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Long-term trans-synaptic glial responses in
the human thalamus after peripheral nerve

injury
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Limb denervation leads to reorganization of the representa-
tional zones of the somatosensory cortex. Using [11C](R)-
PK11195, a sensitive in vivo marker of glial cell activation, and
PET, we provide ®rst evidence that limb denervation induces a
trans-synaptic increase in [11C](R)-PK11195 binding in the
human thalamus but not somatosensory cortex: these brain
structures appeared morphologically normal on magnetic
resonance imaging (MRI). The increased thalamic signal was

detectable many years after nerve injury, indicating persistent
reorganization of the thalamus. This glial activation, beyond the
®rst-order projection area of the injured neurons, may re¯ect
continually altered afferent activity. Our ®ndings support the
view that long-term rearrangement of cortical representational
maps is signi®cantly determined within the thalamus. Neuro-
Report 12:3439±3442 & 2001 Lippincott Williams & Wilkins.
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INTRODUCTION
Denervation of a limb leads to large-scale functional
reorganization of the representational body map in the
cortex, and involves the expansion of neighbouring cortical
representations [1,2]. This cortical plasticity may be asso-
ciated with the development of abnormal sensations, such
as phantom and referred cutaneous sensations. The anato-
mical origins and the cellular mechanisms underlying the
representational cortical remodelling are still contentious.
The existence of intracortical mechanisms, such as unmask-
ing of preexisting, redundant thalamocortical or intracorti-
cal connections, as well as sprouting of intracortical or
thalamocortical axons [1], has been proposed. However,
there is also evidence that cortical reorganization may be
the consequence of a reorganization of the thalamus
following changes of afferent inputs from the amputated
limb [2]. The cause of the sustained representational
plasticity in the thalamus has recently been suggested to be
transneuronal atrophy in the thalamus that, in turn, would
mediate cortical plasticity [3].

Acute or chronic neuronal injury evokes a rapid, transi-
ent and highly localised activation of microglia even if no
cell death occurs [4]. The activation of microglia can,
therefore, be used as a sensor of neuronal injury. PK11195
[1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoqui-

noline carboxamide] is a ligand for the peripheral benzo-
diazepine binding site (PBBS) that, while practically absent
in the normal brain parenchyma, is strongly and preferen-
tially expressed by activated microglia around the soma of
the injured neuron, and in its retrograde and anterograde
projection areas [5,6]. For example, increased microglial
(R)-PK11195 binding is seen in the motor facial nucleus
after peripheral facial nerve transection [5], in the gracile
nucleus after sciatic nerve lesion [5], in the ipsilateral
thalamus after cerebral cortical ischemic stroke [7] and in
the lateral geniculate bodies in multiple sclerosis patients
with optic neuritis [6]. Labelled with 11C, PK11195 and
PET can be used for the in vivo detection and measurement
of the glial responses to neuronal injury [6,7].

MATERIALS AND METHODS
[11C](R)-PK11195 binding was measured by PET in seven
patients with injuries at different levels of the sensory
pathway (Table 1), and compared to control subjects
(n� 15) as described previously [6]. The study was ap-
proved by the local ethics committee. Informed written
consent was obtained from all subjects. Each subject under-
went a volumetric T1-weighted MRI scan for the purpose
of excluding any incidental pathology, co-registration with
the PET image and region of interest analysis. [11C](R)-



PK11195 PET data acquisition, tracer kinetic modelling and
calculation of regional binding potential (BP) was per-
formed as previously reported, using a simpli®ed reference
tissue model where the estimated BP is independent of

regional differences in delivery [6,8]. Brain reference tissue
input kinetics were extracted from the dynamic scan data
by cluster analysis [6] (as no pathology was present in the
cerebellum, similar BP values and the same regional bind-

Table 1.

Patient data Thalamic [11C](R)-PK11195 BPa

No Age Sex Type of injury/injury level Months after Ipsilateral (I) Contralateral (C) Asymmetry (CÿI)/
injury I 3 100%

C5 C6 C7 C8 T1

Injury distal to sensory ganglion
1 31 F Arm amputation 36 0.39 (0.8) 0.47�� (2.4) �17
2 36 F R R R R R 84 0.5�� (3.0) 0.57�� (4.4) �12
3 51 M Arm amputation 276b 0.38 (0.6) 0.46� (2.2) �17
Injury proximal to sensory ganglion
4 28 M R A A A A 12 0.42 (1.4) 0.59�� (4.8) �29
5 26 M R A A A A 48 0.45 (2.0) 0.63�� (5.6) �29
6 35 M R R A A A 132b 0.36 (0.2) 0.45� (2.0) �20
Spinothalamic tract injury (bilateral)
7 51 F Vascular cervical spinal cord injury 26 0.59�� (4.8) 0.59�� (4.8) ÿ
R, rupture of brachial plexus; A, avulsion of spinal cord sensory root.
aValues in parentheses are z-values.
bInjury affected the side of the non-dominant hand.� p , 0.05; �� p , 0.001.
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Fig. 1. Thalamic [11C] (R)-PK11195 binding potential (BP). All patients with either limb amputation or brachial plexus lesion show asymmetrically
increased [11C](R)-PK11195 binding, indicating trans-synaptic glial activation. In patient No. 7 with a symmetrical cervical spinal cord injury, [11C](R)-
PK11195 binding is increased in both thalami bilaterally and symmetrically as predicted.
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ing pattern were obtained using the cerebellum as a
conventional reference tissue [7]). Baseline data were
obtained from ®fteen healthy volunteers (mean (� s.d.) age
44.5� 3.3 years). Z-values (one-tailed Z-test testing for
increase in speci®c binding) were calculated to determine
the signi®cance of regional [11C](R)-PK11195 binding be-
tween normal subjects and patients.

RESULTS
In all patients with peripheral nerve or spinal root lesions
signi®cantly increased binding of [11C](R)-PK11195 was
found in the thalamus contralateral to the side of injury
(normal thalamic BP� 0.35� 0.05) up to two decades after
the event (Table 1; Fig. 1). Although the resolution of the
PET image did not allow accurate identi®cation of indivi-
dual thalamic sub-nuclei, maximal binding appeared to be
in the area of the ventral posterolateral nucleus (Fig. 2).
The asymmetry in the [11C](R)-PK11195 signal appeared to
be more pronounced in patients with spinal cord root
avulsion (Table 1). In two of the six patients with nerve
injury increased [11C](R)-PK11195-binding was also be seen
in the ipsilateral thalamus, albeit always at lower levels
than the contralateral thalamus. In contrast, the patient
with the symmetrical cervical spinal cord injury showed
the expected bilateral, symmetrically increased [11C](R)-

PK11195 signal in both thalami. Importantly, increased
[11C](R)-PK11195 binding was not accompanied by thala-
mic atrophy or asymmetry and did not correlate with the
size of the thalamus. Due to the limited ®eld of view of the
PET camera (10.65 cm) cerebellum and brain stem were
excluded from formal quantitative analysis. No increased
[11C](R)-PK11195-binding was found in the somatosensory
or motor cortices.

DISCUSSION
There is growing awareness that glial cells actively partici-
pate in the integration of neuronal inputs, modulate
synaptic activity and communicate which neurons through
a multitude of rapid signalling pathways. The latter may
involve purinergic receptors [9], or simply transient
changes of extracellular potassium, as can be detected in
the thalamus following experimental dorsal root transec-
tion [10]. Our observations of trans-synaptic glial responses
extend current models of brain plasticity that focus mainly
on changes in neuron-neuron connections. Trans-synaptic
microglial activation has previously been observed in the
thalamus after intrastriatal nerve cell death induced by
quinolinic acid, a model for Huntington's disease [11]. For
this model, neuronal hyperexcitation following the removal
of inhibitory striatal input has been suggested to be a

Fig. 2. [11C] (R)-PK11195 PET and MRI after limb amputation. Schematic drawing: Peripheral nerve injury induces a trans-synaptic glial response, i.e. in
the projection area of the second-order neuron. 36 months after amputation of the right forearm (Patient No.1), no structural changes can be detected
in the volumetric T1-weighted MRI (a,c). In contrast, [11C] (R)-PK11195 PET superimposed onto the patient's MRI (b,d) reveals a signi®cant regional
increase in [11C] (R)-PK11195 binding, signifying the presence of activated glial cells in the area of contralateral left ventral posteriolateral nucleus of the
thalamus (white arrows).
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suf®cient trigger for thalamic microglial activation. It is
well documented that neuronal cell death is not necessary
to activate microglia, and that they abundantly express(R)-
PK11195-binding sites without having to transform into
phagocytic brain macrophages [4±6]. Hence, [11C](R)-
PK11195-binding can be increased in normal appearing
brain tissue, as shown in our patients. This is important,
since previous studies of long-term reorganization in the
thalamus of non-human primates demonstrate that second-
ary transneuronal atrophy, even after many years, is
associated with shrinkage and withering of thalamic neu-
rons, and to a lesser extent with neuronal cell death [2,3].

The role of glial cells in CNS plasticity is largely
unexplored. However, one aspect of the activation of
microglia is their suggested participation in the removal of
synapses from injured neurons, a process termed synaptic
stripping [4] that can occur without obviously destructive
tissue pathology. Highly localised activation of microglia
may contribute to the disconnection of anatomical path-
ways on a microscopic level and thus mediate cortical
plasticity. Supportive of earlier post-mortem data in pri-
mates [2,3,12], the persistence of the increased thalamic
[11C](R)-PK11195-binding in our patients over many years
implies that microstructural rearrangements of the thala-
mic neuronal connectivity can be a protracted process.
Since all of our patients suffered to a variable extent from
neurogenic pain, one possible explanation is that continual,
abnormal sensory input is driving this process [13,14]. It
remains to be established whether the increase in ipsilat-
eral [11C](R)-PK11195 seen in some patients is the result of
interhemispheric neuronal signalling, or is due to the
presence of disinhibited ipsilateral connections. Any latent
ipsilateral projections, unmasked through injury, could
potentially provide a mechanism for rehabilitation [15,16].

CONCLUSION
Our data favour the view that, in humans, thalamic

reorganization contributes signi®cantly to cortical plasticity
following limb denervation. This study invites further
consideration of neuronal±glial interactions as a funda-
mental mechanism in CNS plasticity and has theoretical
implications beyond the speci®c observations. The exis-
tence of persistent, neuronally induced glial responses
suggests that the brain's neural network architecture after
an injury, whether central or peripheral, is less static than
often assumed [17]. It is likely that neuronal±glial inter-
actions in the thalamus are important in neurodegenerative
brain disease, such as in Alzheimer's disease [18], but also
in psychiatric conditions, in which subtle rearrangements
in the thalamus could be a microstructural correlate of
altered brain function.
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