that lacks genes encoding the enzymes for
most biosynthetic pathways. A consequence
of this evolution to obligate parasitism has
been the elimination of the requirement for
Fe. This adaptation by B. burgdorferi has
been successful, and other pathogenic bacte-
ria with limited genomes, such as 7. pallidum
(950 Mb) (19) and Mycoplasma pneumoniae
(650 kb) (20), may have adopted similar ap-
proaches to avoid host Fe limitation.
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Intracellular Parasitism by the
Human Granulocytic Ehrlichiosis
Bacterium Through the
P-Selectin Ligand, PSGL-1
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Human granulocytic ehrlichiosis (HGE) is a febrile tick-borne illness caused by
a recently discovered intracellular bacterium remarkable for its tropism for
professionally phagocytic neutrophils. Monoclonal antibodies against the P-
selectin binding domain of the leukocyte P-selectin glycoprotein ligand, PSGL-1,
prevented HGE cell binding and infection, as did enzymatic digestion of PSGL-1.
Furthermore, simultaneous neoexpression in nonsusceptible cells of comple-
mentary DNAs for both PSGL-1 and its modifying a-(1,3) fucosyltransferase,
Fuc-TVI, allowed binding and infection by HGE. Thus, the HGE bacterium
specifically bound to fucosylated leukocyte PSGL-1. Selectin mimicry is likely
central to the organism'’s unique ability to target and infect neutrophils.

Human granulocytic ehrlichiosis (HGE) is an
emerging tick-borne infection that causes an
acute febrile illness, which is often severe,
and frequently coinfects individuals with
Lyme disease (Borrelia burgdorferi), also
carried by Ixodes ticks (1, 2). In the few years
since its recognition, the disease has been
reported in several hundred individuals, pri-
marily in the regions of the north central and
northeastern United States, where Lyme dis-
ease is endemic, and seropositivity has been
reported in several other countries. The etio-
logic agent is an obligate intracellular bacte-
rium found in the peripheral blood granulo-
cytes of infected patients and is closely relat-
ed, or identical, to Ehrlichia equi and E.
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phagocytophila (1, 3), which infect horses
and ruminants, respectively. Several patho-
gens of humans have life cycles that involve
permissive infection of monocytes, but the
HGE agent is noteworthy in its tropism for
and growth within professionally phagocytic
granulocytes. The as of yet unnamed etiolog-
ic organism of HGE was recently isolated
with the promyelocytic leukemia cell line,
HL60, and it has since been shown that the
organism can replicate in other myeloid cell
lines and in normal human bone marrow
progenitor cells (3—5). The tropism of this
organism for leukocytes and its ability to
evade normal phagocytic pathways and lyso-
somal fusion (6) suggest that the organism
uses specific receptor-mediated pathway(s)
for cellular adhesion and entry.

Although intracellular infection by bacte-
ria is an area of intense investigation, the
entry of pathogens into permissive pathways
in normally hostile phagocytic cells remains
poorly understood (7). Some organisms in-
fect a variety of cells and bind to molecules
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that are widely distributed in the host (e.g.,
Yersinia species and Toxoplasma gondii to
B-1 integrins) (8, 9). Others are able to use
specific leukocyte molecules in their adhe-
sion to monocytes (e.g., Legionella pneumo-
phila, Leishmania donovanii, and Mycobac-
terium tuberculosis through binding to com-
plement receptors) (/0, 11). The receptors
responsible for ehrlichial binding and entry
into host cells were unknown.

Leukocyte cell surface expression of the
sialyl Lewis x tetrasaccharide (sLe* or
CD15s) and the expression of the a-(1,3)
fucosyltransferase, Fuc-TVII, responsible for
its terminal fucosylation are linked to cell
susceptibility to HGE infection (/2). Howev-
er, Fuc-TVII has multiple substrates, sLe*
itself modifies a wide variety of proteins and
lipids, and antibodies to sLe* (anti-sLe*) did
not block HGE adhesion to susceptible cells
(12), suggesting that sLe* alone is not a spe-
cific receptor for the organism. We hypothe-
sized that the HGE receptor is a Fuc-TVII—-
modified cell surface glycoprotein expressed
on neutrophils. The linkage of infection to the
expression of sLe* also suggested that the
HGE receptor might be a selectin ligand.

We examined the effects of monoclonal
antibodies (mAbs) against sLe* itself and
known sLe*-modified or related mucin-mod-
ified proteins, including CD43, CD16, CD24,
and the major identified selectin ligand of
neutrophils (/3, 14), PSGL-1, on HGE bind-
ing (15). As shown by fluorescence-activated
cell sorting (FACS) analysis (/6) of binding
of fluoresceinated bacteria, mAb PL1, which
is directed against the NH,-terminus of
PSGL-1 (residues 8 to 21) and blocks P-
selectin binding to cells (/7), blocked the
binding of HGE to HL60 cells in a dose-
dependent manner (Fig. 1A). These results
were confirmed with three different, geo-
graphically diverse strains of HGE. mAb
KPL-1, which binds to the tyrosine sulfate
motif of PSGL-1 and blocks binding to P-
selectin (/8), also blocked binding of bacteria
to HL60 cells, whereas mAb PL2, which
binds to a membrane proximal epitope on
PSGL-1 and does not block binding to P-
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selectin (/7), did not. mAb PL1 also blocked
HGE binding to human peripheral blood neu-
trophils (Fig. 1B). In contrast, numerous oth-
er mAbs, including three directed against the
B-1 integrin subunit CD11b (e.g., Leu 15;
Fig. 1B), as well as isotype control immuno-
globulins, had little or no effect.

To confirm that these results represent
inhibition of specific binding, we performed
identical studies by indirect immunofluores-
cent microscopy (IFA) allowing the direct
visualization and enumeration of adherent
bacteria (/2). mAbs KPL-1 and PL1 prevent-
ed HGE binding to either HL60 cells or
neutrophils. For example, HL60 cells in the
presence of control immunoglobulin G, sub-
class 1 (IgG1), bound a median of 5.0 bacte-
ria per cell (Fig. 2A, mean 5.0) compared
with 1 bacteria per cell bound (mean 1.1) in
the presence of KPL-1 (10 pg/ml) (Fig. 2C)
(P < 0.001, Wilcoxan sum of ranks test).

If binding to PSGL-1 by HGE is required
for bacterial entry, then the prevention of
adhesion by blocking mAbs would be expect-
ed to reduce intracellular infection. Preincu-
bation of HL60 cells with KPL-1 (10 pg/ml),
but not control IgG1, prevented infection,
with a mean of 0.1% of KPL-1-treated cells
infected when observed 48 hours later (Fig.
2D) compared with 87% of control cells (Fig.
2B; P < 0.001, Fisher Exact Test). Similarly,
incubation of granulocytes with KPL-1 (10
.g/ml) prevented infection by cell-free HGE
bacteria (1% of cells compared with 18.3%
infected in IgGl controls at 48 hours; P <
0.001). HGE is probably transmitted directly
from cell to cell, and such transfer in vitro is
more efficient than the use of cell-free bac-
teria. Hence, we investigated whether KPL-1
could prevent cell-to-cell transfer from highly
infected HL60 cells. Again, treatment of neu-
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trophils with anti-PSGL-1 mAb reduced sub-
sequent infection, even by large numbers of
highly infected HL60 cells (38.5% of control
IgG1-treated neutrophils infected compared
with 4% of those treated with KPL-1; P <
0.001).

To extend our findings with mAbs, we
used neoexpression of PSGL-1 on a normally
nonexpressing leukocyte cell line to discover
whether or not HGE would then bind to and
enter such cells. Given our previous findings
that cellular susceptibility to HGE infection
correlates with sLe* expression, we also in-
vestigated whether Fuc-TVII, which is need-
ed for sLe* synthesis in leukocytes (19), is
required to glycosylate PSGL-1 for effective
HGE binding to occur.

The B lymphoblastoid cell line BJAB (20)
expresses neither PSGL-1 nor Fuc-TVII/sLe*
and does not significantly bind to or become
infected by the HGE agent. Using cDNA for
PSGL-1 or Fuc T-VII, we generated stable
transfectants of BJAB that expressed either
PSGL-1 or Fuc-TVIl/sLe*, or both (21).
These transfectants were then each chal-
lenged with bacteria, and their ability to bind
organisms and become infected was deter-
mined. Untransfected BJAB cells rarely
bound organisms (mean 0.4 and median 0
bacteria per cell) and did not become infected
(Fig. 3, A and B). Transfectants expressing
PSGL-1 alone also did not bind bacteria or
become significantly infected. Transfectants
expressing Fuc-TVII alone bound slightly
more bacteria (e.g., mean of 1.1 organisms
per cell, median of 1; P = NS) than parental
BJARB cells but did not become susceptible to
infection. However, dual transfectants ex-
pressing both PSGL-1 and Fuc-TVII bound
HGE (mean 3.4 and median 2 organisms per
cell;, P < 0.001 compared with parental
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BJAB cells; Fig. 3C) and became infected
(mean 79% at 48 hours, compared with 0.5%
of parental BJAB; P < 0.001; Fig. 3D).
Furthermore, HGE binding to and subsequent
infection of the dual transfectants could be
prevented by preincubating cells with the anti—
PSGL-1 mAb KPL-1. Identical results were
obtained by FACS analysis of binding of fluo-
rescent bacteria to parental and transfected
cells. Thus, coexpression of PSGL-1 and
Fuc-TVII was necessary and sufficient for
HGE binding to and infection of BJAB cells.

The binding of PSGL-1 to P- and L-
selectins is abolished by proteolytic cleavage
by the O-sialyloglycoprotease of Pastuerella
hemolytica. We examined whether pretreat-
ment of cells with this enzyme would reduce
HGE binding (22). Pretreatment of the PSGL-
1- and sLe*-expressing dual transfectant BIAB
cells with this enzyme at concentrations of 0.06
to 0.24 mg/ml substantially reduced HGE bind-
ing in a dose-dependent manner (e.g., median
of 1 bacteria per cell bound after pretreatment
with 0.24 mg/ml compared with 7.5 bacteria
per cell in controls; P < 0.001). Finally, to
examine the possibility that the HGE bacterium
might have itself acquired a known selectin
[either the gene(s) or the selectin moieties
themselves during growth in or exit from the
cell] that binds to leukocyte PSGL-1, we pre-
treated bacteria with mAbs against P-, L-, or
E-selectins as well as with a polyclonal anti-
body against P-selectin in an attempt to either
block cell binding or to stain selectin(s) on the
surface of HGE organisms (/5). These antibod-
ies had no effect on HGE binding and did not
bind to components of the HGE bacteria.

The evidence presented here demonstrates
that the agent of HGE uses PSGL-1 as its
leukocyte receptor or as a key initial receptor
component. Bacterial binding and infection

% of control
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% of control
[+
o
T

PL-1 ug/ml

Fig. 1. mAbs against the P-selectin binding domain of P-selectin glycoprotein
ligand-1 (PSGL-1) block binding of the HGE bacterium to susceptible cells.
(A) Dose-response curve of inhibition of binding of fluoresceinated HGE
bacteria (expressed as the percentage of control binding observed in the
presence of isotype control IgG1) to HL60 cells by anti~PSGL-1 mAb PL1.

N -

PL1
HL60

KPL1
HL60 PMN

|
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Marked inhibition was observed at concentrations as low as 2 pg/ml. (B)
mAbs PL1 and KPL-1 (10 wg/ml), which both bind to the PSGL-1 P-selectin
binding site, block HGE binding to HL60 cells and human blood polymor-
phonuclear neutrophils (PMN), whereas mAb PL2, against a nonbinding
PSGL-1 domain (see text), and the anti-CD11b mAb Leu 15 do not.
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were prevented by mAbs against the selectin
binding region of PSGL-1, and binding was
reduced by proteolytic destruction of PSGL-
1. The nonpermissive BJAB cell line, when

REPORTS

transfected to express both PSGL-1 and Fuc-
TVII/sLe*, avidly bound HGE and became
infected. Proper glycosylation of PSGL-1 is
likely essential for this binding to occur, as

Infection at 48 hours

Binding
L]

IgG1 control

KPL-1

Fig. 2. Inhibition of HGE binding and infection by anti~PSGL-1. HL60 cells were preincubated for
1 hour at 37°C with isotype control IgG1 (A and B) or with the anti—~PSGL-1 mAb KPL-1 (C and D)
and then challenged with HGE (73). (A) and (C) show cells removed and washed immediately after
challenge to assess bacterial binding. Bacteria (labeled yellow-green by indirect immunofluores-
cence) avidly bind to the HL60 cell surface (A), but this binding is prevented by KPL-1 (C). After 48
hours of cultivation, samples from the same experiments were evaluated for the presence of
intracellular bacterial colonies indicative of bacterial replication. The majority of cells preincubated
with control antibody are highly infected (B), but there is no infection of the cells pretreated with
KPL-1 (D) (scale bar, 10 wm).

Binding Infection at 48 hours

BJAB parent

BJAB+PSGL-1/Fuc-T VIl

Fig. 3. Neoexpression of PSGL-1 and sLe* confers on BJAB cells the ability to bind the HGE
bacterium and become infected. The B lymphoblastoid cell line, BJAB, does not normally express
either PSGL-1 or the a-(1,3) fucosyltransferase, Fuc-TVII, which fucosylates sLe*, a tetrasaccharide
that modifies PSGL-1. Parental BJAB cells neither bind HGE bacteria (A) nor become infected (B).
However, BJAB cells stably transfected to express both PSGL-1 and Fuc-TVIl bind HGE (C) and
become infected (D) (scale bar, 10 um).
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evidenced by the failure of BJAB cells ex-
pressing PSGL-1 without Fuc-TVII to bind
the HGE agent and by previous studies show-
ing that Fuc-TVII/sLe* expression correlates
with HGE binding to hematopoietic cell lines
(5, 12). The neoexpression of Fuc-TVII/sLe*
alone, without PSGL-1, slightly enhanced
HGE binding (but did not allow infection). In
these respects, and in the failure of the PL2
mAb to block binding, the organism’s inter-
actions with leukocytes and related cell lines
closely resemble the interaction of P-selectin
with PSGL-1.

Specific cell surface receptors for intracel-
lular organisms have seldom been identified,
none previously on granulocytes. The avidity
of HGE for a-(1,3) fucosylated PSGL-1 is
likely important in its tropism for phagocytes,
which richly express this glycosylated mole-
cule on their surface (13, 18). Engagement of
PSGL-1 by P-selectin is known to induce
signal transduction (23, 24), and such events
have been shown to be important in the entry
into cells of such pathogens as Yersinia and
Salmonella species (25, 26). That signal
transduction occurs after HGE binding is sup-
ported by our recent findings that HGE infec-
tion markedly up-regulates 3-chemokine as
well as tissue factor secretion (27, 28).
Whether PSGL-1-mediated signaling by
HGE directly results in endocytosis of the
bacterium or triggers changes in expression
of other molecules to allow subsequent entry
is unknown. However, HGE binding to
PSGL-1 likely allows it either to escape or
modify a neutrophil phagocytic pathway and
thus survive and multiply. Better understand-
ing of this pathway could help define new
leukocyte mechanisms that might be manip-
ulated to up- or down-regulate phagocyte re-
sponses. Studies to identify the bacterial li-
gand for PSGL-1 also have important impli-
cations. This ligand represents a potential
vaccinogen against HGE infection and could
also provide a molecular model for the devel-
opment of compounds to serve as nonselectin
ligands for PSGL-1 that could then be used as
pharmacologic inhibitors of deleterious cell
adhesion—mediated events (29).

References and Notes
1. S. M. Chen, J. S. Dumler, J. S. Bakken, D. H. Walker,
J. Clin. Microbiol. 32, 589 (1994).
2. R.B.Nadelman et al., N. Engl. J. Med. 337, 27 (1997).
3. J. L. Goodman et al.,-N. Engl. J. Med. 334, 209 (1996).
4, M. Klein, C. Nelson, J. Miller, J. L. Goodman, J. Infect.
Dis. 176, 1405 (1997).
5. ). Larson, M. Klein, C. M. Nelson, B. Weston, J. L.
Goodman, paper presented at the International Con-
gress on Emerging Infectious Diseases, Atlanta, GA,
1998.
6. P. Webster, ). W. ljdo, L. M. Chicoine, E. Fikrig, J. Clin.
Invest. 101, 1932 (1998).
7. A. P. Sinai and K. A. Joiner, Annu. Rev. Microbiol. 51,
415 (1997).

. R. R. Isberg, Science 252, 934 (1991).

. G. C. Furtado, J. Cao, K. A. Joiner, Infect. Immun. 60,
4925 (1992).

10. J. M. Blackwell et al., J. Exp. Med. 162, 324 (1985).

o ®©

1655



1656

11. N.R. Payne and M. A. Horwitz, J. Exp. Med. 166, 1377
(1987).

12. ). L. Goodman et al., J. Clin. Invest. 103, 407 (1999).
IFA binding assays were performed according to the
methods described. Means and medians were calcu-
lated, and the statistical significance of differences in
the distribution of bacterial binding to cells between
groups was tested with a Wilcoxan sum-of-ranks
(Mann-Whitney) test. The Fisher exact test was used
when comparing the percentage of cells infected
between groups. All binding and infection experi-
ments were repeated twice by IFA and twice by FACS
(76).

13. K. L. Moore et al., . Cell Biol. 118, 445 (1992).

14. G. S. Kansas, Blood 88, 3259 (1996).

15. mAbs used in these studies (and their sources) in-
clude the anti-CD11b (B-1 integrin subunit) clones
Leu 15 (Becton Dickinson Biosciences, San Jose, CA),
OKM1 and OKM10 [American Type Culture Collec-
tion (ATCC), Rockville, MD], and MO1; the anti-
CD15s clone CSLEX-1 (both obtained from Beckman
Coulter, Fullerton, CA), the 3G8 clone directed
against the Fc receptor, CD16; the ML5 anti-CD24
clone (both from Pharmingen, San Diego, CA); and
the dft1 (Sigma, St. Louis, MO) and Ig10 (Pharmin-
gen) anti-CD43 clones. Anti-CD162 (PSGL-1) mAbs
used included KPL-1 (from the laboratory of G.S.K.),
PL1 (Ancell, Bayport, MN), and PL2 (Beckman
Coulter). Antibodies to selectin used were as follows:
for P-selectin (CD62P), AC1.2 (mAb; Becton Dickin-
son) and polyclonal IgG (Santa Cruz Biotechnology,
Santa Cruz, CA); for L-selectin (CD62L), clone SK11;
and for E-selectin (CD62E), clone H18/7 (both from
Becton Dickinson).

16. Fluorescent HGE was prepared from infected HL60
cultures incubated with the vital fluorescent dye
CellTracker Green (Molecular Probes, Eugene, OR) (C.
Nelson, M. Herron, J. L. Goodman, unpublished data).
HGE bacteria were liberated by passage through a
25-gauge needle and washed twice in phosphate-
buffered saline (PBS). Fluorescent HGE from 1 to 2
million infected HL60 was incubated for 30 min with
250,000 target cells at 22°C in 25 pl of PBS. Binding
was stopped, and the cells and bacteria were fixed by
addition of 0.25 ml of 1% paraformaldehyde in PBS.
Cell surface binding of labeled HGE was assessed by
FACS analysis of the mean cellular fluorescence of
5000 cells and expressed as the percentage of a
control with no antibodies added, with subtraction of
nonspecific background determined with a baseline
control in which binding had been stopped by fixa-
tion immediately upon addition of HGE to target
cells. This method was shown to provide results that
linearly correlate with binding as determined by di-
rect visualization by IFA.

17. F. Liet al., J. Biol. Chem. 271, 6342 (1996).

18. K. R. Snapp et al., Blood 91, 154 (1998).

19. S. Natsuka, K. Gersten, K. Zenita, R. Kannagi, J. B.
Lowe, /. Biol. Chem. 269, 16789 (1994).

20. E. Svedmyr and M. Jondal, Proc. Natl. Acad. Sci.
U.S.A. 72, 1622 (1975).

21. The derivation of the BJAB cells stably expressing
FucT-VIl is described [A. J. Wagers, L. M. Stoolman, R.
Kannagi, R. Craig, G. S. Kansas, J. Immunol. 159, 1917
(1997)]. BJAB and BJAB/FucT-VII cells were each sta-
bly transfected with PSGL-1 cDNA by electroporation
as described [K. R. Snapp et al., J. Cell. Biol. 142, 263
(1998)], and clones expressing comparable amounts
of PSGL-1, FucT-VII, or both were generated by lim-
iting dilution and identified by FACS analysis with the
KPL-1 and HECA-452 mAbs.

22. K. E. Norgard et al., J. Biol. Chem. 268, 12764 (1993).
O-sialoglycoprotein endopeptidase was obtained
from Cedarlane (Homby, Ontario, Canada). 3 X 10°
BJAB dual transfectant cells (stably expressing both
PSGL-1 and Fuc-TVII/sLeX) were preincubated in 100
wl of RPMI medium for 1 hour at 37°C either alone or
with enzyme (0.06 to 0.24 mg/ml) added. The cells
were then washed twice in fresh medium without
enzyme, and IFA binding assays were performed as
described (72).

23. A S. Weyrich et al., J. Clin. Invest. 97, 1525 (1996).

24. K. |.-P. Jwa Hidari et al., / Biol. Chem. 272, 28750
(1997).

25. ). B. Bliska, J. E. Galan, S. Falkow, Cell 73, 903 (1993).

REPORTS

26. P. Cossart, P. Boquet, S. Normark, R. Rappuoli, Science
271, 315 (1996).

27. M. B.Klein, S. Hy, C. Chao, J. L. Goodman, J. Infect. Dis.,
in press.

28. R. Behl et al., Thromb. Haemostasis 83, 1148 (2000).

29. M. P. Bevilacqua and R. M. Nelson, J. Clin. Invest. 91,
379 (1993).

30. This work was supported by grants from the NIH

(RO1AI40952, to ).L.G.), from the American Cancer
Society (RPG-96-097 CSM to G.S.K.), and from the
lllinois Chapter of the American Cancer Society (99-
47, to K.RS.). G.SK. is an Established Investigator of
the American Heart Association. We thank J. Ernst, J.
Farber, and B. Weston for helpful comments.

27 October 1999; accepted 5 April 2000

The Prefrontal Cortex: Response
Selection or Maintenance
Within Working Memory?

James B. Rowe,'* Ivan Toni,? Oliver Josephs,’
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It is controversial whether the dorsolateral prefrontal cortex is involved in the
maintenance of items in working memory or in the selection of responses. We
used event-related functional magnetic resonance imaging to study the per-
formance of a spatial working memory task by humans. We distinguished the
maintenance of spatial items from the selection of an item from memory to
guide a response. Selection, but not maintenance, was associated with acti-
vation of prefrontal area 46 of the dorsal lateral prefrontal cortex. In contrast,
maintenance was associated with activation of prefrontal area 8 and the
intraparietal cortex. The results support a role for the dorsal prefrontal cortex
in the selection of representations. This accounts for the fact that this area is
activated both when subjects select between items on working memory tasks
and when they freely select between movements on tasks of willed action.

It has been controversial whether the dorsal
prefrontal cortex is involved in the mainte-
nance of working memory (/) or in the se-
lection of responses (2, 3). The first hypoth-
esis accounts for the fact that in monkeys,
there are cells in the dorsal prefrontal cortex
that continue to fire during the delay on a
working memory task (4). There is also ac-
tivity in this area when humans perform
working memory tasks (3, 6), though there is
no agreement as to whether to emphasize its
role in the maintenance of information (4) or
in the manipulation or monitoring of that
information (7). However, there is also activ-
ity in the prefrontal cortex when humans
freely select between manual or verbal re-
sponses (8). It could be argued that on such
“free selection” tasks, the participants main-
tain a record of their responses on previous
trials and that the activity can therefore still
be related to working memory. But it has
recently been shown that transcranial mag-
netic stimulation over the dorsal prefrontal
cortex interferes with free selection of finger
response even when there is no memory load
(9). We have tried to reconcile these facts by
using functional magnetic resonance imaging
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(fMRI) to measure activity in the dorsal pre-
frontal cortex during an experiment on work-
ing memory.

We used event-related fMRI to distinguish
delay-related activity during the maintenance
of items in memory (“set activity”) from the
transient activity related to selection of a
single item from memory in that same trial.
During working memory trials, the study par-
ticipants remembered three spatial locations
for up to 18 s (Fig. 1). They then selected the
location of just one of these items to guide a
response using a joystick. During the delay,
the participants maintained the items in mem-
ory without requiring manipulation, monitor-
ing, or preparation of their responses. They
could not select the appropriate remembered
location until the end of the working memory
delay, and the stimulus locations changed at
random from trial to trial. The control trials
included similar stimuli and motor responses,
but the participants were not required to re-
member or select spatial locations. We delib-
erately avoided the use of verbal material
because we wished to ensure that the partic-
ipants maintained items in memory during
the delay without articulatory rehearsal.

A general linear model was applied to the
time course of activation of each voxel (/0).
The model included separate covariates for
transient neuronal activations in response to
stimulus presentation, motor response, the
selection from memory at the end of memory
trials, sustained activation during working
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