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Alzheimer’s disease (AD) is associated with progressive memory
decline. Hippocampal place cells are a well understood candidate for
the neural basis of one type of memory in rodents; these cells identify
the animal’s location in an environment and are crucial for spatial
memory and navigation. We have recorded place cells in the Tg2576
mouse model of AD, and we report that aged (16 mo) but not young
(3 mo) transgenic mice show degraded neuronal representations of
the environment. The level of place cell degradation correlates with
the animals’ (poorer) spatial memory as tested in a forced-choice
spatial alternation T-maze task and with hippocampal, but not neo-
cortical, amyloid plaque burden. Place cell recording provides a
sensitive assay for measuring the amount and rate of functional
deterioration in animal models of dementia as well as providing a
quantifiable physiological indication of the beneficial effects of
potential therapies.

Alzheimer’s disease � hippocampus � spatial memory

It is now widely accepted that �-amyloid (A�) plays a central role
in the pathogenesis of Alzheimer’s disease (AD), and part of this

disorder may consist of an A�-induced synaptic failure (1). A
transgenic mouse model of AD (Tg2576) expresses a human
amyloid precursor protein (APP) variant linked to AD, leading to
an age-dependent deposition of amyloid plaques (2). Previous work
has shown a spatial memory deficit in these animals believed to
reflect pathological processes taking place in the hippocampus (3,
4). The exact neuropathology responsible for the cognitive deficits
in AD is uncertain. Pathological entities specifically associated with
cognitive impairments include amyloid plaques (5, 6), total A� (7,
8), soluble A� (9), and A� oligomeric assemblies (10–12).

Here, we directly examine the processing of spatial information
in AD by recording the activity of hippocampal pyramidal cells in
the Tg2576 model of AD. The major correlate of hippocampal
pyramidal cells is the animal’s location in a known environment
(13). Different cells represent different parts of the environment,
and their ensemble firing pattern is believed to provide a cognitive
map that supports recognition of different environments and
enables the animal to successfully navigate in them. Damage to the
hippocampus causes a severe deficit in spatial memory (14). Here,
we show that aged (16 mo) but not young (3 mo) Tg2576 mice have
degraded hippocampal place cell representations of the environ-
ment and that these degraded representations correlate with spatial
memory deficits in a forced-choice spatial alternation T-maze task
and with amyloid plaque burden in the hippocampus.

Results
Place Cell Firing Is Degraded in Aged Tg2576 Mice. Place cells
recorded in aged Tg2576 mice show deficits in representing
locations in a familiar environment (Fig. 1b). The deficits in
the aged transgenic place fields are ref lected in both a reduced
spatial information content (Fig. 1c) and an increased place
field size (Fig. 1d), whereas mean firing rates do not differ
among the groups (effect of age, F1,17 � 0.79, P � 0.38; effect
of genotype, F1,17 � 0.29, P � 0.60; age � genotype, F1,17 �

0.28, P � 0.60). The decrease in accuracy of spatial represen-
tation was not uniform across the aged Tg2576 mice (Fig. 1b).
Some animals showed severely degraded place fields (mouse
4), whereas the place fields of others appeared normal (mouse
1). On average, place cells in the aged transgenic mice have
lower spatial information content (age � genotype, F1,17 �
17.29, P � 0.001) and are larger (F1,17 � 15.05, P � 0.001) than
in aged controls and young animals. A test of simple effects
confirms that place cell quality does not differ across geno-
types in young animals (spatial information: F1,17 � 0.46, P �
0.50; place field size: F1,17 � 0.33, P � 0.57) but does
significantly differ in aged animals (spatial information:
F1,17 � 8.46, P � 0.01; place field size: F1,17 � 12.22, P � 0.003).

Spatial Memory Deficits Are Correlated with Disruption of Place Cell
Firing. To study the relationship between spatial representations
and spatial performance in the Tg2576 mice, we trained them on a
forced-choice T-maze alternation task. This task simultaneously
tests both short- and long-term spatial memory: the quality of the
animal’s long-term representation of the environment and its
short-term ability to remember the previous goal location during
the period between the first and second runs of a trial. Each trial
consists of two runs: on the first (sample) run, the animal is forced
to go into one arm of the T, where it receives a reward; on the
second (choice) run, both arms are available, and the animal must
choose the previously nonvisited arm to receive a reward. Previous
work has shown that these animals are deficient at this task (3, 4).
Animals were given six trials per day for 12 d with a minimal delay
of 15 s between the sample and choice runs.

All animals, with the exception of the aged transgenic group,
steadily improved over the course of training (Fig. 2a). When a
criterion of 80% correct or better on three consecutive training days
was used, only 39% of the aged transgenic animals learned the task,
as opposed to �69% of the other three groups (Fig. 2b). Post hoc
analysis of performance on the final block showed that the aged
transgenic group performed significantly worse than all of the other
three groups (all Bonferroni-corrected P values �0.006), whereas
none of these groups significantly differed from each other. Next,
we increased the delay between the sample and choice runs to 2 and
6 min, in addition to the 15-s testing interval. All animals showed
a reduction in performance as a function of the testing delay, and
all groups were influenced to a similar degree by the introduction
of delays (Fig. 2c). The aged transgenic mice performed at signif-
icantly lower levels than any other group (genotype � age, F1,38 �

Author contributions: F.C. and J.O. designed research; F.C. and M.Y. performed research;
P.C. contributed new reagents/analytic tools; F.C., M.Y., and T.J.W. analyzed data; and F.C.,
T.J.W., and J.O. wrote the paper.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.

†F.C. and M.Y. contributed equally to this work.

§To whom correspondence should be addressed. E-mail: j.okeefe@ucl.ac.uk.

© 2008 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0802908105 PNAS � June 3, 2008 � vol. 105 � no. 22 � 7863–7868

N
EU

RO
SC

IE
N

CE



5.08, P � 0.030), performing at chance at 2- and 6-min delays.
Overall, these results are consistent with earlier studies on the same
mouse model and confirm an age-dependent impairment of Tg2576
mice in spatial memory (3, 4).

Performance on discrete trial spatial alternation depends
highly on the hippocampus (15, 16): Does it correspond to the
amount of spatial information carried by the place cell popula-
tion? The variability of both place cell firing quality (Fig. 1b) and
behavioral performance (Fig. 2) across the aged transgenic
population allows us to answer this question. Using place field
size and spatial information content as indices of the quality of
place cell signaling in the aged (transgenic and control) animals,
we found a good correlation with behavior averaged across all
delays (Fig. 3). This pattern of correlations does not change if the
performance of three aged transgenic animals performing at
�50% correct is set to 50% (place field size: r � 0.76, P � 0.001;
spatial information content: r � 0.76, P � 0.002).

Behavioral and Physiological Deficits Are Correlated with Amyloid
Levels in Aged Tg2576 Mice. What are the molecular correlates of
these physiological and behavioral deficits? To identify which
amyloid species might be responsible for the behavioral and
physiological alterations observed in the Tg2576 mice, we
stained for dense core amyloid plaques in the hippocampus and
overlying neocortex using Congo red, and we assessed the
concentration of soluble and insoluble amyloid in the brain using
a standard sandwich ELISA. There was a good correlation
between congophilic (compact) amyloid plaque burden in the
hippocampus (Fig. 4 a–c) and the spatial information content of
hippocampal place cells (Fig. 4d) and their place field size (Fig.
4e). The plaque burden in the overlying neocortex did not
correlate with hippocampal spatial representation quality (spa-
tial information content, r � �0.61, P � 0.084; place field size,
r � 0.62, P � 0.076), nor did the amount of soluble and total
amyloid in the entire brain (Table 1). In addition, there was a
strong correlation between each animal’s overall performance

on the spatial memory task and the burden of plaques in the
hippocampus (Fig. 4f ) and in the neocortex (Fig. 4g). Behavioral
performance also correlated well with both soluble and total
levels of A�42 (Table 1).

Discussion
The ability of hippocampal place cells to code for locations in an
environment is impaired in an age-dependent manner in the
Tg2576 animals. Place cells in older transgenic animals show
lower spatial information content and increased place field size.
The demonstration of a deficit at the level of place cell repre-
sentations complements previous findings of a deficit in hip-
pocampal LTP in these animals (3). At the behavioral level, aged
transgenic animals were impaired in the acquisition of the
T-maze spatial memory task. Aged Tg2576 animals took longer
to reach criterion, and their performance at criterion was inferior
to both young transgenic animals and older control animals.
Although their poor performance even at the shortest delay
prevented an adequate assessment of the effects of retention
interval, previous work has shown no differential effect of delay
in comparison with controls (4). This suggests that their deficit
is primarily in the ability of the hippocampus to generate an
adequate representation of the environment within which the
task is set (4). This conclusion is strengthened by the strong
correlation between the quality of place cell firing and perfor-
mance levels in the T-maze alternation task. Previous work has
shown that place field location can predict choice behavior,
demonstrating that place cell activity is functionally related to
spatial behavior (17, 18). In our study, place field degradation
was accompanied by impaired spatial choice behavior, further
supporting the view that place cells are part of a navigational
system.

Our study also addresses the issue of which pathological
changes underlie the behavioral and neurophysiological impair-
ments in these animals. Both the quality of place cell firing and
performance on the T-maze task were strongly correlated with
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Fig. 1. Degraded place fields in aged Tg2576 mice. (a) Four representative place cells recorded from one young control mouse (Left) and one young Tg2576
mouse (Right). (b) Four representative place cells recorded from one aged control mouse (Left) and four different aged Tg2576 mice (Right four columns). Mouse
1 place cells show the highest mean spatial information across aged Tg2576 mice, mouse 4 the lowest, and mice 2 and 3 reflect average values. (c) Place cells in
the aged transgenic mice have lower spatial information content than aged controls and young animals (effect of age, F1,17 � 17.29, P � 0.001; age � genotype,
F1,17 � 4.89, P � 0.041). (d) Place fields are markedly larger in the aged transgenic animals (effect of age, F1,17 � 15.06, P � 0.001; age � genotype, F1,17 � 6.10,
P � 0.024). Numbers to the upper left of rate maps in a and b indicate peak firing rates.
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the levels of congophilic plaque burden. In particular, although
behavioral impairments correlated equally well with cortical and
hippocampal plaque levels, place cells’ firing quality correlated
only with hippocampal pathology. There was also a weaker but
near-significant trend toward correlation between place cells’
quality and neocortical plaques. This trend could be interpreted
to mean that the deficits in place cell physiology are mediated
both by hippocampal and neocortical pathology, or it could
simply reflect the fact that the area covered by plaques in these
two brain structures is highly correlated. The fact that the
strength of correlation between place cell physiology and hip-
pocampal plaque burden is stronger supports the latter
interpretation.

The amount of soluble and total amyloid did not correlate with
place cell quality, probably because the assays were conducted on
whole-brain tissue (not just hippocampal tissue). Total and
soluble amyloid concentration scores showed, on the other hand,
a robust correlation with behavioral performance (Table 1).
These latter results, combined with the observation that behav-
ioral performance correlated significantly with both the hip-
pocampal and neocortical plaque burden, imply that both the
hippocampus and the overlying neocortex are engaged by the
T-maze alternation task in this aged population of Tg2576 mice.

Although two previous studies on AD animal models found
correlations between amyloid plaque burden and cognitive decline
(5, 6), most studies have failed to detect such a correlation (19–21).
This is frequently interpreted as evidence that amyloid plaques
represent end-stage remains or byproducts of the pathological
processes in AD. Our study suggests that compact amyloid plaques
are responsible for the physiological alterations we observed at the
place cell level and that these, in turn, result in the spatial cognitive
deficits observed in the Tg2576 mice. Accumulating evidence points
to the in vivo toxicity of compact amyloid plaques. Dong et al. (22)

observed a selective loss of dendritic synapses occurring in the
proximity of amyloid plaques in the entorhinal cortex and the outer
molecular layer of the dentate gyrus of aged Tg2576 mice (22).
Indeed, amyloid plaques are selectively associated with dystrophic
neurites in these mice (23), and such deposits have been associated
with local structural disruption of synapses and breakage of neu-
ronal branches (24). Another possibility is that plaque toxicity is
mediated by elevated levels of soluble A� species in the vicinity of
plaques. For instance, there is considerable evidence that soluble
A� oligomers inhibit the maintenance of hippocampal LTP (10).
Our results, however, cannot rule out the possibility that place cell
degradation and behavioral deficits in the Tg2576 mice are caused
by elevated soluble A� and are not directly related to plaque
deposition or that plaques represent a surrogate marker for small
assemblies of A� (25). The hypothesis that soluble A� species are
contributing to the behavioral impairments observed in the Tg2576
mice is supported by the observation that soluble levels of A�42 (as
well as total A�42) were correlated with aged Tg2576 animals’
performance on the T-maze task.

A deficit in episodic memory is one of the hallmarks of human
AD. Cognitive map theory (15) provides a basis for relating
human episodic memory to spatial memory. The study of spatial
working memory and place cells in rodent models of AD may
provide a powerful tool for identifying the underlying pathology
in AD and the respective contributions of hippocampal and
neocortical pathology to the overall cognitive memory dysfunc-
tion. We are optimistic that, in combination, these paradigms
may also provide a powerful testing platform for therapeutic
interventions.

Methods
Animals. Male Tg2576 mice overexpressing human APP harboring the Swedish
double mutation (K670N, M671L) (2), in a hybrid strain of C57BL/6J with SJL
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c

Fig. 2. Performance in the T-maze alternation task. (a) Acquisition of the
T-maze alternation task (15-s-delay version) is selectively impaired in aged
transgenic animals (training blocks � age � genotype: F3,174 � 3.23, P � 0.024).
Each block consists of three training days (six trials per day). (b) A smaller
percentage of aged transgenic mice reached the criterion of �80% correct
over three consecutive days than the other three groups (�2 (3) � 10.67, P �
0.014). (c) Overall performance on the T-maze task decreases with increasing
delay (effect of delay, F2,76 � 9.70, P � 0.003). Aged mice perform significantly
worse than young mice upon introduction of delays, but there is no additional
deficit in the aged transgenic group (delay � genotype � age: F2,76 � 0.08, P �
0.782). Error bars show SEMs.

a

b

Fig. 3. Correlations between T-maze performance and place cell quality in
aged mice. (a) Mean spatial information content is positively correlated with
alternation rate in aged transgenic animals (red squares) and aged control
animals (blue diamonds; r � 0.83, P � 0.001). (b) Mean place field size is
inversely correlated with alternation rate (r � 0.83, P � 0.001). Alternation
rates are means of three delays tested (15 s, 2 min, and 6 min).
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(for details on breeding procedures, see ref. 3) were obtained from Merck
Sharp & Dohme. For all experiments, transgenic animals were compared with
littermate controls to ensure that age and background strain were compara-
ble. Subjects were maintained on a 12-h light/dark schedule (lights off at 1500
hours) and were maintained at 90% of free feeding weight. All experiments
were carried out blind to genotype and in accordance with the U.K. Animals
(Scientific Procedures) Act 1986.

Behavioral Testing. A total of 62 animals were trained on the T-maze forced-
alternation task. Animals were assigned to four groups on the basis of age and
genotype: young littermate controls (n � 15; mean age, 2.5 mo; range, 1.9–3.2
mo), young transgenic (n � 16; mean age, 2.7 mo; range, 1.9–3.2 mo), aged
littermate controls (n � 13; mean age, 15.4 mo; range, 13.4–16.4 mo), and
aged transgenic (n � 18; mean age, 15.4 mo; range, 13.5–16.8 mo).

Behavioral Apparatus. The T-maze was constructed of three arms, each of which
was 7 cm wide. The start arm was 45 cm long, and the goal arms were each 35 cm
long.Asquarestartbox (side30�30cm)waspositionednext tothestartarmand
separatedfromitbyavertically slidingdoor.TheT-mazewaselevated30cmfrom
the floor. The T-maze was placed in the center of a black-curtained, circular
testing arena 1.7 m in diameter. Four external cue cards differing in brightness,
shape, and size suspended inside the curtains provided directional constancy.
Mice ran for a condensed milk reward.

T-Maze Alternation Acquisition. All mice received 5 d of habituation to the
apparatus and the reward (5 min of exposure to the maze each day, with reward

placed at both ends of the T-maze). Mice were then trained for 12 d, six trials per
day. On the first (sample) run of each trial, both goal arms were baited, but the
mouse was forced to choose one of the goal arms (the other being blocked by a
removable door). After entering the preselected goal arm, the mouse was al-
lowed 20 s to consume the reward and then was placed back in the start box. On
the second (choice) run, which during the acquisition phase of training followed
15 s after the sample run, both goal arms were open, and the mouse was
rewarded for choosing the previously unvisited arm. The location of the sample
arm (left or right) was varied pseudorandomly across trials so that mice received
equal numbers of left and right presentations, but no more than two consecutive
trials had the same sample location. The mice were run in squads of six to eight
(including both transgenic and littermate control animals) to minimize variation
in intertrial interval. Intertrial intervalwas�12minforallanimals throughoutthe
12 d of training.

T-Maze Alternation Delay Probes. A subset (n � 42) of mice (n � 9 young
control, n � 6 young transgenic, n � 13 aged control, n � 14 aged
transgenic) were run on a modified T-maze alternation protocol, which
included: (i) the introduction of a presample phase (lasting 6 min and
preceding the sample phase of each trial), during which place cell recording
took place in those animals that had been implanted with microelectrodes
and (ii) the introduction of delays between the sample and choice runs of
the task. Each mouse was trained for a total of five consecutive days. At the
beginning of each day, the mouse received four 15-s-delay trials, followed
by six trials of increased delay. During training days 1 and 2, the delay
between the sample and choice runs was 2 min, whereas for days 3, 4, and
5, the delay was 6 min.
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Fig. 4. Percentage of hippocampal area occupied by amyloid plaques inversely correlates with place cell quality and behavioral performance. (a–c)
Photomicrographs of 7-�m coronal sections through the dorsal hippocampus of three aged Tg2576 mice showing highest (a), mean (b), and lowest (c)
hippocampal levels of congophilic plaque deposition. (d) Place cell spatial information is negatively correlated with the percentage area of the hippocampus
covered by congophilic plaques of aged Tg2576 mice (r � �0.70, P � 0.036). (e) Place field size is positively correlated with hippocampal amyloid plaque deposition
(r � 0.72, P � 0.029). ( f and g) T-maze alternation rate is negatively correlated with the percentage area covered by congophilic plaques of the hippocampus
( f) (r � �0.86, P � 0.003) and the overlying neocortex (g) (r � �0.83, P � 0.006). (Scale bars in a–c: 100 �m.)

Table 1. Correlations of brain A� load with place cells’ properties and behavior

Spatial variables Soluble A�1-40 Soluble A�1-42 Total A�1-40 Total A�1-42

Spatial information r � �0.47, P � 0.20 r � �0.37, P � 0.33 r � �0.43, P � 0.25 r � �0.42, P � 0.26
Field size r � 0.48, P � 0.19 r � 0.39, P � 0.30 r � 0.40, P � 0.28 r � 0.38, P � 0.31
Correct, % r � �0.68, P � 0.04* r � �0.70, P � 0.03* r � �0.36, P � 0.34 r � �0.70, P � 0.04*

*, P value significant at the 0.05 level.
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In Vivo Electrophysiology. A subset of animals trained in the T-maze alterna-
tion task underwent implantation of microelectrodes for chronic hippocam-
pal recording (young littermate controls, n � 4; young transgenic mice, n � 3;
aged littermate controls, n � 5; aged transgenic mice, n � 9).

Surgery and Electrodes. Under deep isofluorane anesthesia, mice were
chronically implanted with microdrives loaded with four tetrodes. Tetrodes
were constructed from HM-L-coated 90% platinum/10% iridium 17-�m
diameter wire (California Fine Wire). Details of the surgical procedure were
similar to those in Cacucci et al. (26). Mice were allowed a 1-wk postoper-
ative recovery, after which microelectrodes were advanced ventrally by 30
�m/day. When hippocampal pyramidal cells were found, recording sessions
began. After completion of the experiments, the mice were killed with an
overdose of sodium pentobarbital (50 mg of Lethobarb; Merial Animal
Health U.K.). The hemibrain in which the electrodes were implanted was
immersion fixed in 4% paraformaldehyde with 0.1 M PBS (pH 7.6) and
embedded in paraffin. The hemibrain was then sliced coronally, and 7-�m-
thick sections were obtained and stained with cresyl violet for electrode
localization.

Place Cell Recording. Place cell recording took place during a maximum of
eight recording days for each mouse. Place cells were recorded during the
presample phase of each testing trial (see behavioral procedures for details
of behavioral protocol) while animals foraged for chocolate flakes in the
start box. Each recording trial lasted 6 min.

Quantitative Analysis of Place Fields. Isolation of single units from multiunit data
was performed manually, blind to genotype, on the basis of peak-to-trough
amplitude, by using custom software (TINT; Neil Burgess, University College
London). Cells were included in the analysis if they had: (i) spike width �300 �s
and (ii) peak firing rate �1 Hz. Spike width was measured as the time interval
between the peak and trough of the 1-ms-long waveform. Spike amplitude was
measured as the voltage difference between the peak and trough of the wave-
form. Position data were sorted into 1.5 � 1.5-cm bins. For a given cell, firing rates
in each bin were calculated by dividing the total number of action potentials
during occupancy of the bin by the total duration of occupancy. The firing rate in
each bin was smoothed by using a boxcar average over the surrounding 5 � 5
bins. The five colors of firing-rate maps were autoscaled to represent 20% of the
peak rate—red (top 20%) to dark blue (bottom 20%). Unvisited bins are shown
in white. Place field size represents the percentage of sampled environment in
which the cell’s firing rate was greater than the overall mean firing rate during
that trial. Spatial information is a measure of the extent to which the cell’s firing
can be used to predict the position of the animal (27).

Measuring Amyloid Plaque Deposition. Hemibrains where electrodes had been
implanted were fixed in 4% paraformaldehyde with 0.1 M PBS (pH 7.6) and
embedded in paraffin. Coronal brain sections of 7 �m thickness were cut on a
microtome and mounted on gelatin-coated slides. Plaques were identified with
Congo red staining. For each hemibrain, amyloid plaque quantification was
assessed by using a total of 10 coronal sections through the hippocampus (sec-

tions were spaced 280 �m apart). Brain sections were routinely deparaffinized,
incubated inalkalinesodiumchloridesolution(2.5mMNaOHin80%ethanol) for
20 min and then stained with alkaline Congo red solution (0.2% in 80% ethanol
saturated with sodium chloride; Sigma), washed three times in absolute ethanol,
and coverslipped with DPX mounting medium. Congo red-positive A� plaques
were visualized with a Leica DMLB microscope (with a total �100 magnification
factor), and images were captured by using a DC300F Leica camera. Quantitative
image analysis was performed by using Image J as the image-analysis system. The
software uses red, green, and blue levels to segment objects in the image field.
Segmentation thresholds were established by using a series of standard slides
that have extremes of intensity and remained constant throughout the analysis.
Hippocampal and cortical measurements were performed by manually circum-
scribing the areas of interest. Hippocampal measurements refer to an area
encompassing all hippocampal fields (CA1, CA3, and dentate gyrus), whereas
cortical measurements refer to the neocortical areas overlying the hippocampus.

A� Concentration Assessment. Hemibrains contralateral to electrode implan-
tation were immediately frozen on dry ice and stored at �80°C until use.

Soluble A� Concentration. The frozen hemibrains were homogenized in 10
volumes (wt/vol) of 0.2% diethanolamine containing 50 mM NaCl (pH 10), and
protease inhibitors (Complete; Roche Diagnostics) and then centrifuged at
355,000 � g at 4°C for 30 min (Optima MAX ultracentrifuge; Beckman
Coulter). The resulting supernatant was retained as the soluble fraction and
neutralized by the addition of 10% 0.5 M Tris�HCl (pH 6.8). Samples were
frozen at �80°C awaiting analysis by immunoassay.

Total A� Concentration. The protocol used for extraction of total amyloid from
the brain sections is based on the GnHCl extraction method described previously
(based on ref. 28). The hemibrains were homogenized in 10 volumes of 5 M
GnHCl, 50 mM Hepes (pH 7.3), 5 mM EDTA plus 1� EDTA-free protease inhibitor
mixture (Complete). After mixing at room temperature for 3 h, the homogenate
was diluted 10-fold into ice-cold 25 mM Hepes (pH 7.3), 1 mM EDTA, 0.1% BSA
plus 1� protease inhibitor mixture, and centrifuged at 16,000 � g for 20 min at
4°C. Aliquots of supernatant were stored at �80°C to prevent degradation.

Immunoassay Analysis. The biotinylated antibody 4G8 was used in combi-
nation with the monoclonal antibodies G2-10 or G2-11 for detection of
A�40 or A�42, respectively. These species reflect subpopulations of pep-
tides with heterogeneous N termini encompassing at least the 4G8 epitope
at residues 17–24. Analysis of the samples was performed by using the
SECTOR Imager 6000 (Meso Scale Discovery), as described previously (29).
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