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gametocytes rescued development of ookinetes
to untreated control levels when grown in filtered
Esp Z culture medium (Fig. 3B), and parasite
development in the presence of replicating Esp Z
was rescued by vitC in a dose-dependent fashion
(Fig. 3C). Furthermore, reduced glutathione, an-
other potent antioxidant, also rescued in vitro
ookinete formation in the presence of Esp_Z (fig.
S7). We showed that vertebrate leukocytes were
not responsible for the observed in vitro ookinete
inhibition (fig. S8). More important, supplement-
ing an infectious blood meal with vitC did not
affect parasite numbers in the absence of Esp Z
but rescued P. falciparum ookinete development
twofold in the lumen of A. gambiae midguts
when they were cofed with Esp_Z (Fig. 3D). The
significant, yet incomplete, rescue of ookinete de-
velopment with higher bacterial concentrations
could be attributed to a variety of factors such as
insufficient concentrations of antioxidant to neu-
tralize the higher amount of bacterially produced
ROS, excretion of substantial amounts of antiox-
idant by mosquito diuresis, an intimate associa-
tion between bacteria and parasites that may not
enable detoxification of ROS before parasite in-
hibition, or the loss of antioxidant activity from
prolonged exposure in the digestive environment
of the midgut. Antioxidant concentrations higher
than 10 mM in the blood meal interfered with
mosquito feeding propensity.

Genotypic analyses of laboratory and wild mos-
quito populations have suggested that a dominant
refractory phenotype is associated with innate
immunity and that Plasmodium infection is a result
of immune failure (2/-23). Our studies show a
mechanism of Plasmodium inhibition that does not
involve the mosquito-derived innate immune re-
sponse, and they support the idea that the native
microflora of Anopheles mosquitoes plays a cru-

cial role in refractoriness to Plasmodium infection
and will therefore influence transmission success
to humans.

Bacteria of the genus Enterobacter have been
isolated from many anopheline mosquito species
in diverse geographic regions (3, 5, 24). We show
that mosquitoes do not become infected with
Plasmodium parasites when exposed to an
Enterobacter bacterium isolated from wild mos-
quito populations in southern Zambia, and we
show that inhibition of parasite development can
be mediated by bacterial generation of ROS.
Although Esp Z was isolated from a single col-
lection made during one rainy season, 25% of
mosquitoes collected harbored the strain. It may
be possible to manipulate the composition of the
midgut microbial flora in wild mosquitoes to in-
crease the prevalence of Esp_Z or other naturally
inhibitory bacteria as part of an integrated malaria
control strategy.
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Preserved Feedforward But Impaired
Top-Down Processes in the

Vegetative State
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Frontoparietal cortex is involved in the explicit processing (awareness) of stimuli. Frontoparietal
activation has also been found in studies of subliminal stimulus processing. We hypothesized

that an impairment of top-down processes, involved in recurrent neuronal message-passing and the
generation of long-latency electrophysiological responses, might provide a more reliable correlate of
consciousness in severely brain-damaged patients, than frontoparietal responses. We measured
effective connectivity during a mismatch negativity paradigm and found that the only significant
difference between patients in a vegetative state and controls was an impairment of backward
connectivity from frontal to temporal cortices. This result emphasizes the importance of top-down
projections in recurrent processing that involve high-order associative cortices for conscious perception.

served arousal, in the absence of any behav-
ioral signs of awareness (/). In contrast,

T he vegetative state (VS) is defined by pre-
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patients in a minimally conscious state (MCS)
show nonreflexive and purposeful behaviors but
are unable to communicate (2). Because the clin-

ical diagnosis of these patients is extremely dif-
ficult (3), neuroimaging experiments have tried
to establish accurate biomarkers of consciousness
level in VS and MCS. These patients also pro-
vide a lesion-deficit model in the quest for neural
correlates of consciousness in the human brain
(4). The conscious perception of external stimuli
requires activation of frontoparietal cortices, in
addition to activity in low-level specialized corti-
ces (5—7). However, frontoparietal activation can
also be found during subliminal stimulus process-
ing (8, 9). Current evidence points to long-latency
evoked event-related potential (ERP) components,
involving frontoparietal cortices, as a reliable neu-
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ronal marker for conscious perception in healthy
controls (/0). Although feed-forward connectiv-
ity is sufficient to generate short-latency ERP com-
ponents, long-latency components are mediated
by backward connections (/7). This suggests that
the level of consciousness may rest on the integ-
rity of backward (top-down) connectivity. We used
a mismatch negativity (MMN) paradigm, which
elicits well-characterized (preattentive) responses
(12). The MMN correlates inversely with con-
sciousness level during anesthesia (/3) and with
depth of sleep (/4); although some studies report
negative findings (/5), MMN deficits have also
been associated with the level of consciousness
in MCS and VS (/6) [see supporting online ma-
terial (SOM) text]. We predicted that both long-
latency components and backward connectivity
would correlate with level of consciousness. We
tested this hypothesis quantitatively, using Dy-
namic Causal Modeling (DCM), which allows

Fig. 1. Design and ERP responses elicited in a roving paradigm. (A) The experimental design used a  [of inferences about the neuronal architectures
sporadically changing standard stimulus (auditory tone). The first presentation of a novel tone is a deviant ~ that generate hemodynamic or electromagnetic
D = t, that becomes a standard, through repetition; t,,...,teng. In this paradigm, deviants and standard signals (17, 18). DCM uses a generative model of
have exactly the same physical properties. (B) Grand-mean (averaged over control subjects) ERP responses how electrophysiological signals are produced at
to the first and 11th tone presentations: the established “standard” (t;; in green) and deviant tone (¢, in  the neuronal level; it employs neural mass mod-
red) overlaid on a scalp map of 60 electroencephalogram electrodes. (C) ERP responses to standard and ~ €ls and Bayesian statistics to infer the neuronal
deviant tones at channel Cz (central). Deviant corresponds to responses elicited by the first tone  mechanisms (effective connectivity) underlying
presentation or to oddball events. Standard corresponds to the 11th repetition of the same tone. [Adapted ~ observed evoked electrophysiological responses
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number of electrophysiological studies (17, 21-23)
and provides an efficient way to map from ob-
served evoked potential patterns to causative neu-
ronal mechanisms (24).

The present study used DCM of event-related
potentials to quantify effective connectivity in
backward and forward connections at two hi-
erarchical cortical levels (i.e., in temporal and
frontal cortices), during auditory processing in

A DCM models

’Llnput

EEEEEE

B Family inference - number of regions

healthy subjects and MCS and VS patients. We
used a roving oddball paradigm (Fig. 1), as in
previous DCM studies (22, 23) (SOM text). The
functional anatomy engaged by this paradigm in-
volves both forward and backward connections
in a fronto-temporal cortical network (22). High-
density ERP recordings were acquired in 21 brain-
damaged patients (8 VS and 13 MCS) and 22
healthy controls (25). ERP data analysis, performed

@ @

with statistical parametric mapping, tested the dif-
ferential processing of standard and deviant sounds
(25). Scalp-level group analyses detected long-
latency components with a central topography in
both controls and patients in a MCS (P < 0.05,
family-wise error corrected). Peak latencies for
the MMN were 170 ms in controls and 175 ms
in patients in a MCS. Although the MMN was
the most significant in MCS, the P3 component
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(peak latency at 250 ms) was the most significant
in controls. Only posterior early components (peak
at 55 ms) could be seen in VS (Fig. 2). An anal-
ysis of covariance (ANCOVA) confirmed a signif-
icant interaction between level of consciousness
and stimulus type on long-latency responses (peak
latencies at 115, 175, 265, and 395 ms, P < 0.05,
family-wise error corrected) across the three
groups (Fig. 2).

Although the architecture of the network
involved in the generation of MMN responses
has been studied extensively in healthy volun-
teers (26) (SOM text), the involvement of frontal
cortex, via its forward and backward connections,
has yet to be established in brain-damaged pa-
tients. We thus performed a group-level Bayesian
model comparison to identify the network archi-
tecture that best explained the responses of pa-
tients. Bayesian model selection (BMS) compared
11 models, which differed in the areas and con-
nections involved (Fig. 3). Random effects family-
level analysis showed that models including a
frontal source with both forward and backward
connections could best explain ERP responses in
MCS and VS. For quantitative connectivity anal-
ysis, a second (random-effects) BMS procedure
was applied to the 11 models, across all three
groups (25). The fully connected model (model
11) had again the greatest evidence (Fig. 3). The
corresponding source activity estimates in repre-
sentative controls and MCS and VS subjects are
also shown in Fig. 3. To assess differences be-
tween controls and patients, we compared the con-
nectivity estimates (from the best model) using
simple ¢ tests (25). The only significant effect of
the level of consciousness (differences between
healthy volunteers, MCS subjects, and VS patient
populations) was on the backward connection
from frontal to superior temporal cortex (corrected
P =0.012), with no detectible differences in for-
ward and backward processing in temporal cortex
(Fig. 4). This backward connection was signifi-
cantly impaired in VS patients as compared with
controls (P = 0.002). MCS patients showed pre-
served top-down connectivity as compared with
VS patients (P = 0.001) and were not significantly
different from controls (P > 0.05) (Fig. 4).

Our main result is that, although the frontal
cortex is still involved in the generation of the

Fig. 4. Quantitative ef-
fective connectivity anal-

ysis revealed that the only @
significant difference be- :
tween VS patients and A
controls was an impair- :
ment of backward con- @;‘:.‘.’.‘.’.@
nectivity from frontal to - .
temporal cortex. MCS sub- i ‘V

jects showed significant-
ly preserved connectivity
compared with VS subjects
and were not significantly

different from controls. )
input

www.sciencemag.org

ERP in a VS, the main abnormality is in recurrent
processing between higher-order cortices, owing
to impaired backward connections from frontal to
temporal cortices. Our analyses suggest that the
(possibly diverse) pathophysiological causes of
VS find a common expression in reducing top-
down influences from frontal to temporal areas.
Further research is required to establish the pre-
cise molecular or physiological mechanisms un-
derlying these observations. In contrast to VS
patients, MCS patients exhibited long-latency
components in the scalp ERP and near-normal
recurrent effective connectivity with higher-order
cortices. This group difference cannot be attrib-
utable to differences in vigilance, as all patients
were maintained in the same state of wakefulness
throughout the experiment (25). Although for-
ward connections are certainly needed for normal
stimulus processing, these results suggest that the
integrity of backward connections, or top-down
processes, may be necessary for conscious per-
ception. These findings stress the importance of
recurrent processing in higher-order associative
areas in the generation of conscious perception
and do not support the view that recurrent pro-
cessing in sensory cortex can be equated with con-
sciousness (27). In contrast, our results suggest
that recursive processing in high-order cortical
areas is necessary for the generation of conscious
perception (5). This would be mandated by the
maintenance of high levels of integrated informa-
tion, thought to be important for consciousness
(28). A hierarchical recurrent cortical organization
is also required by predictive coding formulations
of the Bayesian brain hypothesis, which regards
perception as inference on the causes of external
stimuli (29). Under this perspective, VS patients
are unable to elaborate (top-down) predictions of
their sensorium, resulting (phenomenologically)
in an impoverished percept and (physiologically)
the absence of long-latency (endogenous) ERP
components. Finally, our biologically plausible
DCM shows that a selective impairment of a sin-
gle (backward) connection accounts for wide-
spread differences in the distributed responses we
found between VS patients and healthy volunteers.
This fits with the pervasive effects of recurrent
processing on ERP amplitudes observed in healthy
volunteers (a phenomenon referred to as “igni-

Fronto-temporal backward connectivity

L

Controls MCs Vs

SCIENCE VOL 332

REPORTS

tion”) (10). Long-lasting slow ERP responses, such
as K-complexes, can be observed during slow-
wave sleep (30). Cortical connectivity analysis
could be thus more specific than scalp-level anal-
yses in terms of detecting the architectural cor-
relates of conscious level. On the other hand, our
analyses cannot say whether a failure of back-
ward connectivity from the frontal region is a
cause or consequence of processing that under-
lies consciousness (SOM text). What we can say
is that a specific (top-down) failure of effective
connectivity is implicated in consciousness and
may play a necessary role.

In summary, our findings suggest that a selec-
tive disruption of top-down processes from high
levels of a cortical hierarchy can lead to loss of con-
sciousness in brain-damaged patients, and can clear-
ly differentiate VS from MCS. In addition to its
neuroscientific relevance, the present approach could
constitute a new diagnostic tool to quantify the level
of consciousness electrophysiologically at the pa-
tients’ bedside. Further studies should also comple-
ment these findings in conditions such as sleep,
epilepsy, or anesthesia-induced unconsciousness.
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Improved Learning in a Large-Enroliment

Physics Class

Louis Deslauriers,™? Ellen Schelew,? Carl Wieman*t3

We compared the amounts of learning achieved using two different instructional approaches
under controlled conditions. We measured the learning of a specific set of topics and

objectives when taught by 3 hours of traditional lecture given by an experienced highly rated
instructor and 3 hours of instruction given by a trained but inexperienced instructor using
instruction based on research in cognitive psychology and physics education. The comparison
was made between two large sections (W = 267 and N = 271) of an introductory undergraduate
physics course. We found increased student attendance, higher engagement, and more than
twice the learning in the section taught using research-based instruction.

prevailing method for teaching science at
the postsecondary level, although there
are a growing number of studies indicating that
other instructional approaches are more effective
(I-8). A typical study in the domain of physics
demonstrates how student learning is improved
from one year to the next when an instructor
changes his or her approach, as measured by stan-
dard concept-based tests such as the Force Con-
cept Inventory (9) or the instructor’s own exams.
In our studies of two full sessions of an advanced
quantum mechanics class taught either by tra-
ditional or by interactive learning style, students
in the interactive section showed improved learn-
ing, but both sections, interactive and traditional,
showed similar retention of learning 6 to 18 months
later (10). Here, we compare learning produced
by two contrasting instructional methods in a
large-enrollment science course. The control group
was lectured by a motivated faculty member with
high student evaluations and many years of experi-
ence teaching this course. The experimental group
was taught by a postdoctoral fellow using instruc-
tion based on research on learning. The same
selected learning objectives were covered by both
instructors in a 1-week period.
The instructional design for the experimental
section was based on the concept of “deliberate
practice” (1) for the development of expertise.

The traditional lecture approach remains the
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Columbia, Vancouver, BC, Canada. ZDepartment of Physics and
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The deliberate practice concept encompasses the
educational ideas of constructivism and formative
assessment. In our case, the deliberate practice takes
the form of a series of challenging questions and
tasks that require the students to practice physicist-
like reasoning and problem solving during class
time while provided with frequent feedback.

The design goal was to have the students
spend all their time in class engaged in deliberate
practice at “thinking scientifically” in the form of
making and testing predictions and arguments
about the relevant topics, solving problems, and
critiquing their own reasoning and that of others.
All of the activities are designed to fit together
to support this goal, including moving the sim-
ple transfer of factual knowledge outside of class
as much as possible and creating tasks and feed-
back that motivate students to become fully en-
gaged. As the students work through these tasks,
they receive feedback from fellow students (/2)
and from the instructor. We incorporate multi-
ple “best instructional practices,” but we believe
the educational benefit does not come primarily

from any particular practice but rather from the
integration into the overall deliberate practice
framework.

This study was carried out in the second term
of the first-year physics sequence taken by all
undergraduate engineering students at the Uni-
versity of British Columbia. This calculus-based
course covers various standard topics in electric-
ity and magnetism. The course enrollment was
850 students, who were divided among three
sections. Each section had 3 hours of lecture per
week. The lectures were held in a large theater-
style lecture hall with fixed chairs behind benches
grouping up to five students. The students also had
weekly homework assignments, instructional labo-
ratories, and tutorials and recitations where they
solved problems; this work was graded. There were
two midterm exams and a final exam. All course
components were common across all three sections,
except for the lectures, which were prepared and
given independently by three different instructors.

During week 12, we studied two sections
whose instructors agreed to participate. For the
11 weeks preceding the study, both sections were
taught in a similar manner by two instructors (A
and B), both with above average student teaching
evaluations and many years experience teaching
this course and many others. Both instructors lec-
tured using PowerPoint slides to present con-
tent and example problems and also showed
demonstrations. Meanwhile, the students took
notes. “Clicker” (or “personal response system”)
questions (average 1.5 per class, range 0 to 5)
were used for summative evaluation (which was
characterized by individual testing without dis-
cussion or follow-up other than a summary of the
correct answers). Students were given participa-
tion credit for submitting answers.

Before the experiment, a variety of data were
collected on the students in the two sections

Table 1. Measures of student perceptions, behaviors, and knowledge.

Control section

Experimental section

Number of students enrolled

Mean BEMA score (13) (week 11)

Mean CLASS score (14) (start of term)
(agreement with physicist)

Mean midterm 1 score

Mean midterm 2 score

Attendance before experiment*

Attendance during experiment

Engagement before experiment*

Engagement during experiment

267 271
47 £ 1% 47 £ 1%
63 £ 1% 65 £ 1%
59 + 1% 59 + 1%
51 £ 1% 53 £ 1%
55 + 3% 57 + 2%
53 + 3% 75 £ 5%
45 + 5% 45 + 5%
45 £+ 5% 85 £ 5%

*Average value of multiple measurements carried out in a 2-week interval before the experiment. Engagement also varies over
location in the classroom; numbers given are spatial and temporal averages.
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