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Neurogenesis persists in the mammalian subventricular zone after birth, producing various populations of olfactory bulb (OB) interneurons, including GABAergic and mixed dopaminergic/GABAergic (DA) neurons for the glomerular layer. While olfactory sensory activity is a major factor controlling the integration of new neurons, its impact on specific subtypes is not well understood. In this study we used genetic labeling of defined neuron subsets, in combination with reversible unilateral sensory deprivation and longitudinal in vivo imaging, to examine the behavior of postnatally born glomerular neurons. We find that a small fraction of GABAergic and of DA neurons die after 4 weeks of sensory deprivation while surviving DA-neurons exhibit a substantial decrease in tyrosine hydroxylase (TH) expression levels. Importantly, after reopening of the naris, cell death is arrested and TH levels go back to normal levels, indicating a specific adaptation to the level of sensory activity. We conclude that sensory deprivation induces adjustments in the population of glomerular neurons, involving both, cell death and adaptation of neurotransmitter use in specific neuron types. Our study highlights the dynamic nature of glomerular neurons in response to sensory deprivation and provide valuable insights into the plasticity and adaptability of the olfactory system.

KEYWORDS
adult neurogenesis, in vivo imaging, sensory deprivation, olfaction, neuronal cell death


Introduction

Neurogenesis persists in the mammalian brain after birth and newly generated neurons are permanently added in the different layers of the mouse olfactory bulb (Platel et al., 2019; Alvarez-Buylla and Garcia-Verdugo, 2002). Olfactory sensory activity is one of the main factors controling the integration of these newborn neurons. Indeed, pioneering work showed that olfactory sensory deprivation via unilateral naris occlusion (UNO) led to a strong reduction in size of all OB layers accompanied by massive cell loss (Meisami and Mousavi, 1981; Brunjes, 1985; Cummings and Brunjes, 1997). Newborn neurons are particularly affected by UNO with increased cell death as well as decreased dendritic length and spine density (Saghatelyan et al., 2005; Kelsch et al., 2009). BrdU pulse chase experiments after UNO also revealed a decrease in the density of newborn peri-glomerular neurons (PGN) (Bastien-Dionne et al., 2010).

Newborn PGN represent a heterogeneous population of GABAergic interneurons, that can be distinguished by the expression of subtype specific markers like calretinin and calbindin (Angelova et al., 2018). Interestingly, a major subpopulation of the GABAergic PGN expresses tyrosine hydroxylase (TH), as well as other enzymes of the catecholamine synthesis pathway, and use dopamine as second neurotransmitter (Baker, 1990).

While the general impact of UNO on the OB is well described, the consequences on chemospecific populations is far less clear. The first study to address this question showed that UNO leads to an important loss of TH expression, but only partially of dopamine decarboxylase, another enzyme involved in dopamine synthesis, suggesting an absence of death in the TH population (Baker, 1990). Nevertheless, more recent studies reported a reduction in numbers of newly generated TH-positive PGN but not calretinin or calbindin-expressing PGN (Bovetti et al., 2009; Bastien-Dionne et al., 2010) suggesting that only TH-positive newborn PGN depend on olfactory input for their survival. However, since TH protein expression is dependant on olfactory input, conventional TH-immunostaining did not allow for accurate assessment of the number of DA neurons after naris occlusion (Baker, 1990). To circumvent this problem, new genetic strategies have been applied. By labeling dopaminergic neurons using DAT-tdTomato, it was shown that brief sensory deprivation led to a minor drop in immunofluorescence for the dopamine-synthesizing enzyme dopamine decarboxylase (DDC) and a sustained decrease for TH (Byrne et al., 2022). Using TH-Cre mice to induce expression of a fluorescent reporter, Sawada and colleagues showed with an histological approach that 40% of DA neurons disappear upon UNO (Sawada et al., 2011). Taken together, there is a lack of consensus concerning the effect of sensory deprivation on different PGN populations, and specifically on DA neurons.

The combination of in vivo two-photon imaging and genetic labeling techniques has provided a powerful means to address the impact of sensory deprivation on specific neuronal populations. In a previous study (Angelova et al., 2019), we used this approach to elucidate the differential effects of sensory deprivation on glomerular neurons. Our findings revealed that glutamatergic neurons positive for NeuroD6 were resistant to cell death during sensory deprivation, whereas GABAergic neurons were susceptible. Building upon these previous results, the present study focused on the behavior of dopaminergic (DA) neurons and other GABAergic neurons throughout the course of reversible sensory deprivation. We discovered that sensory deprivation induced the death of 15% of GABAergic neurons and only 5% of DA neurons. Furthermore, we observed a strong decrease in TH expression, which serves as an indicator of dopaminergic activity. Crucially, when the nasal occlusion was reversed, we observed an arrest of cell death across the neuronal population and a restoration of TH-GFP expression levels to their initial state in the surviving neurons.



Results

The dorsal region of the lateral ventricle generates predominantly dopaminergic and non-dopaminergic GABAergic glomerular neurons during postnatal development. To label this progenitor population, we performed postnatal electroporation of a Cre expression plasmid into the dorsal ventricular wall of Rosa-RFP/TH-GFP double transgenic mice (Figure 1A). Four weeks later, 20.6% ± 1.2 (mean ± sem) of RFP positive neurons were immunopositive for TH after migration in the glomerular layer (GL). Of these RFP+/TH+ neurons, 86.2% ± 4.5 were also positive for GFP, demonstrating that TH-GFP is a reliable marker for endogenous TH expression in OB interneurons (Figures 1B, C). We also observed that 36% ± 5.8 of TH-GFP neurons lacked TH immunostaining, supporting the idea that TH-GFP expression in DA neurons precedes the appearance of TH protein (Baker et al., 2001; Figure 1C right). Calretinin or calbindin were not expressed in any of the TH-GFP positive cells (data not shown), confirming previous findings in a different TH-GFP mouse line (Sawada et al., 2011). Consistent with previous studies (Tiveron et al., 2017), we considered the remaining RFP+ PGN as purely GABAergic neurons. Thus, the electroporation approach allowed us to distinguish DA neurons from GABAergic neurons in the OB glomerular layer. To investigate the effect of olfactory sensory deprivation on TH protein and TH-GFP levels in the GL, we performed unilateral naris occlusion (UNO) by inserting a polyethylene plug into the naris of TH-GFP mice four weeks after Cre-electroporation at P0 (Cummings and Brunjes, 1997; Figure 1D). Another 4 weeks after UNO, TH-immunofluorescence intensity in the GL was significantly reduced to 18.8% ± 0.8 of controls (Figures 1E, F; p < 0.001). This decrease in TH-protein was paralleled by an 80% ± 5 reduction in TH-GFP levels (Figure 1F, p < 0.001), validating that TH-GFP accurately reflects protein expression and confirming previous findings (Saghatelyan et al., 2005).
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FIGURE 1
Unilateral naris occlusion reduces immuno-TH and TH-GFP intensity and trigger GABA and DA neurons death. (A) Dorsal electroporation (elpo) of Cre plasmid into postnatal Rosa-RFP/TH-GFP mice is performed at P0 and animals are sacrificed at 4 weeks. (B) Four weeks after elpo, RFP+ and RFP+ GFP+ interneurons are observed in the glomerular layer of the OB. TH expression of these neurons can be confirmed with anti-TH immunostaining. (C) Quantification of TH, TH-GFP and RFP labeling on fixed tissue. Around 20% of RFP+ neurons are positive for immuno-TH. 86% of RFP+ TH+ neurons are GFP+ and 64% of RFP+ GFP+ neurons are TH+. Each dot is the mean measurement of one animal. (D) Experimental timeline in Ctl/UNO experiments. (E,F) TH-GFP and immuno-TH are reduced to 20% of original intensity levels after 4 weeks of UNO. (G) Experimental approach to monitor cell survival in vivo after UNO. (H,I) In vivo observation of OB interneurons in control animals and before (t0) and after UNO (t1). Circles represent neurons that disappear. Arrowheads in I highlight neurons with a decrease of GFP expression. (J) Individual animals and the amount of neurons observed in the course of 4 weeks in control condition and under UNO. Black line represents the mean number of neurons. Neurons were classified as GABA (RFP+ only) and DA-neurons (RFP+ GFP+). (K) Quantification of mean number of cell loss in GABA and DA-neurons under control and UNO condition. GABA and DA-neurons are lost after UNO although significantly less DA-neurons than GABA neurons are lost. Statistics: 2 way ANOVA on data ranks followed by Bonferroni post-hoc tests: *p < 0.05. **p < 0.01. ***p < 0.001. In panels (B,E,K) each dot is the mean measurement of one animal. Scale bars: 50 μm (B,E); 40 μm (I). IHC: Immuno-histo-chemistry.


To investigate the impact of sensory deprivation on the survival of individually identified DA and GABAergic neurons in the GL, we used longitudinal in vivo 2-photon imaging of postnatally electroporated Rosa-RFP/TH-GFP mice. We acquired Z-stack volumes of large field of views (600 μm × 600 μm), covering the entire depth of the GL, immediately before (t0, 4 weeks post-electroporation) and 4 weeks after UNO (t1, 8 weeks post-electroporation; Figure 1G). Specific glomeruli were identifiable based on the circular organization of GFP expressing neurons. Individual RFP+ neurons were reliably identified over time, based on their morphology and relative position to neighboring cells (Figures 1H, I). As observed previously, we noted a slight expansion in the size of glomeruli, an increase in distance between labeled neurons in control condition (Platel et al., 2019) but a marked shrinkage under UNO (Angelova et al., 2019). We quantified the percentage of cell loss under control and UNO condition and between cell types, GABA versus DA. We performed a 2-way ANOVA on data ranks with ctl/UNO and cell-type as fixed effects. This revealed a significant effect of both “ctl/UNO” (p < 0.001) and “cell type” (p < 0.01), showing that “UNO” increased cell death and that cell death is higher in GABAergic neurons. However, the interaction between the two fixed effects was not significant, suggesting that deprivation does not trigger a population-specific cell death response. In control condition, observation of 229 RFP+ GABAergic neurons, including 49 DA-neurons (RFP+ GFP+) in 5 mice demonstrated that cell loss was very low, with 3.75% ± 2.2 of the GABAergic neurons (4/180, RFP+ GFP−) and no loss of DA neurons (0/49, RFP+ GFP+, Figures 1H, J). GFP intensity in control animals was stable over time (similar GFP intensity at t0 and t1 in Figure 1H). Four weeks after UNO, we quantified that 15% ± 2.2 of RFP+ GABAergic neurons were lost (47/310, 6 animals, p < 0.01 compared to Ctl GABA, Figures 1I–K). DA neurons showed only a moderate loss, about 5% ± 1.7 (n = 9/158 neurons in 6 animals, Figures 1I–K, p < 0.05 compared to ctl DA and, p < 0.05 compared to UNO GABA). The striking reduction in TH-GFP expression that was detected immunohistologically was also obvious by direct in vivo observations (Figure 1I arrowheads).

To further explore the plasticity of the glomerular neuronal network, we decided to perform reversible UNO (Figure 2A). This would enable us to investigate the impact of sensory activity recovery on cell survival and on TH-GFP expression. We performed the same in vivo imaging approach as described above (t0, imaging and UNO), but removed the nasal plug after imaging at t1 (Figure 2A). The same field of view was then imaged four weeks after reopening (t2, n = 7, Figures 2B, C). Control Rosa-RFP/TH-GFP animals (n = 6) were submitted to the same labeling and imaging protocol in the absence of UNO. First, we analyzed the presence of GABAergic and DA-neurons over the post-opening period t1-t2. We performed a 2-way ANOVA on data ranks with repeated measures (time) analysis with ctl/UNO and cell-type as fixed effects. We found a significant effect between “ctl/UNO × time” interaction (p < 0,01) and “cell type × time” interaction (p < 0,05). Under control conditions, quantification of RFP cell numbers revealed that overall cell loss at t2 was detected at low levels in all observed animals (GABAergic: 1%, DA: 0.0%, Figures 2D, F). Four weeks after reversal of UNO, cell loss was almost non-detectable in both populations (GABAergic: from 13% ± 1.7 at t1 to 1% ± 0.8 at t2, p < 0,05, DA: from 4.5 ± 2.6 to 0.4 ± 0.4%, Figures 2E, F). Thus, the impact of UNO on neuronal death was abruptly reversed when sensory information was reinstalled.
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FIGURE 2
Recovery of sensory activity leads to re-expression of TH in the same neurons. (A) Experimental approach depicting UNO and reopening. (B) In vivo observation of the same neurons before UNO (t0), after UNO (t1) and after reopening of naris (t2). Note the strong reduction of GFP in t1 and its re-appearance in t2. (C) Close up of surrounded region in (B). Arrows shows examples of DA neurons exhibiting TH expression variation after UNO and after reopening. (D,E) Quantification of observed GABA and DA neurons across t0-t1-t2 in control as well as after UNO and reopening within individual animals. (F) Percentage of cell loss in GABA and DA neurons across t0-t1-t2 in control and after UNO and reopening. Cell loss in the GABAergic population is significantly reduced after reopening. Statistics: 2 way ANOVA on data ranks with repeated measures followed by a Wilcoxon rank sum test corrected for multiple comparisons. (G) Ratio of GFP/RFP intensity across t0, t1 and t2. Note the strong reduction of GFP in t1 and its re-appearance in t2. Statistics: ANOVA on data ranks with repeated measures followed by a Wilcoxon rank sum test corrected for multiple comparisons. *p < 0,05; **p < 0,01. Scale bar = 20 μm.


To assess the evolution of TH expression, we calculated the intensity ratio of GFP over RFP in individual DA-neurons. We performed an ANOVA on data ranks with repeated measures (t1-t2-t3) analysis with ctl/UNO as fixed effects and found an interaction “ctl/UNO × time” (p < 0,05). In control animals, the GFP/RFP ratio was unchanged at all three observation time points, as expected (Figures 2E, F; control: n = 58 cells, 4 animals UNO: n = 57 cells, 4 animals). After UNO, we observed a significant 33% ± 7 relative loss in GFP intensity in cell bodies (p < 0.05, Figures 2B, G). Four weeks after reopening (t2), GFP fluorescence in the identified RFP+ GFP+ neurons returned to pre-UNO levels (95.6 ± 7.2% of controls, Figure 2C right arrow and Figure 2G). Thus, the reduction in TH expression observed in the OB after UNO indicates that there is a specific and transitory adjustment in the use of this neurotransmitter in this neuronal population.



Discussion

In this study, we combined sensory activity manipulation, genetic labeling and long-term in vivo observations, to follow the fate of individually identified GABAergic and DA PGN. Using this approach we demonstrate for the first time that dopaminergic PGN dynamically modulate their level of TH expression as a function of sensory input and present a low level of cell death, as observed in GABAergic neurons.

All studies addressing the effect of UNO unambiguously show a decrease in TH expression. We demonstrate that this decrease in TH expression can also be observed in vivo, providing a tool for monitoring the dynamic expression of TH over prolonged time windows.

The issue of the level of death of DA-neurons after UNO represents a central theme in the relevant literature. Here, we demonstrate that few DA neurons die after UNO, supporting early studies by the Baker laboratory (Baker, 1990) who elegantly showed that aromatic L-amino acid decarboxylase, the second enzyme involved in the dopamine biosynthetic pathway, was still expressed after deprivation.

Several previous studies based on histological approaches used TH expression to detect the survival or death of DA neurons after UNO (Bovetti et al., 2009; Bastien-Dionne et al., 2010). However, as TH expression is modulated by sensory activity, the use of activity independent markers is needed to distinctly reflect the presence of dopaminergic neurons presence. In line with this concept, the study of Sawada and colleagues combined the use of VGAT-venus mice with in vivo imaging to follow the entire population of GABAergic PGN after UNO, including DA-neurons. They observed around 11% of lost cells, very similar to our own observation. Interestingly, the use of TH-Cre:R26R-CFP mice, to permanently label specifically DA-neurons, led to a different result. Indeed, histological analyses of these animals showed that 40% of the DA neurons died after UNO. However, age differences in the experimental animals, (postnatal here versus adults in the previous study) or differences in the genetic strategy might explain the contradictory findings. Moreover, recent work demonstrated that BrdU, which has been applied in most histology based analyses to determine neuronal age, is a highly toxic agent, that leads to considerable cell death when used in long term experiments (Platel et al., 2019). It is possible that some of the cell loss accredited to sensory deprivation was due to this toxicity.

Finally, the fact that the loss of TH expression is reversible after restoration of sensory activity demonstrates that DA neurons do not change their identity, but transiently shut down the TH neurotransmitter pathway.

What could the physiological relevance of this neuronal death and of the decrease of TH expression in DA-neurons? Overall the fact that cell death is more important in GABAergic neurons than in dopaminergic or glutamatergic glomerular neurons (Angelova et al., 2019) shows unequivocally that the OB does not enter into a state of general apoptosis under sensory deprivation. Instead, we can hypothesize that the OB system maintains a complex homeostatic balance between excitation and inhibition, finely tuned by sensory activity. Sudden local imbalance between excitation and inhibition, caused by sensory deprivation, could lead to an excessive increase in inhibition in the network. In this scenario, decreased environmental excitation must be balanced by an overall decrease in bulbar inhibition, allowing the system to continue to transmit information to higher order brain areas. Given that adult neurogenesis continuously supplies the OB with inhibitory interneurons, directed apoptosis of some of these cells may be a feasible mechanism to finetune inhibition in the OB system. An alternative mechanism for reducing inhibition would be a decrease in dopamine synthesis as TH controls the rate limiting steps for its production.

Taken together, we demonstrate that the glomerular neuronal network is capable of a strong reaction to alterations in sensory activity. These adaptations involve plasticity changes in the dopaminergic neurotransmitter phenotype and loss of inhibitory neurons from the network, which could allow to maintain the excitability of the system necessary for efficient signal transmission.



Materials and methods


Animals

All mice were treated according to protocols approved by the French Ethical Committee (#5223–2016042717181477 v2). Mice were group-housed in regular cages under standard conditions, with up to five mice per cage on a 12 hr light–dark cycle. Rosa-red fluorescent protein (RFP) mice [Ai14, Rosa26-CAG-tdTomato (Madisen et al., 2010)] and TH-green fluorescent protein (GFP) transgenic mice (3846686) were obtained from the Jackson Laboratory and used on a mixed C57Bl6/CD1 background. All experiments were performed on males and females.



Postnatal electroporation

In vivo electroporation was performed as previously described (Boutin et al., 2008). Briefly, P0-P1 pups were anesthetized by hypothermia and 2 μl of pCAG-CRE plasmid (#13775 Addgene, at 4 μg/μl) were injected in the lateral ventricle. Animals were subjected to five 95V electrical pulses (50 ms, separated by 950 ms intervals) using the CUY21 edit device (Nepagene, Chiba, Japan) and 10 mm tweezer electrodes (CUY650P10, Nepagene) coated with conductive gel (Control Graphique Medical, France). Electrical pulses were applied to target the dorsal V-SVZ. Electroporated animals were then reanimated in a 37°C incubator before returning to the mother.



Cranial window implantation

Implantation of a cranial window was performed as previously described (Drew et al., 2010) with minor modifications. Briefly, 4 week old mice were anesthetized by intraperitoneal (ip.) injection of ketamine/xylazine (125/12.5 mg/kg). Dexaméthasone (0.2 mg/kg) and buprenorphine (0.3 mg/mL) were injected subcutaneously and lidocaine was applied locally onto the skull. The pinch withdrawal reflex was monitored throughout the surgery, and additional anesthesia was applied if needed. Carprofen (5 mg/kg) was injected ip. after the surgery. A steel head-fixation bar was added attached to the skull with dental cement (Superbond, GACD). A 2.5 mm × 1.5 mm piece of skull overlying the OB was carefully removed using a sterile scalpel blade. Great care was taken not to damage the dura. A thin layer of low toxicity silicon adhesive (Kwik-Sil) was applied over the craniotomy and covered with a round 3 mm coverslip. The craniotomy was sealed with superglue and dental cement (Superbond, GACD). The first time point (t0) of our microscopic observation was performed after surgery on these anesthetized mice. UNO was performed following cranial window surgery.



Unilateral naris occlusion

For olfactory sensory deprivation, a polyethylene tube was inserted (BD Intramedic, PE50, 3 mm long) into one naris and sealed with cyanoacrylate glue (Cummings et al., 1997). Efficiency of occlusion was checked the following day and before each imaging session by the absence of air bubbles after application of a water drop on the occluded naris. Occlusion lasted for 4 weeks. At the end of the experiment immunostaining against tyrosine hydroxylase was performed to further confirm the efficiency of the occlusion. For reversible occlusions, mice were anesthetized after 4 weeks of occlusion and the polyethylene tube was carefully removed. If the quality of the cranial window has declined due to regrowth of connective tissue and bone, a new surgery was performed to reopen the window and allow for subsequent imaging.



In vivo two-photon imaging

We used a Zeiss LSM 7MP two-photon microscope modified to allow animal positioning under a 20× water immersion objective (1.0 NA, 1.7 mm wd) and coupled to a femtosecond pulsed infrared tunable laser (Mai-Tai, SpectraPhysics). After two-photon excitation, epifluorescence signals were collected and separated by dichroic mirrors and filters on 4 independent non-descanned detectors (NDD). Images were acquired using an excitation wavelength of 950 nm. GFP was collected at 500–550 nm. RFP was first collected between 605–678 nm. In addition, we collected an additional RFP signal between 560–590 nm that was voluntarily saturated to allow a better identification of subcellular structures like dendrites. In general, image acquisition lasted about 10 min. The imaging window was centered on the dorsal surface of the OB. The whole peri-glomerular layer was imaged (around 150 μm depth).

For longitudinal observation, we used the same principle as applied in Platel et al. (2019). In short, the same field of view was localized based on the geometric motifs of groups of neurons and specific morphological features of individual cells. Images of 606 μm × 606 μm were acquired at 0.59 μm/pixel resolution in the xy dimension and 2 μm/frame in the z dimension to a maximal depth of 200 μm.



Chronic in vivo imaging analysis

Quantitative analyses were performed on raw image stacks using FIJI software (Schindelin et al., 2012). All neurons identified on the first image were assigned a number using ImageJ overlay. Based on morphology and relative position each neuron was individually numbered and tracked during the successive imaging sessions. They were then labeled as TH-GFP positive or not. Detection of lost cells was performed solely on RFP expression. Results were summarized in Microsoft Excel. Occasionally neurons located at the border of an image were placed outside of the imaged field in one of the following sessions. These cells were excluded from further analyses. Animals showing an evident degradation of the imaging window were excluded from further imaging sessions.



GFP fluorescence evolution

To determine the effect of UNO on GFP intensity and to be independent of laser power, we used one wavelength to excite both GFP and RFP and performed ratio calculation as follow: we drew region of interest over the cell bodies of GFP positive neurons. We extracted both the fluorescence intensity of the red channel and of the green channel at t0, t1 and t2. We then performed a ratio green/red for each time point for each cell. We then normalized the ratio for each cell to t0 ratio. Finally we averaged this values per animal (4 control animals and 4 UNO animals).



Immunohistochemistry and image analysis

For histological analysis, mice were deeply anesthetized with an xylazine/ketamine overdose. Intracardiac perfusion was performed with 4% paraformaldehyde in PBS. The brain was collected and incubated overnight in the same fixative at 4°C. Sections were cut at 50 μm sections were cut with a microtome (Microm). Standard immunostaining protocols were performed on coronal free floating sections. Briefly, sections were rinsed in PBS and incubated in a blocking buffer [10% fetal bovine serum (FBS), 0.3% Triton X-100 in PBS] for 1 h. Subsequently, sections were incubated in primary antibody solution [5% FBS, 0.1% Triton X-100 in PBS (PBST)] and Tyrosine Hydroxylase antibody (chicken Ig, AVES; 1:1,000) overnight at 4°C. The following day, sections were rinsed 3 times in PBS and incubated with species-appropriate secondary antibody in PBST for 2 h at RT using gentle rocking. Alexa fluor-conjugated secondary antibodies were purchased from Life Technologies. Nuclear counterstain HOECHST 33258 (Invitrogen, 1:2,000) was added before sections were washed in PBS and mounted using Mowiol as a mounting medium. Optical images were taken either using a fluorescence microscope (Axioplan2, ApoTome system, Zeiss) or a laser confocal scanning microscope (LSM510 or LSM780, Zeiss, Germany) using same settings between the conditions. Image analysis was performed using FIJI software (Schindelin et al., 2012). All experiments and quantifications were performed blindly to experimental groups. For Figures 1E, F, immunofluorescence were performed on the same day with the same antibody dilution. Regions of interest were drawn over the whole glomerular layer and the mean intensity of GFP or TH compared between control and UNO animals (4 control and 3 UNO animals).



Statistical analyses

All measurements are presented as mean ± standard error of the mean. In box plot representation, center red line represents the median; box limits represents upper and lower quartiles and whiskers, outliers. Statistical comparisons were performed using Matlab. In Figure 1F, we used a Wilcoxon rank sum test. In Figure 1K we used 2-way ANOVA on data ranks with UNO and cell-type as fixed effects followed by Bonferroni post-hoc tests. In Figure 2E, we used 2-way ANOVA on data ranks with repeated measures (t1-t2) and with UNO and cell-type as fixed effects followed by Wilcoxon rank sum test corrected for multiple comparison. In Figure 2F, we used ANOVA on data ranks with repeated measures (t1-t2-t3) followed by Wilcoxon signed rank test corrected for multiple comparison.




Data availability statement

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



Ethics statement

The animal study was reviewed and approved by the Comité d’éthique en expérimentation animale de Marseille n°14.



Author contributions

AA, M-CT, ML, and J-CP performed experiments. AA, M-CT, and J-CP analyzed the data. J-CP, AA, and HC conceived the project. J-CP and HC wrote the manuscript. All authors commented on the manuscript and approved the submitted version.



Funding

This work was supported by the Fédération pour la Recherche sur le Cerveau, the Agence National pour la Recherche Grant ANR-17-CE16-0025-02, ANR-21-CE16-0034-01, Equ 201903007806, and the Fondation pour la Recherche Médicale [Program Equipe FRM 2018, EQU201903007806 (to HC)]. ML was supported by the Turing Center for Living Systems (CENTURI).



Acknowledgments

We thank Stephane Bugeon for his help with the statistic analysis. We also thank the local PiCSL-FBI core facility [Institut de Biologie du Développement de Marseille (IBDM), Aix-Marseille University] supported by the French National Research Agency through the “Investments for the Future” program (France-BioImaging, ANR-10-INBS-04) as well as the IBDM animal facilities.



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.



References

Alvarez-Buylla, A., and Garcia-Verdugo, J. M. (2002). Neurogenesis in adult subventricular zone. J. Neurosci. 22, 629–634.

Angelova, A., Platel, J. C., Beclin, C., Cremer, H., and Core, N. (2019). Characterization of perinatally born glutamatergic neurons of the mouse olfactory bulb based on NeuroD6 expression reveals their resistance to sensory deprivation. J. Comp. Neurol. 527, 1245–1260. doi: 10.1002/cne.24621

Angelova, A., Tiveron, M. C., Cremer, H., and Beclin, C. (2018). Neuronal subtype generation during postnatal olfactory bulb neurogenesis. J. Exp. Neurosci. 12:1179069518755670.

Baker, H. (1990). Unilateral, neonatal olfactory deprivation alters tyrosine hydroxylase expression but not aromatic amino acid decarboxylase or GABA immunoreactivity. Neuroscience 36, 761–771.

Baker, H., Liu, N., Chun, H. S., Saino, S., Berlin, R., Volpe, B., et al. (2001). Phenotypic differentiation during migration of dopaminergic progenitor cells to the olfactory bulb. J. Neurosci. 21, 8505–8513.

Bastien-Dionne, P. O., David, L. S., Parent, A., and Saghatelyan, A. (2010). Role of sensory activity on chemospecific populations of interneurons in the adult olfactory bulb. J. Comp. Neurol. 518, 1847–1861. doi: 10.1002/cne.22307

Bovetti, S., Veyrac, A., Peretto, P., Fasolo, A., and De Marchis, S. (2009). Olfactory enrichment influences adult neurogenesis modulating GAD67 and plasticity-related molecules expression in newborn cells of the olfactory bulb. PLoS One 4:e6359. doi: 10.1371/journal.pone.0006359

Brunjes, P. C. (1985). Unilateral odor deprivation: Time course of changes in laminar volume. Brain Res. Bull. 14, 233–237. doi: 10.1016/0361-9230(85)90088-7

Boutin, C., Diestel, S., Desoeuvre, A., Tiveron, M. C., and Cremer, H. (2008). Efficient in vivo electroporation of the postnatal rodent forebrain. PLoS One 3:e1883. doi: 10.1371/journal.pone.0001883

Byrne, D. J., Lipovsek, M., Crespo, A., and Grubb, M. S. (2022). Brief sensory deprivation triggers plasticity of dopamine-synthesising enzyme expression in genetically labelled olfactory bulb dopaminergic neurons. Eur. J. Neurosci. 56, 3591–3612. doi: 10.1111/ejn.15684

Cummings, D. M., and Brunjes, P. C. (1997). The effects of variable periods of functional deprivation on olfactory bulb development in rats. Exp. Neurol. 148, 360–366. doi: 10.1006/exnr.1997.6660

Cummings, D. M., Henning, H. E., and Brunjes, P. C. (1997). Olfactory bulb recovery after early sensory deprivation. J. Neurosci. 17, 7433–7440. doi: 10.1523/JNEUROSCI.17-19-07433.1997

Drew, P. J., Shih, A. Y., Driscoll, J. D., Knutsen, P. M., Blinder, P., and Davalos, D. (2010). Chronic optical access through a polished and reinforced thinned skull. Nat. Methods 7, 981–984. doi: 10.1038/nmeth.1530

Kelsch, W., Lin, C. W., Mosley, C. P., and Lois, C. (2009). A critical period for activity-dependent synaptic development during olfactory bulb adult neurogenesis. J. Neurosci. 29, 11852–11858. doi: 10.1523/JNEUROSCI.2406-09.2009

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, 133–40. doi: 10.1038/nn.2467

Meisami, E., and Mousavi, R. (1981). Lasting effects of early olfactory deprivation on the growth, DNA, RNA and protein content, and Na-K-ATPase and AchE activity of the rat olfactory bulb. Brain Res. 254, 217–229. doi: 10.1016/0165-3806(81)90033-x

Platel, J. C., Angelova, A., Bugeon, S., Wallace, J., Ganay, T., Chudotvorova, I., et al. (2019). Neuronal integration in the adult mouse olfactory bulb is a non-selective addition process. Elife 8:e44830. doi: 10.7554/eLife.44830

Saghatelyan, A., Roux, P., Migliore, M., Rochefort, C., Desmaisons, D., Charneau, P., et al. (2005). Activity-dependent adjustments of the inhibitory network in the olfactory bulb following early postnatal deprivation. Neuron 46, 103–116. doi: 10.1016/j.neuron.2005.02.016

Sawada, M., Kaneko, N., Inada, H., Wake, H., Kato, Y., Yanagawa, Y., et al. (2011). Sensory input regulates spatial and subtype-specific patterns of neuronal turnover in the adult olfactory bulb. J. Neurosci. 31, 11587–11596. doi: 10.1523/JNEUROSCI.0614-11.2011

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., and Pietzsch, T. (2012). Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676–682.

Tiveron, M. C., Beclin, C., Murgan, S., Wild, S., Angelova, A., Marc, J., et al. (2017). Zic-proteins are repressors of dopaminergic forebrain fate in mice and C. elegans. J. Neurosci. 37, 10611–10623. doi: 10.1523/JNEUROSCI.3888-16.2017


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





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of sensory deprivation on glomerular interneurons in the mouse olfactory bulb: differences in mortality and phenotypic adjustment of dopaminergic neurons



		Introduction



		Results



		Discussion



		Materials and methods



		Animals



		Postnatal electroporation



		Cranial window implantation



		Unilateral naris occlusion



		In vivo two-photon imaging



		Chronic in vivo imaging analysis



		GFP fluorescence evolution



		Immunohistochemistry and image analysis



		Statistical analyses







		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fncel-17-1170170-g002.jpg
A dorsal elpo @ PO t0 imaging, UNO t1 imaging, reopening t2 imaging

an,
. |

4 weeks

; >
v 4 weeks

22um projection , 40um projection

=

’; : & o j'tﬁz 43‘!*

19

e Control 2 UNO+Reopen

(D 100 100 o o o 100 100 -} 0
C % $ -
@) 90 90 90 90 . .
— 80
=S 80 80 80
O 70 70 70 70
- 60
Y— 60 60 60
O 50 50 50 50
32 t0 t1 t2 t0 t1 t2 t0 t1 12 t0 t1 12
GABA DA GABA DA
P Dl - ANOVA for Ct/UNO x time ** * 3 Control UNO
@) ANOVA for GABA/DA x time *
—— & . o ANOVA *
D sl 0 120 |
8 _'? LL. = 0o} wae ©
qa 10+ 5 (7)) g S — é 80 T )
Bl - - D_ ° 60
2 o E : ) "
OF uil 0000 0000 - 000000 E LI— 40
Ut e i e = v "o o

UNO Ctl UNO
GABA DA






OPS/images/fncel-17-1170170-g001.jpg
A B
Postnatal Cre electroporation REP+
in Rosa-RFP / TH-GFP c " -
% 80 o 5 - :
® Dorsal elpo y o ® ?
@ PO Sacrifice, IHC o .
(i\/\ } | > _% 40
20 = 20 20
4 weeks Q n A o
O S TH+/ RFP+ GFP*/TH* TH*/GFP*
C fixed tissue analysis D E . e
in TH-GFP animals . T
Ie) X 120t
Sacrifice = = =
Birth IHC S = 10 I::l
7))
: % > O C s T o
8 weeks g .
= 60
_EI:J 40+
Sacrifice O &S ol
Bith UNO  |HC :ZJ < g o
| i . > 0
4 weeks 4 weeks Ctl UNO Ctl UNO
GFP TH
F G

UNO, longitudinal in vivo imaging

dorsal elpo @ PO tO (in vivo imaging), UNO  t1 (in vivo imaging)

control

4 weeks

2 £31
. ok
P A
e

» 28um projection

S
x

ANOVA for CtI/UNO ***

Control UNO ANOVA for GABA/DA **

:: N :0 ANOVA for interaction ns
& <o . . 0 i
O (a )] 40 40 ) *% *
o <L permrmarmerns . N 25 —
3 O e o
) L 3 [ — | )
= w ; = . .
E— 3 -
o 50 50 y— 10} ° ’
| - O °
q) “0 @ o=
_Q < 30 30 O\o ° e o |

— 0 S

S ™ M — Ctl UNO Ctl UNO

0 0 ——————— ———————

t0  t1 t0  t1 GABA DA





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Cellular Neuroscience

Effects of sensory deprivation
on glomerular interneurons
in the mouse olfactory bulb:

differences in mortality
and phenotypic adjustment
of dopaminergic neurons












OPS/images/logo.jpg
’ frontiers | Frontiers in Cellular Neuroscience







