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Tremor is a well-known side effect from many psychiatric medica-
tions, including lithium and dopamine antagonists. In patients whose
psychiatric symptoms are stabilized and only respond to certain
medications, deep brain stimulation may offer relief of the consequent
motor complications. We report the case of an elderly male with
disabling tremor related to lithium therapy for bipolar affective dis-
order, who was subsequently treated with deep brain stimulation. In
this patient, we obtained recordings from the substantia nigra pars
reticulata and performed a high-frequency stimulation protocol that
robustly elicits long-term potentiation (LTP)-like changes in patients
with Parkinson’s disease. We hypothesized that in this patient, who
did not have Parkinson’s disease, the levels of inhibitory plasticity
would be much greater. However, we found an unanticipated lack of
plasticity in the patient with lithium-induced tremor, compared with
two de novo control patients with Parkinson’s disease. This patient
was successfully treated with deep brain stimulation in the vicinity of
the ventral oral posterior nucleus, an area of the thalamus that receives
inputs from the basal ganglia. We postulate that the lithium-induced
blockade of LTP may bring about motor complications such as tremor
while simultaneously contributing to the therapeutic mechanism for
treating the symptoms of psychiatric disorders such as bipolar affec-
tive disorder.

NEW & NOTEWORTHY Use of a dual-microelectrode technique
enabled us to compare long-term potentiation (LTP)-like changes in a
patient with lithium-induced tremor to that of patients with Parkin-
son’s disease. This study corroborated the findings in rodent brain
slices that chronic lithium treatment may block LTP. Whereas a deficit
in LTP may underlie the therapeutic mechanism for treating psychi-
atric disorders such as bipolar affective disorder, it may simultane-
ously contribute to consequent appearance of tremor.

basal ganglia; bipolar affective disorder; drug-induced tremor; lith-
ium; synaptic plasticity

INTRODUCTION

Tremor is a well-known side effect from many psychiatric
medications, including lithium and dopamine antagonists
(Morgan and Sethi 2005). For many patients that develop
tremor related to these medications, the simple solution is to
lower dosages or change medications. However, this may not
be an option for some patients whose psychiatric symptoms are
stabilized and only respond to certain medications. Deep brain
stimulation (DBS) of the thalamic ventral intermediate nucleus
(Vim) and/or posterior subthalamic area (PSA) are highly
efficacious treatments for patients with severe, medication-
refractory essential tremor and tremor related to Parkinson’s
disease (Benabid et al. 1991; Blomstedt et al. 2010; Elble and
Deuschl 2011; Milosevic et al. 2018b). Although there are
fewer data regarding the effects of DBS for other tremor
etiologies, there is some evidence that it can be useful in
patients with drug-induced tremor who are unable to alter
medications (Rodrigues et al. 2015). We report on a patient
with lithium-induced tremor who was subsequently treated
with DBS. In this patient, recordings were obtained from the
substantia nigra pars reticulata (SNr), where a high-frequency
stimulation (HFS) protocol was applied that normally elicits
long-term potentiation (LTP)-like changes in patients with
Parkinson’s disease (Prescott et al. 2009). We took this as a
unique opportunity to measure inhibitory plasticity in the SNr
in a patient who did not have Parkinson’s disease, hypothesiz-
ing that the levels of plasticity would be greater. However, we
found an unexpected lack of SNr plasticity.

CASE REPORT

A left-handed man in his 70s with lithium-induced tremor
was referred to the multidisciplinary movement disorders team
at Toronto Western Hospital for evaluation and potential sur-
gical treatment. His tremor was present at rest and with
posture, and was most severe during handwriting activities. His
tremor symptoms began after a previous hospitalization for
depression and suicidal ideation. During this hospitalization he
was tapered off clonazepam, which he had used for more than
20 yr, and he was started on lithium (300 mg twice a day) and
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olanzapine (2.5 mg twice a day) to treat bipolar affective
disorder. His psychiatric history included bipolar affective
disorder, posttraumatic stress disorder, anxiety, and depression
with suicidal threats. He was diagnosed with lithium-induced
tremor on the basis of clinical features (action/kinetic tremor)
and temporal onset related to lithium treatment. He had no
sensory loss and no other neurological symptoms to report. His
tremor was not responsive to alcohol. Although olanzapine, at
high doses, may lead to drug-induced parkinsonism (Rodrigues
et al. 2015), the patient did not present with bradykinesia or
any other symptoms of Parkinson’s disease. He tried several
medications for tremor, including propranolol, which did not
help his symptoms. His mood and bipolar affective disorder
were clinically stable on his medication regimen, and in con-
sultation with his treating psychiatrist, it was deemed reason-
able to continue lithium therapy. After a detailed multidisci-
plinary review, right-sided DBS surgery was offered as a
treatment option for his left upper extremity tremor.

During DBS surgery, microelectrode recordings were per-
formed in the patient with lithium-induced tremor, and data
were compared with recordings from two patients with Parkin-
son’s disease. The experiments conformed to the guidelines set
by the Tri-Council Policy on Ethical Conduct for Research
Involving Humans and were approved by the University Health
Network Research Ethics Board, and each patient provided
written, informed consent before taking part in the study.
Techniques for electrophysiological identification of subtha-
lamic nucleus (STN)/SNr (Hutchison et al. 1998) and thalamic
subnuclei (Basha et al. 2014; Milosevic et al. 2018b) have been
previously reported. For the patient with lithium-induced
tremor, the surgical plan included three microelectrode map-
ping trajectories, targeting 1) the subthalamic STN and/or PSA,
where we also recorded from the SNr, 2) the thalamic ventral
oral posterior nucleus (Vop), and 3) the Vim (Fig. 1). Each of
the patients with Parkinson’s disease underwent STN DBS

surgery that only involved mapping of the STN/SNr while
withdrawn from all antiparkinsonian medications (medication
OFF).

SNr recording sites were confirmed on the basis of two
criteria. 1) Neuronal firing rates and patterns: SNr neurons fire
at a much higher rate than STN neurons (SNr: 80–120 Hz vs.
STN: 20–60 Hz) and exhibit much more regular firing pat-
terns, whereas STN neurons exhibit irregular firing patterns
(Hutchison et al. 1998). Recordings of single-neuron activity
before the delivery of the stimulation protocol confirmed char-
acteristic SNr neurons (Fig. 2, bottom). 2) Presence of inhibi-
tory focal evoked field potentials (fEPs): single pulses of
stimulation in the SNr robustly elicit positive-going extracel-
lular inhibitory fEPs (analogous to extracellular field inhibitory
postsynaptic potentials, or IPSPs; Milosevic et al. 2018a, 2019;
Prescott et al. 2009), whereas single pulses of stimulation in the
STN do not (Milosevic et al. 2018a). The generation of these
fEPs is most likely due to the large predominance (~90%) of
GABAergic afferent innervation to the SNr (Bolam et al. 2000;
Parent and Hazrati 1995), whereas the STN has a much more
homogenous collateralization of incoming inhibitory and ex-
citatory afferents. The overlap of these antagonistic responses
(GABAergic and glutamatergic) likely shunts the explicit gen-
eration of either a field IPSP or excitatory postsynaptic poten-
tial (EPSP) in the STN (Kaneda and Kita 2005; Rodríguez-
Moreno et al. 1997).

The SNr recording locations, where the synaptic plasticity
stimulation protocol was delivered in each patient, did not
differ substantially for the three patients included in this study
(Fig. 1). The stimulation protocol (delivered only once in each
patient) involved one baseline set of 1-Hz “test pulses” (100
�A, 150-�s pulse width, 10 s; 10 total pulses), followed by
“standard HFS” (four 100-Hz trains, 2 s each, separated by
8 s), followed by another set of 1-Hz “test pulses” (10 total;
Fig. 2, middle). We quantified changes in plasticity by the

Fig. 1. Microelectrode trajectories. Corroborated
neurophysiological results are superimposed on a
14.5-mm sagittal section, based on microelectrode re-
cordings and effects from microstimulation. The syn-
aptic plasticity stimulation protocol was delivered in
the substantia nigra pars reticulata (SNr) of section 1
(s1) at 5 mm below target (�5 mm; denoted by open
circle). The deep brain stimulation macroelectrode was
implanted in section 2 (s2) due to maximal tremor-
suppressing effects with microstimulation, with the
bottom electrode contact positioned at the ventral
thalamic border. The approximate locations of the
SNr stimulation protocols for the 2 patients with
Parkinson’s disease (PD1 and PD2) are denoted by
shaded circles. mcp, Mid-commissural point; pc, pos-
terior commissure; RaPrl, prelemniscal radiations; Rt,
reticular thalamic nucleus; STN, subthalamic nucleus;
Vc, ventral caudal; Vim, ventral intermediate; Voa,
ventral oral anterior; Vop, ventral oral posterior.

1368 LACK OF PLASTICITY IN A PATIENT WITH LITHIUM-INDUCED TREMOR

J Neurophysiol • doi:10.1152/jn.00203.2019 • www.jn.org

Downloaded from journals.physiology.org/journal/jn (184.175.034.200) on October 27, 2020.



percentage change in fEP amplitude (peak to trough) before
and after HFS (paired-sample t test, 2-tailed).

HFS induced a nonsignificant enhancement of inhibitory
synaptic plasticity in the patient with lithium-induced tremor
(9.8%, P � 0.06), whereas the patients with Parkinson’s
disease (medication OFF) exhibited statistically significant
enhancements of fEP amplitudes (56.5%, P � 0.001 and
86.7%, P � 0.001), consistent with our previous studies
(Milosevic et al. 2018a, 2019; Prescott et al. 2009). These
results are summarized in Fig. 2. In the medication-OFF
condition, Prescott et al. (2009) reported an average increase in
fEP amplitude of 29.3%, which is lower than that of the
parkinsonian patients included in the present study. One reason
for the disparity in fEP amplitudes after HFS in this study
compared with prior work was methodological differences in
measuring the fEP amplitude. In previous studies, we measured
baseline to peak amplitudes; however, we have now changed to
measure peak to trough amplitude (since both the peak and
trough appear to extend beyond pre-HFS baseline levels).
Furthermore, the patients with Parkinson’s disease (PD1 and
PD2) included in this study, who had far greater plasticity than
the patient with lithium-induced tremor, possessed only mild
tremor scores at most (average of rest, posture, and action
tremor for upper extremities, lower extremities, and head,

respectively: 0.67/4, 0.67/4, 0.67/4 for PD1; 0.67/4, 0/4, 0/4 for
PD2) and mild motor symptom severity (Unified Parkinson’s
Disease Rating Scale Part III motor subscores of 32/108 for
PD1 and 20/108 for PD2). The patient with less severe tremor
and less severe motor symptoms was the patient with greater
plasticity (PD2).

Although we have reported that fEPs are potentiated after
HFS in patients with Parkinson’s disease, we also have previ-
ously demonstrated that during HFS, fEPs in the SNr are
rapidly attenuated with successive stimulation pulses, indicat-
ing synaptic depression (a phenomenon of short-term plastic-
ity; Milosevic et al. 2018a). In the patient with lithium-induced
tremor, although the enhancement of plasticity after HFS was
lacking, synaptic depression during the four trains of 100-Hz
stimulation was demonstrated. The average paired-pulse ratio
between the first and second fEP during the 100-Hz stimulation
trains (10-ms interstimulus intervals) was 13.6 � 5.9% (Fig. 2,
bottom), which conforms to our previous findings (Milosevic et
al. 2018a).

The second trajectory (targeting Vop) was selected for DBS
macroelectrode implantation due to maximal tremor suppress-
ing effects intraoperatively (Fig. 1). The patient’s preoperative
score of 43 on The Essential Tremor Rating Assessment Scale

Fig. 2. Lack of inhibitory synaptic plasticity in
patient with lithium-induced tremor. Top: significant
increases in inhibitory focal evoked field potential
(fEP) amplitudes after high-frequency stimulation
(HFS) were measured in 2 patients with Parkinson’s
disease (PD1 and PD2), whereas there was a non-
significant increase in fEP amplitude in the patient
with lithium-induced tremor (†P � 0.001). Addi-
tionally, the fEPs of the lithium-treated tremor pa-
tient were of significantly (P � 0.001) shorter du-
ration (6.6 � 0.7 ms) compared with those of the 2
patients with Parkinson’s disease (20.2 � 1.7 ms).
Middle: “standard HFS” microstimulation protocol.
Bottom: in addition to the presence of stimulation-
induced fEPs, confirmation of the substantia nigra
pars reticulata (SNr) in the lithium-treated tremor
patient was also based on characteristic firing rates
and patterns (per Hutchison et al. 1998) of neurons
encountered before delivery of the stimulation pro-
tocol. Additionally, robust paired-pulse depression
of fEPs was observed during the 4 trains of HFS (in
accordance with Milosevic et al. 2018a).
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(TETRAS) was improved to 29 at 3 mo postoperatively with
DBS-ON.

DISCUSSION

There is a total of five cortico-basal-ganglia loops that have
been described anatomically; two are motor and oculomotor,
and the remaining three are thought to be involved in cognition
and mood (Alexander et al. 1991; Tekin and Cummings 2002).
The dorsolateral-prefrontal circuit is involved executive func-
tion, the lateral-orbitofrontal circuit mediates socially critical
restrain and empathy, and the anterior-cingulate-subcortical
circuit subserves mood and motivation. Both of these last two
circuits impinge on the SNr in the rostromedial and anterodor-
sal region, but the anterior-cingulate-subcortical circuit appears
to most closely correspond to the region of SNr where we
measured a lack of plasticity. There is evidence for a role of
this region in disorders of mood, which comes from isolated
observations of acute mood changes with stimulation at con-
tacts in the ventral STN and dorsal SNr regions (Bejjani et al.
1999; Blomstedt et al. 2008; Huang et al. 2018; Krack et al.
2001; Okun et al. 2004). Additionally, the SNr has been
postulated to be involved in cognition, thought to be largely
mediated by dopaminergic neurons. Previous studies in pa-
tients undergoing STN DBS surgeries have provided evidence
for the hypothetical role of the SNr (in the region immediately
dorsal to the STN, as investigated here) in human reinforce-
ment learning (Zaghloul et al. 2009) and novelty detection
(Kamiński et al. 2018; Mikell et al. 2014). In terms of afferent
innervation, this region of the SNr receives the majority of its
inputs from the GABAergic direct pathway of the limbic
striatum. As a whole, inhibitory striatonigral projections make
up the majority (~90%) of the afferent innervation of the SNr
(Bolam et al. 2000; Parent and Hazrati 1995).

We have demonstrated here that extracellular striatonigral
inhibitory fEPs were not potentiated after HFS in a lithium-
treated patient, whereas significant LTP-like effects occurred
in patients with Parkinson’s disease. Accordingly, lithium
treatment has been shown to block long-term depression (LTD)
in rat corticostriatal slices (Calabresi et al. 1993). In naive
slices, EPSPs were depressed after tetanic stimulation (repeti-
tive activation of corticostriatal glutamatergic inputs) but were
not depressed following chronic lithium treatment. In addition
to reduced EPSP amplitudes, EPSPs were also of shorter
duration following chronic lithium treatment, which was also
observed in our study. A more recent study in mouse hip-
pocampal slices demonstrated that chronic lithium treatment
reduced amplitudes of miniature EPSCs though brain-derived
neurotrophic factor (BDNF)- and dynamin-dependent endocy-
tosis of �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)-receptor subunits (Gideons et al. 2017). This reduced
synaptic efficacy was postulated to contribute to the antimanic
therapeutic mechanism of lithium treatment. Therefore, the
first postulation that arises from our findings is that downregu-
lated inhibitory LTP in the SNr may contribute (in part) to
improved psychiatric symptoms, perhaps via the cortico-basal-
ganglia loops involved in mood and motivation. Although little
is known about both the pathophysiology of bipolar affective
disorder and the mechanisms of action of mood stabilizing
drugs, including lithium (Bachmann et al. 2005), there is
converging evidence that bipolar affective disorder may arise

from abnormalities in synaptic and neuronal plasticity cas-
cades, leading to aberrant information processing (Einat and
Manji 2006; Schloesser et al. 2008).

Moreover, we have previously demonstrated that patients
with Parkinson’s disease with lower levels of nigral LTP-like
changes after HFS were associated with higher severity motor
symptoms (Milosevic et al. 2019; Prescott et al. 2009), leading
to the hypothesis that altered (reduced) plasticity in the basal
ganglia output structures may contribute to motor symptoms
of Parkinson’s disease. These findings were replicated in
the present study: the patient who presented with less severe
tremor and motor scores demonstrated greater levels of plas-
ticity. However, it is important to consider that both of these
conditions (Parkinson’s disease and lithium-induced tremor)
are considered pathological states, and data from healthy con-
trol populations would be required to further confirm this
hypothesis. Nevertheless, it is indeed suggested that downregu-
lated synaptic efficacy of inhibitory striatonigral/striatopallidal
projections brings about motor symptoms of Parkinson’s dis-
ease (Albin et al. 1989; Alexander and Crutcher 1990; DeLong
1990; Surmeier et al. 2007). Thus we further postulate that
lithium-induced blockade of inhibitory LTP may contribute to
the extrapyramidal side effects (including but not limited to
tremor) often observed with lithium therapy (Tyrer et al. 1980),
via the cortico-basal-ganglia loops involved in motor function.
Therefore, it is of particular interest that the trajectory targeting
the Vop, which receives significant inputs from the basal
ganglia output structures (the SNr and globus pallidus internus;
Kultas-Ilinsky and Ilinsky 1991; Kuramoto et al. 2011),
yielded the best tremor suppressing effects and was thus
selected as the implantation site for the chronic DBS macro-
electrode.

Lithium is most commonly thought to work through its
inhibitory effects on the synthesis of inositol and subsequent
effects on signal transduction (Berridge et al. 1989; Dixon et al.
1992, 1994; Gerasimenko et al. 2006; Lee et al. 1992; Lubrich
et al. 1997; Salinas and Hall 1999), as well as its inhibitory
effects on glycogen synthase kinase 3 (GSK-3; Klein and
Melton 1996), an enzyme that is directly involved in gene
transcription, cell structure, and synaptic plasticity (Machado-
Vieira et al. 2009). It also has been suggested to be involved in
dopamine-mediated regulation of corticostriatal plasticity
(Calabresi et al. 2007). Lithium also inhibits neurotransmitters
including dopamine (by altering the functionality of G protein-
coupled receptor subunits) and glutamate (by downregulating
N-methyl-D-aspartate receptors) and promotes GABA-medi-
ated neurotransmission (by presynaptic facilitation of GABA
release and postsynaptic upregulation of GABAB receptors)
(Malhi et al. 2013). Indeed, bipolar affective disorder has been
associated with reduced GABAergic neurotransmission (Bram-
billa et al. 2003). It is possible that by blocking dopaminergic
neurotransmission, lithium may reverse/block inhibitory LTP-
like changes in the SNr, which have previously been demon-
strated to be dopamine-sensitive (Floran et al. 1990; Milosevic
et al. 2019; Prescott et al. 2009). Although we cannot specif-
ically comment on changes to levels of neurotransmission that
are inherent to bipolar affective disorder or are a consequence
of lithium therapy, this work demonstrates for the first time in
humans that modulation of synaptic efficacy in the basal
ganglia was lacking in a patient with lithium-induced tremor.
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Although the tremor etiology of the patient we report on is
consistent lithium-induced tremor rather than resulting from
olanzapine-related parkinsonism, a limitation of this study is
the inability to parse out specifically whether the absent SNr
plasticity was the result of lithium therapy or was due to the
involvement of olanzapine (despite low doses). Although there
have been notions that atypical neuroleptics (including olan-
zapine and haloperidol) may have modulatory effects on syn-
aptic plasticity (Duman 2002), the described effects have been
variable or marginal (Centonze et al. 2004; Dzyubenko et al.
2017; Hammonds and Shim 2009; Shim et al. 2012). Further-
more, there have been notions that lithium may have neuro-
protective effects through upregulation of various neurotrophic
and transcription factors including BDNF and CREB (Ham-
monds and Shim 2009; Manji et al. 2000; Nibuya et al. 1996).
One study in hippocampal rat brain slices suggested that
lithium administration enhanced glutamatergic LTP indepen-
dently of hippocampal neurogenesis (Son et al. 2003), whereas
our study demonstrates reduced/absent inhibitory LTP in the
basal ganglia.

Given the inability to obtain data from healthy control
populations, the conclusions of this study rely on previous
animal literature as well as direct comparisons between two
pathological patient populations. As such, further studies are
warranted regarding the role of lithium in the modulation of
synaptic plasticity, its therapeutic mechanisms of action, and
mechanisms related to consequent generation of motor com-
plications.

ACKNOWLEDGMENTS

We thank the patients for participation in the study.

GRANTS

This work was supported in part by Natural Sciences and Engineering
Research Council: Discovery Grant RGPIN-2016-06358 (to M. R. Popovic)
and the Dystonia Medical Research Foundation (to W. D. Hutchison).

DISCLOSURES

S.K.K., and W.D.H. have received honoraria, travel funds, and/or grant
support from Medtronic. M.R.P. is a shareholder in MyndTec Inc. and an
advisor to Myant Inc. L.M., R.F.D., R.P.M., have no conflicts of interest to
declare.

AUTHOR CONTRIBUTIONS

L.M., R.F.D., R.P.M., S.K.K., M.R.P., and W.D.H. conceived and designed
research; L.M. and W.D.H. performed experiments; L.M. analyzed data; L.M.
and W.D.H. interpreted results of experiments; L.M. prepared figures; L.M.,
R.F.D., and W.D.H. drafted manuscript; R.F.D., R.P.M., S.K.K., M.R.P., and
W.D.H. edited and revised manuscript; R.F.D., R.P.M., S.K.K., M.R.P., and
W.D.H. approved final version of manuscript.

REFERENCES

Albin RL, Young AB, Penney JB. The functional anatomy of basal ganglia
disorders. Trends Neurosci 12: 366–375, 1989. doi:10.1016/0166-2236
(89)90074-X.

Alexander GE, Crutcher MD. Functional architecture of basal ganglia
circuits: neural substrates of parallel processing. Trends Neurosci 13: 266–
271, 1990. doi:10.1016/0166-2236(90)90107-L.

Alexander GE, Crutcher MD, DeLong MR. Basal ganglia-thalamocortical
circuits: parallel substrates for motor, oculomotor, “prefrontal” and “limbic”
functions. In: Progress in Brain Research. The Prefrontal–Its Structure,
Function and Cortex Pathology, edited by Uylings HB, Van Eden CG, De

Bruin JP, Corner MA, Feenstra MG. Amsterdam: Elsevier, 1991, vol. 85, p.
119–146.

Bachmann RF, Schloesser RJ, Gould TD, Manji HK. Mood stabilizers
target cellular plasticity and resilience cascades: implications for the devel-
opment of novel therapeutics. Mol Neurobiol 32: 173–202, 2005. doi:10.
1385/MN:32:2:173.

Basha D, Dostrovsky JO, Lopez Rios AL, Hodaie M, Lozano AM, Hutchi-
son WD. Beta oscillatory neurons in the motor thalamus of movement
disorder and pain patients. Exp Neurol 261: 782–790, 2014. doi:10.1016/j.
expneurol.2014.08.024.

Bejjani BP, Damier P, Arnulf I, Thivard L, Bonnet AM, Dormont D,
Cornu P, Pidoux B, Samson Y, Agid Y. Transient acute depression
induced by high-frequency deep-brain stimulation. N Engl J Med 340:
1476–1480, 1999. doi:10.1056/NEJM199905133401905.

Benabid AL, Pollak P, Gervason C, Hoffmann D, Gao DM, Hommel M,
Perret JE, de Rougemont J. Long-term suppression of tremor by chronic
stimulation of the ventral intermediate thalamic nucleus. Lancet 337: 403–
406, 1991. doi:10.1016/0140-6736(91)91175-T.

Berridge MJ, Downes CP, Hanley MR. Neural and developmental actions of
lithium: a unifying hypothesis. Cell 59: 411–419, 1989. doi:10.1016/0092-
8674(89)90026-3.

Blomstedt P, Hariz MI, Lees A, Silberstein P, Limousin P, Yelnik J, Agid
Y. Acute severe depression induced by intraoperative stimulation of the
substantia nigra: a case report. Parkinsonism Relat Disord 14: 253–256,
2008. doi:10.1016/j.parkreldis.2007.04.005.

Blomstedt P, Sandvik U, Tisch S. Deep brain stimulation in the posterior
subthalamic area in the treatment of essential tremor. Mov Disord 25:
1350–1356, 2010. doi:10.1002/mds.22758.

Bolam JP, Hanley JJ, Booth PA, Bevan MD. Synaptic organisation of the
basal ganglia. J Anat 196: 527–542, 2000. doi:10.1046/j.1469-7580.2000.
19640527.x.

Brambilla P, Perez J, Barale F, Schettini G, Soares JC. GABAergic
dysfunction in mood disorders. Mol Psychiatry 8: 721–737, 2003. doi:10.
1038/sj.mp.4001362.

Calabresi P, Picconi B, Tozzi A, Di Filippo M. Dopamine-mediated regu-
lation of corticostriatal synaptic plasticity. Trends Neurosci 30: 211–219,
2007. doi:10.1016/j.tins.2007.03.001.

Calabresi P, Pisani A, Mercuri NB, Bernardi G. Lithium treatment blocks
long-term synaptic depression in the striatum. Neuron 10: 955–962, 1993.
doi:10.1016/0896-6273(93)90210-I.

Centonze D, Usiello A, Costa C, Picconi B, Erbs E, Bernardi G, Borrelli E,
Calabresi P. Chronic haloperidol promotes corticostriatal long-term poten-
tiation by targeting dopamine D2L receptors. J Neurosci 24: 8214–8222,
2004. doi:10.1523/JNEUROSCI.1274-04.2004.

DeLong MR. Primate models of movement disorders of basal ganglia origin.
Trends Neurosci 13: 281–285 1990. doi:10.1016/0166-2236(90)90110-V.

Dixon JF, Lee CH, Los GV, Hokin LE. Lithium enhances accumulation of
[3H]inositol radioactivity and mass of second messenger inositol 1,4,5-
trisphosphate in monkey cerebral cortex slices. J Neurochem 59: 2332–
2335, 1992. doi:10.1111/j.1471-4159.1992.tb10129.x.

Dixon JF, Los GV, Hokin LE. Lithium stimulates glutamate “release” and
inositol 1,4,5-trisphosphate accumulation via activation of the N-methyl-D-
aspartate receptor in monkey and mouse cerebral cortex slices. Proc Natl
Acad Sci USA 91: 8358–8362, 1994. doi:10.1073/pnas.91.18.8358.

Duman RS. Synaptic plasticity and mood disorders. Mol Psychiatry 7, Suppl
1: S29–S34, 2002. doi:10.1038/sj.mp.4001016.

Dzyubenko E, Juckel G, Faissner A. The antipsychotic drugs olanzapine
and haloperidol modify network connectivity and spontaneous activity of
neural networks in vitro. Sci Rep 7: 11609, 2017. doi:10.1038/s41598-
017-11944-0.

Einat H, Manji HK. Cellular plasticity cascades: genes-to-behavior pathways
in animal models of bipolar disorder. Biol Psychiatry 59: 1160–1171, 2006.
doi:10.1016/j.biopsych.2005.11.004.

Elble R, Deuschl G. Milestones in tremor research. Mov Disord 26: 1096–
1105, 2011. doi:10.1002/mds.23579.

Floran B, Aceves J, Sierra A, Martinez-Fong D. Activation of D1 dopamine
receptors stimulates the release of GABA in the basal ganglia of the rat.
Neurosci Lett 116: 136–140, 1990. doi:10.1016/0304-3940(90)90399-T.

Gerasimenko JV, Flowerdew SE, Voronina SG, Sukhomlin TK, Tepikin
AV, Petersen OH, Gerasimenko OV. Bile acids induce Ca2� release from
both the endoplasmic reticulum and acidic intracellular calcium stores
through activation of inositol trisphosphate receptors and ryanodine recep-
tors. J Biol Chem 281: 40154–40163, 2006. doi:10.1074/jbc.M606402200.

1371LACK OF PLASTICITY IN A PATIENT WITH LITHIUM-INDUCED TREMOR

J Neurophysiol • doi:10.1152/jn.00203.2019 • www.jn.org

Downloaded from journals.physiology.org/journal/jn (184.175.034.200) on October 27, 2020.

https://doi.org/10.1016/0166-2236(89)90074-X
https://doi.org/10.1016/0166-2236(89)90074-X
https://doi.org/10.1016/0166-2236(90)90107-L
https://doi.org/10.1385/MN:32:2:173
https://doi.org/10.1385/MN:32:2:173
https://doi.org/10.1016/j.expneurol.2014.08.024
https://doi.org/10.1016/j.expneurol.2014.08.024
https://doi.org/10.1056/NEJM199905133401905
https://doi.org/10.1016/0140-6736(91)91175-T
https://doi.org/10.1016/0092-8674(89)90026-3
https://doi.org/10.1016/0092-8674(89)90026-3
https://doi.org/10.1016/j.parkreldis.2007.04.005
https://doi.org/10.1002/mds.22758
https://doi.org/10.1046/j.1469-7580.2000.19640527.x
https://doi.org/10.1046/j.1469-7580.2000.19640527.x
https://doi.org/10.1038/sj.mp.4001362
https://doi.org/10.1038/sj.mp.4001362
https://doi.org/10.1016/j.tins.2007.03.001
https://doi.org/10.1016/0896-6273(93)90210-I
https://doi.org/10.1523/JNEUROSCI.1274-04.2004
https://doi.org/10.1016/0166-2236(90)90110-V
https://doi.org/10.1111/j.1471-4159.1992.tb10129.x
https://doi.org/10.1073/pnas.91.18.8358
https://doi.org/10.1038/sj.mp.4001016
https://doi.org/10.1038/s41598-017-11944-0
https://doi.org/10.1038/s41598-017-11944-0
https://doi.org/10.1016/j.biopsych.2005.11.004
https://doi.org/10.1002/mds.23579
https://doi.org/10.1016/0304-3940(90)90399-T
https://doi.org/10.1074/jbc.M606402200


Gideons ES, Lin PY, Mahgoub M, Kavalali ET, Monteggia LM. Chronic
lithium treatment elicits its antimanic effects via BDNF-TrkB dependent
synaptic downscaling. eLife 6: e25480, 2017. doi:10.7554/eLife.25480.

Hammonds MD, Shim SS. Effects of 4-week treatment with lithium and
olanzapine on levels of brain-derived neurotrophic factor, B-cell CLL/
lymphoma 2 and phosphorylated cyclic adenosine monophosphate response
element-binding protein in the sub-regions of the hippocampus. Basic Clin
Pharmacol Toxicol 105: 113–119, 2009. doi:10.1111/j.1742-7843.2009.
00416.x.

Huang Y, Aronson JP, Pilitsis JG, Gee L, Durphy J, Molho ES, Ramirez-
Zamora A. Anatomical correlates of uncontrollable laughter with unilateral
subthalamic deep brain stimulation in Parkinson’s disease. Front Neurol 9:
341, 2018. doi:10.3389/fneur.2018.00341.

Hutchison WD, Allan RJ, Opitz H, Levy R, Dostrovsky JO, Lang AE,
Lozano AM. Neurophysiological identification of the subthalamic nucleus
in surgery for Parkinson’s disease. Ann Neurol 44: 622–628, 1998. doi:10.
1002/ana.410440407.
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