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Sosnik, Ronen, Sebastian Haidarliu, and Ehud AhissarTemporal  the brain stem: principal sensory trigeminal nucleus (Pr5) and
frequency of whisker movement. |. Representations in brain stem gpgerpolar part of the spinal trigeminal nucleus (Sp5l) (Bruce et
thalamusJ Neurophysio86: 339—353, 2001. How does processing of 1987; Erzurumlu and Killackey 1980; Peschanski 1984;

information change the internal representations used in subsequent . .
stages of sensory pathways? To approach this question, we studieﬁﬁ@ame et al. 2000). Although both these brain stem nuclei

representations of whisker movements in the lemniscal afioJect to both of the thalamic nuclei, the primary input to the
paralemniscal pathways of the rat vibrissal system. We recently siPM arrives from Pr5, whereas that of the POm arrives from
gested that these two pathways encode movement frequency in 8ip51 (Chiaia et al. 1991a; Friedberg et al. 1999; Rhoades et al.
ferent ways. We proposed that paralemniscal thalamocortical circuit987; Williams et al. 1994). The lemniscal pathway contains
functioning as phase-locked loops (PLLs), translate temporally codgige-diameter axons that end in focal, clustered terminals
information into a rate code. Here we focus on the two major trige Bishop 1959; Chiaia et al. 1991a; Williams et al. 1994).
inal nuclei of the brain stem, nucleus principalis and subnucleps, e o) ne,urons respond with ,short, constant latencies

interpolaris, and on their thalamic targets, the ventral posterome . A .
nucleus (VPM) and the medial division of the posterior nucle hissar et al. 2000; Diamond et al. 1992) and have relatively

(POm). This is the first study in which these brain stem and thalarm@@ll receptive fie.ld (RF) centers under deep anesthesia (Dia-
nuclei were explored together in the same animals and using the sahfend et al. 1992; Friedberg et al. 1999). The paralemniscal
stimuli. We studied both single- and multi-unit activity. We move@athway contains axons with smaller diameters than those of

the whiskers both mechanically and by air puffs; here we presdhie lemniscal pathway and form more diffuse connections
air-puff-induced movements because they are more similar to natuf8ishop 1959; Chiaia et al. 1991a; Veinante et al. 2000; Wil-

movements than movements induced by mechanical stimulations. Wgms et al. 1994). Paralemniscal neurons exhibit slower re-
describe the basic properties of the responses in these brain stemgiishses, longer and more variable latencies (Ahissar et al.
thalamic nuclei. The responses in both brain stem nuclei were simila )00; Diamond et al. 1992), and larger RF centers during deep
responses to air puffs were mostly tonic and followed the trajectoryg esthesia than lemniscal ones (Diamond et al. 1992). Inter-

whisker movement. The responses in the two thalamic nuclei were,: . . - . .
similar during low-frequency stimulations or during the first pulses oqgtlngly, the size of the entire RF, including weak inputs, does

high-frequency stimulations, exhibiting more phasic responses tHaQt dlffer_ significantly between _the tV_VO nuclei (D'_amond etal
those of brain stem neurons. However, with frequenzigsHz, vPM  1992; Friedberg et al. 1999; Nicolelis and Chapin 1994).
and POm responses differed, generating different representations of he significance of brain-stem-to-thalamus transformations
the stimulus frequency. In the VPM, response amplitudes (instanwias not fully appreciated previously because brain stem and
neous firing rates) and spike counts (total number of spikes pgémlamic responses had not been compared for identical stim-
stimulus cycle) decreased as a function of the frequency. In the PQuii, Furthermore, most studies used stimuli designed to explore
latencies increased and spike count decreased as a function ofjagic features of brain stem and thalamic responses, such as RF
frequency. Having described the basic response properties in the fg}ire, directional selectivity, and velocity thresholds (Arm-
””g!ei’ we tthhen foclus on a fpe‘igic teStV\(l)f our (I:LLh h{pé)thefis i ong-James and Callahan 1991; Chiaia et al. 1991b; Diamond
codaing In e paralemniscal pathway. € used snort-duration ail . . . .
puffs,gmuch shoﬁ'ter than whiskgr movgments during natural whiskin {.al' 1992; N'CO|e.I'S et al. 1993; Shlpley 1974; Simons and
The activity in this situation was consistent with the prediction w ‘:irve," 1989; Waite 1973) and _thu_s did not _resemble 'the
made on the basis of the PLL hypothesis. stimuli generated by natural activation of whiskers during
whisking. On the other hand, when neurons are recorded dur-
ing self-initiated whisker movements in the awake rat, exper-
INTRODUCTION imental control of the whisker movement is limited (Nicolelis
and Chapin 1994; Nicolelis et al. 1995). With experiments in
The trigeminal system of rats contains two parallel anatoranesthetized and awake animals, Nicolelis and colleagues dem-
ical pathways that extend from the vibrissae to the cort@xstrated that the VPM nucleus does not function as a simple
(Diamond and Armstrong-James 1992; Woolsey 1997): tiglay but rather probably participates in spatial processing of
lemniscal pathway, which ascends via the ventral posteromgbrissal information (Ghazanfar and Nicolelis 1997; Ghazan-
dial thalamic nucleus (VPM), and the paralemniscal pathwaar et al. 2000; Nicolelis and Chapin 1994) (by spatial process-
which ascends via the medial division of the posterior thalamiigg we mean computation based on the spatial configuration of
nucleus (POm). The two thalamic nuclei (VPM and POm)
receive their main afferent input from two trigeminal nuclei in The costs of publication of this article were defrayed in part by the payment
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the activated whiskers). These findings, together with repotéseously driven into one, two, or three nuclei using one or two

of higher spatial resolution in lemniscal than paralemniscallicrodrive systems (Haidarliu et al. 1999). Single units were isolated
stations (Armstrong-James and Fox 1987; Diamond 1995; 4y. spike templates and mul'gl-un!ts by amplitudes using splke sorters
mons 1995), suggest that themniscal system processes spa? 22 B CCRE LR B S e seatoh
t'a".y encoded informationOur recent flndlngs Support thISInvolving Animals and Human Beings, and with the animal welfare

notion and further suggest that _th:faralemnlspal pathway guidelines of The Weizmann Institute of Science.

processes temporally encoded informati¢hhissar et al.

2000). The paralemniscal system represents temporal infor isker stimulation

tion by both the latency and spike count of thalamic an . ) _ ) ,

cortical neurons. These representations were previously prel/hiskers were stimulated by either air puffs or mechanical deflec-
dicted by our phase-locked loop (PLL) hypothesis (AhisSans. Air puffs consisted of pulses of compressed air, which were

1998; Ahissar and Vaadia 1990; Ahissar et al. 1997). We L{%;nerated by a pneumatic pressure pump (Medical Systems; Green-
.

. o - e, NY) and were delivered via a 3-m length of stiff, thick-walled
the term “representation” here to refer to a neuronal varial ing (6.5 mm OD, 3.5 mm ID). A micropipetter tip was attached to

that changes as a function of a stimulus quantity in suchttf end of the tubing to reduce its opening to a diameter of 0.7 mm and
manner that the quantity can be reconstructed from the vagias positioned 10-20 mm caudal to the most caudal whiskers of the
able. According to the PLL hypothesis, the spike-count reprstimulated rows. Before positioning the air-puff stimulator, the RFs of
sentation is the output of the thalamocortical circuits and &l simultaneously recorded neurons were determined; the RFs were
used for further cortical processing, whereas the latency rejgfined as those whiskers whose deflection could elicit a noticeable
resentation is an internal variable of the decoding process. "€sPonse in the neuronal activity as judged by listening to the acoustic
The findings described in the preceding text indicate the nversion of the amplified electrode signal. One to three rows of
S - iskers, which contained the entire RF of most of the simultaneously
zltgmﬁgﬁgt t;??ﬁ;?;mitslorll—lseroeccxg ﬁ!:/eei?iéa?:(tjvﬁinc;g?ag trelg corded neurons, were stimulated; at least four whiskers were stim-

. ; g [&fed in each row. The neurons whose RFs were not stimulated were
tics of the transformation from the brain stem to the thalamiGjyded from analysis. The analog voltage, which represents the

nuclei of both pathways in the anesthetized rat during constagiput pressure of the pump, was continuously monitored and re-
frequency tactile stimulations. Two types of tactile stimuli (ai€orded (see Figs. 1, 2, and 8). The maximum pressure at the pump
puffs to groups of whiskers and mechanical deflections ofitput was 0.7 kg/cf Air-puff delays (from pump command to
single whiskers) and two pulse widths (50 and 20 ms) wevédisker movement) were calibrated using a microphone. Mechanical
applied. The representation of a single stimulus pulse watgnuli were generated byalinegr electromag.ne.tic vibratqr (Schnejder
different for air-puff and mechanical stimulations but wa$988) that was attached to a single (the “principal”) whisker (Haid-
similar in both thalamic nuclei; i.e., a single stimulation, Ofll’hu et al. 1999). The position and movement profile of the vibrator

. P - s determined by a built-in photodiode whose output voltage was
either method, evoked similar responses in both VPM ahé\@ntinuously monitored and recorded (see Fig. 1). Both air-puff and

POm. _In contr.ast, the represent.atlon of_the stimulus frequer}%chanical stimuli were applied in the protraction direction. For each
was different in the two thalamic nuclei. The only consistentcqrding, latencies evoked by air puffs were adjusted by comparing
thalamic representation of the stimulation frequency was thg Jatencies to the first stimulus cycles at 2 or 5 Hz with those evoked
spike count of POm neurons. This latter finding, which iBy the mechanical stimulator; if a difference was detected, it was
consistent with our PLL hypothesis, suggests that the PGubtracted from all air-puff latencies of that recording. The movement
spike-count codes whisker frequency for cortical processingprofile of the whiskers during air-puff stimulations was examined in

two rats using a motion scope (PCI 1000, Red Lake). The position of
a single spot on a single whisker, at a distance of 5 mm from the face,
was tracked at a resolution of 2 ms at all frequencies and pulse widths.
Animal procedures and electrophysiology Movement profiles (see Fig. 1) were constant along the trains and for

£ . tal d imilar to th iouslvd _ball frequencies.
xperimental procedures were similar to those previously describedgy; i \vere applied in blocks, each containing several trains

(Ahissar et al. 1997; Haidarliu and Ahissar 1997). Briefly, 30 aduliiais) of identical parameters. Two types of frequency patterns and

male Wistar_AIbino rats .(300t 25 9, obtained_ from the Animal two widths of stimulus pulses were applied. Trains of constant fre-
Breeding Unit of The Weizmann Institute of Science) were anesg%

METHODS

zed h 15 o/kg i q qi dified uencies were applied in blocks of 12 consecutive trains of 3 or 4 s
tized (urethan, 1.5 g/kg ip) and mounted in a modified stereotaXig, intertrain intervals of 2 or 1 s, respectively. The order of the
device (Haidarliu 1996) that allows free access to the somatosensgiy s was usually as follows: 2, 5, 8, 11, (sometimes 14), (45-s

brain structures and to the vibrissae. The depth of anesthesia Wagya|) (sometimes 14), 11, 8, 5, and 2 Hz, with inter-block intervals
monitored by assessing corneal reflex and was maintained at stggq s,(data for the 14-Hz étir’nuli ’

111/3—4 (Friedberg et al. 1999) by supplementary injections of ureth : i
(10% of initial dose). Atropine methyl nitrate (0.3 mg/kg im) Wa?ﬂalamlc responses, are not presented; in a few cases only 2, 5, and 8

s . . Hz were applied). Thus for each frequency a total of 24 trains were
administered before general anesthesia to prevent respiratory comé)é pplied) 9 y

. A A plied. Data from all 24 trains were used to compute average
cations. Body temperature was maintained-87°C. The skull was latencies and spike counts (deata analysi$. During the initial phase
exposed, and openings were made to allow for electrode penetrati

ot ol 1tk hal o brai by q 8fthe study, the order of the frequency blocks was randomized. No
Into different nuclei in the thalamus and brain stem. The procedurgs,jiiative or quantitative differences between the different orders

for electrode p_enet_rations into these_ nuclei were de_scribed in _de s observed. Each set of constant frequency blocks was applied with
elsewhere (Haidarliu et al. 1999). Briefly, for thalamic penetratlon§1?i same pulse width, 20 or 50 ms

the electrodes were directed vertically, touching dura between 3.5 an
4.3 mm caudal to Bregma and 1.6 and 3.0 mm laterally from midling,.
For brain stem penetrations, the electrodes were directed obliquel ,St0|09y

touching dura between 6 and 8 mm caudal to Bregma, and from 1.5The brains of the rats were examined histologically to determine the
to 3.5 mm laterally, ipsilateral to the stimulated whiskers; the eletocation of each and every recording site. At the end of each recording
trodes were inserted with an angle-e60° to penetrate into Pr5 and session, electrolytic lesions were induced by passing currents (3-5
40° to penetrate into Sp5I. Four or eight microelectrodes were simwlA, 2 X 2 s, unipolar) through the tips of the electrodes. When
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multiple recording sites were obtained with the same electrode, ttiiately after stimulus onset (80 ms, unless otherwise mentioned). All the
electrode was re-positioned at each depth that corresponded taveraged data (firing rates in PSTHSs, latencies, and spike counts) pre-
previous recording site (provided that it wa200 um away from the sented along the stimulus train time were smoothed for presentation by a
previous lesion), and lesion currents were passed in those locations@s/olution with a right-angle triangle of area 1 and base of 2 stimulus
well. Each rat was then killed with Pental (pentobarbitone 200 mg/mdycles. Nucleus ensemble data were analyzed by averaging PSTHs,
0.5 ml pro capito, ip), and perfused transcardially with 2.5% glutalatencies, and spike counts across the local populations that composed the
aldehyde, 0.5% paraformaldehyde, and 5% sucrose in 0.1 M pheasemble and by first summing all spikes of the ensemble and then
phate buffer, pH 7.4. The brains were removed, sectioned coronallpmputing the PSTHSs, latencies, and spike counts from the ensemble
and stained for cytochrome oxidase activity (Haidarliu and Ahissapike train. Both methods yielded similar results.

1997). In these preparations, the different nuclei of the thalamus and

brain stem, the lesions, and the tracks of the electrodes were clealysuLTs

seen (Haidarliu and Ahissar 2001; Haidarliu et al. 1999). VPM re- hi | of inal . lti-uni
cording sites could be affiliated with single barreloids by comparing N this study, a total of 308 single units and 221 multi-units

obtained with oblique cutting angles (Haidarliu and Ahissar 2001)and 124 multi-units were recorded from sites that could be clearly
assigned to the following nuclei: 25 single units and 14 multi-units
from the Pr5, 26 and 31, respectively, from the Sp5I, 45 and 42,
respectively, from the VPM, and 50 and 37, respectively, from the
Only data from well-localized recording sites (see Fig. 2) alfOm. The remaining units were recorded from nuclei that are not
described here. From each electrode tip, we recorded the activitydefscribed here (oral and caudal parts of the spinal trigeminal

one, two, or, rarely, three isolated units (“single-units”) as well as ofg,cleus), from the borders between nuclei, or from sites that could
or two clusters of unsorted units (“multi-units”). We assume that moght pe reliably reconstructed.

of the recorded units were located within a radius ofdd®around the
electrode tip (Abeles 1975, 1982; Ahissar, unpublished observatio
The location of the electrode tip was assumed to be at the center of
lesion performed at that recording site. The location of recording sitesThe movement profiles of the whiskers, induced by these two
in which no lesion was performed was estimated according to tRghes of stimuli, are depicted in Fig. 2 pottom traces The me-
electrode track, the location of a neighboring lesion, and the corr, janical stimulator was firmly attached to the whisker, and thus its
sponding penetration distances. Data were analyzed for single u vement profile was the same as that of the Wh,isﬁghtﬂ

multi-units, “local populations,” and “nucleus ensembles.” Local pop; hisker movements during air-ouff stimulations were m red
ulations included all single and multi-units recorded from a singl Sker movements during air-pufl simuialions were measure

electrode at a given site. The number of neurons included in a lo&&iNg @ motion scopdeft). Vibrissal stimulation by air puffs and
population was estimated as*51.3 neurons (meart SD,n = 48). Mechanical vibrators differed in several ways: air puffs were

This estimation was based on a sample of 48 local populationsapplied to clusters of whiskers, whereas mechanical stimuli were
which, in addition to the single units isolated by the MSD, individua@pplied to single (principal) whiskers; mechanical stimuli induced
spike shapes could be isolated by visual inspection of the multi-usiorter rise and fall times than air puffs (4.5 and 4.7 vs. 30 and 22
clusters recorded from the same electrode. Nucleus ensembles ¢ag; respectively; 10-90% of peak value; note that the initial rising
sisted of all local populations of the data set that were recorded frg§Rase of the air puff was faster than the later phase); mechanical
the same nucleus (see Georgopoulos et al. 1993 for a similar @fmji forced both forward and backward movements, whereas
proach). Peristimulus time histograms (PSTHs) were computed us d puffs forced only forward movement, which aIIOV\;ed self-

1-ms bins and were smoothed by convolution with a right-ang tracti f the whiskers: and hanical stimuli had hoot
triangle of area 1 and different base lengths. Unless otherwise mERy action OFth€ WRISKErs, and mechanical simult had oversnoot-

tioned, the base was 0—16 ms for PSTHs that accompany radf§} Components in both directions, whereas air puffs had none.
displays, and 0—8 ms for all other PSTH:s. Average neuronal responses to these two types of stimuli
We repeated the analysis while using alternative methods for estiméere compared by pooling data from all well-localized local
ing the latency of the responses. Estimations based on the latency to figpulations, i.e., those recorded from sites that could be clearly
spike (e.g., Diamond et al. 1992) were strongly affected by the averagféiliated with a specific nucleus, which were stimulated with
firing rates (seeiscussion. Estimations based on statistical measures @foth stimulators and with pulse widths of 50 ms. The mean
the prestimulus background activity (e.g., Petersen and Diamond 20Q8ponses to the first stimulus pulse during 2-Hz stimulations
Ea'gléell et al. 1999) were '(“ ge’f‘eﬁa' n agree)mt:ant with thg a_mphrt_]g ‘e depicted in Fig. 1. Whereas air puffs evoked tonic re-
ased latency estimation (see following text) but since, during high- : ;
frequency stimulations (8 and 11 Hz), durations of background activi ONSes along the .St'mUIUS p!JIse, responses to . mechanical
muli were bi-phasic, i.e., brain stem and thalamic neurons

within the trains were often very short, statistical estimations were ’ .
reliable. Thus we prefer to present the results as analyzed by straigfgPonded to both protraction and retraction. Gheresponse
forward amplitude-based estimation. Neuronal latencies were estimd@dthe mechanical deflection was clearly a response to the
from the smoothed (0—8 ms) PSTHs as the time in which the firing rd@lling edge (backward movement) and not to the overshooting
crossed a certain threshold, which was determined as a given fractiocofmponent as seen from the timing of the activity. The
the peak (minus background) value of the PSTH computed for thgihasic responses of the brain stem to mechanical stimuli
particular response and that particular stimulus cycle; thus PSTHs wgjere preserved at the thalamus, whereas the tonic responses
computed for each stimulus cycle, and latencies were derived from egghthe brain stem to air puffs were transformed to more
such PSTH according to its own peak value. For each analysis, laten -ﬁ%lsic responses at the thalamus. The difference between

were computed using thresholds of 0.1, 0.3, and 0.5 of peak value ( . . . .
subtracting mean background activity). All these thresholds yielded é brain stem responses to the two stimulation types is

sically the same results; the basic differences between latencies in V?f\'/f'cal and should ,be taken into ,accoum when StUdY'ng
and POm were evident for all these thresholds. Trial-by-trial variabiliid@iernal representations of the stimulus frequency. Since
of the latency (represented by the error bars in Figs. 3 and 6) are of Y4gh mechanical stimuli two response bursts were generated
latency to the first spike after stimulus onset. Spike counts representfi@e each stimulus pulse, the actual frequency of the afferent
average sum (per stimulus cycle) of spikes during a time window immeetivity from brain stem to thalamus was doubled. This

Data analysis

)gmparison of air-puff and mechanical stimulations
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contrasts the response pattern during self-generated whiskeurons exhibited a constant response pattern throughout the train,
movements in freely moving rats, where brain stem popwhile thalamic neurons exhibited dynamic patterns. Typical re-
lations generate a single burst for each cycle of whiskeponses at 8 Hz are depicted in Fig. 2. The responses are described
movement (Nicolelis et al. 1995). Our air-puff stimulationsby rasters of 12 consecutive trains and the PSTHs summing the
however, induced whisker movements that resembled tresponses to the 12 trains. It can be seen that in the brain stem
movement profile observed during natural whisking (conthe response to the first stimulus pulse (cycle) was similar to the
pare the whisker trajectory in Fig. 1 to single protractioresponses to the subsequent pulses. However, this was not the
cycles in Fig. 4 of Carvell and Simons 1990), and evokezhse in the thalamus. The response of the VPM multi-unit was
brain stem responses that resembled those observed in freabdulated during the first few cycles until it stabilized on a
moving rats (Nicolelis et al. 1995). Thus the neuronal regonstant, steady-state response that had the same latency as the
resentations of the stimulus frequency were investigategsponse to the first stimulus cycle but a lower amplitude. The
here primarily using air-puff stimuli. POm multi-unit also exhibited a stabilization process, but this
included a shift of the response latency to longer latencies.

Typical responses to trains of air puffs Comparison of VPM and POm responses

Air-puff stimulations consisted of trains of 3ra@ s with The main difference observed between the responses of the
inter-train intervals of 2 or 1 s, respectively. Typically, brain stertwo thalamic nuclei was in the temporal domain. VPM neurons
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FIG. 2. Raster displays of typical multi-unit responses in the brain stem and thalamus. Rasters for the entire stimudysrain (
in each panel) and for the 1st 1,500 rstfom rowy are presented. Each small vertical line represents a single spike, and each long vertical
line represents the onset of a single air-puff pulse. One block of 12 tréiBs each, of 50-ms air-puff pulses at 8 Hz are depicted for
each recording. The curvedovethe rasters are the peristimulus time histograms (PSTHs), which describe the average responses along
the train. The recording sites of these units (origins of arrows) are shown on the coronal and parasagittal sections through the thalamus
and brain stem, respectively, which were stained for cytochrome oxidgkg.(Receptive fields (RFs): VPM, Al, A2; POm, C1, C2,
C3, B2, B3; Pr5, D2, D3; Sp5l, D2, D3. Thmttom tracedepicts the output pressure of the pneumatic pump.

responded with a fixed latency across varying stimulus frerere the same. The only differences between the trains of
guencies, while the latencies of POm neurons were modulatiifferent frequencies were the inter-pulse intervals and the
during the dynamic period until they stabilized at longer latemumber of pulses per train. The effect of the stimulus fre-
cies during the steady-state period. We quantified these dytency on the steady-state response pattern was different for
namics for four different stimulus frequencies: 2, 5, 8, and lhe two nuclei as demonstrated by the simultaneous recording
Hz. For all four frequencies, the pulse width and train duratiatepicted in Fig. 3. While the steady-state latencies of the VPM
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Fic. 3. Comparison of multi-unit recordings obtained simultaneously from the POm and AR&&ter displays and PSTHs for the
1st 1,500 ms of the stimulus trains at various frequencies. RFs: VPM, C1; POm, gamma, C1, C2, d&8talyDamics of response
latency. The latency to 0.5 peak value was computed and plotted for each stimulus cycle. Standard errors of the latency were computed
from the inter-train variabilityrf = 24 trains) of the latency to the 1st spike (for each stimulus cycle). Time constants of single-exponential
best fits for the latencies of the POm unit were: 770, 743, 117, and 280 ms for 2, 5, 8, and 11 Hz, respecttesdyly-state PSTHs
for each stimulus frequency. The steady-state PSTHs were averaged across all stimulus pulses betwk8rsGrbrartrain onset.
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neurons were constant for all frequencies, those of the P@nain difference between the two thalamic nuclei: while VPM
neurons increased with increasing stimulus frequencies (Figr8sponses had a constant onset latency, onset latencies in the
A andB). In both nuclei, the dynamic process was predomPRPOm increased with the frequency. The distributions of onset
nantly restricted to the first few hundred milliseconds of the traifatencies (to 0.5 peak valugght) show a frequency-invariant
This time period usually included between one and about sixode ~10 ms for VPM neurons, but frequency-dependent
stimulus cycles, depending on the stimulus frequency. Followingodes, increasing from 15 to 45 ms for POm neurons. The
this period, the response amplitude and latency generally stabstributions of latencies to 0.1 and 0.3 of peak value showed
lized, with this steady-state period lasting until the end of the tragimilar patterns; VPM latency modes were constaii0 ms,
(Fig. 3B). In this report, steady-state periods refer to the periodshereas POm modes increased from 10 to 35 and from 15 to
from 0.5 s after train onset until the end of the train. 40 ms, respectively (data not shown). The distributions of
The basic response differences between VPM and POm duriatgncies obtained with nonsmoothed PSTHs were not signif-
steady states are depicted by PSTHs computed for the steady-#tatetly different from those obtained with smoothed PSTHs
periods (Fig. &). Whereas in the VPM the onset latency waéP > 0.05, 2-tailed-test, for all nuclei and frequencies). While
roughly constant, in the POm onset latencies increased with the dispersion of POm latencies remained more or less un-
creasing frequencies; since POm offset latencies did not chargfgnged, that of VPM latencies increased at 11 Hz mainly due

the response area decreased with the frequency. to strong attenuation of the early response component (Fig. 4).
] ) The median latencies were 9, 9, 10, and 16 ms in the VPM, and
Population analysis of steady-state responses 17, 24, 36, and 43 ms in the POm, for 2, 5, 8, and 11 Hz,

The steady-state responses of all well-localized local popufaspectively. The latencies of POm units increased signifi-
tions, are depicted in Fig.A Although the response parametersantly for each increment of the stimulus frequeniey<( 0.01,
of different local populations varied, the following observationg-tailedt-test, for 2 to 5, 5 to 8, and 8 to 11 Hz increments),
were valid for almost all recordings. Well-localized brain sterwhereas those of the VPM units did not change> 0.2,
recordings yielded a constant, nonadapting response to each si@gigiledt-test, for all increments). POm latencies were signif-
stimulus pulse. In contrast, virtually all thalamic recordings exeantly longer than those of VPM for all frequencieB &
hibited transformed responses: as the stimulus frequency 1= — 8, 2-tailed t-test). The latencies of VPM and POm
creased, VPM local populations showed amplitude reductiamits were most distinct at 8 Hz: [mean(POm latencies) —
whereas POm neurons showed increased latencies: With all P@ean(VPM latencies)j/[std(POm latencies) * std(VPM
populations but one, onset latency increased with increasing fie#encies)]= 1.8, 2.6, 3.3, 2.3 for 2, 5, 8 and 11 Hz, respec-
guencies, whereas onset latency was constant for all VPM pofively, where std is the standard deviation.
lations. Both amplitude reductions and increased latencies resulteBigures 4 and 5 demonstrate that, with few exceptions in
in reduced spike counts due to the reduction in PSTH areas. Tkash nucleus, the common response modes differed signifi-
stimulus frequency was represented in the VPM by amplitudantly between VPM and POm. This is evident from the gross
reductions, in the POm by latency increments, and in both nuakgisemble representations generated by the summed activity of
by spike-count reductions. all well-localized neurons in each nucleus (Figd)6These
Figure 4 also depicts the variability in response patterns withiapresentations suggest that a typical ensemble representation,
each thalamic nucleus. Some local VPM populations exhibitggnerated by the integrated activity of tens or hundreds of
amplitude reduction as a function of frequency and some not. @urons, should exhibit an amplitude coding at the VPM and a
those displaying amplitude reduction, some exhibited a uniforiatency coding at the POm. Although the “coding ranges” (i.e.,
reduction along the entire response pulse while in others tiee frequency ranges within which the latency and spike counts
reduction was mainly restricted to the early response componeftanged monotonically with the stimulus frequency) of indi-
However, in all 23 local populations of the VPM, there was widual thalamic representations did not cover the entire fre-
response component of short (and constant) latency at all frequgmency range of 2—11 Hz and varied among different record-
cies. In contrast, in 17/18 local populations of the POm there wengjs (Fig. 4), the gross ensembles exhibited coding ranges that
at least two frequencies at which the response commenced sigvered the entire frequency range (Fig\).6
nificantly later than the response at 2 Hz. Figure 6A also demonstrates the robustness of the thalamic
Single-unit responses exhibited larger variability than th&tency coding. We define onset latencies here as the time it takes
depicted by the multi-unit and local population responsethe response to cross a certain threshold ¥&eeops). Since the
However, in each nucleus, the majority of the single unitising edge of the PSTHs has a finite slope, latencies defined
exhibited the same dynamics and the same dependence orattearding to different threshold levels would be somewhat differ-
stimulus frequency as the corresponding multi-units and locait. However, these differences do not change the general coding
populations (see examples in Fig3)4 most of POm neurons scheme. For all threshold levels between 0.1 and 0.5 peak value
(77%) exhibited increased onset latency with increasing frésottom and top blue curvesyespectively, in Fig. 8), VPM
guencies, whereas onset latency was constant for the majoniggrons exhibited virtually identical latencies, whereas POm neu-
of VPM neurons (86%). Most of brain stem neurons (77%bpns exhibited significant shifts. The increased VPM latencies to
exhibited constant response pattern for all frequencies. 0.5 peak value at 11 Hz (FigA6top blue curviwas the result of
Onset latencies of neuronal populations are dominated tine discrepancy between the attenuation of early and late response
the onset latencies of the fastest responses within the popwamponents of a few local VPM populations in which the early
tion. To evaluate the overall latency distributions in eactesponses were reduced<®.5 of the peak of the late responses
nucleus, PSTHs and latencies of all well-localized single aifsee Figs. 4 and 5).
multi-units were computed (Fig. 5). The ensembles of normal- With increasing frequencies, the discharge of POm neurons
ized PSTHSs during steady state (i.e., the period between 0.8hsinged in two ways. First, the discharge latency increased;
after train onset until the end of the traleft) demonstrate the second, the overall amplitude of the discharge decreased. The
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VPM POm changed. The effect of reducing the stimulus pulse width is
demonstrated in Fig. 7, showing the nuclei ensemble representa-
I H tions generated by the summed activity of all well-localized neu-

z

rons in each nucleus that were tested with both pulse widths.
The responses of the brain stem neurons to the 20-ms pulses
were similar to a truncation at 20 ms of their responses to
50-ms pulses (Fig. 7, Pr5 and Sp5I). Consequently, the latency
and spike count remained essentially independent of the stim-
o ulus frequency. In contrast with brain stem responses, reduc-
¢ Ly tion of the stimulus pulse width led to marked reductions in

Number of units
Number of units

dllallals

amplitude coding in VPM and in latency coding in POm (see
PSTHSs in Fig. 7). Amplitude equalization in the VPM resulted

SPF
z

Firing rate (spikes/s, normalized)
Firing rate (spikes/s, normalized)

j 25 F‘“"“ 1T in the spike-count coding almost disappearing; with 20-ms

[ 11Hz pulses, spike counts for all frequencies were nearly equal (Fig.

: ol i 7, tuning curves). In the POm, latencies were still increasing as

rime from . Latency to e from Latency to a function of frequency, but to a much lesser degree than with
stimulus onset 0.5 peak stimulus onset 0.5 peak 50-ms pulses. This reduction in POm latency coding resulted in
(msec) (msec) (msec) (msec) preservation of the spike-count coding such that it was similar

Fic. 5. Response latencies of all well-localized neurons. All well-ocalizetd that obtained with 50-ms pulse widths. This occurred be-
and responding single and multi-units of the VRMX 33) and POmr{= 33) are  cause the reduction in onset latency followed the reduction in
included. The steady-state PSTHSs for 2, 5, 8, and 11 Hz were normalized by tWIse width, which together resulted in almost no change in
maximal valuesléft). Right distributions of latencies to 0.5 of peak value. . ! . .

spike counts (Fig. 7; see areas under the PSTHs and tuning

reduced amplitude of the response probably reflects the effERfves)- Thus the reduction of the stimulus pulse width resulted
of increased latency on the phasic response of POm neur8hdeduced spike counts in both brain stem nuclei and in
(Fig. 1). Indeed, the time course of the responses to the 5- |§_verted effects in the two thalamic nuclei: reduction of spike-

and 11-Hz stimuli is nearly identical after60 ms, consistent cOUNt coding with no latency change in the VPM and reduction

with the effect of a multiplicative gating mechanism (i.e., & l&tency coding with no spike-count change in the POm.
mechanism that “gates out” the initial response component)'N€ effect of the stimulus pulse width on the thalamic repre-
rather than a passive delay. sentations is summarized in Fig. 8. The reduction of the pulse

Latency increments in the POm were observed both adViith from 50 to 20 ms significantly affected the spike-count
function of train time and as a function of frequency with thEEPresentation in the VPM (2-way ANOVA = 0.007) and the
latter occurring during the steady-state periods. The dynam|BENCY representation in the POm (2-way ANOWA: 1E — 7).

of latency changes, along the entire stimulus train, for the dé-tlg\évever, neither the latency re;r)]resentation in th‘h? VPM nor the
pooled from all well-localized recording sites, are depicted fP'Ke-count representation in the POm were changed (2-way

Fig. 6B. Latency was constant for all nuclei except the POm. ANOVA, P> 0.5 for both). Thus fixed latency is preserved in the
the POm, latencies to the first stimulus cycles were similar fgimniscal system and invariant spike-count coding is preserved in
all frequencies; however, these latencies increased during i@ Paralemniscal system, while VPM spike counts and POm
first 500—1,000 ms of the train, stabilizing at higher values féitencies change when the pylse width chqnges. .
higher frequencies. The dynamics of latencies to 0.1 or 0.5 of | "€ dependence of thalamic representations on the pulse width
peak value (not shown) were similar to the dynamics of tHB'ght suggest that these representations depend primarily on the

latency to 0.3 peak value (Fig.Bj although the absolute Inter-stimulus interval (1Sl), i.e., the interval between the end of
values were .slightly lower or hig.her respectively. the stimulus pulse and the beginning of the next pulse, rather than

on the frequency per se. The dependence of the latency and spike-
_count representations on the ISI was tested with the data that was
obtained with both pulse widths. Whereas POm spike counts usually
increased with increasing ISIs, neither the VPM spike-coepite-
Figures 2—6 were obtained by using air puffs with a constasgntation nor the POm latency representation displayed consistent
pulse width of 50 ms, which is close to the duration of the naturaéhavior as a function of the ISI. In fact, with different frequencies
protraction period (Carvell and Simons 1990; Welker 1964and pulse widths, similar values of ISI induced significantly
Whether the spike count and latency codings depend on the pulgterent latencies at the POm and spike counts at the VPM [e.g.,
width was tested by studying the differences between responsestdiz with 20 ms (IS 71 ms) and 8 Hz with 50 ms (ISt 75
air-puff pulses of 20 and 50 ms. The air-puff pulses were trums), see relevant data points in Fig. 8]. Regression analysis
cated at 20 ms without compensating for the loss of amplitudghowed that the ISI can account for 22% of the variability (i.e.,
This induced shorter whisker movements, simulating casesrin= 0.22) in the spike counts of VPM local populations and 28%
which whisking cycles are shortened but the velocity is naof the variability in the latencies of POm local populations, while

Effect of the stimulus pulse width on the latency and spike
count representations

FIG. 4. A: response patterns of all well-localized local populations. All local populations recorded from well-defined recording sites,
which were clearly confined to a given nucleus, are included. The steady-state PSTHs for 2, 5, 8, and 11 Hz (color coded as in Fig. 3)
are depicted. Firing rate scales were normalized for each local population indeperiBteatigmples of single-unit responses. Three
single units from each nucleus are depicted. For VPM, Pr5, and Sp5I, the single units belong to the 3 local populations whose responses
are depicted in théop rowsin A, from left to right, respectively. For POm, the 2 leftward single units were recorded from the same
electrode top left local populatiorin A), and the 3rd single unit belongs to the local population presémddrom leftin A.
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FIG. 6. Neuronal representations of the entire well-
localized neuronal ensembles. steady-state represen-
tations. The PSTHs were averaged across all local pop-
ulations of each nucleus. The latency and spike-count
tuning curves were computed for each local population
and then averaged. Tuning curves of spike-counts (red
dotted curves) were normalized before averaging such
that the response of each local population at 2 Hz was
equal to the average response of all local populations of
that nucleus at 2 Hz. Tuning curves of latency (blue
— | —— Ho0 solid curves) were not normalized. Two latency curves
0 100 2 5 8 11 0 W 2 5 8 11 are depicted: theop curvewas computed for a threshold

Time from stimulus Hz level of 0.5 and thdottomfor a threshold level of 0.1.
onset (msec) Mean = SE values across all local populations are
depicted (SEs represent variability between popula-
tions). B: dynamics of response latency. For each nu-
cleus and each stimulus frequency, ensemble spike
trains were composed of all spikes generated by the
B VPM POm different units recorded from the same station in differ-
40 40, ..~ 11Hz entsubjects and at different times. Spike times were
| I W aligned according to onset times of the stimulus trains.
| . 8 Hz The latency to 0.3 peak value was computed and plotted
} Y O P e el T Sy for each stimulus cycle. SEs of the latency were com-
| = ———— " 2 Hz puted from the inter-train variabilityn(= 24 trains) of
. |__ the ensemble latency to the first spike (for each stimulus
| —T 0 T cycle). Time constants of single-exponential best fits for
3000 0 3000
the latencies of the POm ensemble were: 1,063, 466,
SpS] 193, and 719 ms for 2, 5, 8, and 11 Hz, respectively.
With latencies to 0.1 and 0.5 peak value (not shown) the

450

© Latency 2

Latency (msec)
o

| time constants were: 310, 1,790, 673, 684, and 1,063,
‘ 404, 321, and 499, respectively.
|

O T T 3000 0% T T T 3000

Time from train onset (msec) Time from train onset (msec)

the stimulus frequency can account for 50 and 53% of the vacensistent with a phase-locked loop operation of paralemniscal
ability of these variables, respectively, during 50-ms pulse-widthalamocortical loops, which translate vibrissal temporal infor-

stimulations P < 0.0001 for all these regressions). mation, such as the whisker frequency, into a rate code (see
Model of POm operatiomelow).
DISCUSSION Why would the trigeminal system extract information about

Our findings show that the vibrissal nuclei in the rat thaldhe frequency of whisker movement from sensory signals while
mus are not simple relays. The neurons of the brain stehis information is available at the motor system? There are at
trigeminal nuclei closely follow the pattern of stimulation. Ireast two reasons for such sensory processing. The first is that
contrast, thalamic signals are profoundly transformed. We ate efference copy of the motor output appears to be relayed to
served these transformations by investigating neuronal reptige sensory system (Fee et al. 1997). The second reason is that
sentations of whisking-like stimuli (air-puff stimulations for 5¢he sensory generation of the internal representations of the
ms of groups of whiskers in the protraction direction). Wevhisker frequency “sets the stage” for the ensuing decoding of
focused on transformations in the time and amplitude domaissnsory information obtained during whisking. For example,
but not in space since the latter domain has already begart of the information about object location is encoded in the
rigorously investigated (Chiaia et al. 1991b; Diamond et @emporal interval between onset of whisker protraction and
1992; Friedberg et al. 1999; Jacquin et al. 1986; Rhoades ettaliching the object (Ahissar and Zacksenhouse 2001). The
1987; Nicolelis and Chapin 1994; Shipley 1974). decoding of this information can be achieved with the same

The stimulus frequency was represented by spike countscincuits that decode free-air frequency because in both cases
both VPM and POm. Nevertheless, these two representatiohs information is encoded in temporal intervals. Thus if the
stem from very different transformations involving primarilywhisking frequency is represented by thalamocortical spike
amplitude reductions in the VPM and primarily latency incresounts, object location will be represented as a deviation from
ments in the POm (Figs. 3—6). Manipulations of the stimulubke free-air representation (Ahissar et al. 1997). Furthermore,
pulse width revealed another difference: while the spike-couthialamocortical phase-locked loops can decode object location
code of the POm was invariant to variations in the stimulusithin a single whisking cycle. However, this is possible only
pulse width, that of the VPM was not. The constancy of théthe sensory system is prelocked to the whisking frequency
spike-count coding in the POm was generated by an adaptaued the thalamic representations are already stabilized (Ahissar
reduction of the latency coding (Fig. 8). This behavior i4998; Ahissar et al. 1997).
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POm y,,’——w"] FIG. 7. Effect of the stimulus pulse width
N on the steady-state responses of neuronal en-
0 - F=r—71—7 70 sembles. For each nucleus and each pulse
50 450 0 - 10 2 5 8 1 lﬁo width, average PSTHdgft) and average tun-
g : r ing curves (ight) are presented. The latency
" and spike-count tuning curves were com-
SpsI F. puted for each local population and then av-
R f S eraged. Averaging and normalization as in
0 g% y | ——— 0 Fig. 6. All well-localized local populations
0 50 100 = % & N that were stimulated with both 20- and 50-ms
S 10 50 450, 10 50 Pulses were averaged in the VPM € 7),
' ; i POm f = 8), and Sp5l 1§ = 4). For Pr5,
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Hz Hz (see legend of Fig. 1).
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Effects of anesthesia 20 ms than for those of 50 ms under the same conditions of

pesthesia. Since latency shifts developed during each stimulus

50-ms stimuli (Fig. 6). When stimuli of shorter duration (10 mdJ@in. they are likely to reflect a dynamic process, specific to
are applied under light anesthesia, no amplitude adaptatiorPj2cessing the sensory stimulus, rather than a general arousal

observed in VPM (Hartings and Simons 1998). While anesthe§BCt: In general, although urethan anesthesia might produce
might have an effect on amplitude adaptation, our findings B¥Citatory effects that are not necessarily observed under other
almost no amplitude adaptation with 20-ms stimuli (Figs. 8 and 8 esthetics, or in wakefulness, no frequency-specific effects that
suggest that amplitude adaptation is primarily a function of tf&uld account for our results had been reported so far.

pulse width and not of the arousal state. The latency shifts O#f . . .

served in the paralemniscal system cannot be attributed to H&iN-Stem-to-thalamus transformations and thalamic
anesthesia because latency shifts due to anesthesia are an ord&PgFsentations

magnitude smaller than those observed here (Fanselow an8rain stem neurons, in both Pr5 and Sp5l, usually responded as
Nicolelis 1999; Friedberg et al. 1999; Simons et al. 1992). Alsexpected of relay neurons, whose activity directly reflects the
the observed latency shifts were much smaller for pulse widthssainsory transduction stage. Brain stem neurons mainly replicated

VPM neurons showed noticeable amplitude adaptation 8

VPM POm

20 50 6 50
~
= L
Q ~
> [3) ) ]
‘% 2 Fic. 8. Dependence of thalamic representations on
Zz é, stimulus frequency and pulse width. Data are re-plotted
= 10 25 2 from Fig. 7. Blue solid curves, latency; red dotted curves,
3 5§ spike-count; thick curves, pulse width of 50 ms; thin
z &  curves, pulse width of 20 ms.
~4
(=%
wn

0 - - - — 0 0 . - ; —10
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A A B Istcycle Steady-state
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Fic. 9. Paralemniscal thalamocortical model and predictforthe basic phase-locked loop. POm neurakix;(A, relay mode;
X, AND-gate mode) (Sherman and Guillery 1996) drive cortical inhibitory neurons (INH) (Swadlow 1995), which in turn inhibit
cortical oscillatory, or intrinsically bursting neurons (Ahissar et al. 1997; Silva et al. 1991; Swadlow 1995), which drive the cortical
feedback. Filled circle, inhibitory connection; arrows, excitatory connections (see White and Keller 1987 for an equivalent
anatomical circuit)B: a timing diagram describing the transition of POm neurons from refayq AND-gate (x) mode, and the
effect of the stimulus pulse width. Short vertical lines represent spikes. Long vertical lines represent stimulus-pulse onset. Traces:
a, whisker deflection, up denotes protraction; b, brain stem response; ¢, AND-gate operation at the POm: bold rectangles represent
the cortical feedback; only those brain stem spikes overlapping with the cortical feedback should “pass the gate”; and d, the output
of the POm. Following a quiescent period, POm neurons are hyperpolarized and thus shift into a relay mode (Sherman and Guillery
1996). The response to the 1st stimulus cycle (cycle 1) is relayed to the cortex (activity not shown in the diagram). The cortical
feedback activates metabotropic (mGIuR) and ionotropic (iGIUR) receptors at the thalamus (McCormick and von Krosigk 1992;
Salt and Eaton 1996; Sherman and Guillery 1996). The slow mGIuR activation depolarizes the thalamic neurons and shift them into
an AND-gate mode (Sherman and Guillery 1996), in which brain stem activity will “pass the POm gate” only when additional
cortical feedback (via iGIuR) is active. When the stimulus pulse width is shortened (cycles s3 and s4), the latency of the cortical
feedback should be reduced to keep the output spike count constant.

the temporal pattern of the stimulus; the response amplitude weastical computations. In that case, the latency coding in the POm
constant and the duration of the responses followed the stimulnay serve as an intermediary to obtain the spike-count coding and
pulse width regardless of the stimulus frequency (Fig. 7). Tk such would indeed be changed along with the change in the
stimulus frequency is encoded (represented) by the inter-bwsinulus pulse width to keep the output spike count unchanged
intervals of brain stem activity. However, this primary represefseeModel of POm operatiotbelow). The inconsistency of the
tation must be transformed to other forms in the brain before it cegpM spike-count coding suggests that this representation is not a
control other functions. For example, if a sensory representatigfe” representation of the stimulus temporal frequency but
of the whisker frequency is used to control whisker movemepiher 5 byproduct of a different process, possibly one that per-
within a sensory-motor feedback loop (I_(Ielnfeld et al. 1999), #yms a rate-coded spatial computation.
mustjbe transfor(rjn%d into a_lraLe co?e f:'nfe f;gg_cag motor COMa e snike counts were the entire counts of spikes within the
man .S are encode pnmgny y ra e.( etz , eorgopod §ponse window rather than the counts beyond those expected by
1986; Kleinfeld et al. 1999; Wise 1993; Zhang and Barash 200 - ' .

! ’ y ' ontaneous firing, a measure that is often used to estimate neu-

Similarly, perceptual qualities appear not to be encoded by t .
temporal patterns that directly replicate the stimulus but by otk{&nal responses. Although the difference between the two mea-
es was small, we used the former measure to be able to

coding schemes using various rate codes (Salinas et al. 2000, : :
Shadlen and Newsome 1994). Thus the replications of exterflifTPret our results in terms of neuronal representations that

stimuli, directly reflecting signal transduction, are transformed dfiderlie further neuronal processing; obviously, what a neuronal
subsequent processing stages to more abstract neuronal repr&&@ii2n that processes these neuronal representations (a “readout
tations that are more adequate for perception and initiation $tion) receives as an input is the total count of spikes and not the
movements. differential one. Similarly, the latency of the input to the readout
Our results demonstrate that the first transformations into gfation is determined by the entire response and thus latency to
ternal coding schemes occur already at the thalamic level. Tfist spike should be more appropriate. Unfortunately, latency to
different transformations occur in parallel, one resulting in ampliirst spike is strongly affected by cell excitability (seerHopsand
tude and spike-count coding in the VPM and another in latenfillowing text) and thus cannot be used to estimate latencies
and spike-count coding in the POm. Which of these thalamitdependently from spike counts. Here, since spontaneous and
representations (amplitude, latency and spike count) is used tfamic activities were usually much lower than evoked ones, laten-
further computations by the cortex is not yet known. Howeveties estimated from the rising edge of the PSTH provided good
neuronal representations, which are used for further processiegtjmation of activation times. Moreover, the rising edges of
are expected to be protected to some extent from variationR8THs are good predictors of activation times at the read-out
stimulus parameters. Here, the only invariant representation vetations (compare brain stem responses with those of thalamic
that of the spike count at the POm. Thus the POm spike coungurons here and of cortical nheurons in the accompanying paper,
might be the output variable that encodes stimulus frequency fnissar et al. 2001).
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Comparison of present with previous findings mond et al. and our data are consistent with the extent of
SIatency modulations in the POm being dependent on the dura-

BRAIN STEM. The activity of Pr5 and Sp5l local population ¢ the toni Gvati £ brain st During th
followed the movement pattern of the stimulated whiskers fgPn of the tonic activation of brain stem neurons. During the
gtraction period of natural whisking, the whiskers of rats

all tested frequencies (Figs. 1, 2, 4, 6, and 8). This resporpaf . .
pattern is consistent with previous recordings from the rgiove continuously for 50 ms (Carvell and Simons 1990), and

trigeminal nuclei. By recording from the anterior part of th&n0St brain stem neurons respond tonically to continuous move-
trigeminal complex of the brain stem, Shipley (1974) identifie@ents (Figs. 1, 2 and 4) (see also Nicolelis et al. 1995; Shipley
three types of responsive neurons: tonic, phasic-summatdrg?“), therefore the brain stem bursts that were observed here
and phasic-velocity. The tonic cells were restricted to the ma&tth 50-ms air-puff pulses should be similar to the shortest
anterior part of the complex, probably Pr5, whereas the phabi@in stem trains produced during whisking (note that protrac-
neurons were distributed across the entire recording area, prisdA cycles are usuallp>50 ms, Carvell and Simons 1990).
ably Pr5 and Sp50. Shipley observed that both tonic ardhus the range of POm latency modulations observed here is
phasic-summator cells, which together composed almost 8@¥obably the lower limit of the ranges of latency modulations
of the sample, fire tonically as long as the whiskers are movingat occur during natural whisking.

and that the spike counts that are generated by these cells A'e | ION OF RESPONSE LATENGY. Despite their lona steadv-
proportional to the deflection amplitude. Since our air—puﬁ : P 9 y

stimulations induced continuous whisker movements (Fig. t,at_e Iatencjes, the on_set gctivation of POm populations, fol-
the responses of these two cell types are expected to be sinjff4find & quiescent period, is only 1-2 ms later than that of the
to the population responses presented here in response to YoM (Ahissar et al. 2000). This result is consistent with t.he 1-
air-puff stimulations. Tonic population responses were al$g 2-ms delay between VPM and POm responses to brain stem
observed in Pr5 and Sp5 during the protraction phase of S@fectncal St|mu|at|0ns (Ch|a|a et al. 1991b) NeVertheIeSS, It
initiated whisker movements (Nicolelis et al. 1995), moveseems to contradict a previously reported delay of 8-16 ms
ments whose pattern should not be much different from tigtween VPM and POm latencies (Diamond et al. 1992). This
pattern induced by our air puffs [compare the whisker trajegapparent contradiction may be due to the methods used to
tory depicted in our Fig. 1 with those of single whisking cyclesalculate response latency. Whereas we used latency to the
described in Fig. 4 of Carvell and Simons (1990)]. Shiplegising edge of the firing probability (described by the PSTH),
(1974) also noticed that the response pattern depends onMiwmond et al. (1992) used latency to the first spike after
stimulus velocity: higher velocities usually yielded more phatimulus onset. A drawback of the latter method is that the
sic responses. Our results are consistent with this observatigency to the first spike is strongly related to the firing prob-
as well. In our study, the same neurons exhibited tonic rgbility; typically, lower probabilities yield longer delays to the
sponses to air-puff stimuli, and phasic or phasic/tonic rerst spike. Consider, for example, two PSTHs that have the
sponses to mechanical stimuli, with the mechanical stimhme shape except that one has a larger amplitude. Although
eliciting faster vibrissal deflections than the air-puff ones (S¢R pSTHSs begin to rise at the same latency and reach their

Fig. 1). maximal firing probability at the same latency, the probability
THALAMUS. In a pioneering study, Diamond and colleaguesf finding the first spike earlier in every given trial is higher for
demonstrated the following basic differences between the the unit with the higher firing rate. Since single units in the
sponses of VPM and POm single units in anesthetized ratsRO®m respond with lower firing rates than VPM neurons, the
brief (3 ms) mechanical stimulations of single whiskers (Discomparison of latencies to first spikes is biased toward longer
mond et al. 1992). VPM spike counts are constant between tafencies of POm neurons. While latency to first spike is
and 5 Hz and start to decrease between 5 and 10 Hz [in lighglsobably relevant for most neuronal computations (see text in
narcotized rats, VPM responses to short pulses are constanptgvious section), it cannot serve as a basis for the estimation
to =12 Hz (Hartings and Simons 1998)]. In contrast, POmf the order or the delay of activation between different neu-
spike counts decrease monotonically between 1 and 10 ténal populations.

(Diamond et al. 1992). The findings of our study are consistentThe definition of response latency is not unique. In fact, a
with their results: with short pulse widths, VPM spike countpractical definition of response latency should be based on the
were almost constant, whereas POm spike counts decreaggeration and sensitivity of the relevant readout circuit that
monotonically between 2 and 11 Hz (Figs. 8 and 9). Althougbrocesses the neuronal activity under investigation. Since here
Diamond et al. observed that POm neurons display latenitye computations done by the relevant readout circuits are not
increments at frequencies1 Hz, these dynamics were notknown, we used a straight-forward estimation of the latency to
guantified perhaps because of the weak POm responsivenesbamnset of poststimulus activation that is the least affected by
single-whisker stimulations. The majority of POm neuronthe peculiarities of our stimulation protocol and by absolute
respond much stronger to multi-whisker stimuli (Diamond ethanges in firing rates (seeTtHops). This threshold-crossing

al. 1992), such as those that occur during natural whisking. éstimation was usually reliable for determining activation on-
our study, multi-whisker stimulations and analysis of locaets as judged by visual inspections of rasters and PSTHs.
populations provided sufficient data for quantitative analysi§pgether with the spike-count measure, this latency estimation
which demonstrated robust latency coding in the POm. At¢aptured the main transformations that occurred at the thala-
though latency shifts were not quantified by Diamond et ahus except that of the change in the balance between early
(1992), their data indicate that the temporal modulations wesiad late response components in the VPM as a function of
not as large as with the 50-ms air-puff pulses used here bé frequency. This effect, whose cause or function are not
rather were closer to the smaller latency shifts observed hged clear, is evident in the PSTHs of many VPM recordings
with 20-ms air-puff pulses (Fig. 7). Overall, the data of DiafFig. 4).
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Air-puff versus mechanical stimuli input frequency results from the modulation of the latency of
) o ) ) o the cortical oscillatory neurons. On the other hand, the POm
Air-puff stimuli force whiskers only in one direction (pro-spike count controls the frequency of the cortical oscillatory
traction in this study), while movement in the other direction iseyrons via inhibition. Thus both latency and spike count
passive, thus mimicking natural whisking (Kleinfeld et alghgyid change with the frequency. Since the frequency of
1999). Indeed, these air-puff stimuli cause an activation patte/gtical oscillatory neurons increases with increased local ex-
in the brain stem of anesthetized rats (e.g., Fi§)) ®at is cijtation (Ahissar et al. 1997; Silva et al. 1991), the directions of
similar to the pattern observed in the freely moving rathanges should be, according to the model, as follows. POm
(Nicolelis et al. 1995); brain stem neurons respond only to th@jke count must decrease (to reduce the inhibition), and thus
whisker protraction, not the retraction (Fig. 1). In contrasfpe |atency must increase (to reduce the spike count), with
mechanical stimulations, which force whisker movement icreasing stimulus frequencies, as long as the thalamocortical
both directions, usually evoken and orr phasic responses|oop (including the cortical oscillating neurons) follows the
(Fig. 1), which probably do not occur dprmg natural Wh|sk|n.gnput frequency. This is exactly what we observed (Fig).6
These responses are probably primarily affected by the highyys for each stimulus frequency, there exists a pair of values
frequency qomponents_conta_lned_ in the fast transitions usuaft defines the loop set-point for that frequency; the POm
characterizing mechanical stimuli. Thus our data suggest ”é%ﬁke count, which is determined by the frequency, and the
for mimicking the conditions of whisking, unidirectional slowpom latency, which is determined by the spike count. This
stimulations are preferable. Of course, for simulating touglovides the following prediction: when the dependency (i.e.,
during whisking, mechanical obstacles or stimulators are apansfer function) between the POm spike count and latency

propriate. changes, the spike count should preserve its frequency depen-
dence (since it is directly related to the cortical oscillating
Model of POm operation frequency) while the latency should be adjusted.

This prediction was tested by our pulse-width experiment.

Gating of POm responses (Figs. 3—6), and the dynamicsSiiortening the air-puff pulses to 20 ms shortened the duration
stabilization (Figs. 2, B, and @) observed here are consistenodf the brain stem outputs by a similar amount (Fig. 7). Such a
with the PLL model of temporal- to rate-code transformatioshortening should change the transfer function between latency
by thalamocortical loops (Ahissar 1998; Ahissar and Vaad#@nd spike count in the POm (FigB9stimulus cycles s3, s4):
1990; Ahissar et al. 1997, 2000). According to this modeltencies that generate a number of spikes with long stimulus
POm neurons are gated by the output of cortical oscillatopglses (3 spikes in the example depicted in Fig. 9), generate
neurons, that are inhibited by the output of POm neurons, \&ss spikes (1 in the example, cycle s4) with shorter pulses. If
cortical inhibitory neurons (Fig./A). the spike count has to be preserved, latencies should be short-

Thalamocortical neurons possess two modes of operatiened (Fig. 8, cycle s4). Indeed, this is what we observed in the
“relay” and “gate” (McCormick and von Krosigk 1992; SherPOm (and in its main output station, layer 5a of the barrel
man and Guillery 1996). Following a quiescent period, th&ortex, Ahissar et al. 2001): while the spike-count code was
lamic neurons are shifted to a hyperpolarized sensitive mogeeserved, the latencies were significantly shortened (Figs. 7
in which their output does not appear to depend on the cortieald 8). It is remained to see whether this shortening is indeed
signal (a relay mode). This can explain the relatively shodue to a similar shortening in the delay of cortical oscillators,
latency of POm neurons to the first stimulus cycle (Figs. 1-8p predicted by the PLL model.
and the relatively long period required for stabilization (Fig.
6B). During on-going stimulations, thalamocortical neurons We thank S. Barash for insightful comments and discussions and B. Schick
are continuously depolarized, probably via cortically corfor reviewing the manuscript.

- _This work was supported by thenerva Foundation, Germany; the Abram-
trolled metabotropic glutamate receptors (MGIuRs) (MCCOgon Family Foundation, USA; and The Dominic Institute for Brain Research,

mick and von qusigk 1992; Salt and Eaton 1996), and aj§ael. S. Haidarliu was supported by The Center for Absorption of Scientists,
assumed to function in an “AND-gate” mode (Sherman andinistry of Absorption, Israel.

Guillery 1996). In this mode, POm neurons should be active
only when their two major inputs, from the brain stem anBEFERENCES

Cor_tex (V'_a _IOhOtI’OpIC_ glutamate rec_eptors, iGluRs), are CRzeles M. A journey into the brain. InSignal Analysis and Pattern Recog-
active. Within each stimulus cycle (FigB§ the onset latency nition in Biomedical Engineeringedited by Inbar GF. New York: Wiley,
of this co-activation is the onset latency of the cortical feed-1975, p. 41-59.
back within that cycle (Fig. B, bold rectangles) since theABELE§ M. Logéall2 Cortical Circuits: An Electrophysiological Studierlin:

: : pringer, 1982.
cortical feedback Iags the b_r am. Ste_m onset. In contrast, ¢ §SSAR E. Temporal-code to rate-code conversion by neuronal phase-locked
offset latency of the co-activation is the offset latency of |oops.Neural ComputLo: 597650, 1998.
the brain stem since brain stem offset leads the offset of thessar E, HaparLIU S, AND ZacksenHouse M. Decoding temporally en-
cortical feedback. Since the offset latency of brain stem activ-coded sensory input by cortical oscillations and thalamic phase comparators.
ity is constant (for a given pulse width; Figs. 4, 6, and 7), the Proc Natl Acad Sei USA4: 11633 11638, 1997.

. HISSAR E, SosNIk R, BAGDASARIAN K, AND HAIDARLIU S. Temporal frequency
offset |atency of the POm should also be constant, Just as W&t whisker movement. II. Laminar organization of cortical representations.
observed here. In contrast, the onset latency of the POm shoultiNeurophysioB6: 354-367, 2001.
vary with the onset latency of cortical oscillating neuron&HissarE, Sosnik R, AN HaipARLIU S. Transformation from temporal to rate
(Ahissar et al. 1997). coding in a somatosensory thalamocortical pathvikgture406: 302—-306,

: : 000.
Can this model explain the observed dependence of PQ\H SSAR E AND VAADIA E. Oscillatory activity of single units in a somatosen-

latency and spike count on the frequency (Fig)BAccording  sory cortex of an awake monkey and their possible role in texture analysis.
to this model, the modulation in spike counts as a function ofProc Natl Acad Sci US&7: 89358939, 1990.



BRAIN STEM TO THALAMUS TRANSFORMATIONS 353

AHISSAR E AND ZAcksENHOUSE M. Temporal and spatial coding in the ratKLeINFELD D, BERG RW, AND O’ConNoR SM. Anatomical loops and their
vibrissal systemProg Brain Resl30: 75-88, 2001. electrical dynamics in relation to whisking by r&omatosens Mot Ré$:
ARMSTRONG-JAMES M AND CALLAHAN CA. Thalamo-cortical processing of 69-88, 1999.
vibrissal information in the rat. Il. Spatiotemporal convergence in thicCormick DA anD von Krosick M. Corticothalamic activation modulates
thalamic ventroposterior medial nucleus (VPm) and its relevance to generthalamic firing through glutamate “metabotropic” receptéimc Natl Acad
ation of receptive fields of S1 cortical “barrel” neurondsComp Neurol ~ SCi USA89: 27742778, 1992.
303: 211-224, 1991. NicoLELis MA AaND CHAPIN JK. Spatiotemporal structure of somatosensory
ARMSTRONGJAMES M AND Fox K. Spatiotemporal convergence and diver- responses of many-neuron ensembles in the rat ventral posterior medial

; P " . _ nucleus of the thalamus. Neuroscil4: 3511-3532, 1994.
gence in the rat S1 "barrel” corted. Comp Neurob63: 265-281, 1987, NicoLeLis MAL, BAccala LA, LIN RCS, anD CHAPIN JK. Sensorimotor

Bistop GH. ‘I_'h_e re_latlc_)n between nerve _flber size and sensory mOdaIIty:encoding by synchronous neural ensemble activity at multiple levels of the
phylogenetic implications of the afferent innervation of cortéklerv Ment somatosensory systerficience268: 1353-1358, 1995
Dis 128: 89-114, 1959. L . . NicoLeLis MAL, LIN RCS, WoobwARD DJ, AND CHAPIN JK. Dynamic and
BRUCELL, McHAFFIE JG,AND STEIN BE. The organization of trigeminotectal  gistributed properties of many-neuron ensembles in the ventral posterior medial
and trigeminothalamic neurons in rodents: a double-labeling study withihalamus of awake ratBroc Natl Acad Sci USA0: 2212-2216, 1993.

fluorescent dyes) Comp Neurol62: 315-330, 1987. ~ PescHanski M. Trigeminal afferents to the diencephalon in the fdeuro-
CARVELL GE AnD SiMoNs DJ. Biometric analyses of vibrissal tactile discrim-  sciencel2: 465-487, 1984.

ination in the ratJ Neuroscil0: 2638-2648, 1990. PeTERSEN RS AND DiamonD ME. Spatial-temporal distribution of whisker-
CHialA NL, RHoADES RW, BENNETT-CLARKE CA, FisH SE, AND KILLACKEY evoked activity in rat somatosensory cortex and the coding of stimulus

HP. Thalamic processing of vibrissal information in the rat. I. Afferent input location.J Neurosci20: 6135-6143, 2000.

to the medial ventral posterior and posterior nucleiComp Neurol314:  RaiGUEL SE, Xiao DK, MARcAR VL, AND OrRBAN GA. Response latency of

201-216, 1991a. macaque area MT/V5 neurons and its relationship to stimulus parameters.
CHialA NL, RHoADES RW, FisH SE,AnD KiLLackey HP. Thalamic processing  J NeurophysioB2: 1944-1956, 1999.

of vibrissal information in the rat. Il. Morphological and functional prop-RHoAbEs RW, BELFORD GR, AND KiLLACKEY HP. Receptive-field properties of

erties of medial ventral posterior nucleus and posterior nucleus neuronsrat ventral posterior medial neurons before and after selective kainic acid

J Comp NeuroB14: 217-236, 1991b. lesions of the trigeminal brain stem complek.Neurophysiol57: 1577—
Diamonp ME. Somatosensory thalamus of the @éreb Cortext1: 189-219, 1600, 1987.

1995. SALINAS E, HERNANDEZ A, ZAINOS A, AND Romo R. Periodicity and firing rate
Diamonp ME AnD ArRMsTRONGJAMES M. Role of parallel sensory pathways as candidate neural codes for the frequency of vibrotactile stirhiieu-

and cortical columns in learnin@oncepts Neuros@: 5578, 1992. rosci 20: 5503-5515, 2000.

DiamoND ME, ARMSTRONGJAMES M, AND EBNER FF. Somatic sensory re- SaLT TE AND EAToN SA. Functions of ionotropic and metabotropic glutamate
sponses in the rostral sector of the posterior group (POm) and in the ventradeceptors in sensory transmission in the mammalian thalaRmaeg; Neu-
posterior medial nucleus (VPM) of the rat thalamdsComp Neurol318: robiol 48: 55-72, 1996.

462-476, 1992. ScHNEIDER W. The tactile array stimulatordJohns Hopkins APL Technical

ErzurumMLU RS AND KiLLackey HP. Diencephalic projections of the subnu- Digest9: 39—43, 1988.
cleus interpolaris of the brainstem trigeminal complex in the Keuro-  SHabLen MN ano Newsome WT. Noise, neural codes and cortical organiza-
science5: 1891-1901, 1980. tion. Curr Opin Neurobiol4: 569-579, 1994.

FanseLow EE anD NicoLeLis MAL. Behavioral modulation of tactile re- SHERMAN SM AnD GuiLLERY RW. Functional organization of thalamocortical
sponses in the rat somatosensory systeieuroscil9: 7603-7616, 1999.  relays.J Neurophysiol76: 1367-1395, 1996.

FEe MS, MiTRA PP,anD KLEINFELD D. Central versus peripheral determinantsSHiPLEy MT. Response characteristics of single units in the rat’s trigeminal

of patterned spike activity in rat vibrissa cortex during whiskididNeuro- nuclei to vibrissa displacement$.NeurophysioB7: 73-90, 1974.

physiol 78: 1144-1149, 1997. Siva LR, Amital Y, anp ConNoRs BW. Intrinsic oscillations of neocortex
Fetz EE. Cortical mechanisms controlling limb moveme@urr Opin Neu- generated by layer 5 pyramidal neuroBSsience251: 432—435, 1991.

robiol 3: 932-939, 1993. Simons DJ. Neuronal integration in the somatosensory whisker/barrel cortex.

FrRIEDBERG MH, LEE SM, AnD EBNER FF. Modulation of receptive field Cereb Cortexi1l: 263—-297, 1995.
properties of thalamic somatosensory neurons by the depth of anestheSiaons DJ anD CARVELL GE. Thalamocortical response transformation in the

J NeurophysioB1: 2243-2252, 1999. rat vibrissa/barrel systend. Neurophysiob1: 311-330, 1989.
GEORGOPOULOSAP. On reachingAnnu Rev Neuros@: 147-170, 1986. SimMons DJ, CarvELL GE, HERSHEY AE, AND BRYANT DP. Responses of barrel
GEORGOPOULOSAP, TAIRA M, AND LUKASHIN A. Cognitive neurophysiology of ~ cortex neurons in awake rats and effects of urethane anestkapi@rain

the motor cortexScience260: 47-52, 1993. Res91: 259-272, 1992.

GHazaNFAR AA anD NicoLELis MA. Nonlinear processing of tactile informa- SwabLow HA. Influence of VPM afferents on putative inhibitory interneurons
tion in the thalamocortical loopl Neurophysiol78: 506510, 1997. in S1 of the awake rabbit: evidence from cross-correlation, microstimula-
GHAZANFAR AA, STAMBAUGH CR, AND NicoLELis MA. Encoding of tactile tion, and latencies to peripheral sensory stimulatidriNeurophysiol73:

stimulus location by somatosensory thalamocortical ensembligurosci 1584-1599, 1995.

20: 3761-3775, 2000. VEINANTE P, :hcQuiN MF, AnD DescHENESM. Thalamic projections from the
HaipArLIU S. An anatomically adapted, injury-free headholder for guinea pigs. whisker-sensitive regions of the spinal trigeminal complex in theJr@omp

Physiol Beha60: 111-114, 1996. Neurol 420: 233-243, 2000.

HAIDARLIU S AND AHISSAR E. Spatial organization of facial vibrissae andWaite PM. The responses of cells in the rat thalamus to mechanical move-
cortical barrels in the guinea pig and golden hamstéZomp NeuroB85: ments of the whiskersl Physiol (Lond)228: 541-561, 1973.

515-527, 1997. WELKER WI. Analysis of sniffing of the albino raBehaviour22: 223-244, 1964.
HAIDARLIU S AND AHissAR E. Size gradients of barreloids in the rat thalamusWhiTe EL AnD KELLER A. Intrinsic circuitry involving the local axon collat-
J Comp Neuro#29: 372-387, 2001. erals of corticothalamic projection cells in mouse Sml cort&@xComp

HAIDARLIU S, SHuLz D, AND AHIssAR E. A multielectrode array for combined  Neurol 262: 13-26, 1987.
microiontophoresis and multiple single-unit recordingdleurosci Methods WiLLiams MN, Zanm DS, anD JacQuin MF. Differential foci and synaptic
56: 125-131, 1995. organization of the principal and spinal trigeminal projections to the thala-
HAIDARLIU S, SOsNIK R, AND AHISSAR E. Simultaneous multi-site recordings mus in the ratEur J Neurosci6: 429-453, 1994.
and iontophoretic drug and dye applications along the trigeminal system\Wfse SP. Monkey motor cortex: movements, muscles, motoneurons and met-
anesthetized ratg. Neurosci Method94: 27—-40, 1999. rics. Trends Neurosci6: 46—49, 1993.
HARrTINGS JA AND SiMons DJ. Thalamic relay of afferent responses to 1- toVooLsey TA. Barrels, vibrissae and topographic representation€mayclo-
12-Hz whisker stimulation in the ral. NeurophysioB0O: 1016-1019, 1998.  pedia of Neuroscienceedited by Adelman G and Smith B. Amsterdam:
JacQuiN MF, MooNEy RD, aND RHoADES RW. Morphology, response prop-  Elsevier, 1997, vol. |, p. 195-199.
erties, and collateral projections of trigeminothalamic neurons in brainstefranc M AND BARASH S. Neuronal switching of sensorimotor transformations
subnucleus interpolaris of reExp Brain Re1: 457—468, 1986. for antisaccadedNature 408: 971-975, 2000.



