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a  b  s  t  r  a  c  t

The  substantia  nigra  pars  reticulata  (SNR)  is  the  ventral  subdivision  of  the  substantia  nigra  and  contains
mostly  GABAergic  neurons.  The  present  study  explores  whether  the  SNR  relates  to  all  dorsal  thalamic
nuclei  equally  or just  to  a particular  group  of nuclei,  such  as  first  or higher-order  nuclei.

Injections  of  biotinylated  dextran  amine  (BDA)  were  made  into  the  SNR  of  10 male  adult  rats.  The  distri-
bution  of  anterogradely  labelled  axon  terminals  in  the  thalamic  nuclei  was  documented.  The  projections
of the  SNR  to  the thalamic  nuclei  were  exclusively  to some  motor  higher-order,  but  not  to  first-order  tha-
lamic relays.  There  were  bilateral  projections  to  the  ventromedial  (VM),  parafascicular  (PF),  centromedian
(CM) and  paracentral  (PC)  nuclei  and  unilateral  projections  to  the  centrolateral  (CL),  mediodorsal  (MD)
and thalamic  reticular  nucleus  (Rt).  Labelled  axon  terminals  in the thalamic  nuclei  ranged  from  numerous
to sparse  in  VM,  PF,  CM,  CL,  PC,  MD  and  Rt.  Further,  injections  into  the  SNR  along  its rostral-caudal  axis

showed  specific  topographical  connections  with  the  thalamic  nuclei.  The  rostral  SNR  injections  showed
labelled  axon  terminals  of  VM, PF,  CL, PC,  CM,  MD  and  Rt.  Caudal  SNR  injections  showed  labelling  of  VM,
PF,  PC,  CM  and  MD.  All  injections  showed  labelled  axons  and  terminals  in  the  zona  incerta.

The  nigrothalamic  GABAergic  neurons  can  be regarded  as an  important  system  for  the regulation  of
motor  activities.  The  SNR  is  in  a  position  to  influence  large  areas  of the  neocortex  by  modulating  some  of

halam
the motor  higher-order  t

. Introduction
The substantia nigra pars reticulata (SNR) is an important
rocessing center of the basal ganglia. The GABAergic neurons

Abbreviations: VP, ventral posterior thalamic nucleus; VL, ventral lateral thala-
ic  nucleus; CL, centrolateral thalamic nucleus; PC, paracentral thalamic nucleus;

M,  centromedial thalamic nucleus; VM,  ventromedial thalamic nucleus; VA, ventral
nterior thalamic nucleus; MD,  mediodorsal thalamic nucleus; LP, lateral poste-
ior thalamic nucleus; PF, parafascicular thalamic nucleus; Po, posterior thalamic
ucleus; Rt, thalamic reticular nucleus; ZI, zona incerta; CC, corpus callosum; CuP,
audate putamen; IC, internal capsule; F, fornix; MT,  mamillothalamic tract; OPT,
ptic tract; 3V, 3rd ventricle; D3V, dorsal 3rd ventricle; ST, stria terminalis; IMD,
ntermediodorsal thalamic nucleus; DLGN, dorsolateral geniculate nucleus; MRe,

ammillary recess of the 3rd ventricle; Layer V, cortical layer V.
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ic  nuclei  directly  or indirectly  via  Rt.
© 2011 Elsevier Inc. All rights reserved.

convey some of the output of the basal ganglia to the thala-
mus  and superior colliculus. The inputs to the SNR neurons are
GABAergic inhibitory inputs from the striatum and external globus
pallidus and glutamatergic excitatory inputs from the subthala-
mic  nucleus [7].  The major output targets of the SNR include
the thalamus, midbrain reticular formation (pedunculopontine
nucleus) and superior colliculus [12,13,15,41,53]. Cebrián et al.
[12], classified the projecting neurons of the SNR into 4 type
as: type I (project to the thalamus), type II (project to thala-
mus, superior colliculus and pedunculopontine tegmental nucleus),
type III (project to thalamus and periaquaductal gray) and type
IV (deep mesencephalic nucleus and superior colliculus). Exten-
sive studies on the nigrothalamic axons have shown that these
originate from multipolar neurons located throughout at the lat-
eral and central part of the SNR and terminate in the ventral
medial (VM), ventral lateral (VL), ventral anterior (VA), centrolat-

eral (CL), centromedial (CM), mediodorsal (MD), paracentral (PC)
and parafascicular (PF) thalamic nuclei in the rat, cat and mon-
key [4,12,13,17–19,36,44,46,53].  Histological, electrophysiological
and pharmacological studies have demonstrated that the majority

dx.doi.org/10.1016/j.brainresbull.2011.11.005
http://www.sciencedirect.com/science/journal/03619230
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mailto:mgfarma@gmail.com
mailto:semaketenci@yahoo.com
mailto:ruediger.linke@med.ovgu.de
mailto:husniyehc@gmail.com
mailto:hasanyananli@yahoo.com
mailto:jvelisko@einstein.yu.edu
mailto:solomon.moshe@einstein.yu.edu
mailto:fonat@marmara.edu.tr
mailto:scavdar@ku.edu.tr
dx.doi.org/10.1016/j.brainresbull.2011.11.005


earch 

o
[

T
t
o
t
a
l
r
t
f
o
t
o
c
c
c
l
c
n
o
t
n

i
t
I
t
e
a
p
i

2

2
1
w
E
(

2

d
i
m
m
g
o
a
I
e
t
−
i
e
7
s
p

[
(
a
a
fi
n
T
t
a
S

M.I. Gulcebi et al. / Brain Res

f the nigral projections to the thalamic nuclei are GABAergic
14,17].

The dorsal thalamus is the major relay to the cerebral cortex.
he first-order relays (ventrobasal, lateral geniculate, etc.) receive
heir driving afferents from subcortical structures whereas higher-
rder thalamic nuclei (CL, CM,  PC, PF, VM,  MD  PUL, LD, etc.) receive
heir driving afferents from the cortex [48,50,56].  Both the first
nd the higher-order thalamic relays receive drivers and modu-
atory afferents. It is the drivers that actually carry the message for
elay to the cortex, whereas the modulators produce changes in
he way the message is transmitted [28,29,37,55].  The major dif-
erence between first and higher-order thalamic relays is in the
rganization of cortico-thalamic projections. It is this distinction
hat is important for identifying a particular relay as first or higher-
rder: for higher-order relay, the driver afferents must come from
ortex itself. Both first and higher-order thalamic relays receive
ortico-thalamic modulatory inputs from layer VI, whereas relay
ells of higher-order thalamic nuclei also receive characteristic
arge excitatory terminals from collaterals of layer V pyramidal
ells [8,9,17,22,27,33,34,45,49].  Studies have shown some thalamic
uclei such as MD  are not pure higher-order and, contain a mixture
f first and higher-order relays. Further, the Rt is regarded as nei-
her higher nor first-order thalamic nucleus. The Rt is regarded as
either a higher nor a first-order thalamic nucleus.

Recent studies have shown that specific populations of
nhibitory inputs from the zona incerta (ZI) and the anterior pretec-
al nucleus go exclusively to the higher-order relays [3,5,6,10,32].
n the present study we aimed in particular to explore whether
he inhibitory axons of the SNR relate to all dorsal thalamic nuclei
qually or just to one particular group of nuclei, such as first-order
nd/or higher-order. In addition we studied the organization of the
rojection from SNR to the several distinct thalamic nuclei receiv-

ng this input.

. Materials and method

Ten successful injections, made into adult male Sprague–Dawley rats, weighing
50–300 g, were included in the study. All animals were housed in a room with a
2  h light and 12 h dark cycle with food and water access ad libitum. All experiments
ere carried out in accordance with the Marmara University Ethical Committee for

xperimental Animals (61.2002.Mar), the European Communities Council Directive
86/609/EEC) and the German Law on the Protection of Animals.

.1.  Biotinyated dextran amin (BDA)

The anterograde and retrograde tracer BDA, additionally labelled with rho-
amine (D-3312, Molecular Probes, Eugene, OR, USA), was  used as a 10% solution

n  10 mM phosphate buffer at pH 7.3. The rhodamine allows the use fluorescence
icroscopy and does not change the properties of the BDA; the BDA provides a per-
anent label. Animals were deeply anesthetized with pentobarbital [Narcoren®]

iven as 35 mg/kg body weight (bw) i.p. together with a mixture of 1 ml/kg bw
f  ketamine (25 mg/ml), xylazine (1.3 mg/ml) and azepromazine (0.25 mg/ml). The
nesthetized animal was mounted in a stereotaxic apparatus (Stoelting, Woods Dale,
L,  USA), the skull was  opened at the position for the SNR and a pipette (tip diam-
ter 20–50 �m)  was  lowered to the SNR on one side. Coordinates were taken from
he  stereotaxic atlas. The planned coordinates of the SNR were anterior–posterior
5.6 mm;  mediolateral −2.4 mm;  dorsoventral −7.8 mm from bregma. A single

njection of BDA was  administered iontophoretically into one side of the SNR of
ach rat. A positive current of 5 �A was applied for 15 min  at an interval cycle of

 s on/off with a custom build current source (Stoelting CO, Digital Midgard Preci-
ion Current Source). The pipette was  left at the injection site an additional 3 min  to
revent leakage of tracer into the track.

After a survival of 7 days the animals received a lethal dose of pentobarbital
Narcoren®] (100 mg/kg bw i.p.) and were transcardially perfused with 0.9% saline
250–350 ml  per animal) followed by a mixture containing 4% paraformaldehyde
nd 15% saturated picric acid in 0.1 M phosphate buffer (PB) at pH 7.4 (500 ml  per
nimal). Brains were immediately removed from the skull, postfixed in the same
xative overnight and stored in 20% sucrose solution in PB at 4 ◦C for 2 days. Coro-

al  cryostat sections were cut at 40 �m and collected in PB in tissue-culture plates.
he  transport of BDA was  revealed by incubating the sections in an ABC-elite solu-
ion (1:125, Vector Laboratories Burlingame, CA, USA) for 2 h at room temperature
nd by subsequent treatment with heavy metal-intensified diaminobenzidine [1].
tained preparations were mounted on gelatin-coated slides, air-dried over night,
Bulletin 87 (2012) 312– 318 313

dehydrated in alcohol, cleared in xylene, and coverslipped with DPX. The sections
were examined with a light microscope. Localized swellings on the axon were iden-
tified as presynaptic swellings and were termed “terminals”.

The nuclear borders of the thalamic nuclei and of the SNR were extremely diffi-
cult to identify in the sections stained for the BDA. For this reason, after completing
drawings of the distribution of the labelled axons and terminals, major blood ves-
sels and landmarks in the thalamus, and verifying that Nissl staining produces no
significant loss of the BDA stain, the slides were soaked in xylene, the coverlips and
the  mounting medium were completely removed and the sections were hydrated so
that they could be counterstained with thionin. The sections were then once more
dehydrated, cleared and mounted.

3. Results

The injection sites for the 10 experimental rats are shown in
Fig. 1a–j. Fig. 1a–d shows 4 large injections which covered the
greater part of the SNR and Fig. 1e–j shows 6 smaller injections. In
3 of the latter injections, the BDA extended ventrally beyond the
SNR and contaminated the cerebral peduncle (Fig. 1e, g and h). .

3.1. Large SNR injections

The fine labelled axons and terminals in thalamic nuclei were
denser in the large SNR injections (Fig. 1a–d) when compared
with the smaller injections. Bilateral labelled axon terminals were
observed in the VM and the CM,  PF, and PC thalamic nuclei. The
labelling was denser in the ipsilateral compared to the contralateral
related thalamic nuclei.

The MD,  CL and the Rt nuclei showed unilateral BDA labelling.
The MD showed consistent labelling in its lateral part. The Rt
showed few ipsilateral labelled axons and terminals in its rostral
regions. Further, constant labelling was  also observed in the zona
incerta in all large SNR injections.

3.2. Smaller injections

Of the 6 smaller SNR injections (Fig. 1e–j), the BDA labelled fibers
were found to have different distributions varying in accordance
with the rostrocaudal extent of the SNR injection site.

3.2.1. Rostral SNR injections
In the 3 smaller predominantly rostral SNR injections (Fig. 1e–g)

the BDA labelled fibers coursed dorsally and passed through the
medial border of the ZI although some fibers terminated in the
ZI (Fig. 2a and b)). The labelled fibers further coursed dorsally,
passed lateral to the mammillothalamic tract and showed evenly
distributed dense labelled terminals and axons in the VM thalamic
nuclei and few labelled axon terminals in the contralateral VM
thalamic nuclei (Figs. 2a and 3a The dorsal fibers coursed through
the lower parts of ventral posterior and posterior thalamic nuclei
without any axon terminations and reached the CL nucleus.
Labelled axon terminals were also observed in the CL, PC and CM
thalamic nuclei of the IL group (Figs. 2a and 4). Further, constant
terminal labelling was observed in the inferior part of the PF
thalamic nucleus, similar regional labelling was observed on the
contralateral side, but less and scarce (Figs. 2b and 5a).  Labelled
axon terminals were observed in the ipsilateral lateral part of the
MD thalamic nucleus with no labelling in the contralateral MD
(Figs. 2a and 4). In the Rt, there were labelled axon terminals only
in the ipsilateral rostral regions (Fig. 2a and 6).

3.2.2. Caudal SNR injections
Three BDA injections were mostly in the caudal part of the

SNR (Fig. 1h–j). The majority of BDA labelled fibers coursed

dorsomedial to the ZI and a few fibers terminated in this nucleus.
The BDA labelled axons and terminals were observed locally in
the superolateral part of the VM thalamic nucleus, and were not
evenly distributed throughout the nucleus (Figs. 2c and 3b). There
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Fig. 1. (a–j) Photographs of the maximal BDA injection sites of the 10 animals (a–d: large, e–g: rostral and h–j: caudal injections) with schematic illustrations of the
rostro-caudal extensions of the injections.

Fig. 2. (a–d) Coronal sections through the thalamus showing the distribution of labelled axons, terminals and fibers of the rostral (a, b) or caudal (c, d) SNR injections. The
drawings are from rostro-caudal sequence and are obtained from the results of BDA rostral (Fig. 1e–g) or caudal (Fig. 1h–j) SNR injections.
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Fig. 3. (a, b) The BDA injections to the rostral (Fig. 1e–g) SNR showed dense evenly distributed labelled axon terminals and fibers throughout the VM thalamic nucleus. (b)
Caudal (Fig. 1h–j) SNR injections showed labelled axon terminals and fibers specifically localized in the superolateral parts of the VM thalamic nucleus. A drawing of the
whole  thalamus, was  added on the left corner of the figure for orientation.
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Fig. 6. The rostral (Fig. 1e–g) SNR injections showed axon terminals and fibers along

F
n
t

ig. 4. The BDA injections into rostral (Fig. 1e–g) SNR showed labelled axon ter-
inals and fibers in the CL, PC and CM thalamic nuclei. A drawing of the whole

halamus, was added on the right corner of the figure for orientation.

as labelling in the PC and CM but not in the CL thalamic nuclei
f the IL group (Fig. 2c). In the CM labelling extended into the
ontralateral hemisphere (Fig. 2c). Further, bilateral labelled axon

erminals were observed only at the lateral part of the PF thalamic
ucleus, numerous on the ipsilateral, scarce on the contralateral
ide (Figs. 2d and 5b). Again labelled terminals were observed in
he lateral part of the MD  thalamic nucleus similar to those from

the border of the internal capsule of the rostral Rt. A drawing of the whole thalamus,
was  added on the right corner of the figure for orientation.

ig. 5. (a, b): (a) The BDA injections to the rostral (Fig. 1e–g) SNR showed specifically labelled axon terminals and fibers localized in the inferior part of the PF thalamic
ucleus. (b) Caudal (Fig. 1h–j) SNR injections showed specifically labelled axon terminals and fibers in the lateral part of the PF thalamic nucleus. A drawing of the whole
halamus, was added on the right corner of the figure for orientation.
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Fig. 7. (a, b) BDA containing sections counterstained with Nissl to identify the thalamic
Shows  labelling of small terminals in the VM thalamic nuclei. A drawing of the whole tha
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ig. 8. The injections that included the cerebral peduncle showed labelled layer 5
ells of the motor cortex.

he rostral SNR injections (Fig. 2c). No labelling was  observed in any
egions of the Rt.

.3. Cerebral peduncle injections

In 2 of the rostral (Fig. 1e and g) and in 1 of the caudal (Fig. 1h)
NR injections the BDA spread into the cerebral peduncle. The
halamic distribution did not differ from the other rostral and cau-
al injections except that additional labelling was observed in the
A/VL thalamic nuclei. The axon terminals in the VA/VL thalamic
uclei were strikingly larger than those in the VM and IL nuclei
Fig. 7a and b). Experiments that showed labelling in the VA/VL
lso contained labelling of layer V cortical cells (Fig. 8).

. Discussion

.1. Major finding of the study

The present study provides evidence that some of the motor
igher-order relays (VM, IL and MD)  but not first-order thalamic
elays receive SNR inputs. The results also showed that the thalamic
rojections from the SNR are topographically organized in relation
o the injection sites in the SNR (Fig. 2a–d). The rostral SNR injec-
ions showed bilateral labelling, being dense and evenly distributed
n the ipsilateral VM and sparse in the contralateral VM thalamic
ucleus. In contrast to this the caudal SNR injections showed uni-

ateral labelled axon terminals strictly limited to the superolateral

order of VM.  The IL thalamic nuclei also showed a topographi-
al arrangement of the labelling, with the rostral SNR injections
howing labelling of CL, PC and CM whereas, caudal SNR injec-
ions showed no labelling in the CL thalamic nucleus. A labelled
 nuclei. (a) In the VL thalamic nuclei there is labelling of large axon terminals. (b)
lamus, was  added on the left corner of the figure for orientation.

crossed component in CM was  observed for all injection sites of the
SNR. Further, the rostral SNR injections showed bilateral labelled
axon terminals in the inferior part of the PF nucleus and caudal SNR
injections showed labelled axon terminals in the lateral regions of
the PF nucleus. Additionally, the rostral SNR injections had con-
nections with the rostral Rt. All injections showed labelling in
the ZI.

4.2. Comparison with previous studies

Earlier tracing studies have shown connections of the SNR
with VM,  VL, VA, CL, MD,  PC, PF, VPL, the anteroventral (AV) and
anteromedial (AM) thalamic nuclei in the rat, cat and monkey
[4,12,13,17–19,36,44,46,47,53].

In the present study the VA/VL connections were also observed
in 3 animals where cerebral peduncle contamination was  present.
Such corticothalamic axons are known to arise from motor cortex
[15], which was  the major region showing retrogradely labelled
layer V cells in our preparations. This suggested that corticofugal
axons were labelled in the peduncle and that the BDA was ret-
rogradely transported to cells in layer V of the cortex with some
of these layer V cells having VA/VL thalamic branches. This inter-
pretation is supported by the observation that the VA/VL labelling
consisted of large axon terminals compared to the other thalamic
nuclei and suggests that these were corticothalamic axons coming
from the labelled layer V cells.

The VPL connections of the SNC were described by Cebrián and
Prensa [13]. In the present study we observed that the axons from
the SNR coursed from the lower end of VP to reach the IL nuclei.
However axon termination in VPL were not observed. We  also
observed MD  connections for all of our injections sites. The SN pars
compacta (SNC) has been reported as sending axons to the MD  tha-
lamic nucleus [13]. We  could not avoid the contamination of SNC
neurons with BDA. Therefore, further studies are needed to deter-
mine the chemical identity of the connections to define whether
these connections are from SNR or SNC.

In the present study we  demonstrate that the more rostral parts
of the SNR had projections to the CL whereas the more caudal injec-
tions did not (Fig. 2a and c). In the caudal injections it was difficult
to evaluate whether the labelled axon terminals belong to CL or
MD. However the MD thalamic nucleus is composed of medial, cen-
tral (intermediate) and lateral parts. The central part of the nucleus
stains much more densely than the medial and lateral parts in Nissl
sections. The counterstained sections showed labelled axon termi-

nals were immediately external to the dense labelled central band
of the MD.  Therefore, we  assigned these labellings as lateral MD  not
CL. Rostral injections showed labelled axon terminals, distributed
into a large area, including CL and lateral MD  (Fig. 4).
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The present study confirms earlier studies showing the principal
arget of SNR to be the VM thalamic nucleus [8,17,18,35]. Di Chiara
t al. have shown that the SNR–VM connections are GABAergic [17].
here is also physiological evidence that the VM thalamic neurons
re inhibited by stimulation of the SNR [35,54].  The cortical tar-
ets of the VM thalamic nucleus are layer I of frontal and medial
ortical areas [21,26,31].  The type of influence that the SNR, via
he VM thalamic nucleus, may  exert over these fields is currently
nknown. More importantly, our data show that the rostral SNR is
ore densely connected to the VM compared to the caudal SNR.
Pare et al. has reported SNR–Rt connections using WGA-HRP

nd electrophysiological studies in the cat [39]. The present study
onfirms this connection from the rostral SNR but not from the
audal SNR to the rostral Rt for the rat. However, we could not
race through the serial sections that whether these are collater-
ls of the SNR–thalamic connections or direct connections of the
NR. Recently strong projections from the SNC to the Rt have been
escribed [2,13].  Again, the chemical identity of these connections
eeds to be defined to determine whether these connections are

rom SNR or SNC.
The results of the present study confirm earlier studies and also

eport topographical bilateral or/and unilateral efferent connec-
ions of the SNR. A further striking result of the present study is
NR specifically connects to the motor higher-order (VM, IL and
D), but not first-order thalamic nuclei. The data suggest that
otor higher-order thalamic nuclei may  have GABAergic modu-

atory inputs not only from the anterior pretectal nucleus and ZI
ut also from the SNR. The higher-order thalamic nuclei as well
s calbindin-positive relay cells are known to innervate multi-
le cortical areas [16,30]; the activity of relay cells, patterned by
he extrareticular GABAergic input, will be inhibited on its way  to
idespread cortical regions. Our earlier study on the quantification

f drivers of Wistar rats showed that MD  resembles the first-order
ore than higher-order relays [11]. This may  be because the lat-

ral parts of MD  receives a significant number of first-order inputs
rom the amygdala and other subcortical sources therefore, can be

 regarded as a mixture of first and higher-order thalamic nuclei
43].

Additionally, the SNR neurons, via the disinhibition of the Rt
eurons may  produce synchronization of thalamic relay cells. The
t is an aggregation of GABAergic neurons which has reciprocal
onnections with almost all thalamic nuclei [23,43]. This nucleus
as a key role in pacing some rhythmic activities [42,51,52].  Unlike
he Rt, the SNR does not receive thalamic inputs. Thus, the SNR
ill impose its effects on the thalamus unconstrained by ongo-

ng thalamic activity. As a consequence, instead of a reciprocal
xcitatory–inhibitory loop, which underlies thalamocortical oscil-
ations in the Rt, the SNR exerts its effect on the thalamus more like
n external control.

.3. Limitations of the study

One of the limitations of this study was contamination of BDA to
urrounding structures such as cerebral peduncle or SNC. Results
f the cerebral peduncle injections were described as a separate
roup, but even for the smaller injections involvement of SNC neu-
ons could not be excluded. As mentioned above labelled axon
erminals of MD  or Rt can be from SNC. Further studies are required
o identify these connections chemically to determine whether
hey come from SNR or SNC. Secondly, although the parameters for
ontophoretic method for BDA injection were standardized for all

nimals, the amount of injected BDA may  not have been constant.
he density of labelling for not only the injection sites but also the
xon terminals of projections may  differ due to the injected amount
f BDA.

[
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4.4. Pathophysiological implications of the study

Experimental studies reveal that the SNR is critically involved in
cognition and in the coordination of motor functions [40] and that
it also plays a role in the control of epileptic seizures [20,24,25],
acting via its GABAA receptors. Recent studies have shown that the
SNR is divided into two  distinct regions which act via GABA recep-
tors to produce either anticonvulsant effects from the rostral parts
or proconvulsant effects from the caudal parts [38,57].  These two
regions mediate distinct effects on seizures and use divergent out-
put networks in response to localized infusions of GABAergic and
glutamatergic agents or electrical stimulation [38,58]. The results
of the present study show that the opposite responses to epilep-
tic seizures of the rostral and caudal parts of the SNR may  be due
to the regional differences in the connections of the SNR with the
thalamus.

The present results, showing connections of GABAergic rostral
SNR neurons reaching the GABAergic rostral Rt neurons may  allow
for a nigral control of absence epilepsy and emphasize that different
rosto-caudal parts of the SNR are in a position to influence large
areas of the neocortex by modulating higher-order thalamic nuclei.
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