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Abstract—The hippocampus has been hypothesized to func-
tion as a “spatial” or “cognitive” map, however, the func-
tional cellular organization of the spatial map remains a mys-
tery. The majority of electrophysiological studies, thus far,
have supported the view of a random-type organization in the
hippocampus. However, using immediate early genes (IEGs)
as an indicator of neuronal activity, we recently observed a
cluster-type organization of hippocampal principal cells,
whereby a small number (~4) of nearby cells were activated
in rats exposed to a restricted part of an environment. To
determine the fine structure of these clusters and to provide
a 3D image of active hippocampal cells that encode for dif-
ferent parts of an environment, we established a functional
mapping of IEGs zif268 and Homer1a, using in situ hybrid-
ization and 3D-reconstruction imaging methods. We found
that, in rats exposed to the same location twice, there were
significantly more double IEG-expressing cells, and the clus-
ters of nearby cells were more “tightly” formed, in compari-
son to rats exposed to two different locations. We propose
that spatial encoding recruits specific cell ensembles in the
hippocampus and that with repeated exposure to the same
place the ensembles become better organized to more accu-
rately represent the “spatial map.” Published by Elsevier Ltd
on behalf of IBRO.
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Abbreviations: CON, home-cage control; D,_,, the difference between
the first and second nearest-neighbor distances; D,_,’, the normalized
difference between the first and second nearest-neighbor distances;
D,_s, the difference between the second and third nearest-neighbor
distances; D;_,, the difference between the third and fourth nearest-
neighbor distances; DAB, 3,3’-diaminobenzidine; DL, two different
locations exposure; IEGs, immediate-early genes; ISH, in situ hybrid-
ization; Kupq, kurtosis; N, the nearest-neighbor distance; N,’, the
normalized nearest-neighbor distance; N,, the second nearest-neigh-
bor distance; N3, the third nearest-neighbor distance; Sk, skewness;
SL, the same location exposure twice; 3D, three-dimensional; A, the
evenly scattered nearest-neighbor distance; p, the average cell den-
sity.
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Based on the discovery of “place cells” (O’Keefe and
Dostrovsky, 1971), one of the functions of the hippocam-
pus is proposed to be that of a “spatial” or “cognitive” map
(O’Keefe and Nadel, 1978). The functional cellular organi-
zation of place cells, within the hippocampus, however,
remains a mystery. Part of the problem in discerning a
functional organization could be that single unit recordings
are limited to a few neurons at a time which could account
for the lack of a correlation between topographical and
spatial organization. Perhaps due to this limitation, the
majority of studies have reported little or no correlation
between neighboring neurons and adjacent place fields. If
anything, adjacent place cells could have very disparate
place fields, and further, there is very little predictability
between place fields in different environments (Muller and
Kubie, 1987, 1989; Thompson and Best, 1989; Wilson and
McNaughton, 1993; Tanila et al., 1997; Knierim et al.,
1998). Thus, the consensus view, to date, is that the
“spatial map” is randomly arranged, i.e., there is no topo-
graphic organization of place cells.

A handful of electrophysiological studies, however,
have hinted at a cluster-type functional organization in the
hippocampus. For example, Eichenbaum et al. (1989) re-
ported that place cells in the CA1 field formed clusters,
whereby, neighboring cells had adjacent and overlapping
place fields. Furthermore, by recording from multiple cells
with an array of electrodes in the CA1 and CA3, Hampson,
Deadwyler and associates found that place cells encoding
for space were concentrated in clusters, spaced approxi-
mately 200—400 um apart (Deadwyler et al., 1996; Hamp-
son et al., 1996). Interestingly, a discrete cluster-type or-
ganization was also observed in animals performing a
spatial task (Hampson et al., 1999, 2002). All of the above
mentioned studies, however, are limited in the ability to
determine possible cluster-type organization in the hip-
pocampus due to the small number of simultaneously re-
corded cells. A more representative organization, there-
fore, could only be achieved through the use of different
methods which allow the sampling of the entire neuronal
population.

Immediate-early genes (IEGs) have been identified as
critical indicators of neuronal activity (Worley et al., 1993;
Clayton, 2000). In hippocampal pyramidal neurons, spatial
environmental stimuli rapidly and transiently induce ex-
pression of IEGs, such as zif268 (also known as Egr1 and
NGFI-A; Cole et al., 1989; for reviews, see Davis et al.,
2003; Knapska and Kaczmarek, 2004), Arc (Link et al.,
1995; Lyford et al., 1995; for a review, see Guzowski,
2002), and Homer1a (Brakeman et al., 1997; Kato et al.,
1998; for a review, see de Bartolomeis and lasevoli, 2003).
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In situ hybridization (ISH) and immunohistochemical tech-
niques have detected context-specific cell ensemble activ-
ity in the hippocampus and neocortex at the single cell
level (Chaudhuri et al., 1997; Guzowski et al., 1999; Vaz-
darjanova et al., 2002). We have recently found that in
animals exposed to a restricted part of an environment,
zif268-immunoreactive cells formed clusters of a few (3-5)
active cells adjacent to clusters of non-active cells in the
CA1 and CA3 (Pavlides et al., unpublished observation). A
critical question that arises then is how this “spatial map” is
formed in the hippocampus—does a cluster of neighboring
neurons encode for each spatial component, or does the
same cluster of cells become engaged in many different
components of an environment, or a combination of both?
The present study was aimed at investigating the precise
configuration of IEG-expressing cell clusters, and determin-
ing how different clusters may participate in different parts of
an environment. We have investigated patterns of active
nearby CA1 neurons in animals exploring spatial environ-
ments, using ISH with zif268 and Homer1a mRNAs and three
dimensional (3D)-reconstruction imaging methods.

EXPERIMENTAL PROCEDURES
Subjects and behavioral manipulations

All procedures performed on animals were in accordance with the
NIH Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 8023, revised 1996) and were approved by The
Rockefeller University Animal Care and Use Committee. Adult
male Sprague—Dawley rats (275-300 g on arrival; Charles River
Laboratories, Wilmington, MA, USA) were housed with food and
water available ad libitum, under a 12/12 h light/dark cycle in a
temperature-controlled (22 °C) facility. Each animal was handled
for 10 min daily for 3—4 weeks before the experiment. A radial
eight-arm maze with only two arms attached was placed in a black
painted room approximately 2.5 m? in diameter (Fig. 1A). Visual
cues were placed distally to each of the arms. Proximal to one arm
there was a single cue while proximal to the other arm there were
several cues. The size of the animal’s location on both arms was
set to 10x30 cm? because place fields have been estimated to be
on the average 20—25 cm region of space (Maurer et al., 2006;
estimated from Wilson and McNaughton, 1993). Since place fields
form rather quickly but are stabilized with repeated exposure
(Kubie and Muller, 1991; Best and White, 1999), on two consec-
utive days before the experiments, each animal was exposed to
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Fig. 1. Behavioral setup and experimental paradigm. (A) Environment. Behavioral testing was performed in a black painted room approximately 2.5
m? in diameter. An elevated eight-arm maze, with only two arms attached, was placed in the center of the room. The arms, which were 60 cm long,
were sectioned off with a barrier in the middle of the arm and the animals were placed on Locations A or B (size: 10x30 cm? each) on the end of the
arms. Distal to each arm were a number of cues. The room was always illuminated with red light. During place exposure of an animal, a white light
was turned on. Included in the room was the isolation chamber in which the animals were kept. (B) Qualitative time course of peak expression of
Homer1a and zif268 mRNAs. The differential time course of these two genes allows for identification of neuronal activity of the two exposures. (C)
Experimental Paradigm. Three experimental groups of animals were used—non-exposed controls (CON), exposed to two different locations once
(DL), or exposed to the same location twice (SL). All animals were habituated to the arms for 15 min on two consecutive days. They were then returned
to their home cage and placed in an isolation chamber for 48 h. On the day of the experiment, they were exposed to the arms as indicated and 30
min after the initial exposure were anesthetized and sacrificed. For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.
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