not develop regional defects
of the BBB with aging (Banks, Farr et al., 2000).

Further evidence for the selectivity of L11.3 uptake was found by co-injecting radioactively
labeled albumin and dividing the brain/serum ratio for L11.3 by the brain/serum ratio for
albumin. Values greater than 1.0 indicate an uptake that is selective relative to that of uptake
of albumin. This analysis again showed that L11.3 was taken up better than HyL5 or RF,
especially by total brain and hippocampus. The L11.3/HyL5 ratio was also studied in 12 mo
old SAMP8 mice and showed a selective uptake by olfactory bulb and hippocampus.

Overall, the results of the kinetics studies show that intravenously administered L11.3 had a
greater uptake than albumin or other IgM antibodies, especially by hippocampus and in 12 mo
old SAMP8 mice. We showed that L11.3 was effective when given directly into brain in
reversing the cognitive impairments in 12 mo old SAMP8 mice. The kinetic findings raised
the possibility that L11.3 might also be effective in reversing cognitive impairments after
intravenous administration. We calculated that uptake by hippocampus of L11.3 exceeded
0.1%/g for over 3 h after a single iv dose. In comparison, this exceeded the uptake of an AβP-
directed IgG previously tested (Banks, Terrell et al., 2002). Based on these calculations, we
administered 25 microg/mouse of L11.3 by tail vein injection and tested acquisition (learning)
24 h later and retention (memory) 1 week after that. We found an effect on acquisition about
equal to the 24 or 240 ng icv dose of L11.3, but there was no effect on retention. It may be that
the short residence time in brain of L11.3 was too short to affect memory which was tested a
week after antibody administration.

In conclusion, we tested two human IgM antibodies directed against AβP for their abilities to
cross the BBB. One of them, L11.3, had a greater uptake than expected based on BBB leakage,
especially in hippocampus and 12 mo old SAMP8 mice. L11.3 was effective in improving
cognition in the aged SAMP8 mouse, a model of Alzheimer's disease, after either direct
administration into brain or the circulation. The results suggest that L11.3 or other human anti-
Aβ antibodies may be effective treatments for Alzheimer's disease. Passive immunization of
AD patients with human MoAb's would circumvent the harmful effects induced by xenogenic
antibodies.
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Figure 1.
Representative blood-to-brain uptake curves for L11.3 in CD-1 mice. All three regions showed
a statistically significant uptake of L11.3. See Table 1 for Ki and statistical parameters.
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Figure 2.
Clearance of antibody from blood. The highest values for %Inj/ml were found in 4 mo old
SAMP8 mice given HyL5 and the lowest values in CD-1 mice given L11.3. All other clearance
curves fell between these two curves.
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Figure 3.
Comparison of antibodies and albumin. The brain/serum ratios for L11.3 (upper left panel),
HyL5 (upper right panel), and control IgM antibody RF (lower left panel) were divided by the
brain/serum ratios for simultaneously injected albumin. The lower right panel shows the brain/
serum ratios for L11.3 divided by the brain/serum ratios for simultaneously injected HyL5.
Data were collected 2h after the simultaneous iv injection of an antibody and albumin so that
a ratio of greater than 1.0 indicates an uptake in excess of that for albumin. *indicates value
different from the theoretical value of 1.0 at p<0.05 level.
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Figure 4.
Upper panel shows a dose response curve for the effect of L11.3 given by
intracerebroventricular administration on acquisition and retention in 12 mo old SAMP8 mice.
Both acquisition and retention were improved (* = p<0.05;** = p<0.01) by the 24 and 240 ng
dose of Ly11.3 when compared to administration to either the IgG or RF antibody controls.
These doses were also significantly different from the 2.4 ng dose (p<0.05).

Banks et al. Page 15

Exp Neurol. Author manuscript; available in PMC 2008 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Effect of iv L11.3 (25 microg/mouse) on acquisition and retention in 12 mo old SAMP8 mice.
Acquisition, but not retention, was improved by L11.3. 4 mo old SAMP8 mice are shown for
comparison.
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Table 1.
Antibody Transport Rates into Various Brain Regions in CD-1 and SAMP8 mice. Ki (± SE of the mean) and p
values for significant relations between brain/serum ratios and exposure time. n = number of mice on which
analysis is based. OB= olfactory bulb; Hippo= Hippocampus; WBr = Whole Brain. NS = nonsignificant

Antibody L11.3
Strain Region Ki (µl/g-min) p value n
CD-1 OB 0.0686 ± 0.0314 0.048 15
 Hippo 0.0660 ± 0.0082 <0.0001 14
 W Br 0.0118 ± 0.0052 0.036 20
SAM 4mo OB  NS  
 Hippo 0.0558 ± 0.014 0.0019 13
 W Br 0.0231 ± 0.0099 0.0367 15
SAM 12 mo OB 0.106 ± 0.0478 0.047 14
 Hippo 0.0714 ± 0.0290 0.0316 13
 W Br 0.0253 ± 0.0098 0.0205 17
 

Antibody HYL5
Strain Region Ki (µl/g-min) p value n
CD-1 OB 0.074 ± 0.028 .026 12
 Hippo  NS  
 W Br  NS  
SAM 4mo OB  NS  
 Hippo 0.0295 ± 0.011 0.0204 13
 W Br  NS  
SAM 12 mo OB  NS  
 Hippo  NS  
 W Br  NS  
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