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Sensorimotor Encoding by Synchronous Neural
Ensemble Activity at Multiple Levels of the
Somatosensory System

Miguel A. L. Nicolelis,*} Luiz A. Baccala, Rick C. S. Lin,
John K. Chapin

Neural ensemble processing of sensorimotor information during behavior was investi-
gated by simultaneously recording up to 48 single neurons at multiple relays of the rat
trigeminal somatosensory system. Cortical, thalamic, and brainstem neurons exhibited
widespread 7- to 12-hertz synchronous oscillations, which began during attentive im-
mobility and reliably predicted the imminent onset of rhythmic whisker twitching. Each
oscillatory cycle began as a traveling wave of neural activity in the cortex that then spread
to the thalamus. Just before the onset of rhythmic whisker twitching, the oscillations
spread to the spinal trigeminal brainstem complex. Thereafter, the oscillations at all levels
were synchronous with whisker protraction. Neural structures manifesting these rhythms
also exhibited distributed spatiotemporal patterns of neuronal ensemble activity in re-
sponse to tactile stimulation. Thus, multilevel synchronous activity in this system may
encode not only sensory information but also the onset and temporal domain of tactile

exploratory movements.

The processing of somatosensory informa-
tion in the mammalian brain involves the
transmission of neural activity from the
skin to the neocortex by way of parallel
pathways that ascend through a hierarchi-
cal sequence of neural structures (I). Like
those in other sensory systems, these as-
cending pathways are far outnumbered by
corticofugal descending projections (2),
which can act at multiple subcortical levels
to modify the processing of sensory infor-
mation (3). These connections define a
recurrent network that is theoretically ca-
pable of generating complex emergent dy-
namic patterns of neural activity, manifest-
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ed by synchronous oscillations or even cha-
otic behavior (4), that could be computa-
tionally useful (5). The existence of this
network raises the question of whether
large-scale coordinated activity of neural
ensembles involving multiple levels of a
sensory system (that is, brainstem, thala-
mus, and cortex) can play a fundamental
role in the coding of sensory information.
To address this issue, we simultaneously
recorded up to 48 single neurons, distribut-
ed across up to five distinct processing re-
lays of the trigeminal somatosensory system,
in freely behaving rats (6). The rat trigem-
inal system is a multilevel, recurrently in-
terconnected neuronal network, specialized
for processing complex patterns of tactile
stimuli generated by the repetitive contacts
of facial whiskers with surrounding objects.
Rats rely on rhythmic movements of their
facial whiskers, much as humans rely on
coordinated movements of their fingertips,
to discriminate object shape and texture
(7). Although the properties of single neu-
rons belonging to this sensory system have
been well studied under anesthetized con-
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ditions (8), little is known about informa-
tion processing at the neural ensemble level
during exploratory tactile behaviors.

The results described here are based on
the long-term behavior of 424 single neu-
rons chronically recorded in 11 animals.
Sampled structures included the trigeminal
ganglion (Vg, 17 cells), the principal (PrV,
52 cells) and spinal (SpV, 39 cells) trigem-

inal brainstem nuclei, the ventral posterior

medial (VPM, 186 cells) and posterior me-
dial (POm, 19 cells) nuclei of the thalamus,
the primary somatosensory (SI, 95 cells)
cortex, and the primary motor (MI, 32
cells) cortex. Pairwise cross correlation
analysis was initially used to characterize
the coordinated activity of simultaneously
recorded neurons across the trigeminal sys-
tem. Cross correlograms averaged around
the spiking of a single representative VPM
neuron (Fig. 1A) in each animal demon-
strated the existence of synchronous oscil-
latory discharges (7 to 12 Hz) in 98% of the
ipsilateral VPM neurons, 92% of the ipsi-
lateral SI cortical neurons, and 49% of the
contralateral SpV neurons recorded in this
study. During episodes of synchronous fir-
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ing, thalamic neurons tended to phase-lag
(follow) cortical neurons (Fig. 1A) by time
periods ranging from O to 20 ms (mean *
SD, 9.19 = 4.67 ms; n = 84 SI-VPM pairs in
six animals). The regular progression of
these lags across evenly spaced electrode
arrays implanted in the SI cortex (for an
example see the bottom third of Fig. 1A)
was compatible with a traveling wave of
neuronal activity crossing this cortical re-
gion. Similar synchronous oscillations were
also observed among neurons in the whisker
representation of the rat MI cortex, and, like
the SI cortical neurons, these neurons
phase-led neurons in the VPM thalamus.
The simultaneously recorded neurons in the
brainstem SpV nucleus were also synchro-
nized with this oscillation, and these neu-
rons phase-led neurons in the VPM thala-
mus by as much as 40 ms (Fig. 1A). By
contrast, neurons within the VPM and POm
thalamus exhibited remarkably synchronous
firing with minimal phase lags (<3 ms).
This high degree of synchrony was observed
bilaterally in the thalamus, implying that all
of these thalamic structures were simulta-
neously entrained into the oscillations.

2

The possibility that these oscillations
were caused by rhythmic sensory feedback
resulting from active whisker movements
(WMs) was ruled out by three observations.
First, as detailed below, they began well
before the onset of WMs. Second, the same
pattern of oscillations was clearly present in
adult animals subjected to complete unilat-
eral whisker removal or facial nerve section
in early development (9). Third, the oscil-
lations were not observed in either the first-
order (Vg) or the primary second-order
(PrV) sensory relays in this pathway.

To further examine the neurophysio-
logical properties of the simultaneously
recorded multilevel neural ensembles, we
developed analytical techniques for repre-
sentation of neuronal population func-
tions. We wused principal components
analysis (PCA) to construct continuous
representations of the activity of neuronal
populations by weighted summation of the
time-integrated activity of all neurons
(10). We observed that reconstructions of
the first principal component (PC1), de-
rived from combined cortical, thalamic,
and brainstem neural ensemble activity,
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Fig. 1. Spontaneous 7- to 12-Hz oscillations at multiple relays of the trigeminal
somatosensory system. (A) Cross correlograms (CCs), calculated for 16 out of
a total 48 simultaneously recorded neurons, reveal synchronous 7- to 12-Hz
oscillations at three levels of the trigeminal pathway (SpV, 4 neurons; VPM, 6
neurons; and SI, 6 neurons). All CCs centered around the spiking of one
reference VPM neuron (autocorrelation shown at arrow). Numbers on top of
CCs indicate the time interval (in milliseconds) by which each SpV or S| neu-
ron phase-leads the reference VPM neuron. All horizontal axes indicate
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mes (in seconds). VPM spiking occurred at 0.0 s,
dashed lines. Vertical axes of CCs indicate equiv-

alent firing rates per bin (bins: 1-ms duration). (B) Continuous strip chart
showing 43 single-unit rasters and reconstructed PC1 (bottom) over the same
5.0-s time period in an awake rat. The rasters show spiking activity of simul-
taneously recorded neurons in four system relays; PrV, SpV, VPM, and SI. Not
shown are the five neurons recorded in Vg, which were inactive over this
period. The vertical axis depicts the weighted neuronal population firing rate.
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more reliably identified the existence and
time course of oscillatory episodes than
did the raster displays of single neuronal
spiking (Fig. 1B). This difference was due
to the marked variability in spiking pat-
terns (timing and number of spikes) of
single neurons over different oscillatory
cycles. Indeed, only a fraction of the pop-
ulation fired during a particular cycle.
Thus, oscillations revealed in PC1 were
not completely defined by any one neuron
but instead drew small amounts of vari-
ance from each of a large population of
neurons. Because PC1 normally explains
the most global sources of covariance be-
tween variables, it is significant that it

A
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tended to be dominated by these wide-
spread synchronous oscillations (11).
Spectrum analysis of the time series rep-
resenting PC1 for the multilevel data dem-
onstrated that the most important power
contribution of the oscillations was in the
frequency band from 7 to 12 Hgz, with a
secondary peak at 19 to 21 Hz. The oscil-
lations appeared in episodes ranging from
0.8 t038.2 s (mean * SE, 3.96 = 0.3s;n =
196 episodes) and were closely associated
with preparation for movement (Fig. 2).
Although they always began during com-
plete immobility (Fig. 2A), in 79.1% (155
of 196, from five animals) of the recorded
episodes, these oscillations predicted with a
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Fig. 2. Association between oscillations
and WT behavior. (A) Four strip charts
depicting 80.0 s of continuous activity of
PC1, reconstructed from the activity of
48 neurons recorded at five levels of the
trigeminal pathway. This PC1 shows
several episodes of synchronous 7- to

Time (s)

12-Hz oscillations.  Frame-by-frame
analysis of video tape synchronized to
this experiment showed that these oscil-

lations were associated with a distinctive
succession of behaviors, beginning with

rest (R), followed by low-amplitude WT,
and ending with high-amplitude explor-
atory WMs, which were often associated
with HMs. For example, after a period of T

intermittent movement, the animal as-
sumed an immobile attentive posture (R)
at 18.5 s, which continued until the on-

T T
0.040 0.080
Time (s)

T

T T ™ ™™
0.000 0.120 0.160

set of oscillations (7 to 12 Hz) at 20.5 s. About 500 ms later, a sequence of low-amplitude WT (21.2 to
25.1 s) began. This WT was then followed by WM and HM, which terminated the oscillations. Vertical
arrows mark the onset of various behaviors. (B) Phase synchronization between whisker protraction and
7-to 12-Hz oscillations at multiple levels of the trigeminal system. A raster plot (top) and PC1s (for different
" levels) are shown centered around the onsets of 64 episodes of whisker protraction during WT. Each
black horizontal line in the raster defines the time period between protraction onset (vertical dotted line at
0.0 s) and subsequent retraction onset. The horizontal dotted line above the raster plot depicts the
average duration (49 ms) of whisker protraction during continuous WT. The PC1s calculated for all levels
together (topmost PC1 plot) or for each individual level (SpV, VPM, and Sl) are averaged around the onset
of whisker protraction. All PC1s are tightly phase-locked to whisker protraction, and the SpV, SI, and VPM
activity peaks occur during the early, middle, and late phases of protraction, respectively. The vertical axis

depicts the weighted neuronal population activity.
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high degree of statistical confidence (P <
107°) the imminent onset of low-amplitude
whisker-twitching (WT) movements (12).
Even though WT began on average 581 =
45.2 ms after the oscillation onset, the dis-
tribution of these latencies was markedly
skewed, such that 62.5% of all WT episodes
began during the first 500 ms. The frequen-
cy range of WT (7) closely matched the
frequency of neural oscillations in the tri-
geminal system (7 to 12 Hz). In fact, after
the onset of WT, these oscillations assumed
a phase-locked relation with this move-
ment: Oscillatory peaks in the SpV were
synchronous with the early phase of whisker
protraction, whereas peaks in the SI and
VPM were synchronous with the middle
and late phases of whisker protraction, re-
spectively (Fig. 2B). Subsequent onset of
high-amplitude rhythmic exploratory WMs,
which were often combined with head
movements or locomotion, always induced
a cessation of these oscillations. In the ab-
sence of WT, head movements (HMs)
alone were never preceded by oscillations
(see HMs starting at 13.7 s in Fig. 2A).
Independent reconstruction of principal
components (PCs) at different levels of the
trigeminal pathway revealed that in 79.8%
(138 of 173, n = five animals) of the oscil-
latory sequences, rhythmic activity clearly
began in the SI cortex (Fig. 3A, point a)
and progressed to the VPM thalamus (Fig.
3A, point b). Neurons in the SpV tended to
be recruited last, exhibiting clear rhythmic
activity 1.53 * 0.07 oscillatory cycles
(~100 ms per cycle) before the onset of
WT (Fig. 3A, dashed line), as averaged
across 114 episodes in which SpV neurons
were recorded (Fig. 3A, point ¢). Although
the SpV neurons were the last to be recruit-
ed into rhythmic activity, after the onset of
WT they phase-led both the SI and VPM
neurons (Figs. 2B and 3B). This observation
argues against a simple pacemaker mecha-
nism for these oscillations.

The classification of this oscillatory phe-
nomenon remains elusive (13). Its associa-
tion with attentive behaviors resembles
that of “mu” rhythms recorded in humans
(14) and the “sensorimotor” rhythms de-
scribed in cats and primates (15). Our data
suggest that similar oscillatory activity is
present at multiple processing levels of the
rat somatosensory system and that it can be
definitively related to a specific type of
rhythmic movement (WT). Differences in
the frequency of this thythm across species
might therefore be related to different time
domains of movements for which it is pre-
paratory. Our hypothesis is that the 7- to
12-Hz frequency component of the oscilla-
tions defines an “internally generated rep-
resentation” of the sensorimotor temporal
domain of exploratory movements, espe-
cially WT, which is disseminated across
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much of the somatosensory pathway before
the onset of the movement.

We propose that these synchronous os-
cillations provide a phasic sensory facilita-
tion function timed to coincide with whis-
ker protraction, which is known to be the
period in which active sampling of tactile
information occurs in rats (7). In this mod-
el, the observed 19- to 21-Hz frequency
component might constitute a representa-
tion of the timing of alternating subphases
of WM—for example, protraction and re-
traction (Fig. 2B). Further support for this
model is provided by our observation that,
depending on the oscillatory phase at which
the incoming sensory volley arrives, these
thythms can modify the response to the
stimulus (Fig. 3C).

The strong correlation of these sensori-
motor rhythms with immobile attention
leading to WT clearly distinguishes these
thythms from other brain rhythms such as
spindling (16). To further clarify this dis-
tinction, we compared the sensorimotor
thythms with spindling activity in the same
animals and found that there were several
differences between these two rhythms.
First, spindles occurred during drowsiness
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(as opposed to attentive resting) and during
the initial stages of sleep, in the complete
absence of WMs. Second, oscillatory se-
quences during spindling occurred in much
shorter (0.4 to 1.2 s) and stereotyped epi-
sodes than did the sensorimotor rhythms
described during awake immobility. Third,
unlike the relatively constant amplitude of
the sensorimotor oscillations, the spindles
exhibited very characteristic waxing and
waning wave patterns. Finally, spindle epi-
sodes recurred every 5 to 10 s, whereas the
occurrence of sensorimotor rhythms was
linked to behavior changes and was there-
fore more random. Thus, although spindles
involved similar frequencies (7 to 14 Hz)
and were observed in the same thalamocor-
tical circuits, they clearly subserve a very
different functional role from the sensori-
motor rhythms described here.

To further define the dynamic nature
of sensory processing among the multiple
processing levels of the rat trigeminal sys-
tem during awake immobility, we carried
out repetitive stimulation of single whis-
kers in the same animals. Population post-
stimulus time histograms (PPSTHs) were
used to represent the simultaneously re-
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corded sensory responses of the same en-
semble of neurons to repeated stimulation
of a given whisker (Fig. 4). This analysis
revealed that Vg and PrV neurons (1 to 13
in the vertical scale of Fig. 4) responded
well to the stimulation of a single whisker
(B4, Fig. 4B) but exhibited little or no
response to stimulation of other sites (such
as whisker B2, Fig. 4A, and fur rostral to
B4, Fig. 4C). In contrast, most of the SpV
(14 to 22), VPM (23 to 31), and SI (32 to
47) neurons displayed statistically signifi-
cant (P < 0.01) responses to all three
stimulation sites. In the ascending pro-
gression from Vg to SI, the latencies to the
initial response increased from 2 to 8 ms.
In addition, secondary long-latency re-
sponses were evident through much of this
system, appearing first in a few PrV neu-
rons and becoming more prominent and
longer in latency at higher levels. For
instance, thalamic cells exhibited second-
ary long-latency responses up to 35 ms,
and, in the SI cortex, secondary long-
latency responses ranged from 20 to 70 ms
after the stimulus. As previously demon-
strated for the VPM neurons (17), these
results showed that sensory maps at most
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Fig. 3. (A) Oscillations appear first in the Sl cortex. Four strip charts show four
PCs derived independently from simultaneously recorded neurons in specific
nuclei: SpV (11 neurons), VPM (8 neurons), and Sl (16 neurons). For SI, both
PC1 and PC2 are shown. Oscillatory peaks begin in the Sl neurons (a),
spread to the VPM neurons (b) after one to two cycles, and finally reach the
SpV neurons (c) after five to six cycles. (B) Strip charts depicting the PC1s for
the SpV neurons (dark line) and the VPM neurons (dotted line) show that in
the VPM neurons, oscillations are continuous for more than four cycles
before recruitment of the SpV neurons into the oscillations. Nevertheless, the
SpV neurons clearly phase-lead the VPM neurons thereafter. The recruitment
of the SpV neurons coincides with the onset of WT movements (vertical
arrow). (C) Nonlinear interactions between 7- to 12-Hz oscillations and sin-
gle-whisker stimulations are represented by a series of four strip charts, each
depicting 2.5-s sequences of PC1 derived from 23 VPM neurons. Single-
whisker stimulation trials (vertical bars, circled numbers) superimposed on
the PC1 record show that sensory stimulation can terminate ongoing oscil-
lations (1), modify the phase of the oscillations (2, 5, and 6), produce an
isolated sensory response (3), initiate oscillations (4 and 8), have no effect (7
and 10), and augment the oscillation peak (9). The vertical axis depicts the
weighted neuronal population firing rate.
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levels of the trigeminal system (SpV,
VPM, POm, and SI) were defined by com-
plex spatiotemporal patterns of neural en-
semble responses. Therefore, although the
Vg and PrV structures contained relatively
simple topographic sensory representa-
tions and did not exhibit premovement
oscillations, structures that manifested
synchronous oscillations (SpV, VPM,
POm, and SI) exhibited distributed (18)
and dynamic somatosensory maps.

The complex spatiotemporal structure of
these maps may result from asynchronous
interactions between feedforward and feed-
back projections at each level of this sys-
tem. As a consequence, the coding of sen-
sory information in most cortical and sub-
cortical relays of the trigeminal pathways
occurs at the ensemble rather than at the
single-unit level and involves both spatial
and temporal domains. According to this
scenario, topographic maps defined in anes-
thetized animals represent only a first ap-
proximation of the system’s functional or-
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ganization. In the awake condition, how-
ever, spatiotemporal complexity substitutes
for topography as the main strategy for the
coding of sensory information.

These results indicate that the func-
tional organization of the rat somatosen-
sory system is fundamentally linked to the
coordinated activity of large ensembles of
neurons, distributed through multiple lev-
els of the brain. Dynamic patterns of neu-
ral ensemble activity in this sensory sys-
tem were found not only to code tactile
stimulus attributes but also to anticipate
the occurrence of stereotyped WT behav-
iors associated with active tactile explora-
tion of the surrounding environment. Be-
cause these oscillations appear to mimic a
motor output function, they are consistent
with earlier demonstrations in rats, cats,
and monkeys that the transmission of sen-
sory information through different levels
of the somatosensory system is strongly
modulated as a function of the phase of
active movement (19).

Fig. 4. Color-coded PPSTHs depicting the spatiotemporal sensory response patterns of 47 neurons
simultaneously recorded across five levels of the trigeminal system in an awake rat. The absolute neuronal
firing intensities are displayed through a seven-color contour plot [dark red, highest firing rate (up to 120
Hz); dark blue, lowest firing rate (as low as 0 Hz)]. Neurons that are included in this multilevel ensemble are
organized in the vertical axis (Vg, 1 to 4; PrV, 5 to 13; SpV, 14 to 22; VPM, 23 to 31; and S, 32 to 47).
Poststimulus time is represented in 5-ms time bins numbered from 1 to 10 (0 to 50 ms). The graphs were
produced by calculating the intensities of spike discharge of each neuron within the simultaneously
recorded ensemble, rank-ordering the neurons into rows according to receptive field location, and then
plotting the data into a color-coded contour plot image. Each PPSTH depicts the spatial extent and timing
of the spread of sensory responses through the nuclei in which neuronal ensembles were simultaneously
recorded. Sensory responses obtained for whisker B2 (A), whisker B4 (B), and fur rostral to B4 (C) are
illustrated. All PPSTHs: were based on 360 single-whisker stimulation trials. Each trial consisted of a
100-ms step pulse that produced a 3° whisker deflection (upward first). Raw data were smoothed with a
spline algorithm (Matlab); the statistical significance of sensory responses was computed by means of a

one-way Kolmogorov-Smirnov test.
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Stable Transfection of Malaria Parasite
Blood Stages

M. R. van Dijk, A. P. Waters, C. J. Janse”

Genetic manipulation of malaria parasites would revolutionize the study of this group of
pathogens and have implications for vaccine and drug development. This report describes
the stable, drug-selectable genetic transformation of the clinically relevant intracellular
blood stages of a malaria parasite. A plasmid transfection vector carrying the gene locus
that encodes a drug-resistant form of the bifunctional enzyme dihydrofolate reductase-
thymidylate synthase from the rodent malaria parasite Plasmodium berghei was con-
structed. Derivatives of this vector were introduced into merozoites of P. berghei by
electroporation, and parasites were selected for successful transformation in the rodent
host on the basis of resistance to pyrimethamine. The plasmids were present in a circular,
unrearranged form that replicated episomally to an observed maximum of 15 copies per

cell in drug-resistant populations.

Malaria is caused by parasitic protozoa of
the genus Plasmodium and is annually re-
sponsible for millions of deaths, predomi-
nantly as a result of infection with Plasmo-
dium falciparum. Medical research has re-
cently concentrated on attempts to gener-
ate synthetic vaccines with the application
of recombinant DNA technology or
polypeptide synthesis (1). It is anticipated
that basic research on the cellular and mo-
lecular biology of Plasmodium will reveal
characteristics that may be exploited in dis-
ease interdiction. Recently, both transient
and stable transfection protocols for genetic
transformation have been described for sev-
eral unicellular parasites (2, 3). Although
transient transfection, which has been
achieved in Plasmodium (4), is useful for the
investigation of the control of gene expres-
sion, it does not permit elucidation of pro-
tein function nor can it be used at present
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for the study of the clinically relevant blood
stages.

We now describe the plasmid-mediated
genetic transformation of asexual blood
stages of the rodent malaria parasite Plas-
modium berghei, based on a homologous se-
lectable marker, the dihydrofolate reduc-
tase—thymidylate synthase (DHFR-TS) bi-
functional enzyme in a drug-resistant con-
figuration. Plasmid transfection vectors
containing the gene encoding this enzyme
were introduced into the parasite by elec-
troporation. Merozoites were chosen as the
initial targets because they represent the
only form in the blood that exists transient-
ly outside the erythrocyte. The use of mero-
zoites circumvents the potential problem of
electroporation-induced damage. to the host
erythrocyte, on which other blood stages
are completely dependent for survival. An-
other advantage of merozoites of P. berghei
is that they are readily collectable in large
numbers and appear to be more stable than
merozoites of other malaria species. Condi-
tions of electroporation (800 V, 25 wF)
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similar to those used for free-living forms of
unicellular parasites, including Plasmodium
(4), proved effective for the introduction of
DNA into P. berghei.

Genomic DNA (6.1 kb) from P. berghei
containing the coding region of the DHFR-
TS gene as well as 3.5 kb of upstream DNA
and 1.0 kb of downstream DNA was cloned
into PUC18, thereby creating the parental
plasmid pMD200 (5). In this construct, a
portion of the protein-coding region of the
DHFR-TS gene was isolated from a py-
rimethamine-resistant clone of P. berghei
(6) that contains a point mutation that
results in an amino acid replacement
(Ser!'® — Asn) associated with a high level
of resistance to this folic acid antagonist in
both human and rodent species of malaria
(7). A second vector, pMD204, containing
only 2.5 kb of upstream DNA but identical
in all other aspects of the DHFR-TS locus
was also constructed in pBSKS (5). We
assumed that the additional DNA flanking
the DHFR-TS gene would provide the nec-
essary information for the correct temporal
and quantitative expression of the gene.

Two additional plasmids based on the
parental plasmid pMD200 were constructed
(5). The first, pMD221, contained a 1.8-kb
fragment of the Pbs21 gene, which encodes
a surface antigen of P. berghei ookinetes (8).
The second plasmid, pMD223, contained
2.2 kb of the nontranscribed 2.3-kb repeti-
tive DNA sequence specific to P. berghei
(9); this repeat is present in 200 to 300
copies in the genome and is exclusively
located in subtelomeric regions. These plas-
mids were constructed to allow for possible
site-directed integration by homologous re-
combination into the parasite genome. The
2.3-kb repeat provides a target with a high
copy number, whereas the Pbs21 gene is
single copy but not transcribed as part of
the asexual blood stage cycle.

In two experiments (R1 and R2), plas-






