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bstract—We used electron microscopy to determine the
elative numbers of the three synaptic terminal types, RL
round vesicle, large terminal), RS (round vesicles, small
erminal), and F (flattened vesicles), found in several repre-
entative thalamic nuclei in cats chosen as representative
xamples of first and higher order thalamic nuclei, where the
rst order nuclei relay subcortical information mainly to pri-
ary sensory cortex, and the higher order nuclei largely relay

nformation from one cortical area to another. The nuclei
ampled were the first order ventral posterior nucleus (so-
atosensory) and the ventral portion of the medial geniculate
ucleus (auditory), and the higher order posterior nucleus
somatosensory) and the medial portion of the medial genic-
late nucleus (auditory). We found that the relative percent-
ge of synapses from RL terminals varied significantly
mong these nuclei, these values being higher for first order
uclei (12.6% for the ventral posterior nucleus and 8.2% for
he ventral portion of the medial geniculate nucleus) than for
he higher order nuclei (5.4% for the posterior nucleus, and
.5% for the medial portion of the medial geniculate nucleus).
his is consistent with a similar analysis of first and higher
rder nuclei for the visual system (the lateral geniculate nu-
leus and pulvinar, respectively). Since synapses from RL
erminals represent the main information to be relayed,
hereas synapses from F and RS terminals are modulatory in

unction, we conclude that there is relatively more modula-
ion of the thalamic relay in the cortico-thalamo-cortical
igher order pathway than in first order relays. © 2007 IBRO.
ublished by Elsevier Ltd. All rights reserved.

ey words: ventral posterior nucleus, posterior nucleus, me-
ial geniculate nucleus, neuromodulators, corticocortical
ommunication.

herman and Guillery (1998, 2006) first made the point
hat inputs to thalamic relay cells can be effectively divided
nto drivers and modulators. A number of features identify
river input, including having powerful, depressing syn-
pses that activate only ionotropic receptors, being the
ajor determinant of receptive field properties of the relay

ell, and having singularly large terminals identified with
he electron microscope as “RL” (for Round vesicle, Large
erminal, and they form symmetric synapses; for details,

Corresponding author. Tel: �1-773-834-2900; fax: �1-773-702-
774.
-mail address: msherman@bsd.uchicago.edu (S. M. Sherman).
a
bbreviations: F, flattened vesicles; RL, round vesicles, large terminal;
S, round vesicles, small terminal.

306-4522/07$30.00�0.00 © 2007 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2007.01.026
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ee Sherman and Guillery, 1998, 2006; Sherman, 2005). A
ey for this study is that inputs to thalamus terminating in
L, or very large, terminals represent driver inputs. Mod-
lators are associated with weaker, often facilitating syn-
pses that activate ionotropic and metabotropic receptors,
nd they produce small synaptic terminals. Drivers repre-
ent the main information-bearing input to be relayed to
ortex and define what is being relayed. For instance, the
etinal input is the driver for relay cells of the lateral genic-
late nucleus, because it is the retinal input, rather than
rainstem or layer 6 cortical input, that represents the main

nformation relayed through the lateral geniculate nucleus.
Based on the source of driver input, subcortical or

ortical, there are two distinct types of thalamic relay nuclei
reviewed in Sherman and Guillery, 1996, 2006). One,
alled first order, relays subcortical driver input to cortex
nd represents the first relay of such information. Exam-
les are the lateral geniculate nucleus that relays retinal

nput for vision, the ventral posterior nucleus that relays
edial lemniscal input for somesthesis, and the ventral
ortion of the medial geniculate nucleus that relays inferior
ollicular input for hearing. The other, called higher order,
elays information from one cortical area to another,
nd represents further cortical processing of information
lready in cortex via first order thalamic nuclei. Higher
rder relays receive feed forward input from layer 5 of one
ortical area, and this driver input is distinguished from

ayer 6 input, which is a feedback modulatory input that
nnervates all thalamic relays (Sherman and Guillery,
996, 2006; Sherman, 2005). Examples of these higher
rder relays are the pulvinar for vision, the posterior nu-
leus for somesthesia, and the magnocellular portion of
he medial geniculate nucleus for hearing (Sherman and
uillery, 1996, 2006; Sherman, 2005). Central to this view

s evidence showing that synaptic properties of corticotha-
amic input from layer 5 to higher order nuclei share the
ame driver properties measured anatomically, physiolog-

cally, and pharmacologically as do retinogeniculate input
nd medial lemniscal input to the ventral posterior nucleus
Schwartz et al., 1991; Hoogland et al., 1991; Deschênes
t al., 1994; Ojima, 1994; Bourassa et al., 1995; Bourassa
nd Deschênes, 1995; Rockland, 1996; Rouiller and
elker, 2000; Bartlett et al., 2000; Guillery et al., 2001; Li

t al., 2003b; Reichova and Sherman, 2004). These higher
rder relays have only been recently recognized, and they
eem to occupy the majority of thalamus (Sherman and
uillery, 2006).

For simplicity, we shall refer to these higher order
elays by their cytoarchitectonic designations, but many or

ll of these may also include limited regions of first order

ved.
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elay (see Sherman and Guillery, 2006). For example, part
f the posterior nucleus may receive spinothalamic input
hat is relayed to cortex in a first order fashion.

However, subtle differences mostly associated with
odulatory inputs exist between first and higher order

halamic nuclei. GABAergic inputs from the zona incerta
nd pretectum plus dopaminergic inputs from an unspec-

fied source selectively target higher order nuclei (Cuc-
hiaro et al., 1991, 1993; Wang et al., 2002b; Bokor et al.,
005; Sanchez-Gonzalez et al., 2005). Also, cholinergic

nputs from the parabrachial region hyperpolarize many
igher order relay cells, whereas these inputs appear to
epolarize all first order relay cells (Mooney et al., 2004;
arela and Sherman, 2004). Finally, higher order relay
ells exhibit considerably more bursting (Ramcharan et al.,
005), and Li et al. (2003a) have described other subtle
ifferences in the temporal response pattern between
ome first and higher order relay cells.

The electron microscopic analysis of the higher order,
ulvinar complex of the cat by Wang et al. (2002a) sug-
ests another difference. They reported driving (RL) syn-
pses there to be only 3.5% of the total, which is signifi-
antly smaller than the 11.7% total for such (retinal) syn-
pses in the first order lateral geniculate nucleus (Van
orn et al., 2000). The purpose of the present study was to

est the hypothesis that this represents a general differ-
nce between first and higher order thalamic nuclei by
oing this sort of electron microscope analysis in the first
nd higher order somatosensory and auditory thalamic
elays to see if the same difference exists.

EXPERIMENTAL PROCEDURES

trict sterile surgical procedures were performed in accordance
ith NIH guidelines for the care and use of laboratory animals, and

he protocols used were approved by the IACUC at Stony Brook
niversity and the University of Louisville. Every effort was made

o use the minimum number of animals and to minize their suffer-
ng. Two adult cats were deeply anesthetized with barbiturate and
erfused transcardially with either 4% paraformaldehyde and
.5% EM grade glutaraldehyde in 0.1 M phosphate-buffered sa-

ine (0.9%, pH 7.4) or 2% paraformaldehyde and 2% glutaralde-
yde in 0.1 M phosphate buffer (pH 7.4). Our techniques for tissue
reparation and analysis have been described previously (Erişir et
l., 1997, 1998; Van Horn et al., 2000) and are only briefly de-
cribed here. Areas of interest were blocked and postfixed over-
ight in the perfusate and sectioned coronally on a Leica VT 100S
ibratome (Leica Microsystems, Nussloch, Germany) at 50 �m.
issue from one case was used from a previous biotinylated
extran amine injection study into area 17 (and so no labeled
rofiles were seen in the somatosensory and auditory thalamic
uclei studied here); it was thus reacted with an avidin–biotin
omplex (1:100) followed by a glucose oxidase, diaminobenzi-
ine-intensified reaction. Light level images were taken with a
eiss Axiocam digital camera (Carl Zeiss, Oberkochen, Ger-
any). For electron microscopy, the 50 �m vibratomed sections
ere osmicated, dehydrated, and flat embedded in Durcupan

esin.
Four regions of interest were sampled: the ventral posterior

ucleus, the medial and lateral sectors of the posterior nucleus
heretofore referred to simply as the posterior nucleus), the ventral
ortion of the medial geniculate nucleus, and the magnocellular
ortion of the medial geniculate nucleus. We chose each region of
nterest from the 50 �m thick sections embedded in Durcupan as i
escribed above. Each was clearly recognized based on previous
ytoarchitectonic maps of thalamus (Snider and Neimer, 1961;
ones, 1985).

Ultra-thin sections of 80 nm were cut on a Reichert Ultracut E
ltramicrotome (Leica Microsystems) and picked up on formvar-
oated nickel slot grids. Ultra-thin sections used for GABA immu-
ocytochemistry were incubated in GABA antibody at a dilution of
:750 or 1:1000, washed, and incubated in a secondary IgG
ntibody conjugated to 15 nm gold particles at a dilution of 1:25.
ections were counterstained with uranyl acetate and lead citrate
nd viewed with a JEOL 1200EXII (Jeol Ltd., Akishima, Japan)
nd a FEI Tecnai 12BioTwin electron microscope (FEI, Hillsboro,
R, USA). Digital images were taken with an AMT camera and
ompiled using Adobe Photoshop (Adobe Systems, San Jose,
A, USA). Tissue sampling was done by traversing back and forth
cross the ultrathin section, capturing or photographing images
hen a clear synaptic contact was evident, and in this way every

erminal in a field making a clear synaptic contact was photo-
raphed and counted.

Terminal identification was based on Guillery’s (1969) classi-
cation modified slightly as described previously (Van Horn et al.,
000) into one of three types: RL (round vesicles, large terminal
nd asymmetric postsynaptic density; the driver input), RS (round
esicles, small terminal and asymmetric postsynaptic density; the
odulator input from cortical layer 6 or brainstem) and F (flattened
r pleomorphic vesicles, symmetrical post-synaptic density; the
ABAergic modulator input from local interneurons or cells of the

halamic reticular nucleus). F terminals were confirmed by positive
ABA immunoreactivity. F terminals can be further subdivided

nto two types: F1 terminals derive from axons mainly of interneu-
ons, reticular cells, or some sources extrinsic to the thalamus
uch as the zona incerta or pretectum (Barthó et al., 2002; Bokor
t al., 2005), and F2 terminals derive from the dendrites of inter-
eurons; we did not distinguish between these F terminals in the
resent study and they are not considered further here, but addi-
ional details can be found elsewhere (Sherman and Guillery,
996, 2006).

RESULTS

ur data include 947 synapses, each assigned to a spe-
ific terminal type: RL, RS or F (see Experimental Proce-
ures). These include 453 from the first order thalamic
uclei (222 from the ventral posterior nucleus and 231 from
he ventral portion of the medial geniculate nucleus) and
94 from the higher order thalamic nuclei (295 from the
osterior nucleus and 199 from the magnocellular portion
f the medial geniculate nucleus). Fig. 1 shows the zones
ampled from these thalamic nuclei. These thus represent
ata from first and higher order nuclei for somatosensory
nd auditory information. Figs. 2–4 show representative
lectron micrographs of each of the terminal types from
ach of the nuclei sampled. Table 1 summarizes the data
ollected and also includes for comparison similar data
reviously published for the lateral geniculate nucleus and
ulvinar (i.e. the first and higher order thalamic visual
uclei).

elative number of RL synapses

f particular interest is the relative number of RL synapses
mong the various thalamic nuclei, because these have
een identified as driver synapses (see Discussion). As
an be seen from Table 1 and Fig. 5, these are the minority

n all thalamic nuclei. In our sample, RL synapses repre-
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ent 12.6% of synapses in the ventral posterior nucleus,

ig. 1. Light level images of embedded 50 �m sections, cut coronally,
howing areas sampled at the electron microscopic level. Arrows
ndicate dorsal (D) and lateral (L) directions. (A) Areas for auditory
uclei. (B) Areas for somatosensory nuclei. Abbreviations: LGN,

ateral geniculate nucleus; MGNm, magnocellular portion of the
edial geniculate nucleus; MGNv, ventral portion of the medial
eniculate nucleus; PO, the posterior nucleus; Pul, pulvinar; VP,
entral posterior nucleus.
.2% in the ventral portion of the medial geniculate nu- m
leus, 3.5% in the magnocellular portion of the medial
eniculate nucleus, and 5.4% in the posterior nucleus. This

s consistent with previously published data for the visual
halamic nuclei, since RL synapses are 17.9% in the lateral
eniculate nucleus (Van Horn et al., 2000) and 5.5% for
he pulvinar (Wang et al., 2002a).

Note that these data actually over-represent RL syn-
pses. That is, because they are the largest synapses in
he tissue, they will be sampled more frequently unless
ertain controls for synapse size are instituted. This has
een done for the visual nuclei, so that, when corrected for
ampling error, the number of RL synapses in the lateral
eniculate nucleus drops from 17.9% to 11.7% (Van Horn
t al., 2000), and in the pulvinar, from 5.5% to 3.5% (Wang
t al., 2002a). However, since we in this study are inter-
sted in differences in the relative distribution of RL termi-
als among thalamic nuclei, we did not apply this correc-
ion for sample size. This assumes that sampling errors for
L terminals are roughly the same among thalamic nuclei,
nd since this seems to be the case for the lateral genic-
late nucleus and pulvinar (Van Horn et al., 2000; Wang et
l., 2002a), we consider this to be a reasonable assump-
ion. Nonetheless, this assumption has not yet been veri-
ed experimentally.

Although RL synapses were the minority in all thalamic
uclei studied (indeed, the fewest of any synaptic type; see
able 1), their relative distribution was nonetheless larger

n first order versus higher order nuclei. (All statistical
omparisons below are based on the �2-test.) Thus RL
ynapses were greater in number in the ventral posterior
ucleus compared with the posterior nucleus (12.6% ver-
us 5.4%; P�0.005), and they were greater in the ventral
ortion of the medial geniculate nucleus compared with the
agnocellular portion (8.2% versus 3.5%; P�0.05). When
e combine the data from the first order (the ventral pos-

erior nucleus and the ventral portion of the medial genic-
late nucleus) and higher order (the magnocellular portion
f the medial geniculate nucleus and the posterior nu-
leus), the differences are more striking (P�0.001). We
et a similar result if we just compare the RL-to-RS ratio: it

s greater the ventral posterior nucleus compared with the
osterior nucleus (0.12 versus 0.4; P�0.02), and it is
reater in the ventral portion of the medial geniculate nu-
leus compared with the magnocellular portion (0.19 ver-
us 0.07; P�0.005).

In contrast to these differences between first and
igher order nuclei, we found no differences in compari-
ons between the same type of nucleus. That is, the per-
entages of RL synapses were not significantly different in
he ventral posterior nucleus versus the ventral portion of
he medial geniculate nucleus (first order; 12.6% versus
.2%; P�0.1), nor were these percentages different in the
osterior nucleus versus the magnocellular portion of the
edial geniculate nucleus (higher order; 5.4% versus
.5%; P�0.1).

elative number of F versus RS synapses

hile the above analysis indicates that RL synapses are

ore common in first order versus higher order thalamic
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uclei with no differences in relative numbers between first
rder or higher order nuclei, there are some curious differ-
nce in the distribution of the other terminal types. For the
omatosensory nuclei, there are no significant differences
n the relative number of RS and F synapses (P�0.1).
owever, in the auditory nuclei, there is a lower RS to F

erminal ratio in the ventral portion of the medial geniculate
ucleus (P�0.005). A comparison within relay type shows
hat this variability is due to differences in higher order
uclei, because the relative numbers of RS and F termi-
als are the same for the ventral posterior nucleus and the
entral portion of the medial geniculate nucleus (P�0.1),

ig. 2. Electron micrographs of RL terminals in different thalamic nucle
he scale bar�0.5 �m in each panel. (A) Posterior nucleus. (B) Vent
edial portion of the medial geniculate nucleus.
ut there are relatively more RS synapses in the magno- m
ellular portion of the medial geniculate nucleus than in the
osterior nucleus (P�0.005).

omparison with visual thalamic nuclei

ur data from the somatosensory and auditory thalamic
uclei indicate that RL synapses are relatively more com-
on in first order compared with higher order nuclei. This

s consistent with previously published data using the
ame techniques from the visual thalamic nuclei (Van Horn
t al., 2000; Wang et al., 2002a). This is summarized in
able 1 and Fig. 5. We can thus conclude that, for these

ows point to synapses, and postsynaptic dendrites (d) are also shown.
ior nucleus. (C) Ventral portion of the medial geniculate nucleus. (D)
i. The arr
ral poster
ajor sensory pathways, RL terminals are more commonly



f
a
a
a
t
o
i

T
r
a
t
s
o
a
i
a

h
a
s
v
n
f
c

F

W
r
o
w
t

t
i

F
G
(
t

S. C. Van Horn and S. M. Sherman / Neuroscience 146 (2007) 463–470 467
ound in first order than in higher order nuclei. If we aver-
ge across all of these thalamic nuclei (pooling the aver-
ges from each nucleus rather than raw numbers of syn-
pses to account for the different sample sizes across
halamic nuclei), we find that RL synapses comprise 12.9%
f all synapses sampled in first order nuclei but only 4.8%

n higher order nuclei (P�0.001).

DISCUSSION

he main conclusion that we can draw from the present
esults is that, of the three main types of synapse—RL, RS,
nd F—found in the major sensory pathways of thalamus,
he ratio of RL to RS plus F synapses is consistently and
ignificantly lower in the higher order nuclei than in the first
rder nuclei. Thus our data for the somatosensory and
uditory thalamic nuclei, when added to the earlier stud-

es of the visual nuclei (Van Horn et al., 2000; Wang et

ig. 3. Electron micrographs of F terminals with GABA postembed
ABA-positive (as shown by immunogold particles) and are thus indica

d) are also shown. The scale bar�0.5 �m in each panel. Sample are
he medial geniculate nucleus. (D) Medial portion of the medial genic
l., 2002a) extend this difference between first and t
igher order thalamic nuclei. Other differences also exist
mong these thalamic nuclei, as suggested by the ob-
ervation that relative numbers of F and RS synapses
ary in ways that so far defy systematics. The relative
umber of RL synapses described here is the one dif-

erence seen so far in synapse numbers that follows a
onsistent pattern.

unctional significance of main observations

e suggest that the main significance of the difference in
elative RL synaptic numbers between first and higher
rder thalamic nuclei can be appreciated by understanding
hat is meant by RL synapses and first and higher order

halamic nuclei.

Drivers versus modulators. As noted in the introduc-
ion, inputs to thalamic relay cells can be effectively divided
nto drivers and modulators and, based on the source of

unolabeling in different thalamic nuclei. All of the F terminals are
terminals. The arrows point to synapses, and postsynaptic dendrites

osterior nucleus. (B) Ventral posterior nucleus. (C) Ventral portion of
leus.
ding imm
ted as F�

as: (A) P
ulate nuc
he driver input—subcortical or cortical layer 5—thalamic
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elays could be characterized, respectively, as first and
igher order. We have associated RL terminals in higher
rder thalamic nuclei as emanating from layer 5 of the
ortex. Evidence that this occurs is available from many
xamples (reviewed in Sherman, 2005; Sherman and
uillery, 2006): from visual cortex to the pulvinar (Bourassa
nd Deschênes, 1995; Rockland, 1998; Rouiller and
elker, 2000), from somatosensory cortex to the posterior

ig. 4. Electron micrographs of RS terminals in different thalamic nucle
he scale bar�0.5 �m in each panel. Sample areas: (A) Posterior nuc
ucleus. (D) Medial portion of the medial geniculate nucleus.

able 1. Relative number of synapses

egion RL RS F Total

entral posterior nucleus 28 146 48 222
osterior medial nucleus 16 211 68 295
edial geniculate nucleus (ventral) 19 159 53 231
edial geniculate nucleus
(magnocellular)

7 166 26 199

ateral geniculate nucleusa 207 613 339 1159
ulvinarb 93 1333 257 1683

Data from Van Horn et al. (2000).

tData from Wang et al. (2002a).
ucleus (Hoogland et al., 1991; Bourassa et al., 1995); and
rom the auditory cortex to the magnocellular part of the
edial geniculate nucleus (Ojima, 1994; Bartlett et al.,
000). Evidence for this also exists for the medial dorsal
ucleus (Schwartz et al., 1991).

Nonetheless, as noted above, some of the RL termi-
als in higher order nuclei may be subcortical in origin.
ndeed, Kelly et al. (2003) have provided clear evidence
hat there are RL terminals in parts of the pulvinar that are
ectal in origin, indicating that the pulvinar complex may
nclude both first and higher order relays. There are also
nferior collicular inputs to the medial division of the medial
eniculate nucleus and spinal inputs to the posterior nu-
leus, raising the possibility that these, too, represent
ixed first and higher order relays, but in these cases, it is
ot yet known if the inferior collicular or spinal inputs to
hese respective nuclei produce RL terminals. This possi-
ility that these thalamic nuclei putatively identified as
igher order may also contain first order relays, as seems
he case for the pulvinar (Kelly et al., 2003), does not affect

ows point to synapses, and postsynaptic dendrites (d) are also shown.
Ventral posterior nucleus. (C) Ventral portion of the medial geniculate
i. The arr
he main conclusion that synapses from driving (RL) ter-
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inals are relatively rare in these thalamic nuclei. It also
eems reasonable to conclude that this also applies to the
ubset of these synapses that derive from layer 5 of cortex.

All other inputs that are not drivers to thalamic nuclei
re considered to be modulators, meaning that their role,
ather than to provide basic information to be relayed, is to
odulate the relay of driver input (Sherman and Guillery,
998, 2006). For instance, layer 6 input from cortex is not
esponsible for the basic receptive field properties of lateral
eniculate relay cells, but instead imparts a variety of
ubtle effects on their target cells’ response properties,
ncluding the transition between burst and tonic firing (God-
in et al., 1996; Wang et al., 2006). Furthermore, local
ABAergic inputs, by inhibiting relay cells, can affect the
verall responsiveness of relay cells and, by altering mem-
rane voltage, play a role in controlling their voltage de-
endent properties. Among these modulators, synapses
rom RS terminals derive mainly from glutamatergic layer 6
ells of cortex or from cholinergic cells of the brainstem
arabrachial region; synapses from F terminals represent
ABAergic inputs, mostly from local interneurons or cells
f the thalamic reticular nucleus (Sherman and Guillery,
996, 2006).

First order versus higher order thalamic nuclei. The
ther point to be made in interpreting the results summa-
ized here is the distinction between first and higher order
halamic nuclei (for details, see Sherman and Guillery,
996, 2006). Simply put, first order nuclei represent the

nitial relay of a particular type of information from a sub-
ortical source, like the retina or medial lemniscus, to
ortex; higher order nuclei represent the relay of informa-
ion from one cortical area to another in a cortico-thalamo-

ig. 5. Relative percentage of synapses from RL terminals in various
halamic nuclei. In each case, the first order nuclei are indicated by
heckered bars, and the higher order nuclei by solid bars. Data for the
eft four thalamic nuclei are from the present paper; data from the LGN
re from Van Horn et al. (2000) and from the Pul are from Wang et al.
2002a). The averages for the right hand pair of bars were computed
y averaging the RL percentages from each of the other thalamic
uclei so that different sample sizes between nuclei do not distort the
verage. Abbreviations: FO, first order thalamic nucleus; LGN, lateral
eniculate nucleus, HO, higher order thalamic nucleus; MGNm, mag-
ocellular portion of the medial geniculate nucleus; MGNv, ventral
ortion of the medial geniculate nucleus; PO, the posterior nucleus;
ul, pulvinar, VP, ventral posterior nucleus.
ortical route. Important to this concept is the point that all S
f these thalamic nuclei receive a modulatory input from
ortical layer 6 that is mostly feedback in nature, while the
igher order nuclei in addition receive a driver input from
ortical layer 5 that is effectively feedforward. Thus with
egard to the functional circuitry of these nuclei, a subcor-
ical driver input in first order nuclei is replaced by a layer

driver input in higher order nuclei.
When the above implications for RL terminals and first

ersus higher order thalamic nuclei are considered, the
onclusion follows that the driver/modulator synaptic ratio

s significantly lower for higher order than for first order
uclei. Strictly speaking, this conclusion should be limited
o the sensory systems for which data are available,
amely the visual, somatosensory, and auditory systems,
ut it is plausible that this distinction is extrapolated
hroughout thalamus (for a fuller account of first and higher
rder thalamic nuclei, see Sherman and Guillery, 2006).

ther differences between first order and higher
rder thalamic nuclei

ther differences between first and higher order thalamic
uclei exist, and our observations should be seen in this
ontext. There are several subcortical, presumably modu-

atory, sources that tend to innervate higher order rather
han first order nuclei. These include GABAergic inputs
rom the anterior pretectal nucleus and zona incerta (Bar-
hó et al., 2002; Bokor et al., 2005) and dopaminergic
nputs from an as yet undefined source (Sanchez-Gonza-
ez et al., 2005). There is also evidence for a difference in
he postsynaptic effects of cholinergic inputs to thalamic
elay cells (Mooney et al., 2004; Varela and Sherman,
004): in first order nuclei, these are depolarizing, but in
igher order nuclei, these are hyperpolarizing for a sub-
tantial minority of relay cells. Finally, and perhaps related
o the these differences in innervation patterns, recordings
rom behaving monkeys show that cells in higher order
halamic nuclei tend to be in burst mode much more com-
only than are those in first order nuclei (Ramcharan et
l., 2005).

CONCLUSIONS

he main conclusion here is that the driver/modulator ratio
s higher for first than for higher order thalamic nuclei.
hese observations, when put in the context of the extra
ABAergic and dopaminergic modulatory inputs noted in

he introduction (Barthó et al., 2002; Bokor et al., 2005;
anchez-Gonzalez et al., 2005), suggest that higher order
uclei may have modulatory effects not observed in first
rder nuclei. This, in turn, suggest that modulation of cor-
icocortical processing through thalamus (i.e. involving cor-
ico-thalamo-cortical pathways) differs from and may be
ore extensive than that seen in first order thalamic nuclei.

t would be of obvious value to extend these studies to
ther first and higher order thalamic nuclei as they are

dentified.
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an Horn SC, Erişir A, Sherman SM (2000) The relative distribution of
synapses in the A-laminae of the lateral geniculate nucleus of the
cat. J Comp Neurol 416:509–520.

arela C, Sherman SM (2004) A further difference between first and
higher order thalamic relays in response to cholinergic input. So-
ciety for Neuroscience. Society for Neuroscience Abstracts. Pro-
gram No. 528.16.

ang S, Eisenback MA, Bickford ME (2002a) Relative distribution of
synapses in the pulvinar nucleus of the cat: Implications regarding
the “driver/modulator” theory of thalamic function. J Comp Neurol
454:482–494.

ang ST, Eisenback M, Datskovskaia A, Boyce M, Bickford ME
(2002b) GABAergic pretectal terminals contact GABAergic inter-
neurons in the cat dorsal lateral geniculate nucleus. Neurosci Lett
323:141–145.

ang W, Jones HE, Andolina IM, Salt TE, Sillito AM (2006) Functional
alignment of feedback effects from visual cortex to thalamus. Nat

Neurosci 9:1330–1336.
(Accepted 9 January 2007)
(Available online 22 February 2007)


	FEWER DRIVER SYNAPSES IN HIGHER ORDER THAN IN FIRST ORDER THALAMIC RELAYS
	EXPERIMENTAL PROCEDURES
	RESULTS
	Relative number of RL synapses
	Relative number of F versus RS synapses
	Comparison with visual thalamic nuclei

	DISCUSSION
	Functional significance of main observations
	Drivers versus modulators
	First order versus higher order thalamic nuclei

	Other differences between first order and higher order thalamic nuclei

	CONCLUSIONS
	Acknowledgments
	REFERENCES


