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Abstract—fn vivo intracellular rccordings were obtained from identilied thalamocortical neuroms in
the veniroanterior—ventrolateral complex in urcthane-anesthetized rats. This thalamic nucleus has
few interncurons. Neurons that rcsponded o cerebellar stimulation were injected intraccllularly
with horseradish peroxidase or biccylin and cxamined with light and clectron micrescopy (see
companion paper). Intrinsic membrane properties and voltage-dependent rhythmic activity of cerchellar-
responsive ventroanterior ventrolateral neurons were similar to (hose deseribed previously for
thalamic neurcns. ‘Thus, in addilion 10 conventional “fast™ Nat-dependent spikes, ral ventroante-
rior--ventrolateral neurons had “slow™ Ca?t-mediated low-threshold spikes and membrang conductances
that supported rhythmic oseillations. Two modes of spontancous activity were observed: (i) a tonic
firing pattern that consisted of irregularly occurring fast spikes that predominated when the membranc
poteniial was more positive than about —60mV, and (i) a rhythmic firing pattern, observed when
the membrane potential was more negalive than about —65mV, composed of periodic (4-8 Hz)
membrane hyperpolarizations and ramp depolarizations thal often produced a low-threshold spike
and a burst of fast spikes. [n some ncurons, spontanecus fast prepotentials were also observed, olten with
a relatively constant rate (up to 70 Hz).

Cerebellar stimulation eclicited] excitatory postsynaplic potentials that in some cases appeared to
be all-or-nanc and were similar in form to fast prepotentials. Stimulation of ipsilateral motor cortex
clicited a shori-latency antidromic response followed by a monosynaptic excitutory pesisynaplic poten-
tial, which had a slower rise time than cxcitatory posisynaptic potentiuls evoked from cercbellum,
suggesting thal cortical inputs were electrotonically distul to cerebellar inputs. In the presence of
moderate membrane hyperpolarization, the cortically evoked excitatory postsynaplic potential was
followed by a long-lasting hyperpolatization {100-460 ms duration), a rebound depolarization and one
or two cycles resombling spontaneous rhythmic activity. Membrane conductance was increased duting
the initial component of the long hyperpelarization, much of which was probably due to an inhibilory
postsynaptic potenlial, in contrast, membrane conductance was unchanged or slighily decreased
during the latter three-quarters of (he long hyperpolarization. The amplitude of this component of the long
hyperpolarization usually decreased when the membrane was hyperpolarized with intraccllular current
injection. Thus, both disfacilitation and an inhibitory postsynaplic potential may have contributed to
the latler portion of the cortically-evoked long hyperpolarization. The corlicalty-evoked inhibitory
postsynaptic potentials likely originated predominantly from [leedforward activation of GABAergic
neurons in the thalamic reticular nuclei, The disfacilitation probably resulted from activation of inhibitory
circuits intrinsic to the corlex and/or corticothalamic circuits that transiently reduced tonic cortical
excitatory drive onto thalamic neurens. The possibility that disfacilitation eccurred following experimen-
tally-induced synchroncus aclivation of cortical circuitry suggesis that the cercbral cortex provides
a significant degree of tonic excitatory drive ontle neurons in the ventroanterior ventrolateral complex
af rats.

We conclude that the synaplic and intrinsic membrane propertics of thalamic neurons in the
ventroanterior—venirolateral complex of rats are fundamentally similar to previously described propertics
of thalamocortical neurens of olher species (c.g. felines) in related nuelei that possess GABAergic
interneurons, in spite of the scarcity of GABAergic interneurons in rat ventroanterior—ventrolateral
complex. Furthermore, rhythmic disfacilitation of cortical inputs to thalamus may contribute to the
maintenance of the rhythmic activity in ihalamocortical circuits thul is prominent during different
behavioral states.

§To whom correspondence should be addressed.

Abbreviations: AHP, afterhyperpolarization; dLGN, dorsal lateral geniculate nuclens; EEG, eclectroencephalogram; EGTA,
ethyleneglycoltetra-acetale; EPSP, oxcitatory postsynaptic potential; FPP, fast prepotential; HRP, horseradish peroxi-
dase; IPSP, inhibilory postsynaptic potential; LTS, low-threshold spike; TRN, (halamic reticular nuclens; VAL,
venlroanierior ventrolateral complex.
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The cerebellar nuclei exert synaptic  influences
on “upper moter neurons’ in primary motor cortex
via dorsal thalamus.' The primary thalamic nucleus
in the cerebello-thalamo-cortical pathway in rats
is the ventroanterior-ventrolateral (VAL) complex.
As in corresponding thalamic nuclei of higher order
mammals, the VAL receives a topographically
organized input from the cerebellar nuclei and
has reciprocal connections with motor corlex, 1226108
The thalamic link in this pathway has traditionally
been considered 10 be a single-synapsc, short-latency
“relay” or “gate”, depending on the operational
mode of the thalamus. For example, afferent impulses
from the cerebellar nuclei are conveyed to cortex
with a high degree of fidelity when the thalamic
ncuron firing pattern is tonic and irregular, as during
clectroencephalogram  (EEG)  desynchronization.
This mode i1s associated with sustained membrane
depolarization.” In contrast, transfer of subcortical
afferent impulse activily to cortex is significantly
altered when the membrane potential of thalamic
neurens oscillates rhythmically between periods of
burst activity and hyperpolarization, such as
during EEG synchronization.®*"#* Although con-
sidcration of thalamic nuclei as a relay/gate station
during wakce/slecp cyeles is of heuristic value, this
view is a well-appreciated oversimplification. In faci,
several anatomical substrates cxist for thalamic
integration and processing of subgcortical inputs.
For cxample, the ncurons in the thalamic reticular
nucleus (TRN) arc GABAcrgic®™® and project
topographically to dorsal thalamus.”? The TRN re-
ceives cxcitatory inputs from axon collaterals of
corlicothalamic and thalamocortical neurons'® that
originate from reciprocally connected ipsilateral
cortical and thalamic areas, therecby engaging the
TRN in topographically-aligned feedlorward and
feedback inhibitory circuits with dorsal thalamus, %
Thalamic interneurons, which are driven by excit-
atory cortical and subcortical afferents, provide
an additional means for GABAergic fecdforward
inhibition, 46365710

The cerebellar-recipicnl ventral tier nuclei in dorsal
thalamus of felines and primates possess an extensive
GABAecrgic interneuronal synaplic network 774
that works in conjunction with afferents from
the TRN. Tn stark contrast, rodent VAL has few
GABAergic interneurons,®™* ™ with the TRN being
the only substantial GABAergic input to the YAL
in rats, excepl for a restricted ventral territory that
is innervated by the basal ganglia®® The intrinsic
membranc  properties and  synaptically-evoked
responses of thalamic projection neurons have been
well characterized in nuclei with abundant numbers
of GABAergic interncurons,” including motor-
related thalamic nuclei in the cat.!®? 246% The
paucity of interneuronal GABAcrgic circuitry in
rat VAL provides an impetus 1o examine the
clectrophysiological propertics of newrons in this
nucleus. Functional comparisons with neurons in
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corresponding nuclei of higher order mammals, and
with neurons in other thalamic nuclei in rodents
that possess inlerneurons, should provide insight
regarding the contribution of interncurons to
integrative synaptic processing by the thalamus, The
aim of Lhe present study was to describe the i vive
electrophysiclogical propertics of ncurons in the
VAL of rats and to examine the conscquences of
the absence of GABAergic interncurons on the
processing of cortical and subcortical synaptic inputs
by VAL thalamocortical ncurons.

EXPERIMENTAL PROCEDURES

Animal surgery

Male Spraguc-Dawley rats (Charles River) weighing
200-300 g were ancsthetized with urcthane (1.3 g/kg, i.p.)
sceured on a stereolaxic apparalus and prepared for intra-
cellular recording as described previously.®™ All wound
margins and points of contact were coated with 5%
lidoeaine cintment. The scalp was removed and small burr
holes drilled to permit placement of stimulating electrodes
into the lefl primary motor cortex (i.c. the lateral agranular
frontal cortical field; A 2.5mm from bregma, L 2.2 mm
from midline, V 1.5mm ventral to the surface of the
cortex; coordinates lrom atlas of Paxinos and Watson™)
and the right cerebellar nuclei (A —3.5mm from lambda,
L 25mm, ¥ 50mm, and A —43mm, L 28mm, V
5.0mm). The stimulaling electrodes were affixed to the
cranium with cyanoacrylate glue and denlal cemeni, and
an opening (centered al A 4.9 mm from lamhda, L 2.2)
wis drilled above the left thalamus [lor recording. The
cercbral cortex was left intact. The stereotaxic apparatus
and recording assembly were placed on a Micre G air
isolation table to minimize vibration. The atlanto-occipital
membrang was punclured to allow drainage of cerebrospinal
fluid and the animal was suspended via C2 and tail clamps
lo reduce vuscular- and respiratory-induced pulsalions.
A well of denlal cement was formed around the recording
hole, and after insertion of the recording electrede into the
brain the well was filled with a mixture of paraflin and
paraffin oil to prevent tissue drying and to increase the
slability of intracellular recordings. Body temperature was
maintained at 37 £ 1°C with a solid state heating pad, All
animals were treated in strict accordance with the 1.5,
Public Health Scrvice Guide for the Care and Use of
Laboratory Auimals.,

Recording and stimulation

Micropipettes for intracellular recordings were made
frem 2.0 mm (o.d.) capillary glass {WPI) using a Narishigc
PE-2 pipette poller. For horseradish peroxidase (HRP)-{illed
microelectrodes, the tips were broken to approximately
0.2-0.6 sm under microscopic control. The micropipettes
had s vive impedances ranging from 50 to 100 M and were
filled with one of the following solutions: (i) 5% HRP
(Sigma Type VI) in 0.5M potassium methylsulfale and
0.05 M Tris buffer (pH 7.6); (ii) 3% biocytin in 1 M potass-
ium acetate; or (i) 3IM potassium acetate and 0.2 M
EGTA. Intracellular recordings were performed with either
a WPT M-707A or NeuroDuata IR-183 active bridge am-
plilier, monitored with a Tekironix 565 or 5113 dual beam
oscilloscope, and digitized on-line by a Nicolel 2090 or
4094C digital oscilloscope.

Extracellular stimulating currents were monophasic rec-
tangular wave pulses (0.1-2.0mA, 20-300 us) delivered
through bipolar enamel-coaled stainless steel wires (250 um
tip separation) with a Grass 5-8% stimulator and a Grass
SIU-5 stimulus isolation unit or a Winston A-65 timer and
SC-100 constant current stimulator/fisolator.
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Electrophysiological  characterization  and  intvacelfuiar

labeling

The bridge balance and capacity compensation were
adjusted prior to and immediately after impalement, and
subsequently checked extracellularly. WNon-linearities ol the
HRP-filled recording microelectrodes often hampered pre-
cise determination of membrane potential during current
injection, but this dilliculty was largely overcome by ihe use
of biocytin-filled microclectrodes.”

Following impalement and stabilization of thalamic neur-
ons, the cerebellar nuclei and motlor cortex were stimulated
to evoke synaptic and antidromic responses. Responses were
charscterized as antidromic (from corlical stimulation)
based on constant latency, absence of underlying synaptic
potentials, and collision with spontaneous and intracellu-
larly-evoked spikes.” In many neurons, intrinsic membrane
propertics were investigated using a varicty of paradigms
involving intracellular cerrent injection. If stable recordings
persisted throughout the clectrophysiclogical characteriz-
ation and the ncuron responded to cerebellar stimulation,
HRP or biocytin was microiontophorctically injected into
the neuren with 2.7 nA depolarizing current pulses (300 ms
duration pulses with a 50% duty cycle} for 3-10min. Only
one neuron was injected per animal,

Alterations in ncuronal input resistance were cxamined
during cortically-evoked responscs by injection of hyper-
polarizing pulses (0.1 0.2nA, 15 25 ms duration} over the
time course of the cortically-cvoked response. Changes in
membrane polential due 1o the injeclion of currenl were
used te caleulate inpuot resistance. Since membrane potential
ofien changed substantially during the current pulse due to
the time-varying aspects ol the cortically-evoked response,
it was necessary to compute the membrane potential deflee-
tion relalive 1o an interpolated membrane potential that was
derived from values before and afler the current pulse.

The membrang time constant and ncuron clectrotonic
length of VAL neurons were estimated from analysis of
mcmbrane potential transients in response 10 gmall intra-
cellular hyperpolarizing current pulses using a computer
program (Oscilloscope) written and kindly provided by Dr
C. ]. Wilson. Pecled cxponentials of membranc potential
lransients were used to calculate cable parameters of neur-
ons from the relation Ly =n{(zy/7,) — 1]7'7, where Ly is
¢lectrotonic length of the neuron; r;, the slow tine constant,
provides an estimate of 1., the passive membrane constant;
and 7, is tho fast (cqualizing) time constant,™

Tissue preparation and anatomical analysis

Details about tissue processing for light and electron
microscopy are presented in the companion paper.® Tissue
sections containing intracellularly stained neurons were
cxamined with a Leitz OrthoLux [1 light microscope using
x50 and x 100 oil immersion objective lenses. The location
of stimulating electrodes in motor cortex and the cerebellar
nuclei was confirmed histologically in frozen sections coun-
tersiained with Neuiral Red.

Statistics

Statistical analyses utilized Student’s ¢-test. Data arc
summarized in the text as mean £ 5. E.M.

RESULTS

Spontaneous activity and intrinsic membrane proper-
ties of ventroanterior—ventrolateral neurons

Database. Stable intracellular recordings wete ob-
tained from 93 neurons. Intracellular recordings from
the VAL were obtained exclusively from thalamocor-
tical neurons, based on clectrophysiological proper-
ties and antidromic activation from cortical
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stimulation ({scc below) and, Tor intracellularly
stained neurons, light microscopic examination. In-
iracellular injection of biocytin, which crosses gap
junctions,” was never observed to label more than
one neuron. A photomicrograph of an intraccllularly
stained VAL ncuron that responded io cerebellar
stimulation with a monosynaplic excitatory postsyn-
aptic polential (EPSP) is shown in Fig. 1. The axon
of this neuron was traced into motor cortex. A full
description of the anatomy of the intraccllularly
stained neurons is presented in the companion
paper,®

Two operational firing modes. VAL neurons dis-
played two distinct patterns of spontancous spike
activity that arc common to thalamic relay ncurons:
a “tonic firing mode”, characlerized by irregular
firing of conventional Na* -dependent*” “fast’” aclion
poientials (1.0-1.7 ms duration; 50-70 mV ampli-
tude) (Fig. 2}, and a “rhythmic firing mode”, in which
oscillations in membrane potential often resulted in
periodic (48 Hz) all-or-none “slow™ action polen-
tials {20-40 ms; 20-35 mV) upon which one or more
fast action potentials often rode (Fig. 3). The slow
action potentials were scparated by a long-lasting
{100-250 ms) hyperpolarization that gradually sub-
sided to a ramp membrane depolarization. As de-
scribed below, slow action potentials appeared to be
identical to the,Ca?* -dependent low-threshold spikes
(LTSs) deseribed by Llinds and Jahnsen,” and we
adopt this lerminology.

The tonic mode predominaled when the steady
state membrane potential of the neuron was more
depolarized than about —60mV. This firing mode
was characlerized by a roughly lincar relation be-
tween firing rate and the extent of membrane depolar-
ization, with little cvidence of spike frequency
adaptation below ~ 100 spikesfs {Fig. 2B, C). In
contrast, rhythmic firing occurred when Lhe neuron
was hyperpolarized beyond aboul —65mV, and
firing rates of fast spikes were not linearly related to
membrane depolarization. Many but not all VAL
neurons could be converted Lo spontancous rhythmic
firing with intracellular injection of hyperpolarizing
current.

Characterization of fow-threshold spikes. Similar to
neurons in other thalamic nuclei, 82349444764 | TSg had
regenerative properties with a longer lime course and
different ionic basis than those of conventional fast
action polentials. For cxample, LTSs occurred in an
all-or-nene fashion with a (hreshold of about
—63mV, compared to a more depolarized threshold
of about — 50 to —35mV for fast spikes (Fig. 3A).
Oncee triggered, the conductance underlying the LTS
inactivated, requiring sustained membrane hyperpol-
arization for de-inactivation (Fig. 3C). The ionic
basis of LTS generation was an increase in intracetu-
lar levels of Ca?t ions, presumably by means of Ca?*
influx via voltage-dependent channels,"'™*% since
spontaneous and evoked LTSs were blocked within
minutes of impalement with microelectrodes that
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Fig. 2. Tonic firing mode of VAL thalamic neurcns, {A)
Trregular spike activity in the absence of any prominent
oscillations in membrane potential. This firing mode pre-
dominated when VAL neurens were relalively depolarized
{membrane potential more positive than about —60 mV).
{B) Depolarizing currcnt pulses cvoked fast spikes with a
threshold ef about — 54 mV in this neuron, (C} The relation
between membrane potential and firing rate for a VAL
neuron. Based on traces in B and other traces not shown.
The firing rate of this neuron was linearly related to
membrane potential with no spike frequency adaptation up
to 130 spikesfs. Same newron in A-C. Micropipette electro-
Iyte was 1 M potassium acetate and 3% biocytin,

spike to invade the initial segment or cell body.
This phenomenon likely contributed to the
relatively low proportion of VAL neurons (57%)
that were antidromically driven from cortical
stimulation, in spite of anatomical evidence for a
predominance of thalamocortical neurons in the
VAL‘T‘)—SI,IDS

Al a slightly longer onset latency (4.41 + 0.80 ms;
N =11}, a slowing rising EPSP was often rccorded
following cortical stimulation (Fig. 5A, B). The am-
plitude of the EPSP was increased with injection of
hyperpolarizing corrent {Fig. 5A), with a maximal
amplitude of 5-8 mV in the absence of current injec-
tion. The EPSP was monosynaptic, as demonstrated
by its invariant latency when the intensily of cortical
stimulation was increased (Fig. 5B).

The cortically-evoked EPSP was often followed by
a long-lasting hyperpolarization (100-400 ms dut-
ation; up to 25 mV in amplitude) that eventually gave
way to a rebound depolarization (Fig. 5C, D). This
cortically-evoked hyperpolarization will be referred
to as a “long after hyperpolarization (AHP)”. An
LTS was usually penerated on the tail end of the long
AHP, producing a sequence that resembled spon-

s

laneous rhythmic activity, but which subsided after
one or two cycles (Fig. 5D). The cccurrence of an
antidromic spike or prominent EPSP was not necess-
ary for the production of the long AHP, and an LTS
was not necessary for the generation of rhythmic
sequences,

Fig. 3. Rhythmic firing mode of YAL thalamic neurons. (A)
The rhythmic firing mode was observed when VAL neurons
were relatively hyperpolarized (membrane potential more
negative than —65 mV). In this example, spotaneous oscil-
lations in membrane potential occurred with a period of
125 ms, with each cycle of membranc hyperpolarization
lollowed by a ramp depolarization. All-or-none LTSs (ar-
rows) were usuaily elicited during the depolarization phase
of spontaneous membrane potential oscillations, and fast
spikcs rode on LTS8s. The dashed line indicates the LTS
threshold voltage (—64 mV). The depolarization did not
always reach threshold for gencration of an LTS (asterisk).
Micropipette clectrolyte was 0.5 M potassivm methylsulfate
and 5% HRP. (B) Blockade of LTS with a micropipette that
contained 0.2 M BEGTA. Within the first minute of impale-
ment (thicker voitage trace), rebound depolarization during
olfsets of the conditioning hyperpolarizing current injection
resulted in LTSs (arrows). Five minutes afler impalement
(thinner voltage irace) the same current injection parameters
failed to elicit an LTS, although membrane potential
{—352mV with no constant currenl injection) and input
resistance (15 M) did not change during impalement. {C)
Time course of de-inactivation of LTS, Condilioning hyper-
polarizing current was injected into a VAL neuron that had
a relatively depolarized membranc potential { — 53 mV, posi-
tive to LTS threshold, so LTS was inactivated)., Depolar-
izing pulses at various lime intervals after the onset of the
conditioning hyperpolarization reveaied that about 100 ms
was nccessary for de-inactivation of LTS at this level of
membrane hyperpolarization. Arrows point to evoked
LTSs. Different neurons in A—C. Amplitudes ol last spikes
in A-C were (runcated by digitization of analog signals.
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Fig. 4, Calculation of input resistance and cable propertics for a representative neuron in the VAL, (A)
Membranc voltage transienis (top traces) in response to injection of hyperpolarizing current (boltom
traces). (B) 7-V plotl of traces shown in A. Inpul resistance increased from 21.3 to 28.6 MQ with increases
in membrane hyperpolarization. This small degree of outward rectification was typical of most VAL
neurens. (C) Cable parameters derived from peeled exponeniials of membrane potential transient for a
vollage trace from A (foutth lrace from top in A), This VAL neuron was electrotonically compact, with
4 calculated clectrotonic length (L) of 0.90. The slow time constant, t,, provides an estimate of the 7,
the passive membrane constant; 1, is the fast (equalizing) lime constant; E, and £, are the amplitudes of
the pecled exponentials t; and 7, respectively.

The amplitude of the cortically-evoked long AHP
in VAL neurons was dependent upon membrane
potential in two ways. First, a certain level of
hyperpolarization was usually necessary for cortical
stimulation Lo elicit a prominent long AHP {(and
tehound depolarization), as shown in Fig. 5C.
Second, as the neuron was further hyperpolarized
with constant current injection, the long AHP, while
still promineni, was often reduced in amplitude
(Fig, 6A, B).

To monitor changes in neuronal input resistance in
response to cortical stimulation, small hyperpolar-
izing current pulses (i2-25ms, 0.1-0.2 nA) were in-
jected into some cerebellar-responsive neurons before
and during cortically-induced responses. Carc was
taken to select neurons with relatively linear cur-
rent—voltage (/—V) relations for this analysis. Two
components of the long AHP were revealed based on
changes in membrane input resistance: an carly com-
ponent (the initial. 30 ms) during which input resist-
ance was decreased by 25%, and a latter component
in which input resistance was unchanged or slightly
increased (Fig. 6C).

Cerebellar-evoked responses. Stimulation of the
cerebellar nuclei produced a short-latency monosy-
naptic EPSP (2,12 + (.10 ms onset latcncy; N = 54}
from which fast spikes arosc. These EPSPs usually

exhibited an all-or-nothing character, and their am-
plitude often {(but not always) increascd with mem-
brane hyperpolarization, Cerebellar-evoked EPSPs
had a faster rise time (0.76 £ 0.11 ms time to peak,
N=10) than did cortically-cvoked EPSPs
(4.004+0.77ms, N=7, 1t =496, P <001, d.1. = 16).
Unlike the cortically-elicited response, stimulation of
the cerebellar nuclei did not produce rhythmic ac-
tivity or a prominent long AHP, although a peried of
inactivity typically lasting 100-500 ms usually fol-
lowed the EPSP (Fig. 7D).

Fast prepotentials

Many thalamocortical VAL neurons exhibited all-
or-none spontaneous triangular-shaped depolarizing
potentials (Fig. 7C). Thesc fast prepotentials {FPPs}
had an amplitude of 3-10mV, with a fast rise and
slow decay that resembled EPSPs elicited from cer-
ebellar stimulation {Fig. 7B). Indeed, rise limes of
FPPs (0.63 + 0.4 ms timc to peak, N =145) and
cercbellar-cvoked EPSPs (0.76 £ 0.11, N = 10} were
statistically indistinguishable (¢ =0.82, P = 0.05,
d.f. = 154). FPPs were obscrved over a4 wide range of
membrane potentials, and in some neurons occurred
at 4 rclatively conslant rate (up to 70 Hz) (Fig. 7C).
Single spikes arose from the FPPs when the ncuron
was depolarized.
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Fig. 5. Cortically-eveked responses in VAL necurons, (A}
Short-latency responses to stimulation of the ipsilateral
mator cortex. A short-latency antidromic spike (arrowhead)
was followed by a monosynaptic EPSP, lour single sweeps
at different mombranc potentials are superimposed to eni-
phasize differences in EPSP amplitudes. The amplitude of
the EPSP increased with increasing levels of membranc
hyperpolarization. Membrane potential  varied  from
—58mV (no intracellular conslanl currenl injection;
smallest amplitude EPSP) to —70mV (current injec-
tion = — 1.5 nA; largest amplitude EPSP). In all panels,
arrows point 1o cortical stimulus artifacts. (B) Power scrics
for EPSPs clicited by cortical stimulation. Increasing the
magnitude of corlical stimulation (0.4, 0.7, LOmA) in-
creased the amplitude of the EPSP without altering the onset
latency of the cortically-cvoked EPSP, indicalive ol a
monosynaptic synaptic input. Each trace is an average of
four sweeps. Membrane potential = —60mY¥. (C) Effect of
membranc potential on latter components of the corlically-
evoked response. Left trace: with membrance potential at
—55mV, cortical stimulation clicited an antidromic spike
{arrowhead) lollowed by a period of 500 ms without action
potentials during which there was no prominent change in
membrane potential. Rebound activily after 500 ms was
confined to “Fast™ spikes. Right trace: at —65 mV (constant
current injection of —0.75 nA), cortical stimulation elicited
an antidromic spike, a long AHP and a rebound LTS, {[J)
Cortical stimulation produced an EPSP, long AIIP, re-
bound LTS with a burst of fast spikes, and a second cycle
of hyperpolarization. *Rhythmic activity” dissipated after
iwo cycles. Overlay of three traces. Micropipette elecirolyte
was | M potassivm acetate and 3% biocytin for all traces.
Different ncurons in A-D. Amplitude of fust spikes in A, C
and D was lruncaled by digitizalion of analog signals.

MSCUSSION

Neuronal identification

All intracellular recordings obtained in the exper-
iments reported here were presumed to be from
thalamocorticat relay neurons. This conclusion is
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drawn from evidence that in the VAL of rats: (i}
GABAergic (local circuit) neurons are scarce, 56574
(ii) virtually all neurons in the VAL are retrogradely
labeled from injections of HRP into motor cortex,'%
(i) the axons of all intracellularly labeled VAL
neurons were traced beyond the boundaries of dorsal
thalamus as they coursed in the direction of the
cercbral cortex,® and (iv) the antidromic activation of
most VAL neurons from stimulation of cercbral
corlex (this report).

Intrinsic  membrane  properties  of veniroante-

rior—ventrolateral neurons

Thalamic projection neurons possess membrane
conductances (Cg INa’r.llansicnl! ]K*.dc]ayui rootifier s J{h! IT!
Ias vy Tras Tant persisent 0 Whose voltage-de-
pendent interplay can support the generation of tonic
firing and spontaneous delta-like (0.5-4 Hz) rhythmic
activity under apecific i vitro und in vivo experimental
conditions.'**% Likewise, this study confirmed that
rat VAL ncurons have, in addition 1o conventional
Na* spike conductances, the Ca’' conductance ()
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IFig. 6. Lvidence that the cortically-evoked long AP in rat
VAL ncurons was a combination of an 1PSP and cortical
disfacilitation. (A} Stimulation of motor cortex (arrow)
cvoked an EPSP followed by a prominent long AHP. The
amplitude of the AHP decreased as the neoron was hyper-
polarized with constant current injection (0.0, —1.0,
—L.5nA). (B} I-V plot of membrane potential before
cortical stimulation and during maximum hyperpolarization
of long AHP. The reversal potential of the long AHP was
estimated lo be aboul —90mV (inlersection of the two
lines), i.c. necar the K+ cquilibriwn potential. (C) Graphical
representation of the time course of membrane potential and
inpul resistance following stimulation of motor cortex for
three VAL ncurons that had minimal membrane rectifica-
tion. A decrease in inpul resistance coincided with the initial
component of the long AHP, presumably gencrated by a
GABA, IPSP. In contrast, during the latter stages of the
long AHP, input resistance was slightly elevated or un-
changed compared to resting (prestimulation) values.
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~ Fig. 7. Cerebellar-evoked responses in VAL neurons. (A)
Stimulation of the cerebellar nuclei produced a triangular-
shaped EPSP. Top trace shows an orthodromic spike rising
from the initial portion of the EPSP. Lower Lrace illustrates
the fast rise time of the EPSP and the protracted decling in
depolarization 1o baseline. Membrane potential was —&0
and —64mV for top and bottom traces, respectlively. (B)
Similarity in form of a cercbellar-cvoked EPSP (top) and a
sponlaneovs FPP (botlom), both ol which had fast rise
times and a triangular shape. The EPSP is from the bottom
lrace in A; the FPP is from trace in C (asterisk). {(C)
Spontancous FPPs, which in this VAL neuron occurred
regularly at about 65 Hz. Fast spikes arosc from two of the
I’PPs. (D) Absence of a prominent hyperpolarizalion fol-
lowing stimulation of contralateral cerebellar nuclei, With a
membrane potential at — 52 mV, cerebellar stimulatien clic-
ited an orthodromic spike that was followed by a small
amplitude hyperpolarization. There was no long AP at
cither membrane potential. Micropipette electrolyte was
1 M potassium acctate and 3% hiocytin for all traces, Arrow
peints to stimuelus artifact. Different neurans in A, C and Dn
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that underlies LTSs. Membrane responses 1o curreni
injection in some neurons suggested the presence of
I, as indicaled by a delayed repolarization from
offset of hyperpolarizing current,”! and Iy, punisent» 85
indicated by a slow ramp depolarization during sus-
tained depolarization™ (data not shown). Hence,
VAL neurons likely have intrinsic membranc proper-
tics comparable to the more fully characterized neur-
ons in the rat dorsal lateral geniculate nucleus
(LGN}, cat ventral lateral nucleus and other thal-
amic nuclei.

Neurons in rat VAL exhibited veltage-dependent
modes of spontaneous activity that were similar to
previous descriptions of thalamic activity in pive.*
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The voltage-dependent switch from tonic Lo thythmic
firing in eive by thalamic projection neurons is driven
largely by phasic synaptic inputs from the
TRN!IS iy conjunction with altered activity
from a variety of thalamic afferents originating in the
brainstem®** and possibly cerebral cortex,” although
cortex is not necessary for thalamic spindle gener-
ation.®'¥! For example, neurons in the TRN have
intrinsic pacemaker propertics, ™% and protracted
burst firing of these neurons has been correlated with
periads of inhibition in recipient dorsal thalamic
nuclei, ™ A current hypothesis that is in accord with
the anatomy of the VAL is that periodic burst firing
by TRN neurcons produces a barrage of inhibitory
postsynaptic potentials (IPSPs)®'® that hyperpolar-
ize VAL neurons, resulting in the de-inactivation of
I; and the engagement of a cascade of membrane
conductances that support membrane potential oscil-
lations angd rhythmic firing, 4.5

Cable properties of veniroanterior—ventrofateral neur -
ons

The time constant {z,,) and electrotonic length (Ly)
of neurons in the VAL were similar to previously
reported values for relay ncurons in other thalamic
nuclet.*'® These values can only be taken as approxi-
mations due to violations of the equivalent cylinder
model % With this caveat in mind, the values none
the less indicate that VAL neurons integrate synaptic
inputs over a relatively long time frame and are
clectrolonically compact. Thus, changes in membrane
potential arising from synaptic inpués and intrinsic
membrane conductances at distal dendrites would be
expected to have significant effects at the cell body.

Cortically-evoked synaptic responses

Manosynaptic excifatory postsynaptic pofential.
Corlically-cvoked EPSPs had a slower rise time than
cerebellar-evoked EPSPs, suggesting that cortical
synaptic inputs were electrotonically distal Lo cercbel-
lar inputs. Similar inferences have been made for
neurons in the cat ventrolateral nucleus.® Although
a temporal dispersion of conduction titmes [or corli-
cothalamic axons could aiso contribute 1o the slower
rise time,”* anatomical studies have shown that most
putatively identified corticothalamic axons do indeed
synapse onto ral VAL ncuron dendrites distal to
inputs from the cerebellum.”™® Similar synaptic ar-
rangements of cortical inputs onto thalamocortical
neurons are found in other thalamic nuclei of many
mammalian species,®

Long after hyperpolarization. When VAL neurons
were slightly hyperpolarized, cortical stimulation elic-
ited a long AFP that persisted for 100- 400 ms,
followed by a rebound ramp depolarization that
often generated an LTS. This response profile has
been described since the 1960s, although the origin
of the synaptically-induced long AHP has been a
source of controversy.” Morc recently, it has been
determined that spontaneous and synaplically-
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evoked long AHPs of ncurons in many thalamic
nuclei have multiple components involving activation
of GABA receptors. Both GABA, and GABA,
receptors are present in moderate levels in rat
VAL . The initial component of the long AHP is
probably medialed primarily by GABA, receptors,
since it entails an increase in membrane conductance
(Fig. 6C), is reversed by intracellular injection of Cl™
and is blocked by GABA,, receptor blockers, >34
As menlioned in the Introduction, there are two
known sources of GABAergic inputs to thalamic
ticurons that could mediate IPSPs from stimulation
of corlex: an intrinsic source, the GABAergic thal-
amic interneurons, which form dendrodendritic and
axodendritic synapses with thalamic projection neur-
ons, and an extrinsic source, the GABAcrgic neurons
in the TRN. Considering the scarcity ol interneurons
in rat VAL, the TRN is more likely the mediator of
any GABAergic contribution to cortically-evoked
long AHPs in this nucleus. The TRN sends a GABA-
etgic projection®™® that terminates on thalamo-
corlical ncurons,'*®%677 and stimulation of the
TRN elicits a GABA, IPSP*' and a less pro-
nounced GABA; TPSP'™ in rat thalamic neurons.
This GABAcrgic circuit is driven by monosynaptic
excitatory axon coliaterals from cocticothalamic and
thalamocortical neurons.! With respect 1o IPSPs aris-
ing from cortical slimulation, the corticothalamic
pathway constitutes feedforward inhibition and the
thalamocortical pathway a feedback inhibition (via
antidromic activation of thalamocortical neurons).
The feedforward pathway is probably the more sig-
nificant contributor Lo a cortically-evoked IPSP, since
there are substantially more corticothalamic neurons
than thalamocortical neurons,®

The latter two-thirds of the synaptically evoked
long AHP has been the subject of numerous in sitro
studies of neurons in the dLGN nucleus of rats.
Unlike VAL, the rodent dLGN has a substantial
population of GABAergic internenrons.™” For in
witre preparations in which the visual sector of the
TRN has been excised, a long AHP can be clicited in
presumed thatamocortical neurons in the dLGN
from stimulation of the optic tract. The latter com-
ponent of the long AHP (latency of 20-40ms} is
blocked by GABAj receplor antagonists and is due
1o an increase in K*' conductance,'>*8¢ Thus, at least
in the dLGN, this component of the AHP appears to
result largely from [eedforward activation of GABA-
ergic interneurons. In addition, there is ¢cvidence from
in pitro and fr vive experiments thal a variety of K*
conductances intrinsic to thalamic relay neurons also
contribute to the latter portion of the long AHP.#%

If the cortically-evoked long AHP observed in
VAL neurons in the present study resulled predomi-
nantly or cxclusively from GABAergic synaptic drive
{from the TRN) and activation of intrinsic conduc-
tances, a decrease in input resistance would be ex-
pected during the long AHP. For example, the in vitre
input resistance of rat dLGN neurons decteases by

75% and 13-45% following stimulation of the optic
tract during the carly and late portions, respectively,
of the long AHP that is mediated by interneurons,!>*
In contrast, in this in vive study, whereas the input
resistance of VAL neurons during the carly part of
the cortically-cvoked long AHP was substantially
reduced, inpul resistance did not change or was
slightly increased during the latter portions of the
cortically-evoked long AHP. This suggests that an
additional mechanism was involved in the generation
of the cortically-cvoked long AHP.

Iy addition to the GABAergic and intrinsic mem-
brane responses, a cortical disfacilitation could con-
tribute to the hyperpolarization during the latter
two-thirds of the long AHP for rals under urcthane
anesthesia. Molor cortex provides a massive, excii-
atory projection lo the YAL'>' and cortical neurons
maintain spike activily under the urcthane anesthesia
used in the present study.*®™ Elecirical stimulation
of molor cortex not only activates corticothalamic
neurons but also elicits 4 synchronous engagement of
cortical and thalamic inhibitory circuits that reduces
spike activity for hundreds of milliseconds.'*"17
Reverberating activity in corticothalamic circuits fol-
lowing cortical stimulation may also contribute to the
generation of inhibition in cortex. Hence, following
the initial direct excitation of corlicothalamic neurons
resulting from cortical stimulation, VAL necurons
would be expected to experience a period of reduced
tonic depolarizing input from cortex, resulting in a
hyperpolarization and & concomitant increase in
membrane resistance as a consequence of the mem-
brane rectification of these newrons, The net change
in input resistance during the latter components of
the long AHP would therefore be a balance of
increased input resistance from disfacilitation and
decreased inpul resistance from the presumed acti-
vation of GABAegtgic synapses from the TRN and
intrinsic membrane conductances. Stimulation of the
corticothalamic tract does not elicit disfacilitation in
in vitro sludics of thalamic neurons (e.g. Ref, 55),
since the reverberatory cortical inhibitory circuits
have been excised in this prepatation. A significant
componcnt of hyperpolarization following cortical
stimulation has been attributed to disfacilitation for
thalamic* and striatal'® ncurens in urethane-anes-
thetized rats, and acute decortication preduces hyper-
polarization and increased input resistance in
thalamic neurons of urcthanc-anesthetized cats.”
Furthermore, the prominence of cortical disfacilita-
tion in in wive studies may depend on the ancsthetic
uscd, ¢.g. urethane vs barbiturates, '

In vitro studics of thalamocortical neurons in rat
dLGN have shown that the amplitude of the GABA,
component of the synaptically-evoked long AHP is
maximal when the membrane potential is between
—60 and —75 mV."*M#34 Thig response reverses at
potentiais negalive to the K™ reversal potential, as
would be expected for an TPSP that is mediated by an
increase in Kt jons. In contrast, the amplitude of
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cortical disfacilitation would be expected to increase
with membrane hyperpolanization, since its reversal
potential would be the same as cortically-cvoked
EPSPs, i.e. between 0 and —20 mV, Hence, il the
latter component of the cortically-evoked long AHP
is indeed the combined action of both a GABA; IPSP
and cortical disfacililation, then the effects of mem-
brane hyperpolarization on this response are difficult
to predict, since the amplitudes of the TPSP and
disfacilitation would be inversely affected. In our in
vive experitnents, injection of hyperpolarizing current
usually reduced the amplitude of Lhe Jatter two-thirds
of the long AHP. It was not possible to reliably
sustain a hyperpolarization of VAL neurons beyond
—80 mV with intracellular current injection {possibly
due to tonic GABA , synaplic bombardment from the
TRN with vrethane-induced anesthesia™), so com-
plete reversal of the long AHP was not accomplishexd.
However, an extrapolated reversal potential was in
the range of the K* equilibrium potential for most
VAL neurons, indicative of a substantive role for a
GABA, IPSP in mediating this latter component of
the long -AHP. In other neurons, the long AHP
exhibited fittle change in amplitude as a function of
membrane hyperpolarization, a result that is consist-
ent with a summed contribution of an PSP and
cortical disfacilitation.

Although cortical disfacilitation results from a
non-physiological synchronous activation of cortical
ncurons, the presence of this phenomenon has func-
tional implications for thalamocortical interactions.
The existence of slimulation-induced cortical disfacil-
itation indicates thal the cerebral cortex provides a
substantial tonic excitatory drive onto thalamic neur-
ons'*'" that may be critical for effective transmission
of excitatory prethalamic inputs by thalamocortical
neurons,* or conversely may ““‘compete” with pretha-
lamic inputs.® During synchronized EEG aclivity,
neurons in thalamic nuclei exhibit periodic oscil-
lations in membrane potential that generate rhythmic
spike activity that is conveyed to, and imposed upon,
the cerebral cortex. In turn, rhythmic activity by
corlex would be expected to elicit alternating episodes
of cortical facilitation and disfacilitation of thalamo-
cortical neurons, thereby serving to reinforce rever-
beratory rhythmic thalamocortical activity driven by
the TRN. Conversely, during spontaneous EEG
desynchronization, disfacilitation would be absent
and the unsynchronized tomic excitatory input by
cortex onto thalamus would promoie the sustained
depolarized state of thalamocortical and TRN neur-
ons, which would reinforce the irregular, non-rhyth-
mic firing mode i thalamus.

Cerebellar-evoked synaptic responses

Stimulation of the contralateral cerebellar nuclei
evoked a short-latency, monosynaptic EPSP that was
often followed by a period of reduced spike activity.
EPSPs from cerebellar stimulation exhibited a rapid
risc and a slow decay time that resulted in a sustained
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depolarization. Additionally, ccrcbellar EPSPs ap-
peared to be all-or-none, suggesling a synaptic re-
sponse mediated by one or a few axons. Similar
responses have been observed in cat motor thalamus
in response to cercbellar stimulation, with one poss-
ible difference being that the falling phasc of the
slowly-decaying EPSP in cats is ofien curtailed by an
1PSP.' This distinction merits further study, as it
may represent a consequence of feedforward acti-
vation of GABAergic interncurons in the cat,” a
response that would be expected o be absent in VAL
of rats.

A poststimulus inhibition usually followed the
cerebellar-evoked EPSP but, in contrast to the case
for cortical stimulation, this inhibilion occurred in
the absence of a prominent, protracted voltage-de-
pendent hyperpolarization and did not induce rhyth-
mic firing. A similar response profile to cerebellar
stimulation occurs in the cat ventral lateral nucleus.”
There are a number of explanations for the differ-
ences in response profiles to cortical vs cerebellar
stimulation. First, it is possiblc that cerebellar stimu-
lation, unlike cortical stimulation, does not produce
a prominent disfacilitation, in spite of the fact that
cerebellothalamic neurons are active under urethane
anesthesia.™ The number of synapses onto VAL
neurons originating from the cerebral cortex far
exceeds those from the cerebellum,®® and it is pre-
sumed that cortex supplies a greater degree of tonic
depolarization. Second, as discussed above, a com-
ponent of the cortically-evoked long AHP hikely
results from monosynaptic activation of the GABA-
ergic TRN-thalamus projection. In contrast, the cer-
ebellum does not project to the TRN. Thus, whereas
TRN-induced inhibition of VAL neurons from corti-
cal stimulation would require suprathreshold acti-
vation across only one synapse (cortex—TRN), a
cercbellar-mediated  inhibition of VAL neurons
wonld require suprathreshold activation across two
synapses (cerebellum +VAL—TRN).

Fast prepotentials

Spontaneous and synapiically evoked FPPs were
recorded from many neurons in the VAL, and were
sometimes observed to occur rhythmically at rates
approaching 70 Hz. Similar findings have recently
been reported for neurons in molor thalamus of
urethane-anesthetized rats™ and cats,™ and may have
an intrinsic® or extrinsic™® origin. Electrical coup-
ling can be ruled out as a source of FPPs due to the
absence of gap junctions in dorsal thalamus*® and the
lack of dye coupling between neurons following
intracellutar injection of Lucifer Yellow™ or, as ob-
served in the present study, biocytin. Rather, the
similarity of rise times, decay times, amplitudes and
all-or-none character of FPPs and cerebellar-evoked
EPSPs suggest that FPPs in rat VAL neurons may be
spontaneous occurrences of unitary EPSPs,'™ or den-
dritic spikes®*>® driven by impulse activity in cer-
ebellar axons. A role for cerebellothalamic axons in
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the generation of FPPs is consistent with the rhyth-
mic, fast firing rates of cerebellothalamic neurons in
urethane-anesthetized rats.™

CONCLUSION

When comparing the electrophysiological charac-
teristics of neurons in the VAL of rats with neurons
in functionally-related thalamic nuclei in other mam-
malian species, a striking finding is the qualitative
similarity in parameters of spontaneous activity, in-
trinsic membrane properties and synaptic activation

from subcortical and cortical afferents, in spite of the
lack of interneurons in the VAL, Additional infer-
ences about Lhe functional role of thalamic inter-
neurens, drawn from these electrophysiological data
and from ultrastructure anatomical findings, are dis-
cussed in the accompanying paper.
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