
R

T
r
f

J
a

b

c

d

h

•
•
•
•

a

A
R
R
A
A

K
P
R
N
L
R

1

d

S
f

h
0

Behavioural Brain Research 292 (2015) 1–9

Contents lists available at ScienceDirect

Behavioural  Brain  Research

jou rn al hom epage: www.elsev ier .com/ locate /bbr

esearch  report

he  role  of  rat  posterior  parietal  cortex  in  coordinating  spatial
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Posterior  parietal  cortex  (PPC)  lesioned  rats were  tested  in  Carousel  maze.
PPC  rats  were  impaired  in  flexible  use  of  extramaze  cues.
PPC  rats  were  impaired  in  proximal,  but  not  distal,  cues  navigation  in  water  maze.
PPC  lesion  impairs  flexible  use  of  behavioral  strategies  under  high  cognitive  load.
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a  b  s  t  r  a  c  t

On  the Carousel  maze,  rats  are  trained  to avoid  a sector  of a circular  rotating  arena,  punishable  by  a  mild
electric  foot-shock.  In  the  room  frame  (RF) variant,  the  punishable  sector  remains  stable  relative  to  the
room,  while  in the  arena  frame  (AF)  version,  the  sector  rotates  with  the arena.  The  rats  therefore  need  to
disregard  local  olfactory,  tactile  and  self-motion  cues  in  RF condition  and  distal  extra-maze  landmarks  in
the AF task.  In  both  primates  and  rodents,  the  coordination  of  various  spatial  reference  frames  is thought
to  depend  on  the  posterior  parietal  cortex  (PPC).  We  have  previously  shown  that  PPC-lesioned  rats  can
solve both  variants  of the Carousel  avoidance  task. Here  we  aimed  to determine  the  effects  of  bilateral
thermocoagulation  lesion  of the  PPC in Long–Evans  rats  on  the ability  to  transition  between  multiple
spatial  strategies.  The  rats  were  first trained  in  five  sessions  in  one  condition  and  then  another  five
sessions  in  the  other.  The  following  training  schemes  were  used:  RF  to AF,  RF  to  RF reversal  (sector  on  the
opposite  side),  and  AF to RF.  We  found  a  PPC  lesion-associated  impairment  in the  transition  from  the  AF  to

RF task,  but  not  vice  versa.  Furthermore,  PPC lesion  impaired  performance  in  RF  reversal.  In accordance  to
the  literature,  we also  found  an  impairment  in  navigation  guided  by  intra-maze  visuospatial  cues,  but  not
by extra-maze  cues  in  the  water  maze.  Therefore,  the PPC  lesion-induced  impairment  is  neither  specific
to  distant  cues  nor  to allocentric  processing.  Our  results  thus  indicate  a role of  the  PPC  in the  flexibility
in  spatial  behaviors  guided  by visual  orientation  cues.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction
Locations in an environment can be encoded with respect to
ifferent frames of reference. Usually, we consider two principal

∗ Corresponding author at: Institute of Physiology of the Czech Academy of
ciences, Videnska 1083, 14220 Prague 4, Czech Republic. Tel.: +420 24106 2713;
ax: +420 24106 2488.

E-mail address: svobodaj@biomed.cas.cz (J. Svoboda).
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referencing systems: egocentric (body-centered), further spec-
ified as retino-, head-, or trunk-centric; and allocentric (body
independent) which can be arbitrarily centered on any point within
the environment. Behavioral activities, such as spatial navigation,
reaching and grasping require translation of information coded in
distinct spatial frames into purposeful thinking and behavior. In

primates, it is believed that the principal brain structure providing
these computations is the posterior parietal cortex – PPC [1].

Rodent associative cortex located between occipital and
somatosensory cortices considered an analog of the primate PPC

dx.doi.org/10.1016/j.bbr.2015.05.008
http://www.sciencedirect.com/science/journal/01664328
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Table 1
Group averages (±S.E.M.) of maximum inter-entrance interval (MaxT) and the latency to the first entrance (Lat1E) for the first and last session in a particular phase of a given
experiment.

MaxT (s) Lat1E (s)

Sham-operated Lesioned Sham-operated Lesioned

Exp. 1
RF avoidance (session 1–5) 382.5 ± 52.2–654.3  ± 61.6 300.4 ± 78.0–587.5  ± 83.5 37.9 ± 11.5–293.9 ± 105.6 4.86 ± 2.02–109.1 ± 30.7
AF  avoidance (session 6–10) 235 ± 49.9–531.2 ± 54.5 425.7 ± 100.3–548.7  ± 59.4 44.9 ± 9.1–162.6 ± 59.3 150.5 ± 120.4–159.9 ± 82.7

Exp.  2
RF avoidance (session 1–5) 362.9 ± 64.7–952.1  ± 67.3 229.6 ± 41.1–617.0  ± 101.4* 13.7 ± 6.6–625.5 ± 158.7 18.2 ± 11.1–414.4 ± 129.1
RF  reversal (session 6–10) 504.0 ± 73.9–767.0  ± 113.6 226.4 ± 57.2–661.4  ± 124.6* 5.0 ± 1.8–299.3 ± 160.5 8.3 ± 4.7–269.9 ± 148.9

Exp.  3
AF avoidance (session 1–5) 495.7 ± 78.2–618.6  ± 58.3 495.7 ± 78.2–618.6  ± 58.3 16.5 ± 4.9–312.1 ± 68.2 11.6 ± 5.6–625.0 ± 192.0
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RF  avoidance (session 6–10) 307.6 ± 69.3–589.1  ± 64.2 183.4 ± 21

* Significant (p < 0.05) group effect.

2,3] covers a substantially smaller surface of the telencephalon. It
as been shown to play an important role in spatial representations,
hich is, however, not yet fully understood [2,4–7].

The first attempts to explain parietal function in terms of
llocentric processing [8,9] need to be revised since both abla-
ion experiments and electrophysiological recordings showed that
he PPC is involved in both egocentric [10–12] and allocentric
rocessing [2,13–15]. Moreover, lesions of the PPC do not prevent
he use of egocentric [16] or allocentric information [15] per se.
urrent theories of rodent PPC function focus on integration of dif-

erent reference frames into goal-directed behavior [7,12,14]. One
f the explanations is based on a hypothesis that the PPC encodes
nformation in both frames and deficits manifest as the load for the
ranslator increases [6,15].

Active place avoidance on a Carousel requires the rats to avoid an
nmarked place on a continuously rotating (1 rpm) circular arena
17–19] and allows assessment of the ability to segregate and coor-
inate spatial information bound to a particular reference frame.
he rotation dissociates spatial cues in the environment into two
ndependent reference frames of the rotating arena and stationary
oom. The to-be-avoided place can be defined in either the arena-
r room-frame. Thus, in principle, we can use two variants of this
ask: a room-based task in light with emphasis on visual cues and
rena-based task in darkness where navigation is guided by, largely
elf-generated, local cues on the arena floor. Notably, both tasks
equire segregation of stimuli room- and arena-cues into coherent
ubsets [20].

Our previous work found no effect of PPC lesions on navigation
n either the arena- or room-frame [21]. However, the ability to
elect the relevant frame for navigation and switch to the other
rame was not systematically analyzed in that study. Rodent PPC
as been implicated in attention processes [22] and cognitive flex-

bility, particularly in extra-dimensional shift [23]. Our pilot data
uggested that PPC lesions might affect the way rats use a rele-
ant frame in the presence of cues from both frames. Therefore, we
imed to determine how PPC lesions affect segregation and flexibil-
ty in the use of the frame relevant for navigation. We  hypothesized
hat PPC is involved in flexible switching from one frame of refer-
nce to the other and that deficit induced by PPC lesions will be
ost prominent during the first session after the switch and inde-

endent of its direction, i.e. from arena to room frame avoidance or
ice versa (Table 1).

. Materials and methods
.1. Animals

Forty-eight male adult Long–Evans rats from the breeding
olony of the Institute of Physiology were used in the study. They
9.3  ± 46.5* 32.3 ± 6.7–32.0  ± 12.8 45.0 ± 13.2–55.9 ± 19.7

were three months old upon arrival and weighed 250–320 g. They
were housed in groups of two or three per cage in a temperature-
controlled animal room (21 ◦C) with a 12/12 h light/dark cycle
(lights on at 7:00). Food and water were freely available until three
days prior to behavioral training when the rats were food-restricted
to maintain their weight at 90% of their free-feeding weight. All the
experimental procedures were carried out during the light period
of the day with the emphasis to test each animal in the same time
period. The testing order of the animals was  kept constant through-
out the training and remained counterbalanced across groups. All
the manipulations complied with the Czech Animal Protection Act,
directive of the European Community Council (2010/63/EC), and
NIH guidelines.

2.2. Surgery

Rats were randomly assigned to sham-operated (controls,
n = 24) or posterior parietal cortex lesion (parietal, n = 24) groups.
They were anesthetized with ketamine (50 mg/kg, i.p.) and xylazine
(40 mg/kg, i.p.) and gently fixed in a stereotaxic frame (TSE sys-
tems). The head was  shaved and the scalp was  incised and retracted.
The skull was cleared and two  trephine openings were drilled into
the skull to expose the brain at the following coordinates relative
to the bregma: AP −2 to −6 mm,  ML  ±1.5 to ±5.5 mm.  Bilateral
thermocoagulation lesions of PPC were induced by applying the
tip (diameter = 0.5 mm)  of a calibrated soldering iron (tempera-
ture 180 ◦C) directly to the dura mater for 0.5 s at various points
within the exposed area until the entire surface was lesioned.
Sham-operated rats underwent the same procedure except for
applying the soldering tip to the dura. Thermocoagulation lesions
have been shown to be effective and safe for the animals [15,21].
Sterile gelfoam was then placed in the openings and the wound was
sutured, followed by a local application of lidocaine and antiseptic.
The rats were left to recover for at least 14 days. One sham-operated
animal died during recovery period. A day before the start of the
behavioral pretraining, awake animals were gently implanted with
a hypodermic needle connector, which pierced the skin between
rat’s shoulders. The tip was  blunted and swirled to prevent slip-
ping out and to provide a purchase for an alligator clip connecting
a shock-delivering wire.

2.3. Behavioral apparatuses

2.3.1. Carousel
The Carousel [17,19,21,24] consists of a smooth metallic circular
arena (82 cm in diameter) enclosed by a 30 cm high transpar-
ent Plexiglas wall. The arena is elevated 1 m above the floor of
a 2 m × 3 m dimly illuminated room containing an abundance of
extra-maze cues. An infrared light-emitting diode (LED) located
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Fig. 1. Scheme of experiments in the Carousel apparatus. In Exp. 1 (top panel), rats
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n the arena circumference was used to monitor arena rotation
nd another LED was worn by the rat between its shoulders. At
he beginning of each experimental session, a rat was placed onto
he slowly rotating arena directly opposite to the to-be-avoided
lace and tracking was switched on. A computer-based tracking
ystem (Tracker; Biosignal Group, USA) located in an adjacent room
ecorded the position of both the rat and the arena every 40 ms.
he time series of position coordinates were stored for off-line
nalysis (TrackAnalysis; Biosignal Group, USA). A cable delivering
ootshocks was  connected to the needle implanted on the animal’s
ack via a small alligator clip. Animals had to avoid an unmarked
0-deg sector of the arena. The sector was defined in either the
oom-frame (RF variant) or in the arena-frame, i.e. rotated with the
rena (AF variant). Whenever the rat entered the sector for more
han 500 ms,  the tracking system delivered a mild shock (50 Hz,
.5 s, 0.3–0.7 mA)  and counted an entrance. The shock intensity was
et individually for each for each rat to elicit a rapid escape response
ut to prevent freezing. In most cases, animals responded appropri-
tely to 0.4 mA.  If the rat did not leave the sector, additional shocks
ere given every 1200 ms,  but no more entrances were counted
ntil the rat left the sector for more than 300 ms.  Shocks were deliv-
red in a current-controlled circuit via the implanted needle and
he arena floor (the highest voltage drop was between rats’ paws
nd grounded floor). To ensure sufficient locomotor activity, which
s a prerequisite for meaningful evaluation of arena-frame avoid-
nce, animals were trained to forage for barley grains randomly
ispersed from an overhead feeder (approximately one grain per
0 s). The arena floor was cleaned with wet towel between rats,
nsuring the rats could not use inter-trial scent marks.

.3.2. Morris water maze (MWM)
A blue painted water tank (d = 193 cm)  situated in 4 m × 5 m

oom with abundance of salient extramaze cues was  filled up to
0 cm from the edge with water (22 ◦C) made opaque by non-
oxic paint (Primalex, PPG Deco). The top of a cylindrical platform
d = 10 cm), made of transparent Plexiglas, remained submerged
–2 cm below the water surface. Illumination was provided by a
0 W compact fluorescent light bulb located on the ceiling above
he center of the pool, just next to an analog B/W camera. The video
ignal was passed to a tracking program (Tracker, Biosignal Group,
SA), which sampled the position of the rat at 25 Hz. In the proximal
ues version, the pool was surrounded by a black curtain hiding the
xtramaze cues in the room and three objects provided intramaze
ues: a vertical metal rod (2 cm in diameter, 50 cm long), fixed float-
ng plastic duck (10 cm × 6 cm × 8 cm), and another vertical metal
od (3 cm in diameter, 50 cm long) with a white polystyrene ball
8 cm in diameter) on the top. Both rods were coated with vaseline
o prevent rats from hanging on them.

.4. Behavioral procedures

.4.1. Behavioral pretraining
All rats underwent two days of habituation to the apparatus

rior to Carousel testing. Each rat collected randomly scattered bar-
ey pellets on a stable arena for 20 min, with no foot shocks. To

otivate rats to move in arena-frame training and to prevent bias
hile switching from room-frame to arena-frame, we used forag-

ng motivation, throughout all subsequent training although the
oom-frame task itself does not require such a motivation.

.4.2. Place avoidance training
In the first experiment (Fig. 1, Exp. 1), eight parietal rats and
ight sham controls were trained in five sessions to avoid a place
efined in the reference frame of the room (RF) while arena slowly
otated. During session six to ten, the sector was defined in the
F and rotated with the arena, therefore rats had to change their
switched from the RF to AF, in the Exp. 2 (middle panel), rats switched from RF-
sector in North to RF sector in South. In the Exp. 3 rats switched from the AF to
RF-based avoidance.

avoidance behavior accordingly and switch to using proximal ori-
enting cues. In this case, both phases were reinforced. In the
second experiment, eight lesion and eight sham operated animals
were first trained in room-frame avoidance in five sessions (sector
located in the North; Fig. 1, Exp. 2). During sessions six to ten the
sector was moved to the South and remained in room coordinates.
In the third experiment, 8 lesioned and 8 sham-operated controls
were first trained to avoid a sector rotating with the arena using
intramaze cues (AF) and subsequently to switch to room-frame (RF)
avoidance using extramaze cues (Fig. 1, Exp. 3). Each place avoid-
ance lasted 20 min  and each rat was  trained in a single session a
day.

2.4.3. Distal cues testing in the MWM
Eight lesion rats and eight sham-operated rats randomly cho-

sen after completion of the place avoidance training (4 lesion and
4 sham rats from RF–AF experiment; 4 lesion and 4 sham rats
from RF–AF experiment) were then trained during six sessions in
the distal-cue version of the water maze. Rats received two four-
trial sessions per day. Within a session, rats were consecutively
released from four starting points (which changed in a pseudoran-
dom order), arbitrarily assigned to the four cardinal directions (N,
S, W,  E), while the location of the submerged platform remained in
the center of NE quadrant. If a rat did not find the platform within
60 s (maximum trial time), it was gently guided to it and left there
for 15 s. Rats were always transferred to a drying cage outside the
pool for at least 30 s before the next trial.
2.4.4. Proximal cues testing in the MWM
Different groups of randomly chosen lesion (n = 8) and sham-

operated (n = 8) rats, which completed the place avoidance training
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Fig. 2. Extent of PPC lesion. Depiction of a representative lesion (A). Reconstruction
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f the extent of minimal (black) and maximal (gray) lesions on the coronal sections
f  the brain adopted from Paxinos and Watson [38] (B). Top view of brain scheme
llustrating variability of the lesions (C).

4 lesion and 4 sham rats from RF–AF experiment; 4 lesion and 4
ham rats from AF–RF experiment) were trained in eight sessions
n the proximal cues version of the Morris water maze. The training
rocedure was the same as previously described except that a black
urtain surrounded the pool so that the position information could
nly be derived from the three objects placed inside the pool. Their
onstellation and their relation to the submerged platform were
dentical to that in the study of Poucet and Save [15]. Once a session
ad finished, the reference frame consisting of the three objects
otated randomly (and accordingly did the platform) to eliminate
ias from background cues.

.5. Lesion verification

After finishing behavioral testing, lesion animals were over-
osed with ketamine and then transcardially perfused by saline
nd subsequently with 4%-formaldehyde solution. The brains were
rozen and coronally sectioned into 50-�m sections, stained with
resylviolet and the extent of PPC lesion was verified (Fig. 2).

.6. Data analysis

Place avoidance was evaluated using the number of entrances
Ent) into the to-be-avoided sector as the principal parameter
eflecting avoidance efficiency. Other parameters included maxi-
um  inter-entrance interval (MaxT), and the latency to the first

ntrance (Lat1E) in a given session. The former reflects within-
ession learning, whereas the latter is an index of between-session
ong-term memory. Active locomotor activity was  assessed as the

otal distance (DIST) traveled during a session and measured as
he sum of distances between points sampled each second in the
rena-frame coordinates. In the MWM,  we evaluated latencies
o escape on the platform. Results were analyzed separately for
in Research 292 (2015) 1–9

each task variant using a two-way ANOVA (LESION vs. SESSION)
with repeated measures on sessions and a Tukey’s HSD post hoc
test when appropriate. If the data were not normally distributed
(assessed by Shapiro–Wilk test) or did not meet the assumption
of homogeneity of variance (Bartlett’s test), logarithmic transfor-
mations were conducted. Significance was  accepted at p < 0.05. All
data are presented as box plots. Calculations were performed using
Statistica 7.1 (Statsoft, Inc.).

3. Results

3.1. Experiment 1: room-frame to arena-frame switch (RF → AF)

Rats readily acquired the room-defined place avoidance (Fig. 3A ,
Table 1). The ANOVA revealed a highly significant effect of ses-
sions on all parameters of avoidance (Ent: F(4,56) = 22.51; MaxT:
F(4,56) = 9.26; Lat1E: F(4,56) = 11.98; all p’s < 0.001). In contrast, the
effect of lesion did not reach statistical significance on any of
the place avoidance parameters (Ent: F(1,14) = 2.75, p = 0.12; MaxT:
F(1,14) = 3.78, p = 0.072; Lat1E: F(1,14) = 3.45, p = 0.084) and no signifi-
cant interaction was  found either. Similarly, the locomotor activity
changed across days (F(4,56) = 8.82, p < 0.001), but no effect of lesion
(F(1,14) = 0.12, p = 0.74) or significant SESSION vs. LESION interaction
(F(4,56) = 2.45, p = 0.056) was found.

Next, we evaluated the ability to switch to AF-based avoidance.
The ANOVA found a significant effect of session (Ent: F(4,56) = 8.82,
p < 0.001), but no effect of lesion (F(1,14) = 1.23, p = 0.29) indicat-
ing that all rats improved their avoidance over time. The graph
indicates that lesioned rats avoided slightly better than controls,
which might be due to one sham-operated animal perseverat-
ing tenaciously in room-frame avoidance. No effect of lesion was
observed on the other measures of avoidance (MaxT: F(1,14) = 1.63,
p = 0.22; Lat1E: F(1,14) = 0.57, p = 0.46). Analysis of locomotion found
no effects of session (F(4,56) = 1.69, p = 0.16), lesion (F(1,14) = 0.1,
p = 0.76), or interaction (F(4,56) = 1.73, p = 0.16). These results clearly
show that PPC lesions did not prevent switching from efficient RF
to AF place avoidance.

3.2. Experiment 2: room-frame learning and reversal (RF spatial
reversal)

Different group of lesioned and sham rats underwent training
that involved an “intraframe” reversal. After five sessions of training
to avoid a place located in the North in the RF coordinates the to-
be-avoided place was  relocated to the South, still in the RF (Fig. 3B,
Table 1)). One sham-operated animal died at the beginning of the
training.

Similarly to the Experiment 1, both groups readily acquired the
place avoidance (Ent: F(4,52) = 46.9, p < 0.0001) while the PPC lesions
did not significantly affect the performance (Ent: F(1,13) = 2.31,
p = 0.15; interaction NS). The same pattern was  observed on
the time to the first entrance (Lat1E: SESSIONS: F(4,52) = 21.67,
p < 0.0001; LESION: F(1,13) = 2.25, p = 0.16; interaction NS), but the
lesioned animals did not maintain their avoidance within session
as long as controls (MaxT: F(1,13) = 4.7, p < 0.049). Importantly, the
lesion did not affect locomotion, which, however, varied across
sessions (F(4,52) = 6.9, p < 0.001).

All rats improved their avoidance in response to “intraframe”
reversal to a novel position (Ent: F(4,52) = 14.1, p < 0.001; Lat1E:
F(4,52) = 6.93, p = 0.0001) with no significant effect of lesion (Ent:

F(1,13) = 3.55, p = 0.08; Lat1E: F(1,13) = 3.55, p = 0.5; both interactions
NS). Significant improvement in MaxT across sessions (F(4,52) = 7.85,
p < 0.001) was  accompanied with moderate deficit in lesioned
group (F(1,13) = 5.94, p = 0.03) with no interaction (F(4,52) = 1.62,
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Fig. 3. Performance on the Carousel demonstrated by number of entrances into the
punishment sector and by total path elapsed during a session. In the first experiment
(A)  rats were trained in five daily sessions to avoid a sector defined in the room
frame, followed by five sessions of training to avoid arena frame bound sector. In
the  second experiment (B) the sector was defined in the room frame throughout
training but it was moved to the opposite side beginning in session 6. In the third
experiment (C), rats were first trained under room frame conditions and then they
switched to arena frame conditions. Data represented as box plots. Group effect
shown if reached significance.
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p = 0.18). Locomotion fluctuated during training (F(4,52) = 4.25,
p < 0.005), independent of lesion (F(1,13) = 0.037, p = 0.85).

To investigate the observed deficit in more detail, we evaluated
the temporal distribution of the entrance events. For this purpose,
we split each session into halves and analyzed the halves sepa-
rately across all sessions (Fig. 4A). We  found that the early session
performance was impaired in lesioned animals throughout the
training (Ent: F(1,13) = 4.81, p = 0.047). In contrast, late session per-
formance was affected by the lesion only in the first two  sessions
after the switch as indicated by Tukey’s post hoc tests that fol-
lowed a significant SESSION vs. LESION interaction (F(4,52) = 3.06,
p = 0.024).

3.3. Experiment 3: arena-frame to room-frame switch (AF → RF)

In Experiment 3, we trained a new set of lesioned and sham
rats to avoid a place in the AF in 5 sessions and then to switch
to RF-based avoidance in 5 more sessions (Fig. 3C, Table 1)). All
rats improved their initial AF-based avoidance (Ent: F(4,56) = 11.65,
p < 0.0001), Lat1E: (F(4,56) = 18.97, p < 0.0001) although the effect
on MaxT did not reach significance (F(4,56) = 2.39, p = 0.062). No
effect of group was observed on any of the parameters. Locomo-
tion increased over time (F(4,56) = 7.89, p < 0.0001) with no effect of
lesion (F(1,13) = 2.37, p = 0.15).

The switch to RF-based avoidance revealed a deficit in the
lesioned rats (Ent: F(1,14) = 8.45, p = 0.012; MaxT: F(1,14) = 8.7,
p = 0.01), although both lesioned and sham rats improved
their avoidance over time (Ent: F(4,56) = 23.66, p < 0.0001; MaxT:
F(4,56) = 12.6, p < 0.0001) and no interactions were found (Ent:
F(4,56) = 0.77, p = 0.55; MaxT: F(4,56) = 0.22, p = 0.92). Locomotion
varied across sessions (F(4,56) = 4.09, p < 0.006), but there was no
effect of lesion (F(1,13) = 0.64, p = 0.44) nor interaction (F(4,56) = 0.58,
p = 0.68). Detailed analysis of temporal distribution of entrance
events (Fig. 4B), again, revealed a lesion-induced deficit early
in the sessions (F(1,14) = 5.77, p = 0.03), but here, the deficit
extended also into the second halves of sessions (F(1,14) = 8.37,
p = 0.012).

We  further sought to determine whether PPC lesions affected
spatial perseveration by measuring the extinction of previously
acquired spatial response in session 6. We  examined how many
times animals entered the no longer reinforced place. To eval-
uate the temporal dynamics of the extinction in more detail,
we split the switch session into halves (Fig. 5). During RF to
AF avoidance switch, both lesioned and sham animals entered
the old place in the room-frame less frequently during the
first than during the second half of the session (F(1,14) = 9.36,
p = 0.009), but the lesioned rats entered the place more often
(F(1,14) = 6.48, p < 0.023). During the “intraframe” switch (RF rever-
sal), all rats committed more entrances during the second half
of the session (F(1,13) = 13.85, p = 0.003), but the lesion had no
effect. Similarly, when rats switched from AF to RF, more entrances
occurred late in the session (F(1,14) = 6.13, p = 0.027) with no
significant effect of lesion. Fig. 5 clearly illustrates the low
number of entrances throughout the session compared to Exper-
iments 1 and 2, indicating rats’ inability to quickly abandon AF
navigation.

The above data demonstrate that PPC lesion impaired the ability
to switch from AF to RF place avoidance, i.e. from utilizing proximal
to using distal spatial cues. This is in contrast to findings in the
MWM  by Save and Poucet [15]. However, in that study, rats were
required to use purely visual cues to navigate to a hidden goal in

a pool. To address the question whether our PPC lesion generally
impaired processing of distal cues or if this deficit depends on the
substrate and cue modality, we  aimed to replicate the work of Save
and Poucet [15].
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.4. Morris water maze

All rats decreased their escape latency over the course of training
F(5,70) = 42.6, p < 0.0001) in the classic incremental version of the
ater maze with distal cues available (distal cues version, Fig. 6A).
lthough the PPC lesion resulted in slightly higher latencies, this
ifference fell short of significance (F(1,14) = 4.39, p = 0.055). In the
roximal version MWM  (proximal cues version, Fig. 6B) where nav-

gation was based on three intramaze objects, the improvement
as a bit slower. This was partly due to apparently different strat-
gy since animals often swam close to a landmark before turning
oward the platform (Fig. 6B). The ANOVA revealed not only signif-
cant effect of session (F(7,98) = 14.2, p < 0.0001), but also an effect
f lesion (F(1,14) = 10.53, p = 0.006). These results fully correspond
t half and the second half of the sixth session of each experiment. Data represented

to those of Save and Poucet [15], demonstrating that a PPC lesion
disrupts navigation based on intramaze, but not extramaze, visual
objects.

4. Discussion

The present study reports three principal findings: first, we
found that posterior parietal cortex (PPC) lesioned rats had
unchanged performance in arena-frame (AF) based navigation on
the Carousel arena, regardless of the order of tasks in the train-

ing phase. Second, we observed a deficit in room-frame (RF) based
navigation in PPC-lesioned animals following a switch from AF-
based avoidance or following a change in the position of the target
sector (RF reversal). Third, we  were able to replicate the results
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f an earlier study by Save and Poucet [15], where PPC-lesioned
ats exhibited a specific spatial cognition impairment in navigation
sing local intra-maze cues in the MWM.

Unlike traditional stationary spatial tasks such as the Morris
ater maze or Barnes maze, spatial information available to the

nimal on the Carousel maze is significantly more complex. The
rena rotation dissociates the spatial environment into two  dis-
inct reference frames: “room frame” consisting of extra-maze
isuospatial cues, and “arena frame” defined primarily by egocen-
ric self-motion cues. It has been demonstrated that successful
F-avoidance on the Carousel relies upon a hippocampus-
ependent ability to segregate relevant spatial cues from irrelevant
nes, and to use the relevant subset of spatial stimuli to con-
truct allocentric spatial representations [25]. However, the exact
eural circuitry underlying AF-based avoidance as well as the
eural mechanisms of selection of and directing one’s attention
o the appropriate task-relevant frame remain nebulous. Several
tudies have shown that lesions of the rat PPC impair egocentric
patial processing [11,26,27]. Originally, these findings led us to
ypothesize that AF-navigation would be dependent upon the PPC
nd that the selection of task-appropriate reference frame might
nvolve ‘competition’ between allocentric spatial representation in
he hippocampus and egocentric in the PPC and subsequent ‘sup-
ression’ of the irrelevant frame. However, our earlier reported
ndings [21] contradicted this thesis, showing that neither allo-
entric (RF-based avoidance in light) nor egocentric (AF-based
voidance in darkness) navigation on Carousel is impaired in
PC-lesioned rats. Furthermore, several studies suggested that a
ritical role of the PPC in both primates and rodents might con-
ist in providing coordination among multiple reference frames
n complex tasks, rather than representing a specific reference
rame per se [1,5]. Hence, in the present study we re-stated our
riginal hypothesis to suggest that the PPC’s role subsists in flex-
ble coordination of allocentric and egocentric reference frames.
ccording to this hypothesis, PPC lesion would leave navigation

n either reference frame unimpaired when learned separately,

ut it would have caused a comparative difficulty when switch-

ng between RF- and AF-based tasks. This presumed impairment
ould likely be attributable to latent learning in the PPC-intact
 proximal (B) versions of the Morris water maze assessed by latency to reach the

group. This group would have been able to switch between both
frames regularly and therefore acquire representations of both
reference frames within the initial training phase, while the PPC-
lesioned rats would have to disregard the task-irrelevant frame
during the initial phase. This difference in learning strategies would
be reflected in a slower acquisition of avoidance behavior in the
frame transition phase. However, this hypothesis does not predict
any significant differences in the RF reversal task, as this task does
not involve transition between allocentric and egocentric reference
frames.

Consistent with this hypothesis, we found no impairment of
PPC-lesioned rats in the AF-based avoidance on Carousel in light
during the initial training phase. Furthermore, PPC-lesioned rats
were impaired in the transition from AF- to RF-based navigation.
However, we  failed to find an impairment following the opposite
transition (RF to AF), and also found that PPC-lesioned rats were
impaired in RF reversal. These findings imply a more specific role
for the PPC in the navigation in the Carousel maze then we had
anticipated. Our results indicate that PPC conveys behavioral flex-
ibility for RF-, but not for AF-based navigation. We  even observed
an insignificant trend for a slight improvement of performance in
the AF-based navigation in PPC-lesioned rats.

Although our data clearly indicate differential effects on behav-
ioral flexibility in RF- and AF-based avoidance on the Carousel,
we need to take some caution before generalizing these findings
as differential roles of the PPC in the flexibility in allocentric and
egocentric navigation. This is due to certain limitations that are
inherently contained in our study design. First, while AF-based
avoidance is primarily egocentric, the animals also have local scent
marks and tactile cues to their disposal. Stuchlik et al. [28] demon-
strated that these cues are used by rats in AF-based place avoidance
to regularly update their egocentric position. As egocentric navi-
gation using self-motion cues accumulates error over time, these
intra-maze cues are necessary to maintain accurate egocentric
position over longer distances [28]. It is possible that animals
use these local cues to construct allocentric representation of the

intra-maze (AF) environment. Second, compared to goal-directed
behavior, spatial avoidance is in principle less demanding in terms
of spatial precision. This is because animals can avoid a larger area
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han the actual footshock-zone on the Carousel, but this is not anal-
gously possible in tasks where localization of a specific goal area
s required. Furthermore, the to-be-avoided area on the Carousel
omprise approximately 17% of arena surface compared to less than
% of the water surface covering platform location in the Morris
ater maze. The role of the PPC in egocentric navigation has been

stablished using tasks requiring accurate egocentric pointing to a
oal [11,29,30]. Therefore, there is a possibility that the differen-
ial effects of PPC lesion on RF to AF and AF to RF transition might
e attributed to a differential level of spatial precision required,
r task difficulty. However, the difficulties of transitions from RF-
o AF-based navigation and vice versa should be more alike than
he difficulties of AF- to RF-transition and RF reversal. Since we
bserved PPC lesion-induced deficits in AF to RF transition and RF
eversal, but not in RF to AF transition, the possibility that the task
omplexity alone drives the differences in the effects of PPC lesions
n the respective strategy shifts seems unlikely. Third, the spatial
ues determining the RF and AF were largely conveyed by different
odalities. While visual cues vastly prevailed in the RF, AF provided

 host of self-motion, olfactory and tactile cues. Hence, it is con-
eivable that the modality of spatial cues involved plays a critical
ole and that the PPC preferentially conveys flexibility in processing
isuospatial information. Although more research is needed to
raw a definitive conclusion, we believe this explanation is plausi-
le as it would account for the discrepancy between our results and
he results of groups who observed PPC-lesion related impairment
n navigation using intra-maze but not extra-maze cues, such as in
ave and Poucet [15]. In this study, authors found that PPC-lesion
ffected navigation using proximal, but not distal visuospatial cues.
e replicated the study and obtained results similar to those of

ave and Poucet, confirming that the discrepancy was  not caused
y other factors, such as differences in genetic background of rats,
nimal care and handling, PPC lesion technique, and diet. Since in
oth our and Save and Poucet’s designs the PPC-lesioned rats are

mpaired in tasks requiring processing of visuospatial cues, it is
ikely that the modality of spatial information is important. PPC
esions may  therefore interfere with processing of visuospatial, but
ot self-motion and olfactory information.

However, it is important to note, that the observed deficit was
ot in the ability to utilize visuospatial cues for navigation, but
ather, to utilize them flexibly. Although we report a significant
eficit in the flexibility in the RF-based avoidance, the initial acqui-
ition of RF-based avoidance remained unaffected. This result is
onsistent with our previous work [21] and might indicate a deficit
n attentional processing. PPC has been implicated in attentional
rocessing in both spatial and non-spatial domains. The effect
f a PPC lesion on reversal in a non-spatial domain was exam-
ned in a study by Fox et al. [23] employing a simple attentional
iscrimination task [31] in which rats learnt to discriminate a
ewarded stimulus from a pair of presented stimuli. In contrast to
ur results, the reversal of the rewarded stimuli remained intact
fter PPC lesion [23]. Thus, it appears that a deficit in reversal
ccurs specifically when the task requires handling allocentric spa-
ial information. Furthermore, Fox et al. [23] found an effect of
PC lesion on set-shifting, i.e. attending to previously disregarded
timuli, which together with reversal form two main classes of
ognitive flexibility [32]. On the Carousel, intramaze and extra-
aze spatial cues must be disregarded in RF-based and AF-based

voidance tasks, respectively. Hence, according to this definition, a
ransition from AF- to RF-based avoidance (or vice versa) is a set-
hifting task. However, our results are not reciprocal, i.e. we  found

 deficit only shifting from AF to RF, but not vice versa. Thus, our

ata cannot be interpreted in terms of deficit of attentional network
nderlying set shifting, which includes the medial prefrontal cor-
ex [32], a structure densely interconnected with the PPC [33]. For
he same reason, the impairment in the ability to transition from
in Research 292 (2015) 1–9

AF- to RF-based navigation strategies as well as the impaired rever-
sal cannot be interpreted as an inability to inhibit a previously
learned strategy.

Our results thus indicate that PPC-lesion renders a specific
inability to flexibly process allocentric visuospatial information.
Since recent anatomical examinations underscored dense inter-
connection of the PPC and the retrosplenial cortex (RSC) [34], we
can speculate that RF based information reaches the PPC from
the RSC [35] which coordinates allocentric RF information in con-
junction with the hippocampus [36,37]. Our replication of the
modified water maze task of Save and Poucet [15] provided fur-
ther validation of our results against the only other known study
evaluating involvement of the PPC in intra-maze and extra-maze
cue processing. For the sake of consistency and comparability
with literary data, we  chose to employ thermocoagulation lesion
technique, although more novel neurotoxic methods are available
which might provide a greater level of anatomic precision. In fact,
the results of Save and Poucet [15] were nearly replicated empha-
sizing the greater effect of PPC lesion upon navigation based on
proximal visual cues than distal ones. Although this result seems
to contradict the outcomes of the Carousel experiments, we  believe
that the discrepancy is due to a difference in patterns of available
cues and different navigational demands. The set of cues defin-
ing the extra-maze environment is highly comparable between the
water maze and the Carousel. However, in the standard water maze
task, the rats perform an approaching maneuver, using distal cues
in the absence of intra-maze cues. On the other hand, the distal or
RF variant of the Carousel requires rats to use distal visual cues to
actively move away from a punishment sector while disregarding
all available arena surface based cues, including egocentric navi-
gation. Thus, it is likely that the cognitive load is greater in case
of the Carousel. PPC lesion affected performance in proximal cues
navigation in the water maze but not the arena frame avoidance
on the Carousel. Save and Poucet [15] hypothesized that the deficit
they observed was due to a high cognitive demand of the proxi-
mal  cues version of water maze. In comparison with more distant
extra-maze cues, the azimuthal position of the intra-maze cues
change much more rapidly, resulting in the need of a more frequent
updating of one’s egocentric location relative to the allocentric rep-
resentation in the case of intra-maze cues variant. Accordingly, the
RF-based avoidance is likely to present a higher cognitive load due
to the conflict between proximal and distal landmarks as well as
the necessity to disregard egocentric self-motion cues.

However, since the ability to learn RF and AF tasks is not
impaired in PPC-lesioned rats [21], the high cognitive load of the
spatial task alone is not the limiting factor causing the deficit of
PPC-lesioned rats on a Carousel. Rather, it is the ability to flexibly
change behavioral strategies under high cognitive load for allocen-
tric processing of visuospatial cues.

Acknowledgements

This work was  supported by grant GACR 14-03627S. Institu-
tional support was  provided by RVO: 67985823. We  thank all
colleagues for discussions, and all laboratory assistants for their
immense support. We  are also grateful to P. M.  Luketic and S. Kubik
for proofreading.

References

[1] Cohen YE, Andersen RA. A common reference frame for movement plans in the

posterior parietal cortex. Nat Rev Neurosci 2002;3:553–62.

[2] Kolb B, Walkey J. Behavioural and anatomical studies of the posterior parietal
cortex in the rat. Behav Brain Res 1987;23:127–45.

[3] Reep RL, Corwin JV. Posterior parietal cortex as part of a neural network for
directed attention in rats. Neurobiol Learn Mem  2009;91:104–13.

http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0005
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0010
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015
http://refhub.elsevier.com/S0166-4328(15)00337-X/sbref0015


al Brai

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[37] Wesierska M,  Dockery C, Fenton AA. Beyond memory, navigation, and inhibi-
tion: behavioral evidence for hippocampus-dependent cognitive coordination
J. Svoboda et al. / Behaviour

[4] DiMattia BD, Kesner RP. Spatial cognitive maps: differential role of parietal
cortex and hippocampal formation. Behav Neurosci 1988;102:471–80.

[5] Nitz D. Parietal cortex, navigation, and the construction of arbitrary reference
frames for spatial information. Neurobiol Learn Mem  2009;91:179–85.

[6] Save E, Poucet B. Role of the parietal cortex in long-term representation of
spatial information in the rat. Neurobiol Learn Mem  2009;91:172–8.

[7] Whitlock JR. Navigating actions through the rodent parietal cortex. Front Hum
Neurosci 2014;8:293.

[8] Butters N, Soeldner C, Fedio P. Comparison of parietal and frontal lobe spatial
deficits in man: extrapersonal vs personal (egocentric) space. Percept Mot  Skills
1972;34:27–34.

[9] Ungerleider LG, Brody BA. Extrapersonal spatial orientation: the role of
posterior parietal, anterior frontal, and inferotemporal cortex. Exp Neurol
1977;56:265–80.

10] Chen LL, Lin LH, Green EJ, Barnes CA, McNaughton BL. Head-direction cells in
the rat posterior cortex. I. Anatomical distribution and behavioral modulation.
Exp Brain Res 1994;101:8–23.

11] Save E, Guazzelli A, Poucet B. Dissociation of the effects of bilateral lesions of the
dorsal hippocampus and parietal cortex on path integration in the rat. Behav
Neurosci 2001;115:1212–23.

12] Wilber AA, Clark BJ, Forster TC, Tatsuno M,  McNaughton BL. Interaction of ego-
centric and world-centered reference frames in the rat posterior parietal cortex.
J  Neurosci 2014;34:5431–46.

13] Nitz DA. Tracking route progression in the posterior parietal cortex. Neuron
2006;49:747–56.

14] Nitz DA. Spaces within spaces: rat parietal cortex neurons register position
across three reference frames. Nat Neurosci 2012;15:1365–7.

15] Save E, Poucet B. Involvement of the hippocampus and associative parietal cor-
tex in the use of proximal and distal landmarks for navigation. Behav Brain Res
2000;109:195–206.

16] Okaichi H, Hojo M,  Okaichi Y. Effects of post-training lesions in the hippocam-
pus  and the parietal cortex on idiothetic information processing in the rat. Rev
Neurosci 2006;17:135–46.

17] Bures J, Fenton AA, Kaminsky Y, Rossier J, Sacchetti B, Zinyuk L. Dissocia-
tion of exteroceptive and idiothetic orientation cues: effect on hippocampal
place cells and place navigation. Philos Trans R Soc Lond Ser B: Biol Scis
1997;352:1515–24.

18] Bures J, Fenton AA, Kaminsky Y, Wesierska M,  Zahalka A. Rodent navigation
after dissociation of the allocentric and idiothetic representations of space.
Neuropharmacology 1998;37:689–99.

19] Stuchlík A, Petrásek T, Prokopová I, Holubová K, Hatalová H, Valeš K, et al.
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