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The spatial firing of place cells and grid cells is thought to reflect the association of envi- * Informa_tion abou_t landmarks and _their location in_ / / /
ronmental features, such as external sensory cues and local boundaries, with the path inte- Fhe_en‘"mnment IS _enmded by object-related activ- /

gration of idiopathic cues, such as movement direction and speed. Models of path integra- ity in lateral entorh!nal_cortex (LEC) or landmark- /

tion as temporal phase interference among neural oscillators, supported by evidence of vector cells (LVCs) in hippocampus (Deshmukh &

theta cells with directionally tuned burst frequency (Welday et al., 2011), must address the Knierim 2011, 2013; Deshmukh et ah 2012 VCOS Antiphase) \ \

critical problem that interference patterns randomly drift in space in the presence of intrin- * LEC activity is only weakly theta modulated \ \ \

sic phase noise (Monaco et al., 2011; Blair et al., 2014). Here, we present a synchronization (Deshmukh et al 2010) (Adapted from Deshmukh & Knierim, 2011)

theory in which a hypothetical population of theta-rhythmic (6-10 Hz) “location-controlled”

oscillators (or LCOs) mediates the ability of environmental features to stabilize path integra- \ \ \ \ \

tion in a downstream layer of velocity-controlled oscillators (VCOs). We suppose that repre- BVCS

sentations of objects/landmarks or boundaries are weakly theta-modulated and combine to ° Hartley et al (2000) proposed a model of boundary- _ _ _ _ 3 _
form spatially modulated inputs to the LCOs that are fixed to the environment. This environ- vector cells as inputs to hippocampal place cells to VCOs with Independent Phase Noise Noisy VCOs with LCO Feedback Additive Grid Cells

mental drive combines with ongoing theta oscillations to create a robust correlation be- explain place field dependence on environmental / / / / / /
tween higher firing rates and earlier theta phases of bursting. We show that this rate/phase geometry / / /
correlation in LCOs is sufficient to selectively entrain VCOs to prevent drifting with noise. » BVC-like cells were subsequently discovered in su- /
This entrainment requires associative learning during early theta phases at LCO-to-VCO biculum (Lever et al 2009), along with border cells \
synapses to construct spatially antiphase inputs that drive the environmental feedback to \
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in MEC and other areas (Savelli et al 2008; Solstad

VCOs. We provide a mathematical derivation, an abstract rate—phase model, and an imple- et al 2008) (Adapted from Lever et al 2009) \ \ \
mentation of this sensory feedback mechanism in a spiking network model of phasic burst-

ing neurons. Notably, we present preliminary recording data from subcortical regions in

rats, including lateral septum, showing theta cells that qualitatively match the spatial R b h o \ \ \ \
rate/phase correlations of our hypothesized LCOs. These results support a hybrid “place- O USt rate-to-P as e CO n Ve rs,o n

to-grid” framework where temporal and attractor mechanisms may be complementary with- L ] ] o
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M u I ti P I e O S C i I I a tO r m O d e I Of « An example theta cell from lateral septum with strong rate/phase correlation across

: : : 4 e . e » The Blair lab has been collecting data from long-duration recording sessions (~3 hrs) of space (two left plots on top row). Estimated phase distributions for a series of time
h ’P P ocam P d I 'I I k €S P atia I madad P S L e 500 1000 freely exploring rats in an 80cmgcylin drical arega 9 ( ) windows across the recording session demonstrate that the overall structure of the

phase modulation can remain stable, despite increasingly fewer moments of fast

_ o _ _ * Converting a rate code to a temporal code can be achieved robustly in bursting neurons by combining e Tetrodes were located in subcortical and hippocampal areas with theta-rhythmic fast spik- locomotion toward the end of the session from which to samole
e Path Integration In the phase of VGIOCIty-contrOIIGd oscillators (VCOS) can depolarization with an ongoing theta oscillation (as shown experimentally in CA1 place cells by Mehta, Ing interneurons to examine whether arena-scale Spatial correlations in flrlng phase were ble:
produce synchronization patterns in space such as grid or place cells Lee, & Wilson, 2002) ; . : : N : .
emporally stable in a way that may provide environmental resetting information to the
e This mechanism produces firing at earlier theta phases for higher firing rates D athpi nte gyr ator y yp 9 Ca n d I d a te n e tWO r k S fO r fe e d b a C k

Unit 1

e Despite long recordings, wall following, longer stops and pauses, and other factors pro- Non-spatial information Spatial AN

S im P I I f e d rate / P h ase mo d eI duce highly non-uniform sampling of the arena; the following is a preliminary attempt to Subcortical theta I o Gelis ‘[

. . . structures (VTA, P -
make smooth estimates of firing rate and phase across the arena anterior thalamus, [ | LVCS? Perimingl f«— Fostmnel veos? |

Hz | S
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% ""m""mmum!"""""m""""""" '"""""""""'"""""""""""""""””" % { \' DO . . (Top) Typical theta cell with lcos? v ﬁ\CMd.istaI_CA‘lpro?(imal
____________ 11 61 weak spatial modulation Lateral Septum K_/ Sublo. proximal | ||| Subic. distal
: m”””"""mm”""""”"lvvvm!mm"”mmy'"””””“”"""""m"””""""""m —> = 8 - LVCs carry a firing-rate code and and are not theta-modulated in this model, though biological (theta Teedback) ‘\/@ Y |
= 5 3 landmark-vector cells or other carriers may be weakly theta-modulated - (Bottom) Example of a theta —0 LEC deep || MEC deep Boundary Cells, BVCs?
5 Hz ae o 20 MO-00 The LVC outout - cell with arena-scale smooth Medial Septum —
5s 5 Track angle () . put may theoretically represent an average over a set of place cells spatial modulation of firin (pacemaker) e -
g W Perirhinal deep || Postrhinal deep
» However, these spatial patterns are highly susceptible to biological levels BVCs rate with location (Adapted from Knierim & Lee, 2006)
. - . - . ACem
° -(:-::,I ptermd varlanee :phase nms?) 'n the OS(-:I"atorS f Adaptive phase maps with mean resultant vector length as a measure of phase variability CO”CIUSion We previously demonstrated a model of synchronization among multiple oscilla-
eta pITase-code eed_ba(:k driven by epwronmental eatures may_ be one tors that performed path integration along randomized preferred directions (Monaco et al 2011). Using that
mechanism for correctlng errors as oscillator phases randomly drift * Stro“g theta cell with subtle model, we showed that generalized phase-code feedback could correct errors caused by intrinsic variabil-
edback Reference . Boundary"’e?tor represe“tations are computed as_a skewed GaUSSi?n pr_Of“e that peaks at a gradie|-1t in phase from later ity in the underlying oscillations, but did not characterize any specific mechanism for the feedback path-
. — ‘T’:r;’et preferred radial distance from the arena boundary in the preferred direction pl?ase n the_ are']a west to way. Here, we tested the hypothesis that theta-modulated subcortical areas such as lateral septum could
Ceue S /\ sllghtly earlier ("ghter blue) support theta cells with spatial correlations of high firing rate and early theta phase, based on mecha-
LCOS phase in the arena east. The nisms established by Mehta et al (2002). Putative LCOs fire strongest at early theta phases at a particular
------------------------------ adaptive kernel is able to location in the environment determined by landmarks and boundaries. By learning an input basis set of
reveal more detail in this antiphase LCOs, we showed that a layer of VCOs produce spatial patterns that remain fixed relative to the
" gradie“t environment, and that grid cells constructed from these VCOs withstand drifting due to intrinsic phase

noise. Thus landmark-based rate/phase correlations in extrahippocampal areas may provide the sensory

20 om ’ g 5 Phase angle feedback required by temporal models of neural representations of space.
. 550
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