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BT 5 78 J5 THH (Wilber et al., 2014) . ZMIUIA
W3R 2 (Wang et al., 2018)H1E: )5 i JZ(Gofman et
al., 2019) & BT A F—E 7 I PO ER A G D2
JC, XERWTTRAEZNSH REWmIX .
BB model A JEJF BB A F o MaE A
DS E BBEE RIERING X, SIS g i {5
T ARAENIE R A5 B IS UE, WO R RS R
FTR A 2 ME— S | -k A A W AF
BB dis i X,

4 BB model, AF—IEA KT LZH R
$ens, 15 B B3 oL FAE I X (0 /)5 T
At 388 B IE & A AT 1 X (HE )5 B2 ), FEEIEE [ 3k
Lo FRAER X (M), ik 3 &-a®db02%



1030 DI = N S

%33 4%

RERMRAS, FRWM T AR . WGP &
B, DG G N R BT AR [ 3R LT
W ah e R G B B A RO gft, RN
MR 5 3 R S R B A L T RBAE 25 (W) 2 25 R 5%
o rp i B 2 4E H (van Wijngaarden et al., 2020), A
2% BEG BFFRFREH, HE A & o S0 1 i 3l LA
P =T - S5 R 4% 0 £ 5, X R EG K
JT . TR FORL I K AR A B 3R 0 LB 2
BRI AR L0S% R R HEEE/EMH (Lin
et al., 2018), {H EEG {55 Mz m 4342, JFHH
M LA R X A5 5, He S B 5T 5 9 A3 - )
G B AS S R 0 E R 6 Z HERE .
HETM NGRS R i, aR54E8
P P73 (Al B 0 155 i DX A% 38 ELAR A e S B, T
NI 5% 22 BRI A0 1 22 9% 1 £ 85 I X 38 B e G
YEM, H theta JRFH AN A F theta-gamma
PR AEFR G ) S5 EEIGIX AR B %6 S (Hyafil et al.,
2015), ESHE W EBIE)G KR 5 DA RiE N
theta A {7 [F]2£ (Alexander et al., 2020; Alexander
etal., 2018), JEZEMFoY Al it —2E 4RI 7E S % R
SR A A X AR B A B A IR 4R35 o
23 FMINREBRARBAZTEOSERERNHE

L3

P28 4R35 4 SR A U T %) T B LA, Sl ad B
W AP & ITTERRE I O N R [R) 200 3, X
82 22N AUE 5 (Buzsaki & Voroslakos, 2023). [H
I, MR ReE AR L 3E B IR E
R RAE TR OCHE N . M IR R AR B
28 oy R f 2 A sl s AR %, BEfS H Rl %
Kk AT 2R G ES, RS NSH R

e 119 B 22 B PR TR A RN SRR ) Y S
T o T FH P LG AR, AR AE P0G A
PN R R BT theta 3R 35 BYZE AR FAE (—Fh
JEAFPOFENME, WF 1) (Chen et al., 2021; Chen
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2018), R, LRMBIE B2 SEEUEYE R, H
I ATE EAEA T 25 R4 T5 b, 15 106 XY
F AL AR SR —5, LR FhE)
528 .1 S W2 AR AR 5

S0, 23[R 27 AR R 0 i 2 L B = PR R
PEUESE o B BT 45 2R 2ok A T Sl 4s (n
oG DX A 8 3 B S AT R R B OC k), (HOCHE
i DX AE 225 22 4 v () BRURAE TR A B . 52,
A 71 30 o F R 4 T S B B R b s i T
55975 81275 R AE T2 A1 X IR SR ] B A F 5T

K o 96k S B A X D BE B A EL RS, IR BT
BT 1) 52 B e R 5% 4K

4 THERHE

AR5 HA R FH 85 25 43 B 3 14 1 PN i oL B R
RO 5583 01 5 7% R B b T — e 5 B -
PO 2R g e A R s AR R, HIRH D
25 [1) A% 1 K BK Ay 45 8] G B 1Y) 2 25 R AR A ST
] &5 A URER s F I R, PR SR 56 0% i X 3R
BES % R IER, I RRRTA SRS %
RECHBE S BRI T 2. BRRESR AN 2 iR
41 BHTWEMBEE-FEBRPLSERERIF

WF5E 1 S50F5¢ 2 BARSEAETI | R 5 B
DA 0 A A R AR ) YA O R Bk, R
JAY% % A Bellmund 4§ A (2016) 178 [A] {2 4T 55
(Bellmund et al., 2016), %5 Z kg2 > 9f:- [l
TR 18 A~ BAREESYI A 7 1] o U T
A rpC B — B TCZ L, T AN AR L m L P
A6 U T 1 43 A DU AR TR bR A5 S 0 L KA A o
Sy, F5E 1| RET I m¥INEL, EX—H
BT 2L — N BRI 2% 2 H AR50 14 7
fir, MG, 7ELL 2R A BT L35 1 HAn @ sy
FlE A 30 g . BT S LA B AR 45 R
FRIE, SR FH 4 RS R A3 28 25 fg e B F6 b H A
Jrml . AR A3 BAR DY Gk G, JfE
7 b 34 2 () AR 5 17 S0 & R AF AR TR~ R
J— P B B e A A o RS, S 1) G
AR AR T X s () AR o, A A 2 S R SR AT
25 AR £ AR A AT o A 5 R 2 0 ) AR S i [X
Wfs B, AR AR B 5 2 ) R DG
FIHRAEAR UM A3 BT 455 R 5 B vt A oo B
s 77 10 5 Sk 5 i) (4 B A G A AL
42 BHEMTHIEEER-BRPOLSERERIF

WF5E 2 RET I LB B, w7 fidiz
T aE B3R L BARTT RS A 3L
HARBMT . #0TH ZAE UL &R R T 50
B3 FAric B AR g5 e A 3o B AR 7 1,
B J5 75— AFRILA T 35 B bs g 504 i 7
F9E 2 AT S HSE 1 —3K, AR IRIE M-S
W - et A B A BAR D m L JE 3 3R L
H AR 7 LA RS ER 55 R AE . RS R st A 3k
ot BRI ) FD Sk 5 1] A I & i, LA R T —
Jii B2 J3— P9 A i 2 B 1 4 803 1] o



1032 L B OR 2 ot R %33 %
u HIRH .0 5EE AR O E S8 RS2 ‘
[
I N I N 1 \
Mgl HR-AEAIRH L 5E2: EARK-BRFL L Br5E3: M B R-
B REEBI 2L S R 2L AR LSE RER
‘ - w { §
u SRL: SRS H K2 BRMAES |
[
)
ﬁm%m IR || SABCIEREC, ML
I
.
u AR 3B B TR0 2S (R R AE A 0 X -5 s } HLHI S B S B S
1 : PG D RE B AR 1L
u RSCHJA 2 MRIE | ‘ \
) E—
u PC-RSC-MTLIT B & 7L 14 ] u Lﬁ%ﬁiﬁbﬁ%{h'—ﬁ ’
. Il T
/ N / ; N f -
4 . A
. 2t e e
o P, ®
, ot Bl £
.\ OSC 0 nL Tod SR g,P;'S)C PSC
e p— 1 T
e" ! 3%%*; \ i, KRRAE | ‘/ e
g / / \_ / / /

K2 AfPoSIEARP L=

43 HERAETESERER

F9E 3 B e i v R B A R e EE A
T 2% RN AR RE, RSEAE RS B ORI
A ST AL PR AR M T PR AR, R T U B
Lin % A (2015) 1) #4234 {145 (Lin et al., 2015),
PO R AR A RO RIE R T 2R SRR, W
KB 3 e mEE A b0 £ B )8 A 3R
RIECET ARSI AR, KTHSH R o
FETERL S B, R A B B2 50 Hz Hli | theta
burst FIEELTCHIEL, DL EAS [ e ) S O T
Ji Bz AR 4 5 R B G5 PR R T g T 2 1

ZE 225 R 2 HL ]

ORERBRPLEIEBARF LB ERERN
X BT

A W5 2, BB model 7JREA 1 BERifL Y
WS, ToUR:— 5 K 5T — P A i [m] % %5 3 3% s
FdE A 3 e 23 TaE B B g AT R IR A LAy —
IR, A SRR 434 (Clark et al., 2018; Wang
et al., 2020), AAFFORER B iR | KAk
AHAPE 3 B S oy K8 2B B T iR, fidk
gl ARG B m AR 8 & o BAR 7
HRZERIE, fn AR 53R B IR A0 AR AT
~ 5 Bz ii— Vﬂ@m%ﬁﬂfiTﬂﬁtpHﬁ?ﬁ?bﬁf*ﬁihfﬁ ZK

AR, RIS AR 5 AR B3R 0ok WFFEAUA B T4k BB model %23 ] {5 &,
W7 A R B A G ML R RE, 38 AR IR AR 2 @Mﬁ
AL T BB T A 5 0 1]
5 &SN QBB ERGEE NS H Rk
25 0] 2% ZR G 0 i b 2 LR 9 2 2 ) S B mfE B EEER
SRR BT VS I S . ABFSCRR ST . RS BB model #1235 [0 2% R 50T 2 2 X
IR PR AR R B XA PR R o R, PR, LR EL A T XA R A% 3 Y R L

LU IR BRI S BS R HOR, AR
N [0 27 R e i) sl A5 i B B HLH]

il o A ST TR R 22 9 3 18 i IX 28 B v A O
AR, BB AR 02 RSO IEA T



%ol

XUEER A [ Bz E S AR A R 275 R Rz P 1033

D2 REE, T FRJS B SR NS A theta
FNLF 2 & theta-gamma MM IEEME &, 15
ST TR AR UK A% 32 28 S5 B R R J
Z, EEARPOSEREHR AR P OSFHFR
BF, AR BT I AE B, H IR AR A B A R 9 09 4
ARG FME . AT HIEAD BB model 2 F H IR

A FIAE B 0 23 A S A o 25 DX A% 338 1) 25

A Wy T 25 (] A B B 5 ) I PR T 300 5 268 i 4 fig
g B A

QRIFER K FESH RER PR RIER

ETBURASH SN b5 N N TR LA PSS T
JEJG K iAE 2% R 56 G E T, [FIRTIR &R
AR HL A A = (A0 theta burst JJ3BO) X7 MR EL
BRI . PR A RO =5 S % R BB
model $&HET ATEEFIRAEYE, b as A AR D7
ARG A, TR AR HBE T
TR I ER AL T 87 i

S 3k

Alexander, A. S., Carstensen, L. C., Hinman, J. R., Raudies,
F., Chapman, G. W., & Hasselmo, M. E. (2020). Egocentric
boundary vector tuning of the retrosplenial cortex. Science
Advances, 6(8), caaz2322.

Alexander, A. S., Place, R., Starrett, M. J., Chrastil, E. R., &
Nitz, D. A. (2023). Rethinking retrosplenial cortex: Perspectives
and predictions. Neuron, 111(2), 150—175.

Alexander, A. S., Rangel, L. M., Tingley, D., & Nitz, D. A.
(2018). Neurophysiological signatures of temporal
coordination between retrosplenial cortex and the
hippocampal formation. Behavioral Neuroscience, 132(5),
453-468.

Alexander, A. S., Robinson, J. C., Stern, C. E., & Hasselmo,
M. E. (2023). Gated transformations from egocentric to
allocentric reference frames involving retrosplenial cortex,
entorhinal cortex, and hippocampus. Hippocampus, 33(5),
465—-487.

Bellmund, J. L., Deuker, L., Navarro Schroder, T., & Doeller,
C. F. (2016). Grid-cell representations in mental
simulation. Elife, 5. doi: 10.7554/eLife.17089

Bicanski, A., & Burgess, N. (2018). A neural-level model of
spatial memory and imagery. Elife, 7. doi: 10.7554/eLife.
33752

Bicanski, A., & Burgess, N. (2020). Neuronal vector coding
in spatial cognition. Nature Reviews Neuroscience, 21(9),
453-470.

Buzsaki, G., & Voroslakos, M. (2023). Brain rhythms have
come of age. Neuron, 111(7), 922-926.

Chadwick, M. J., Jolly, A. E., Amos, D. P., Hassabis, D., &
Spiers, H. J. (2015). A goal direction signal in the human

entorhinal/subicular region. Current Biology, 25(1), 87-92.

Chen, D., Kunz, L., Lv, P., Zhang, H., Zhou, W., Liang, S.,
Axmacher, N., & Wang, L. (2021). Theta oscillations
coordinate grid-like representations between ventromedial
prefrontal and entorhinal cortex. Science Advances, 7(44),
€abj0200.

Chen, D., Kunz, L., Wang, W., Zhang, H., Wang, W. X_,
Schulze-Bonhage, A., ... Wang, L. (2018). Hexadirectional
Modulation of Theta Power in Human Entorhinal Cortex
during Spatial Navigation. Current Biology, 28(20), 3310—
3315.

Cheng, N., Dong, Q., Zhang, Z., Wang, L., Chen, X., &
Wang, C. (2024). Egocentric processing of items in spines,
dendrites, and somas in the retrosplenial cortex. Neuron,
112(4), 646—660.

Clark, B. J., Simmons, C. M., Berkowitz, L. E., & Wilber, A.
A. (2018). The retrosplenial-parietal network and reference
frame coordination for spatial navigation. Behavioral
neuroscience, 132(5), 416—429.

Colombo, D., Serino, S., Tuena, C., Pedroli, E., Dakanalis,
A., Cipresso, P, & Riva, G. (2017). Egocentric and
allocentric spatial reference frames in aging: A systematic
review. Neuroscience & Biobehavioral Reviews, 80, 605—
621.

Derbie, A. Y., Chau, B. K., Wong, C. H., Chen, L. D., Ting,
K. H., Lam, B. Y., ... Smith, Y. (2021). Common and
distinct neural trends of allocentric and egocentric spatial
coding: An ALE meta - analysis. European Journal of
Neuroscience, 53(11), 3672—-3687.

Deshmukh, S. S., & Knierim, J. J. (2013). Influence of local
objects on hippocampal representations: Landmark vectors
and memory. Hippocampus, 23(4), 253-267.

Doeller, C. F., Barry, C., & Burgess, N. (2010). Evidence for
grid cells in a human memory network. Nature, 463(7281),
657-661.

Ekstrom, A. D., & Hill, P. F. (2023). Spatial navigation and
memory: A review of the similarities and differences
relevant to brain models and age. Neuron, 111(7), 1037—
1049.

Gofman, X., Tocker, G., Weiss, S., Boccara, C. N., Lu, L.,
Moser, M.-B., ... Derdikman, D. (2019). Dissociation
between postrhinal cortex and downstream parahippocampal
regions in the representation of egocentric boundaries.
Current Biology, 29(16), 2751-2757.

Hafting, T., Fyhn, M., Molden, S., Moser, M.-B., & Moser, E.
1. (2005). Microstructure of a spatial map in the entorhinal
cortex. Nature, 436(7052), 801-806.

Hoydal, @. A., Skyteen, E. R., Andersson, S. O., Moser,
M.-B., & Moser, E. I. (2019). Object-vector coding in the
medial entorhinal cortex. Nature, 568(7752), 400—404.

Hyafil, A., Giraud, A. L., Fontolan, L., & Gutkin, B. (2015).
Neural cross-frequency coupling: Connecting architectures,
mechanisms, and functions. Trends in Neurosciences,
38(11), 725-740.



1034 O B R 2 ot B

%33 4%

Kunz, L., Brandt, A., Reinacher, P. C., Staresina, B. P.,
Reifenstein, E. T., Weidemann, C. T., ... Jacobs, J. (2021).
A neural code for egocentric spatial maps in the human
medial temporal lobe. Neuron, 109(17), 2781-2796.

Lever, C., Burton, S., Jeewajee, A., O'Keefe, J., & Burgess,
N. (2009). Boundary vector cells in the subiculum of the
hippocampal formation. Journal of Neuroscience, 29(31),
9771-9777.

Li, J., Zhang, R., Liu, S., Liang, Q., Zheng, S., He, X., &
Huang, R. (2021). Human spatial navigation: Neural
representations of spatial scales and reference frames
obtained from an ALE meta-analysis. Neurolmage, 238,
118264.

Lin, C. T., Chiu, T. C., & Gramann, K. (2015). EEG correlates
of spatial orientation in the human retrosplenial complex.
Neurolmage, 120, 123—132.

Lin, C. T., Chiu, T. C., Wang, Y. K., Chuang, C. H., &
Gramann, K. (2018). Granger causal connectivity dissociates
navigation networks that subserve allocentric and egocentric
path integration. Brain Research, 1679, 91-100.

Mankin, E. A., & Fried, 1. (2020). Modulation of human
memory by deep brain stimulation of the entorhinal-
hippocampal circuitry. Neuron, 106(2), 218-235.

Moraresku, S., Hammer, J., Janca, R., Jezdik, P., Kalina, A.,
Marusic, P., & Vlcek, K. (2023). Timing of allocentric and
egocentric spatial processing in human intracranial EEG.
Brain Topography, 36(6), 870—889.

Nau, M., Navarro Schroder, T., Frey, M., & Doeller, C. F.
(2020). Behavior-dependent directional tuning in the
human visual-navigation network. Nature Communications,
11(1), 3247.

O'Keefe, J., & Dostrovsky, J. (1971). The hippocampus as a
spatial map: Preliminary evidence from unit activity in the
freely-moving rat. Brain Research, 34(1), 171-175.

Schindler, A., & Bartels, A. (2013). Parietal cortex codes for
egocentric space beyond the field of view. Current Biology,
23(2), 177-182.

Spiers, H. J., & Maguire, E. A. (2007). A navigational
guidance system in the human brain. Hippocampus, 17(8),
618—626.

Sprague, T. C., Adam, K. C. S., Foster, J. J., Rahmati, M.,
Sutterer, D. W., & Vo, V. A. (2018). Inverted encoding
models assay population-level stimulus representations,
not single-unit neural tuning. ENeuro, 5(3). doi: 10.1523/
ENEURO.0098-18.2018

Suthana, N., Haneef, Z., Stern, J., Mukamel, R., Behnke, E.,
Knowlton, B., & Fried, I. (2012). Memory enhancement
and deep-brain stimulation of the entorhinal area. New
England Journal of Medicine, 366(6), 502—-510.

Taube, J. S., Muller, R. U., & Ranck, J. B. (1990).
Head-direction cells recorded from the postsubiculum in
freely moving rats. I. Description and quantitative analysis.
Journal of Neuroscience, 10(2), 420—435.

van Wijngaarden, J. B., Babl, S. S., & Ito, H. T. (2020).
Entorhinal-retrosplenial circuits for allocentric-egocentric
transformation of boundary coding. Elife, 9. doi: 10.7554/
eLife.59816

Wang, C., Chen, X., & Knierim, J. J. (2020). Egocentric and
allocentric representations of space in the rodent brain.
Current opinion in neurobiology, 60, 12—-20.

Wang, C., Chen, X., Lee, H., Deshmukh, S. S,
Yoganarasimha, D., Savelli, F., & Knierim, J. J. (2018).
Egocentric coding of external items in the lateral
entorhinal cortex. Science, 362(6417), 945-949.

Wilber, A. A., Clark, B. J., Forster, T. C., Tatsuno, M., &
McNaughton, B. L. (2014). Interaction of egocentric and
world-centered reference frames in the rat posterior
parietal cortex. Journal of Neuroscience, 34(16), 5431-5446.

Neural mechanisms underlying the transfor mation between
egocentric and allocentric spatial reference frames

LIU Jiali, ZHAO Haichao, HE Qinghua
(Department of Psychology, Southwest University; Key Laboratory of Cognition and Personality,
Ministry of Education, Southwest University, Chongging 400715, China)

Abstract: Organisms use both egocentric and allocentric reference frames to represent spatial information,
and the transformation between these two frames lies at the heart of cognitive map formation and
application. Previous studies have suggested that the parietal cortex, retrosplenial cortex, and medial
temporal lobe circuit support spatial reference frame transformations, but the precise neural mechanisms
remain elusive. Grounded in computational models, we propose to employ intracranial EEG recordings to
comprehensively investigate the neural dynamics underlying spatial reference frame transformation.
Specifically, we focus on three aspects: (1) characterizing the dynamic representations of egocentric and

allocentric spatial variables across the parietal cortex, retrosplenial cortex, and medial temporal lobe;
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(2) elucidating the integrative role of the retrosplenial cortex in jointly encoding egocentric and
allocentric spatial information; (3) mapping the patterns of neural interaction and directional information
flow among these regions during reference frame transformations. Building upon these findings, deep brain
stimulation will be applied to the retrosplenial cortex within safe parameters to explore the causal
mechanisms underlying reference frame transformation. This study aspires not only to advance the
theoretical framework of spatial navigation but also to provide novel insights for the development of
targeted interventions to address age-related spatial cognitive decline.

Keywords: spatial reference frame, egocentric spatial representation, allocentric spatial representation,

cognitive map, intracranial EEG



