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VIEWPOINTS

Pavlovian Fear Conditioning Is More than You Think It Is

Michael A. McDannald
Boston College, Department of Psychology & Neuroscience, Chestnut Hill, Massachusetts 02467

A common neuroscience application of Pavlovian fear conditioning is to manipulate neuron-type activity, pair a cue with foot shock, then measure cue-eli-
cited freezing in a novel context. If the manipulation reduces freezing, the neuron type is implicated in Pavlovian fear conditioning. This application reduces
Pavlovian fear conditioning to a single concept. In this Viewpoint, I describe experiments supporting the view that Pavlovian fear conditioning refers to
three distinct concepts: procedure, process, and behavior. An experimenter controls procedure, observes behavior, but infers process. Distinguishing these
concepts is essential because: (1) a shock-paired cue can engage numerous processes and behaviors; (2) experimenter decisions about procedure influence the
processes engaged and behaviors elicited; and (3) many processes are latent, imbuing the cue with properties that only manifest outside of the original con-
ditioning setting. This means we could understand the complete neural basis of freezing, yet know little about the neural basis of fear. Neuroscientists can
choose to use a variety of procedures to study a diversity of processes and behaviors. Manipulating neuron-type activity in multiple procedures can reveal
specific, general, or complex neuron-type contributions to cue-elicited processes and behaviors. The results will be a broader and more detailed neural basis
of fear with greater relevance to the spectrum of symptoms defining anxiety and stressor-related disorders.
The Journal of Neuroscience, November 29, 2023 � 43(48):8079–8087

Articles

CELLULAR/MOLECULAR

P2Y6 Receptor-Dependent Microglial Phagocytosis of Synapses during Development Regulates
Synapse Density and Memory

Jacob M. Dundee,1 Mar Puigdellívol,1,2 Richard Butler,3 and Guy C. Brown1
1Department of Biochemistry, University of Cambridge, Cambridge, CB2 1QW, United Kingdom 2Institute of Neurosciences, University of Barcelona,
Barcelona, 08035, Spain 3The Wellcome Trust Cancer Research UK Gurdon Institute, University of Cambridge, Cambridge, CB2 1QN, United Kingdom

During brain development, excess synapses are pruned (i.e., removed), in part by microglial phagocytosis, and dysregulated synaptic pruning can lead to behavioral def-
icits. The P2Y6 receptor (P2Y6R) is known to regulate microglial phagocytosis of neurons, and to regulate microglial phagocytosis of synapses in cell culture and in
vivo during aging. However, currently it is unknown whether P2Y6R regulates synaptic pruning during development. Here, we show that P2Y6R KO mice of both sexes
had strongly reduced microglial internalization of synaptic material, measured as Vglut1 within CD68-staining lysosomes of microglia at postnatal day 30 (P30), sug-
gesting reduced microglial phagocytosis of synapses. Consistent with this, we found an increased density of synapses in the somatosensory cortex and the CA3 region
and dentate gyrus of the hippocampus at P30. We also show that adult P2Y6R KO mice have impaired short- and long-term spatial memory and impaired short- and
long-term recognition memory compared with WT mice, as measured by novel location recognition, novel object recognition, and Y-maze memory tests. Overall, this
indicates that P2Y6R regulates microglial phagocytosis of synapses during development, and this contributes to memory capacity.
The Journal of Neuroscience, November 29, 2023 � 43(48):8090–8103

DEVELOPMENT/PLASTICITY/REPAIR

miR-218 Promotes Dopaminergic Differentiation and Controls Neuron Excitability and
Neurotransmitter Release through the Regulation of a Synaptic-Related Genes Network

Salvatore Pulcrano,1 Roberto De Gregorio,1,2 Claudia De Sanctis,1,3 Floriana Volpicelli,1,4 Rosa Maria Piscitelli,5
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York 10029 4Department of Pharmacy, School of Medicine and Surgery, University of Naples Federico II, Naples, 80131, Italy 5Fondazione Santa Lucia
Istituto Di Ricovero e Cura a Carattere Scientifico, Rome, 00143, Italy 6Dominick P. Purpura Department of Neuroscience, Albert Einstein College of
Medicine, New York, New York 10461 7Department of Molecular Medicine and Medical Biotechnology, University of Naples Federico II, Naples, 80131,
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“L. Vanvitelli,” Naples, 80131, Italy 13University of Tor Vergata, Department of Systems Medicine, Rome, 00133, Italy 14Department of Motor Science
and Wellness, Parthenope University, Naples, 80133, Italy

In the brain, microRNAs (miRNAs) are believed to play a role in orchestrating synaptic plasticity at a higher level by acting as an additional mechanism of transla-
tional regulation, alongside the mRNA/polysome system. Despite extensive research, our understanding of the specific contribution of individual miRNA to the
function of dopaminergic neurons (DAn) remains limited. By performing a dopaminergic-specific miRNA screening, we have identified miR-218 as a critical regula-
tor of DAn activity in male and female mice. We have found that miR-218 is specifically expressed in mesencephalic DAn and is able to promote dopaminergic dif-
ferentiation of embryonic stem cells and functional maturation of transdifferentiated induced DA neurons. Midbrain-specific deletion of both genes encoding for
miR-218 (referred to as miR-218-1 and mir218-2) affects the expression of a cluster of synaptic-related mRNAs and alters the intrinsic excitability of DAn, as it
increases instantaneous frequencies of evoked action potentials, reduces rheobase current, affects the ionic current underlying the action potential after hyperpolar-
ization phase, and reduces dopamine efflux in response to a single electrical stimulus. Our findings provide a comprehensive understanding of the involvement of
miR-218 in the dopaminergic system and highlight its role as a modulator of dopaminergic transmission.
The Journal of Neuroscience, November 29, 2023 � 43(48):8104–8125

Motor Activity-Induced White Matter Repair in White Matter Stroke

Miguel A. Marin,1 Amy J. Gleichman,1 Xiaofei Wei,1 Daniel S. Whittaker,2 Istvan Mody,1 Christopher S. Colwell,2 and
S. Thomas Carmichael1
1Department of Neurology, David Geffen School of Medicine at UCLA, Los Angeles, California 90095 2Department of Psychiatry and Biobehavioral
Sciences, David Geffen School of Medicine at UCLA, Los Angeles, California 90095

Subcortical white matter stroke (WMS) is a progressive disorder which is demarcated by the formation of small ischemic lesions along white matter tracts in
the CNS. As lesions accumulate, patients begin to experience severe motor and cognitive decline. Despite its high rate of incidence in the human population,
our understanding of the cause and outcome of WMS is extremely limited. As such, viable therapies for WMS remain to be seen. This study characterizes
myelin recovery following stroke and motor learning-based rehabilitation in a mouse model of subcortical WMS. Following WMS, a transient increase in dif-
ferentiating oligodendrocytes occurs within the peri-infarct in young male adult mice, which is completely abolished in male aged mice. Compound action
potential recording demonstrates a decrease in conduction velocity of myelinated axons at the peri-infarct. Animals were then tested on one of three distinct
motor learning-based rehabilitation strategies (skilled reach, restricted access to a complex running wheel, and unrestricted access to a complex running
wheel) for their capacity to induce repair. These studies determined that unrestricted access to a complex running wheel alone increases the density of differ-
entiating oligodendrocytes in infarcted white matter in young adult male mice, which is abolished in aged male mice. Unrestricted access to a complex run-
ning wheel was also able to enhance conduction velocity of myelinated axons at the peri-infarct to a speed comparable to naive controls suggesting
functional recovery. However, there was no evidence of motor rehabilitation-induced remyelination or myelin protection.
The Journal of Neuroscience, November 29, 2023 � 43(48):8126–8139
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The Structure of Hippocampal CA1 Interactions Optimizes Spatial Coding across Experience

Michele Nardin,1,4 Jozsef Csicsvari,1 Gašper Tkacõik,1 and Cristina Savin2,3
1Institute of Science and Technology Austria, Klosterneuburg AT-3400, Austria 2Center for Neural Science, New York University, New York, New York
10003 3Center for Data Science, New York University, New York, New York 10011 4Janelia Research Campus, Howard Hughes Medical Institute,
Ashburn, Virginia 20147

Although much is known about how single neurons in the hippocampus represent an animal’s position, how circuit interactions contribute to spatial coding is less
well understood. Using a novel statistical estimator and theoretical modeling, both developed in the framework of maximum entropy models, we reveal highly struc-
tured CA1 cell-cell interactions in male rats during open field exploration. The statistics of these interactions depend on whether the animal is in a familiar or novel
environment. In both conditions the circuit interactions optimize the encoding of spatial information, but for regimes that differ in the informativeness of their spatial
inputs. This structure facilitates linear decodability, making the information easy to read out by downstream circuits. Overall, our findings suggest that the efficient cod-
ing hypothesis is not only applicable to individual neuron properties in the sensory periphery, but also to neural interactions in the central brain.
The Journal of Neuroscience, November 29, 2023 � 43(48):8140–8156

Cortical Synchrony and Information Flow during Transition from Wakefulness to Light
Non-Rapid Eye Movement Sleep

Joline M. Fan,1 Kiwamu Kudo,2,3 Parul Verma,2 Kamalini G. Ranasinghe,1 Hirofumi Morise,2,3 Anne M. Findlay,2

Keith Vossel,1,5 Heidi E. Kirsch,1,2 Ashish Raj,2 Andrew D. Krystal,4 and Srikantan S. Nagarajan2
1Department of Neurology, University of California–San Francisco, San Francisco, California 94143 2Department of Radiology and Biomedical Imaging,
University of California–San Francisco, San Francisco, California 94143 3Medical Imaging Center, Ricoh Company, Ltd., Kanazawa, Japan 243-0460
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4Department of Psychiatry, University of California–San Francisco, San Francisco, California 94143 5Mary S. Easton Center for Alzheimer’s
Disease Research, Department of Neurology, David Geffen School of Medicine, University of California–Los Angeles, Los Angeles, California 90095

Sleep is a highly stereotyped phenomenon, requiring robust spatiotemporal coordination of neural activity. Understanding how the brain coordinates neural
activity with sleep onset can provide insights into the physiological functions subserved by sleep and the pathologic phenomena associated with sleep onset.
We quantified whole-brain network changes in synchrony and information flow during the transition from wakefulness to light non-rapid eye movement
(NREM) sleep, using MEG imaging in a convenient sample of 14 healthy human participants (11 female; mean 63.4 years [SD 11.8 years]). We furthermore
performed computational modeling to infer excitatory and inhibitory properties of local neural activity. The transition from wakefulness to light NREM was
identified to be encoded in spatially and temporally specific patterns of long-range synchrony. Within the delta band, there was a global increase in connec-
tivity from wakefulness to light NREM, which was highest in frontoparietal regions. Within the theta band, there was an increase in connectivity in fronto-
parieto-occipital regions and a decrease in temporal regions from wakefulness to Stage 1 sleep. Patterns of information flow revealed that mesial frontal
regions receive hierarchically organized inputs from broad cortical regions upon sleep onset, including direct inflow from occipital regions and indirect
inflow via parieto-temporal regions within the delta frequency band. Finally, biophysical neural mass modeling demonstrated changes in the anterior-to-pos-
terior distribution of cortical excitation-to-inhibition with increased excitation-to-inhibition model parameters in anterior regions in light NREM compared
with wakefulness. Together, these findings uncover whole-brain corticocortical structure and the orchestration of local and long-range, frequency-specific
cortical interactions in the sleep-wake transition.
The Journal of Neuroscience, November 29, 2023 � 43(48):8157–8171

Hypersensitivity to Distractors in Fragile X Syndrome from Loss of Modulation of Cortical
VIP Interneurons

Noorhan Rahmatullah,1,2 Lauren M. Schmitt,7,8 Lisa De Stefano,3 Sam Post,2 Jessica Robledo,2 Gunvant Chaudhari,5

Ernest Pedapati,3,4 Craig Erickson,3 Carlos Portera-Cailliau,5,6 and Anubhuti Goel1,2
1Neuroscience Graduate Program, University of California, Riverside, Riverside, California 92521 2Department of Psychology, University of California,
Riverside, Riverside, California 92521 3Department of Psychiatry, Cincinnati Children’s Hospital Medical Center, University of Cincinnati College of
Medicine, Cincinnatti, Ohio 45267 4Department of Neurology, Cincinnati Children’s Hospital Medical Center, University of Cincinnati College of
Medicine, Cincinnatti, Ohio 45267 5Department of Neurology, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles,
California 90095 6Department of Neurobiology, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, California 90095
7Division of Behavioral Medicine and Clinical Psychology, Cincinnati Children's Hospital Medical Center, Cincinnati, OH 45229 8Department of
Pediatrics, University of Cincinnati College of Medicine, Cincinnati OH 45267

Attention deficit is one of the most prominent and disabling symptoms in Fragile X syndrome (FXS). Hypersensitivity to sensory stimuli contributes to
attention difficulties by overwhelming and/or distracting affected individuals, which disrupts activities of daily living at home and learning at school. We
find that auditory or visual distractors selectively impair visual discrimination performance in humans and mice with FXS but not in typically developing
controls. In both species, males and females were examined. Vasoactive intestinal polypeptide (VIP) neurons were significantly modulated by incorrect
responses in the poststimulus period during early distractor trials in WT mice, consistent with their known role as error signals. Strikingly, however, VIP
cells from Fmr1�/� mice showed little modulation in error trials, and this correlated with their poor performance on the distractor task. Thus, VIP inter-
neurons and their reduced modulatory influence on pyramidal cells could be a potential therapeutic target for attentional difficulties in FXS.
The Journal of Neuroscience, November 29, 2023 � 43(48):8172–8188
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Intonation Units in Spontaneous Speech Evoke a Neural Response

Maya Inbar,1,2,3 Shir Genzer,2 Anat Perry,2 Eitan Grossman,1 and Ayelet N. Landau2,3
1Department of Linguistics, Hebrew University of Jerusalem, Mount Scopus, Jerusalem 9190501, Israel 2Department of Psychology, Hebrew University of
Jerusalem, Mount Scopus, Jerusalem 9190501, Israel 3Department of Cognitive and Brain Sciences, Hebrew University of Jerusalem, Mount Scopus,
Jerusalem 9190501, Israel

Spontaneous speech is produced in chunks called intonation units (IUs). IUs are defined by a set of prosodic cues and presumably occur in all human lan-
guages. Recent work has shown that across different grammatical and sociocultural conditions IUs form rhythms of �1 unit per second. Linguistic theory sug-
gests that IUs pace the flow of information in the discourse. As a result, IUs provide a promising and hitherto unexplored theoretical framework for studying
the neural mechanisms of communication. In this article, we identify a neural response unique to the boundary defined by the IU. We measured the EEG of
human participants (of either sex), who listened to different speakers recounting an emotional life event. We analyzed the speech stimuli linguistically and mod-
eled the EEG response at word offset using a GLM approach. We find that the EEG response to IU-final words differs from the response to IU-nonfinal words
even when equating acoustic boundary strength. Finally, we relate our findings to the body of research on rhythmic brain mechanisms in speech processing.
We study the unique contribution of IUs and acoustic boundary strength in predicting delta-band EEG. This analysis suggests that IU-related neural activity,
which is tightly linked to the classic Closure Positive Shift (CPS), could be a time-locked component that captures the previously characterized delta-band neural
speech tracking.
The Journal of Neuroscience, November 29, 2023 � 43(48):8189–8200
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Distinct ACC Neural Mechanisms Underlie Authentic and Transmitted Anxiety Induced by
Maternal Separation in Mice

Jinxiang Jiang,1,2 Shuyi Tan,2 Xiaoyi Feng,2 Yigang Peng,2 Cheng Long,2 and Li Yang1
1School of Life Sciences, Guangzhou University, Guangzhou 510006, China 2School of Life Sciences, South China Normal University, Guangzhou 510631,
China

It is known that humans and rodents are capable of transmitting stress to their naive partners via social interaction. However, a comprehensive understand-
ing of transmitted stress, which may differ from authentic stress, thus revealing unique neural mechanisms of social interaction resulting from transmitted
stress and the associated anxiety, is missing. We used, in the present study, maternal separation (MS) as a stress model to investigate whether MS causes
abnormal behavior in adolescence. A key concern in the analysis of stress transmission is whether the littermates of MS mice who only witness MS stress
(“Partners”) exhibit behavioral abnormalities similar to those of MS mice themselves. Of special interest is the establishment of the neural mechanisms
underlying transmitted stress and authentic stress. The results show that Partners, similar to MS mice, exhibit anxiety-like behavior and hyperalgesia after
witnessing littermates being subjected to early-life repetitive MS. Electrophysiological analysis revealed that mice subjected to MS demonstrate a reduction in
both the excitatory and inhibitory synaptic activities of parvalbumin interneurons (PVINs) in the anterior cingulate cortex (ACC). However, Partners differed
from MS mice in showing an increase in the number and excitability of GABAergic PVINs in the ACC and in the ability of chemogenetic PVIN inactivation
to eliminate abnormal behavior. Furthermore, the social transfer of anxiety-like behavior required intact olfactory, but not visual, perception. This study sug-
gests a functional involvement of ACC PVINs in mediating the distinct neural basis of transmitted anxiety.
The Journal of Neuroscience, November 29, 2023 � 43(48):8201–8218

The Representation of Observed Actions at the Subordinate, Basic, and Superordinate Level

Tonghe Zhuang, Zuzanna Kabulska, and Angelika Lingnau
Faculty of Human Sciences, Institute of Psychology, Chair of Cognitive Neuroscience, University of Regensburg, 93053 Regensburg, Germany

Actions can be planned and recognized at different hierarchical levels, ranging from very specific (e.g., to swim backstroke) to very broad (e.g., locomotion).
Understanding the corresponding neural representation is an important prerequisite to reveal how our brain flexibly assigns meaning to the world around
us. To address this question, we conducted an event-related fMRI study in male and female human participants in which we examined distinct representa-
tions of observed actions at the subordinate, basic and superordinate level. Using multiple regression representational similarity analysis (RSA) in predefined
regions of interest, we found that the three different taxonomic levels were best captured by patterns of activations in bilateral lateral occipitotemporal cor-
tex (LOTC), showing the highest similarity with the basic level model. A whole-brain multiple regression RSA revealed that information unique to the basic
level was captured by patterns of activation in dorsal and ventral portions of the LOTC and in parietal regions. By contrast, the unique information for the
subordinate level was limited to bilateral occipitotemporal cortex, while no single cluster was obtained that captured unique information for the superordi-
nate level. The behaviorally established action space was best captured by patterns of activation in the LOTC and superior parietal cortex, and the corre-
sponding neural patterns of activation showed the highest similarity with patterns of activation corresponding to the basic level model. Together, our results
suggest that occipitotemporal cortex shows a preference for the basic level model, with flexible access across the subordinate and the basic level.
The Journal of Neuroscience, November 29, 2023 � 43(48):8219–8230

NEUROBIOLOGY OF DISEASE

The Role of Retinal Dopamine D1 Receptors in Ocular Growth and Myopia Development in
Mice

Ziheng Shu,1,2 Kaijie Chen,1,2 Qiongsi Wang,1,2 Honglin Wu,1,2 Yangfeifei Zhu,1,2 Ruikang Tian,1,2 Wenjun Yan,1,2

Qin Huang,1,2 Chunlan Zhang,1,2 Weiwei Xiong,1,2 Jia Qu,1,2,3 Xiangtian Zhou,1,2,3 and Furong Huang1,2,3
1State Key Laboratory of Ophthalmology, Optometry and Vision Science, Eye Hospital, Wenzhou Medical University, Wenzhou, Zhejiang, People’s
Republic of China, 325000 2Research Unit of Myopia Basic Research and Clinical Prevention and Control, Chinese Academy of Medical Sciences
(2019RU025), Wenzhou, Zhejiang, People’s Republic of China, 325000 3Oujiang Laboratory (Zhejiang Lab for Regenerative Medicine, Vision and Brain
Health), Wenzhou, Zhejiang, People’s Republic of China, 325000

Dopamine is a key neurotransmitter in the signaling cascade controlling ocular refractive development, but the exact role and site of action of dopamine D1
receptors (D1Rs) involved in myopia remains unclear. Here, we determine whether retinal D1Rs exclusively mediate the effects of endogenous dopamine and
systemically delivered D1R agonist or antagonist in the mouse form deprivation myopia (FDM) model. Male C57BL/6 mice subjected to unilateral FDM or
unobstructed vision were divided into the following four groups: one noninjected and three groups that received intraperitoneal injections of a vehicle, D1R
agonist SKF38393 (18 and 59 nmol/g), or D1R antagonist SCH39166 (0.1 and 1 nmol/g). The effects of these drugs on FDM were further assessed in Drd1-
knock-out (Drd1-KO), retina-specific conditional Drd1-KO (Drd1-CKO) mice, and corresponding wild-type littermates. In the visually unobstructed group,
neither SKF38393 nor SCH39166 affected normal refractive development, whereas myopia development was attenuated by SKF38393 and enhanced by
SCH39166 injections. In Drd1-KO or Drd1-CKO mice, however, these drugs had no effect on FDM development, suggesting that activation of retinal D1Rs is
pertinent to myopia suppression by the D1R agonist. Interestingly, the development of myopia was unchanged by either Drd1-KO or Drd1-CKO, and neither
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SKF38393 nor SCH39166 injections, nor Drd1-KO, affected the retinal or vitreal dopamine and the dopamine metabolite DOPAC levels. Effects on axial
length were less marked than effects on refraction. Therefore, activation of D1Rs, specifically retinal D1Rs, inhibits myopia development in mice. These
results also suggest that multiple dopamine D1R mechanisms play roles in emmetropization and myopia development.
The Journal of Neuroscience, November 29, 2023 � 43(48):8231–8242

Hyperexcitability in the Olfactory Bulb and Impaired Fine Odor Discrimination in the Fmr1
KO Mouse Model of Fragile X Syndrome

Praveen Kuruppath,1 Lin Xue,1 Frederic Pouille,1 Shelly T. Jones,1,2 and Nathan E. Schoppa1
1Department of Physiology and Biophysics, University of Colorado Anschutz Medical Campus, Aurora, Colorado 80045 2Neuroscience Graduate
Program, University of Colorado Anschutz Medical Campus, Aurora, Colorado 80045

Fragile X syndrome (FXS) is the single most common monogenetic cause of autism spectrum disorders (ASDs) in humans. FXS is caused by loss of expres-
sion of the fragile X mental retardation protein (FMRP), an mRNA-binding protein encoded on the X chromosome involved in suppressing protein transla-
tion. Sensory processing deficits have been a major focus of studies of FXS in both humans and rodent models of FXS, but olfactory deficits remain poorly
understood. Here, we conducted experiments in wild-type (WT) and Fmr1 knock-out (KO; Fmr1-/y) mice (males) that lack expression of the gene encoding
FMRP to assess olfactory circuit and behavioral abnormalities. In patch-clamp recordings conducted in slices of the olfactory bulb, output mitral cells (MCs)
in Fmr1 KO mice displayed greatly enhanced excitation under baseline conditions, as evidenced by a much higher rate of occurrence of spontaneous net-
work-level events known as long-lasting depolarizations (LLDs). The higher probability of spontaneous LLDs (sLLDs), which appeared to be because of a
decrease in GABAergic synaptic inhibition in glomeruli leading to more feedforward excitation, caused a reduction in the reliability of stimulation-evoked
responses in MCs. In addition, in a go/no-go operant discrimination paradigm, we found that Fmr1 KO mice displayed impaired discrimination of odors in
difficult tasks that involved odor mixtures but not altered discrimination of monomolecular odors. We suggest that the Fmr1 KO-induced reduction in MC
response reliability is one plausible mechanism for the impaired fine odor discrimination.
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Yen-Chu Chen, Daniel Jun Rindner, James P. Fowler, Valeria Lallai, Allison Mogul, Angelo Demuro, Gyorgy Lur, and
Christie D. Fowler
Department of Neurobiology and Behavior, University of California, Irvine, Irvine, California 92697

The recent increase in the use of nicotine products by teenagers has revealed an urgent need to better understand the impact of nicotine on the adolescent
brain. Here, we sought to examine the actions of extracellular ATP as a neurotransmitter and to investigate whether ATP and nicotinic signaling interact
during adolescence. With the GRABATP (G-protein-coupled receptor activation-based ATP sensor), we first demonstrated that nicotine induces extracellular
ATP release in the medial habenula, a brain region involved in nicotine aversion and withdrawal. Using patch-clamp electrophysiology, we then demon-
strated that activation of the ATP receptors P2X or P2Y1 increases the neuronal firing of cholinergic neurons. Surprisingly, contrasting interactive effects
were observed with nicotine exposure. For the P2X receptor, activation had no observable effect on acute nicotine-mediated activity, but during abstinence
after 10 d of nicotine exposure, coexposure to nicotine and the P2X agonist potentiated neuronal activity in female, but not male, neurons. For P2Y1 signal-
ing, a potentiated effect of the agonist and nicotine was observed with acute exposure, but not following extended nicotine exposure. These data reveal a
complex interactive effect between nicotinic and ATP signaling in the adolescent brain and provide mechanistic insights into extracellular ATP signaling
with sex-specific alterations of neuronal responses based on prior drug exposure.
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