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relationship to the kinesin-1 tetramer and examine
the importance of cargo-induced TPR conforma-
tional change in motor activation.
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Actin-Propelled Invasive Membrane
Protrusions Promote Fusogenic Protein
Engagement During Cell-Cell Fusion
Khurts Shilagardi, Shuo Li, Fengbao Luo, Faiz Marikar, Rui Duan, Peng Jin, Ji Hoon Kim,
Katherine Murnen, Elizabeth H. Chen*

Cell-cell fusion is critical for the conception, development, and physiology of multicellular
organisms. Although cellular fusogenic proteins and the actin cytoskeleton are implicated in
cell-cell fusion, it remains unclear whether and how they coordinate to promote plasma membrane
fusion. We reconstituted a high-efficiency, inducible cell fusion culture system in the normally
nonfusing Drosophila S2R+ cells. Both fusogenic proteins and actin cytoskeletal rearrangements
were necessary for cell fusion, and in combination they were sufficient to impart fusion
competence. Localized actin polymerization triggered by specific cell-cell or cell-matrix adhesion
molecules propelled invasive cell membrane protrusions, which in turn promoted fusogenic protein
engagement and plasma membrane fusion. This de novo cell fusion culture system reveals a
general role for actin-propelled invasive membrane protrusions in driving fusogenic protein
engagement during cell-cell fusion.

Cell-cell fusion occurs in many biological
processes such as fertilization, myogene-
sis, placenta formation, bone remodel-

ing, and immune response (1–3). Transmembrane
fusogenic proteins are implicated in the fusion of
multiple cell types inCaenorhabditis elegans (4),
whereas actin polymerization is implicated in the
fusion of muscle cells in Drosophila, zebrafish,
and mice (5–7). It remains unknown whether
fusogenic proteins and the actin cytoskeleton co-
ordinate during cell-cell fusion, and if so, how
this is accomplished. We addressed these ques-
tions by reconstituting cell fusion de novo in the
otherwise nonfusing S2R+ cells, a hemocyte-like
cell line derived from Drosophila embryos (8).

Transfection of known components of Dro-
sophila myoblast fusion, including cell adhesion
molecules (9, 10) and actin cytoskeletal regu-
lators (11–14), failed to induce S2R+ cell fusion,

despite causing extensive cell adhesion and F-actin
enrichment at cell-cell contact sites (fig. S1, A to
C). Expression of the C. elegans fusogenic pro-
tein Eff-1 (15, 16) induced low-level S2R+ cell
fusion (Fig. 1, A and F). Multinucleate syncytia
were observed 24 hours after Eff-1 transfection,
and by 72 hours after transfection, ~12% (12.1 T
1.1%) of Eff-1–positive cells were in multinucleate
syncytia, with each syncytium containing amedian
number of eight nuclei (Fig. 1, F and G). These
Eff-1–induced multinucleate syncytia resulted
from cell fusion (fig. S2, A to B´´´), and Eff-1 was
required in both fusion partners (fig. S2C), sim-
ilar to findings reported for moth Sf9 cells (16).

Because close membrane apposition is a pre-
requisite for membrane fusion, we asked whether
Eff-1–induced fusion could be enhanced by co-
expressing cell adhesionmolecules. Dumbfounded
(Duf) and Sticks and stones (Sns) are immuno-
globulin (Ig) domain–containing transmembrane
proteins that are required forDrosophilamyoblast
fusion (9, 10) but are not normally expressed in
S2R+ cells (fig. S1D). Exogenous Duf, but not

Sns, promotes homophilic cell adhesion in cul-
turedDrosophila cells (17–19), as does Echinoid
(Ed), an Ig domain–containing transmembrane
protein not implicated in myoblast fusion (20, 21).
Among the three proteins, only Sns enhanced
Eff-1–mediated fusion (Fig. 1, B, C, D, and F),
which suggests that membrane apposition me-
diated by cell adhesion per se is not sufficient
to promote Eff-1–mediated fusion. Nearly 90%
(86.3 T 2.9%) of the Sns-Eff-1–coexpressing cells
were in multinucleate syncytia (Fig. 1C), repre-
senting a factor of 7 increase over Eff-1–induced
fusion (Fig. 1F). These large syncytia contained
up to 220 nuclei, with a median number of 44
nuclei per cell (Fig. 1G). Live imaging confirmed
that Sns-Eff-1–induced syncytial formation resulted
from cell fusion (fig. S3, A and B, and movies S1
and S2). Besides Sns, overexpression of an a sub-
unit (aPS2) of the cell-matrix adhesion molecule
integrin (22), which has been implicated in mul-
tiple types of cell fusion events (23–26), enhanced
Eff-1–mediated fusion by a factor of 5 (63.9 T
4.3%) with a median number of 20 nuclei per
cell (Fig. 1, E to G). The marked enhancement of
Eff-1–mediated cell fusion by Sns and integrin,
neither of which facilitated homophilic cell ad-
hesion nor interacted with Eff-1 more strongly
than did Duf (fig. S4), prompted us to examine
the cellular mechanisms underlying their fusion-
enhancing activity.

In Drosophila, Sns and Duf trigger distinct
actin cytoskeletal changes during myoblast fu-
sion. Sns organizes an F-actin–enriched invasive
podosome-like structure (PLS) in the fusion com-
petent myoblast (27, 28), whereas Duf promotes
the formation of a thin sheath of actin underlying
the apposing founder cell membrane (27). Their
differential activity in remodeling the actin cyto-
skeletonwas recapitulated in S2R+ cells, as F-actin–
enriched foci were observed at cell-cell contact
sitesmarked by the accumulation of Eff-1 and the
cell adhesion molecule in Sns-Eff-1–expressing
cells (Fig. 1H and fig. S5A) but not in Duf-Eff-1–
expressing cells (Fig. 1I and fig. S5B). Live im-
aging of Sns-Eff-1–expressing cells using green
fluorescent protein (GFP) fused to the F-actin–
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binding C-terminal tail of moesin (GFP-moesin)
(29) revealed that these F-actin foci corresponded
to sites of fusion (Fig. 2A, fig. S6, A and B, and
movies S3 to S5). Using a cell-mixing fusion as-
say, we showed that Sns was required in only one
of the two fusion partners to promote efficient
cell fusion (fig. S7).

Because the actin nucleation-promoting fac-
tors (NPFs) of the Arp2/3 complex,WASP (11–13)
and Scar/WAVE (14), are required for Sns-induced
PLS formation in Drosophila myoblast fusion
(27), we investigated whether WASP and Scar are
required for Sns-Eff-1–induced cell fusion. RNA
interference (RNAi) knockdown of WASP, its
binding partner WASP-interacting protein (WIP)
(11, 12), or Scar abolished Sns-induced F-actin
foci (fig. S8) and eliminated Sns-enhanced cell
fusion (Fig. 2B). At sites of fusion, fluorescence
recovery after photobleaching (FRAP) analysis
revealed more dynamic exchanges of WASP and
Scar than of Sns (Fig. 2, C and D, fig. S9, and
movies S6 and S7), which suggests that Sns
provides a relatively stable organizing center at
these sites to recruit WASP and Scar. These find-
ings indicate that dynamic actin cytoskeletal re-
arrangement is required for Sns-Eff-1–induced
cell fusion. RNAi knockdown of the P40 subunit
of the Arp2/3 complex in moth Sf9 cells also de-
creased Eff-1–induced fusion (7.2 T 1.2% versus
16.7 T 6.1%; fig. S10), indicating that Arp2/3-

mediated actin polymerization is generally re-
quired for fusion in different cell types.

To examine whether Arp2/3-mediated actin
polymerization is sufficient to enhance Eff-1–
mediated fusion, we fused WIP, WASP, or Scar
to the C terminus of Duf or Sns and coexpressed
each chimeric protein with Eff-1 in S2R+ cells.
AttachingWIP to Sns did not affect Sns’s ability
to organize actin polymerization at cell-cell con-
tact sites (fig. S11A) or to enhance fusion (Fig.
2E). AttachingWIP toDuf induced the formation
of F-actin–enriched hairlike protrusions at cell-
cell contact sites (fig. S11B) and converted Duf
into a fusion-promoting molecule (Fig. 2F). This
result suggests that WIP-mediated actin cyto-
skeletal rearrangement is sufficient to enhance
Eff-1–mediated cell fusion. Unexpectedly, attaching
WASP or Scar directly to Duf did not enhance
Eff-1–mediated fusion (Fig. 2F), and attaching
theseNPFs to Sns abolished Sns’s fusion-enhancing
activity (Fig. 2E) because of mislocalization of the
chimeric proteins. Unlike Duf-WIP or Sns-WIP,
which were correctly targeted to the cell mem-
brane (fig. S11, A and B), Duf-WASP, Duf-Scar,
Sns-WASP, and Sns-Scar were localized in the
cytoplasm (fig. S11, C andD),where they induced
actin comet tails propelling rapid movement of
vesicles containing Eff-1 and the corresponding
chimeric protein (fig. S11, C and D, and movies
S8 and S9). Thus, localizedArp2/3-mediated actin

polymerization at cell-cell contact sites promotes
Eff-1–mediated fusion.

Because Arp2/3 nucleates a branched actin
network that drives membrane protrusions, we
predicted that the F-actin foci at cell-cell con-
tact sites may be invasive. To test this, we con-
ducted super-resolution total internal reflection
fluorescence (TIRF)–based stochastic optical re-
construction microscopy (STORM) (30) and
ultrastructural electron microscopy (EM). Both
analyses revealed a tightly packed group of finger-
like protrusions extending from one cell into its
fusion partner in Sns-Eff-1–expressing cells but
not in Duf-Eff-1–expressing cells (Fig. 2, G andH,
b and c; Fig. 3, A and A´; and fig. S12), consist-
ent with the reported ultrastructure of the invasive
PLS in Drosophila myoblast fusion (27, 31, 32).
These fingers contained distinct clusters of Sns
and Eff-1 (Fig. 2G, d to d´´) and frequently over-
lapping Sns and actin signals (Fig. 2H, d to d´´).
Strikingly, segments of electron-dense “ladders”
were present between the apposing membranes
along the invasive fingers (Fig. 3, A´ and A´´).
These electron-dense ladders grossly resembled
the electron-dense spikes formed by the virus-
packaged Eff-1 on the viral envelope (33) (albeit
thinner than the latter) and spatially corresponded
to clusters of Eff-1 on the invasive fingers observed
by STORM (Fig. 2G, d´). Immunogold labeling
confirmed the presence of Eff-1 on themembranes
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Fig. 1. Coexpression of Drosophila adhesion molecules and the C. elegans fusogenic
protein Eff-1 induces high-efficiency cell fusion in Drosophila S2R+ cells. (A to G)
Expression of Sns or integrin markedly enhances Eff-1–mediated cell fusion. Cells were trans-
fected with V5 epitope–tagged Eff-1 (Eff-1–V5) alone (A) or cotransfected with Eff-1–V5 and an
adhesionmolecule—Duf (B), Sns (C), Ed (D), or aPS2 (E)—and were then stained with antibody
to V5 (green) and amembrane dye (red). (F) Quantification of the fusion index as the percentage
of nuclei in multinucleate syncytia (containing ≥3 nuclei) versus the total number of nuclei in
transfected cells. N = 30 randomly chosen 40× microscopic fields; error bars denote SD. (G)
Distribution of nuclei number in multinucleate syncytia. (H and I) Sns and Duf trigger distinct

actin cytoskeletal rearrangement at cell-cell contact sites. Cells were cotransfected with hemagglutinin-tagged Eff-1 (Eff-1–HA), GFP-moesin, and Sns-V5 (H) or
Duf-V5 (I), and stained with antibodies to V5 (red) and HA (cyan). F-actin was visualized by GFP-moesin (green). Boxed areas are magnified in insets; schematic
drawings of F-actin are shown at the right. Arrow in (H): an F-actin–enriched focus associated with Sns and Eff-1 accumulation at a cell-cell contact site. Arrows in
(I): cell-cell contact sites enriched with Duf but not F-actin. Scale bars, 40 mm [(A) to (E)], 10 mm [(H) and (I)].
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along the invasive fingers (fig. S13, B and B´).
Thus, in Sns-Eff-1–induced cell fusion, Arp2/3-
mediated actin polymerization generates finger-
like membrane protrusions that promote Eff-1
engagement across the apposing cell membranes.

To determine whether actin-propelled mem-
brane protrusions are generally involved in cell-cell
fusion, we investigated how integrin modulated
Eff-1–mediated fusion. Loss or gain of aPS2
function abolished or enhanced Eff-1–mediated
cell fusion commensurate with the strength of

cell-matrix adhesion (Fig. 1, E and F, and Fig. 4,
A to C). Unlike Sns-Eff-1–induced fusion, aPS2-
Eff-1–induced fusion only required Scar but not
theWASP-WIP complex (Fig. 4A and fig. S14A),
the latter of which is normally recruited to sites
of myoblast fusion by Sns inDrosophila (11, 12).
As a consequence, aPS2-Eff-1–expressing cells
formed numerous F-actin–containing hairlike
projections, instead of dense F-actin foci, along the
broad cell-cell contact zone (Fig. 4D and movie
S10). Notably, cells expressing Eff-1 alone also

occasionally formed multiple hairlike projec-
tions along cell-cell contact zones (Fig. 4E), and
RNAi of Scar, but not of WASP or WIP, abol-
ished the basal level of Eff-1–mediated cell fu-
sion (Fig. 4B and fig. S14B). STORM and EM
analyses revealed individual fingerlike protru-
sions sparsely localized at the cell periphery and
along the cell-cell contact zone of aPS2-Eff-1–
expressing cells (Fig. 3B and Fig. 4, F and G, b
and c), corresponding to the hairlike projec-
tions visualized by confocalmicroscopy (Fig. 4D).
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dynamic F-actin focus mediating cell fusion. Cells coexpressing Eff-1, Sns, and
GFP-moesin were subjected to time-lapse imaging. Stills from representative
movie S3 are shown; 0 min corresponds to 3:00:51 in movie S3. Arrow indi-
cates the F-actin focus at the protruding tip of cell a, which was about to fuse
with cell b. Scale bar, 10 mm. (B) Arp2/3-mediated actin polymerization is
required for Sns-enhanced cell fusion. Data are fusion indices (TSD) resulting
from RNAi knockdown of Sns, WASP, WIP, or Scar in cells coexpressing Sns and
Eff-1 treated with corresponding double-stranded RNA (dsRNA). Statistical
significance was determined using the two-tailed Student t test (***P < 0.001)
by comparing control and RNAi samples. (C and D) FRAP assays of WASP,
Scar, and Sns at sites of fusion. Sns-mCherry and WASP-GFP (or Scar-GFP) foci
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fusion. Cells were transfected with Eff-1 alone or cotransfected with Eff-1
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(G andH) Sns and Eff-1 accumulate in distinct clusters on the cell membrane
along the fingerlike protrusions. Cells cotransfected with Sns-V5 and Eff-1–HA
were stained with antibodies to V5 (red), HA [green in (G)], and actin [green
in (H)], and subjected to STORM analysis. Images were acquired by either
wide-field microscopy (a) or STORM [(b) to (d´´)]. Boxed area in (a) and (b) is
enlarged in (c); boxed area in (c) is enlarged in (d) to (d´´). Arrow in (a) and (b)
indicates fingerlike protrusions extending from a cell to its fusion partner. In
(G), distinct clusters of Sns and Eff-1 are indicated by arrows in (d) and
arrowheads in (d´) and (d´´), respectively. In (H), arrowheads in (d) to (d´´)
indicate the frequently overlapping signals of Sns and actin. Scale bars, 20 mm
[(a) and (b)], 500 nm (c), 100 nm [(d) to (d´´)].
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(D and E) F-actin–enriched hairlike projections along the cell-cell contact zone
of aPS2-Eff-1– and Eff-1–expressing cells. Cells were transfected with GFP-moesin
and aPS2-Eff-1 (D) or Eff-1 alone (E), and stained with antibodies to V5 (red;
aPS2-V5) and HA (cyan; Eff-1–HA). Boxed areas are magnified in insets; sche-
matic drawings of F-actin are at the right. Inset in (D) shows F-actin–enriched

hairlike projections at the cell-cell contact zone of aPS2-Eff-1–expressing cells.
Arrow in (D) to (D´´´) indicates a small punctum of aPS2 within a hairlike pro-
jection. Inset in (E) shows the occasionally observed F-actin–enriched pro-
jections (one indicated by arrow) in Eff-1–expressing cells. Scale bars, 10 mm.
(F and G) Distinct distribution of aPS2 and Eff-1 on the membrane along the
F-actin–enriched fingerlike protrusions. Cells cotransfected with aPS2-V5 and
Eff-1–HA were stained with antibodies to V5 (red), HA [green in (F)], and actin
[green in (G)] and subjected to STORM analysis. Images were acquired by
either wide-field microscopy (a) or STORM [(b) to (d´´)]. Boxed area in (a) and
(b) is enlarged in (c); boxed area in (c) is enlarged in (d) to (d´´). Arrows in (c)
indicate individual fingerlike protrusions. Arrow in (d) and (d´´) and arrow-
heads in (d´) and (d´´) indicate distinct domains of aPS2 and Eff-1 (or actin).
Scale bars, 20 mm [(a) and (b)], 500 nm (c), 100 nm [(d) to (d´´)].

Fig. 3. Invasive fingerlike membrane
protrusions promote fusogenic protein
engagement. (A) Electron micrographs
of Sns-Eff-1–expressing cells. Boxed area in
(A) is enlarged in (A´); boxed area in (A´) is
enlarged in (A´́ ). (A) Low-magnification view
of two adherent cells. (A )́ Cell on the right
(pseudo-colored purple) extended a group
of fingerlike protrusions (black arrows) to
invade the cell on the left. Segments of
electron-dense materials were present on
themembranes along the protrusive fingers
but were absent elsewhere on the cell mem-
brane (magenta arrows). (A´´) At higher
magnification, the electron-densematerials
showed a ladderlike pattern between the two
apposing cellmembranes (red arrowheads).
(B) Electron micrographs of aPS2-Eff-1–
expressing cells. Boxed area in (B) is en-
larged in (B´); boxed area in (B´) is enlarged
in (B´´). (B) Low-magnification view of two
adherent cells. (B´) Cell at the top (pseudo-
colored purple) extended individual finger-
like protrusions to invade the cell at the
bottom. The invasive fingers (black arrows) were scattered along the broad cell-cell
contact zone and were associated with segments of electron-dense materials, which
were absent elsewhere on the cell membrane (magenta arrows). (B´´) At higher

magnification, the electron-dense materials also showed a ladderlike appearance
(red arrowheads) between the two apposingmembranes, as in Sns-Eff-1–expressing
cells (A´´). Scale bars, 500 nm [(A), (A´), (B), and (B´)], 100 nm [(A´´) and (B´´)].
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These fingerlike protrusions contained Eff-1
clusters on the membrane (Fig. 4F, d and d´´)
and were anchored at their basal side by exog-
enous aPS2 (Fig. 4, F and G, d to d´´). As in
Sns-Eff-1–expressing cells (Fig. 3A´´), the in-
vasive fingers in aPS2-Eff-1–expressing cells
contained segments of electron-dense ladders
(Fig. 3B´´) corresponding to the Eff-1 clusters
observed by STORM (Fig. 4F, d´ and d´´). Thus,
despite the differences in the requirement of
actin regulators (Scar versus Scar-WASP) and
the overall morphology of F-actin enrichment
(hairs versus foci), aPS2-Eff-1–expressing cells
and Sns-Eff-1–expressing cells use similar inva-
sive fingerlike membrane protrusions to pro-
mote fusogenic protein engagement during cell
fusion.

Our studies reveal two fundamental principles
underlying cell-cell fusion. First, a transmem-
brane fusogenic protein is indispensable for cell-
cell fusion, because fusion does not occur without
a fusogenic protein, irrespective of actin cyto-
skeletal remodeling. Second, the actin cytoskeleton
provides an active driving force for cell-cell fu-
sion by generatingmembrane protrusions that are
necessary and sufficient to promote fusion me-
diated by fusogenic proteins. Membrane protru-
sions induced by different adhesion molecules
share common characteristics of invasiveness and
engagement of fusogenic proteins and therefore
represent a general cell-cell fusion mechanism.

References and Notes
1. E. H. Chen, E. N. Olson, Science 308, 369 (2005).
2. B. M. Ogle, M. Cascalho, J. L. Platt, Nat. Rev. Mol. Cell Biol.

6, 567 (2005).
3. M. Oren-Suissa, B. Podbilewicz, Trends Cell Biol. 17, 537

(2007).
4. O. Avinoam, B. Podbilewicz, Curr. Top. Membr. 68, 209

(2011).
5. K. Rochlin, S. Yu, S. Roy, M. K. Baylies, Dev. Biol. 341,

66 (2010).
6. E. H. Chen, Curr. Top. Membr. 68, 235 (2011).
7. S. M. Abmayr, G. K. Pavlath, Development 139, 641 (2012).
8. S. Yanagawa, J. S. Lee, A. Ishimoto, J. Biol. Chem. 273,

32353 (1998).
9. M. Ruiz-Gómez, N. Coutts, A. Price, M. V. Taylor, M. Bate,

Cell 102, 189 (2000).
10. B. A. Bour, M. Chakravarti, J. M. West, S. M. Abmayr,

Genes Dev. 14, 1498 (2000).
11. S. Kim et al., Dev. Cell 12, 571 (2007).
12. R. Massarwa, S. Carmon, B. Z. Shilo, E. D. Schejter,

Dev. Cell 12, 557 (2007).
13. G. Schäfer et al., Dev. Biol. 304, 664 (2007).
14. B. E. Richardson, K. Beckett, S. J. Nowak, M. K. Baylies,

Development 134, 4357 (2007).
15. W. A. Mohler et al., Dev. Cell 2, 355 (2002).
16. B. Podbilewicz et al., Dev. Cell 11, 471 (2006).
17. H. A. Dworak, M. A. Charles, L. B. Pellerano, H. Sink,

Development 128, 4265 (2001).
18. B. J. Galletta, M. Chakravarti, R. Banerjee, S. M. Abmayr,

Mech. Dev. 121, 1455 (2004).
19. E. H. Chen, B. A. Pryce, J. A. Tzeng, G. A. Gonzalez,

E. N. Olson, Cell 114, 751 (2003).
20. R. Islam, S. Y. Wei, W. H. Chiu, M. Hortsch, J. C. Hsu,

Development 130, 2051 (2003).
21. C. A. Johnston, K. Hirono, K. E. Prehoda, C. Q. Doe,

Cell 138, 1150 (2009).
22. P. J. Gotwals, S. E. Paine-Saunders, K. A. Stark,

R. O. Hynes, Curr. Opin. Cell Biol. 6, 734 (1994).

23. M. Schwander et al., Dev. Cell 4, 673 (2003).
24. P. Fénichel, M. Durand-Clément, Hum. Reprod. 13

(suppl. 4), 31 (1998).
25. A. K. McNally, J. M. Anderson, Am. J. Pathol. 160, 621

(2002).
26. N. Tabata et al., J. Immunol. 153, 3256 (1994).
27. K. L. Sens et al., J. Cell Biol. 191, 1013 (2010).
28. S. Haralalka et al., Development 138, 1551 (2011).
29. K. A. Edwards, M. Demsky, R. A. Montague, N.

Weymouth, D. P. Kiehart, Dev. Biol. 191, 103 (1997).
30. M. J. Rust, M. Bates, X. Zhuang, Nat. Methods 3, 793

(2006).
31. P. Jin et al., Dev. Cell 20, 623 (2011).
32. R. Duan et al., J. Cell Biol. 199, 169 (2012).
33. O. Avinoam et al., Science 332, 589 (2011).

Acknowledgments: We thank P. Beachy for the S2R+ cell
line and G. Seydoux for the C. elegans cDNA; M. Delannoy
at Johns Hopkins Microscope Facility for advice on cell
culture TEM and immunoEM; J. Reidler, J. Hill, and J. DeWitt
at Nikon Instruments Inc. for advice on STORM; and S. Craig,
J. Nathans, E. Olson, D. Pan, D. Robinson, G. Seydoux, J. Yang,
and members of the Chen lab for discussions and critical
reading of the manuscript. K.S. was a postdoctoral fellow
of the American Heart Association. Supported by the
National Institutes of Health (R01 GM098816) and the Packard
Foundation (E.H.C.).

Supplementary Materials
www.sciencemag.org/cgi/content/full/science.1234781/DC1
Materials and Methods
Figs. S1 to S14
Table S1
Movies S1 to S10
References (34–36)

4 January 2013; accepted 22 February 2013
Published online 7 March 2013;
10.1126/science.1234781

Bat and Rat Neurons Differ in
Theta-Frequency Resonance Despite
Similar Coding of Space
James G. Heys,1* Katrina M. MacLeod,2 Cynthia F. Moss,3 Michael E. Hasselmo4*

Both bats and rats exhibit grid cells in medial entorhinal cortex that fire as they visit a regular
array of spatial locations. In rats, grid-cell firing field properties correlate with theta-frequency
rhythmicity of spiking and membrane-potential resonance; however, bat grid cells do not exhibit
theta rhythmic spiking, generating controversy over the role of theta rhythm. To test whether this
discrepancy reflects differences in rhythmicity at a cellular level, we performed whole-cell patch
recordings from entorhinal neurons in both species to record theta-frequency resonance. Bat neurons
showed no theta-frequency resonance, suggesting grid-cell coding via different mechanisms in bats
and rats or lack of theta rhythmic contributions to grid-cell firing in either species.

The medial entorhinal cortex (mEC) of ro-
dents, humans, nonhuman primates, and
bats encodes space by using similar neural

firing patterns (1–5). Unit recordings from awake-
behaving rodents and bats demonstrate that sin-
gle neurons in the mEC, termed grid cells, fire
when an animal traverses spatial locations on a
periodic triangular array, tiling the environment.
In rodents, grid-cell coding correlates with rhyth-
micity at theta frequency (4 to 10 Hz). Subthresh-
old membrane-potential resonance (sMPR) at
theta frequency matches the anatomical dis-

tribution of grid cells (6) and differs along the
dorsal-to-ventral axis of rodent mEC (7–11), in
proportion with grid-cell firing field properties
(2). Rodent grid-cell spiking shows precession
in theta phase relative to location (12), theta
rhythmicity correlated with grid field properties
and running velocity (13, 14), and loss of spatial
periodicity in the absence of network theta
rhythm (15, 16).

However, bat recordings demonstrate grid
cells in mEC and place cells in the hippocampus
in the absence of continuous theta-frequency

rhythmicity in field potentials or spike-train auto-
correlograms (5, 17), arguing against theta-rhythmic
mechanisms for grid-cell firing, but controversy
remains that theta rhythmicity could be masked
by low firing rates in bat grid cells (18). To test for
intrinsic theta-rhythmic mechanisms in the bat
species Eptesicus fuscus and Rousettus aegyp-
tiacus, we made in vitro whole-cell patch record-
ings in brain slices, looking for theta-frequency
sMPR. In contrast to layer II stellate cells in ro-
dent mEC, layer II neurons of bat mEC do not
show theta-frequency sMPR. These data corrob-
orate earlier bat unit recording data (5, 17) showing
that continuous theta rhythmicity during naviga-
tion is not present in all mammalian species.

Previous studies demonstrated that parahip-
pocampal areas in bat and rodent brains show
similar anatomical organization (5, 19, 20). Neu-
rons loaded with biocytin during whole-cell patch
clamp recordings in horizontal brain slices were
stained to reveal position andmorphology (Fig. 1).
Rat neurons were layer II stellate cells on the
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