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ABSTRACT 
The relationship of the calcium binding protein parvalbumin (PV) with gamma- 

aminobutyric acidergic (GABAergic) neurons differs within different thalamic nuclei and 
animal species. In this study, the distribution of PV and GABA throughout the thalamus of the 
guinea pig was investigated at  the light microscopic level by using immunoperoxidase methods. 
Intense PV labelling was found in all the GABAergic neurons of the reticular nucleus and in 
scattered GABAergic neurons in the anteroventral nucleus, whereas GABAergic interneurons 
in the ventrobasal and lateral geniculate nuclei were not PV labelled. 

At the electron microscopic level, preembedding immunoperoxidase for PV was combined 
with postembedding immunogold for GABA. In the ventrobasal nucleus, four types of profiles 
were recognized: 1) terminals with flattened vesicles and forming symmetric synapses, which 
were labelled with both PV and GABA and could therefore be identified as afferents from the 
reticular nucleus; 2) boutons morphologically similar to presynaptic dendrites of interneurons, 
labelled only with GABA, 3) large terminals with round vesicles and asymmetric synapses, 
labelled only with PV, which contacted GABAergic presynaptic dendrites in glomerular 
arrangements and resembled ascending excitatory afferents; and 4) terminals unlabelled by 
either antiserum. 

In the ventrobasal nucleus of the guinea pig a double immunocytochemical labelling 
permits therefore the differentiation of two populations of GABAergic vesicle-containing 
profiles, i.e., the terminals originating from reticular nucleus (that are double labelled) and the 
presynaptic dendrites originating from interneurons (that are GABA-labelled only). The 
possibility to differentiate GABAergic inputs from the reticular nucleus and from interneurons 
can shed light to the functional interpretation of synaptic circuits in thalamic sensory nuclei. 
G 1994 Wiley-Liss, Inc. 
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Parvalbumin (PV) is a low-molecular-weight calcium- 
binding protein (CaBP) of the EF-hand family, widely 
distributed in the mammalian nervous system (Celio, 1990; 
Andressen et al., 1993). In the cerebral cortex of several 
mammals, PV and another CaBP of the same family, 
calbindin D-28k, are present in most gamma-aminobutyric 
acidergic (GABAergic) interneurons (Celio, 1986; Demeule- 
meester et al., 1989, 1991a; Hendry et al., 1989; Hendry 
and Jones, 1991). In the thalamus, however, calbindin 
D-28k is almost exclusively observed in projecting cells and 

PV is not always present within GABAergic neurons (Jones 
and Hendry, 1989; Bentivoglio et al., 1990; Batini et al., 
1991; Frassoni et al., 1991). Moreover, the distribution of 
these two CaBPs within the different thalamic nuclei and 
their relationship with GABAergic neurons differ in several 
animal species used in experimental neuroanatomy. In the 
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thalamus of monkeys, PV and GABA are colocalized in the 
reticular nucleus (Rt), in the lateral geniculate nucleus 
(LG), and in the magnocellular division of the medial 
geniculate nucleus (MG), whereas in the other thalamic 
nuclei GABAergic neurons are not PV immunoreactive (ir; 
Jones and Hendry, 1989). The thalamus of the prosimian 
galago and of the tree shrew has been recently studied using 
antisera against CaBPs, and PVir cells have been demon- 
strated in the ventrobasal nucleus (VB) and in the LG 
(Diamond et al., 1993). In cats, GABAergic interneurons 
are thought also to be PVir in different thalamic nuclei 
other than Rt and LG (Stichel et al., 1988; Bentivoglio et al., 
1990; Batini et al., 1991; Demeulemeester et  al., 1991b), 
whereas, in rats, GABAir neurons are present in Rt and LG, 
but PVir cells are found only in Rt (Celio, 1990; Frassoni et 
al., 1991). 

In recent papers the presence of GABAergic interneurons 
in the VB nucleus of guinea pig thalamus has been reported 
(Asanuma, 1991; Spreafico et al., 1993, 1994). Moreover, it 
was shown that the presence of GABAergic interneurons in 
guinea pig VB gives rise to a rearrangement of the intrinsic 
synaptic organization of this nucleus, making it different 
from that of other thalamic nuclei lacking inhibitory inter- 
neurons and similar to that found in cats and monkeys 
(Spreafico et al., 1993, 1994). These data suggest that the 
guinea pig thalamus shares common intrinsic characteris- 
tics with that of carnivores and primates as regards VB, 
whereas other thalamic nuclei (e.g., ventralis lateralis; VL) 
are similar to those of the rat. Only few studies have been 
performed on the guinea pig nervous system to detect 
CaBPs (Kuramoto et  al., 1990) and none on the thalamus. 
Because this species could represent a different evolution- 
ary trend from the myomorph rodents such as mice and 
rats (Graur et al., 1991) and it is currently used in in vitro 
studies (Johansen and Llinas, 1984; Pare et  al., 19921, we 
performed an immunocytochemical investigation to evalu- 
ate the relative distribution of PV and GABA throughout 
the thalamus of the guinea pig. Furthermore, because pilot 
experiments showed that the GABAergic interneurons in 
VB were not PVir, we also performed single- and double- 
labelling experiments at  the ultrastructural level to provide 
further insights into the intrinsic organization of this 
nucleus. 

MATERIALS AND METHODS 
Six adult guinea pigs (Hartley, Charles River) were used 

for these experiments. The animals, under deep anesthesia 
(chloral hydrate 496, 1 mlibw), were perfused through the 
aorta with a solution of 4% paraformaldehyde and 0.5% 
glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.2. 
Brains were dissected out and postfixed overnight in 4% 
paraformaldehyde. Serial 50-km-thick coronal sections were 
cut through the thalamus using a vibratome (Oxford) and 
collected in PB. Sections from three brains were processed 
only for light microscopy, whereas selected sections of the 
remaining animals were also processed for electron micros- 
COPY. 

Light microscopy 
Serial, alternate, sections throughout all the anteroposte- 

rior extent of the thalamus were processed for the immuno- 
cytochemical detection of PV and GABA. Sections adjacent 
to those processed for immunocytochemistry were directly 

mounted on coated slides and counterstained with thionin 
for the identification of the thalamic nuclei using the 
atlases of Luporello (1967) and of Rapisarda and Bacchelli 
(1977) for reference. 

Immunolocalization of PV. After quenching of free 
aldehyde groups with 0.05 M NH&l in PB (45 minutes), 
sections were preincubated for 1 hour in phosphate- 
buffered saline (PBS; 0.01 M, pH 7.5) containing 10% 
normal horse serum (NHS) and 0.4% Triton X-100 and 
then incubated for 18 hours in a mouse monoclonal anti-PV 
antibody (SWant, Bellinzona, Switzerland) diluted 1: 10,000 
in PBS containing 1% NHS and 0.4% Triton. The specificity 
characteristics of this antibody have been previously de- 
scribed (Celio, 1986). After multiple rinses in PBS, sections 
were incubated for 75 minutes in biotinylated horse anti- 
mouse IgG (Vector, Burlingame, CA) diluted 1:200 in 
PBS-NHS-0.2% Triton, rinsed in PBS, and incubated for 75 
minutes in the avidin-biotin-peroxidase complex (ABC Kit; 
Vector) diluted 1 : l O O  in PBS. After rinsing in PBS and in 
0.05 M Tris HCl buffer (pH 7.6) sections were reacted in a 
fresh solution of 0.05% diaminobenzidine tetrahydrochlo- 
ride (DAB; Sigma, St. Louis, MO) and 0.002% H202 in Tris 
HCl for 10-15 minutes, washed in Tris HC1 buffer, and 
then mounted on gelatin-coated slides, dehydrated, and 
coverslipped. Substitution of the primary antiserum by 
preimmune serum or by bovine serum albumin and omis- 
sion of the various steps in the staining procedure resulted 
in no immunolabelling in control sections. 

Sections were processed 
as described for PV immunocytochemistry, but using a 
preincubation in 10% normal goat serum (NGS) with 0.2% 
Triton in PBS and an overnight incubation in a rabbit 
polyclonal anti-GABA serum (Sigma) diluted 1:10,000 in 
PBS with 1% NGS and 0.2% Triton. After rinses in PBS and 
75 minutes of incubation in biotinylated goat anti-rabbit 
IgG, the reaction was detected using the avidin-biotin- 
peroxidase protocol and DAB as chromogen. Specificity of 
the immunolabeling was evaluated by blocking experiments 
in which the anti-GABA serum was absorbed with GABA, 
in both free and conjugated forms. Method specificity was 
controlled by the application of rabbit nonimmune serum 
as well as by the processing of a series of sections omitting 
various stages from the regular staining sequence. Preab- 
sorption of the antiserum, diluted for tissue reaction, with 
GABA (free or conjugated) abolished labelling, as did 
substitution of primary antiserum with preimmune serum. 

Double immunolabelling. Selected sections immuno- 
reacted for GABA using DAB as chromogen were rinsed 
overnight in PBS and incubated with the PV antibody 
following the same protocol described above. A solution of 
0.08% nickel ammonium sulphate (NAS) and 0.02% DAB 
was used as chromogen, resulting in a grey reaction prod- 
uct, clearly distinguishable from the light brown reaction 
product of DAB. Cross-reactivity between the antisera used 
for the double immunolabelling is unlikely in that Frimary 
and secondary antisera were raised in different species. No 
immunostaining was obtained in control experiments per- 
formed as described for single labelling experiments. 

The distribution of GABA and PV immunolabelling was 
charted using an X-Y plotting computerized system con- 
nected to the microscope stage by means of transducers. 
The localization of labelled neurons and terminals within 
the boundaries of thalamic nuclei was obtained by means of 
an inverted projecting microscope. 

Immunolocalization of GABA. 
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Fig. 1. A-D: Pictures obtained from slides directly enlarged on 
photographic paper. Distribution of parvalbumin (PV) immunoreactiv- 
ity in serial coronal sections of guinea pig thalamus, from caudal (A) to 
rostra1 (D) extent. The areas of positive immunostaining appear white. 
Hemispheric differences are seen in some sections because of asymmet- 

ric sectioning. The most intense PV labelling is present in the reticular 
nucleus (Rt). Intense labelling is present in thalamic nuclei such as the 
lateral geniculate nucleus (LG), the medial geniculate nucleus (MG), 
the ventrobasal nucleus (VB), and the lateroposterior nucleus (LP); 
arrowhead, fornix. Scale bar = 0.2 cm. 

Electron microscopy 
Selected vibratome sections from three animals were 

pretreated to increase the penetration of immunoreagents 
by freezing in liquid nitrogen and thawing in PB contain- 
ing 20% sucrose, after cryoprotection in 10% and 20% 
PB-sucrose (1 hour each), and then processed for the 
detection of PV as described for light microscopy. Sections 
treated for immunoreactivity containing VB and VL nuclei 
were postfixed with 2.5% glutaraldehyde (15 minutes) and 
then with 1% osmium tetroxide in PB (1 hour), dehydrated 
in ethanol, and flat embedded in Epon-Spurr. Blocks were 
trimmed out under a dissection microscope from VB and VL 
nuclei and glued to epoxy blanks. Thin sections were cut 
with a Reichert ultramicrotome and collected on copper 
grids, counterstained with uranyl acetate and lead citrate, 
and examined with a Jeol T8 or Zeiss 902 electron micro- 
scope. 

To demonstrate the relation- 
ship between PVir and GABAir profiles, preembedding 
immunoreaction for PV was combined with a postembed- 
ding immunogold labeling procedure for the detection of 

Double immunolabelling. 

GABA according to a standard protocol (De Biasi et al., 
1988; Spreafico et al., 1994). Briefly, thin sections ofVB and 
VL, collected on nickel grids, were immersed in 1% sodium 
borohydride (15 minutes) and, after several rinses in Tris- 
buffered saline (TBS), incubated at room temperature with 
10% NGS (30 minutes) and with the anti-GABA serum 

Fig. 2. Light micrographs of the distribution of PV immunoreactiv- 
ity in coronal sections of guinea pig thalamus. A,B: Low-power 
photomicrographs showing the intensely PVir neuropil in MG, dorsal 
lateral geniculate nucleus (LGd), and VB sensory thalamic nuclei 
compared to the adjacent posterior (PO) nucleus. In A, due to a slightly 
tilted plane of sectioning, the pretectal area (PT) is also evident. C: In 
VB, at high power, immunonegative neurons (asterisks) are sur- 
rounded by several PVir puncta and fibers. D: Higher magnification 
showing the different distribution of PV immunoreactivity in the 
neuropil of PO and VB nuclei. E: Several PVir fibers (arrows) are 
evident in the medial lemniscus (ml), adjacent to VB. F: Intensely PVir 
neurons are densely packed in Rt and scattered in the anteroventral 
nucleus (AV arrows). G High magnification of a PVir neuron in AV. 
Scale bars = 500 pm in A and B, 30 pm in C, 60 pm in D, 100 pm in E 
and F, 40 pm in G. 



Figure 2 
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Fig. 3. Double immunolabelling with anti-GABA and anti-PV sera. 
Single PVir neurons (gray) and single GABAir neurons (brown) are 
present, together with double-labelled neurons. A: Low-power photomi- 
crograph showing double-labelled neurons in Rt and in the dorsal area 
of AV. Arrowhead indicates the double-labelled neuron showed at 
higher magnification in D. B: High-power photomicrograph of a neuron 

(1:10,000, overnight). After extensive rinses, grids were 
incubated in a solution of goat anti-rabbit immunoglobulins 
coupled to 15 nm gold particles (Biocell) diluted 1:30 (1 
hour) and then counterstained with uranyl acetate and lead 
citrate or with lead citrate only. 

Controls for GABA postembedding labelling were done 
on thin sections using the anti-GABA serum preabsorbed 
with GABA or by omitting the primary antiserum from the 
labelling sequence. No colloidal gold particles were seen in 
control sections. Because the background labelling was low 
in our preparations, it was not necessary to make a 
statistical analysis of the distribution of gold particles to 
judge a profile as labelled or not. A profile was considered to 
be GABAir when the densitv of gold warticles over it was at 

singly labelled with PV in AV, surrounded by a GABAir (brown) neuro- 
pile. C: A GABAir neuron (brown) in LGd. Arrows point to PVir fibers 
(gray). D: A double-labelled neuron showing a black nucleus and gray 
and brown perikaryon and dendrites. Scale bars = 100 pm in A, 15 p m  
in B, 10 pm in C, 25 p m  in D. 

asymmetric synapses close to it. Moreover, consistency of 
labelling was determined in serial sections. 

RESULTS 
The results are presented in two major sections dealing 

with the light and electron microscopy. In each section, 
single labelling with anti-PV serum will be described first, 
followed by the double-labelling results with anti-PV and 
anti-GABA sera. The distribution of GABAir neurons and 
terminals has been studied in a previous paper (Spreafico et 
al., 1994); therefore, in the present description of the 
double-labelling results, reference will be made to the single 
GABA labelling Dreviouslv reDorted. The ultrastructural 

least three times higher tdan that over boutons forming investigation huas been foksek on VB and VL nuclei as 
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representative of areas with and without GABAergic inter- 
neurons respectively. 

Light microscopy 
Immunolocalization of PV. The most intense labelling 

was always found in the neurons of the Rt nucleus, all of 
which appeared PVir throughout the dorsoventral and 
anteroposterior extent of the nucleus (Fig. 1B-D). Scat- 
tered, intensely labelled neurons medium and large in size 
were also found in the dorsolateral part of the anteroven- 
tral (AV) nucleus (Figs. 2F,G, 3B). A discrete number of 
large, PVir neurons were observed in the lateroposterior 
(LP) nucleus and clustered in the lateral habenular nucleus 
(Hbl), whereas only few PVir cells were present in the 
ventral division of the lateral geniculate nucleus (LGv). In 
all labelled cells, PV reaction product was homogeneously 
distributed throughout the perikaryon and the proximal 
parts of the neuronal processes (Fig. 2G, 3B). No PVir 
neurons were found in the other thalamic nuclei and 
particularly in VB and in the dorsal lateral geniculate 
nucleus (LGd; Fig. 2A-E), i.e., in those nuclei for which 
GABAergic interneurons have been described (Asanuma, 
1991; Spreafico et al., 1994). 

Variable degrees of labelling intensity were observed in 
the neuropil of the dorsal thalamus (Figs. 1, 2A-D). Al- 
though the paraventricular and Hb nuclei were completely 
unlabelled, the sensory nuclei (i.e., MG, LG, and VB) 
showed a very intensely labelled neuropil (Figs. 1A,B, 
2A,B). In these nuclei, unlabelled neurons were frequently 
surrounded by PVir puncta, interpreted as axonal termi- 
nals, and bundles of PVir fibers were also found (Fig. 2C,D). 
The intensity of neuropil immunolabelling in different 
thalamic nuclei is reported in Table 1. Besides the presence 
of scattered PVir fibers dispersed within most of the 
thalamic nuclei, also some bundles of fibers were stained. 
The most intense PVir was found in the fornix (Fig. lB,C), 
whereas the internal capsule, the fasciculus retroflexus, 
and the stria medullaris thalami were completely unla- 
belled. The external medullary lamina, the medial lemnis- 
cus (Fig. ZE), and the optic tract contained a discrete 
number of labelled fibers, suggesting that some, although 
not all, of the neurons from which the axons originate 
contain PVir. 

PV and GABA double labelling. With the double, se- 
quential, immunoreaction procedure described in Materials 
and Methods, four populations of thalamic neurons were 
identifiable: 1) neurons with a light brown perikaryon, 
stained only by the anti-GABA serum (Fig. 3C); 2) neurons 
with gray perikaryon and dendrites, stained only by the 
anti-PV serum (Fig. 3B); 3) dark brown-black neurons 
stained by both antisera (Fig. 3A); these double-labelled 
neurons typically showed a black nucleus, a brown peri- 
karyon, and gray dendrites (Fig. 3D); and 4) neurons 
immunonegative for either antiserum. 

All the Rt neurons appeared to be double labelled. 
Double-labelled large neurons were also found in the dorso- 
lateral part of AV nucleus (Fig. 3A,D), in the same area 
where single PVir cells were found in previously described 
experiments (Fig. 2F). PV singly labelled cells were found in 
LP (Fig. 3B) and in Hbl, whereas GABA singly labelled 
neurons small in size and round in shape were found in LGd 
and in VB (Fig. 3C). Very few and scattered GABAir, small 
neurons were found in other thalamic nuclei. The number 
and distribution of GABAir single-labelled neurons were 

TABLE 1. Density' of PV Immunoreactivity in the Neuropil of 
Guinea Pig Thalamus 

AD ianterodorsal nucleus) ++ 
AM (anteromedial nucleus) - + 
AV (anteroventral nucleus) + +  
CL (central lateral nucleus) + 
em1 (external medullary lamina) ++ 
f (fornix) +++ 
fr (fasciculus retroflexus) - 
Hbl (lateral habenular nucleus) 
Hbm (medial habenular nucleus) - 
ic (internal capsule) - 
LD (laterdorsal nucleus) + +  
LGd (dorsal lateral geniculate nucleus) 
LGv (ventral lateral geniculate nucleus) - 
LP (lateroposterior nucleus J ++ 
MD (mediodorsal nucleus) + 
MG (medial geniculate nucleus) +++ 
ml (medial lemniscus) + +  
opt (optic tract) ++ 
PC (paracentral nucleus) + 
PF (parafascicular nucleus) + - 
PO (posterior complex) + +  
Pt (parataenial nucleus) ++ 

+++ 

PV (paraventricular nucleus) - 
Re creuniens nucleus) ++ 
Rh (rhomboid nucleus) ~ 

VL (ventral lateral nucleus) i t  
VM (ventral medial nucleus) + 
VPL (ventroposterolateral nucleus) + + +  
VPM (ventroposteromedial nucleus) +++ 
ZI (zona incerta) ++ 
I + + + ,  Intense; ++, moderate; +,low; 2 ,  very low; -,absent. 

similar to those reported in the previous paper (Spreafico et 
al., 1994). Within VB and LGd, fibers labelled with PV or 
GABA antisera or with both were found, although the 
single GABAir fibers seemed to  be the majority. 

Electron microscopy 
Following the criteria previously described (Spreafico et 

al., 19941, vesicle-containing profiles in the neuropil of VB 
were morphologically classified as 1) large with round 
vesicles (LR terminals; Fig. 4A,B); 2 )  small with round 
vesicles (SR terminals, Fig. 4A); 3) heterogeneous in size 
and shape, with flattened or pleomorphic vesicles (F termi- 
nals; Fig. 4A); or 4) presynaptic dendritic boutons (PSD; 
Fig. 4B, Table 2 ) .  Similar profiles, with the exception of 
PSD, were also identified in VL (Spreafico et al., 1994). 

Immunolocalization of PV. At the electron microscopic 
level, PVir could be visualized by the presence of DAB 
reaction product consisting of fine, granular, electron-dense 
material. The density of the reaction product and the 
quality of the ultrastructural preservation allowed the 
morphological identification of labelled profiles. Both in VB 
and in VL, the reaction product was localized only in axonal 
terminals (Fig. 5A-F) and in myelinated fibers (Fig. 5A). In 
both nuclei the vast majority of PVir terminals were 
classifiable as F terminals, because they were very heteroge- 
neous in size and shape; contained numerous mitochondria 
and several clear synaptic vesicles, sometimes flattened; 
and showed a symmetric synaptic specialization (Fig. 5A- 
C). These PVir terminals synapsed on one or more (two or 
three) unlabelled postsynaptic profiles represented by den- 
drites of different caliber (Fig. 5A,B) and also by cell bodies 
(Fig. 5C). In VB they were frequently seen synapsing with 
dendrites also contacted by intraglomerular LR profiles, 
but they did not take part in glomerular synaptic arrange- 
ments. 

Other PVir terminals were classifiable as LR terminals, 
because they were large, contained several mitochondria 
and round clear vesicles, and made asymmetric synapses 
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Fig. 4. Electron micrographs of the neuropil of guinea pig VB from a control animal, showing the four 
types of vesicle-containingprofiles described in the text. A: LR, SR, and F terminals synapse on dendrites of 
different caliber. B: An LR terminal contacts (arrow) a PSD houton (triangle). Scale bars = 0.5 Fm. 

TABLE 2. Neurochemical Characterization of Vesicle-Containing Profiles 
in Guinea Pig VB 

Profiles PVir GABAir PV and GABAir 

LR + 
SR 
F + + 
PSD 

~ 

- - 

- + 

with unlabelled dendritic shafts and their appendages (Fig. 
5D,E). In VB some of the PVir LR terminals were also 
found presynaptic to unlabelled PSD boutons (Fig. 5F) in 
glomerular arrangements. Profiles classifiable as SR termi- 
nals (Fig. 5A) and PSD boutons (Fig. 5F) were always un- 
labelled. 

GABA labelling was visualized in thin 
sections of PV-immunoreacted samples by the presence of 
15 nm colloidal gold particles. The distribution of GABAir 
was comparable to that previously described for single- 
labelling experiments (Spreafico et al., 1994). In VL gold 
particles were present only over F terminals and myelin- 
ated fibers, whereas in VB they were also found over PSD 
boutons and, with a lower density, over a few dendrites and 
cell bodies. Terminals of LR and SR types and glial pro- 
cesses were GABA-negative in both nuclei. The immuno- 
gold labelling protocol employed to visualize GABAir also 
allowed the preservation of the DAB reaction product 

Double labelling. 

indicating PV immunoreactivity. Therefore, in all the thin 
sections of VB examined, the following types of profiles 
could be recognized: 1) single PVir profiles, containing only 
the DAB reaction product (Figs. 6A,B, 7A,B); 2) single 
GABAir profiles, containing only gold particles (Figs. 6A,B, 
7A-E); 3) double-labelled profiles (PVir and GABAir) con- 
taining the DAB reaction product and the gold particles 
(Figs. 6A-D, 7C,E); and 4) profiles unlabelled by either 
antiserum (Figs. 6A,C, 7E). Single PVir profiles were 
exclusively of the LR type (Figs. 6A,B, 7A,B), and they 
contacted unlabelled proximal dendrites and their append- 
ages. In VB some of the PVir LR terminals also synapsed on 
GABAir PSD boutons (Figs. 6A, 7A,B). In this nucleus most 

~ ~~~~~ ~~~~ 

Fig. 5. Electron micrographs of PVir terminals in guinea pig 
thalamus. A An F-type, PVir terminal (circle) makes symmetric 
synapses (arrows) on two thin dendrites in the plane of the section. 
Adjacent SR terminals (stars) are unlabeled. M, PVir myelinated fiber. 
VB. B: An F-type, PVir terminal (circle) makes symmetric synapses 
(arrows) on two adjacent dendrites in the plane of the section. VL. C: An 
F-type, PVir terminal (circle) synapses (arrows) on a cell body (CB) and 
on an adjacent dendrite. VB. D: An LR-type, PVir terminal (circle) 
synapses (arrow) on a dendritic protrusion. VL. E: An LR-type, PVir 
terminal (circle) synapses on a dendrite (solid arrow) and on a dendritic 
protrusion (open arrow). VB. F: An LR-type, PVir terminal (circle) 
synapses (arrow) on an unlabeled PSD bouton (open triangle). VB. 
Scale bars = 0.5 pm. 
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Figure 5 
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Figure 6 
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single GABAir profiles were PSD boutons, involved in 
complex synaptic arrangements with LR terminals (PVir or 
unlabelled) and with other GABAir PSDs (Figs. 6A,B, 
7A,B), Also, a few dendrites and cell bodies (Fig. 7C) and 
occasional F-like terminals (Fig. 7D,E) were GABAir. The 
latter synapsed on unlabelled cell bodies and dendrites (Fig. 
7E), but also on GABAir PSD (Fig. 7D). In VL, single 
GABAir profiles were only rarely present. 

All of the PVir F terminals were also GABAir, and they 
were the only double-labelled profiles found both in VB and 
in VL (Figs. 6, 7C,E). In VB they were always presynaptic 
and contacted dendrites and cell bodies that were mostly 
unlabelled (Fig. 6), but also GABAir (Fig. 7 0 ,  but they 
were never found to be involved in glomerular arrange- 
ments (Fig. 6A,B). Terminals of the SR type were always 
unlabelled by either antiserum both in VB and in VL (Figs. 
6A,C, 7E). 

The results of the double immunocytochemical staining 
of guinea pig VB are schematically summarized in Figure 8. 
The diagram shows the two main types of VB cells, i.e., the 
projecting neurons, which are unlabelled by both GABA 
and PV antisera, and the interneurons, which are GABAir 
only and synapse on the projecting ones. Both types of 
neurons receive inputs from the double-labelled Rt neu- 
rons. Terminals singly labelled with PV synapse on both 
projecting neurons and interneurons; they are morphologi- 
cally different from both the single GABAir terminals and 
the double GABA-PVir terminals and resemble the lemnis- 
cal afferents, whereas terminals with the morphology of 
cortical afferents are unlabelled (see Discussion for the 
identification of lemniscal and cortical terminals). 

DISCUSSION 
Our observations provide the first detailed account of the 

light and electron microscopic distribution of PV immuno- 
reactivity and of its relation with GABA immunoreactivity 
in the guinea pig thalamus. 

Distribution of PVir neurons 
Neurons in Rt are the most intensely labelled by the PV 

antibody, together with few scattered neurons in the dorso- 
lateral part of AV, whereas in LP only some weakly PVir 
cells are present. The intense PV labelling of all the Rt 
neurons, all of which are also GABAir, is a constant feature 
in every mammalian species so far examined (Jones and 
Hendry, 1989; Bentivoglio et al., 1990; Frassoni et al., 1991; 
Clemence and Mitrofanis, 1992; Mitrofanis, 1992 j, despite 
the differences in the distribution of PVir structures found 
in other thalamic nuclei. In reptiles, on the other hand, only 

Fig. 6.  Electron micrographs of PV and GABA immunolabelling in 
guinea pig thalamus. A A double-labelled F terminal (square) is adja- 
cent to a PVir LR terminal (circle) synapsing (arrowhead) on a GABAir 
PSD bouton (triangle), that in turn synapses (small arrow) on a 
dendrite also contacted (large arrow) by the LR terminal. An SR 
terminal (star) is unlabelled. VB. B: A double-labelled F terminal 
(square) contacts (small arrow) a dendrite also contacted (large arrow) 
by a PVir LR terminal (circle). Two adjacent vesicle-containing profiles 
are GABAir (triangles), and one of them synapses (curved arrow) on the 
dendrite also contacted (arrowhead) by the PVir LR terminal. VB. C: A 
double-labelled F terminal (square) makes symmetric synapses (ar- 
rows) on two dendrites. An adjacent SR terminal (star) is unlabelled. 
VL. D: A double-labelled F terminal (square) makes a symmetric 
synapse (arrow) on a cell body. VB. Scale bars = 0.5 Fm. 

some of the neurons in Rt are PVir, and they are consid- 
ered to represent a separate population with respect to 
GABAergic neurons (Pritz and Strizel, 1993). The homoge- 
neity of Rt neuronal labelling in mammals with respect to 
PV and GABA presumably reflects the common ontoge- 
netic, hodological, and functional properties of this nucleus 
in different species (Steriade and Llinas, 1988; Avanzini et 
al., 1989; Spreafico et al., 1991, 1993). The only other 
neurons showing coexistence of PV and GABA immunoreac- 
tivities in the dorsal thalamus of guinea pig were clustered 
in the dorsolateral extent of AV. The morphology of these 
cells and their proximity to the dorsal part of the anterior 
Rt suggest that they could represent a group of misplaced 
Rt neurons. No PVir neurons were found in the other 
thalamic nuclei, with the exception of some lightly labelled 
large cells in LP, probably representing a subpopulation of 
projecting neurons. 

Colocalization of PV with GABA 
A high percentage of interneurons in the cerebral cortex 

of different mammals contains both PV and GABA (Celio, 
1986; Demeulemeester et  al., 1991a; Hendry et  al., 1989; 
VanBrederode et al., 1990,1991; Hendry and Jones, 1991). 
On the other hand, there are substantial regional and 
species differences in the distribution pattern of PVir and 
GABAir neurons in the dorsal thalamus. Coexistence of PV 
and GABA was found in LG neurons of cat and monkey but 
not of rat, although in rodents this nucleus is virtually the 
only one showing GABAergic interneurons (Stichel et al., 
1988; Jones and Hendry, 1989; Demeulemeester et al., 
1991b; Frassoni et al., 1991). The present findings there- 
fore suggest a similar intrinsic organization of LG in rat 
and guinea pig. GABAergic interneurons, absent in the VB 
of rat (Barbaresi et al., 1986; Houser et al., 19801, are 
present in the VB and in the pulvinar-LP complex of cat, 
where a colocalization with PV has been suggested (Sprea- 
fico et al., 1983; Bentivoglio et al., 1990; Batini et al., 1991). 
In monkey thalamic nuclei, PV colocalizes with GABA only 
in the LG and the magnocellular division of MG (Jones and 
Hendry, 1989). On the other hand, PV- and calbindin 
D-28k-positive neurons represent two different populations 
of thalamic projecting neurons not only in the monkey but 
also in galago and three shrew (Jones and Hendry, 1989; 
Rausell et al., 1992a,b; Diamond et al., 1993). Neurons 
immunoreactive for GABA were found in VB of guinea pig 
(Asanuma, 1991; Spreafico et al., 19941, but no PVir cells 
were observed in this nucleus in the present experiments. 
The finding that GABAergic interneurons are PV negative 
in guinea pig thalamus is in agreement with results from 
other GABAergic systems, such as the striatonigral projec- 
tion (Steiner et al., 1980) and the cerebellar Golgi cells 
(Celio, 1986; see also Andressen et al., 1993, for comprehen- 
sive review). However, the possibility that negative results 
are due to the functional state of neurons or to a concentra- 
tion of PV too low to be detected by immunocytochemistry 
also must be considered. 

Distribution of PVir fibers and terminals 
The present data show that sensory thalamic nuclei of 

guinea pig are strongly innervated by PVir fibers. This 
innervation derives from the adjacent Rt nucleus and also 
from extrathalamic subcortical structures. In fact, whereas 
the internal capsule is completely devoid of PVir fibers, an 
intense PV labelling is found in the fiber tracts ascending to 
the thalamus, such as the optic tract and medial lemniscus. 



Figure 7 
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Fig. 8. Summary diagram of the circuitry of VB in guinea pig. 
Arrowhead indicates the direction of signal. Question mark indicates a 
GABAir terminal of unknown origin (presumably from a dendrite of 
another interneuron). A: VB neuron projecting to the cortex. B: Inter- 
neuron. DCN, dorsal column nuclei; Rt, reticular thalamic neurons. 

These findings are in agreement with recent reports from 
other animal species showing PVir neurons in the retinal 
ganglion cells, in trigeminothalamic nuclei, and in project- 
ing cells of spinal cord and dorsal column nuclei (Jones and 
Hendry, 1989; Yamamoto et al., 1989; Antal et al., 1990; 
Yoshida et al., 1990; Aronin et al., 1991; Rausell et al., 
1992b). 

Our electron microscopy study shows that PVir is present 
in synaptic profiles morphologically classifiable as F and LR 
terminals. In VB of all the animal species so far studied, F 
terminals are interpreted as synaptic endings of Rt neurons 
or of interneurons and LR terminals as boutons of ascend- 
ing lemniscal and spinothalamic afferents (Blomqvist et al., 
1985; De Biasi et al., 1988; Ralston et al., 1988; Ohara et al., 

Fig. 7. Electron micrographs of PV and GABA immunolabelling in 
guinea pig VB thalamic nucleus. A,B: Nonadjacent, serial sections of a 
PVir LR terminal (circles) that synapses (arrows) on a GABAir PSD 
bouton (triangles). In B the PVir terminal synapses (small arrow) on 
the dendrite also contacted (arrowhead) by the PSD bouton, forming a 
triadic arrangement. C: A double-labelled F terminal (square) contacts 
(arrow) a GABAir cell body (CB). D: A GABAir terminal (small triangle) 
makes a symmetric synapse (arrow) on a GABAir PSD bouton (large 
triangle). E: A large dendrite is contacted (arrows) by a double-labelled 
terminal (square) and by a GABAir (triangle) terminal. An adjacent SR 
terminaI is unlabelled. Scale bars = 0.5 pm. 

1989). This is in line with our light microscopic demonstra- 
tion that all the Rt neurons are PVir and also with the 
presence of PV immunoreactivity in the medial lemniscus 
and in large neurons in the dorsal column nuclei (personal, 
unpublished observations). The presence in our samples of 
LR terminals not PVir may be due to technical factors, such 
as poor penetration of immunoreagents. Alternatively, it 
may indicate that not all of the cuneothalamic neurons are 
PVir or that the other major pathway ascending to VB, the 
spinothalamic tract, is not PVir. This would be in line with 
results obtained in monkeys showing that cells of origin and 
fibers of the lemniscal component of the somatosensory 
pathways are PVir, whereas cells in regions that give rise to 
a major element of the spinothalamic component contain 
calbindin D-28k (Rausell et al., 1992a). Boutons with the 
morphology of PSD, that are interpreted as vesicle- 
containing profiles of interneurons, were always unlabelled 
by the PV antiserum, as expected from the lack of PVir 
neurons in guinea pig VB. These findings are further 
confirmed in double-labelling experiments with anti-PV 
and anti-GABA sera. Only F terminals are double labelled, 
in line with the coexistence of PV and GABA in all Rt 
neurons. Terminals of the LR type were either PVir or 
unlabelled, and PSD boutons were GABAir only. Terminals 
morphologically identifiable as SR, and thought to belong in 
large part to cortical afferents in other species (Jones and 
Powell, 1969; Mc Allister and Wells, 1981; De Biasi et al., 
1988), were always unlabelled by either antiserum. 

The double-labelling approach therefore allows morpho- 
logical differentiation between the GABAergic afferents 
from Rt that are also PVir and the GABAergic boutons of 
interneurons that are only GABAir and also allows us to 
make functional considerations, in that the two types of 
vesicle-containing profiles are involved in different synaptic 
relationships (Ohara et al., 1989). This differentiation was 
not possible in thalamic nuclei of other animal species 
where GABAergic interneurons were also PVir. Afferents 
from Rt synapse on all regions of dendrites and somata of 
both projecting neurons and GABAergic interneurons, and 
they are never postsynaptic to other vesicle-containing 
profiles. This is in line with indirect observations in other 
animal species (Ralston et al., 1988; Steriade and Llinas 
1988; Ohara et al., 1989) and suggests that they exert a 
global, inhibitory, effect on all VB neurons, not subjected to 
presynaptic inhibition from GABAergic interneurons or to 
modulation from ascending or descending afferents. On the 
other hand, most of the boutons from GABAergic interneu- 
rons are PSD, involved in glomerular organizations where 
they are postsynaptic to other vesicle-containing profiles. 
Boutons with the morphology of F terminals and showing 
only GABA immunolabelling can be interpreted as axonal 
terminals of GABAergic interneurons. They are found 
synapsing not only on dendrites and somata of relay neu- 
rons, indicating an inhibitory control on these cells from 
interneurons, but also on GABAir PSD, suggesting the 
existence of synaptic contacts among different GABAergic 
interneurons. Alternatively, the observation of GABAir 
axonal terminals lacking PV immunolabelling may be due 
to technical factors, such as poor penetration of the PV 
antiserum revealed with a preembedding procedure, or a 
concentration of PV too low to be detected. 

Functional considerations 
Regarding the functional meaning of PV in neurons, this 

CaBP may confer to Rt cells specific characteristics that 



568 S. DE BIAS1 ET AL. 
Batini, C., M. Guegan, M. Palestini, and M. Thomasset (1991) The immuno- 

cytochemical distribution of calbindin-D 28k and parvalhumin in identi- 
fied neurons of the pulvinar-lateralis posterior complex of the cat. 
Neurosci. Lett. 130:203-207. 

Bentivoglio, M., G. Macchi, R. Spreafico, and C. Frassoni (1990) Calbindin 
and parvalbumin immunoreactivity in the feline thalamus. Eur. J. 
Neurosci. S3:215. 

Blomqvist. A., R. Flink. J. Westman. and M. Wiberg (1985) Synaptic 
terminals in the ventroposterolateral nucleus of the thalamus from 
neurons in the dorsal column and lateral cervical nuclei: An electron 
microscopic study in the cat. J. Neurocytol. 14:869-886. 

Celio, M.R. (1986) Parvalbumin in most gamma-aminohutyric acid- 
containing neurons of the rat cerebral cortex. Science231:995-997. 

Celio, M.R. (1990) Calbindin D-28k and parvalbumin in the rat nervous 
system. Neuroscience 36:375-475. 

Clemence, A.E., and J. Mitrofanis (1992) Cytoarchitectonic heterogeneities 
in the thalamic reticular nucleus of the cat and ferret. J. Comp. Neurol. 
.322:167-180. 

De Biasi, S., C. Frassoni, and R. Spreafico (1988) The intrinsic organization 
of ventroposterolateral nucleus of the rat: A double labelling ultrastruc- 
tural investigation with gamma-aminobutyric acid immunogold staining 
and lectin conjugated horseradish peroxidase. Somatosens. Res. 5: 187- 
203. 

Demeulemeester, H., F. Vandesande, G.A. Orban, C.W. Heizmann, and R. 
Pochet (1989) Calbindin D-28k and parvalbumin immunoreactivity are 
confined to two separate neuronal subpopulations in the cat visual 
cortex, whereas partial coexistence is shown in the dorsal lateral 
geniculate nucleus. Neurosci. Lett. 99:6-11. 

Demeulemeester, H., L. Arckens, F. Vandesande, G.A. Orban, C.W. Heiz- 
mann, and R. Pochet l1991a) Calcium binding proteins and neuropep- 
tides as molecular markers of GABAergic interneurons in the cat visual 
cortex. Exp. Brain Res. 84:538-544. 

Demeulemeester, H., L. Arckens, F. Vandesande, G.A. Orban, C.W. Heiz- 
mann, and R. Pochet (1991h) Calcium binding proteins as molecular 
markers for cat geniculate neurons. Exp. Brain Res. 83:513-520. 

Diamond, T.. D. Fitzpatrick, and D. Schmechel (1993) Calcium binding 
proteins distinguish large and small cells of the ventral posterior and 
lateral geniculate nuclei of the prosimian galago and the tree shrew 
(Tupaia belangeri). Proc. Natl. Acad. Sci. USA 90:1425-1429. 

Frassoni, C., M. Bentivoglio, R. Spreafico, M.P. Sanchez, L. Puelles, and A. 
Fairen ( 1991) Postnatal development of calbindin and parvalbumin 
immunoreactivity in the thalamus of the rat. Dev. Brain Res. 58.243- 
249. 

Graur, D., W.A. Hide, and W.H. Li (1991) Is the guinea pig a rodent? Nature 
351 :649-652. 

Hendry, S.H.C., and E.G. Jones I 1991) GABA neuronal subpopulations in 
cat primary auditory cortex: Co-localization with calcium binding pro- 
teins. Brain Res. 543:45-55. 

Hendry, S.H.C., E.G. Jones, P.C. Emson, and D.E.M. Lawson (1989) Two 
classes of cortical GABA neurons defined by differential calcium binding 
proteins immunoreactivity. Exp Brain Res. 76:467-472. 

Houser, C.R., J.E. Vaughn, R.P. Barber, and E. Roberts (1980) GABA 
neurons are the major cell type of the nucleus reticularis thalami. Brain 
Res. 200:341-354. 

Johansen, H., and R. Llinas (1984) Ionic basis for the electroresponsiveness 
and oscillatory properties of guinea pig thalamic neurons in vitro. J. 
Physiol. 349227-247. 

Jones, E.G., and S.H.C. Hendry (1989) Differential calcium binding protein 
immunoreactivity distinguishes classes of relay neurons in monkey 
thalamic nuclei. Eur. J. Neurosci. 1:222-246. 

Jones E.G., and T.P.S. Powell (1969) Electron microscopy of synaptic 
glomeruli in the thalamic relay nuclei of the thalamus. Proc. R. Soc. 
London [Biol.] 172173-185. 

Kuramoto, H., J.B. Furness, and I.L. Gibbins (1990) Calbindin immunoreac- 
tivity in sensory and autonomic ganglia in the guinea pig. Neurosci. Lett. 
1153-73.  

Luporello, T.J. (1967) A Stereotaxic Atlas of the Forebrain of the Guinea Pig. 
New York: Cornell University Medical College. 

Mc Allister, J.P., and J. Wells 11981) The structural organization of the 
ventral posterolateral nucleus in the rat. J. Comp. Neurol. 197:271-301. 

Mitrofanis, J. (1992) Pattern of antigenic expression in the thalamic 
reticular nucleus of developing rats. J. Comp. Neurol. 320:161-181. 

Ohara, P.T., G. C h a d ,  and H.J. Ralston 111 (19891 Ultrastructural analysis 
of GABA-immunoreactive elements in the monkey thalamic ventrobasal 
complex. J. Comp. Neurol. 283:541-558. 

make them functionally different from GABAergic inter- 
neurons. Among the different possible roles of the CaBPs in 
neurons, recently reviewed by Andressen et al. (1993), the 
most important properties are their ability to buffer intra- 
cellular calcium, to activate intracellular enzymes, and to 
take part in the calcium-mediated membrane mechanisms. 
In particular, PV has been associated with the fast firing 
properties of some neurons, presumably affecting voltage- 
dependent currents underlying cellular discharge (Scharf- 
man, 1992). However, although these data fit with the 
functional properties of Rt neurons containing both PV and 
GABA (Steriade et al., 1986; Avanzini et al., 1989), 
GABAergic thalamic interneurons, also having fast firing 
properties, are not PVir in all the animal species examined 
(Jones and Hendry, 1989; Frassoni et al., 1991). These 
conflicting data suggest that fast spiking is not strictly 
related to PV, which presumably subserves other func- 
tional mechanisms not yet completely understood. Calcium- 
binding proteins are therefore regarded mainly as neuronal 
markers for different neuronal subpopulations, and other 
combined morphological and physiological data are re- 
quired to elucidate their functional role. The recently 
developed technique allowing isolation “en bloc” and main- 
tenance in vitro of a guinea pig brain via perfusion through 
the arterial system with an artificial blood solution (Par6 et 
al., 1992) may prove to be helpful in this regard. 

Regarding the debate about the appropriate taxonomic 
classification of guinea pig, the presence in the VB of this 
animal of GABAergic interneurons and of complex synaptic 
arrangements (Asanuma, 1992; Spreafico et al., 1993, 
1994) similar to those of cats and monkeys is in line with 
molecular biology data (Graur et al., 1991) suggesting that 
the guinea pig represents an evolutionary lineage separate 
from that of myomorph rodents. The results of the present 
investigation, showing that in the guinea pig LG-as in the 
rat LG-there is no colocalization of GABA with PV, 
indicate that in the thalamus of guinea pig some anatomical 
characteristics of myomorph rodents coexist with features 
typical of higher vertebrates. 
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