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Short communication

Specific changes in hippocampal spatial codes predict
spatial working memory performance
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Abstract

This study examined the relationship between hippocampal place fields and spatial working memory. Place cells were recorded while rats solved
a spatial working memory task in light and dark testing conditions. Rats made significantly more errors when tested in darkness, and although
place fields changed in multiple ways in darkness, only changes in place field specificity predicted the degree of impaired spatial memory. This
finding suggests that more spatially distinct place fields may contribute to hippocampal-dependent mnemonic functions.
© 2006 Elsevier B.V. All rights reserved.
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Hippocampal (HPC) damage in several animal species
mpairs the ability to learn tasks that depend on the use of
llocentric spatial information[1,5,19]. Furthermore, numerous
lectrophysiological studies have demonstrated that the firing
ates of HPC pyramidal cells (place cells) are strongly modu-
ated by the spatial location (place field) of the rat within the
ecording environment[21]. The entire area of the testing envi-
onment is represented by subpopulations of HPC place cells,
nd the moment-to-moment spatial location of the subject can
e reliably predicted by the activity of neural population codes

34]. Furthermore, the spatial firing patterns of place cells (e.g.,
ocations of their place fields) are sensitive to changes in the
patial environment such that manipulations of spatial cues can
ause alterations of place fields (i.e., they reorganize)[11,20,26].
espite this wealth of evidence, it has not been established how

he activity of individual HPC place cells plays a role in spatial
emory.
Some studies have investigated the relationship between

lace cell firing and task performance, but these studies have
roduced mixed conclusions. The majority of these studies have
xamined the relationship between changes in the locations of

environment that caused place fields to be out of registe
ative to their standard configuration also resulted in a dec
in rats’ performance on a continuous alternation task[10]. In
contrast, other manipulations that cause a robust reorgani
of place fields do not always affect rats’ performance of H
dependent spatial tasks[2,8]. These data suggest that, at best
relationship between the locations of place fields (and cha
therein) and the performance of spatial tasks is not consi
This notion is at odds with the overwhelming evidence that H
cells are important for accurate performance of spatial lea
tasks[22].

This study addressed the extent to which aspects of
fields other than their locations (i.e., specificity or reliability
place fields) may relate more directly to the subject’s pe
mance of HPC-dependent spatial tasks, since they may be
indicative of the overall visuo-spatial acuity of the HPC re
sentation. HPC place cells were recorded while rats perfo
a spatial working memory task, and then changes in task p
mance were compared with changes in place field characte
in response to a visuo-spatial change in the testing env
ment. Portions of these results have appeared in preliminary
lace fields and changes in performance of spatial tasks. For
nstance, it has been shown that manipulations of the visual

∗

[25].
HPC single units were recorded from 13 adult (4–6 months

old) male Long-Evans rats. Rats were housed individually and
allowed 3–5 days to acclimate to the colony room prior to being
reduced to 85% of ad lib feeding weights. All rats had unlim-
i care
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ted access to water throughout the experiment. All animal
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and use was conducted according to University of Washington’s
Institutional Animal Care and Use Committee guidelines.

Rats were habituated to the testing environment and then
trained to perform a win-shift spatial working memory task on
an eight-arm radial maze using procedures reported previously
[2,16,24]. Briefly, the end of each arm was baited prior to the start
of each trial with three drops of chocolate milk. Each trial started
with a study phase in which four of the eight arms were indi-
vidually and sequentially presented to the rat in a predetermined
random order. Immediately after presentation of the fourth arm,
the test phase began by making all arms accessible. The trial
ended once all eight arms were visited; entries into previously
visited arms were classified as errors. In order to promote the
use of a spatial navigation strategy, several distinct and promi-
nent cues were attached to the black curtains that surrounded the
maze. Once rats performed 15 trials (inter-trial interval = 2 min)
in approximately 1 h for 7 consecutive days, recording electrodes
were surgically implanted into dorsal HPC. After rats recovered
from surgery (approximately 1 week), they were re-trained on
the task.

Details concerning the construction of recording stereotrodes
and microdrives and surgical procedures can be found in previ-
ous reports[15,16]. Briefly, stereotrodes were constructed by
twisting together two laquer-coated tungsten wires (California
Fine Wire) were and passed through a 30 ga stainless steel guide
cannula. Three stereotrodes were then secured to each micro-
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fied (3000–10,000 times), filtered between 600 Hz and 6 kHz,
and passed through a window discriminator that triggered a
1 ms sampling period when an impulse from either channel
passed a user-defined threshold. The Datawave and Neural-
ynx acquisition systems sampled the neural data at a frequency
of 32 kHz.

Single units were isolated from the multiunit records using
cluster-cutting routines. The Datawave Discovery software
package contained a cluster-cutting routine, whereas spike data
acquired via the Neuralynx acquisition system were separated
using a custom version of MClust (A.D. Redish). Each soft-
ware program calculated multiple waveform parameters includ-
ing peak to valley amplitudes and spike widths (time between
the peak and valley of the action potential) for each sample
from all stereotrodes. In addition, a template-matching algo-
rithm (written by C. Higginson) was used offline to facilitate
separation of unique spike waveforms. We only included cells
with a signal-to-noise ration of at least 3:1 and exhibited stable
clusters throughout the recording session.

Each recording session consisted of two blocks of five trials
each. During the first block of trials, rats performed the spatial
working memory task with the extra-maze cues in their normal
configuration (baseline trials). Following completion of the fifth
trial, rats performed a second block of five trials with the maze
room lights extinguished (dark trials), thereby eliminating all
visuo-spatial context information. For comparison, control ses-
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rive (one per hemisphere) with epoxy. Rats were anesthe
ith sodium pentobarbital (Nembutal; 40 mg/kg I.P., follow
y 0.05 ml supplemental doses as needed) and given atr
ulfate (5.0 mg/kg I.P.) to alleviate respiratory distress.
tereotrode microdrives and reference and ground elect
ere implanted according to previous procedures[2,16]. The
tereotrodes were stereotaxically implanted above dorsal
ccording to the following coordinates[32]: +2.5 to +4.5 mm
osterior to bregma,±2.0–2.5 mm lateral, and 1.7 mm vent

o the brain surface. Reference electrodes were and the g
crew was implanted into the skull. Rats were then given 1 w
f free feeding to fully recover from surgery before being pla
ack on food restriction to begin experimental procedures

Once rats recovered from surgery, they resumed pe
ance of the spatial working memory task. Prior to each

ion, rats were connected to the recording equipment
re-amplification headstage containing 16 field effect tra

ors and a pair of infrared diode arrays used to track the
al’s position and directional heading. All stereotrodes w

hecked daily for spontaneous neural activity. If no clear ne
ctivity was encountered stereotrodes were lowered in ap

mately 25�m increments (up to 175�m per day) until clea
solatable units were observed. The animal’s position and
rophysiological data were recorded on either the Dataw
iscovery or Neuralynx Cheetah data acquisition system
oth cases, the locations of animals’ position were monit
y an infrared video camera mounted to the ceiling ab

he maze and recorded via automatic tracking systems (
ion data was sampled at 20 and 30 Hz, respectively). S
nit activity was recorded simultaneously and independe
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ions in which the lights remained on throughout the two blo
f trials were also included. Rats remained on the maze
onnected to the tether throughout the duration of the reco
ession.

HPC neurons can be readily classified as either complex
CS) cells (pyramidal cells) or interneurons based on their un
pike characteristics. CS cells have broader spikes (>3�s
rom peak to valley) and typically exhibit lower firing rates th
nterneurons. In addition, CS cells fire in burst patterns of t
o four action potentials. In order for a cell to be classified
lace cell, it had to first be classified as a CS cell as desc
bove. Second, the cell had to have a specificity score g

han 3.0 and a reliability score greater than 50% (these term
efined below) in at least one of the two blocks of trials. A
nly place cells with firing fields located on the maze arms
pposed to the center of the maze) were included in these
ses. In contrast to CS cells, interneurons have narrower s
<300�s peak to valley) and fire at higher firing rates. H
nterneurons were excluded from all analyses.

The performance of rats was assessed by calculating the
ge number of errors for each block of five trials. The ave
ring rate for all cells was determined for each block of trials
rder to evaluate spatial firing patterns, several different pa
ters were calculated for each cell. The specificity of sp
ring was calculated as the average firing rate on the arm
iated with the highest firing rate divided by the average fi
ate on all other arms for each block of trials. The reliability
patial firing was calculated as the percentage of trials in w
he cell showed its highest firing rate on the arm with the h
st average firing rate for the block of trials. A given place
as not required to have a place field in both blocks of trial
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instances in which a cell lost or gained a place field, the speci-
ficity and reliability measures were still calculated based on the
arm associated with the highest firing rate.

In order to quantify the effects of lighting condition on
rat’s performance and place field properties (place field reli-
ability, specificity, in- and out-of-field firing rates, and size),
difference scores (DS’s) were calculated according to the follow-
ing formulas: DSPerformance= (Xlight − Xdark)/(Xlight + Xdark) and
DSPlace Field= (Xdark− Xlight)/(Xlight + Xdark). These DS’s reflect
the change in each of these measures relative to the first block
of trials and can range from−1 to +1. Negative and positive
values represent decreases and increases, respectively, in each
parameter for the second block of trials. A spatial correlation
score assessed the effects of lighting conditions on the spatial
firing patterns of place cells by calculating a Pearson’s corre-
lation (r) for the firing rates in commonly visited pixels across
the two blocks of trials. We then computed one-way ANOVA’s
(α = 0.05) to determine if lighting condition had effects on DS’s
for each of the above parameters and spatial correlation scores.
In order to examine potential confounding variables that influ-
ence place cell firing properties, such as running speed[3], we
calculated the mean amount of time rats spent on each arm in
each block of trials. Changes in time per arm choice were also
computed in terms of DS’s.

Finally, we investigated the relationship between changes in
the rat’s performance of the spatial working memory task and
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overdose of sodium pentobarbital and transcardially perfused
with a 0.9% buffered NaCl solution, followed by 10% forma-
lin. The electrodes were retracted and the brain was removed
and allowed to sink in a 30% formal-sucrose solution. Forty-
micrometer-coronal sections were sliced through dHPC with a
cryostat. The sections were then stained with Cresyl violet, and
the recording locations were histologically verified by compar-
ing electrode depth measurements at the time of recording with
reconstructions of the electrode tracts.

Histological examination of the locations of recording elec-
trodes indicated that electrodes passed through the CA1, hilar
CA3, and dentate gyrus (DG) regions of dorsal HPC. We
recorded a total of 72 place cells (n’s: CA1 = 24, CA3 = 8,
DG = 39, the location of one place cell was not able to be
identified). The relatively small number of CA3 place cells
(control = 4, light–dark = 4), precluded valid statistical compar-
ison between responses of CA1 and CA3 place cells for control
and light–dark manipulations. Additionally, due to the relatively
small sample size (controls: CA1 = 12, DG = 18; light–dark:
CA1 = 12, DG = 21) and the number of statistical tests required
to perform the comparisons (increasing the occurrence of Type
1 errors), we were not able to determine whether there were
differences in how CA1 and DG cells responded in control
and light–dark manipulations. Therefore, all place cells were
grouped together in all analyses.

Consistent with previous reports[18], there was a significant
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hanges in place field properties. For this analysis, the place
pecificity, reliability difference scores and spatial correla
alues were correlated with performance difference score
ach place cell. In cases where more than one place ce
ecorded simultaneously, an average response of the cel
omputed.

Once the electrodes were lowered through the e
orsal–ventral extent of dorsal HPC, the rats were give

able 1
ummary of rats’ performance (top) and place field (bottom) parameters

erformance summary Baseline values DS (raw value)

Control,n = 20 sessions

ean errors/trial 0.51± 0.09 −0.09± 0.15 −0.
ean time/arm choice (s) 12.36± 0.60 0.04± 0.03 0

lace cell summary Baseline values DS (raw value

Control,n = 34 ce

ean firinq rate (Hz) 0.48± 0.04 0.02± 0.04
lace field reliability (%) 63.4± 2.51 0.10± 0.04
lace field specificity 4.75± 0.19 0.04± 0.03

n-field firinq rate (Hz) 7.90± 1.18 −0.01± 0.03
ut-of-field firinq rate (Hz) 0.26± 0.03 0.02± 0.04
lace field size (pixels) 2022.67± 189.07 0.04± 0.05
patial correlation (r)—see note NA 0.49± 0.05

aseline values represent averages of all parameters calculated from t
alues of difference scores (DS’s) are also listed for each parameter. Va
re indicated by bold text.
ote: Spatial correlation scores listed in DS (raw value) columns represe
a Marginally significant one-way ANOVA:F(1,71) = 3.57,p = 0.06.
b Marginally significant one-way ANOVA:F(1,71) = 2.95,p = 0.09.
d

r
s

as

verall main effect of lighting condition on rats’ performan
F[1,45] = 5.90,p < 0.02) in that performance difference sco
ere significantly lower for the dark manipulation when co
ared to controls. That is, rats made significantly more e
fter darkness was imposed than following the control cond
Fig. 1A andTable 1). A more detailed analysis of rats’ beha
or on the maze indicated that, although rats spent signific

ore time per arm choice during dark trials when compare

DS (absolute value)

dark,n = 26 sessions Control,n = 20 sessions Light–dark,n = 26 session

.09 0.50± 0.09 0.58± 0.07

.03 0.08± 0.03 0.12± 0.03

DS (absolute value)

Light–dark,n = 38 cells Control,n = 34 cells Light–dark,n = 38 cells

0.03± 0.05 0.17± 0.02 0.21± 0.03
−0.22 ± 0.05 0.21± 0.03 0.33 ± 0.04
−0.17 ± 0.03 0.14± 0.02 0.19± 0.03
−0.13± 0.05a 0.16± 0.02 0.26 ± 0.03

0.14 ± 0.03 0.15± 0.02 0.18± 0.03
−0.12± 0.06b 0.22± 0.03 0.33 ± 0.04

0.19 ± 0.03 NA NA

st block of trials during control and light–dark recording sessions. Rawand absolut
epresent means± standard errors. The significant differences from controls (p < 0.05)

arson’sr values, not DS’s.
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Fig. 1. Changes in rats’ performance (A), place field reliability (C), and place field specificity (D) are presented as difference scores (DS’s) relative to the first block
of trials. Rat’s spatial working memory was significantly worse in dark testing conditions, as reflected in decreased performance difference scores (A). Similarly,
darkness caused place fields to reorganize location more (B), and become less reliable (C) and less specific (D). Asterisks indicate significant differences from control
manipulations (p’s < 0.01).

baseline (light) trials (t25 =−2.37,p < 0.03), the DS’s for control
and light–dark sessions were not different (t =−0.34, ns), indi-
cating that the change in time per arm choice seen in light–dark
sessions is no greater than that observed for control sessions
(Table 1). This suggests that the decrease in task performance
was not due to a generalized change in behavior during dark
trials.

Next, we evaluated whether darkness significantly affected
the mean firing rate, specificity, reliability, spatial distribution
of firing, in- and out-of-field firing rates, and place field sizes
of place cells. A summary of this analysis can be found in
Table 1and Fig. 1. We found that there were no significant
changes in the mean firing rate of place cells in darkness rel-
ative to controls (raw averages:F[1,71] = 0.02, ns; absolute
values:F[1,71] = 1.0, ns). The spatial distributions of place cell
firing were affected by changes in the visual environment, as
indicated by significantly lower spatial correlation scores (i.e.,
greater spatial reorganization) during dark trials relative to con-
trols (F[1,71] = 27.31,p < 0.001,Fig. 1B). Place field reliabil-
ity was significantly decreased in darkness when compared to
control conditions (F[1,71] = 20.17,p < 0.001,Fig. 1C). Simi-
larly, place field specificity was significantly decreased in dark
testing conditions when compared to controls (F[1,71] = 27.98,
p < 0.001,Fig. 1D). Consistent with a decrease in place field
specificity, there was a marginally significant decrease in the

in-field firing rates (F[1,71] = 3.57,p = 0.06), while out-of-field
firing rates significantly increased in darkness compared to con-
trols (F[1,71] = 6.97,p < 0.02). In addition, darkness was asso-
ciated with a marginally significant decrease in place field size
(F[1,71] = 2.95,p = 0.09). It should be noted that, although the
raw DS values for in-field firing rate and place field size were not
statistically significant, the absolute value of these DS’s were
(in-field firing rate DSabs: F[1,71] = 6.34,p < 0.02; place field
size DSabs: F[1,71] = 4.93,p < 0.04). Although there was some
variability in an individual place cell’s response, this indicates
that in the majority of cases, place fields became less specific in
darkness because the in-field firing rates decreased, out-of-field
firing rates increased, and place fields became smaller.Fig. 2
shows an example of two simultaneously recorded place cells
in light and dark testing conditions. Darkness induced a striking
change in the location of the place field, as well as a reduction
in the reliability and specificity of each cells’ place field. Con-
sistent with previous reports[11,26], this indicates that place
fields can change in multiple ways in darkness. We next evalu-
ated which of these changes is related to the increased errors in
dark testing conditions.

Changes in the firing patterns of place cells were correlated
with changes in rats’ performance of the spatial working mem-
ory task by comparing the animal’s change in performance with
changes in place field specificity, reliability, and degree of reor-
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Fig. 2. Three-dimensional firing rate maps of two simultaneously recorded place cells in light (left column) and dark (right column) testing conditions. The plots
represent the spatial firing patterns of each cell as the rat performed the spatial working memory task. The white outline represents the boundaries ofareas on the
maze the rat visited. The rat made significantly more errors in darkness (performance DS =−0.89). Both cells had highly specific and reliable place fields during
light trials. Dark testing conditions caused each cell to change their spatial firing patterns in multiple ways. Both cells’ place fields reorganized (as indicated by low
spatial correlation scores), and became less specific (specificity DS’s: Cell #1 =−0.18, Cell #2 =−0.22) and less reliable (reliability DS’s: Cell #1 =−0.33, Cell
#2 =−0.20) in darkness.

ganization for each light–dark recording session (n = 26). In
cases where more than one place cell was recorded simulta-
neously, an average of the cells’ response was computed. A
Pearson’s correlation analysis revealed that changes in perfor-
mance were not significantly correlated with the degree of place
field reorganization (r = 0.01, ns,Fig. 3A). Similarly, changes
in performance were not correlated with changes in place field
reliability (r = 0.10, ns,Fig. 3B), in-field firing rate changes
(r =−0.06, ns, data not shown), out-of-field firing rate changes
(r =−0.19, ns, data not shown) or changes in place field size
(r = 0.18, ns, data not shown). In contrast, changes in perfor-
mance were significantly correlated with changes in place field
specificity (r = 0.44,p < 0.03,Fig. 3C).

Although place fields changed in multiple ways when rats
perform a spatial working memory task poorly (e.g., reorga-
nization of place fields and reduced place field specificity and
reliability), we found that not all of these variables predicted the
degree of task impairment. It was found that only the changes
in place field specificity were correlated with changes in task
performance. That is, the less specific place fields became in the
darkness, the worse the rats performed the spatial working mem-
ory task. It appears that the decrease in place field specificity was
due to reduced firing rates within the place fields along with an
increase in out-of-field firing rates. This result is consistent with
the fact that place fields of mice lacking functional CA1 NMDA
receptors are less specific[13], a phenomena which might under-
l r
e urin

the performance of a HPC-dependent task, making it difficult to
define a relationship between the place field properties and learn-
ing deficits. The results of the present study therefore, provide
direct evidence for a relationship between place field specificity
and spatial memory.

Similar to the present findings, Markus et al.[11] showed
that place fields reorganized and became less specific and reli-
able in the darkness. In contrast to our results however, they
found that, on average, rats that had a higher tendency to make
errors (in both light and dark testing conditions) had less reli-
able place fields, while the specificity of their fields did not
correlate with task performance. Important methodological dif-
ferences may account for this discrepancy. First, the reliability
and specificity measures used in the Markus et al.[11] and the
current study were computed differently. Markus et al.[11] cal-
culated place field specificity in terms of information content
[30], which reflects how well an individual cell’s firing predicts
the rat’s location. In addition, Markus et al.[11] assessed place
field reliability by computing average spatial correlation scores
(as used in the current study to assess place field reorganization)
for each pair of trials in light and dark testing conditions. As men-
tioned in the Markus et al.[11] study, both of these measures are
very sensitive to a cell’s firing rate, and can yield highly variable
results when analyzing low rate cells (such as place cells). In the
present study, only cells with place fields on an arm (as opposed
to the center of the maze) were included in the analysis. There-
f sent
s HPC
ie the spatial learning deficits of these mice[33]. In the forme
xperiment, place cells of these mice were not recorded d
 g

ore, the reliability and specificity measures used in the pre
tudy were sufficiently powerful to assess these aspects of
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Fig. 3. Changes in task performance were assessed for correlations with chang
in place field characteristics (r values indicate Pearson’s correlation coefficient).
Each light–dark recording session with at least one place cell represents one da
point (n = 26). In cases where more than one place cell was recorded simulta
neously, an average response of the place cells was computed. This analys
indicated that the dark-induced changes in task performance are correlated wi
changes in place field specificity (C), but not changes in place field reliability
(B) or the degree of spatial reorganization (A).

place fields, while avoiding the variability due to low firing
rats.

A second methodological difference between the current and
Markus et al.[11] studies is the task rats were performing.
Markus et al.[11] used a ‘forced-choice’ eight-arm radial maze
task which does not require spatial or working memory, and doe
not depend on an intact HPC. Accordingly, Zinyuk et al.[35]
have shown that the extent to which the task is HPC-dependen

can dramatically affect how place cells respond to environmen-
tal manipulations. Therefore, the increased memory demands
of the spatial working memory task could also account for the
different results of the current study.

Another explanation for the different findings between the
Markus et al.[11] study and this one could be differential inclu-
sion criterion for the analyses. Markus et al.[11] only included
cells that had place fields in both the light and dark testing con-
ditions. Such a selection method could have biased their sample
towards place fields that were more stable and more strongly
driven by a pattern completion process in the absence of com-
plete visual information[12,14]. The analyses in the current
study included all cells that had place fields in one or both
of the two blocks of trials, and therefore, included cells that
maintained, lost, and gained place fields in darkness. The cur-
rent study included cells that exhibited all types of changes in
order to more accurately describe the alterations in the popu-
lation representation of the spatial context sent to HPC effer-
ent structures, such as the prefrontal cortex[7,31]. This was
an important consideration, since accurate performance of the
task used in this study is thought to depend on HPC-prefrontal
circuitry [4]. Degraded spatial context information sent from
HPC would impair the working memory functions of prefrontal
cortex, thereby impairing performance of the spatial working
memory task.

It should be noted here that it has been demonstrated that the
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patial organization of place fields can be important for a
ate performance of some spatial tasks[6,9,10,23]. However
erformance of the tasks used in these studies depended
rganization of the available spatial cues in the environm
hat is, rats could use the configuration of the spatial cu
rder to navigate to a single goal location. When the cues
otated[6,9,10]or unavailable[23], the rat’s behavior and sp
ial organization of its place fields were bound to the rot
ues[6,9,10]or the rat’s previously established internal rep
entation of the goal location[23]. Therefore, there appear
e certain conditions in which the spatial organization of p
elds is very important for performance of spatial tasks. S
he organization of the spatial cues did not predict the loca
f a goal in the current study (i.e., rats were required to vis
ight arms regardless of the status of the available spatial

he place field reorganization we observed in darkness c
ave been the result of place fields realigning to the rema

nformation rats had available to them during dark trials (
ocal maze or self-motion cues).

Although we found that overall, rats’ spatial worki
emory was impaired in dark testing conditions, there w

ecording sessions during which their performance did
hange in darkness, despite the fact that highly specific
elds reorganized (seeFig. 3C). Our results are consistent w
revious explanations of darkness-induced effects on
eld properties[17]: place fields that persist in dark test
onditions may reflect memories about familiar feature
he spatial context. Therefore, the highly specific place
ecorded in sessions in which rats performed well may
een strongly driven by mnemonic inputs about the rememb
patial context, thereby enabling the rat to guide its beh
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appropriately in darkness. Alternatively, these cells may have
relied on self-motion[27] or local environmental[28,29] cues
that may have been present in darkness. Since rats were per-
forming a well-learned task, the population of active place cells
may have been able to reorganize their spatial firing patterns
to align to the information available to the rat in the darkness.
This could have led to an overall spatially different, yet still
highly specific representation of the spatial context that the rat
could use to maintain proper HPC activity and flexible spatial
working memory. Recording sessions in which rats performed
poorly in darkness could have been associated with place cells
that were not able to integrate non-visual information to develop
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