were rated as significant if the x? reduction of the
fitting procedure exceeded 15% and a z score of >3
was reached, corresponding to a probability of
<0.0027 of detection of false positive peaks.

18. LFPs were recorded from the same microelectrodes
as MUA by differential filtering (1 to 100 Hz, 3 dB per
octave) and digitized at a sampling rate of 1 kHz.
Power spectra were computed with a resolution of
0.5 Hz and normalized to the total power between
0.1 and 100 Hz. Frequencies between 47.5 and 52.5
Hz were routinely excluded from analysis, and in the
figures they are displayed as linear interpolation be-
tween flanking values. The sample of sufficiently
noise-free data was recruited from N = 35 recording
site pairs (see Fig. 2F). To assess the desynchroniz-
ing effect of MRF stimulation, we computed the pow-
er spectra of the LFPs before and after MRF stimu-
lation from the same periods of light responses used
for cross-correlation analysis and from periods of
spontaneous activity that had the same duration.

19. In the entire sample, MRF stimulation enhanced the
relative (normalized) power of the LFPs in frequency
bands above 14 Hz during periods of both sponta-
neous and light-evoked activity [beta (14 to 30 Hz)
and gamma (>30 Hz), P < 0.05 in a one-sample t
test] and decreased the power in the low-frequency
bands for spontaneous activity [alpha (8 to 13 Hz, P
< 0.001), theta (4 to 7 Hz, P < 0.01), and delta (1 to
3 Hz, P < 0.05)]. For periods of light-evoked activity,
the relative decrease of power in the low-frequency
range (<14 Hz) reached significance [alpha (P <

TR

0.05), theta (P < 0.01), and delta (P < 0.01)] only for
responses to coherent visual stimuli that also in-
duced response synchronization, but not when
compared across all stimulation conditions.

20. For our sample of 760 recording sequences, in
which visual coactivation yielded at least 1.5 times as
many spikes during responses as during spontane-
ous activity in five subsequent stimulus presenta-
tions, averaged PSTHs and cross-correlograms
were computed for the responses to these five stim-
ulus presentations (example in Fig. 2, A to D). Of
these 760 sequences, 134 sequences originating
from 48 pairs of recording sites showed significant
correlation in at least one of the four blocks; 85 se-
quences were recorded with coherent and 49 with
noncoherent visual stimulation (see Fig. 3). A robust
measure for correlation strength, which is close to
the mean percentage increase in firing probability
[see T. C. Cope, E. E. Fetz, M. Matsumura, J.
Physiol. (London) 390, 161 (1987)], is the relative
modulation amplitude (RMA) of the center peak in
the correlogram, defined as the ratio of its height to
the mean of the correlation function, expressed ei-
ther as a real number between 0 and 1 or as a
percentage. Computing the differences of RMA pre-
serves the identity of individual measurement series
before pooling. For the same reason, power chang-
es in the gamma frequency band of the LFP are also
expressed as differences. Because we had multiple
measurement sequences (2.8 on average) for most
of the recording site pairs, data are presented (Figs.

Short-Term Plasticity of a Thalamocortical
Pathway Dynamically Modulated by
Behavioral State

Manuel A. Castro-Alamancos* and Barry W. Connors

The neocortex receives information about the environment and the rest of the brain
through pathways from the thalamus. These pathways have frequency-dependent prop-
erties that can strongly influence their effect on the neocortex. In 1943 Morison and
Dempsey described ‘“augmenting responses,’” a form of short-term plasticity in some
thalamocortical pathways that is triggered by 8- to 15-hertz activation. Results from
anesthetized rats showed that the augmenting response is initiated by pyramidal cells in
layer V. The augmenting response was also observed in awake, unrestrained animals and
was found to be dynamically modulated by their behavioral state.

Synaptic pathways originating in the thal-
amus provide sensory and motor informa-
tion to the neocortex (I, 2). The response
characteristics of these pathways are not
static but display short-term plasticity (that
is, frequency-dependent properties). Thala-
mocortical pathways are known to be mod-
ulated during sleep-wake cycles (I, 2), but
the regulation of their plasticity during dif-
ferent waking states has not been studied
previously. If this short-term plasticity var-
ied dynamically with behavioral state, the
capacity for information processing could
be increased. In 1943 Morison and Demp-
sey showed that low-frequency (8- to 15-
Hz) activation of certain thalamic pathways
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causes a progressively “augmenting re-
sponse” in the neocortex (3). This robust
form of short-term plasticity has been dem-
onstrated repeatedly in both motor (4) and
sensory (5) regions of the neocortex. But
despite extensive study, there is no consen-
sus regarding the mechanisms of the aug-
menting response (6) or its relation to be-
havior. We have investigated the augment-
ing response in a synaptic pathway from the
ventrolateral nucleus (VL) of the thalamus
to the sensorimotor neocortex and explored
its mechanisms and modulation by behav-
ioral state.

Single electrical stimuli delivered to the
VL of the anesthetized rat evoked a charac-
teristic field potential in the depth of the
parietofrontal cortex (Fig. 1A) (7). A short-
latency primary response was followed 175 to
200 ms later by a long-latency potential.
Paired stimuli, separated by 100 ms, gener-
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2, Eand F, and 3E) and used in statistical evaluation
as average values per pair. We did not normalize the
correlograms for the number of stimulus presenta-
tions because this would provide no additional infor-
mation and because the number of trials for each
recording sequence (4 times 5) was the same.

21. The analysis was restricted to those cases where
spontaneous fluctuations in correlation strength
(RMA) remained within 1 SD of the entire distribution,
which corresponded to a value of 0.251 RMA. This
requirement was met by 64 of 85 recording se-
quences during coherent visual stimulation and by
38 of 49 recording sequences during noncoherent
visual stimulation. Data for correlation changes dur-
ing noncoherent visual stimulation without MRF ac-
tivation are not shown.
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ated an augmenting response (Fig. 1B); the
second response at this interval was several
times larger than the first and was also fol-
lowed by the long-latency potential. The
narrow effective time window for generating -
an augmenting response, illustrated in Fig.
1C, was between about 50 ms and the peak
of the long-latency potential (200 ms), after
which the second response was not augment-
ed. Current-source density (CSD) analysis
revealed that the primary VL response, the
onset of the augmenting response, and the
long-latency potential were all generated by
neurons of layer V (Fig. 1D). After the onset
of the augmenting response, strong current
sinks spread quickly into upper cortical layers
and horizontally into adjacent cortical re-
gions. The area of horizontal spread of the
augmenting response in the frontoparietal
neocortex is shown in Fig. 1E (8).

The relevance of the augmenting re-
sponse to behavior has not been demon-
strated, although the response has been
shown to vary between sleep and waking
(9). We found that the VL-generated aug-
menting response was strong and reliable in
awake, unrestrained rats, with characteris-
tics virtually identical to those observed in
anesthetized animals (Fig. 2A, “resting”).
However, the augmenting response, but not
the primary response, was strongly influ-
enced by the behavioral state of the animal.
Three states were distinguished in awake
rats that were allowed to move freely about
an open field (10): resting, exploration, and
immobility. The augmenting response was
strong when the animal was resting (but not
sleeping), but strongly suppressed when the
animal was moving about and actively ex-
ploring the environment (Fig. 2A, “explo-



ration”). In addition, during brief periods of
immobility that occurred phasically during
exploration periods, a strong augmenting
response reappeared (Fig. 2A, “immobili-
ty”). The variability of both primary and
VL-evoked augmenting responses, and their
correspondence with the animal’s motor ac-
tivity, during a 45-min recording session
with one rat are shown in Fig. 2, B and C.
Similar observations were made in 15 rats.
Data from another rat (Fig. 2D) show the
loss of the augmenting response during a
session of skilled motor behavior, during
which a previously trained animal was al-
lowed to reach out of the cage with his
forelimb into a tube to grasp food pellets
(11).

Initial studies of the augmenting response
suggested that it was generated by mecha-
nisms within the thalamus, but more recent
work has attributed it to neocortical processes
(5, 12). We found that blocking neural activ-
ity in the thalamus did not influence the
augmenting response (12). We explored the
cellular mechanisms of the augmenting re-
sponse with intracellular and extracellular re-
cordings in the neocortex of anesthetized rats
(13). The effect of stimulating the VL with
one pulse while recording from the soma of a
layer V neuron is shown in Fig. 3A. The

Fig. 1. Stimulation of the VL-
to-cortex synaptic pathway
induces an augmenting re-
sponse. (A) Field potential
response recorded at a
depth of 1000 pm in the
sensorimotor neocortex in Cc
response to stimulation of

the VL of the thalamus with a

single current pulse. (B) An

augmenting response is in-

duced in response to a sec-

ond pulse delivered at a D
100-ms interval. (C) Aug-
menting responses are only
induced at an interval be-
tween 50 ms and the peak
of the long-latency potential
(175 to0 200 ms). The second
pulse was delivered at differ-
entintervals (15, 25, 50, 100, 15
150, 200, 250, and 300 ms)
with respect to the first pulse
(red trace). (D) Current-
source density (CSD) analy-

Depth (um)

short-latency (primary) response was a small
excitatory postsynaptic potential (EPSP),
which was terminated sharply by a strong,
hyperpolarizing inhibitory PSP (IPSP). The
IPSP was interrupted by a long-latency depo-

-larizing potential that peaked at 200 ms. A

second VL stimulus delivered during the IPSP
and before the peak of the long-latency po-
tential (that is, between 50 and 200 ms) trig-
gered an augmented EPSP, which was strong
enough to evoke action potentials (Fig. 3B);
stimuli delivered during or after the long-
latency depolarization were not augmented.
All cells recorded in the sensorimotor cortex
in response to VL stimulation displayed an
augmenting response, although with different
latencies (see below). The profile of extracel-
lular currents revealed by CSD analysis (Fig.
1D) indicated a central role for layer V cells in
the initiation of the augmenting response.
Comparisons of sequentially recorded (that is,
in the same electrode penetration) layer V,
layer 111, and extracellular potentials in vivo
reinforced this conclusion (Fig. 3C). Thus,
somatic responses from layer V cells were
phase-locked to the shortest latency compo-
nent of the concurrently recorded field poten-
tial from layer V (Fig. 3C). Responses of cells
from other layers displayed longer latencies,
indicating that they could not be triggering

TP

0.5mV

100 ms

1mVv

100 ms

100 150 200 250 300 350
Time (ms) L1 [ T B

sis of the primary response, EV L 3'3 A SRmvmar
augmenting response, and 05 =
long-latency potential. The 15 E
sink (reds and yellows) and 25g
source (blues) distribution in- T 35 &
dicates that layer V pyrami- 45 3
dal cells are activated by VL S e Aifenzof_p;sier&f (n?n?) 18

stimulation and are respon-

sible for the generation of the augmenting response and long-latency potential. (E) Contour plot of the peak
amplitude of the negative field potential recorded in the depth (1500 pm) of the neocortex at 24 equally
spaced (1 mm) electrode penetrations in the frontoparietal neocortex in response to the first and second
(augmenting response) pulses delivered at a 100-ms interval. Coordinates are given with respect to

bregma and the midline.
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the augmenting response. Layer III cell re-
sponses were phased-locked with the peak
extracellular negativities recorded within that
layer (Fig. 3C).

These results indicate that the augment-
ing response is generated in layer V and that
the hyperpolarization of layer V cells plays
an important role in the underlying cellular
mechanisms. Axons from the VL terminate
within layer V (14) and directly excite both
pyramidal cells and inhibitory interneurons
in layer V. The ensuing strong hyperpolar-
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Fig. 2. Dynamic modulation of the augmenting
response with behavioral state in awake, freely
moving animals. (A) An augmenting response is
induced during periods of resting and immobility
but is inactivated during periods of exploration.
The numbers in parentheses indicate the location
of the trace in (B). (B) An animal was allowed to
freely explore an open field while motor activity
was monitored with photobeam detectors. Paired
pulses at a 100-ms interval were applied to the VL
(100 pA) at 0.1 Hz, and responses were recorded
in the sensorimotor neocortex. (C) The amplitudes
of the first (closed squares) and second (open
circles) responses were measured and plotted
with respect to the level of motor activity displayed
by the animal as indicated by the number of pho-
tobeam interruptions (activity counts) per 10-s
bins. (D) An animal was trained to grasp food
pellets with his forelimb by reaching into a tube
outside of the cage. During the period that the
animal performed this skilled motor behavior the
augmenting response was largely inactivated.
Paired pulses at a 100-ms interval were delivered
to the VL (60 pA) at 0.2 Hz.
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Fig. 3. Intracellular corre-
lates of the augmenting re-
sponse in vivo. (A) Intracellu-
lar recordings of a layer V
cellin the sensorimotor neo-
cortex in response to V0L
stimuli (arrows) produce a
small EPSP that is truncated
by a strong hyperpolariza-
tion and followed by a re-
bound depolarizing poten- B

tial. The upper trace was re-

corded at resting membrane }
potential, whereas the lower }
trace was recorded with
negative current injection
that hyperpolarized the cell
by 20 mV. (B) A second

>

s

2nd VL
pulse

Layer IlI
cell

Layer V
cell

pulse delivered during the IPSP phase, and before the peak of the rebound potential, generated an
augmented response. Shown are two traces from a layer V cell corresponding to 100- and 200-ms
intervals. (C) The augmented response corresponding to the second pulse of a pair delivered to the VL is
shown. Sequential recordings (same penetration) from cells in different layers are phase-locked to
different components of the field potentials recorded extracellularly. Responses of layer V cells corre-
spond to the earlier component of the augmenting response recorded extracellularly between 1000 and
1500 pwm, whereas recordings from layer Il cells correspond to later components of the field potentials

recorded in the upper layers.

ization of layer V pyramidal cells, generated
by this feedforward inhibition (15), may ac-
tivate or deinactivate voltage-dependent
conductances in layer V cells (16) that
could initiate the augmented response and
spread it through local synaptic networks.
These results also show that the augment-
ing response is dynamically modulated dur-
ing transitions between awake behavioral
states. During active exploration or skilled
behavioral performance, the augmenting re-
sponse was inactivated. This type of modu-
lation is selective, because the primary re-
sponses to VL stimulation were not affected.
The mechanisms of this modulation are un-
known, but they may involve diffuse trans-
mitter systems (for example, acetylcholine
and norepinephrine) that are activated dur-
ing exploration and arousal (17). Stimula-
tion of the midbrain reticular formation can
rapidly modulate augmenting responses in
anesthetized animals (18). The augmenting
response may be involved in generating the
7- to 12-Hz cortical oscillations associated
with awake immobility (19); these sponta-
neous rhythms and the augmenting response
both coincidentally terminate with the onset
of movement. Loss of the augmenting re-
sponse during active exploration should pro-
foundly affect the pattern of activity flowing
between thalamus and neocortex. Dynamic
modulation of short-term thalamocortical
plasticity may allow rapid switching between
different information processing modes de-
pending on behavioral contingencies.
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Rho1p, a Yeast Protein at the Interface Between
Cell Polarization and Morphogenesis
Jana Drgonova, Tomas Drgon, Kazuma Tanaka, Roman Kollar,
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Yoshimi Takai, Enrico Cabib*

The enzyme that catalyzes the synthesis of the major structural component of the yeast
cell wall, B(1—3)-D-glucan synthase (also known as 1,3-B-glucan synthase), requires a
guanosine triphosphate (GTP) binding protein for activity. The GTP binding protein was
identified as Rho1p. The rho? mutants were defective in GTP stimulation of glucan
synthase, and the defect was corrected by addition of purified or recombinant Rho1p. A
protein missing in purified preparations from arho1 strain was identified as Rho1p. Rho1p
also regulates protein kinase C, which controls a mitogen-activated protein kinase cas-
cade. Experiments with a dominant positive PKC7 gene showed that the two effects of
Rho1p are independent of each other. The colocalization of Rho1p with actin patches at
the site of bud emergence and the role of Rho1p in cell wall synthesis emphasize the
importance of Rho1p in polarized growth and morphogenesis.

Little is known at the molecular level
about the mechanisms involved in morpho-
genesis, a fundamental process in growth
and differentiation. To study those mecha-
nisms, we have used the cell wall of the
yeast Saccharomyces cerevisiae (1). In the
yeast budding cycle, synthesis of a new cell
wall starts at bud emergence and continues
until the daughter cell completes its matu-
ration, after cytokinesis and septum forma-
tion (I). Temporal controls must be in
place to ensure synchronization between
cell wall growth and the cell cycle. Spatial
regulation is also required to determine the
site where the new bud will emerge (2) and
to direct growth of the cell wall in an
orderly manner that will result in the cor-
rect shape for the new cell. To gain infor-
mation about such controls, we have stud-
ied the biosynthesis of B(1—3)glucan, the
major structural component of the yeast cell
wall (1). B(1—3)Glucan synthase (GS), a
membrane-bound enzyme, is stimulated by
submicromolar concentrations of GTP (3).
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A proteinaceous component that interacts
with GTP has been extracted from mem-
branes of several fungi (4).

Recently, two fractions, A and B, both
essential for GS activity, were solubilized
from yeast membranes and a GTP binding
protein was purified from fraction A (5). To
identify this protein, we tested mutants in
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known small GTP binding proteins. Of the
approximately 20 such proteins found thus
far in yeast, most participate in intracellular
traffic. However, defects in the RHOI (6)
and RHO3 or RHO4 (7) genes result in
arrest of the cell cycle at the small bud stage
with concomitant cell lysis (8, 9), a pheno-
type consistent with a defect in the initia-
tion of cell wall growth caused by impaired
glucan synthesis. '

Here, we measured GS activity in the
absence or presence of guanosine-5'-O-(3-
thiotriphosphate) (GTP-y-S) in membrane
preparations from strains containing a tem-
perature-sensitive mutation in RHOI, rhol-
104 (8). Strains with a conditional muta-
tion in RHO3 and a disruption in RHO4
(or vice versa) were also tested. Enzymatic
activity and GTP stimulation of the syn-
thase from rho3/rho4 mutants differed little
from that in the wild type (10). On the
other hand, synthase from the rhol mutant
showed a decrease in activity, which was
not remedied by the addition of GTP-vy-S
(Fig. 1A). The defect was evident even
when rhol cells were grown at the permis-
sive temperature and was exacerbated by
incubation of the cells at 37°C. Fraction A
(5) restored both activity and GTP-y-S
stimulation to membrane preparations from
the rhol-104 strain (Fig. 1B). The wild-type
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fractions. Cells were grown at 26°C continuously (26°C) or transferred to 37°C for 2 hours (26°—37°C)
before harvesting. (B) Reconstitution of GS activity of rho7-104 with fraction A. The amount of added
fraction A was 20 pg. (C) Reconstitution of GS activity in rho7-104 with recombinant Rho1p (23). The
amount of added Rho1p was 0.7 pmol per reaction mixture. (D) Reconstitution of GS activity with Rho1p
and fraction B from strain GS1-36. Fraction B (7.2 g of protein) was added to all reaction mixtures.
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