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How nicotine withdrawal symptoms fight each other:
interpeduncular GABA neuron activity dynamically controls
negative affect vs. coping behavior
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Tobacco use remains the leading cause of preventable disease,
disability, and death in the United States, accounting for 1 in 5
deaths. Nicotine, the main psychoactive component of tobacco, is
largely responsible for the addictive properties of tobacco.
Although nicotine may cause feelings of euphoria or stress relief,
the withdrawal state of the nicotine dependence cycle causes
symptoms such as increased anxiety, irritability, stress, physical
discomfort, and a profound craving for nicotine. Nicotine with-
drawal symptoms often result in relapse where the person seeks
and consumes nicotine even if they want to quit smoking.
Identification of the neural mechanisms underlying the effects of
nicotine withdrawal is an essential step in understanding tobacco
use disorder and may lead to better treatments. Converging
evidence suggests that manipulation of GABAergic transmission in
a small midbrain region enriched in nicotinic receptors, the
interpeduncular nucleus (IPN), can control the emotional, physical,
and motivational aspects of nicotine withdrawal. However, a
critical gap in the literature is lack of evidence that GABA
transmission is dynamically regulated during nicotine withdrawal
in vivo.
The report by Klenowski and Zhao-Shea et al. [1], addresses this

issue by using fiber photometry combined with cell-specific viral-
mediated GCaMP expression to measure calcium activity in IPN GABA
neurons of male mice experiencing nicotine withdrawal. Precipitated
withdrawal using the nicotinic acetylcholine receptor antagonist
mecamylamine resulted in increased GCaMP activity in IPN GABA
neurons during nicotine withdrawal. This result confirms and extends
previous findings demonstrating an increase in c-Fos (an immediate-
early gene marker of neuron activity) in IPN GABA neurons during
nicotine withdrawal [2]. However, a significant advance in the current
report compared to previous studies using c-Fos is that fiber
photometry is performed in vivo. The recording of in vivo neuronal
activity during nicotine withdrawal is innovative and exciting because
the data can be time-locked with the behavior, and therefore answer
a question that could not be answered otherwise: what is the
neuronal mechanism underlying the negative emotional state of
withdrawal compared to the coping behaviors aimed at reducing this
negative emotional state?
For instance, based on the c-Fos studies, one could hypothesize

that the increased IPN GABA neuron activity is due to an increase
in the motivational and somatic signs of withdrawal. Indeed, the

authors found that the activity of IPN GABA neurons was increased
when the nicotine-dependent and withdrawn mice were explor-
ing the open arms of an elevated plus-maze, a condition known to
increase anxiety-like behavior. However, the detailed time-lock
analysis by Klenowski and Zhao-Shea et al. [1], revealed that while
nicotine withdrawal increases the overall activity of IPN GABA
neurons, the expression of some of the withdrawal symptoms
such as scratching and grooming behaviors was associated with a
decrease in IPN GABA neuron activity. They also showed that
optogenetic inhibition of IPN GABA neurons prevented the
emergence of somatic signs of withdrawal, including scratching
and grooming. These remarkable results demonstrate that the
expression of grooming and scratching is not causing the increase
in IPN GABA neuron activity per se, but instead that grooming and
scratching behaviors decrease IPN GABA neuron activity. They also
observed that the IPN GABA neurons activity tends to ramp up
right before the grooming/scratching episode and to rebound
right after the grooming/scratching episode ends, further
suggesting that these withdrawal-related behaviors emerge as a
coping mechanism to reduce the increase in IPN GABA neurons
activity causing the anxiety-like behavior (Fig. 1).
Further investigation on the mechanisms and neural circuits

underlying these coping behaviors may provide new targets for
the development of medications that mimic the coping effect of
these behaviors. It will be important in the future to identify which
upstream circuits control these coping behaviors during with-
drawal to decrease IPN GABA neuron activity. Two candidate
upstream regions are the hypothalamus and the ventral
tegmental area, which have been previously identified as key
brain regions for the control of grooming behavior. However, very
little work has been done in nicotine-dependent laboratory
animals.
One limitation of the present report is that it was conducted in

male mice only. The O’Dell lab has shown that female rats exhibit
higher anxiety-like behavior and higher IPN GABA levels than
males during nicotine withdrawaI [3], however, it is unknown if
the increased IPN GABA neuron activity in female is also
observed using calcium imaging. Moreover, it would be
important to know if the increased IPN GABA neuron activity in
females is due to a lower level of coping behavior, such as
grooming and scratching, or if it leads to an even higher level of
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coping behaviors in females. Finally, since Carcoba et al.,
observed that this sex difference in IPN GABA levels was
dependent on activation of corticotropin-releasing factor (CRF)
1 receptor in the IPN [3] and that a ventral tegmental area to IPN
CRF pathway was previously identified by the Tapper group as a
key modulator of nicotine withdrawal symptoms [4]. We
speculate that activation of CRF1 receptor due to nicotine
withdrawal-induced activation of CRF neurons in the ventral
tegmental area [5] may contribute to the increased IPN GABA
activity during nicotine withdrawal [1, 3].
Overall, the comprehensive study by Klenowski and Zhao-Shea

et al. [1], provides compelling evidence for the role of IPN GABA
neuron activity in modulating nicotine withdrawal and identify a
complex and dynamic regulation of IPN GABA neuron activity
during the expression of anxiety-like behaviors vs. coping
behaviors during nicotine withdrawal.

REFERENCES
1. Klenowski PM, Zhao-Shea R, Freels TG, Molas S, Tapper AR. Dynamic activity of

interpeduncular nucleus GABAergic neurons controls expression of nicotine
withdrawal in male mice. Neuropsychopharmacology. 2021. https://doi.org/
10.1038/s41386-021-01107-1.

2. Zhao-Shea R, Liu L, Pang X, Gardner PD, Tapper AR. Activation of GABAergic
neurons in the interpeduncular nucleus triggers physical nicotine withdrawal
symptoms. Curr Biol. 2013;23:2327–35.

3. Carcoba LM, Uribe KP, Ortegon S, Mendez IA, DeBiasi M, O’Dell LE. Amino acid
systems in the interpeduncular nucleus are altered in a sex-dependent manner
during nicotine withdrawal. J Neurosci Res. 2021; https://doi.org/10.1002/
jnr.24826. Online ahead of print.

4. Zhao-Shea R, DeGroot SR, Liu L, Vallaster M, Pang X, Su Q, et al. Increased CRF
signalling in a ventral tegmental area-interpeduncular nucleus-medial habenula
circuit induces anxiety during nicotine withdrawal. Nat Commun. 2015;6:6770.

5. Grieder TE, Herman MA, Contet C, Tan LA, Vargas-Perez H, Cohen A, et al. VTA CRF
neurons mediate the aversive effects of nicotine withdrawal and promote intake
escalation. Nat Neurosci. 2014;17:1751–8.

AUTHOR CONTRIBUTIONS
Alicia Avelar wrote the initial draft and created the figure. Olivier George wrote and
edited the final manuscript.

FUNDING AND DISCLOSURE
The authors have nothing to disclose.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Olivier George.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Fig. 1 Relation between nicotine withdrawal, interpeduncular
GABA neuron activity, and coping behavior. Withdrawal from
nicotine produces withdrawal symptoms and increases interpedun-
cular nucleus GABA neuron calcium activity. Emergence of coping
behaviors such as grooming and scratching reduces interpedun-
cular nucleus GABA neuron calcium activity.
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