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Parkinson’s disease (PD) patients have increased histamine in their basal ganglia, but the role of this neurotransmitter in
PD is poorly understood. In this issue of the JCI, Zhuang et al. demonstrate that histamine levels rise in the subthalamic
nucleus (STN) to compensate for abnormal firing patterns. Injection of histamine into the STN restores normal firing
patterns and motor activity, whereas merely changing firing rates has no behavioral effect. Moreover, STN deep brain
stimulation, a widespread therapy for PD, regularizes firing through endogenous histamine release. This suggests that
abnormal firing patterns, rather than rates, cause PD symptoms, and this histaminergic pathway may lead to new
treatments for the disease.
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What defines the Parkinsonian 
brain?
Parkinson’s disease (PD) afflicts over 10 
million people worldwide (1) with a host 
of severe motor symptoms. A root cause 
for this dysfunction is the death of dopa-
mine-releasing neurons that innervate a set 
of deep brain regions called the basal gan-
glia (BG). However, identification of the 
process that leads from dopaminergic cell 
death to motor symptoms has remained 
contested for decades. How exactly does 
the loss of BG dopamine produce such pro-
found motor deficits?

Broadly, two camps have formed to 
answer this question. One explanation, 
the firing-rate hypothesis, suggests that 
dysregulation of firing rates across BG 
nuclei sends excessive “stop” signals, and 
reduces “go” signals, to the brain’s move-
ment center in the motor cortex. The 
subthalamic nucleus (STN), for instance, 
shows a markedly increased firing rate in 
PD. Some suggest that deep brain stimu-
lation (DBS) of the STN, a common treat-
ment for advanced PD, might essentially 
silence the signals sent by the STN (2), 
thereby fixing the symptoms caused by 
STN hyperactivity.

A second explanation, the firing pat-
tern hypothesis, suggests that symptoms 
arise not from a change in firing rate, but 
rather a change in the pattern of the activ-
ity generated in the BG. Animal models 
of PD show that firing patterns change 
significantly after loss of dopamine. For 
instance, neurons in the STN lose their 
typical pacemaking pattern in exchange 
for irregular, bursting, or oscillatory 
activity. DBS in the STN weakens these 
unusual patterns in BG output nuclei and 
the motor cortex (2), though how DBS 
achieves this, and whether this is respon-
sible for the cessation of Parkinsonian 
symptoms, is unclear.

Understanding which, if any, of these 
features causes the motor symptoms of 
PD could suggest better ways to effective-
ly treat the disease, but how can we dis-
entangle such features of neural commu-
nication? In the current study published 
in the JCI, Zhuang et al. attempt to settle 
this dispute (3). In doing so, they demon-
strate how an unlikely neurotransmitter 
— histamine — may underlie not only the 
brain’s own attempts to fix pathologi-
cal firing patterns, but also the mystery 
behind DBS’s success.

Regularizing the brain: a novel 
role for histamine
The neurotransmitter histamine has been 
found in abundance in the BG of PD 
patients, but its relevance to the disease has 
remained unclear. Zhuang et al. showed, 
surprisingly, that an injection of histamine 
directly into the STN of Parkinsonian rats 
lessened their motor symptoms. This injec-
tion both regularized and further increased 
the firing rate of STN neurons (noting that, 
in PD, firing rates in the STN are already 
increased above healthy controls). To dis-
sect which of these manipulations led to 
the behavioral effects, they used a solution 
containing a high concentration of K+ ions, 
known to increase STN firing rates with-
out affecting spiking patterns. Unlike with 
histamine, they showed that this solution 
did not ameliorate the rats’ symptoms, sug-
gesting that the pattern changes due to his-
tamine are critical for its effects.

How does histamine cause these chang-
es? The authors demonstrated that this 
effect is mediated by a subtype of hyperpo-
larization-activated cyclic nucleotide–gated  
(HCN) channels, an ion channel present 
in STN neuronal membranes. HCN chan-
nel activation regularizes firing patterns in 
other BG regions, and these channels are 
downregulated in PD models (4). However, 
this interaction between HCN channels and 
histamine is new — specifically, the authors 
show that histamine interacts with H2-type 
histamine receptors coupled to HCN chan-
nels to increase ion flow through them, 
directly leading to regularization of firing 
patterns (Figure 1). Drugs that target these 
H2 receptors or HCN channels are suffi-
cient to cause the same effects as histamine 
or mask histamine’s actions, and they have 
the expected effects on PD symptoms, as 
predicted by the model in Figure 1, solidify-
ing their role in the regularization process.

Not only does the brain use this pathway 
to combat abnormal firing patterns in PD, it 
may be precisely how our current therapies 
treat the disease. DBS, despite decades of 
success with patients, remains mysterious 
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Parkinson’s disease (PD) patients have increased histamine in their basal 
ganglia, but the role of this neurotransmitter in PD is poorly understood. 
In this issue of the JCI, Zhuang et al. demonstrate that histamine levels 
rise in the subthalamic nucleus (STN) to compensate for abnormal firing 
patterns. Injection of histamine into the STN restores normal firing patterns 
and motor activity, whereas merely changing firing rates has no behavioral 
effect. Moreover, STN deep brain stimulation, a widespread therapy for PD, 
regularizes firing through endogenous histamine release. This suggests that 
abnormal firing patterns, rather than rates, cause PD symptoms, and this 
histaminergic pathway may lead to new treatments for the disease.
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PD (10), are much less studied. The reduc-
tion of one or more of these patterns may be 
necessary to treat Parkinsonian symptoms, 
while other pattern changes could be irrel-
evant side effects of disease progression. A 
thorough analysis of each of these factors 
will be necessary to better understand how 
motor commands become scrambled in the 
Parkinsonian brain.
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histamine’s positive effect on symptom 
relief, this attempt at compensation may 
contribute to further neurodegeneration 
through an unknown mechanism.

HCN channels have also previously 
been implicated in PD, and their downreg-
ulation in PD has been shown to directly 
cause the loss of neural pacemaking in 
another BG nucleus, the globus pallidus 
externa (GPe). However, while overex-
pression of HCN channels in GPe restores 
pacemaking, it fails to fix PD symptoms 
(4), suggesting that neither HCN channels 
nor firing pattern changes are responsible 
for motor symptoms in PD. On the other 
hand, HCN channels in the STN have been 
sparsely studied until now. The present 
study may indicate that HCN channels and 
abnormal firing patterns in the STN, rath-
er than GPe, are what must be targeted for 
symptom reversal. Alternatively, activa-
tion of HCN channels in multiple regions, 
not just the STN, could be necessary for 
the therapeutic effects seen in this study.

While Zhuang et al. focus primarily on 
whether cells fire regularly or irregularly, it is 
important to consider which forms of irreg-
ularity may generate PD symptoms. Bursts 
of spikes, oscillations in firing rate, and 
Poisson-like spiking with no clear depen-
dence on spiking history are distinct neural 
patterns that can be mixed and matched in 
a single neuron (7). For instance, excessive 
β band (13–30 Hz) oscillations arise in PD 
patients, but it is unclear whether they are 
causal (8) or merely correlative (9). Oscilla-
tions at lower frequencies, while present in 

in its therapeutic mechanisms. Zhuang et 
al. show that DBS in the STN unexpected-
ly causes the release of endogenous hista-
mine. Blocking the pathway indicated in 
Figure 1 by downregulating HCN2 chan-
nels significantly decreases DBS’s ability to 
ameliorate motor symptoms and regularize 
BG firing patterns, suggesting that this his-
tamine-led pathway is critical for successful 
DBS therapy in PD. Knowing this, interven-
tions that better, or more directly, lead to 
histamine release in the STN may be candi-
dates for new PD treatments.

Causal, compensatory, or 
neither?
This study gets at the heart of a question that 
underlies disease research — for any change 
observed in a disease state, is it causing or 
caused by the underlying disorder? And if it 
is caused by the disease, is it an attempt to 
correct the dysfunction or merely an unim-
portant side effect of disease progression?

Excess histamine has been found in 
the BG of PD patients, leading some to 
suggest a causal link between histamine 
and disease progression (5, 6). Zhuang 
and colleagues’ work suggests otherwise 
— that increased histamine is a compen-
satory mechanism in PD. Many questions 
remain, however — while this study shows 
that increased histamine arrives from new 
fibers from the tuberomammillary nucleus, 
the only known source of histamine in the 
brain, it is unclear what leads to this new 
innervation or how DBS causes histamine 
release. It also is still possible that, despite 

Figure 1. A model of Zhuang et al.’s proposed 
STN regularization mechanism. (A) An STN 
neuron in a Parkinsonian brain fires an irregular 
spike train due to downregulation of HCN 
channels. (B) DBS evokes endogenous hista-
mine release. Histamine binds to H2 receptors 
coupled to HCN channels, which allows them 
to open, thereby regularizing the STN neuron’s 
spike train.


