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Acetylcholine and GABA are often co-released, including from VIP-expressing neurons of the cortex, cortically-projecting neurons of the globus pallidus externus and basal forebrain, and hippocampal-projecting neurons of the medial septum. The co-release of the functionally antagonistic neurotransmitters GABA and acetylcholine (ACh) greatly expands the possible functional effects of cholinergic neurons and provides an additional exogenous source of inhibition to the cortex. Transgene expression suggests that nearly all forebrain cholinergic neurons in mice at some point in development express Slc32a1, which encodes the vesicular GABA transporter (VGAT). To determine the degree of co-expression of GABA and Ach handling proteins, we measured expression in adult mice of Slc32a1, Gad1 and Gad2 (which encode GAD67 and GAD65, respectively, the GABA synthetic enzymes) in cholinergic neurons using fluorescent in situ hybridization. We found that only a subset of cholinergic neurons express the necessary machinery for GABA release at a single time in adult mice. This suggests that GABA co-release from cholinergic neurons is dynamic and potentially developmentally regulated. By measuring expression of Slc32a1, Gad1, Gad2, and Chat in the basal forebrain and medial septum in mice from post-natal day 0 to 28, we noted abundant yet variable expressions of GABAergic markers across early development, which are subsequently downregulated in adulthood. This is in contrast with the forebrain-projecting pedunculopontine nucleus, which showed no evidence of co-expression of GABAergic genes. These results suggest that expression of GABA signaling machinery in the cortically-projecting cholinergic system peaks during early development before settling at a non-zero level that is maintained through adulthood.
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Introduction

Acetylcholine (ACh) is a major neuromodulator in the mammalian forebrain that regulates higher brain functions including attention and memory. These cognitive functions of ACh are primarily mediated through cholinergic signaling in the cortex and hippocampus (Ballinger et al., 2016), where the primary sources of ACh are long-range projections from cholinergic neurons in the nucleus basalis and medial septum, respectively (Mesulam, 1995). Acetylcholine influences cortical and hippocampal circuits through excitatory, ionotropic nicotinic receptors (nAChRs) (Gotti et al., 2006), and through muscarinic metabotropic receptors (mAChRs) whose effects are dependent on the specific receptor subtype. Specifically, M1-type mAChRs are coupled to Gq and increase excitability in downstream neurons, whereas M2-type mAChRs are Gi-coupled, and can act as autoreceptors to inhibit pre-synaptic release (Thiele, 2013). Though the effects of ACh signaling are complex, it is generally considered an excitatory neuromodulator that gates the flow of activity in the cortex and promotes synaptic plasticity.

We have previously shown that nearly all cholinergic neurons of the mouse forebrain express the cellular machinery necessary to release the inhibitory neurotransmitter GABA, including those that project to the cortex from the nucleus basalis, and hippocampal-projecting neurons of the medial septum (Saunders et al., 2015a; Granger et al., 2016). Likewise, optogenetic activation of cholinergic neurons results in inhibitory post-synaptic currents in cortical neurons (Saunders et al., 2015a,b). The synaptic co-transmission of GABA introduces additional complexity to the potential circuit effects of signaling from cholinergic neurons and an additional source of inhibition to the cortex and hippocampus.

Co-transmission of GABA from cholinergic neurons has since been described in a variety of forebrain cholinergic cell populations. These include from a subpopoulation of cortical interneurons that express VIP and ChAT which differentially release ACh and GABA onto distinct post-synaptic targets (Granger et al., 2020). Activation of cholinergic neurons in the medial prefrontal cortex of mice and rats also provides a strong cholinergic output to neighboring neurons (Obermayer et al., 2019), though these neurons are likely not VIP-expressing and therefore it is unclear if they also release GABA (Granger et al., 2020). Co-transmission of GABA and Ach from distinct vesicles can also be elicited from cholinergic projections from the medial septum to the hippocampus, where GABA effectively suppresses local network activity (Takács et al., 2018). Outside of the cortex and hippocampus, GABA co-transmission has been demonstrated from a subset of striatal cholinergic interneurons (Lozovaya et al., 2018), and from laterodorsal tegmental nucleus onto dopaminergic neurons of the substantia nigra (Estakhr et al., 2017; Le Gratiet et al., 2022). Prior to any demonstration of ACh/GABA co-transmission in the forebrain, the differential release of these two transmitters from starburst amacrine cells of the retina has been shown to establish light direction selectivity in retinal ganglion cells (Lee et al., 2010; Sethuramanujam et al., 2016).

In many cases, co-transmission of multiple neurotransmitters is a dynamic and regulated process. Neurons may switch which neurotransmitter they release throughout development, in response to stress or toxicity, or as a result of experience (Spitzer, 2015; Li et al., 2020; Steinkellner et al., 2022). Synapses may also shift the relative contribution of multiple neurotransmitters to post-synaptic responses, as is the case in GABA/glutamate co-transmitting synapses in the lateral habenula (Shabel et al., 2014; Meye et al., 2016). Similarly, cholinergic transmission from GABAergic neurons of the lateral septum changes over time, with an increasing proportion of GABAergic neurons demonstrating labeling with cholinergic markers when allowed to integrate over longer time periods (Hunt et al., 2022). Although this evidence shows that regulation of neurotransmitter identity is a common feature of co-transmitting neurons, whether GABA release from forebrain cholinergic neurons is dynamic is unknown.

In this study, we investigated the regulation of GABAergic gene expression in forebrain cholinergic neurons in mice throughout development, focusing particularly on neurons in the nucleus basalis, which provides a major cholinergic input to the cortex, and the medial septum, which provides cholinergic input to the hippocampus. We found that while a cumulative genetic labeling of GABAergic markers marks all cholinergic neurons as GABA-releasing, only a subset of cholinergic neurons express GABAergic markers at a particular time in adult mice. This co-expression was dynamic, peaking during the 1st and 2nd postnatal weeks before decreasing to lower levels in adulthood. Finally, this co-expression was not found in the forebrain-projecting cholinergic neurons of the pedunculopontine nucleus (PPN), suggesting a specific function for basal forebrain cholinergic neurons.



Materials and methods


Animals

For genetic labeling of GABAergic markers, we used mice expressing Cre recombinase from the endogenous locus for Slc32a1 (Tong et al., 2008), provided by Brad Lowell (Beth Isreal Deaconess Medical Center), currently available from Jackson labs (Bar Harbor, ME; Slc32a1tm 2(cre)Lowl/J, stock #: 016962, referred to here as Slc32a1ires–Cre). These mice were crossed to the Ai6 reporter line which expresses zsGreen in the presence of Cre recombinase (Madisen et al., 2010), also available from Jackson labs (B6.Cg-Gt(ROSA)26Sortm 6(CAG–ZaGreen1)Hze/J, stock #: 007906, referred to here as Rosa26lsl–zsGreen). Wild-type C57BL/6 mice of both sexes were used for fluorescent in situ hybridization of medial septum and basal forebrain, and pedunculopontine nucleus. All animal care and experimental manipulations were performed in accordance with protocols approved by the Harvard Standing Committee on Animal Care, following guidelines described in the US NIH Guide for the Care and Use of Laboratory Animals.



Fluorescent in situ hybridization sample preparation and imaging

Mice were anaesthetized through isoflurane inhalation, except for mice at P7 and younger were anesthetized on ice. Cerebral hemispheres were removed, and immediately frozen in cold 2-methylbutane solution. The frozen brains were subsequently embedded in OCT-containing cryomolds and kept in –80°C ultra-freezer until sample sectioning.

Before sectioning, the frozen OCT-embedded brains were equilibrated at –20°C overnight. The cryomold was peeled out of the OCT compound block. 20 μm thick sections were prepared on cryostat Leica CM3050 S and mounted on VWR micro slides Superfrost Plus slides. These sections were stored at −80°C for up to two weeks before processing. Samples were fixed with 4% paraformaldehyde and stained according to the ACD RNAscope Fluorescent Multiplex Assay manual. Sections were incubated at room temperature for 30 s with DAPI. Excess liquid was removed and immediately coverslipped with ProLong antifade reagent. Antisense probes for ChAT, Slc32a1, Gad1, and Gad2 were purchased from Advanced Cell Diagonstics (ACD).1 Images of nucleus basalis, medial septum and pedunculopontine nucleues were obtained with a Keyence BZ-X710 microscope using a 60X oil immersion objective.



Immunohistochemistry sample preparation and imaging

Mice were anaesthetized by isoflurane inhalation and trans-cardially perfused with PBS followed by 4% PFA in PBS. Brains were stored in 4% PFA in PBS for at least 8 h at 4°C. Brains were sliced into 50 μm thick sections with a Leica VT1000s vibratome. Selected slices were transferred to a clean twelve-well plate and blocked at room temperature for an hour with shaking in blocking buffer (10% normal goat serum, Abcam), 0.25% TritonX-100 in PBS. Blocking buffer was removed and replaced with 1 ml of 1:100 α-ChAT primary antibody (Sigma, AB144P) in blocking buffer. Slices were incubated with the primary antibody overnight at 4°C with gentle shaking. The next day, slices were transferred to a clean well and washed six times, 5 min each in PBS. Following the final wash, slices were incubated for 2 h in 1:500 donkey α-goat secondary antibody conjugated to Alexa Fluor 594 dye (ThermoFisher, A-11058) diluted in blocking buffer. Slices were washed six times in PBS (5 min for each wash) before mounting with DAPI (Thermo Fisher Scientific) and imaged on a VS120 slide scanning microscope (Olympus) with a 10x objective and a Keyence BZ-X710 microscope using a 60X oil immersion objective.



Image analysis and data analysis

A custom MatLab (MathWorks) script was written to quantify colocalization of cholinergic and GABAergic markers. First, ROIs were semi-automatically drawn around areas of in situ labeling for Chat to define Chat+ cells. The boundary was set to have a 0.25 convexity to ensure proper approximation of Chat+ cells. The images were analyzed for proportion coverage, or the ratio of fluorescent pixels in each optical channel to the total pixels in a cellular ROI. After background subtraction and fluorescence thresholding in all channels using Otsu’s method, the proportion coverage in ChAT, Slc32a1 (encoding VGAT/VIAAT) and Gad1,2 (encoding GAD67 and GAD65, respectively) channels were measured within the Chat+ cellular ROIs. All images underwent thresholding using Otsu’s method with no other manipulations. These data were used to generate X-Y plots displaying the percent coverage for each channel per ROI as well as the cumulative distribution across all cells for coverage by each marker. For direct comparison across timepoints, ROIs with the proportion coverage of a GABAergic marker higher than 0.025 were defined as positive. The percentage of Chat+ cells positive for Slc32a1, Gad1,2 and both were calculated to generate bar graphs on Python. Statistical parameters including the value of n, measurements of arithmetic mean and standard error of the mean (mean ± SEM), were reported in the figures and the figure legends. Sample data and custom scripts are publicly available on GitHub2.



Statistical analysis

Bar graphs with error bars represent the mean ± standard error of the mean. Significance is indicated by asterisks, with * meaning p ≤ 0.05, ** meaning p ≤ 0.01, and *** meaning p ≤ 0.001. All statistical analysis was carried out in MatLab (MathWorks). Significant difference in the distributions of each cell’s coverage by Chat, Slc32a1, and Gad1,2 across developmental stages (Figure 2B and Supplementary Figure 1) was calculated with a one-way ANOVA with Bonferroni correction for multiple comparisons. Differences in the proportion of ChAT+ cells that are positive for Slc32a1, Gad1,2, or co-positive for both (Figures 2C–H). were calculated using Student’s t-test, with comparisons between each developmental stage and adulthood, adjusted using Bonferonni correction for multiple comparisons.




Results

In a previous study (Saunders et al., 2015a), we examined the co-expression of GABAergic markers in cholinergic forebrain neurons using a genetic strategy in which neurons that express Slc32a1, the gene encoding the vesicular GABA transporter/vesicular inhibitory amino acid transporter (VGAT/VIAAT), are labeled by the fluorophore zsGreen – specifically we examine the distribution of zsGreen in Slc32a1ires–Cre;Rosa26lsl–zsGreen mice. We found that nearly 100% of neurons in the forebrain that stained for choline acetyltransferase (ChAT), which synthesizes ACh, also expressed zsGreen (Figures 1A–C). We saw similar results when we labeled for expression of Gad2, which encodes the GABA synthetic enzyme GAD65 (Saunders et al., 2015a, Gad2ires–Cre;Rosa26lsl–zsGreen). This suggests that all forebrain cholinergic neurons, including those in the nucleus basalis (NB) and medial septum/diagonal band of broca (MS/DBB), are capable, at some point in development, of synthesizing and releasing GABA.
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FIGURE 1
Integrated genetic labeling shows higher co-expression of GABAergic markers in cholinergic cells than fluorescent in situ hybridization in adult mice. (A) Schematic showing the brain regions imaged for this study, including the nucleus basalis (NB), which provides the main cholinergic input to the cortex, and medial septum/diagonal band of broca (MS/DBB), which provides cholinergic input to the hippocampus. Genetic labeling of Slc32a1 expression is achieved by crossing Slc32a1ires–Cre mice, which expresses Cre recombinase from the endogenous Slc32a1 locus, with Rosa26lsl–zsGreen, which expresses the soma-localizing fluorophore zsGreen in a Cre-dependent fashion. (B,C) Quantification and example images of zsGreen-expressing neurons co-labeled with an immunostain for ChAT (598 zsGreen+/624 ChAT+ NB neurons from n = 3 mice; 560 zsGreen+/601 ChAT+ MS/DBB neurons from n = 3 mice. Data adapted from Saunders et al. (2015a). (D–F) Quantification of colocalization of FISH for Slc32a1 (D), Gad1,2 (E) or both (F) with Chat, (49 Slc32a1+/199 Chat+ BF neurons from n = 5 mice and 54 Slc32a1+/181 Chat+ MS neurons from n = 4 mice; 159 Gad1,2+/199 Chat+ BF neurons from n = 5 mice and 86 Gad1,2+/181 Chat+ MS neurons from n = 4 mice; 48 co-positive/Chat+ 199 BF neurons from n = 5 mice and 52 co-positive/181 Chat+ MS neurons from n = 4 mice). (G) Example images showing FISH for Slc32a1 (green), Chat (red), Gad1,2 (Magenta), and the merged imaged. Arrow heads show the positions of Chat+ neurons, and asterisks indicate Chat+ ROIs with strong co-expression of Slc32a1 and Gad1,2.


However, this genetic strategy provides an integrated, cumulative labeling of all neurons that express these GABAergic markers at any point during development and does not indicate which cells express these markers at any given individual time. To address this issue, we used fluorescent in situ hybridization (FISH) to measure the co-expression of Chat, Slc32a1, and a combined label of both Gad1 and Gad2 in 2-3 month old mice. In contrast to the genetic labeling strategy, we found that only a small proportion of Chat+ cells also expressed Slc32a1 (Figures 1D, G), which we have previously shown to be necessary for GABA release from cholinergic neurons (Saunders et al., 2015a). A larger portion of Chat+ neurons co-expressed Gad1 or Gad2 (Figures 1E, G), and nearly all Chat+ neurons that expressed Slc32a1 also expressed Gad1,2 (Figures 1F, G), indicating that expression of the vesicular GABA transporter is the limiting factor for GABA release from cholinergic neurons.

The discrepancy between the number of co-labeled GABAergic/cholinergic neurons using an integrated genetic label versus labeling at a single timepoint using FISH suggests that GABAergic gene expression is dynamic in cholinergic neurons. To test whether expression of GABAergic markers in cholinergic neurons changes during development, we measured the expression of Chat, Slc32a1, and Gad1,2 in the nucleus basalis and medial septum through development, from postnatal day 0 (P0) to 28 (P28). We measured the amount GABAergic marker expression in each Chat+ cell across development, using the Chat mRNA signal to define ROIs corresponding to individual cholinergic neurons (Figure 2A). We observed that expression of Slc32a1 and Gad1,2 is higher at early developmental time points, peaking by P14 before decreasing to levels similar to those observed in adult (2-3 month old) mice by P28. This trend holds true for both NB and MS/DBB, although expression of Gad1,2 is higher overall than that of Slc32a1 (Figure 2B). In contrast, expression of Chat increases from P0 to P14, and remains high at P28 (Supplementary Figure 1). We used this expression data to define individual Chat+ neurons as Slc32a1+ and/or Gad1,2+, as defined by a minimum of 2.5% of the cell ROI covered by RNA signal. This threshold was chosen because it defines 98% of Chat-defined ROIs as Chat+. By this definition, ∼50% of Chat+ neurons in the NB are positive for both Slc32a1 and Gad1/2 at P0, increasing to ∼60% at P14 before dropping to ∼25% by P28 (Figure 2C), which is consistent with the values we observed in 2-3 month old mice. This pattern is determined by expression of Slc32a1 (Figure 2D), as the proportion of Chat+ cells that were positive for Gad1,2 was stable at above 80% (Figure 2E), and nearly all Slc32a1-expressing cells also expressed Gad1,2. A similar pattern of expression was observed in the medial septum with Gad1,2+ cells stable above 60% (Figures 2F–H). Notably, compared to later timepoints, the co-expression of GABAergic markers was highly variable at P7 and P14, with some mice showing much higher co-expression than others. This suggests that not only is the expression of GABAergic markers in cholinergic neurons developmentally regulated, but that the timing is transient and may vary from mouse to mouse.
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FIGURE 2
Expression of Slc32a1 and Gad1,2 peak at postnatal days 7 and 14 in ChAT+ neurons of the NB and MS/DBB. (A) Schematic of the imaging analysis pipeline. Raw images of ChAT fluorescence are binarized and converted to ROIs corresponding to Chat-expressing neurons. Slc32a1 and Gad1,2 signal are thresholded and binarized, and the puncta overlap with Chat ROIs (yellow) and quantified for percent coverage. (B) Cumulative distribution of Chat ROI coverage by Slc32a1 (left panels) and Gad1,2 (right panels) expression across all neurons in the NB (top row) and MS/DBB (bottom row) between P0 and P28. Asterisks indicate statistically significant differences in the distribution of ROI coverage at each developmental time point compared to cells from 2-3 month old mice (**p ≤ 0.01, ***p ≤ 0.001). (C–E) Quantification of Chat+ cells in NB that are co-positive for both Slc32a1 and Gad1,2 (C), Slc32a1 alone (D), or Gad1,2 alone (E). (F–H) Quantification of Chat+ cells in MS/DBB that are co-positive for both Slc32a1 and Gad1,2 (F), Slc32a1 alone (G), or Gad1,2 alone (H). Data from (B–H) includes between 73-319 Chat+ cells from either BF or MS/DBB, from n = 3-5 mice per time point. Data are represented as mean ± s.e.m., Asterisks indicate statistically significant differences in the proportion of positive cells in each mouse compared to 2-3 month old mice (*p ≤ 0.05, **p ≤ 0.01).


Even at developmental times with relatively low co-expression, very few neurons had no expression of Slc32a1. Instead, in most neurons at least some Slc32a1 fluorescence could be observed, although often not to a degree to confidently label that neuron as Slc32a1 expressing. To determine if this low level of signal is an artifact of our analysis methods or results from a true low-level of expression inherent to cholinergic neurons, we imaged cholinergic neurons in the pedunculopontine nucleus, in which no ChAT-labeled neurons showed genetic labeling for GABAergic markers (Saunders et al., 2015a). We find that expression of Slc32a1 is lower in the Chat-expressing neurons of the PPN than even many of the Slc32a1 “negative” cells we identify in NB and MS/DBB from adult 2-3-month old mice (Figure 3A), indicating that this signal can neither be attributed purely to background fluorescence or to an inherent “leak” of Slc32a1 expression in all cholinergic neurons. The difference is starker when considering Gad1,2, as most Chat+ NB and MS/DBB neurons in adult mice have detectable GAD1,2 expression whereas almost no Chat+ PPN neurons do (Figures 3B, C). The comparison with PPN highlights that the expression of GABAergic markers in NB and MS/DBB cholinergic neurons, even when present at low levels, represents a bona fide biological property of these cells.
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FIGURE 3
GABAergic markers are not expressed in cholinergic neurons in the PPN of adult mice compared to the NB and MS/DBB. (A) Cumulative distribution of Chat ROI coverage in the PPN by Slc32a1 (A) and Gad1,2 (B) compared to neurons in the NB and MS/DBB. Data from PPN includes 188 Chat+ cells from n = 3 mice, from NB includes 199 Chat+ neurons from n = 5, and from MS/DBB includes 181 Chat+ cells from n = 4 mice. (C) Example images of Chat, Slc32a1, and Gad1,2 in the pedunculopontine nucleus. Arrowheads indicate the position of Chat+ neurons across the images.




Discussion

In this study, we find that the co-expression of the GABAergic markers Slc32a1 and Gad1,2 is higher in cholinergic neurons of the NB and MS/DBB during early post-natal development, suggesting that GABA co-transmission from these neurons is also elevated during this period. Similar co-expression of these markers could not be found in neurons of the PPN, which is a midbrain cholinergic nucleus that sends projections throughout the forebrain. Many neurons that we classify as lacking Slc32a1 expression in adult mice (defined as below 2.5% coverage of the cell) in the NB and MS/DBB had higher Slc32a1 signal than neurons in the PPN, and Gad1,2 expression in NB and MS/DBB remained high throughout development and adulthood. These data show that expression of GABAergic genes is a consistent phenotype of forebrain cholinergic neurons that changes throughout development, although what levels of expression are required for co-transmission of GABA remains unclear.

Gad1,2 expression is uniformly higher than Slc32a1 at all observed timepoints. One potential reason why this might be the case is that GAD proteins can often provide purely metabolic functions in the cell which may not be related to the co-transmission of GABA (Soghomonian and Martin, 1998). However, because we did not observe GAD expression in the PPN, it is likely not essential for cholinergic neuron function. Instead, we propose that NB and MS/DBB cholinergic neurons are “primed” to become GABAergic with high baseline levels of GAD protein to synthesize GABA. The neurons can then modulate expression Slc32a1 to produce VGAT/VIAAT and increase the degree of GABA co-transmission. Alternatively, it is possible that Slc32a1 is a very stable protein and that occasional expression of this gene is sufficient to maintain vesicular packaging of GABA and functional GABAergic synapses. Further studies are required to test these hypotheses.

The elevated co-expression observed during development only partially explains the discrepancy we observed between the nearly 100% co-labeling of GABAergic markers using genetic strategies compared to ∼25% observed using FISH in adult mice. The greatest degree of co-expression observed by FISH was at most 60%, with highly variable expression at P7 and P14. One possibility is that peak co-expression occurs between P7 and P14, and we missed a transient period of synchronous co-expression. Another possibility is that cholinergic neurons asynchronously increase GABAergic gene expression, such that eventually nearly all express GABAergic genes at some point. Given the variability we observed at P7 and P14, we cannot rule out the possibility that some unidentified factor or stimulus in addition to development can regulate expression of GABAergic genes.

The function of inhibition by GABA co-transmission from cholinergic neurons in the cortex or hippocampus remains unknown. Cre-driven ablation of GABA co-transmission at ACh synapses elicits significant alterations in social, spatial and fear memory; our findings suggest that such effects may result from a cumulative disruption involving all basal forebrain cholinergic neurons, masking the functionality of GABA co-transmission at a specific timepoint (Goral et al., 2022). The timing during which we observed peak co-expression of GABAergic and cholinergic markers coincides with periods of peak synaptogenesis in the cortex, raising the possibility that GABA release may play some role in establishing appropriate cholinergic synaptic connectivity. In the cortex, GABAergic synapses typically form before excitatory glutamatergic synapses (Owens et al., 1999). In addition, the reversal potential of chloride through GABAA receptors is often depolarizing in immature neurons (Ben-Ari et al., 2012), which can activate voltage-gated calcium channels and promote synapse maturation (Pfeffer et al., 2009). Altering the reversal potential of GABA to be hyperpolarizing in immature neurons disrupts the formation of cortical circuits, and the same may be true of cholinergic projections.

Although decreasing into adulthood, a small population of NB and MS/DBB neurons retain robust expression of both Slc32a1 and Gad1 or Gad2 in adult mice. The function of this signaling is also unknown and may be distinct from the more widespread signaling that occurs during development. Because ACh and GABA have antagonistic post-synaptic effects via ionotropic receptors, the net effect of cholinergic signaling may be complex. We previously showed that a subpopulation of cortical VIP interneurons that express ChAT can differentially release ACh and GABA onto separate post-synaptic targets (Granger et al., 2020), allowing for synergistic effects of the two transmitters in the cortex. Further studies are required to determine if ACh and GABA release are similarly segregated in projections from NB and MS/DBB. Finally, it is also unknown if the strong Slc32a1 expression in the ∼25% of cholinergic neurons in adults is stable, or whether these neurons shift between purely cholinergic and a dual ACh/GABA co-transmitting state. Regardless, GABA co-transmission from cholinergic neurons provides an additional layer of complexity to cholinergic signaling in the forebrain that is only beginning to be understood.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

This animal study was reviewed and approved by the Harvard Medical Area Standing Committee on Animals.



Author contributions

AG and BS conceived of the study. KM, MH, and JS gathered all the data. AG and KM performed analysis of the data. AG, KM, and BS wrote the manuscript with comments and feedback from the other authors. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the NIH (K99 NS102429 to AG) and the NARSAD Young Investigator Award from the Brain & Behavior Research Foundation to AG.



Acknowledgments

The authors thank Brad Lowell for generous donation of the Slc32a1ires–Cre mouse line.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncir.2023.1125071/full#supplementary-material


Footnotes

1     http://acdbio.com/

2     https://github.com/bernardosabatinilab


References

Ballinger, E., Ananth, M., Talmage, D. A., and Role, L. (2016). Basal forebrain cholinergic circuits and signaling in cognition and cognitive decline. Neuron 91, 1199–1218. doi: 10.1016/j.neuron.2016.09.006

Ben-Ari, Y., Khalilov, I., Kahle, K. T., and Cherubini, E. (2012). The GABA excitatory/inhibitory shift in brain maturation and neurological disorders. Neuroscientist 18, 467–486. doi: 10.1177/1073858412438697

Estakhr, J., Abazari, D., Frisby, K., McIntosh, J. M., and Nashmi, R. (2017). Differential control of dopaminergic excitability and locomotion by cholinergic inputs in mouse Substantia Nigra. Curr. Biol. 27, 1900–1914.e4. doi: 10.1016/j.cub.2017.05.084

Goral, R. O., Harper, K. M., Bernstein, B. J., Fry, S. A., Lamb, P. W., Moy, S. S., et al. (2022). Loss of GABA co-transmission from cholinergic neurons impairs behaviors related to hippocampal, striatal, and medial prefrontal cortex functions. Front. Behav. Neurosci. 16:472. doi: 10.3389/FNBEH.2022.1067409

Gotti, C., Zoli, M., and Clementi, F. (2006). Brain nicotinic acetylcholine receptors: Native subtypes and their relevance. Trends Pharmacol. Sci. 27, 482–491. doi: 10.1016/j.tips.2006.07.004

Granger, A. J., Mulder, N., Saunders, A., and Sabatini, B. L. (2016). Cotransmission of acetylcholine and GABA. Neuropharmacology 100, 40–46.

Granger, A. J., Wang, W., Robertson, K., El-Rifai, M., Zanello, A. F., Bistrong, K., et al. (2020). Cortical ChAT+ neurons co-transmit acetylcholine and GABA in a target-and brain-region-specific manner. Elife 9, 1–29. doi: 10.7554/eLife.57749

Hunt, P. J., Kochukov, M., Pekarek, B. T., Belfort, B. D. W., Romero, J. M., Swanson, J. L., et al. (2022). Co-transmitting neurons in the lateral septal nucleus exhibit features of neurotransmitter switching. IBRO Neurosci. Rep. 12, 390–398. doi: 10.1016/J.IBNEUR.2022.05.003

Lee, S., Kim, K., and Zhou, Z. J. (2010). Role of ACh-GABA co-transmission in detecting image motion and motion direction. Neuron 68, 1159–1172. doi: 10.1016/j.neuron.2010.11.031

Le Gratiet, K. L., Anderson, C. K., Puente, N., Grandes, P., Copas, C., Nahirney, P. C., et al. (2022). Differential subcellular distribution and release dynamics of cotransmitted cholinergic and GABAergic synaptic inputs modify dopaminergic neuronal excitability. J. Neurosci. 42, 8670–8693. doi: 10.1523/JNEUROSCI.2514-21.2022

Li, H. Q., Pratelli, M., Godavarthi, S., Zambetti, S., and Spitzer, N. C. (2020). Decoding neurotransmitter switching: The road forward. J. Neurosci. 40, 4078–4089. doi: 10.1523/JNEUROSCI.0005-20.2020

Lozovaya, N., Eftekhari, S., Cloarec, R., Gouty-Colomer, L. A., Dufour, A., Riffault, B., et al. (2018). GABAergic inhibition in dual-transmission cholinergic and GABAergic striatal interneurons is abolished in Parkinson disease. Nat. Commun. 9:1422. doi: 10.1038/s41467-018-03802-y

Madisen, L., Zwingman, T. A., Sunkin, S. M., Oh, S. W., Zariwala, H. A., Gu, H., et al. (2010). A robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci. 13, 133–140. doi: 10.1038/nn.2467

Mesulam, M. (1995). Cholinergic pathways and the ascending reticular activating system of the human braina. Ann. N. Y. Acad. Sci. 757, 169–179.

Meye, F. J., Soiza-Reilly, M., Smit, T., Diana, M. A., Schwarz, M. K., and Mameli, M. (2016). Shifted pallidal co-release of GABA and glutamate in habenula drives cocaine withdrawal and relapse. Nat. Neurosci. 19, 1019–1024. doi: 10.1038/nn.4334

Obermayer, J., Luchicchi, A., Heistek, T., de Kloet, S., Terra, H., Bruinsma, B., et al. (2019). Prefrontal cortical ChAT-VIP interneurons provide local excitation by cholinergic synaptic transmission and control attention. Nat. Commun. 10:5280. doi: 10.1038/s41467-019-13244-9

Owens, D. F., Liu, X., and Kriegstein, A. R. (1999). Changing properties of GABA(A) receptor-mediated signaling during early neocortical development. J. Neurophysiol. 82, 570–583. doi: 10.1152/JN.1999.82.2.570

Pfeffer, C. K., Stein, V., Keating, D. J., Maier, H., Rinke, I., Rudhard, Y., et al. (2009). NKCC1-dependent GABAergic excitation drives synaptic network maturation during early hippocampal development. J. Neurosci. 29, 3419–3430. doi: 10.1523/JNEUROSCI.1377-08.2009

Saunders, A., Granger, A. J., and Sabatini, B. L. (2015a). Corelease of acetylcholine and GABA from cholinergic forebrain neurons. Elife 4:e06412. doi: 10.7554/eLife.06412

Saunders, A., Oldenburg, I. A., Berezovskii, V. K., Johnson, C. A., Kingery, N. D., Elliott, H. L., et al. (2015b). A direct GABAergic output from the basal ganglia to frontal cortex. Nature 521, 85–89. doi: 10.1038/nature14179

Sethuramanujam, S., McLaughlin, A. J., deRosenroll, G., Hoggarth, A., Schwab, D. J., and Awatramani, G. B. (2016). A central role for mixed acetylcholine/GABA transmission in direction coding in the retina. Neuron 90, 1243–1256. doi: 10.1016/j.neuron.2016.04.041

Shabel, S. J., Proulx, C. D., Piriz, J., and Malinow, R. (2014). GABA/glutamate co-release controls habenula output and is modified by antidepressant treatment. Science 345, 1494–1498. doi: 10.1126/science.1250469

Soghomonian, J.-J., and Martin, D. L. (1998). Two isoforms of glutamate decarboxylase: Why? Trends Pharmacol. Sci. 19, 500–505. doi: 10.1016/S0165-6147(98)01270-X

Spitzer, N. C. (2015). Neurotransmitter switching? No surprise. Neuron 86, 1131–1144. doi: 10.1016/j.neuron.2015.05.028

Steinkellner, T., Conrad, W. S., Kovacs, I., Rissman, R. A., Lee, E. B., Trojanowski, J. Q., et al. (2022). Dopamine neurons exhibit emergent glutamatergic identity in Parkinson’s disease. Brain 145, 879–886. doi: 10.1093/BRAIN/AWAB373

Takács, V. T., Cserép, C., Schlingloff, D., Pósfai, B., Szonyi, A., Sos, K. E., et al. (2018). Co-transmission of acetylcholine and GABA regulates hippocampal states. Nat. Commun. 9:2848. doi: 10.1038/s41467-018-05136-1

Thiele, A. (2013). Muscarinic signaling in the brain. Annu. Rev. Neurosci. 36, 271–294. doi: 10.1146/annurev-neuro-062012-170433

Tong, Q., Ye, C.-P., Jones, J. E., Elmquist, J. K., and Lowell, B. B. (2008). Synaptic release of GABA by AgRP neurons is required for normal regulation of energy balance. Nat. Neurosci. 11, 998–1000. doi: 10.1038/nn.2167


OPS/images/fncir-17-1125071-g001.jpg
NB

0
0
0
%
=

szreen _ Merge

< 35 Wy O V« .‘“4%‘
< ‘..1 Rl T
< < ' & '
> >
€ g D > A< ‘3< ra
< < 9 o 64 04
< < . ‘{. "y
oW o< “* qd TaL P4 ol
< N T
: ¥ T
> > >
ple s S15a ek
< V< _ Vo
« ¥ < %<
¥ @
< <’ 8 %<
<« L« ¥< § < 50

Sic32a1 _ Gad1.2

% n
< yit < >.-; ‘a ﬁ" >¥ ‘?’f ﬁ}?}' ’5
« £ « @ﬁ(r & g«
=) €, 5 ‘:ﬁ*& ‘5:‘.
B f’* ‘;‘c
< #< » 5 e
#
< it < : : '¢<5Q um
- - - : 4 G = Y
-« < g >
7 \ & %
< &« L W o] v W]
< gl S0 Lo "ty 4 <o Sl :
e 3 : e 3
g Ry et g T Sy
* A ' : 3
< " < ¥« X O e 50sum






OPS/images/fncir-17-1125071-g002.jpg
Chat
ROls

i

Threshold
/binarize

/binarize

Threshold g NEES

C 1. NB
|
n.s. &

Z o * e

89 0.75; °

» o

5 &

(/) *%

c O 05

O N

‘g E‘ n.s. n.s v

-3 &

o X 0.25

g O

0 7 14 21 28 2-3 mo.
Postnatal Day
D E 1 1 1 | 1
1 1n..s. n..s. n..s. n'.s. n.s. I

$0.75 N0.75
& Q
O
& 0.5 E(D 0.5
30.25 50.29
o o

o

7 14 21 28
Postnatal Day

2-3
0.

OO 7 14 21 28 2-3
Postnatal Day mMO.

Slc32a1*/Chat ROI*

Gad1,2*/Chat ROI*

o
o

Cum. Probability @
g

0

% Coverage by Silc32a1
1-

Cum. Probability
o
(@) ]

o
N
N

NB
> 1 : _—
= kK _‘J__._."—
* 8075 e =Pl
= = P7
Q /
S 051 — P14
o — P21
£0.25 — P28
>
| 1 I I 1 O 0 U T 2-3 rnlo
0 5 10 15 20 0 20 40 60

% Coverage by Gad1,2
MSIDBB1
> :

**k%
¥ % %

o
N
o

Cum. Probabili
o
a

0.25 1 5
0 1 T T T T 0 = T — T
0 5 10 15 20 0 20 40 60
% Coverage by Slc32a1 % Coverage by Gad1,2
F 1 MS/DBB
| nFs.
&

<2075

m 6 ’ : * %

3 S

5 2

%)

c© 05

O N

55

-3

o X 0.25{

a © |

al |
0 7 14 21 28 2-3 mo.
Postnatal Day

= 1 H n.s. n;s. n.s. n.s. n.s. !
® 0.75
N )
3 05
(7) ’
30.25
o

o

0 7 14 21 28
Postnatal Day

7 14 21 28 2-3
Postnatal Day mo.





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Developmental regulation of GABAergic gene expression in forebrain cholinergic neurons



		Introduction



		Materials and methods



		Animals



		Fluorescent in situ hybridization sample preparation and imaging



		Immunohistochemistry sample preparation and imaging



		Image analysis and data analysis



		Statistical analysis







		Results



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neural Circuits

Developmental regulation
of GABAergic gene expression
in forebrain cholinergic
neurons












OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neural Circuits







OPS/images/fncir-17-1125071-g003.jpg
A E

> 1 > 1

= =

E 0.5 § 05 e
—NB

= £ MS/DBB

- )

O o O

0 25 50 c)o 25 50 75
% Coverage by Sic32a1 % Coverage by Gad1,2

@)

Sic32af






