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Abstract Head direction (HD) and place cells were rekey words Head direction cells - Navigation -
corded in rats that had previously exhibited significahandmarks - Place cells - Spatial - Orientetion
acquisition deficits on a radial arm maze task following
disorientation treatment. In this study we determined
whether this behavioral impairment was associated wititroduction
a lack of landmark stimulus control over the preferred
orientations of HD and place cells. Neurons were recofevious studies have shown that the place fields of hip-
ed as animals retrieved food pellets in a cylindrical apg@mcampal place cells and the preferred firing direction of
ratus containing a single cue card. Some of these H&ad direction (HD) cells can be controlled by salient vi-
cells were also recorded while animals explored anal cues in an environment (O’Keefe and Conway 1978;
eight-arm radial maze in a similar cue-controlled env®’Keefe and Speakman 1987; Muller and Kubie 1987,
ronment. The stimulus control of the landmarks in eadhube et al. 1990b; Goodridge and Taube 1995; Taube
environment was assessed by rotating the landmark 4885). Interestingly, however, individual visual cues do
examining the subsequent preferred orientations of HDt appear necessary for the directional firing of HD
and place cells. Animals underwent disorientation treaells, as the cells appear to be able to maintain a pre-
ment before and after each recording session. Desfsteed orientation following the removal of salient visual
this disorientation, rotation of the cue card in the cyligues (Taube et al. 1990b; Goodridge and Taube 1995), in
drical apparatus resulted in a corresponding shift in ttierkness for a short time following illuminated exposure
preferred orientations of HD and place cells in 13 of 1® an environment (Mizumori et al. 1993), following
and 7 of 7 recording sessions, respectively. On the radiahdfolding (Goodridge Dudchenko; Worboys and
arm maze, rotation of the landmark cue was associaledibe 1995; in preparation), or when the animal enters
with a corresponding shift in the HD cell's preferred oran unfamiliar environment (Taube and Burton 1995).
entation in 7 of 9 sessions. These results suggest thahas, a number of recent studies have suggested that
visual landmark’s stimulus control mayot require a place and HD cells may also be influenced by vestibular,
learned association between that landmark and an @mépioceptive, or motor efference copy cues, in addition
mal’s stable experience in an environment. Furthermote,visual cues (McNaughton et al. 1991; Knierim et al.
instability in the HD cell system is unlikely to account995; Sharp et al. 1995; Stackman and Taube (in press);
for the impaired performance of the disoriented animdlaube and Burton 1995; Wiener et al. 1995; Blair and
in the radial arm maze. Rather, these impairments ng&tyarp 1996; Taube et al. 1996).
be due to the animal’s inability to utilize stable represen- What is the relationship between these internal sourc-
tations of the environment provided by HD and pla@s of information and external landmarks with respect to
cells. the orientation of spatial cells? McNaughton and col-
, n leagues (1995, 1996) (Knierim et al. 1995) have hypoth-
B‘aﬁt‘m%lﬂﬁhggﬁgglg?bgbg;ﬁgﬂ?g?%iygﬁosl’é;;”be esized that landmarks come to control the orientation of
6207 Gerry Hall, Hanover, NH 03755, USA HD and place cells through their association with stable
internal sources of orientation. Thus, a stable perceptual
experience with a landmark is necessary for it to serve as
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placed in an environment, it would be unable to formnat be attributed solely to the rotation of the animal and
stable association between landmarks in the environm@atnot appear to generalize across spatial tasks. Howev-
and its own internal “sense” of orientation. Animals magr, at least for the radial arm maze task, disorientation (or
thus have a predisposition towards perceiving the laqpdiacement in an opaque container) did indeed appear to
marks in an environment as unreliable indicators of theiterfere with the animal’s ability to form an association
location and directional heading. between a salient visual cue and a given goal location.
Knierim et al. (1995) have recently provided dafBhis surprising lack of acquisition following disorienta-
which support this view. They recorded HD and pla¢®n has also been reported with rats on a plus-maze
cells from freely-moving animals in a cylindrical appargMartin et al. 1997) and is consistent with spatial deficits
tus containing a single salient landmark (a white cftmlowing disorientation reported in rats (Cheng 1986;
card) and separated from other room cues by a surrouddrgules and Gallistel 1988) and small children (Hermer
ing black curtain. Two groups of animals were monitorednd Spelke 1994).
one group was repeatedly disoriented before placement inn the current study, we determined whether HD or
the environment, while a second group was brought imi@ce cells in thesame radial arm maze-impairezhi-
the testing room without disorientation and with full viewnals would respond less reliably to a rotation of a salient
of the environment outside the curtained enclosure. Thisual landmark. Cells from these animals were moni-
authors reported that the animals which were disorienteded in a gray cylindrical “screening” apparatus and in
exhibited a significantly greater number of instances time radial arm maze environment used in the previous
which the orientation of the HD or place cell shifted byehavioral training.
> 45° (“transitions ") relative to the cell’s previous orien-
tation with respect to the cue card. Thus, the stimulus
control exerted by the cue card over HD and place q@fhterials and methods
spatial orientation was significantly diminished for the
disoriented group relative to the non-disoriented group. rour animals that exhibited no signs of task acquisition during the
If the HD/place cell systems and an animal's spati&d days of training on the radial arm maze (three animals were
behavior with respect to a given landmark are correlaté@m the disorientation condition; one animal was from the opaque
the results of Knierim et al. (1995) imply that a giveppn-disoriented condition) were implanted with moveable 10-
landmark should be unable to exert reliable stimulus c ire, nlchromg eIe(-:trode.s in glther_the gnterlor thalamic nucleus
_ _ _ QR= 3 animals; A-P: —1.4; M-L: +1.3; D-V: 3.6 from dura) or the
trol over the spatial behavior of an animal when an agia1 hippocampusn(= 1 animal; A-P: —3.8; M-L: +2.7; D-V:
mal is consistently disoriented before being exposed-te8). Animals were monitored for spatial cells in a gray cylindri-
the landmark. Recent evidence from our laboratory s%ﬁppﬁr“‘f C?&ﬁ,ﬂ?& a ‘Q’ggf cue ;r%rd Sgﬁﬁhede;%rghi&filoind
gests that there is a general_correlatlon between thea 'g%ls fqetrig\?ed food B/ellets scattered randor%ely on the floor.
sponse of HD cells and an animal’s spatial behavior. SpRor to and following each screening session, animals were
cifically, we have shown that on a reference memory ragliaced in an opaque cardboard box and rotated gently back-and-
al arm maze task in non-disoriented animals, the saﬂ?fé& as tf('j? expezg't}ggteh\:\gléegi :gﬁgg?a:%% fogg?:é?u?gsaggmcpééo
Iandmark cue that exerted control over the a”'ma's SC? ?aglceetolggggrsjsed By Knierim et al. (1995),pwho likewise placed
tial behavior typically exerted control over the orientatiGReir animals in an opague Styrofoam box and then rotated the box
of recorded HD cells (Dudchenko and Taube 1997).  gently while walking up and down a hallway.
We tested the hypothesis that disoriented animalsUpon identification of an HD or place cell, stimulus control of
should have difficulty learning to follow a stable landl® cue card in the cylindrical apparatus was assessed by recording
e . . -min sessions with: (1) the white cue card in the standard posi-
mark cue by training animals in a reference memory ¥ (0°), (2) the cue card in a 90° counter-clockwise (CCW) rotat-
dial arm maze task, where a specific maze arm — relatédeposition, and (3) the cue card returned clockwise (CW) to its
to a large white cue curtain — was consistently reinforcgdndard position (0°) (for additional recording details see Taube
(Dudchenko et al. 1997). We found that none of the ei Oa). Before and after each individual session, the animal was

: . . . ed in the opaque container and disoriented (as described
animals which were placed in an opaque container ve), and the floor paper beneath the cylinder was replaced. For

disoriented before every trial (via gentle spinning backp cells whose waveforms were judged by the experimenter to be
and-forth by the experimenter) exhibited any sign of taskll isolated from background electrical noise, additional record-
acquisition over 45 days of training. In contrast, the migg sessions were subsequently conducted with the animal on the

P ; : . ajght-arm radial maze. The configuration of the maze and the
jority (7/8) of animals that were brought into the tralnlr@hite cue curtain within the curtained enclosure were essentially

room in a clear container and wemet disoriented ac- igentical to the situation in which the animals had previously been
quired the task within the same time period. Interestirggined, and the animals were disoriented immediately before and
ly, in a third group of animals that were not explicitlpfter each maze session. However, for sessions recorded on the ra-

icOri i i ; | arm maze, all maze arms were baited with three 20-mg Noyes
disoriented but simply placed in an opaque container 81Sod pellets, and the animals were permitted to explore the entire

fore _each trial, the majority (6/8) did not acquire the tag paratus for 8 min. Following a recording session with the white
readily.We hypothesized that the mere lack of accessiftain in a standard position (0°), the animal was removed from
the visual cues in the testing room (for the “opaquéfe maze and disoriented by the experimenter. The white curtain
group) may itself contribute to an animal’s impaire“iszg h;&?,‘é‘ﬁ,i?te%oif ﬁgggléstgg n}%éeaﬁ?;eldwgg reCtl\JArlﬁea:in?ot?lfe
Sense of orientation. Howeve_'r' further testing on a M nter of the maze and a second 8-min recording session was con-
ris water maze revealed no differences between groupguéted. In between each recording session, the animal was re-

task acquisition. Thus, the effects of disorientation mayved from the maze and underwent disorientation treatment.
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Fig. 1A-D Ninety-degree A B

rotations of the cue card in the

cylinder.A, B Rotation of the e g(t)gncdargﬁ "
cue card led to a corresponding 701 — Standard 40 — Rt Steadand
shift of the head direction (HD) S — 90° Card Rotation .

cell's preferred firing direction. ’ e Return to Standard f /

C One of the two instances in

which the cue card did not ex-
hibit complete control over the
cell's preferred firing orienta-
tion. D Place cell firing rate is
shown by successively darker
shades ofjray such that the
lightest gray represents no
firing, and successive shades . X
represent maximum firing rate 0 60 120 180 240 300 360 0 60 120 180 240 300 360
boundaries of 0.57, 1.4, 3.14, Head Direction (degrees) Head Direction (degrees)

6.67, and 14.47 spikes/s. Rota-
tion of the cue card resulted in
a shift in the place cell’s firing
field. This result was also
observed in five additional rota-
tion sessions with this cel
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Results card. In this cell, 90° CW rotation of the cue card resulted
in a 48° shift of the HD cell's preferred firing direction
A total of eight HD cells and two place cells were identfunder-rotation), and a marked mismatch between the
fied in the implanted animals. In the majority of cue camll's preferred firing direction and the cue card position
rotation sessions in the cylinder (13/15 sessions; Tablenhien the card was subsequently returned to its standard
the HD cell's preferred firing direction shifted a similaposition. Despite this transition, the mean absolute differ-
amount and remained in alignment with the cue card. Fegice between the expected shift (90°) and the observed
ure 1 provides examples of cells recorded in each of #héft (using only the first standard 90° rotation session
four animals in the cylindrical apparatus. In the first twior each HD celln = 8) was 9.75° + 5.55°, a value which
plots (A, B), rotation of the cue card was associated withes not differ from results previously reported for the
a corresponding shift in the HD cell’'s preferred firing dsame manipulation [13.26° + 2.45%25) = —0.678;
rection. Return of the cue card to the standard posit®r 0.504; Taube 1995).
was likewise associated with return of the HD cell’'s ori- Figure 1D shows representative results for a cue card
entation to its initial preferred direction. Figure 1C showstation session conducted for a hippocampal place cell.
one of the two sessions (both of which were from ti@CW rotation of the cue card by 90° resulted in a corre-
same cell; see Animal 2/Cell 1 in Table 1) where a cosponding shift of the cell's place field. Cue card rotation
plete shift was not observed following rotation of the cumeanipulations were conducted on six different days for
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Table 1 Shift in head direction cell preferred firing direction fol-
lowing either a 90° rotation of the cue card in the cylinder or the
cue curtain on the radial arm maze. Table values refer to the shift
(in 6° increments) that optimizes the correlation between the ses-
sion’s firing rate versus head direction functions. Stability refers to
the difference in a cell’'s preferred direction between two standard
session on two consecutive days. Each row represents a different
recording session. Animal 3/cell 4a was assumed to be the same
cell as animal 3/cell 4, because the two cells had very similar pre-
ferred firing direction =

Head Direction (degrees) Animal Cell Cylinder Radial maze
0°-90° 90°-0° 0°-90° Stability (°)
1 1 84 -84 84
— Standard 1 2 90 -90 84
307 e 90° Curtain Rotation 1 2 96 -90 84 -6
5 1 2 90 -84 6
o 1 2 90 -90 84 =12
2 2 2 1 42 -42 72
= 2 1 42 150 48 0
L | 3 1 84 -84
2 | 3 2 84 -90
c 107 ! 3 3 84 -90
£ y 3 4 96 -84
ic ) A 3\ 5 90 -84 66
0 SRR A 3 4a 84 -90 84
60 120 180 240 300 360 3 4a 78 -78
Head Direction (degrees) 3 da 920 -06 84
a|n animal 1/cell 2 and animal 3/cell 4a, clockwise rotations of the
white curtain were also conducted on the radial maze. In both ses-
sion the cells’ preferred firing directions also shifted with rotation
20 — Standard ' of the white curtain. In animal 1/cell 2, the curtain rotation result-
P 90° Curtain Rotation ed in a shift of-78°; in animal 3/cell 4a the resulting shift was
@ ———~ Return to Standard -90°
@ 15 '
172
2
g 1 . . .. o .
P the white curtain was similarly returned to its initial posi-
& tion (Figure 2, bottom plot). Furthermore, even on the
2 ° two occasions in which the cell’s preferred firing direc-
= R ~ Vi tion did not shift completely with the white curtain, the
0

shifts were positive and in the correct direction (48° and
66°; see Table 1). These results suggest that, despite the

) _ ) o . disorientation treatment the animals underwent, the white
Fig. 2 Ninety-degree rotation of the cue curtain in the radial argy tain exerted substantial stimulus control over the pre-
maze environment. Rotation of the cue curtain in the maze envi- . . . .
ronment resulted in a corresponding shift in the preferred firing dgr€d firing directions of the HD cells recorded on the ra-
rection of the HD cells shown in each of the three exarwles ~ dial arm maze. We also recorded the place cell shown in

Fig. 1D on the radial arm maze, but because this cell did
not exhibit a well-defined place field on the maze, we
this particular cell, and once for a second place cell. iere unable to assess the extent of the cue curtain’s con-
every case (7/7 rotation sessions) the place field shifteal over the cell’s preferred firing location.
to maintain its original position with respect to the cue
card.
Similar to our earlier results with this apparatus Biscussion
non-disoriented animals (Dudchenko and Taube 1997),
90° rotations of the white curtain on the radial maze @ur results show that disorientation procedures do not
sulted in a corresponding shift in the HD cell's preferredfect the stimulus control of visual landmarks over the
firing direction in the majority of instances (7/9). Figure greferred spatial orientations of HD or place cells. The
illustrates the results of a rotation of the white curtain observation that the HD cell's preferred direction fol-
the radial arm maze. The preferred firing directions of thmved the white curtain on the radial arm maze provides
three HD cells shown in this figure (each from a differeabme insight into the nature of the acquisition deficit we
animal) appeared to shift reliably with the 90° CCW rotareviously observed on this same apparatus. Specifically,
tion of the cue curtain. In addition, the cell's preferred fiit the white curtain’s control over HD and place cell ori-
ing direction shifted back to its initial orientation wheentation was similarly present when the animal was
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learning the radial maze task, then disorientation mstyain and sex of the subjects (female Long-Evans rats vs
have interfered with the animal’s ability to utilize, rathenale Fischer-344 rats) may have an unexpected influ-
than the ability to perceive, the spatial relationship beace on the probability of observing a transition. For ex-
tween itself and the landmark. This notion implies thample, the better visual acuity of pigmented rats com-
the behavioral effects of disorientation are independgrired with albino rats (for review see Munn 1950) may
of the processes involved with the landmark’s contrivifluence the degree to which each strain utilizes visual
over HD/place cell activity. Because the disorientatidandmark cues. Taken together, our unexpected results
impairment in the behavioral task was specific for tlvearrant a more explicit examination of the conditions
appetitive radial arm maze and was not observed in tawmder which disorientation does, or does not, produce
different water maze tasks (Dudchenko et al. 1997), disansitions in cells’ preferred spatial orientations.
orientation may not generally preclude the animal from Finally, our results in the cylinder and the radial maze
forming stable spatial relationships with landmarks, bstiggest that the stimulus control of landmark cues over
instead may produce general stress or motivational B and place cell orientation is robust even in the face
fects that interfere with performance on certain types aff disorientation treatment. If consistently observed, this
spatial tasks. result may suggest that the view of the relationship be-
The overall number of “transitions” (instances wheteeen landmark cues and internal sources of information
the cell's discharge displayed a new spatial relationsipmposed by McNaughton and colleagues (1996) may re-
to the salient cue following cue rotation) observed in tiqgire some modification. Specifically, the stimulus con-
current findings is less than the number reported trgl of a spatial landmark may not be entirely attributed
Knierim et al. (1995). Indeed, no transitions were olp its association with particular internally maintained
served in three of four animals tested in the currespectations of spatial orientation. Rather, landmark
study. One potential difference between these findingsntrol over HD and place cells may exist in the absence
and those of Knierim et al. may be the previous behaf-consistent pairing with self-generated orientation in-
ioral training that the current animals received in the f@rmation.
dial arm and Morris water mazes. Although in our previ-
ous experiment none of the currently recorded animAgknowledgements This work was supported by NIMH grants
acquired the radial arm maze task, all animals, regardl%‘%m843 (P.A.D.), and NIMH MH48924, MH01286 (J.S.T.).
of training condition (two animals continued in the dis-
orientation condition in the water maze while two ani-
mals were placed in a clear container and not disorie!?

ed), exhibited normal acquisition when subsequen é'ferences

trained on a similarly cued Morris water maze taskjajr HT, Sharp PE (1996) Visual and vestibular influences on
Thus, it may be argued that training on the water mazehead direction cells in the anterior thalamus of the rat. Behav
may contribute to the stimulus control exerted by the cue Neurosci 110: 643-660

i i i i eng K (1986) A purely geometric module in the rat's spatial
curtain on the radial maze during recording. Althoudt’ representation. Cognition 23: 149178

this pOS.S'b'“t.y cannot be .excluded, we have recently q_ﬂidchenko PA, Taube JS (1997) Correlation between head-direc-
s_erved Impalred acquisition on the radial arm maze In tion single unit activity and spatial behavior on a radial arm
disoriented animals that had previously acquired a radialmaze. Behav Neurosci 111:3-19
arm maze version of the water maze task (Dudchenché@Cf';er;kO fPA’ Gotogr'dqge .Jpltst.e'te”e DA, .T"’!t!be st (19d97|) The
_ . : : . ;i ernects of repeate Isorientation on acquisition of a radial arm
al. 1997) - a finding which SqueSt.S that prior EXPer- haze and Morris water maze task. J Exp Psychol Animal Be-
ence on a water maze does not abolish the effects of dishay process 23: 194-210
orientation on a radial arm maze task. In addition, tleodridge JP, Taube JS (1995) Preferential use of the landmark
finding of Knierim et al. (1995) that the stimulus control gg\é{gjgogfl system by head direction cells. Behav Neurosci
of a Cuebcard |m[|3roved_ foé Onlydone“Of fOchJ_r d'.s'onen.tﬁ-g,ermer' L, Spelke ES (1994) A geometric process for spatial reori-
rats subsequently trained under “non-disorientation™ entation in young children. Nature 370: 5759
conditions suggests that subsequent stable exposure trr#gtim JJ, Kudrimoti HS, McNaughton BL (1995) Place cells,
environment may not necessarily be sufficient to over- head direction cells, and the learning of landmark stability. J
come the effects of disorientation treatment. Finally, a&% Neurosci 15: 16481659

. rgules J, Gallistel CR (1988) Heading in the rat: determination
carry-over effects of water maze task experience wo lgly environmental shap()e. An)im LearngBehav 16: 404410

not be expected to determine the stimulus control exerf@gghin Gw, Harley CW, Smith AR, Hoyles ES, Hynes CA (1997)
by a cue card in the cylindrical apparatus because thisSpatial disorientation blocks reliable goal location on a plus
environment was novel for all animals. As an alternative, fgfzgguéh%??nmélpéz\lfg\‘} g?oﬂéggfgé?“lg%tqeg ?Eno"is maze. J
then, subtle differences in the salience of the IandmarWNaEghtgn BL. Chen LL, Markus EJ (1991) “Dead reckoning,”
background room cues may have affected the extent tOandmark learning, and the sense of direction: a neurophysio-
which transitions were observed in the current record- logical and computational hypothesis. J Cog Neurosci 3: 190—
ings. Specifically, if background room cues are some- 202

: ; ; T Naughton BL, Knierim JJ, Wilson MA (1995) Vector encoding
what less salient in an environment, the probability that' and the vestibular foundations of spatial cognition: neurophys-

disoriented animal relies on a given landmark cue for jgjogical and computational mechanisms. In: Gazzaniga M
orientation may increase. In addition, differences in the (ed) The cognitive neurosciences. Mll, Boston, pp 585-595
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