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Abstract—The morphology and synaptic organization of neurons in the ventroanterior venirolaleral
nucleus of rats was examined using in sive intracellular staining techniques. Neurons were characterized
electrophysiologically based on intrinsic membrane properties and synaptic responses to stimulation of
motor cortex and cerebellar nuclei, as described in the companion paper. Cerebellar-responsive neurons
were stained intracellularly with either horseradish peroxidase or biocytin. All stained ventroanterior—
ventrolateral nucleus neurons were identified as thalamocortical neurons on anatomical {(and ofien
electrophysiological) grounds, consistent with previous findings that rat ventroanterior-ventrolateral
nucleus is interneuron-sparse. Ventroanterior—ventrolateral nucleus nevrons had thre¢ to eight thick
primary dendrites. Proximal dendrites often exhibited a tufted branching pattern, from which many
thinner, higher order dendrites arose. Dendrites branched to form a funmel-like infiltration of the
neuropil that resulted in a spherical, roughly homogencous dendritic field. The axon originated from
the cell body or a proximal dendrite and coursed laterally and dorsally to innervate motor cortex. One
to five axon collaterals were emitted in the rostral dorsolateral secior of the thalamic reticular nucleus;
collaterals were not observed in the ventroanterior—ventrolateral nucleus or other nuclei in dorsal
thalamus.

The synaptic organization of the wmroantt:nor—ventmlatera] muclens was examined with electron
microscopy, including two mtraoe]lularly labeled ventroanterior-ventrolateral nucleus neurons that
were shown electrophysiologically to receive monosynaptic inputs from the cerebellum. The neuropil
of rat ventroanterior—ventrolateral nucleus lacked the complexity and diversily found in corresponding
thalamic nuclei of felines and primates, due to the paucity of interneurons. Vesicle-containing dendrites,
dendrodendritic synapses and glomeruli were not observed. Three broad classes of presynaptic terminals
were identified. (1) Small round boutons: small boutons containing densely-packed, small round
vesicles that formed asymmetric synapses predominantly with the distal dendrites of thalamocortical
neurons. These were the most prevalent type of bouton in the ventroanmterior—ventrolateral nucleus
(78% of presynaptic clements) and likely arose from the cerebral cortex. (2) Large round boutons:
large terminals with loosely packed small round vesicles that made multiple asymmetric synapses
with proximal and intermediate dendrites. Large round boutons compnsed 8% of the neuropil, and
likely arose from the cerebellar nucki. (3) Medium size boutons with pleomorphic vesicles: medium-
sized profiles containing pleomorphic vesicles that formed symmetric synapses with proximal,
mtermediate and distal dendrites and, less frequently, with cell bodies. These boutons constituted 14%
of the neuropil, and their morphology was similar to previous descriptions of GABAergic immunoreactive
profiles in rat ventroanterior-ventrolateral nucleus, as well as boutons originating from the thalamic
reticular nucleus (which is the primary source of GABAergic input (o the ventroanierior—ventrolateral
nucleus).

The synaptic organization of thalamocortical neurons and the scarcity of interneurons in the
ventroanterior—ventrolateral nucleus is discussed in refation to the critical role of the thalamic
reticular nucleus in modulating the efficacy of cortical and cerebellar afferents in the ventroanterior—
ventrolateral nuclens and in determining the functional state of ventroanterior-ventrolateral nucleus
neurons.

}To whom correspondence should be addressed.

Abbreviations: dLGN, dorsal lateral genicnlate nuclens; EPSP, excitatory postsynaptic potential; HRP, horseradish
peroxidase; LR, large size boutons with round vesicles; MP, medium size boutons with pleomorphic vesicles; SR, small
size boutons with round vesicles; TRN, thalamic reticular nucleus; VAL ventroanterior—ventrolateral.
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The ventroanterior-ventrolaieral {VAL) complex of
rats receives excitatory afferents from the cerebellar
nuclei and motor cortex, 5818 Thalamic inter-
neurons patticipale in triadic synaplic conlacls
with thalamocortical neurons, in which a subcortical
afferent (e.g. from cerebellum) synapscs onto dendrites
of both thalamocortical neurens and mterncurons,
the latter forming a dendrodendritic synapse onto the
dendrite of the relay neuron, Hence, interneurons
provide an anatomical substrate for feedforward
inhibition of thalamocortical neurons. ¥

However, unlike the corresponding motor-related
thalamic nuclei in felines and primates, the VAL of
rats contains few GABAergic interngurons.”’ "
The scarcity of interneurons in rat VAL raises a
number of issues concerning the synaptic organization
of thalamocortical neurons in this nucleus. Aside
from the absence of inputs from interneurons, it
remains te be clarified whether the density and spatial
distribution of synaptic inputs onto thalamocortical
projection neurons in rat VAL is comparable to that
of projection ncurons in feline and primate motor
thalamus, The location of synaptic contacts along
the dendritic expanse is an important determinant
of the integrative propertics of thalamic neurons, due
to the heterogeneous distribution of ion channels along
the somatodendritic membrane of thalamic neurons,
many of which are voltage sensitive and therefore
subject to influence from electrotonically adjacent
synaptic inputs.®"**!1® The focus of this investigation
was to examine the motphology and synaptic organ-
ization of electrophysiologically-identified and intra-
cellularly stained neurons in the VAL of rats whose
electrophysiological properties are described in a
companion paper.”

EXPERIMENTAL PROCEDURES

Intracellular staining and electrophysiological characterization

Methods used for in vive intracellular recording, intra-
cellular staining, electrophysiclogical characterization of
ncurons and intracranial clectrical stimulation are presented
in the companion paper.” Briefly, following impalement of
a YAL neuron with a glass micropipette containing horse-
radish peroxidase (HRP) or biccytin, the ipsilateral motor
cortex and contralateral cerebellar nuclei were stimulated to
evoke antidromic (from cortex) and synaptic responses.
Following clectrophysiological characterization, neurons
exhibiting monosynaptic cxcitatory postsynaptic potentials
(EPSPs) from cerebellar stimulation were injected with HRP
or biocytin. Only one neuron was stained per animal.

Tissue processing

Onc to three hours after injection of intraceliular label,
the unimuls were given heparin (4000 unitsfkg, i.p.) and
a lethal dose of urethane. While deeply anesthelized,
animals were then perfused intracardially with 5¢--100 m} of
oxygenated Ringer's (pH 7.2) {ollowed with 300 ml of 1%
paraformaldehyde and 2% glutaraldehyde in Sérensen’s
phosphate buffer (pH 7.2, 0.15 M). Brains werc removed,
blocked and stored in buffer at 4°C. One to three days later,
60-70 m coronal sections were cut with a Vibratome and
washed in cold buffer. For HRP injections, the tissue was
processed for the histochemical detection of HRP with the
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glucose oxidase method of Itoh ef of.* using 3,3-diamino-
benzidine as ihe chromogen. One HRP-filled neuren (Fig. 3A)
was processed for light microscopic analysis only; all other
HRP-injected neurons were processed for sequential light and
electron microscopy, Sections were washed in bufler, post-
fixed in 0.5% osmium tetroxide for 45-60 min, dehydrated
in an ascending series of ethanol, stained en bloc with 1%
uranyl acetate in 70% sthanol, cleared in an ascending series
of acetone, infiltrated and embedded in Spurr’s medium
and placed beiween Tellon-coated coverslips and slides, then
cured for 54--72h at 60--70°C."¢ Tissue processed for the
detection of biocytin-filled neurons®® was sectioned and
washed in 0.1% glycine in phosphate bulfer, 0.5% hydrogen
peroxide in buffer, and then buffer alone. Sections were
incubated for 4 h at room temperature in ¢.5% Triton X-100
that contained avidin—biolin complex (1:200 dilution; Vector
Labs) in phosphate buffer, and then washed and placed in
0.05% 3,3-diaminobenzidine and 0.01% H,Q, in buffer
for 20 min. Following osmication for [0 min in 0.1% OsO,,
scctions were washed in buffer, mounted on slides and
dehydrated. Cortical stimulating sites were confirmed from
inspection of thalamic sections. Cerebellar stimulating sites
were determined from frozen sections stained with Neutral
Red.

Light and electron microscapic analysis

Tissue sections were examined with a Leitz OrthoLux II
light microscope using x50 and x 100 cil. immersion
abjective lenses. Camera lucida drawings of intracellularly-
injected newvrons were accomplished with a drawing tube
attachment, . ’

Two neurons (T56.2 and T116.2) in the VAL that were
intracellularly stained with HRP were selected for further
examination with clectron microscopy, After complete light
microscopic analysis, sections containing these labeled cell
bodies and processes were stripped free ol the Tellon-coated
coverslips and slides, and areas of interest trimmed out and
mounted onto epoxy blocks. Thin sections {70- 100 nm) were
cut on an vltramicrotome, positioned on mesh or Formvar-
coated slot grids, and poststained with 4% uranyl acetate in
methanol for 20 s and 0.3% lead citrate for 3-5 min. Ultra-
structure was examined with JEOL 100CX or 100B eleciren
microscop<s.

Morphometrics and siatistics

The cross-sectional surface arca of cell bodies {camera
lucida drawings) and presynaptic terminals (electron micro-
graphs) were determined by tracing the cutline of these
profiles onto a Summagraphics digitizing tablet and calcu-
lating the area within the outline with a morphometric
computer program.'? The diameter of postsynaptic profiles
was assessed from the site of synaptic contact. Statistical
analyses of morphometric data utilized the Kolmogorov—
Smirnov two-sample cumulative distribution function test
and the Tukey HSD test. Data are presented in the text as
mean £ S.E.M.

RESULTS

Light micrescopy of intracellularly labeled newrons

Electraphysiological identification and anatomical
localization. A total of 16 cerebellar responsive neurons
were labeled intracellularly with HRP or biocytin
and recovered in a form suitable for further analysis.
Thirteen of the recovered neurons were located in the

VAL, and all of these responded to cerebellar stimu-

lation with a monosynaptic EPSP (2.48 + 0.26 ms
onset latency) Seven of the 13 stained VAL neurons
were also antidromically activated from ipsilateral
motor cortex. Two cerebellar-responding neurons
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Fig. |. Camera lucida drawing of a biocytin-stained Type 1 cercbellar-responsive thalamocortical VAL

neuron. The axon of this projection neuron coursed rostrolaterally 1o enter the TRN. A single collateral

was emitted within the TRN (asrowhead) which gave rise to a dense collateral field. Note the absence of

uxon collaterals within the VAL. Bottom left shows a low magnification perspective of the route taken

by the main axon (arrowhead) through the TRN and the internal capsule. At more rostral levels, the axon

was traced into motor cortex (not shown), Dashed lines indicate boundaries of VAL and TRN. The scale
bar pertains to both higher and lower magnification drawings.

were located in the ventrobasal complex, and exhibited
EPSPs wiih variable onset latencies (3-3.5 and 10-
11 ms, respectively). The remaining neuron was
located in the posterior nucleus and responded to
cerebellar stimulation with a monosynaptic EPSP
{2.05 ms latency).

Somuatodendritic morphology of cerebellar -responsive
ventroanterior—ventrolateral neyrons. A previous Golgi
study of the VAL in rats identified four morpho-
logically distinct types of neurons,” and we classified
intraceilularly stained VAL neurons with respect to
this scheme, Labeled VAL neurons were categorized
as either Type 1 {12 neurons) or Type 3 (one neuron).
Camera lucida drawings and photomicrographs of
selected Type 1 neurons are illustrated in Figs 1-3
and 4A. These neurons had medium- to large-sized
cell bodies (26 +2 x 17+ 1 gm; 327 + 11 um?) and
three to eight thick proximal dendrites that branched
to form thinner dendrites. Usually, at least one
dendrite exhibited a complex and dense branching
pattern in which four or more thin branches arose
from a thick dendritic stump (Fig. 2), a pattern that

has previousty been termed a “tuft”™ or “whorl”.®
Tufted branching often consisted of a collection of
radially-oriented secondary dendrites that spiraled
about an axis perpendicular to the cell body, remin-
iscent of a funnel.” Branching of tertiary and higher
order dendrites usually consisted of bifurcations. The
overall form of the dendritic field was spherical with
a diameter of 300—400 gem, but dendritic field density
was often somewhat heterogeneous due to tufting.
The Type 3 neuron (Figs 4B, 3) was located in the
dorsolateral subdivision of the VAL and had a
medium-sized cell body (25 x 14 gm; 260 pm?), stout
primary dendrites, and a large and spherical dendritic
field with a diameter of 450-500 pm.
Intracellularly stained VAL neurons had spine-like
appendages that covered the surface of dendrites
distal to the first branch point (0.5-1.5 spines per gm
dendritic length) but were scarce on the cell body and
primary dendrites {Figs 2, 5). Spinous appendages
exhibited a variety of shapes, the most common being
squat sessile blebs (found along the entire length of
the dendrites). Other types of dendritic appendages

Fig. 2 (overfeafy. High magnification photomontage of a portion of the aguren shown in Fig, L. The soma

and proximal dendrites were spine-free. More distal dendritic segments were covered with a variety of

spinous extrusions, ranging in form from squat blebs to long, slender stalks (small arrowheads). The thick

proximal dendrites branched into numerous thinner, radiating dendrites. The asterisk labels a proximal

dendrite with a (ufted branching patiern, from which numerous thinner dendrites arose [rom a single

branch point. The axon is indicated with the Jarger arrowhead. The white dot labels an erythrocyte. Dorsal
is up, lateral is left.
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Fig. 3. Camera lucida drawings of somatodendritic morphology of three HRP-labeled, cerebellar-
responsive thalamocortical Type 1 neurons in the VAL. Low magnification drawings provide a perspective
for location of the cell bodies. As was characteristic of Type 1 neurons, the soma gave rise to thick primary
dendrites from which thinner, radially-directed branches emanated. Arrowheads point to axons, which
were traced into motor cortex. Axon collaterals of neurons in A and C are illustrated in Fig. 6.
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Fig. 4. Camera lucida drawings of intracellularly stained cerebellar-responsive Type 1 (A) and Type 3 (B)

thalamocortical neurons in VAL. The intracellularly labeled Type 3 neuron was characterized by the large

expanse of its dendritic field and a location restricted to dorsolateral VAL. The illustrated Type 1 neuron

was also located in the dorsolateral VAL, but had a smaller and denser dendritic field than the Type 3
neuron. Axons (arrowheads) of both neurons were traced into motor cortex.

consisted of long thin stalks (located distally) and
large bulbous protuberances (situated proximally,
usually at branch points).

Axon collaterals in the thalamic reticular nucleus.
All intracellularly stained VAL neurons had a single
axon that emerged from either the soma or a proximal
dendrite. Within a short distance, the axon entered
one of the many fiber bundles that penetrate the VAL
and traveled laterally towards the thalamic reticular
nucleus (TRN). Local axon collaterals were not
observed within the VAL or any other dorsal thalamic
nucleus. Labeled axons entered the TRN perpen-
dicular to the TRN-dorsal thalamus border, and

emitted one to five thin collaterals at right angles
to the main axon. These collaterals remained entirely
within the TRN, parallel to the borders of this nucleus
(although this anatomical attribute is not always
evident from the two-dimensional renderings presented
in Figs 1 and 6). Individual collaterals occupied a
restricted sector of the TRN, usually less than one-
fifth the width of the nucleus, although cumulatively
the collaterals from an axon could innervate two or
three parallel sectors in the TRN (Fig. 6B, C).
Three types of axon collaterals were recognized in
the TRN: (i) non-varicose, short (less than 125 ym)
and sparsely branched collaterals that had a restricted
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Fig. 5. Light micrographs {A) and camera lucida drawing (B) of the Type 3 neuron illustraied in Fig. 4B.
Spincus extrusions were prevalent on secondary and higher order dendrites. Drawing in B corresponds
to the dendrites in the right half of A. Dorsal is up, lateral is to lefl,
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field (lefimost collateral in Fig. 6A, D); (i) longer
collaterals with numerous varicosities that were
extensively branched and encompassed a cylindrical
ficld (100-350 yum by 50100 gm; Fig. 1; the right
and central collaterals in Fig. 6A; right collateral
in Figs 6C, 7B); and (iii} long (up to 300 xm) and
unbranched wvaricose collaterals that followed the
conteur of the TRN, and whose position along
the rostrocaudal axis was essentially unchanged, c.g.
these long collaterals were usually confined Lo a single
70 um coronal section (leftmost collaterals in Fig, 6C),
Varicositics werc present along the entire length of
the varicose collaterals, but were more common near
the termini. The distance belween varicosities ranged
from 5 to 20 gm. The diameter of the main axon was
typically about 1.5 pm, whereas the collaterals were
0.2-04 and 1.0-1.5 gy thick in non-varicose and
varicose segments, respectively. Electron microscopy
confirmed that the main axon was myelinated and the
collaterals were not (data not shown). All three types
of axon collaterals were observed to arise from Type 1
neurons, but ail varianls were not necessarily cvident
from the same axon, The Type 3 neuron had both
types of varicose collaterals, After exiting the TRN
laterally, the axons entered the internal capsule and
coursed rostrodorsally towards the cerebral cortex,
sometimes passing through the striatum. Axons were
traced as Tar as layer VI of motor coricx.

Fine structure and synaptic organization of the
ventroanterior—ventrolateral complex

Since the electron-dense HRJP reaction product
often obscured the ultrasiructural cytological details
of the labeled neurons, the fine structure of unlabeled
VAL tissuc will be bricfly discussed and related to
the synaplic organization of the injected neurons.
Cell bodies of neurons in the VAL were ovoid or
clongated, 20-35 pm in diameter in the long axis,
The centrally located pale nucleus typically had an
indented membrane and a dark nucleolus. The peri-
karya had a granular appearance due to an abund-
ance. of free ribosomes and Wissl substance. The
cytoplastnic constituents of perikarya extended into
the base of dendrites. The cytoplasm of more distal
dendrites possessed neurcfilaments, oval and clongaiced
mitochondria, longitudinally oriented microtubules
and smooth endoplasmic reticulum. Dendritic extru-
sions, corresponding to the squat blcbs observed at
the light microscopic level, were present on small- and

8. T. Sawyer ¢f af,

medium-diameter dendrites and were a common
target for synapses. Dendritic extrusions were not
associated with any specialized cytoplasmic organelte,
such as a spine apparatus, although the cytoplasm
within extrusions was more f{locculent than in the
dendrite.

Three broad classes of boutons were distinguished
in the VAL at the uitrastructural level.

Small round bowton profiles. The most common
profile in the neuropil (78% of the total), these
small (cross-scctional surface area = 0.25 + 0,01 pm?;
N = 174} spherical boutons with round vesicles (SR;
40-60 nm diameter) formed a long and prominent
asymmetric synaptic contact, usually with small
diameter dendrites and often on dendritic extrusions
(Fig. 9). Vesicles were present in relatively high
density (246 £ 11 vesicles per pm?®; N = 69 boutons)
and tended to cluster near the active zone. Mito-
chondria were rarely observed in these boutons, but
were present in the thin unmyelinated preterminal
axens from which SR boutons arose.

Large round bouton profiles. These boutons werc
distinctive for their large size (cross-sectional surface
area = 1.66 + .32 pm?; N =18) (Fig. 9E). Vesicles
were round and slightly smallcr (LR; 30--45 nm) than
those in SR boutons, and filled the bouten in a
somewhat clumpy fashion, with a density of 139 + 13
vesicles per gm?* (N = 14 boutons). LR boulons had
numerous centrally positioned mitochondeia that
were surrounded by ncurofilaments. LR boutons
made multiple asymmetric synaptic contacts onto
medium to large diameter dendrites, although the
postsynaptic density was less prominenl than for
synapses [ormed by SR boutons. LR boutons were
often observed 1o synapse on more than onc dendrite
in a single thin section, and sometlimes completely
engulfed thinner dendrites; the boutons themselves
were usually surrounded by a thin glial sheath. LR
boutons also formed numerous puncta adhaerentia.
LR boutons constituled 8% of the terminals observed
in the VAL (although it is worth noting thal the single
scclion analysis used in this study would be expected
to overestimaie the proportion of LR boutons owing
to the large size of these profiles),

Medium size pleomorphic bouton profiles, These
boutons were medium sized (cross-sectional surface
area = 0,71 + 0,13 pm?* N = 40), contained a mix of
pleomorphic vesicles (MP; falt, elliptical or round;
35 .55 nm x 25-45nm) and had a variable number

Fig. 6. Camera lucida drawings of axon collaterals emitted within the TRN by cerebellur-responsive
thalamocortical VAL neuvrons. Somatodendritic morphology of these neurons is illustrated in Figs 3 and
4. Collaterals of Type ! (A, B, D} and Type 3 (C) neurons, Arrowheads indicate origin of collaterals. The
extent of collateralization varied: some collaterals had few branch points and relatively non-varicose
processes (B, 12, left collaterals in A and C), whereas other processes extensively infiltrated the TRN with
numerous varicose branches (rightmost collaterals in A and C). The fields of individual collaterals
pengtrated a relalively small cylindrical volume of the TRN, and the planc of arborization was generally
parallel to the borders of the TRN., Boxed areas in A are shown in Fig. 7. Dashed lines indicate boundaries
of the TRN.
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Fig. 8 Low magnification electron micrograph (A) and light micrograph (B} of intracellularly labeled
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cerebellar-responsive Type [ neuron. The somatodendritic merphology of this nevron is illustrated in
Fig. 3B. The soma (S) is heavily stained with clectron-dense HRP reaction product. There were no
synapses on the soma in this section.

usually onto medium to large diameter dendrites, but
also onto distal dendrites and cell bodies (Fig. 9A).
Vesicles were often uniformly dispersed throughout
the bouton, although MP boutons exhibited a wider
range of vesicle density (211 +29 vesicles per gm?
N =20 boutons) than LR or SR boutons. Puncta
adhaerentia were observed, but not with the abund-
ance found with LR boutons. The MP boutons
described in this report were morphologically identical
to MP boutons found to be GABA-immunoreactive
in a previous study of rat VAL ultrastructure.”! MP
boutons accounted for 14% of the observed terminals
in the VAL.

There was a statistically significant difference
between the cross-sectional surface area of the three
classes of boutons for all pairwise comparisons, with
SR boutons being smallest and LR boutons largest
(Tukey HSD; P < 0.001 for all comparisons). Vesicle
density was greater in SR boutons than in LR boutens
(Tukey HSD; P < 0.001), whereas vesicle density in
MP boutons was not significantly different from that
of LR or SR boutons {Tukey HSD; P > 0.05). The
distributions of these two paramelers for the three
bouton types are illustrated in Fig. 10.

Glomerull and presynaptic dendrites. Glomeruli were
not observed in the VAL. However, one characteristic
of glomeruli was occasionally obscrved in the VAL,

namely an LR bouton in synaptic contact with one or
more dendrites that were spatially-segregated from
the surrounding neuropil by electron-pellucid astro-
cytic processes. In contrast to these non-glomerular
“synaptic islands”, the remaining neuropil consisted
of cither densely packed boutons (mostly of SR type}
and dendrites {Fig. 9B} or & more dispersed arrange-
ment that included postsynaptic targets and all three
bouton types. Characteristic features of dendrites of
thalamic interneurons, such as vesicle-containing
postsynaptic elements and dendrodendritic synapses,
were not observed in the VAL. In addition, no pre-
synaplic profiles were labeled with HRP, consistent
with the absence of presynaptic dendrites in VAL as
well as light microscopic determination that the two
intracellularly stained ncurons did not issue local
axon collaterals in dorsal thalamus,

Synaptic organization of intracellularly lubeled neurons

Two intracellularly labeled neurons located in the
VAL that were monosynaptically activated by cere-
bellar stimulation were subjected to electron micro-
scopic analysis. One of the neurons was categorized
as Type 1 (T56.2; Figs 3B, 8) and the other as Type 3
(T116.2; Figs 4B, 5). A low magnification clectron
micrograph of the soma and a proximal dendrite
of the Type 1 neuron is shown in Fig. 8A. As was

Fig. 7. Photomontages of an axon collateral in the TRN, from the HRP-labeled VAL ncuron depicted

in Figs 3A and 6A (and ¥ig. | of companion paper®). (A) Origin of collatcral as it cmerged from the

main axon (arrow), corresponding to smaller box in Fig. 6A. Remainder of collaleral segment was located

" in adjacent tissue sections. (B) Photomontage of area depicted in larger box of Iig, 6A. Collaterals werc
varicose along their length, especially distally.
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Fig. 10. Graphical summary of morphometrics [or synaplic boutons in rat VAL, Histograms of the
cross-sectional surface area {A) and bouton vesicle density (B) for the three types of boutons. The surface
arcas of all three boutons were statistically significantly different from each other (Tukey HSD; £ < 0,001
Tor all comparisons). Vesicle density was greater in SR boutons than in LR boutons {Tukey HSD;
P < 0.01), but MP boutons did not differ from the other bouton types. Data are presented as the

proportion of synapses [or each bouton type,

characteristic of neurons in the VAL, few synapsecs
were found on the soma. Likewise, proximal dendrites
had a lower densily ol synaptic contacts than inter-
mediate and distal dendrites. The synaptic organ-
jzation of the Type 3 cell was examined morc
cxtensively, and the following discussion pertains 1o
that neuron, although the findings are also applicable
to the Type 1 neuren,

The three classes of boutons described above
formed synaptic contacts with the HRP-labeled Type 3
neuron. SR boutons terminated predominantly on
intermediate (25-125 ym from soma} and distal
(=125 gm from soma) dendrites (110 + 6 um from
soma;, median =122 ym; N =68). LR boutons’
synapsed onto proximal { <25 gm) and intermediate
dendrites (64 + 11 pmy; median =75 um; N =8},
whereas MTP boutons were distributed along all

regions of the neuron (84 + 18 pm; median =75 pmy
N =8). The spatial distribution of synaptic inputs
onte the Type 3 neuron (T116.2) is shown graphically
and schematically in Fig. 11C, D. The distribution
of LR boutons was statistically different [rom that of
SR boulons (Kolmogorov-Smirnov lest; P < 0.05),
whereas the distribution of MP boutons, being more
variable, was not statistically different from cither
SR and LR boutons. The proportion ol cach (ype
of presynaptlic bouton was similar to that observed
for unlabeled postsynaptic targets: SR boutons were
most common, constituting 78% of the observed
presynaptic clements thai synapsed onto the neuron,
whereas MP boutons contributed 13% ol pre-
synaplic profiles and LR boutons the remaining 9%.
The synaptic organization of this intracellularly
injected neuron was similar to that of the unlabeled

Fig. 9, Electron micrographs of synaptic contacts onto proximal and intermediate dendritic regions of
the HRP-labeled Type 3 (A, B, D, E) and Type | (C) neurons shown in Figs 4B and 3B, respectively.
{A) MP boulon with pleomorphic vesicles makes a symmetric synapse onto a thick proximal dendrite
10 um from the soma. (B) Numcrous SR boutons synapsc onto HRP-labeled (I}) and unlabeled (D}
dendrites. {C) SR bouton wilh round vesicles [orms an asymmetric synapse with a labeled dendrite
approximately 125 jun from the soma. (12) Longitudinally-sectioned labeled dendrite is postsynaptic to
SR boutons. (E) LR bouton makes asymmetric synapses with two different segments of an HRP-labeled
dendrite. Labeled dendrites in B, ID and F are approximately 75 gm from the soma. Note dispersed vesicles
and large size of LR terminal compared to SR beutens, and the presence of mitochondria in LR boutons.
Scale bar in E applies Lo all panels.
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Fig. 11. Graphical and schematic representations of the synaptic organization of neurons in the VAL,
(A, B) Histograms of the diameter of posisynaplic targets, for the HRP-labeled Type 3 (T116.2) nevron
{A) and the surrounding unlabeled neuropil {B). The propertion of cach of the three types of boutons that
synapsed with a dendrite of a given cross-sectional diumeter are displayed in bins of 0.2 um increments.
The “>2.0 um” bin corresponds to proximal dendrites and cell bodies, (C) Histogram of the sampling
of distribution of bouton types along the length of the dendrite of ncuron T116.2, revealing the density
and spatial localization of allerents onto this neuron. (D) Schematic representation of the distribution
and density ol synaptic boutons onlo neurons in the VAL, based on analysis of the intraceliularly fabeled
neurons.

neurons in the surrounding neuropil (Fig. 11A, B;
Koimogorov--Smirnov test; P < 0.05).

DISCUSSION

Light microscopic anatomy of inwracellularly labeled
ventroanterior--venirolateral neurons

Somatodendritic morphology. Intraceliularly stained
VAL ncurons were classified as Type 1 (N =12)
or Type 3 (¥ =1), classes previously recognized
based on somatodendritic morphology using Golgi
impregnation techniques.” Type 1 neurons resemble
“tufted” or “multipolar bush™ neurons typical of
many thalamic nuclei, and this is the most commonly
impregnated cell type with Golgi stains.”? Both intra-
cellularly- and Golgi-stained Type 1 cells have been
found in all regions of the VAL. Taken together,
these findings suggest that Type 1 neurons arc the
most prevalent morphoelogical class of neurons in the

VAL of rats. The other intracellularly labeled VAL
neuron was located in rostral dorsolateral VAL and
was distinguished by its large dendyritic field, features
characteristic of Golgi-impregnated Type 3 neurons.
The absence of intraccliularty stained Type 2 and
Type 4 VAL neurons in this study was likely due to
the presumed scarcity of these neuron types and the
smaller sample of stained neurons in this study
compared to the Golgi study. A previous intracellular
labeling study of neurons in the VAL of rats depicted
somatodendritic morphology similar to that described
in the present report.'’® At present, no electrophysio-
logical distinctions can be made between the morpho-
logically-defined cell types in VAL (also scec Refs 28
and |18).

Axon collaterals of ventroanterior—ventroluteral
newrons in the thalamic reticular nucleus. Collaterals
of thalamocortical axons provide an anatomical sub-
strate for feedback inhibition of thalamic projection



Light and clectron microscopy of rat VAL ncurons

neurons by GABAergic ncurons in the TRN. Axon
collaterals of intracellularly stained VAL neurons
were not observed within dorsal thalaraws, but all
stained axons did give off one or more collaterals
within the motor regions'™'® of the TRN. These
findings are in agreement with previous studies of
collateralization patterns of thalamocortical neurons
in a variely of thalamic nuclei, 384833198120 4| hough
some investigators have reported that a small fraction
of relay neurons emit collaterals in feline motor
thalamus''® and dorsal lateral geniculate nucleus
(ALGN).4##51% The absence of axon collaterals in
dorsal thalamus refutes a critical anatomical premise
of Andersen’s model*® of spindling genesis, in which
rhythmic activity was proposed to emerge from the
activation of thalamic inhibitory interncurons by re-
current axon collaterals of thalamocortical nevrons.

VAL ncurons exhibited different patierns of axon
collateral arborization in the TRN, ranging from
short, varicose, unbranched segments to long, varicose,
richly branched collaterals. Although it cannot be
ruled out that differcnces in collateralization patlerns
were due to incomplete staining, it is noteworthy that
all main axons were heavily stained as they exited the
TRN and many could be followed to the cortex. No
relation was discerned between arborization palterns
and cither the somatodendritic morphology of VAL
ncurons or the location of the collaterals in the TRN.
Similar conclusions have been drawn for functionally-
characterized thalamic ncurons in the ventrobasal
nuclei of rats® and felines.'™ In contrast, collateral
arborizalion patterns have been shown to differ
between classes of functionally and anatomically
distinguishable neurons in thc dLGN.7 A larger
sampling of intracellularly stained VAL neurons will
be needed to asscss whether collateral arborization
patterns are correlated with other anatomical and
electrophysiological attributes.

Arbors of individual VAL axon collalerals were
largely confined to narrow cylindrical fields oriented
perpendicular to the parent axon, parallel to the
botders of the TRN. Most neurons in the region of
the TRN innervated by the VAL have long (200-
600 pm) bipolar dendritic fields that also run parallel
to the borders of the nucleus, %9310 Therefore,
since axon collaterals of VAL neurons run parallcl
to the orientation of TRWN dendrites, individual
VAL neurons are in a position to denscly innervate
a relatively small number of neurons in a relatively
restricted slab of the TRN. Motor cortex and VAL
project 1o overlapping regions of the TRN, and the
motor cortical innervation of the TRN is arranged
in a “lamellar™ pattern that is restricied to parallel
slabs of the TRN," much like VAL axon collaterals.
Thus, it is likely that motor-related, somatotopically-
aligned cortical and thalamic inputs converge within
the TRN as parallel slabs. Similar organizaiional
arrangements arc ecmployed by other cortical-thalamic
systems.® This suggests that the large elongated
dendritic fields of TRN neurons provide a substrate

7%

for discrete, reciprocally-connecied cortical and
thalamic territories o map onle slabs of the TRN,
rather than the more traditional view that the
dendritic fields of TRN neurons introduce divergence
into otherwise point-to-peint  cortical- thalamic
connections.

Electron microscopic anatomy of intracellularly labeled
veniroanterior—ventrolateral neurons

As described in this and an earlier study,” the fine
structure of rat VAL is relatively simple compared
to functionally-related nuclei in higher order mam-
mals, owing to the absence of features characteristic
of thalamic interngurons, such as vesicle-containing
postsynaplic clements, dendrodendritic synapses
and triadic synaptic arrangements, The neuronal cell
bodies in the VAL have a homogeneous form that is
typical of thalamic projection neurons. As mentioned
above, these findings arc consistent with the dearth ol
GABAergic neurons in the VAL of rats, M

Three classes of synaptic boutons were recognized
in the VAL, SR boutons were the most common,
and made asymmetric synapses primarily on disial
dendrites. The distal location of SR boulons is
consistenl with the difficulty in reversing the cortically
evoked EPSP with intrasomatic current injection.”
In addition, the slow rise time of cortically evoked
EPSPs” is likely related to the distal terminaiion
of these synapses (as well as spatial and temporal
summation ol these numerous inputs). A substantial
proportion of the SR houtons in the VAL likely
originatcs from the cercbral cortex,”"'* much as in
functionally-related nuclei in cats®* and primates.™

LR boutons made multiple asymmetric synapscs
with intermediate and proximal dendrites. Many
of these boutons undoubtedly originate from the
cerebellar nuclei,’*25%37 Recent reports also indi-
cate that a small portion of corticothalamic boutons
are similar to LR boutons in size, form and mode
of synaptic contact.®*® Light microscopic studics of
projections {rom motor cortex to thalamus in rats
have revealed a mixture of small and large boutons
in the posterior nucleus, but the innervation of the
VAL consists exclusively of small boutons terminaux
and en passant® suggesting that few LR boutons
in rat VAL are from cerebral cortex. Stimulation
of cercbellar nuclei evokes EPSPs in VAL neurons
that have a faster rise time than EPSPs evoked
from cortical stimulation,” consistent with the more
proximal dendritic termination of cerebellar input.

MP boutons formed symmetric synapses along the
entire length of relay neuron dendrites, including
the cell body. The MP boutons deseribed in this
study had a mode and site ol termination and a
morphology that were similar to GABAergic profilcs
previcusty identified in rat VAL,” and resemblc “F"
boutons™ and glutamate decarboxylase-immuno-
reactive boutens® described in the venlroanterior and
veotrolateral nuclei of feline thalamus. Many “F”
boulons in ral ventrobasal complex and dLGN
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are immunorcactive for subunits of GABA, recep-
tors, %1% providing addilional indirect evidence that
MP boutons in the VAL are GABAcrgic. There are
-three possible sources of the MP boutons observed
in the VAL: {i} interneurons, which, as mentioned
above, are extremely scarce in the VAL of rats and
are therefore unlikely to constitute a significant
contributor; (ii) the entopeduncular nucleus and
substantia nigra pars reticulata, which project to the
ventromedial thalumic nucleus and portions of the
VAL,'*#%3 byt not to the regions examined at
the ultrastructural level in this study; and (iii) the
TRN, which provides a GABAergic innervation of
the VALY 4nd is likely to be the primary source
of MP boutons in the tissue examined in this study.
Consistent with this conclusion is the similarity in the
morphology and synaptology of MP boutons and
terminals originating from the TRN within a varicty
of nuclei in dorsal thalamus, '%6+666%.71.73.580

In summary, the major featurcs of the synaptic
organization of thalamocortical ncurons in rat VAL
arc: (i) a lower density of synapses on the soma and
proximal dendrites than on intermediate and distal
dendrites; (ii} boutons from cerebral cortex are prev-
alent, and synapse predominantly on distal dendrites;
{iii) cerebellar inputs synapse on proximal dendrites;
and {iv) inputs from the TRN synapse on proximal,
intermediate and distal dendrites. This synaplic
organization of thalamocortical ncurons in rat
VAL, as well as the morphological featurcs of the
presynaptic boutons, is similar to that described
for corresponding nuclei in felines®™¥ 5% gnd
primates, #2212 with the major distinction being the
virtnal absence of interneuronal syhaptic circuitry in
rat VAL. )

Finally, cholinergic and nen-cholinergic neurons in
the laterodorsal tegmental nucleus, the pedunculo-
ponting nucleus and other pontine and medullar
reticular nuclei send widespread projections to dorsal
thalamus in the rat.'®!2W3#828L8903810LIT Cholinergic
boutons [orm symmectric andfor asymmetric synapses
in different thalamic nuclei of mammals, 5172045784971
However, the innervation of VAL by these nuclei
is apparcntly sparse, as indicated by anlerograde
transport studies'™™ and the low levels of choline
acetyltransferase immunoiabeling in the VAL
Likewise, moncaminergic neurons in the locus
coeruleus, %7 dorsal raphe? **™%12 and hypo-
thalamus™ project te dorsal thalamus, but sparsely
to VAL in rats. Thus, these ascending projections
are not likely to constitule a substantial contributor
to the synaptic neuropil in the VAL,

Functional considerations

As revealed with intracellular recordings, the
electrophysiological response properties and modes
of firing (tonic vs rhythmic) of neurons in motor
thalamus appear to be qualitatively similar in rats
and cats,” in spite of the substantial differences in
the extent of interneuronal circuitry in these nuclei.
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Analogous findings were obtained for recordings in
the ventrobasal complex of rats (which has few inter-
neurons) and higher order mammals (which have
many interneurens).>?"# These experimental results
arc consistent with compelling evidence that intez-
neurons are not critical in setting the firing mode of
relay nevrons; this is apparently the domain of the
TRN.SHE ] eft open, though, is the question of
the functional role of thalamic interneurons, which
apparently ecxert subtle effects on thalamic relay
nevrons that are not readily evident at a coarse level
of analysis.

The vast majority of synapses made by inter-
neurons consist of dendrodendritic synapses, wilh the
GABAergic interncuronal dendrite as the presynaplic
element. In thalamic nuclei possessing a substantial
population of interneurons, triadic synaptic arrange-
ments are common in which the excitatory subcortical
afferent {c.g. cerebellum) synapses onto the dendrites
of both relay neurons and interneurons, with the
latter forming a GABAergic dendrodendritic synapse
with the dendrite of the relay neuron.™® As sug-
gested by Ralston,® a depolarizing synaplic input
onto dendrites of thatamic interneurons may evoke
localized and graded dendritic neurotransmitter
release in the absence ol propagated spike activity.
This circuitry is consistent with the disynaptic
GABA-mediated feedforward inhibition observed
in thalamic relay ncurons following activation of
excitatory subcortical afferents.'™ Since this early
GABAergic inhibition in the thalamus cntails an
increase in membrane conductance to CI~ ions via
GABA, rceeptors, '™ the GABA released by inler-
neuronal dendrites may produce a feedforward
shunting of other synaptic influences onto relay
neuron dendrites,®® presumably within a localized
domain along a dendrite. This, in essence, praduces
a spatially-localized voltage clamp. Taking into
account that the dendritic membrane of relay neurogs
exhibits a variety ol voltage- and Ca®*-sensitive
conductances and is probably excitable (e.g. high-
threshold Ca®* spikes),®* thalamic relay neurons
can be viewed conceptually as a collcetion of non-
lincar processors of afferent inpuls (dendrites) that
funnel into an axon spike generator {i.e. the cell body)
thal has lwo firing modes. Hence, thalamic inter-
neurons can be considered to function primarily (i) in
the realm of sculpting the duration and magnitude
of afferent synaptic effects on the non-linear process-
ing by relay neuron dendrites, and {ii} to affect the
respanse propertics of relay ncuron dendrites, not by
altering the firing pattern of relay neurons but rather
in & localized fashion by modulating the clectrotonic
activation of dendritic voltage-sensitive conductances
at restricted sites along dendrites.

Considering the above discussion, it is posstb]e
that the TRN has a dual role in the VAL of rats, in
which cerebellar and cortical synaplic influences are
*filtered™ by different mechanisms. First, input from
the cerebellar nuclei is potently excitatory, due in
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part to the numerous synapses formed by individual
cerebellothalamic axon terminals onto proximal
dendrites of thalamic relay neurons. The transfer
function of this input is largely dependent upon
the operational firing mode of the thalamic relay
neuron.2 The TRN plays an important role in
modulating the firing modes of relay ncurons, thereby
gating or filtering cercbellar inputs, i.e. a proximal-
input filter. In this sense, the rote of the TRN in
thalamic function is similar in rats and higher order
mammals. Second, synaptic activation of TRIN input
has the capacity to filter cortical input, but by
different mecans. Excilatory axon terminals from the
cerebral cortex terminate on distal dendrites of relay
neurons, but even these inputs are capable of exerting
an appreciable effect on the ccll body duc to the
clectrotonic compactness of thalamic neurons,*™'s
including rat VAL neurons.” As shown in this report,
the majority of synapses onto relay neurons from
MP boutons (presumed to correspond to boutons
originating from the TRN) arc positioned between
the cell body and the distal cortical inputs. Hence, in
the VAL of rats, the GABAergic input from the TRN
has the capacity to shunt cortically-mediated synaptic
currents in relay neuron dendrites, i.¢. a distal-inpul
filter, As discussed above, an analogous function
may be the demain of interneurons in higher order
mammals that have thalamic local circuit neurons,
the major difference being that thalamic interneurons
could perform such a function wilth a far greater

degree of synaptic acuity.®® For example, cortico-
thalamic axons make synaptic contacts with both
thalamocortical neurons and interneurcns, 6396114
thereby providing a means for graded, subthresheld
feedforward inhibition of thalamic projection neurons.

CONCLUSION

Hence, the development of interneuronal circuitry
in motor-related thalamic nuclei of more phylo-
genctically advanced mammals (e.g. felines, primates})
can be taken as an indication of a greater degree of
synaptic integration and processing. Thalamic inter-
neurons, which interact with relay neurons predomin-
antly vix dendritic release of GABA that is probably
mediated in a graded, spike-independent manner,
provide a substrate for spatially discrete, subthreshold
inhibitory feedforward synaptic modulation. In
contrast, in thalamic nuclei that have few or no
mterncurons, such as the VAL in rats, such modu-
lalory mechanisms are restricled to spike-dependent
input from the TRN that is driven by axon collaterals
of corticothalamic and thalamocortical axons, i.c.
a spatially diffuse, suprathreshold inhibitory feed-
forward and feedback synaptic interaction,
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