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By Emma R. Wood1 and Paul A. Dudchenko2  

 H
ow does the brain represent the 

world and allow spatial navigation? 

One mechanism is hippocampal 

place cells—neurons that fire ac-

cording to where an animal is in 

its environment. Different place 

cells fire according to different locations, 

and together they are thought to provide 

a cognitive map that supports spatial navi-

gation and memory (1).  Place cells have 

been described in a range of mammalian 

species, including mice, bats, marmosets, 

and humans. However, most studies have 

used rats in small enclosures or mazes. 

Thus, it is unknown how such 

representations might underpin 

larger-scale, real-world navigation. 

On page 933 of this issue, Eliav et 

al. (2) show that in bats flying in a 

large (200-m-long) enclosure, most 

place cells fire in several different 

locations and with varying spatial 

scales. Such multiscale representa-

tions are likely the most efficient 

way for a finite number of neurons 

to encode large distances.

Neurophysiological recordings 

in rats exploring relatively small 

“open-field” environments (~1 m2) 

or running along short tracks 1 to 

2 m long have revealed that a given 

place cell in the hippocampus typi-

cally fires when the rat is in a single 

area within the apparatus (called 

its place field) (1, 3, 4). In the few 

experiments that have investigated 

bigger open-field environments 

and longer tracks, place fields are 

typically slightly enlarged compared with 

those in smaller environments (4–6), and 

individual place cells in CA1 (the main 

output region of the hippocampus) fire in 

multiple, irregularly spaced locations (5, 

6), with more place fields per cell in tracks 

of increasing length (6). Within a given 

environment, the different place fields of 

each hippocampal neuron are of a fairly 

uniform size, but there is an anatomical 

gradient, with the most dorsal hippocam-

pal place cells having the smallest fields 

and ventral hippocampal cells having the 

largest fields (3, 7). Together, these stud-

ies suggest that the hippocampus provides 

an ensemble place code, whereby different 

combinations of neurons are active in any 

given location, and that coding of differ-

ent spatial scales is provided by different 

neurons across the dorsal-ventral hippo-

campal axis. 

But how does the mammalian brain rep-

resent much larger spaces, on the spatial 

scale that animals would need to navigate 

in their natural environment? Eliav et al. 

wirelessly recorded from dorsal CA1 place 

cells in bats as they flew along a 200-m-long 

tunnel between two feeding stations. They 

found not only that place cells expressed 

multiple, irregularly spaced place fields in 

this very large environment but also that 

the size of the different place fields ex-

pressed by a given neuron varied widely: 

The mean ratio of the largest:smallest field 

was 4.4:1, but this was as high as 20:1 in 

some cells (see the figure). By contrast, and 

consistent with observations in rats, in a 

shorter 6-m-long tunnel, place cells ex-

pressed only one or two fields, the average 

field size was smaller than in the 200-m-

long tunnel, and fields of the same cell 

were of a similar size (mean ratio <2:1). 

These findings of multiscale coding by 

individual place cells may help answer a 

puzzling question: How can a finite popu-

lation of place cells encode the large envi-

ronments in which mammals navigate in 

the wild, at both large and small spatial 

scales? The modeling by Eliav et al. shows 

that the multiscale coding mechanism 

seen in the bats is a particularly efficient 

mechanism for coding large environments. 

It needs fewer neurons for accurate decod-

ing of the current location of the bat than 

other ensemble coding mechanisms based 

on individual cells having multiple fields 

of the same size and other cells having 

fields of different sizes (as had previously 

been assumed). 

It will be important to determine 

the extent to which multiscale cod-

ing by individual neurons is a gen-

eral property of hippocampal coding 

across species and across different 

types and scales of environments. A 

preliminary study of rats following 

a moving robotic feeder in an 18.6-

m2 open-field environment reported 

that cells in dorsal CA1 exhibited 

the same type of multiscale coding 

as found in the tunnel-flying bats 

(8). This indicates that this type of 

firing may be a general principle of 

hippocampal coding of large-scale 

space across mammalian species. 

Moreover, perhaps in large, con-

tinuous spaces, multiscale place cell 

representation may be the rule. 

As with many elegant studies, the 

work of Eliav et al. points to prom-

ising new avenues of research. One 

key question is how multiscale en-

coding arises. The two main inputs 

to CA1 (where the multiscale place cells 

have been described) are the CA3 and the 

medial entorhinal cortex (MEC). CA3 also 

contains place cells; indeed, the dorsal-

ventral gradient of small-large place fields 

was described in CA3 neurons in rats (7). 

Conversely, the MEC contains a different 

type of spatial cell called grid cells. Each 

grid cell fires in multiple locations ar-

ranged in a regular hexagonal grid pattern 

that repeats across the environment (again 

with a dorsal-ventral arrangement of grid 

field size and spacing) (9, 10). Grid cells are 

thought to be important for path integra-

tion, where animals use self-motion sig-

nals to estimate distances and directions 
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Bat

Navigating large, complex spaces
Eliav et al. found that bats exhibit multiscale place cell coding. 

Individual place cells in the hippocampus fire according to a range 

of spatial scales (place fields of a single place cell indicated by 

circles), allowing optimal processing of a large environment with 

a finite number of cells.
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traveled. Eliav et al. suggest a feed-forward 

model whereby the multiscale fields in 

CA1 result from convergence of inputs 

from multiple CA3 place cells with differ-

ent spatial scales onto each CA1 place cell. 

Predictions of this model that still need to 

be tested are that CA3 neurons should not 

show multiple fields in large environments 

and that either grid cells should not show 

multiple fields or grid cell inputs do not 

contribute to the firing of CA1 place fields 

in large environments. 

A second question is whether there is 

a continuum of multiscale coding across 

environments of all sizes or whether (as 

suggested by Eliav et al.) multiscale coding 

occurs only in sufficiently large environ-

ments. And if the latter, what behavioral, 

perceptual, and neural mechanisms trigger 

the transition from small-scale to large-

scale encoding of space?

The study of Eliav et al. provides a 

marker for the need to examine spatial 

coding in ethologically relevant environ-

ments. The multiscale place cell coding 

mechanism that they demonstrate may 

allow both fine-scale spatial localization 

and localization on a more extended scale, 

which would be required for navigating 

accurately between very distant locations 

hundreds of meters or kilometers apart. It 

will be interesting to see whether similar 

multiscale spatial representations occur in 

humans or nonhuman primates navigat-

ing (virtual or real) large, open spaces and 

whether multiscale coding by individual 

neurons occurs in other, nonspatial do-

mains, such as the coding of time (11).        j
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CRISPR diagnostics

By Omar O. Abudayyeh and 

Jonathan S. Gootenberg

A
lthough clinical diagnostics take many 

forms, nucleic acid–based testing has 

become the gold standard for sensitive 

detection of many diseases, including 

pathogenic infections. Quantitative 

polymerase chain reaction (qPCR) has 

been widely adopted for its ability to detect 

only a few DNA or RNA molecules that can 

unambiguously specify a particular disease. 

However, the complexity of this technique 

restricts application to laboratory settings. 

The severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) pandemic has 

underscored the need for the development 

and deployment of nucleic acid tests that 

are economical, easily scaled, and capable of 

being run in low-resource settings, without 

sacrifices in speed, sensitivity or specificity. 

CRISPR-based diagnostic (CRISPR-dx) tools 

offer a solution, and multiple CRISPR-dx 

products for detection of the SARS-CoV-2 

RNA genome have been authorized by the 

US Food and Drug Administration (FDA). On 

page 941 of this issue, Jiao et al. (1) describe a 

new CRISPR-based tool to distinguish several 

SARS-CoV-2 variants in a single reaction. 

There are multiple types of CRISPR sys-

tems comprising basic components of a 

single protein or protein complex, which cuts 

a specific DNA or RNA target programmed 

by a complementary guide sequence in a 

CRISPR-associated RNA (crRNA). The type 

V and VI systems and the CRISPR-associated 

endonucleases Cas12 (2, 3) and Cas13 (4, 5) 

bind and cut DNA or RNA, respectively. 

Furthermore, upon recognizing a target DNA 

or RNA sequence, Cas12 and Cas13 proteins 

exhibit “collateral activity” whereby any DNA 

or RNA, respectively, in the sample is cleaved 

regardless of its nucleic acid sequence (4, 

6). Thus, reporter DNAs or RNAs, which al-

low for visual or fluorescent detection upon 

cleavage, can be added to a sample to infer 

the presence or absence of specific DNA or 

RNA species (4–8). 

Initial versions of CRISPR-dx utilizing 

Cas13 alone were sensitive to the low pi-

comolar range, corresponding to a limit of 

detection of millions of molecules in a mi-

croliter sample. To improve sensitivity, pre-

amplification methods, such as recombinase 

polymerase amplification (RPA), PCR, loop-

mediated isothermal amplification (LAMP), 

or nucleic acid sequence–based amplifica-

tion (NASBA), can be used with Cas12 or 

Cas13 to enable a limit of detection down to 

a single molecule (8). This preamplification 

approach, applicable to both Cas12 and Cas13 

(6, 7), enabled a suite of detection methods 

and multiplexing up to four orthogonal tar-

gets (7). Additional developments expanded 

CRISPR-dx readouts beyond fluorescence, 

including lateral flow (7), colorimetric (9), 

and electronic or material responsive read-

outs (10), allowing for instrument-free ap-

proaches. In addition, post–collateral-cleav-

age amplification methods, such as the use 

of the CRISPR-associated enzyme Csm6, have 

been combined with Cas13 to further increase 

the speed of CRISPR-dx tests (7). As an alter-

native to collateral-cleavage–based detection, 

type III CRISPR systems, which involve large 

multiprotein complexes capable of target-

ing both DNA and RNA, have been used for 

SARS-CoV-2 detection through production of 

colorimetric or fluorometric readouts (11).

FDA-authorized CRISPR-dx tests  are cur-

rently only for use in centralized labs, because 

the most common CRISPR detection pro-

tocols require fluid handling steps and two 

different incubations, precluding their imme-

diate use at the point of care. Single-step for-

mulations have been developed to overcome 

this limitation, and these “one-pot” versions 

of CRISPR-dx are simple to run, operate at a 

single temperature, and run without complex 

equipment, producing either fluorescence or 

lateral flow readouts. The programmability 

of CRISPR makes new diagnostic tests easier 

to develop, and within months of the release 

of the SARS-CoV-2 genome, many COVID-19–

specific CRISPR tests were reported and dis-

tributed around the world. 

The broader capability for Cas enzyme–

enhanced nucleic acid binding or cleavage 

has led to several other detection modali-

ties. Cas9-based methods for cleaving nucleic 

acids in solution for diagnostic purposes 

have been combined with other detection 

platforms, such as destruction of undesired 

amplicons for preparation of next-generation 

sequencing libraries (12), or selective removal 

of alleles for nucleotide-specific detection 
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New CRISPR enzyme activities add to the 
nucleic acid detection arsenal

“...the multiscale coding 
mechanism seen in the bats 
is a particularly efficient 
mechanism for coding large 
environments.”
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