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Abstract

Inthe hippocampus of freely moving rats, neurons have been recorded that fire predominately when the animal travels through a particular
area while exploring the environment (so-called ‘place cells’). This study investigates if the neuronal firing characteristics of such cells
are modulated by attention, expectation of reward or memory load. A total of 16 electrodes were implanted in the CA1 region of the
hippocampus of 3-month-old Long—Evans rats. Using a tetrode recording system, single neurons were recorded while a rat explored an
8-arm maze and retrieved pellets at the end of each arm. It was found that 31 out of 67 neurons showed place cell characteristics, while
the other cells either fired in more than one place or fired along whole arms of the maze. Interestingly, 11 of the 31 neurons showed
enhanced firing activity when the animal entered a baited arm but did not fire when the arm was visited again after the bait had been
retrieved. In a second experiment, only four out of eight arms were baited. Firing rates of 46 neurons were analysed, and all cells (spatial
or non-spatial) fired more in baited arms than in non-baited ahesQ.001). In a reversal task in which the previously unbaited four arms
were subsequently baited, neuronal activity was increased in the newly baited arms (42 cells aRaty8dif)1). Since no alterations to
the maze or cues have been made, we interpret the increased firing probability of neurons in baited arms compared to unbaited arms as a
correlate for ‘attention’ or ‘expectation’.
© 2003 Published by Elsevier Science B.V.

Keywords: Place cell; Place field; Spatial; Memory; Orientation; CA1; CA3; Electrophysiology

1. Introduction ber of studies have addressed this issue, and it was found
that place cell activity is not as static as first assumed. Fer
The hippocampus is considered to be involved in spatial example, it was shown that landmarks that are observed ly
information processing and in memory processes. In record-the rat to be mobile will have much less effect on place celk
ings obtained from freely moving rats, neurons have been firing properties than landmarks that appear to be stationasy
found that convey spatial information (‘place cellf29]). [19,20] Also, place cell activity can be related to the movess
Numerous experiments have been conducted to characterisenents that the animal anticipatf0,16,46] These modu- 47
what type of information can influences place cell activity, lations of neuronal activity have been interpreted as corres
and what role such cells might play in information process- lates for episodic memory, since they cannot be explained
ing [7,27,28,36,37] Most single cell recording studies ap- by changes in the environment that could induce remag
pear to show reproducible recordings of place fields if the ping of place field§5,25]. A different interpretation would 51
environment is not altered, and such place fields appear unafbe that the animals pay selective attention to different cues,
fected by the targets of the animals or by variations in mem- and the over-representation of a target location as shownsin
ory loads. However, hippocampal lesions or the application the study by Hollup et al[16] could be a correlate for in- 54
of receptor blockers that impair neuronal functionality in the creased selective attention for the life-saving platform in =
hippocampus have been shown to affect short-term mem-water maze task. A difference in attention would then be res
ory [1,2,8,17,35] This apparent contradiction between the flected in the neuronal activity which would change dependz
seemingly very stable place cell activity over time and the ing on the animals’ actual activity even though no alteratioss
very dynamic functional role of the hippocampus in short- of landmarks that drive place cells had occurred. This ideass
and long-term memory has puzzled many scientists. A num- supported by results from a number of different studies, e .
in single cell recording from mice, where it was found thad:
* Correspondence author. Tel49-7071-2074605: place cells were unstable durmg unbaited runs when thexe
fax: +49-7071-292891. was no spatial task for the animals to solve. Only whenea
E-mail address: christian.hoelscher@uni-tuebingen.de (C. Holscher).  food reward was introduced did spatial firing of cells becoms

0166-4328/03/$ — see front matter © 2003 Published by Elsevier Science B.V.
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more stable as the animal learned the spatial {2tk This nels and low passed filtered>200 Hz for the EEG channe.
emergence of spatial information in neuronal activity could Each channel of the tetrodes was recorded differentially:te
be due to shifted attention towards spatial information. the reference electrode on the skull and to a different tetrade
In order to test if there is an effect of selective attention near by. Signals that crossed a pre-set trigger threshold were
or memory load on firing properties of single cells in the recorded. Waveforms were sampled at 48 kHz, time stamped
hippocampus, a task was employed that required animals toand stored for off-line analysis. A video tracker recorded the
remember items and to selectively pay attention to specific position of the rat during each trial. The coordinates were
items in order to be able to solve the task. In an 8-arm maze,stored off-line for later analysis. Positions were samplechat
arms were baited or unbaited to test whether a change of47 Hz at a resolution of 8 mm/pixel. 122
attention by baiting arms had any effect on place cell dy-  Animals were given trial runs through the radial-arm maze
namics. Also, since this task has both working memory and in order to identify neurons. Tetrodes were advanced daily
long-term memory components, it is possible to analyse if about 50—-15@.m to optimise recording or to record fromas
neuronal activity in the hippocampus shows firing modula- different cells. 126

tion that could be the basis of memory.
2.3. Radial-arm maze 127

2 Material and methods The 8-arm maze was constructed from chip board witla
white PVC coating. The length of each arm was 68 cmg

Six naive male Long—Evans rats (300-400g at implan- width 17 cm and height 35cm. The diameter of the centrad
tation stage) were housed individually in large transparent Platform was 50cm. At the end of each arm, a square blagk
perspex cages with food and water available ad libitum. An- Plastic weighing boat with 5cm side length was attachee:

imals were kept on a reversed 12 h/12 h light/dark schedule " thiS weighing boat, a 0.5g cocoa flavoured cereal (Chace
and tested in the dark phase. Krispies, Kellogs) was put during baiting. The experiments:

took place in a room (2.80 m 4.50 m) with several salientiss
landmarks such as a door, a bench and several black casd-
board figures (squares, triangles, strips, ca. 50cm length)

Tetrodeg30] were made of four twisted 36m heavy for- atta_c_hed to the walls. The_se Iandmarks remain_ed at a fixed
mvar coated platinum—iridium (90%/10%) wires (Cal. Wire Position. The room was dimly lit by four 20W lights, oness
Company, USA). Electrodes were soldered to a headstagd™ €ach corner. 140
that allowed controlled lowering of tetrodes after implanta-
tion. The impedance of electrodes were 500-800 k

Animals were anaesthetised with 75mg/kg Ketamin
(WDT, Germany)+ 5mg/kg Xylazine (Rompun, Bayer;
s.c.). A local injection of lidocaine was given into the
scalp, and the skin was cut and pulled back. Animals were
mounted in a stereotaxic frame. A 1.5mm diameter hole
was drilled into the skull (4 mm post-bregma, 3mm lateral 535 Experiment 1

midline) to allow the positioning of a microdrive with four For 7 days, animals were given four trials daily whetes
tetrodes above the dorsal hippocampus. Four 1 mm stainles$,.h arm was baited. Recording was conducted for 12@s

steel screws were inserted into the skull. One of the SCrewsying which all animals first retrieved the pellets and theso
served as a ground electrode. The microdrive was fixed to explored the maze thoroughly. 151

the screws by dental acrylic cement. The sides of the scalp

2.1. Electrode implantation

2.3.1. Pre-training 141

Animals were put on a diet of 80% of their free feeding2
diet 1 week before the experiments started. Animals wese
made familiar with the maze and the recording cable fan
several days. During this time, food pellets were scattetesl
along the arms to encourage exploratory behaviour. 146

147

skin were treated with antibiotics. Animals were given 1 2.3.3 Experiment 2 152

week to recover before any recording was started. For a further 8 days, only four of the eight arms wetes

baited. Recording was conducted for 120s during which

2.2. Recording procedure all animals retrieved the pellets. After retrieving the pelletss

animals continued to explore the maze. Four trials per day

The animal was connected to a headstage preamplifierwere given. 157
(Axona, UK) which also contained three LEDs that were

used by the tracking system to identify the location of the 2.3.4. Experiment 3 158

animal. The amplifier was connected via cables to a main  For further 7 days, the previously unbaited four of thes
AC coupled amplifier (10,000-25,000 amplification) and to eight arms were baited, while the previously baited arms
the recording system (Axona, UK). The cables were sus- were not. Recording was conducted for 120 s during whih
pended by rubber bands to prevent the animals trailing theall animals retrieved the pellets. After retrieving the pellets;
wires during runs. Signals from each electrode were passedanimals continued to explore the maze except for the last
through bandpass filters 600 Hz to 6 kHz for the spike chan- day. Four trials per day were given. 164
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2.4. Spikeisolation and analysis Working Memory errors exp. 1
1.5

Spikes were separated according to principal compo- T
nent analysis using a software program (TINT, Axona, S
UK). The slopes of waveforms recorded from each chan- ¢ \\
nel of a tetrode were compared with those from another 5 14 \
channel. ‘Clusters’ of waveforms with similar slopes were § \
identified and analysed further according to temporal and 5 §
waveshape criterigl4]. Interneurons were identified and g \
distinguished from pyramidal cells by the duration of g 0.5 \
the extracellular action potential (>0.3ms for pyramidal \ T T
cells), firing patterns (complex spikes), temporal firing pat- \ ‘
terns (autocorrelation analysis of firing frequencies, eg. \
theta firing patterns) and low firing average outside of the 0L\ A\
place field. The quality of isolation was tested by auto- 2 3 4 5 6 17
correlation. Days

Average firing rate was expressed as the total number ofF. . . - .

. > . . ig. 1. Working memory errors (repeated visits of one arm within a trial)
SplkeS divided by the total Iength of the recordlng perlod. in experiment 1. The animals learned the task quickly. A difference in
Cells with a firing rate of less than 1 Hz were not used for number of errors was found between days (ANOVAx 0.001).
analysis. The peak firing rate was calculated by dividing the
maze surface into 4848 bins. The number of spikes in each
bin was normalised to the time spent by the rat within the then taken as the maximum smoothed firing rate in any big,
space of each hin. The values in this array were smoothedSpike rates were separated into five groups: 0—20% of firigg
by replacing each value with the average of this value and rate, 2040, 40—60, 60—80 and 80-100% of the maximum
those of the adjacent eight neighbours. The peak rate wadiring rate. A place field was defined as a group of bins thgj

(a) (b)

0894 Hz {central peak = 1,9268 Hz)

I 40ms

Autocorrelation of a pyramidal cell
(c)

Fig. 2. Example of cell isolation. (a) Shown is the plot of spike slopes from electrode 1A of the tetrode compared with electrode 2A, 1A with 3A, etc.
‘Clusters’ of these dot clouds are selected and analysed further. (b) Traces of identified clusters are shown for each electrode. Due to distaese diffe

from neuron to electrodes the signal strength differs for each electrode. Electrode 1 shows the highest spike amplitude, electrode 4 the s¢cond highe
while 3 and 4 show weak signals only. Left: overlay of traces, right: averaged trace. These traces are then further analysed and separated according to
different parameters such as peak amplitude, valley amplitude, time of peak, and ¥thgis= 2 ms, Y-axis= 280.V. (c) An autocorrelation for a cell

is shown. The time window between spikes is plotted, and the shortest delay from reference spike to the next spike is more than 2 ms (refractory period).
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were in the maximum firing group. If more than one activity 2.5. Behaviour 205
field was found in the maze, the cell was not considered a
‘place cell'. Cells were found that had several activity fields  In experiment 1, the animals had to retrieve all pelletss
within the maze. These cells were also included in the anal- Visits of previously visited arms before all pellets were res?
ysis of the firing activity difference in baited and unbaited trieved were counted as a working memory error. As th®
arms. animals were very explorative and continued to visit arms
In the analysis of firing activity within each arrfi@s. 5b after all eight arms had been visited, those visits were pat
and 7h, the highest activity was estimated. All arms were considered to be errors. In experiments 2 and 3, similar rules
evaluated for each cell. In this analysis, not only place cells applied. Repeated visits of previously visited arms befene
were included. More than one field of highest activity was the animals had visited all arms were considered working
accepted, and a cell could have a high score in two arms ormemory errors. After day 1 of training in the new regimaa

more. (four arms baited, four unbaited), visits of arms that were
Trial 1
F
p!
3.8 Hz 1.0 Hz
- (2) T (b)
"
4 Hz 0.7 Hz
e e DOESSUETTETRIED) (C) 5 T 0.7 col1 1170 5ok pe (.20 (d)

(e)

Fig. 3. Example of a cell that is active when the animal retrieves baited arms (a, first 60 s) and when the arms explores arms that are not baited any longer

(b, second 605s). Cell activity ceases in (b). This effect was reproducible in a second trial (c, first 60s; d, second 60s). (e) Spike traces ftaycell, over
of traces left, average trace right:axis= 2 ms, Y-axis= 280uV. The number shown in the boxes refers to the maximum activity of that cell in Hertz.
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not baited before visiting all baited arms were considered retrieving baits 7-17 Hz, in the second 60s when no bais
long-term memory errors. remained 0.7-1 Hz, after re-baiting the arms 0.8—1.2 Hz)ea

2.6. Satistics 3.2. Experiment 2 265

The activities in the arms were identified and grouped The animals learned the new task in which only foygs
into five bins: (1) 0-20% of firing rate, (2) 20-40%, (3) arms were baited after 1 daki@. 4). Working memory er- 55,
40-60%, (4) 60-80% and (5) 80-100% of the maximum rors were low, and no overall difference of working memnggg
firing rate. The scores for the baited arms in all five groups ory errors over time was found in a one-way repeated mea-
were compared with the scores for the unbaited arms. A sures ANOVA (P > 0.05). Long-term memory errors werg;q
one-way repeated measures ANOVA was performed with high on day 2 but decreased subsequently. An overall diffg#-
a post hoc corrected Bonferroni test to identify which of €ence between long-term memory errors committed over tigag
the five groups showed a significant difference between theby the groups was found by a one-way repeated measyygs

baited and unbaited arms. ANOVA (P < 0.001) (Fig. 4). During the course of 8 daysy74
46 cells were identified. Of these cells, 29 cells fitted the ciis
2.7. Histology terion of place cells. Of the remaining cells, 12 cells were g¢;

tive along the whole length of one or several arffig)(59. .77

Animals were anaesthetised with urethane and the
brains removed. The brains were fixed in a buffered 8% Working Memory errors exp. 2
paraformaldehyde solution for 12 h. Brains were cut on a 0.8
vibratome, mounted and stained with cresyl violet. Sections
were then examined under a light microscope to identify
the locations of the tetrodes.

All experiments were licensed under German and EC law.

e
o
1

3. Results

rmean # of Whi ermors

3.1. Experiment 1

All animals learned the task of retrieving the pellets after
1 day Figs. 1 and 2 An overall difference between work-
ing memory errors was found by a one-way repeated mea-
sures ANOVA (P = 0.0003). The number of working mem-
ory errors dropped to almost zero after the first day. During
the 7 days of recording, a total of 67 cells were identified
in six rats. Of these cells, 31 fit the criterion of a place cell
as defined in this study. A place cell cannot have more than
one area of highest activity (the place field) in our defini-
tion, since the spatial location would not be unambiguously
defined if there are several place fields per cell. A total of
34 additional cells were found having more than one place
field. Furthermore, cells were found that fired along the en-
tire length of one or more arms. Again, such cells were not
defined as place cells because the spatial selectivity would
be too poor to be useful for orientation. Eleven place cells
were found that fired in correlation with the location of the
animals, but the activity ceased when all pellets had been
retrieved and some arms were visited again. This effect was
reliably reproduced up to four time$ig. 3). To test for
the effect of smell on the activity of these cells, arms were
re-baited after the animal had retrieved the pellets. Again, Fig. 4. Results of learning the experiment 2 test with four arms baited.
the firing activity of the cells was low and did not increase th grr]‘;mm"’/‘;‘f"\l“(’)"\i/i?g Le‘g(‘;“’%‘;rkg‘ngd“;‘f:g%egﬂsg‘r?ndri;fs;fg‘fyee‘i‘r’s:s”
aftgr. retrieval Qf a pellet, making it unlikely that neuronal were analysed. Anim’als committed more erré)rs on day 2 compared with
activity was driven by the smell of the pellets or the feed- the other days (one-way ANOVAP < 0.001) with post hoc Bonferroni
ing activity (maximum activity of 11 cells in first 60 s while  test, P < 0.01 (day 1)).

roean # of LT ermors
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LZ‘\ ? aited arm
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b/ 23
4 Hz /3'6 Hz
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= .|-
ml
‘ =
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4.4 Hz
0.0 I = | R B T L
(b) Distribution of neuronal activity in arms Exp. 2
2.5
£
© [l baited arms
8 1. T [0 unbaited arms |
()]
£
B 1.5
-E-'" T *xk
=
g 1-
©
@ T
§ 054
(]
1=
0
0-20 20-40 40-60 60-80 80-100

bins of firing rate in % of overall rate

Fig. 5. (a) The baited arms are indicated by red dots in the small drawing of the maze. The number shown in the boxes refer to the maximum activity of
that particular cell (top). Cell 1: example of a place cell in experiment 2. Shown is the normalised cell firing activity during the run in the 8-arm maze.
Firing activity was binned in five colour-coded sections: 0—20% of maximum activity (blue), 20-40% (light blue), 40-60% (green), 60-80% (yellow)
and 80-100% (red). The cell fired predominately in one area only (place field). The traces are shown on theasight: 2 ms, Y-axis = 280u.V.

Cell 2: shown is another cell with a less spatially defined firing field. The traces are shown on the right. Electrode 4 was the EEG channel and did not
contain spike dataX-axis= 2 ms, Y-axis= 280wV. Samples of trajectories of visits of baited and non-baited arms are given. The traces are from arm 6,
as indicated by the black arrow. The speed and direction of movement of the animal is similar, but the cell activity (red dots) when leaving the baited
arm is reduced when leaving the unbaited arm. (b) Analysis of activity of all cells in each of the eight different arms. The neuronal activity of a given
cell in each of the eight arms was normalised and binned in five different categories of activitgsen 2or (a)). Cells were included that had a

distinct place field (place cells) and others that showed activity in more than one arm of the maze. Such cells could have high activity firing fields in
more than one arm. A one-way ANOVAP(< 0.001) with a post hoc Bonferroni test showed a significant difference between baited and unbaited arms.
*P = 0.05, **P = 0.001.
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Table 1

Activity of cells in baited arms vs. unbaited arms in experiment 2 and after reversal of baited arms in experiment 3

Cells Experiment 2 Experiment 3 (after reversal of arms)
Maximum activity in Maximum activity in Maximum activity in Maximum activity in
baited arms unbaited arms baited arms unbaited arms

1 2.2 1.7 3.0 1.2

2 4.1 1.9 4.2 2.8

3 15 3.7 2.1 3.3

4 0.2 2.0 1.7 2.1

5 3.1 24 2.2 13

6 2.0 0.3 34 2.2

7 1.1 2.7 0.5 1.5

8 2.8 2.0 45 11

9 45 1.0 0.3 1.8

10 3.2 0.7 1.7 2.9

11 11 2.2 3.6 3.0

12 4.0 1.6 31 1.7

13 1.8 2.7 1.3 21

14 34 0.2 14 2.4

15 4.6 2.3 5.7 15

16 11 3.2 1.8 2.4

17 7.2 1.0 0.3 21

18 0.3 1.8 31 0.4

19 31 0.7 25 3.2

20 1.7 3.1 1.8 0.2

21 0.4 1.9 21 1.7

22 1.2 2.3 1.2 2.0

23 4.8 1.1 2.7 1.7

24 2.0 2.7 4.6 1.0

25 2.3 1.2

26 0.4 2.1

Firing rate mean/S.E.M. of place fields 370.34 2.6+ 0.18 3.3+0.29 2.3+ 0.19

No. of place fields 13 11 14 12

Shown are the results from cells that had their main place fields in arms (other cells had place fields in the centre of the maze). Some of the cells
shown here had place fields in several arms. Highest firing rates per category are shown here for comparison. While the number of place fields was
not increased in baited arms, the firing rate of cells (normalised for numbers of place fields) was higher overall compared to unbaifed @@8s (

t-test). A more detailed analysis is shownHigs. 5b and 7b

278 No cells were found that fired exclusively in all baited arms 3.3. Experiment 3 298
279 and never in the unbaited arms (‘goal cells’). Furthermore,

280 the distribution of place fields of the identified place cells  After changing the pattern of baited arms and unbaited
281 was not biased for the locations at the end of the arms wherearms, animals again learned the new pattern after 1 day.
282 the food wells were located. Also, it was not found that Working memory errors were low, and no overall difference:
283 more place cells fired in baited arms only (11 cells fired between working memory errors was found in a one-way
284 in baited arms, 13 in unbaited arms). The remaining place repeated measures ANOVR ( 0.05). Long-term memory 303
285 fields were located on the central platforirable 1. How- errors were high on day 2 but were reduced in numbersin
286 ever, when analysing the firing activity of all cells (place subsequent days. An overall difference of long-term mesns
287 cells and cells that fired along entire arms) for all baited ory errors committed over time was found by a one-way
288 arms (binned in five groups of increasing activity) com- repeated measures ANOVA (< 0.005) Fig. 6). Over the 307
289 pared with activity in all unbaited arms, a clear bias for the course of 7 days, 42 cells were identified; 22 cells fittegs
200 baited arms was visible (for details sBection 2 Fig. 5b). the criterion for place cellsHig. 73. Firing rates of cells 309
2091 Firing rates of cells are also given in a table for compari- are also given in a table for comparisofable 1. As in 310
292 son (Table ). Examples of trajectories and firing rates of experiment 2, no bias for the baited arms was found wten
293 a cell when visiting a baited or non-baited arm are shown analysing the locations of place fields. When pooling aib
204 in Fig. 5a Running speed of animals was not different cells (place cells and non-place cells) and estimating the
2905  when comparing speed in baited arms with speed in un- cell activity in baited arms compared with activity in ursi4
206 baited arms (baited: 64 19 cm/s, unbaited: 5& 13 cm/s; baited arms, a clear bias for the baited arms was again ¥is-
297 P> 0.05). ible (Fig. 7b). 316
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Working Memory errors exp. 3

0.8+

rean # of W ermors

mean # of LTM ermors

Fig. 6. Numbers of errors during learning the experiment 3 test with
four arms baited. The animals committed few working memory errors
(no difference overall in a one-way ANOVAP > 0.05). On days 2-7,
long-term memory errors were analysed. Animals committed more errors
on day 2 compared with the other days (one-way ANOVAx 0.001)

with post hoc Bonferroni test? < 0.01 (day 1).

4. Discussion

The experiments showed that neuronal activity in the hip-

These results are in agreement with previous studiesaf
single cell recording in animals that explored radial-arsge
mazes. Firstly, place fields were found that are very sigs
ilar to the place fields described by other researcherssan
4-, 6- or 8-arm maze$23,31,32,38,39,41]Furthermore, 335
those studies never reported an obvious bias of place fistd
distribution towards baited arms. This is in agreement
with other studies that did not find a bias of place fietds
distribution towards baited arms or towards goal areas
[32,38,45] 340

Some place cells were found that were active when the
animal entered a baited arm but not when the arm was sub-
sequently re-entered without bait. Such cells are not clagsic
place cells as they appear to code a condition (baited vergus
unbaited) in addition to the location of the animal in spaces
These cells are comparable to cells found in a water maze
study[12] in which cells were described that fired when ther
animals found the platform that was in the location whete
they expected it, but that did not fire when the platforsas
had been removed yet the animals expected it to be thmoe
(‘match cells’). Such match cells have been found alsosin
a different study which used a very different set-up. Insse
delayed non-match-to-sample task, cells were found tkmt
fired when an expected cue had been presented, butsslid
not fire when this cue was missifigj3]. This suggests thatsss
information in the hippocampus is actively used for the dss
velopment of goal-directed behaviour, and not just for the
representation of space. 358

It is unlikely that smell was responsible for the observesb
change in neuronal activity in the present study, as the pres-
ence of pellets alone did not activate the cells. It was shoswn
previously that some neurons in the hippocampus firedzéin
correlation to smell[37,43], however, such cells did notss
code spatial information and were not selective for paes
ticular locations of the rat. Also, motor related activity aks
cells while chewing/picking up the pellet, etc. is not likelyss
When adding pellets in the maze during the task to test
for olfactory coding of neuronal activity, no increased nesgss
ronal activity was elicited when the animals picked up the
pellets. 370

Running speed also affects the firing frequency of plawe
cells [4]. If the running speed of animals is higher isr2
baited arms, then cells coding for those arms should fire
at a higher frequency. However, running speed was got

pocampus was affected by the presence or absence of foodignificantly increased. When including the activity of ails

bait in the arms. When analysing the distribution of place
fields, it was not found that more place fields were found

cells (place cells and non-place cells), it was found thad
there was an increased firing probability of cells whemw

in baited arms compared to unbaited arms. The main dif- the animal entered baited arms. No cells were found that
ference found was that firing rates increased when the armsfired in all baited arms, so that a selective coding for ‘goab
were baited compared to unbaited arms. In addition, cellsarms’ or a direct association between reward and loga-

were found that fired in baited arms which stopped firing

tion within single cells is unlikely. Instead, it appears thad:

when the bait had been retrieved. These results suggest thathe firing probability of cells increased when the arm wa
the hippocampus does not receive specific information of baited and decreased when the arm was not baited. Bhis

targets or food sources (‘goal cells’). Otherwise, cells that
fired exclusively in baited arms but never in unbaited arms
should have been observed.

is a modulatory effect, i.e. a shift towards more activitygs
rather than a shift of place cell distribution towards a target
area. 386
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Fig. 7. (a) Example of a typical place cell in experiment 3. Shown is the normalised cell firing activity during the run in the 8-arm maze (for details see
Fig. 59. The cell fired predominately in an area of 15&ni5cm (place field). The maximum activity of this cell is shown in Hertz (left). Shown is a

cell that is active along a whole arm and has not developed a restricted firing field within one area (right). The baited arms are indicated by red dots in
the small drawing of the maze. The traces are shown for the cell shown in the top right drawing. Electrode 4 was the EEG channel and did not contain
spike dataX-axis = 2ms, Y-axis= 280V (bottom). (b) Analysis of activity of all cells in each of the eight different arms. Activity was normalised

and binned in five different sections (s8ection 2or Fig. 5. A one-way ANOVA (P < 0.001) with a post hoc Bonferroni test showed a significant
difference between baited and unbaited arfri3= 0.01, ***P = 0.001.

387  4.1. Memory correlates? activity of single cells in the hippocampus was found to be:

dependent on which route the animal chose in a modifiesl
388 A number of studies in recent years have dealt with the T-maze[46] or in a W- or U-shaped maZ&0]. In another 39
389 question whether cells in the hippocampus are involved in study mentioned before, a large percentage of place celts
390 memory formation. Since lesion studies have emphasisedcoded for the location of a submerged platform in a wates
301 the role of the hippocampus in learning and memory pro- maze[16]. The activity of such cells cannot be explainedo
392 cesse$8,17,18,24,33-35]t is likely that single cell activity by spatial information coding alone. The authors interpeet
393 would reflect such memory processes. In two studies, firing such cell activity as a correlate for episodic memf@25]. 401



402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422

423

424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455

ARTICLE IN PRESS

10 C. Holscher et al./Behavioural Brain Research 3613 (2003) 1-11

The animals keep the information that was required to per- ence of the animals and that were recognised by the animals
form the tasks in memory. The increased cellular activity in as mobile appear to be ‘ignored’ when orienting themseluss
the study presented here could be interpreted similarly as ain space, while stationary landmarks continued to influence
memory correlate. An increase of neuronal activity has beenplace cell activity and appeared to receive more attentiass.
described in memory tasks befdi&22,26] This could be Interestingly enough, it has been shown in another stuey
interpreted as a form of dynamic memory, in which infor- that neurons in the hippocampus of mice do not necesseur-
mation is stored by active neuronal loops that retain the in- ily fire in a spatially selective manner if the animals mowve2
formation. The rats in this study and in others rarely visit an around without having to solve a spatial problem. Only whess
arm twice during one run when retrieving pell§$s,17,32] a reward was given in a defined location did neuronal aes
showing that the animals keep in memory which arms have tivity in the hippocampus become more spatially correlated
been visited during the run. However, since the neurons only and place fields become more staf#é¢]. The authors in- 466
showed increased firing in baited arms, it is unlikely that it terpreted this finding as a shift of attention towards spatiat
is a correlate for purely spatial memory, since all arm visits information. In a different study, place cells that coded spias
should be kept in memory during the task. However, it is tial information that was of importance for solving a spatiads
feasible that the increased firing rate is the result or a combi- task showed more stable and organised firing activity than
nation of the ‘reward’ information with the spatial informa- cells that coded spatial information that was not essential far
tion (the defined arms) within an episodic memory system. performing the task47]. Again, these findings suggest that2
The small increase of firing activity and the lack of selectiv- attention or perhaps memory processes play an important
ity of neuronal activity for baited arms only (no cells were role in establishing and stabilising place cell activity. 474
found that exclusively fired in baited arms only) makes this  In conclusion, it appears that the information which iss

hypothesis less likely. processed in the hippocampus is not exclusively spatial ard
that neurons in the hippocampus are not ‘hard wired’ for
4.2. Correlates for attention or expectation? spatial information but are instead flexible to compute ims

formation that is task relevant and that the animals attend
The observed effect of an increase in firing probability in to at the time. Attentional processes appear to support asd
neurons is consistent with previous studies that have inves-strengthen the activity of neurons that represent informatisn
tigated the effect of attention on firing rates. In these single that is crucial for solving tasks. 482
cell recording studies performed in primates, it was found
that neurons in the visual cortex which are driven by specific
visual stimuli will increase their firing rate when the stimu- References 483
lus is of importance for solving a task, as compared to firing
rates evoked by the same stimulus in a different task where [1] Bolhuis JJ, Reid IC. Effects of intraventricula_r infusion of thg84
it is of no relevancg3,11,42] The neuronal mechanism for N-methylo-aspartate (NMDA) receptor antagonist APS on spatiass
this effect is presumed to be a suppression of non-relevant T;ﬁ?ry of rats in & radial aim maze. Behav Brain Res 1992'223
stimuli that compete for activational influence of the neuron [2] Butelman ER. The effect of NMDA antagonists in the radial arass
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from basal brain nuclei of the Ascending Reticular Arousal ',3 inferfor temporal cortex during memory guided visual search.4d2
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preferentially in baited arms. Hence, the results presented in __ Wheel. Eur J Neurosci 1999;11:344-52. , 496
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