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SPACE IN THE BRAIN



SPACE IN THE BRAIN



HUMAN NAVIGATION SYSTEMS

Wilson & McNaughton (1993)
PLACE CELLS

THETA OSCILLATION (~8 HZ)
K. Diba

HIPPOCAMPUS



ALLOCENTRIC MAP-LIKE 
REPRESENTATIONS

ENTORHINAL, 
PARAHIPP.  

“STARTING AT THE LIBRARY.  
WALK NORTH 300’,  
WALK 200’ WEST.” 



“STARTING AT THE LIBRARY.  
WALK TO THE CHURCH,  
TURN LEFT, GO 200’.” 

EGOCENTRIC VIEWER-BASED 
REPRESENTATIONS

PARIETAL,  
RETROSPLENIAL  



“WHAT”  
Wood et al., 2000 

+ 
“WHEN”   

Macdonald et al., 2011

A BROADER MEMORY NETWORK

HIPPOCAMPUS

PARIETAL,  
RETROSPLENIAL  
Egocentric 

ENTORHINAL, 
PARAHIPP.  
Allocentric 



How does the human brain orient 
during navigation? 

Is the neuronal coding of location a 
model of how the brain represents 

other cognitive information?

KEY QUESTIONS



OVERVIEW
Neuronal coding of location and direction: 

Place, grid, and path cells 

Theta oscillations in navigation 

Place cells in memory 

Brain stimulation and memory reinstatement 
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(A)

(B)

Figure 1. The electrode. (A) The AdTech macro-micro electrode consists of an outer piece that houses the macro electrodes (BFD) and an
inner piece that houses the micro-electrodes (IWB). A Cabrio connector is used connect the output of the micro-wires to a downstream
device (either ohmmeter or recording system). The macro- and micro- meet at their respective junctions. Right panel shows the projections
of the micro-wires out of the end of the macro-electrode as received by the manufacturer. (B) Schematic of the macro-micro electrode. Two
modifications were implemented in our methods. First, (Modif #1), the electrode was lengthened by 2 inches to provide extra slack and
minimize digital manipulation. Second, (Modif #2) The junction was minimized in width to fit through the large bore passing needle.

IWB and BFD pieces, a 15-blade scalpel, an open container
of saline, a clean cutting surface, a sterilized Cabrio connector
with a custom 5 ft extension cable, the ohmmeter with
custom tip-jack breakout box and a custom 1.5 mm inner
diameter large bore passing needle (LBPN; AdTech Medical,
Racine, WI). Next, we thread the IWB through the BFD and
manually manipulate the microelectrodes until they hold a
splayed pattern (figure 2(C)). This should be differentiated
from the as-received state of the micro-wire bundle depicted in
figure 1(A). With the IWB threaded through the BFD, we then
check the impedances of the micro-wires (see section 2.3), cut
the micro-wires, and re-check the impedances. Each micro-
wire is cut individually, at different lengths (ranging from
1–5 mm) with a fresh 15-blade. Obtaining both pre- and post-
cut impedances ensures that the surface of each micro-wire is
properly exposed. Threading the IWB through the BFD before
the micro-wires are cut (1) establishes that IWB–BFD is free of
manufacturing errors that would otherwise prevent a successful
implant and (2) allows us to visualize the final, desired splay
pattern of the micro-electrodes before implantation. The IWB
is then removed from the BFD and set aside until implantation.

In the following text, we outline our implantation method,
which is illustrated with an example case of a left sided
craniotomy for the placement of depth and subdural strip
electrodes (see figures 2–4). All implantations were performed
by, or under the direct supervision of, the same neurosurgeon.
Before incision, we used scalp fiducial markers to co-register
the three-dimensional surgical field to pre-operative magnetic
resonance imaging (MRI), allow for precise positioning of
the BFD in the targeted structures using an image guided,
frameless stereotactic approach. For all patients, the targeted
structures were hippocampus or amygdala. After exposure
of the implantation site, the pia arachnoid is cut to allow
entry of the BFD through the cortex (figure 2(A)). At this
time, a flexible arm with adjustable rigidity was fixated to
the headframe and the LBPN was tunneled 3–5 cm through
the subcutaneous tissue from the incision boundary to a
convenient exit site (figure 2(B)). Next, the image guidance
tool (Stryker, Kalamazoo, MI) is attached to the flexible arm
in order to locate the target structure on the pre-op MRI;
once the target was accepted, the arm was locked into place
(figure 2(D)). Then, using the slotted electrode guide, the BFD
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Electrodes implanted 
for 1–3 weeks. 

MISRA, JACOBS, ET AL., IN PRESS

DIRECT HUMAN BRAIN RECORDINGS

Hybrid micro/macro 
electrodes in 
hippocampus and medial 
temporal lobe.

Grids and strips.
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Figure 2: Example neurons exhibiting grid-like spatial firing. A. The activity of a cell from Patient 6’s left
entorhinal cortex (EC). The left panel shows an overhead view of the environment, with color representing
the firing rate (in Hz) at each virtual location. The middle panel depicts the 2-D autocorrelation of the cell’s
activity. Peaks in the autocorrelation function determine the spacing and angle of the fitted grid, which is
then used to plot the estimated grid peaks as white ⇥s across the entire environment. Right panel shows
the cell’s spike waveform. This cell had a gridness score of 0.51. B. The firing of a di↵erent cell from Patient
10’s right EC (gridness score 0.63). C & D. The firing of a cell from Patient 10’s right EC in two consecutive
sessions (gridness scores 0.6 and 0.74, respectively). E. The activity of a di↵erent cell from Patient 10’s right
EC (gridness score 0.63). F. The activity of a cell from Patient 11’s right cingulate cortex (gridness score 0.67).
G. The activity of a cell from Patient 7’s right cingulate cortex (gridness score 0.51). H. The activity of a cell
from Patient 7’s right cingulate cortex (gridness score 0.8). I. The activity of a cell from Patient 10’s right
hippocampus (gridness score 0.46). J. The activity of a cell from Patient 10’s right parahippocampal gyrus
(gridness score 0.72).
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(B)(A)

(D)(C)

(F)(E)

Figure 4. Micro-electrode splay in vivo and ex vivo. (A) Post-operative axial MRI of depth electrodes shown in figure 2. (B) Cartoon
example of optimal and sub-optimal micro-electrode splay patterns and staggered micro-wire lengths. (C), (D) Thin sliced post-operative
CTs of the posterior (C) and the anterior (D) depth electrodes. (E), (F) Benchtop tests of micro-wire splay patterns using pre-implantation
induction of micro-electrode splay (E) and simply implanting the naı̈ve micro-electrode (F).

recording sessions within these 11 patients, 125 single units
and 39 multi-units were successfully identified An example of
unit activity recorded from the patient presented in figures 2
and 4 is provided in figure 5. For the 11 patients presented, four
had two depth electrodes, three had three depth electrodes and
four had four depth electrodes. Single neurons were recorded
as far as 2 weeks post-implantation but on average recordings
persisted for 7 ± 3 days with over 50% of recordings limited
by the clinical decision to proceed with resection. On average,

each BFD–IWB (8 micro-wires) recorded a maximum of
2.1 ± 0.9 single neurons. Before failure modes were identified
and workaround protocols were developed, the average single
neuron yield per depth electrode was 1.4 ± 0.5 (n = 3)
single neurons per depth. After recordings were optimized
to avoid the identified failure modes, the yield nearly doubled
to 2.7 ± 0.8 (n = 3) single neurons per depth electrode. All
patients had at least one multi/single unit during the last
recording prior to deplantation.
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DIRECT HUMAN BRAIN RECORDINGS



TESTING  
ENVIRONMENT



NAVIGATION IN A NARROW CORRIDOR

JACOBS ET AL., 2010, PNAS

Subjects navigate a 
virtual circular 
environment. 

Deliver each 
passenger to their 
desired destination 
store.
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DIRECTION-ENCODING PATH CELLS
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PATH CELLS ACROSS THE BRAIN
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PATH-CELL DEMONSTRATION



HOW ARE PLACE-CELL 
REPRESENTATIONS FORMED?

number of activity nodes increased, but their density remained
constant (t(28) ¼ 1.2, P . 0.20; 29 cells from 3 rats), suggesting
that grids may potentially have infinite size (Supplementary Fig. S3).

Grid cells are topographically organized
Grid cells in the dMEC showed a striking topographic organization.
Grids recorded at the same electrode location shared a number of
metric properties, including spacing, orientation (direction) and
field size (Fig. 2). Spacing was expressed for each grid as the distance
from the central peak to the vertices of the inner hexagon in the
autocorrelogram (the median of the six distances). While spacing
varied by more than 30 cm in the entire cell population, the s.d.
among cells recorded on the same tetrode was only 2.1 cm (mean
across 12 sets of simultaneously recorded cells, n ¼ 42). The orien-
tation of the grid was expressed in the autocorrelogram as the angle f
between a camera-defined reference line (0 degrees) and a vector to
the nearest vertex of the inner hexagon in the counterclockwise
direction (Fig. 2e inset). The entire range of orientations was

represented in the population as a whole (from 1 to 59 degrees),
but among cells recorded on the same tetrode, orientation varied
minimally (s.d. ¼ 1.8 degrees). The size of the individual fields was
estimated as the area covered by the central peak of the autocorrelo-
gram, using a threshold of r ¼ 0.2. Field sizes ranged from 326 to
709 cm2 in the population as a whole. The s.d. among cells recorded
at the same electrode location was 42 cm2.
Although spacing, orientation and field size were almost invariant

at individual recording locations, spacing and field size increased
with distance from the postrhinal border, resulting in more dispersed
fields at more ventral electrode positions. This pattern was observed
both within animals (Fig. 2a–e) and between animals (Fig. 2f–h;
Supplementary Fig. S4). Figure 2 shows the difference between grid
cells at two electrode locations, one near the postrhinal border and
one 560 mmdeeper, in a rat with a double dMEC implant tested in the
large circular enclosure. The spacing of the grid was consistently
denser at the dorsal position (Fig. 2e). In the dorsal cells, the spacing
ranged from 39.1 to 43.0 cm (14 cells recorded over 3 days). In the
more ventrally located cells, the spacing ranged from 48.1 to 52.2 cm
(5 cells recorded over 2 days). The increase in spacing at the ventral
position was accompanied by an increase in the size of the individual
fields (dorsal 353–583 cm2; ventral 511–637 cm2; t(17) ¼ 2.4,
P , 0.05). A similar topographic arrangement was revealed when
one set of tetrodes was lowered tangentially along the border of layers
II and III (yellow circles in Fig. 2b). Over a distance of 100 mm, the
spacing increased from between 41.9 and 45.9 cm (n ¼ 3) to between
44.9 and 49.7 cm (n ¼ 4). These results were replicated in two other
rats with double implants (17 cells) as well as in a larger sample of rats
running in a smaller square box (1m2; 11 rats, 57 cells; Fig. 2f–h and
Supplementary Fig. S4). In the latter group, the distance from the
postrhinal border correlated significantly with both the spacing of the
grid (r ¼ 0.82, degrees of freedom, d.f. ¼ 55, P , 0.001) and the size
of the individual fields (r ¼ 0.79, P , 0.001). The field size was
quadratically proportional to the spacing (r ¼ 0.75, P , 0.001).
Like spacing and field size, orientation of the grid varied between

electrode locations (Fig. 2 and Supplementary Fig. S4). In Fig. 2, the
angle with the camera-defined horizontal line was between 26.7 and
32.7 degrees at the recording location near the postrhinal border
(n ¼ 14) and between 19.7 and 22.1 degrees at the more ventral
location on the contralateral side (n ¼ 5) (Fig. 2e). However,
although the entire range of orientations was represented across
animals, we were unable to detect any systematic change from dorsal
to ventral in dMEC (r ¼ 20.13, P ¼ 0.30).
Although grids of neighbouring cells had similar spacing, field size

and orientation, their phases (the vertex locations) were apparently
not related. Collectively, grids from a small number of units recorded
simultaneously at the same electrode position filled up the entire
space of the recording arena (Fig. 2). Because neighbouring cells had
similar grid spacing and grid orientation, a slight phase shift in each
of the grids was sufficient to superimpose the vertices of the grids
almost completely (Fig. 3a). Cross-correlation of the rate maps of cell
pairs recorded simultaneously at the same electrode location yielded
a regular multi-peaked surface with a structure very similar to that of
each cell’s autocorrelogram, except that the peaks were offset from
the origin in most cases (Fig. 3b). Cross-correlation of cells recorded
at different locations (with different spacing and orientation) gave
cross-correlograms with more dispersed peaks and lower peak
amplitudes (Supplementary Fig. S5). Among the co-localized cells,
the average phase shift, expressed as the distance from the origin to
the nearest peak in the cross-correlogram, was evenly distributed,
extending from 0 to a maximum of 0.5 of the spacing of the
corresponding autocorrelograms, both in the group as a whole and
in individual recordings (Fig. 3c). The distribution of phase shifts did
not deviate significantly from uniformity (x(4) ¼ 0.84 with bins
corresponding to 20% of the maximally possible grid spacing) and
was not related to the distance from the postrhinal border (r ¼ 0.13,
d.f. ¼ 43, n.s.). These results suggest that the complete surface of the

Figure 1 | Firing fields of grid cells have a repetitive triangular structure.
a, Sagittal Nissl-stained section indicating the recording location (red dot) in
layer II of the dMEC. Red line indicates border to postrhinal cortex. b, Firing
fields of three simultaneously recorded cells at the dot in a during 30min of
running in a large circular enclosure. Cell names refer to tetrode (t) and cell
(c). Left, trajectory of the rat (black) with superimposed spike locations
(red). Middle, colour-coded rate map with the peak rate indicated. Red is
maximum, dark blue is zero. Right, spatial autocorrelation for each rate map
(see Supplementary Methods). The colour scale is from blue (r ¼ 21)
through green (r ¼ 0) to red (r ¼ 1). c, Box plot showing distribution of
angles f1, f2 and f3 between the central peak of the autocorrelogram and
the vertices of a hexagon defined by the nearest six peaks. The diagram shows
median angles (horizontal lines inside boxes), interquartile distances
(boxes), upper and lower limits, and outliers (horizontal lines). d, Discharge
maps (as in b) showing similar triangular structure in enclosures of different
size (left, large; middle, small; right, large).
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HIPPOCAMPUS

ENTORHINAL, 
PARAHIPP.  
Allocentric 

ENTORHINAL GRID CELLS



OPEN FIELD NAVIGATION TASK

JACOBS ET AL., 2013, NATURE NEUROSCIENCE

Patients learn 
locations of four 
visible objects. 

Navigate between 
the locations with 
the objects hidden.



HIPPOCAMPAL PLACE CELLS

Firing rate (Hz)



IDENTIFYING GRID CELLS

Measure the firing rate at each 
location in environment. 

Compute each cell’s gridness score, 
which measures six-way-symmetric 

activity (Hafting et al., 2005). 

Assess significance using a  
shuffling procedure.



HUMAN ENTORHINAL GRID CELL (1)

FIRING RATE MAP SPATIAL AUTOCORRELATION SPIKE WAVEFORM



HUMAN ENTORHINAL GRID CELL (2)

FIRING RATE MAP SPATIAL AUTOCORRELATION SPIKE WAVEFORM



REGIONAL DISTRIBUTION 
OF GRID CELLS
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PHG, PARAHIPPOCAMPAL GYRUS;  

CC, CINGULATE CORTEX.



FIRING RATE MAP SPATIAL AUTOCORRELATION SPIKE WAVEFORM

EXAMPLE CINGULATE GRID-LIKE CELL



ANALYSIS OF ALTERNATE 
SYMMETRY PATTERNS
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PREVALENCE OF SYMMETRIC CELLS TO CHANCE LEVELS



DO ENTORHINAL NEURONS 
REPRESENT MULTIPLE LOCATIONS?

Identify neurons that 
activate at similar locations 
across an environment. 

Work with my Ph.D. student 
Jonathan Miller
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Figure 1: Top Row: Activity of a cell in patient 2’s entorhinal cortex. A. Two dimensional firing
rate map for epochs of clockwise movement. B. Linearized firing rate map for epochs of clockwise
movement. C. Firing rate as a function of distance from the beginning of the side, plotted separately
for each side of the environment. Bottom Row: Activity of a cell in patient 5’s cingulate cortex
during counter clockwise movement.
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PATH INVARIANT CELL
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Figure 2: Examples of path equivalent cells. A. A cell from patient 1’s cingulate cortex during
clockwise movement. B. A cell from patient 2’s entorhinal cortex during counterclockwise move-
ment. C. A cell from patient 2s entorhinal cortex during clockwise movement. D. A cell from
patient 4’s cingulate cortex during clockwise movement. E. A cell from patient 5’s entorhinal cortex
during clockwise movement. F. A cell from patient 12’s entorhinal cortex during counterclockwise
movement.
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Figure 3: The percent of spatially responsive cells in each region that exhibit path equivalent firing.
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PATH INVARIANT CELLS 2 & 3
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Figure 2: Examples of path equivalent cells. A. A cell from patient 1’s cingulate cortex during
clockwise movement. B. A cell from patient 2’s entorhinal cortex during counterclockwise move-
ment. C. A cell from patient 2s entorhinal cortex during clockwise movement. D. A cell from
patient 4’s cingulate cortex during clockwise movement. E. A cell from patient 5’s entorhinal cortex
during clockwise movement. F. A cell from patient 12’s entorhinal cortex during counterclockwise
movement.
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Figure 3: The percent of spatially responsive cells in each region that exhibit path equivalent firing.
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REGION KEY: EC, ENTORHINAL CORTEX; PHG, 
PARAHIPPOCAMPAL GYRUS; CC, CINGULATE 

CORTEX.

REGIONAL ANALYSIS



Hippocampal representations emerge 
from grid and path cells

HIPPOCAMPUS

ENTORHINAL, 
PARAHIPP.  

Grid-like
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Figure 1: Top Row: Activity of a cell in patient 2’s entorhinal cortex. A. Two dimensional firing
rate map for epochs of clockwise movement. B. Linearized firing rate map for epochs of clockwise
movement. C. Firing rate as a function of distance from the beginning of the side, plotted separately
for each side of the environment. Bottom Row: Activity of a cell in patient 5’s cingulate cortex
during counter clockwise movement.
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Place



MILLER, ET AL. (SCIENCE, 2013)

IS PLACE CELL 
ACTIVITY REINSTATED 

DURING MEMORY 
RETRIEVAL? 



EPISODIC MEMORY TASK IN A 
SPATIAL ENVIRONMENT

PHASE 1 

Navigate between 
stores. 

Pick up an item at 
each store. 

PHASE 2 

Freely recall the 
items

Tall apartment complex

Tall skyscraper

* * * *
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A B



EPISODIC MEMORY TASK IN A 
SPATIAL ENVIRONMENT



DIRECTIONAL PLACE CELLS
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PLACE-CELL REINSTATEMENT

Measure neural 
activity during recall. 

Compared recall 
activity to place cells 
from navigation. 

Compute cosine 
similarity between 
recall vector and 
each location.
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Retrieval
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PLACE-CELL REPRESENTATIONS OF ITEM PICKUP 
LOCATIONS ARE REINSTATED DURING RECALL

TIMECOURSE OF REINSTATEMENT MEAN SIMILARITY FROM -300-900
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INDIVIDUAL PLACE CELLS 
SHOW REINSTATEMENT
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Navigation Recall



BRAIN STIMULATION 
AND MEMORY
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OUTSTANDING QUESTIONS 

Which memory is recalled by 
stimulation? 

Why does inhibition cause memory 
recall? (Logothetis, 2010).

BRAIN STIMULATION AND MEMORY

Penfield (1938) found that 
temporal-lobe stimulation 
caused memory recall. 



Jacobs, Lega, & Anderson, 2012



DOCTOR 
“How do you feel?  Does it 
feel like a seizure” 

PATIENT 
“No - but why am I, like 
remembering all these 
things from high school?” 

DOCTOR 
“Is it bad?” 

PATIENT 
“It’s just weird.”
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READ A QUESTION  
(1-SEC)

VISUALIZE THE ANSWER 
(3-SEC)

Who was your 
high school’s 

football coach?

SPEAK THE ANSWER  
(1-SEC)

HIGH-SCHOOL MEMORY TASK
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Question group Example

HS person Who was your HS gym teacher?

HS nonperson What were your HS colors?

non-HS person Who is your current epilepsy doctor?

non-HS nonperson What city has the Golden Gate bridge?

HIGH-SCHOOL MEMORY TASK



NEURAL ACTIVITY FOLLOWING 
QUESTION ONSET

Time relative to stimulus onset (ms)
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* *

Data from my lab showed that the “high gamma band” (65–128 Hz) 
positively correlates with neuronal spiking  

MANNING, JACOBS, ET AL., 2009; JACOBS ET AL., 2010



HIGH SCHOOL–RELATED 
ECoG ACTIVITY
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Stimulation recreates activity 
from normal cognition. 

Stimulation inhibits local neurons 
and activates afferent networks 
(Logothetis et al., 2010).  

Neocortex encodes memory 
attributes like “high school”-ness 
(e.g., Norman & O’Reilly, 2002). 
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SMALL CIRCLES, CORTICAL COLUMNS.  
LARGE CIRCLE, STIMULATING ELECTRODE.

IMPLICATIONS
ILLUSTRATION OF A THEORIZED 
HIGH-SCHOOL BRAIN REGION.



THE HUMAN NAVIGATIONAL SYSTEM
SIMILARITIES TO RODENTS 

Hippocampus encodes 
specific locations. 

Entorhinal cortex supports 
coarser representations. 

DISTINCTIVE FEATURES 

Links between allocentric 
and egocentric systems. 

Path and grid cells represent 
position within corridors. 

Grid cells in cingulate. 

Slow traveling “theta” 
oscillations in hippocampus.

HIPPOCAMPUS

PARIETAL,  
RETROSPLENIAL  
Egocentric

ENTORHINAL, 
PARAHIPP.  
Allocentric 
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Item presentation

Predicting memory encoding in Treasure Hunt

100 memory encoding events per hour

…

Retrieval
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