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Abstract—Intracellular recordings were obtained from cuneate neurons of chloralose-anesthetized, paralysed cats to study the
synaptic responses induced by electrical stimulation of the contralateral medial lemniscus. From a total of 178 cells sampled, 109
were antidromically fired from the medial lemniscus, 82 of which showed spontaneous bursting activity. In contrast, the great
majority (58/69) of the non-lemniscal neurons presented spontaneous single spike activity. Medial lemniscus stimulation induced
recurrent excitation and inhibition on cuneolemniscal and non-lemniscal cells. Some non-lemniscal neurons were activated by
somatosensory cortex and inhibited by motor cortex stimulation. Some other non-lemniscal cells that did not respond to medial
lemniscus stimulation in control conditions were transcortically affected by stimulating the medial lemniscus after inducing
paroxysmal activity in the sensorimotor cortex. These findings indicate that different sites in the sensorimotor cortex can differ-
entially influence the sensory transmission through the cuneate, and that the distinct available corticocuneate routes are selected
within the cerebral cortex. From a total of 92 cells tested, the initial effect induced by low-frequency stimulation of the sensorimotor
cortex was inhibition on most of the cuneolemniscal neurons (32/52) and excitation on the majority of the non-lemniscal cells
(25/40). The fact that a substantial proportion of cuneolemniscal and non-lemniscal cells was excited and inhibited, respectively,
suggests that the cerebral cortex may potentiate certain inputs by exciting and disinhibiting selected groups of cuneolemniscal cells.
Finally, evidence is presented demonstrating that the tendency of the cuneolemniscal neurons to fire in high-frequency spike bursts
is due to different mechanisms, including excitatory synaptic potentials, recurrent activation through lemniscal axonal collaterals,
and via the lemnisco-thalamo-cortico-cuneate loop.

A corticocuneate network circuit to explain the results is propo€e2000 IBRO. Published by Elsevier Science Ltd.
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The somesthetic afferent fibers to the cuneate nucleus synapsafferent fibers:” To further augment their postsynaptic
with intranuclear neurons and projection cells. The great impact, the ensembles of cuneolemniscal (CL) neurons
majority of neurons in the middle cuneate region (0O—4 mm receiving input from a particular peripheral receptive field
caudal to the obex in the cat) responds either to movement ofmight fire synchronously. The divergence of primary afferent
hairs, or to touch or pressure applied to the skin. Some fibers ascending in the dorsal columns provides a synchroniz-
respond to movement of joints or to stimulation of deep recep- ing mechanism that would depend on (i) the number of affer-
tors. Most of the input to the dorsal column nuclei (DCN: ents activated in response to a peripheral stimulus and (ii)
cuneate and gracilis), especially to their middle regions, is their conduction velocities, as well as their degree of diver-
from primary afferent fibers carrying low-threshold, unimodal gence and their synaptic efficacy. This divergence appears,
information from the ski¥ and conserve the somatotopic however, limited given the small receptive fields of the CL
organization seen in dorsal column fibers at cervical le¥&ls.  neurons. Additional mechanisms to synchronize CL neurons
The primary afferents terminate mostly within the clusters may be necessary to drive thalamocortical cells of the ventro-
zone®? or cellular brick§ where lemniscal-projecting neurons  posterolateral (VPL) nucleus. The activation of CL neurons
predominate??”32 The local neurons of this region have by intranuclear recurrent collateral branches of CL axons and
larger and more proximal cutaneous receptive fields than via the lemniscal-thalamo-cortico-cuneate loop might consti-
the lemniscal-projecting celfS. Neurons located rostrally  tute two linked synchronizing mechanisms.
and caudally to the clusters region have, on average, larger The CL fibers emit recurrent collaterals before entering the
peripheral receptive field¥:26 medial lemniscus (ML}>? and ML stimulation induces

It is well known that the cuneate neurons responding to synaptic responses in the DCN. These transynaptic responses
cutaneous stimulation tend to discharge in high-frequency have been ascribed to recurrent intranuclear inhibition or
bursts of two to five spiké<?® increasing their efficacy on  excitation??3-?"to cortical reflexes induced by the lemniscal
target neurons. This tendency to discharge in bursts can beascending activity affecting the nucleus by a transcortical
partially explained by giant postsynaptic excitatory potentials route® and to dorsal column reflexes generated in primary
(EPSPs) monosynaptically induced by activation of primary afferent terminals by presynaptic depolarizattgf® Thus,

electrical volleys applied to the ML should induce a double

*To whom correspondence should be addressed. #34-981-582658, discharge in the DCN' the first b.emg produced through recur-

ext. 12292: fax:+ 34-981-574145, rent collaterals of activated lemniscal axons and the second by
E-mail addressfsancala@usc.es (A. Canedo). the activation of the thalamo-cortico-DCN loop. This would
Abbreviations:CL, cuneolemniscal neuron; CN, cuneate nucleus; DCN, imply that the corticofugal discharges excite lemniscal

dorsal column nuclei; ECoG, electrocorticogram; EPSP, excitatory post- neuronsl',15,24,25,29,46 which is in disagreement with the

synaptic potential; GABAy-aminobutyric acid; IPSP, inhibitory post- 6.7 . .
synaptic potential; ML, medial lemniscus; nCL, non-cuneolemniscal model proposed by Andersen al.>’ for the synaptic organi

neuron; VPL, ventroposterolateral thalamic nucleus. Zatlon Of the cuneate nUC|eUS These aUthOfS Suggested that
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the cerebral cortical fibers drive interneurons mediating inhi-
bition on to CL cells. By this model, the primary afferent

fibers synapsing with CL neurons would be subjected to pre-

synaptic inhibition mediated by interneurons activated by
corticofugal input. In agreement with this idea, it was recently

reported that cortical stimulation activated the cuneate non-

lemniscal (nCL) and inhibited the CL neurofisThese data

were, however, obtained by stimulating the primary motor
cortex (area 4 or MI) and, thus, the possibility exists that
the cortical excitatory effects on CL cells reported by others
might be particularly seen when stimulating the primary

A. Canedoet al.

putative interneurons. The CL neurons tended to generate
bursts of two to five spikes (82/109) whether or not inter-
mingled with single spikes. The bursting activity was parti-
cularly evident at membrane potentials negative-&0 mV
while at more depolarized values the bursts were usually
replaced by single spike activity. In contrast, most of the
nCL neurons (58/69) presented single spike activity.
Ninety-two of the cells (52 CL and 40 nCL) were obtained
from experiments previously report&and analysed in rela-
tion to the synaptic effects induced by low-frequency (1-10
Hz) stimulation of the sensorimotor cortex.

somatosensory cortex (Sl), as has been suggested based on To study recurrent responses, the ML was routinely stimu-

extracellular recordings from the cuneate {&&t rat*’) and
gracile (cat®?42j nuclei.

According to the above, this work was aimed to study the
synaptic responses induced by ML electrical stimulation on
intracellularly recorded nCL and CL neurons. Electrical
stimulation and inactivation of the sensorimotor cortex

allowed a distinction to be made between recurrent and trans-

cortical responses induced by ML volleys. This also permitted
us to test the Andersest al.®” model.

Finally, recordings from cuneate cells with resting
membrane potentials below 50 mV permitted us to reveal

lated at low and high repetitive rates. Once a presumed
recurrent effect was detected at 1-2 Hz stimulation rates,
higher stimulating frequencies of up to 200 Hz were

subsequently applied to obtain an indication of the number
of synapses involved.

Recurrent excitatory responses

ML stimulation induced EPSPs, presumably generated by
recurrent collateral branches from CL neurons, on 32 out of
55 CL cells and on eight out of 29 nCL neurons tested. The

spontaneous giant EPSPs leading to high-frequency burstingmean latency of these synaptic responses wasd% ms

activity.
Preliminary results have been reported in abstract férm.

EXPERIMENTAL PROCEDURES

All experiments conformed to Spanish guidelines (BOE67/1988)
and European Communities Council Directive (86/609/EEC) and all
efforts were made to minimize the number of animals used.

Data were obtained from a total of 30 cats of either sex (2.5-4.2 kg),
anesthetizedo(-chloralose, 60 mg/kg, i.p.), paralysed (Pavulon 1 mg/
kag/h, i.v.) and artificially respired. The methods have already been
described in fulf” In short, a bipolar stimulating electrode served to
stimulate the ML, and a set of six bipolar stimulating electrodes was

mounted in a tower and lowered to 1-1.5 mm deep in the pericruciate
cortex to stimulate corticocuneate neurons. The cortical electrodes

were disposed in two rows aligned mediolaterally in the anterior and

posterior gyrus sigmoideus so that primary motor and primary somato-
sensory cortices could be stimulated (see Fig. 8A). In three animals, the
cortex was inactivated for several hours by placing a piece of cotton

soaked with they-aminobutyric acid (GABA) agonist muscimol (0.5
mg in 0.5 ml of saline) over the sensorimotor cortical surface. This

(mean= SD). To uncover the presumed recurrent EPSPS,
positive current was injected through the recording electrode
since sustained membrane hyperpolarization induced rhythmic
oscillations of the membrane potential that made it difficult to
study the synaptic responses. Membrane depolarization close
to —20 mV was necessary to uncover the EPSPs responsible
of the presumed recurrent spikes. These short-latency spikes
could be blocked in five CL cells in which they had precisely
the same threshold as the antidromic responses. This proce-
dure was not necessary either for the CL cells showing differ-
ent thresholds for both responses or for the nCL neurons
since, in both cases, the recurrent effects could be distin-
guished by varying the intensity of ML stimulation.

Cuneolemniscal cellsOne to three transynaptic spikes
followed the antidromic action potentials induced by ML
stimulation. These presumed recurrent excitations followed
50-200 Hz iterative stimulation indicating their probable

served to block the corticocuneate transmission to suppress the transmonosynaptic nature, and were mostly seen in spontaneously

cortical responses to lemniscal stimulation. A bipolar concentric elec-
trode with the inner lead having a resistance of about %D &hd
separated by 50@m from the ring was routinely placed in the lateral
tip of the cruciate sulcus at a depth of 1 mm to record the electro-
corticogram (ECoG). Sharp electrodes filled with 2.5 M of &cetate
and with resistances measurgdvivo of 30—50 M) were used to
record intracellularly from cuneate neurons. All CL cells satisfied
the collision test with spontaneous action potentials (Figs 2C1, 4A,
6B1). Manipulation of the peripheral receptive fields in the distal ipsi-
lateral forelimb and reconstruction of the electrode tracks confirmed
that the recordings were obtained from the middle cuneate nucleus.

RESULTS

General

bursting CL cells (24/32). The examples shown in Fig. 1
illustrate a double spiking (A) and a tonically discharging
(B) CL neuron showing recurrent responses linked to (A)
and independent of (B) a preceding spike. The spontaneous
spike doublets generated by the cell shown in Fig. 1A
emerged from depolarizations resembling synaptic potentials.
A train of 320 ms duration applied to the ML at 200 Hz
induced antidromic action potentials and a sustained hyper-
polarization (A2). The first stimulus of the lemniscal tetanus
induced an antidromic response followed by a transynaptic
action potential that persistently failed during the remainder
of the train. The second spike in the doublet arose from a
delayed depolarization (marked by black dots). Note also

The study is based on a total of 178 cells spontaneouslythat the fast afterhyperpolarization clearly visible at the

active with resting membrane potentials fron¥5 to —75

beginning of the train decreased as the membrane hyper-

mV and that could be maintained in good conditions during polarized, thus indicating its voltage dependence. The
the different experimental tests performed. A total of 109 of presumed recurrent spike was blocked by membrane depolar-
these cells was antidromically identified as CL neurons, while ization, uncovering the underlying EPSP (marked by an arrow
the remaining 69 failed to be antidromically fired from the in the lower row of Fig. 1A3). The recurrent response of the
contralateral ML and thus are considered as nCL cells or neuron shown in Fig. 1B was not linked to a previous spike
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A excitatory effects. The presumed recurrent EPSPs followed
50—-100 Hz ML iterative stimulation. The ML stimuli also
1 activated these nCL cells through the cerebral cortex. The

example shown in Fig. 2 serves to illustrate the behavior of
these neurons. Increasing strengths of ML stimulation gener-
SPONTANEOUS ated compound EPSPs crowned by one or more spikes at low
intensity (Fig. 2A, two upper intracellular records) and
sequences of EPSPs—IPSPs at a higher intensity, with the
excitatory preceding the inhibitory effect (Fig. 2A, third intra-
cellular trace). Note that the excitatory responses were consti-
tuted by a rapid EPSP (signaled by arrows), presumably due
to recurrent excitation, and by latter compound EPSPs leading
to repetitive activity, presumable due to cortical reflex
responses since the cell was also activated by sensorimotor
cortical stimulation at a shorter latency (Fig. 2B) and similar
late responses were abolished by sensorimotor cortical
inactivation (e.g. Fig. 6B).

mV

-25

-50

-75
Ry ML (200 Hz) ~ T00ms

mV

10ms

Recurrent inhibitory responses

1 2 Cuneolemniscal neuron$iL stimulation induced IPSPs
0 on 14/55 CL cells (11 bursting, three single spiking) that
LLLAJ lagged the ML stimuli by 2.5-4.5 ms and by 1#2.5 ms.

o w1 These double effects were seen in the same neurons (7/14) as

. Toms %L_M well as in different cells (two showed short-latency inhibition

oy * L and five long-latency inhibition). These responses were prob-

2 " TJ’“J”T“"V TLTJV ably induced by recurrent ML collaterals (the first inhibition)

%01 I A A ! and through the cerebral cortex (the late inhibition). The
/ ’ short-latency inhibitory responses followed ML stimulation

ol s -uuafﬂ—ﬁqu—,ﬂf at rates of 15-30 Hz while the late inhibition followed ML

* * o % stimulating rates of 5-10 Hz. Figure 3 shows an example

M zoms illustrating the short latency inhibition induced on a double

Fig. 1. Lemniscal recurrent excitation. (A) A spontaneous bursting CL cell spiking CL neuron. The cell generated a presumed recurrent

(A1) with recurrent excitation linked to a previous spike following 200 Hz T . f s . .
medial lemniscal (ML) stimulation (A2, the portions marked by horizontal IPSP which increased in amplitude with increasing ML stimu-

bars are expanded below; the black squares signal the presumed recurredf@tion intensity (Fig. 3B). The late inhibitory responses are
depolarization). Low-frequency ML stimulation induced an antidromic Separately described in the section “Transcortical inhibitory
spike followed by recurrent responses (A3, upper row; B2). The recurrent responses”.

postsynaptic potential was unmasked upon membrane depolarization (A3,

lower row. Both rows are superimposed in the inset). (B) A spontaneous

tonic CL cell with recurrent excitation not linked to a previous spike. Non-cuneolemniscal cell#A total of 7/29 nCL neurons

Recurrent EPSPs followed the antidromic spikes (B1, upper: two super- were inhibited by both ML and somatosensory cortex
imposed sweeps in one of which collision between an orthodromic and one (SSCx) stimulation at a latency of 2450.6 ms (range 1.3—

antidromic spike occurred) which also appeared at subthreshold stimulation ] . . N
for antidromic activation (B1, lower: the arrow points to a recurrent 2 MS; frequency following to ML stimulation: 15-30 Hz) and

subthreshold EPSP). Subthreshold ML stimulation for antidromic activa- Of 6.8+ 1.5 ms (range 5-8.5 ms; frequency following to ML
tion at 50 Hz induced sequences of excitatory—inhibitory responses with stimulation: 5—10 Hz), respectively. The sample records of
full Spikgs.ne‘t’ﬁgtll(‘)a"grcrg‘;]"gli)”grtlges'fpsrzzs(f d2,t rt]gelgggt_ahr:%%?wfezugﬁrs‘eFig. 4 exemplify the behavior of these cells. The neuron illu-
Imposea 1 W u InNIoI . . . A
geﬁerated by stimulati?]g at 1 Hz (BE;). Stimulus artifacts are %arke% by strated in Fig. 4A generated Inh.lbltory responses t0 ML
asterisks and arrows (A2). (latency about 1.3 ms) and to forelimb motor cortex (latency
about 5 ms) stimulation (Fig. 4A). Note that suprathreshold
ML stimuli generated a compound IPSP which could be sepa-
and had a lower threshold than the antidromic response. Itrated into two components by gradually increasing the inten-
appeared at about 2 ms latency (Fig. 1B1, signalled by ansity of stimulation (Fig. 4B). The second IPSP had a latency
arrow in the lower panel) and followed ML stimulating of about 6 ms which indicates that it hardly could be induced
frequencies up to 100 Hz. ML stimulation at 1Hz also induced through a transcortical route since direct cortical stimulation
a late hyperpolarization leading, in most cases, to reboundinduced a similar response at a latency of 5 ms. The
action potentials (Fig. 1B1) which disappeared at stimulating compound IPSPs with latencies not compatible with being
frequencies of 10-50 Hz (Fig. 1B2), suggesting its multi- produced through the cerebral cortex were probably gener-
synaptic nature. In summary, the presumed ML recurrent ated by recurrent branches of CL axons.
responses may or may not be linked to preceding spikes,
suggesting that they could be induced by recurrent axons
from the same and other CL neurons, respectively.

Transcortical excitatory responses

Cuneolemniscal cell$vL stimulation generated presumed
Non-cuneolemniscal cell$\ total of eight nCL neurons  transcortical excitatory responses in a total of 16/55 CL
(seven single spiking, one bursting) showed ML-recurrent neurons (15 bursting, one single spiking). The mean latency
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Fig. 2. Composite recurrent and transcortical excitatory responses on a nCL cell. Increasing the ML stimulation intensity (A, first three pErags) gen

recurrent EPSPs (signaled by arrows) leading to a short-laten8ys(ms) full spike (third panel), followed by a transcortical depolarization generating

bursting discharges with the number of action potentials in each burst increasing with stimulating strength. Suprathreshold ML stimulatig/atal@elrdz

row) greatly reduced the transcortical responses. The excitatory responses induced by stimulating different sites within the sensorinfséta Emyt&4)

are shown in B. The first record of each pair is the intracellular cuneate recording (CN) and the second corresponds to the electrocorticograimE@CeG). S
artifacts are marked by asterisks.

of these effects was 8.5 ms (range 5.5-12 ms) and 3.5 msspikes is followed by a hyperpolarization and a late depolar-
(range 2—7 ms) to ML and cortical stimulation, respectively. ization constituted by summed EPSPs. The excitatory and
This gives a mean latency difference of 5 ms, which is sup- inhibitory late effects were probably produced through differ-
posedly employed by the lemniscal volley to activate cortico- ent cortical routes since stimulation at different sites in the
cuneate cells. Most of these neurons (11/16) also showedsensorimotor cortex generated distinct responses (e.g., Fig.
short-latency recurrent responses at similar ML stimulating 9B). The inset in Fig. 5B shows the superimposition of the
strengths; no attempt was made to recurrently fire the remain-late depolarization induced by ML stimulation with the depo-
ing three cells by moving the ML stimulating electrode. Two larization generated by SSCx stimulation, illustrating the
examples are shown in Figs 5 and 6. Figure 5 illustrates a CL similarity in their time courses. The example in Fig. 6A
cell (same as Fig. 1A) that also presented excitatory recurrentshows a CL cell that discharged at rest in bursts of three to
responses. The cortical stimulus induced a mixed effect with a five spikes separated by neuronal silences of 250-500 ms
rapid excitation leading to bursting activity and a post-burst (showedd rhythmicity). ML stimulation induced antidromic
hyperpolarization. The number of spikes within each burst responses followed by bursting discharges composed for a
decreased with decreasing stimulating intensity (Fig. 5A; full action potential and five to seven subsequent incomplete
second row in Fig. 5B, and Fig. 5C2). The post-burst hyper- spikes (panel Al, middle trace). Forelimb motor cortex
polarization was a synaptic event and not due to intrinsic [Cx(3)] and forelimb somatosensory cortex [Cx(4)] stimula-
membrane properties since subthreshold cortical stimulationtion generated basically the same synaptic responses as did
induced the same sequence of excitation—inhibition (Fig. ML stimulation except that a full spike at the burst onset was
5C3) which was not seen when the cell discharged sponta-absent (Fig. 6A2). Given the similarity of the late ML and the
neously (SP in Fig. 5A and 5C1; see also Fig. 1A). Since the cortical responses and since the mean burst latencies to ML
ML volleys are expected to activate corticocuneate neurons and cortical stimulation were 6.5 ms and 3 ms, respectively,
through the thalamic VPL nucleus, an increase in ML stimu- the lemniscal volley might have been induced through a trans-
lating strength should induce a corticocuneate reflex responsecortical pathway. This was confirmed by data demonstrating
This is shown in the upper row of Fig. 5B where the doublet of that sensorimotor cortical inactivation suppressed the late
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10 ms and the latency of the directly elicited cortical excita-
tory response varied from 3 to 6.5 ms, depending on the
stimulated site, and given the similarity of both effects, the
late EPSP—IPSP sequences induced by ML stimulation were

L’V/M probably induced through the cerebral cortex.

Transcortical inhibitory responses

Cuneolemniscal cellsML stimulation induced IPSPs on
12/55 CL cells at a mean latency of 113.5 ms. This late

M inhibition is interpreted as being induced through the cortex

sms because cortical inactivation suppressed it in two out of two
cells tested (data not shown). Furthermore, cortical stimula-
tion also evoked inhibition on these cells at a shorter latency,
compatible with the ML inhibition being induced via a trans-
ML

5ms

cortical route. The example shown in Fig. 7 illustrates a CL
cell that did not show spontaneous IPSPs at rest but presented
subthreshold and suprathreshold depolarizations leading to
single or bursting activity (A). Spontaneous IPSPs were
evident when the cell was depolarized by intracellularly
injecting 0.2 nA of positive direct current (Fig. 7B). With
Fig. 3. Recurrent inhibition on a CL neuron. The antidromic identificationis the cell depolarized, the ML stimuli generated antidromic
illustrated in A (collision in the second row). ML stimulation generated spikes followed by a late hyperpolarization at a latency of
excitatory—inhibitory sequences following the antidromic spike; the inhibi- - ghout 15 ms (superimposed responses in Fig. 7C). The late
tion increased gradually with increasing stlm_ulatlo_n intensity (B, first to hyperpolarization generated by ML stimulation can be
second row: average of 10 sweeps each) until leading to a rebound excita- . . . .
tion (B, third row: two superimposed sweeps). Stimulus artifacts are asc_rl_bed to a Fransc_ortlcal rOl_Jte- Fl_gure SA schematizes the
marked by asterisks. position of six pairs of stimulating bipolar electrodes
routinely placed in the sensorimotor cortex. The responses
effects while leaving the antidromic and the recurrent of the cell shown in Fig. 7 to stimulation of five of these sites
responses (Fig. 6B2). The CL neuron illustrated in Fig. 6B are illustrated in Fig. 8B. The difference in latency between
[antidromic identification at just ML suprathreshold intensity the ML transsynaptic effect (Fig. 7C) and the pericruciate
(T) in Fig. 6B1] responded to suprathreshold ML stimulating cortical inhibitory responses (15-658.5 ms) leaves enough
intensity (2T) generating recurrent and transcortical spikes time for the lemniscal volley to follow a thalamo-cortico-
following the antidromic response (Fig. 6B2, upper panel). cuneate pathway. Transcortical inhibitory effects were also
That the late spikes were transcortically induced was demon-observed in three single spiking CL neurons (data not shown).
strated in a total of four CL cells that could be recorded before
and after cortical inactivation. Inactivation of the sensori- Non-cuneolemniscal cells. Transcortical  inhibitory
motor cortex by topical application of muscimol eliminated responses appeared after preceding excitations (Fig. 2A)
the transcortical responses leaving the antidromic and recur-agnd were not observed in isolation on nCL neurons.
rent spikes (Fig. 6B, lower records). The efficacy of the
muscimol-induced inhibition was ascertained by the reduc- . . . .
tion in the ECoG activity. The amplitude of the ECOG Electrical stimulation of the sensorimotor cortex (Tallje
responses to lemniscal stimulation averaged 1.5 mV with One to 10 Hz cortical stimulation induced IPSPs and
the cortex fully active while after muscimol the average EPSPS on most of the CL and nCL neurons tested, respec-
amplitude decreased to aboufu¥ (three animals), probably  tively (Table 1). The mean latency to the onset of the IPSPs
reflecting thalamic activity. Reversible effects were not seen was 8.5 ms (range, 7-14 ms) and to the onset of the EPSPs
since the muscimol-induced inactivation lasted for hours. In was 5.2 ms (range, 2.5-8 ms). About 38% of the CL cells
summary, ML volleys elicited transcortical excitatory responded to cortical stimulation generating EPSPs (Fig. 9A)
responses on CL cells potentiating their burst firing. or sequences of EPSPs—IPSPs (Fig. 5C3). Sensorimotor corti-
cal stimulation also induced IPSPs on about 22% of the nCL
Non-cuneolemniscal cell$he eight nCL cells that showed neurons (Fig. 4A, second row), as well as differential
transcortical excitatory responses were also excited via recur-responses on a distinct set of six nCL cells in which primary
rent collaterals (Fig. 2A). The cell illustrated in Fig. 2 exemp- motor cortex stimulation induced IPSPs and primary somato-
lifies this behavior. The late excitatory responses to ML sensory cortex stimulation induced EPSPs (Fig. 9B1). These
stimulation (Fig. 2A) were probably due to a transcortical latter cells showed mixed excitatory—inhibitory responses
excitation since cortical stimulation induced the same when stimulating the precruciate cortex lateral to the tip of
excitatory—inhibitory sequences except that the lemniscal the cruciate sulcus, with the rising phase of the EPSPs (mean
recurrent effects were absent (Fig. 2B). Suprathreshold ML latency 6.5 ms, range 3.2—9.5 ms) preceding the peak of the
stimulation at 10 Hz suppressed the transcortical response inlPSPs (mean latency 9 ms, range 7.5—12 ms) by a mean of
most cases, including the post-burst hyperpolarization (lower 10.5 ms (range, 7—20 ms). Finally, five out of 25 nCL neurons
sweep in Fig. 2A). Sensorimotor cortex stimulation at 10—25 excited by cortical stimulation generated burst firing followed
Hz also suppressed the late hyperpolarization (Fig. 2B). Sinceby a slow rising depolarization with arrest of firing (Figs 9B2,
the latency of the ML transcortical excitatory effect was about 10C).
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Fig. 4. Recurrent inhibition. (A, B) Same nCL cell. ML and sensorymotor cortex (Cx3) stimulation (A) induced IPSPs. Increasing the ML stim@asiby int
(B, from first to last trace) induced compound IPSPs. Stimulus artifacts are marked by asterisks. The arrows point to hyperpolarization-resound spik

In summary, low-frequency stimulation of the sensori-
motor cortex induced inhibition on 62% of the CL and excita-
tion on 78% of the nCL neurons, with the remaining showing

Table 1. Synaptic effects induced by low-frequency senorimotor cortical

stimulation
Tested IPSPs EPSPs EPSPs-IPSPs
CL cells 52 32 (61.5%) 11 (21.1%) 9 (17.3%)
NCL cells 40 9 (22.5%) 25 (62.5%) 6 (15%)*
Total 92 41 (44.5%) 36 (39.1%) 15 (16.3%)

the opposite. In addition, some of the nCL neurons=6)
generated short-latency EPSPs to stimulation of the somato-
sensory cortex and longer-latency IPSPs to stimulation of the
precruciate motor cortex.

Cortical synchronization makes accessible previously
unavailable medial lemniscus-thalamo-cortico-cuneate
routes

Only eight out of 29 of nCL neurons tested were recurrently
excited, but since sensorimotor cortex stimulation activates

*EPSPs induced by somatosensory cortex and IPSPs induced by motorthe majority of the nCL cells, the excitation observed on these

cortex stimulation.

neurons by ML stimulation may be considered to be mostly
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Fig. 5. Transcortical excitation—inhibition. Suprathreshold somatosensory cortex (SSCx) stimulation evoked a burst of four spikes followsdhwst p

hyperpolarization (A; SP= spontaneous) on a CL neuron. ML stimulation generated a late transcortical excitatory response (B, upper record) that had a

similar time course to the SSCx response (B, lower record. Both responses superimposed in the inset). The post-burst hyperpolarization wiepeotisptke

since it was absent after the spontaneous burst (C1, the traces shown in the inset are superimposed below), but was evoked by just suprathveshold (C2, t
superimposed traces) and subthreshold (C3, four superimposed traces) SSCx stimulation. Stimulus artifacts are marked by asterisks.

exerted through the cortex. However, four nCL single spiking the paroxysmal “spike”, a refractory period of about 70 ms
neurons activated by cortical stimulation could not be demon- for both the cortical gross activity and the intracellular
strated to respond to ML stimulation. Since the ML volleys cuneate activity was found (Fig. 10B2-4). During the corti-
are expected to reach the cortex, the assumption is that thecal paroxysm, the cuneate cells remained partially depolar-
intracortical circuitry selectively filters some of the incoming ized and showed bursting discharges tightly coupled to the
lemniscal signals. To test this hypothesis, paroxysmal activity paroxysmal cortical “spike”, particularly at the end of the
was electrically induced in the sensorimotor coffein an paroxysm. At rest, stimulation of the SSCx (site 4 in Fig. 8)
attempt to disable the cortical inhibitory mechanisms and induced bursting activity at a latency of about 4 ms
thus making transcortically responsive the nCL neurons that followed by neuronal silences (Fig. 10C). When the cortical
did not respond to ML volleys in control conditions. All four  stimulation coincided with the cortical paroxysmal activity
nCL neurons satisfied this assumption. the cell still induced bursting responses but the neuronal

The example illustrated in Fig. 10 shows that before silences were reduced (Fig. 10D). In addition, the ML trans-
inducing cortical epileptiform activity, the cell did not cortical responses exerted on CL neurons were greatly
respond to ML stimulation (Fig. 10A). Ten to 15 s after increased following the cortical paroxysms. The example
evoking paroxysmal activity, however, the same intensity of illustrated in Fig. 10E shows a CL cell (collision in the
stimulation applied to the ML induced both a clear increase fourth row of Fig. 10E1) transcortically responding to ML
in the electrocorticographic activity and a response in the stimulation with a doublet of spikes before the cortical
nCL cell (Fig. 10B1). The ML volleys induced the appari- paroxysm (Fig. 10E1). However, 12 s after a cortical parox-
tion of spikelets and low amplitude spikes as did the corti- ysm ML stimulation elicited an increased ECoG activity
cal paroxysmal “spike” (SP) that also generated barrages ofwhich supposedly potentiated the burst firing of the CL
EPSPs. When stimulating the ML at different intervals from cell (Fig. 10E2).
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Fig. 7. Transcortical inhibition. ML stimulation induced antidromic responses without apparent postspike effects on a CL cell at rest (Abrtinessket by

a horizontal line expanded in A2 with the first two responses to ML stimulation further expanded in A3). With the cell artificially depolarized, Ntistimu

evoked transcortical inhibition (B1, one stimulus sequence expanded in B2), and the spontaneous spikes were followed by postspike hypes@ajizati

Sequences of responses to ML stimuli are superimposed in C (the discontinuous line signals the approximate onset of the late hyperpolariaat®on). Sti
artifacts are marked by asterisks and arrows. The spikes in C were truncated.

Thus, although every lemniscal volley appears to reach the activity can be explained by their intrinsic propertié€g?:4°
cortex, the appearance of a cortico-cuneate reflex response aby the activation of lemniscal recurrent collaterals entering
well as its magnitude is determined by the state of the intra- the nucleus (Fig. 1), and by reflex activation of the cortico-
cortical circuitry. The cortical synchronization appears to cuneate loop (Figs 2B, 5, 6). An additional mechanism is
disable the intracortical inhibitory processes, allowing some constituted by spontaneous EPSPs crossing threshold as
of the lemniscal volleys to follow an otherwise unavailable demonstrated by the records shown in Fig. 11. The selected
transcortical route (Fig. 10A,B) and potentiating the records superimposed in Fig. 11D had roughly the same
responses observed in control conditions (Fig. 10E). duration, indicating that the EPSPs leading to single and
bursting activity varied solely in amplitude. The super-
imposed records of Fig. 11E resemble the spontaneous
bursts of Fig. 11C, indicating that the increased number
The tendency of the cuneate neurons to generate burstingof spikes shown by a given burst was due to the summation

Bursting activity
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Fig. 8. Sensorimotor cortical stimulation at distinct sites differentially affected CL cells. (A) Diagram showing the relative placement ofesiztiipulating

electrodes in the sensorimotor cortex. (B) Same cell as in Fig. 7. Medial and intermediate precruciate motor cortex stimulation (sites 1 anddgramthe di

shown in A) induced inhibitory effects (two upper panels in B) while forelimb motor cortex (site 3) and primary somatosensory cortex (sites 4 &ad 5) evo
excitatory—inhibitory sequences (last three panels). Stimulus artifacts are marked by asterisks. The spikes were truncated.
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slow depolarization with firing arrest. Stimulus artifacts are marked by asterisks.

of different EPSPs. If this interpretation is correct, then Recurrent effects
membrane hyperpolarization should unmask the EPSPs.
Since d.c. hyperpolarizing current induced oscillatory activ-  The presence of presumed recurrent EPSPs and IPSPs
ity which led to cellular deterioration, hyperpolarizing appears well documented by the sample records shown in
pulses of 35 ms duration and of 0.2-1.5 nA intensity Figs 1-4 and 6B. Amassian and De Vitwere the first to
were applied at 1 Hz in 0.1 nA steps through the recording report that ML stimulation induced a repetitive synaptic
electrode until observing subthreshold responses (Fig. 12,response of one to two spikes following the antidromic action
panel 3). Thus, EPSPs of unknown origin, probably induced potentials at a latency of 1.3—3.7 ms. They attributed the late
by primary afferents, can generate bursting activity on CL responses to the excitatory synaptic action produced by recur-
cells and interneurons. The bursting activity initiated by rent collaterals of CL neurons on other CL neurons. An alter-
giant EPSPs is further potentiated by focused ML recurrent native explanation would imply descending fibers activated
collaterals (Figs 1, 6B) and through the corticocuneate loop by the spread of current (e.g., to the cerebral peduncle), but
(Figs 2, 5, 6). the late spikes were induced at the same or even lower thresh-
olds than the antidromic responses (Fig. 1; see also Gordon
and Juke®), which points to recurrent effects as the most
DISCUSSION likely interpretation. The presumed recurrent responses
could also be induced by activating aberrant pyramidal fibers
running within the ML3! but Gordon and Jukésreported
1. Medial lemniscal stimulation induced recurrent excitatory recurrent effects in the gracile nucleus by stimulating in the
and inhibitory effects on both CL and nCL neurons. ventrobasal thalamus, where such fibers are not known, and
2. Sensorimotor cortical stimulation primarily activated nCL after removing large parts of the frontal cortex, thus eliminat-
cells and inhibited CL neurons, but a substantial propor- ing the possibility of involving a transcortical route (see also

The study revealed four major findings.

tion of both classes of cells showed the opposite. Fig. 6B).

3. Impairment of the intracortical circuitry by induction of Previous work described less incidence of recurrent
paroxysmal discharges made available previously inacces-responses on the cunehtand the gracil® nuclei in bar-
sible lemniscal-thalamo-cortico-cuneate routes. biturate anesthetized cats than reported in this study. Since

4. Several mechanisms induced repetitive activity in cuneate these reports were based on extracellular recordings, sub-
cells including EPSPs, recurrent collaterals and cortical threshold effects were missing. Gordon and Jéfkkspt the
reflex responses. ML stimulation intensity below threshold for antidromic
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displayed transcortical responses after paroxysmal cortical activity was induced by a train of electrical stimuli at 100 Hz for 2 s=(Bp&Raneous

paroxysmal activity). The same cell responded to somatosensory cortex (SSCx) stimulation before (C) and after (D) the cortical synchrathizia¢icilew

periods following the cortically induced bursts reduced upon membrane depolarization (D). The arrows in C and D signal the expanded portionsellE) A CL

responding to ML volleys before (E1) and 12 s after (E2) a cortical paroxysm was electrically induced in the contralateral sensorimotor cohtex. Stimu
artifacts are marked by asterisks.

activation, which would also account for the low incidence of thresholds but the latency of the IPSPs exceeded that of the
observations. EPSPs by a mean of 0.7 ms, indicating that an additional
The recurrent EPSPs and IPSPs were induced at similarneuron might be intercalated in the inhibitory pathway.
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Since the nCL neurons are mostly, if not exclusively, inhibi- single cutaneous submodality in the middle region of the
tory,34-36:4254heir recurrent activation (Fig. 2) and inhibition cuneate are adjacent to each otHeFherefore, neighboring
(Figs 3, 4) will induce inhibition and disinhibition on the CL  CL neurons with overlapping receptive fields would receive
cells upon which they synapse, respectively (Fig. 13). excitatory input from fibers ascending in the dorsal columns
A mechanism enhancing the synchronized firing among and from recurrent collateral branches from axons of neigh-
functionally related CL neurons may involve positive feed- boring CL cells, generating bursting and synchronous
back by recurrent collaterals. The recurrent excitation of CL activity.
cells by other CL neurons might partially explain the The ML volleys induced recurrent excitation followed by a
tendency of these cells to fire in bursts following an afferent late transcortical excitation on eight nCL cells (Fig. 2). The
volley, since the collaterals are short and supply synaptic functional role of these interactions may shape the peripheral
boutons to the clusters regidhThe functional significance  receptive fields of cuneate neurons by disinhibiting the trans-
of the recurrent excitation probably consists of inducing mission through strongly activated CL cells while inhibiting
bursting activity among closely spaced CL neurons receiving the rest. These putative effects need to be very focused since
common peripheral input and, thus, tending to synchronize the VPL thalamocortical neurons with a given receptive field
their activity to increment their postsynaptic impact. Conse- cluster together and closely reflect the receptive fields of cells
quently, a given CL neuron activated by stimulation of its in the dorsal column nucléf
receptive field would tend to impose its pattern of activity Increasing the intensity of ML stimulation revealed two
on neighboring cells. This is possible because the CL neuronscomponents in the recurrent inhibition exerted on nCL
are somatotopically organized so that neurons processing aneurons, an early and a late IPSP (Fig. 4). Assuming that
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both responses were generated through an intercalated inhimay be the morphological basis that could explain the appear-
bitory cell, they can be ascribed to different mechanisms, suchance of the cortically induced spikelets in some CL neurons
as distinct pathways, whether intranuclear or extranuclear (Fig. 6A). The spikelets were probably generated in the
(e.g., through the bulbar reticular formation), different post- dendrites and transmitted electrotonically or actively to the
synaptic receptors (e.g., GABAa and GABAD), to the activa- soma, where they could eventually trigger a full response.
tion of low-threshold and high-threshold recurrent axons Less probably, they could also be a transmembrane reflection
(e.g., with distinct diameters or at a different distance from of the neuronal activity in the neighborhood of the impaled
the stimulating electrode), or to an interneuron discharging cell or induced through electrical synapses, although gap
various spikes producing the first and second components ofjunctions have not been reported in the cuneate (but see
the IPSP. Ref. 40). Alternatively, they might represent a spike block.
The axons of neighboring CL neurons synapse with
adjacent thalamocortical cells which, in turn, activate clusters
of corticocuneate neurons in the sensorimotor cortex. The role
Orthodromic ML volleys acting on the nucleus through of the cortex would be to enhance the activity of CL neurons
thalamus and cerebral cortex were observed on CL and nCLstrongly activated from the periphery and, through inter-
neurons. The corticocuneate input constitutes a true feedbackcalated nCL cells, either inhibit specific ensembles of
since the gross discharge evoked in the nucleus by peripherasurrounding CL cells or promote a general inhibition on all
cutaneous stimulation or by direct stimulation of the dorsal CL neurons. In the first case, the cortex would induce a central
columns is followed by a second late discharge which disap- zone of activity surrounded by a peripheral zone of inhibition.
pears upon removal of the cortékThe transcortical effects  In the second, it would produce a general inhibition on the
observed on CL neurons were excitatory (Figs 6, 10), inhibi- cuneothalamic transmission so that only the CL neurons able
tory (Fig. 7) or showed mixed effects with excitation pre- to overcome the underlying inhibition would transmit to
ceding inhibition (Fig. 5). Ultrastructural results using the thalamus. In both cases the neocortex will be able to
anterograde degeneration methddand electron micro-  discriminate wanted from unwanted sensory information at
scopical observation$ revealed that the corticofugal the level of the DCN.
terminals contact fine dendrites of cuneate neurons. This The descending corticocuneate transmission appears to be

Transcortical effects
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thus inducing disinhibition and inhibition on projection cells, respectively. The observed corticofugally induced excitatory effects prestenrted latency

than the corticofugally induced inhibitory responses for both classes of neurons (nCL and CL). Accordingly, the pairs of records shown in tveetsf the in

were aligned supposing that the inhibition was produced through an intercalated interneuron (nCL1 or nCL2). The stimulus artifacts to son@tdsgnsor
(SSCx) stimulation are signaled by arrowheads.

intracortically selected since the ML volleys that did not (Fig.4). That stimulation of the cerebral cortex mostly excites
induce (Fig. 10A) or did elicit secondary responses (Fig. DCN cells projecting in the medial lemniscus and inhibits
10E1) in control conditions affected the cuneate (Fig. 10B) nCL neurons has been amply reported using intraceftular
and potentiated the secondary responses (Fig. 10E2), respecand extracellulai®?3-25334L techniques. The present data
tively, when the intracortical circuitry was disrupted by indu- corroborate the results of Schwartzkrah al.,*® but differ

cing paroxysmal cortical activity. This could indicate that the
intracortical inhibitory mechanisms would specifically select,
in physiological conditions, the most appropriated trans-
cortical route according to functional requirements. The
high degree of divergence of the thalamocortical ¢élls

allows for different intracortical pathways, some of which
may be tonically inhibited and unmasked under specific

from other intracellular studié4® reporting no evidence for
postsynaptic excitation of CL cells or postsynaptic inhibition
of nCL cells to direct cortical stimulation. In this study, the
stimulating technique was improved by placing a ground-
isolated constant current unit as close to the preparation as
possible to reduce the shock artifacts. This proved to be
important, for the majority of the excitatory effects had

circumstances. In the non-anesthetized animal, these differensmall latencies that will otherwise be “artifacted” and thus
pathways could be selected according to the most relevantpass undetected. Stimulation was applied at a gradual increas-
sensory information to accomplish purposive sensorimotor ing intensity within the primary motor and primary sensory
activities as, for example, active exploration and manipula- cortexes, while in our previous study,only the primary

tion of objects. As illustrated by the data shown in Figs 1, 2

motor cortex was stimulated at supramaximal intensity

and 6, the transcortical effects would tend to potentiate the which could obliterate the excitatory effects. The cortical-

recurrent responses.

Synaptic responses induced by cortical stimulation
Single stimuli applied to the sensorimotor cortex, at 1-10

induced excitatory effects were the fastest, which probably
indicates that they were produced through collateral branches
of corticospinal cells since the corticocuneate axons from
non-corticospinal neurons are slow-conductifghe obser-
vation of cortically evoked excitatory and inhibitory influ-

Hz, induced EPSPs or sequences of EPSPs—IPSPs on 38% afnces on CL neurons suggests a duality in the cortical
the CL neurons (Fig. 5), and IPSPs on 22% of the nCL cells modulation exerted on the ascending somesthetic information:
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amplification of selected messages with simultaneous inhibi- Secondly, inhibition induced by cortical stimulation is the
tion of the unwanted ones. first effect in the majority of CL neurons and in a substantial
The bursting discharges induced by cortical stimulation on proportion of nCL cells (Table 1). The corticofugal inhibition
some nCL cells were followed by silenced firing coincident of inhibitory nCL cells synapsing with CL neurons allows for
with a slow rising depolarization (Figs 9B2, 10C). If the rest- corticofugally induced disinhibition of CL cells. Disinhibition
ing tonic firing showed by these cells was due to primary of CL cells can also be induced by stimulation of the dorsal
afferent activity, the cortically induced bursts might induce columns!! Thirdly, the corticofugal induction of burst firing
presynaptic depolarization of the afferent terminals leading to in nCL neurons would induce a strong inhibition on CL cells
presynaptic inhibitior?:” which could be terminated by presynaptic inhibition of the
Some nCL neurons were reciprocally affected by Sl and MI activated nCL neurons through axons from these same nCL
stimuli (Fig. 9B1). Therefore, the putative disinhibition neurons or via a different pool of corticofugally activated nCL
exerted by MI cuneolemniscal transmission will be annulled cells® Lastly, the ML recurrent effects on cuneate cells were
by the inhibition induced by Sl if both processes occur simul- usually potentiated through the cerebral cortex (Figs 1, 2, 6;
taneously. The functional significance of such an interaction see also Fig. 11 in Caneti
is difficult to explain. One possibility is that the motor strategy =~ The circuit design depicted in Fig. 13 (the collaterals have
selected in MI would predict the peripheral receptors to be been omitted for clarity) also explains recent work indicating
activated by the movement itself to disinhibit the appropriate that the dorsal column-medial lemniscal system may be parti-
CL cells in advance. When activated, these same CL neuronscularly important for frequency and duration discrimination
would generate a negative feedback inhibiting themselves of tactile information®? Thus, the cortico-DCN modulation
through SI. Such a mechanism could serve to differentially might contribute to the selection of certain inputs to the detri-
filter the signals not able to overcome the underlying ment of others as well as to the adequate frequency and dura-
inhibition while allowing others more strongly activated to tion discrimination for reliable transmission of somesthetic
be transmitted to the thalamus, helping to make the receptiveinformation. Focused cortical activation and removal of inhi-
fields smaller and more discrete as, for example, during active bition would guarantee the adequate transmission of high-
touch. frequency inputs.

Bursting activity
The bursting activity normally seen in cuneate neurons

CONCLUSIONS

In the alert animal, the corticocuneate fibers may serve to

appears to be due to several mechanisms including intrinsicincrease the gain of the input for feature-linked events

membrane propertié$;3"4° recurrent collaterals (Fig. 1),

detected by the cerebral cortex. The corticocuneate feedback

cortical reflex responses (Figs 2, 5, 6), and EPSP-generatedoop may select input signals according to the demands of
spikes (Figs 11, 12). neocortical processing, as in the visual pathwhjhe cune-
That many of the excitations leading to bursting spikes in ate modulation by corticofugal inputs may be important given
cuneate neurons were EPSPs and not excitatory rebounds duthe abundance of corticocuneate axons which, together with
to activated cationic currents at subthreshold membranethe corticothalamic feedback, might enable the cerebral
potentials”*° is demonstrated by the data shown in Figs 11 cortex to accurately modulate the ascending signals at both
and 12. Repetitive activity can be generated by EPSPs crossievels of processing. During quiet sleep, the cerebral cortex
ing threshold during sufficient time to induce various spikes. will impose its rhythmical patterns on the cuneate, inducing a
This is possible since somatic afferent fibers exert a powerful state of resonant activity by matching the preferred intrinsic
monosynaptic excitation on CL neurons that can be extra- cuneate rhythmicity? During wakefulness, the cortex will
cellularly seen as unitary prepotentials preceding the spikes. select and process the more relevant somatosensory informa-
In addition, the EPSPs induced by stimulating primary affer- tion by potentiating its pass through the cuneate and the
ent fibers have been shown to be unusually large and to elicitthalamus while inhibiting the rest.
bursting activity! These synaptic contacts are so powerful  The cuneate neurons accounting for the response selectiv-
that a single primary afferent fiber can generate doublets ority of CL cells are inhibitory neurons located in the cuneate
triplets of output spikes from several target neur8msthout itself and in the neighboring reticular formation, and recurrent
the need for temporal or spatial summati®he morpho- collateral branches from CL axons. The interneurons are
logical basis that explain this strong synaptic influence is involved in stimulus-specific inhibitory respongé% and
large synaptic knolf8in the terminals of dorsal column affer-  also probably contribute to cuneate oscillatiShdhey are
ent glutamatergic fibeté synapsing on CL cells. The high likely to be implicated in discrimination processes that will
variability in the amplitude of the EPSPs (Fig. 11) might be increase as the corticofugal input to these cells also increases.
due to the fact that the primary afferents make not only term- Thus, a major tactile resolution and manipulative skills in
inal but alsoen passantsynaptic contacts with cuneate those animal species with an increased corticocuneate input
neurons’ would be expected. This will be owing to an increased
corticofugal potentiation of selected inputs and an increased
inhibition of other inputs. A link between tactile discrimina-
tion and manipulative skills is likely to occur since explora-
Some conclusions regarding corticocuneate and intracune-tory behavior links movement skills to discriminative
ate interactions can be made from the present and a previousapacity. Thus, it has been reported that the corticospinal
report?” First, the more direct corticocuneate effect is excita- fibers branching into the DCN are more numerous in monkeys
tion since corticofugally evoked excitation always occurred at than in cats, and that most of these corticospinal branching
a shorter latency than the corticofugally evoked inhibition. fibers terminate in the cervical cord, at least in felifes,

Cuneate circuitry (Fig13)
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which points to a double functional role for these cells. They and duration discrimination according to the constraints
might participate in regulating forelimb movement and in the imposed by the sensorimotor corticofugal demands.
selection of ascending DCN—thalamo-cortical input.

In conclusion, it is suggested that the DCN are actively

implicated in constraining the afferent signals through intra- AcknowledgementsFhe technical assistance of Mr Francisco Garcl

nuclear inhibitory processes and that participate in integrative papo is greatly appreciated. This work was supported by a grant from
functions leading to input selection and assuring frequency the DGICYT (PB96-0958).
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