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Abstract

:

The mammalian target of rapamycin (mTOR) signaling pathway is a powerful regulator of cell proliferation, growth, synapse maintenance and cell fate. While intensely studied for its role in cancer, the role of mTOR signaling is just beginning to be uncovered in specific cell types that are implicated in neurodevelopmental disorders. Previously, loss of the Tsc1 gene, which results in hyperactive mTOR, was shown to affect the function and molecular properties of GABAergic cortical interneurons (CINs) derived from the medial ganglionic eminence. To assess if other important classes of CINs could be impacted by mTOR dysfunction, we deleted Tsc1 in a caudal ganglionic eminence-derived interneuron group, the vasoactive intestinal peptide (VIP)+ subtype, whose activity disinhibits local circuits. Tsc1 mutant VIP+ CINs reduced their pattern of apoptosis from postnatal days 15–20, resulting in increased VIP+ CINs. The mutant CINs exhibited synaptic and electrophysiological properties that could contribute to the high rate of seizure activity in humans that harbor Tsc1 mutations.
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1. Introduction


Tuberous Sclerosis Complex (TSC) is a syndrome caused by mutations in either the Tsc1 or Tsc2 genes [1,2]. While TSC impacts multiple organ systems, those diagnosed also exhibit TSC-Associated Neuropsychiatric Disorders (TANDs) [3], of which associated cellular and molecular changes in the brain are incompletely understood. Notably, up to 90% and 40% of those diagnosed with TSC will have epilepsy and autism spectrum disorder (ASD), respectively [4,5,6,7]. Thus, understanding how Tsc1 and Tsc2 dysfunction impacts brain development and function is crucial.



Tsc1 and Tsc2 encode proteins that form an obligate complex that inhibits the activity of the mammalian target of rapamycin (MTOR) via its action on Rheb GTPase [8]. MTOR is often activated in response to growth factors and regulates multiple cellular events, including growth, proliferation and survival [9]. Importantly, Tsc1/2, as well as other signaling proteins in this pathway, are necessary to constrain MTORC1 activity when not required. Moreover, many genes that regulate MTORC1 activity, including Tsc1/2, are considered high-risk ASD candidate genes [10,11]. Thus, understanding their normal function in brain development and how their dysfunction impacts different brain cell types could provide new inroads into ASD biology and how other cognitive changes may arise. Specifically, uncovering how TANDs arise will require an understanding of Tsc1/2’s unique roles in the multitude of brain cell types.



The effect of Tsc1/2 mutations on GABAergic cortical interneurons (CINs) is understudied. Due to their diverse molecular, morphological and electrophysiological properties [12,13,14], mutations in Tsc1/2 could induce a variety of effects on cognition due to how different CINs are impacted. The majority of CINs are generated in the medial or caudal ganglionic eminences (MGE and CGE) and migrate into their cortical destinations in multiple waves from mid-gestation to early postnatal ages in rodents [15]. CINs can be divided into four broad groups based on the expression of molecular markers. MGE-lineage CINs primarily express either Somatostatin (SST) or Parvalbumin (PV), while CGE lineages express either vasoactive intestinal peptide (VIP) or neuron-derived neurotropic factor (NDNF) [16,17]. In addition, each broad group has distinct morphological and electrophysiological properties, with SST+ CINs targeting the dendrites of excitatory neurons and PV+ CINs targeting either the cell body or axon initial segments and exhibiting fast action potential kinetics [18]. CGE-lineage NDNF CINs, i.e., neurogliaform cells, are enriched in upper layers of the neocortex and can bulk release GABA, while VIP+ CINs mostly reside in upper cortical layers and have a bipolar morphology; they also can uniquely inhibit other CINs, providing a disinhibitory circuit in the cortex [19,20]. While our previous work found changes in MGE-lineage CIN properties after manipulating the mouse Tsc1 gene and human variants [21,22], how CGE lineages are impacted by the same genetic perturbation has not been examined.



Thus, we used a Cre-driver line to delete mouse Tsc1 in VIP CINs and assess their development. We unexpectedly found that WT CGE CINs have a delayed apoptotic cell loss, which differs from the timing of programmed apoptosis of MGE CINs [23]. In the Tsc1 mutant, we found that there was reduced apoptosis of VIP+ CINs, resulting in more VIP+ CINs. In addition, loss of Tsc1 in VIP+ CINs results in increased excitatory drive onto the VIP+ CINs. Overall, the increase in VIP CIN number and their increased excitability is likely to decrease cortical inhibition, thereby causing major imbalances in excitation to inhibition, a hallmark of ASD and epilepsy.




2. Materials and Methods


2.1. Animals


The following mouse strains have been previously reported: tdTomato lox/+ (Ai14) Cre-reporter [24], Tsc1 lox/+ [25] and VIP-IRES-Cre [26]. All strains were on a mixed C57BL/6 and CD1 background. Animals were housed in a vivarium with a 12 h light/12 h dark cycle. Postnatal animals used for experiments were kept with their littermates. Males and females were both used in all experiments; no sex differences were observed. All animal care and procedures were performed according to the University of California at San Francisco Laboratory Animal Research Center guidelines. Mice were anesthetized with intraperitoneal avertin (0.015 mL/g of a 2.5% solution) followed by pneumothorax and perfused transcardially with PBS and then with 4% PFA, followed by brain isolation, 1 h fixation for synapse immunohistochemistry or overnight fixation for all other immunohistochemistry or in situ hybridization, and 2 days of cryoprotection with 30% sucrose and microtome sectioning (coronal, 40 μm).




2.2. Antibodies


Antibodies used were rabbit cC3 (1:250, Catalog #9661S, Cell Signaling Technologies, Danvers, MA, USA), rabbit DsRed (1:500, Catalog #632496, Takara, Mountain View, CA, USA), mouse nAChR α4 Subunit Antibody, clone 369 (1:50, Catalog #MABN1833, MilliporeSigma, St. Louis, MI, USA), rabbit phosphoS6SER240/244 (1:400, Catalog #5364, Cell Signaling Technologies, Danvers, MA, USA), mouse PSD95 (1:200, Catalog #75-028, NeuroMab, Davis, CA, USA), goat Vesicular Acetylcholine Transporter (VAChT) antibody (1:500, Catalog #ABN100, MilliporeSigma, St. Louis, MI, USA), rabbit Vglut1 (1:500, Catalog #135303, Synaptic Systems, Goettingen, Germany), rabbit VIP (1:250, Catalog #20077, Immunostar, Hudson, NY, USA) and Alexa-conjugated secondary antibodies (1:300, Thermo Fisher, Eugene, OR, USA). Sections were cover-slipped with Vectashield (Vector Labs, Burlingame, CA, USA).




2.3. Dual RNAscope (Fluorescent In Situ Hybridization) and IHC Labeling


In situ hybridization (ISH) was performed on 40 um thick P25 brain sections following the ACD protocol for the multiplex fluorescent kit (version 2, Cat. 323100) with the following modifications: (1) sections were treated with 1× Target Retrieval Reagent at ~70 °C for 5 min and (2) were later treated with Protease IV for 30 min at 40 °C. The following RNAscope probe was used: Mm-Tsc1 (Cat. 591301). After in situ hybridization, immunohistochemistry was performed with the rabbit DsRed antibody (1:500, Cat. 632496, Takara, Mountain View, CA, USA). Lastly, slides were mounted with Vectashield mounting media containing DAPI (Cat. H-1800).




2.4. Cell and Synapse Counting


For assessing VIP and tdTomato cell densities, 10× images were taken at the somatosensory cortex at postnatal ages from two or three nonadjacent sections and from both hemispheres for each replicate. A box of a defined area was drawn over a region of interest. Cells were counted within that box and were divided by the box area. For lamination counts, we used DAPI to subdivide neocortical layers.



For tallying cC3+/tdTomato+ cells, we counted from every 5th section, which covers 25 P25 coronal sections across the rostral-caudal extent of the neocortex. From each mouse brain, we counted over 3000 tdTomato+ cells from WT and cHet brains and over 5000 tdTomato+ cells in the cKO.



For synapse counting, confocal image stacks (0.25 um step size) were processed with ImageJ. Background subtraction was applied, and we colocalized the channels. We counted the number of synapses that colocalized with vGlut1 and PSD95 or nAChR α4 and VAChT in each focal plane. Synapse numbers were then normalized to the length of the dendrite or to the circumference of the soma. The length of the dendrite was determined by the segmented line that was drawn over the dendrite where synapses were counted. Circumference and soma area were determined by an enclosed polygon that was drawn around the soma.




2.5. Electrophysiology


Acute cortical slice preparation: Adult mice of either sex (P45–P60 days) were anesthetized with an intraperitoneal injection of euthasol and transcardially perfused with an ice-cold cutting solution containing (in mM) 210 sucrose, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2 and 7 dextrose (bubbled with 95%O2–5% CO2, pH ~7.4). Mice were decapitated, the brains were removed, and two parallel cuts were made along the coronal plane at the rostral and caudal ends of the brains. Brains were mounted on the flat surface created at the caudal end. Approximately three coronal slices (250 μm thick) were obtained using a vibrating blade microtome (VT1200S, Leica Microsystems Inc.). Slices were allowed to recover at 34 °C for 30 min followed by 30 min recovery at room temperature in a holding solution containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2 CaCl2, 2 MgCl2, 12.5 dextrose, 1.3 ascorbic acid and 3 sodium pyruvate.



Whole-cell patch clamp recordings: Somatic whole-cell current clamp and voltage clamp recordings were obtained from submerged slices perfused in heated (32–34 °C) artificial cerebrospinal fluid (aCSF) containing (in mM) 125 NaCl, 3 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2 CaCl2, 1 MgCl2 and 12.5 dextrose (bubbled with 95% O2/5% CO2, pH ~7.4). Neurons were visualized using DIC optics fitted with a 40x water-immersion objective (BX51WI, Olympus microscope). tdTomato expressing VIP+ CINs located in layers II/III were targeted for patching. Patch electrodes (2–4 MΩ) were pulled from borosilicate capillary glass of external diameter 1 mm (Sutter Instruments, Novato, CA, USA) using a Flaming/Brown micropipette puller (model P-2000, Sutter Instruments). For current-clamp recordings, electrodes were filled with an internal solution containing the following (in mM): 120 K-gluconate, 20 KCl, 10 HEPES, 4 NaCl, 7 K2-phosphocreatine, 0.3 Na-GTP and 4 Mg-ATP(pH ~7.3 adjusted with KOH).



For voltage-clamp recordings, the internal solution contained the following (in mM): 130 Cs-methanesulfonate, 10 CsCl, 10 HEPES, 4 NaCl, 7 phosphocreatine, 0.3 Na-GTP, 4 Mg-ATP and 2 QX314-Br (pH ~7.3 adjusted with CsOH). Electrophysiology data were recorded using a Multiclamp 700B amplifier (Molecular Devices, San Jose, CA, USA). Voltages have not been corrected for measured liquid junction potential (~8 mV). Upon successful transition to the whole-cell configuration, the neuron was given at least 5 min to stabilize before data were collected. Series resistance and pipette capacitance were appropriately compensated before each recording. Series resistance was usually 10–20 MΩ, and experiments were terminated if series resistance exceeded 25 MΩ.



Electrophysiology protocols and data analysis: All data analyses were performed using custom routines written in IGOR Pro (Wavemetrics, Portland, OR, USA). The code is available upon request. Resting membrane potential (RMP) was measured as the membrane voltage measured in current clamp mode immediately after reaching the whole-cell configuration. Input resistance (Rin) was calculated as the slope of the linear fit of the voltage–current plot generated from a family of hyperpolarizing and depolarizing current injections (−50 to +20 pA, steps of 10 pA). Firing output was calculated as the number of action potentials (APs) fired in response to 800 ms long depolarizing current injections (25–500 pA). Firing frequency was calculated as the number of APs fired per second. Rheobase was measured as the minimum current injection that elicited spiking. Firing traces in response to 50 pA current above the rheobase were used for the analysis of single AP properties–AP amplitude and AP half-width. The threshold was defined as the voltage at which the value of the third derivative of voltage with time is maximum. Action potential amplitude was measured from threshold to peak, with the half-width measured at half this distance. The coefficient of variance (CV) for the inter-spike interval (ISI) was calculated as the ratio of standard deviation to the mean. The sag ratio was calculated as the ratio of peak voltage to the steady-state voltage in response to hyperpolarizing current injections (−50 to –250 pA, steps of 50 pA). The rebound slope was measured as the slope of the rebound potential amplitude as a function of the steady-state voltage in response to hyperpolarizing current injections.



Spontaneous excitatory currents were recorded for 5 min with neurons voltage clamped at −70 mV. Currents were analyzed off-line using Clampfit (pClamp, Molecular Devices) event detection.




2.6. Immunohistochemistry


For all immunohistochemistry on postnatal brains, staining was carried out on free-floating sections as described previously [27]. For synapse immunohistochemistry, sections were pre-treated with pepsin for 10 min at 37 °C to enhance the staining as described before [28], and sections were incubated with primary antibodies for two days. We performed all immunohistochemistry on n ≥ 3 biological replicates for each control and mutant.




2.7. In Situ Hybridization


We performed in situ hybridization on a minimum of n = 3 biological replicates for each control and mutant. In each case, a rostrocaudal series of at least ten sections was examined. In situ hybridizations were performed using digoxigenin-labeled riboprobes as described previously [29,30]. Vip probe was made using a plasmid with a sequence of Vip cloned in using primers from the Aleen Brain Atlas; 5′ primer: CCTGGCATTCCTGATACTCTTC; 3′ primer: ATTCTCTGATTTCAGCTCTGCC. The plasmid was linearized with HindIII restriction enzyme, and the T7 enzyme was used to make an antisense probe.




2.8. Image Acquisition and Analysis


Fluorescent IHC images in Figure 1 were taken using a Coolsnap camera (Photometrics) mounted on a Nikon Eclipse 80i microscope using NIS Elements acquisition software version 4.2.0 (Nikon). Bright-field ISH images in Figure 1 were taken using a DP70 camera (Olympus) mounted on an Olympus SZX7 microscope. Brightness and contrast were adjusted, and images were merged using ImageJ software version ImageJ 2. Synapse IHC images from neocortical layers II/III were taken on an OMX-SR confocal microscope with a 60× objective at 1024 × 1024 pixels of resolution from the Center for Advanced Light Microscopy at UCSF. Synapse IHC images were then aligned and deconvolved before synapse counting.




2.9. Statistics


All statistical analyses were carried out on SPSS15 or Graphpad Prism software version GraphPad Prism 9. All data points were found to lie within a normal distribution using a Shapiro–Wilk test and were, therefore, suitable for parametric testing. All data groups were determined to have equal variance as analyzed by Levene’s test. Unless noted in figure legends, all data were assessed by One-Way ANOVA followed by a Tukey’s post-test to determine significance. All data were collected and processed blindly during the data analysis. No data were randomized.





3. Results


3.1. Conditional Deletion of Tsc1 Increases VIP+ CIN Density in Postnatal Cortex


To test the impact of Tsc1 loss in VIP+ cortical interneurons (CINs), we crossed Tsc1floxed mice [25] with VIP-IRES-Cre mice [26]. The Cre-dependent tdTomato reporter [24] was included in each cross. To validate Tsc1 deletion, we first performed fluorescent in situ hybridization for Tsc1 and colocalized with tdTomato+ cells in the somatosensory cortex. We found that Tsc1 conditional knockouts (cKOs) have reduced Tsc1 puncta, suggesting effective loss of the Tsc1 transcript (Figure 1A). We also examined whether the mTOR activation marker, phosphorylated-S6 (pS6), was elevated in cKO cells; there is a significant increase in tdTomato+ cKO CINs co-labeled for pS6 (Figure 1B,C p = 0.0005). Consistently, Tsc1 deletion in VIP+ CINs causes an increase in the soma (cell body) size (Figure 1D; WT vs. cKO p < 0.0001; cHet vs. cKO p = 0.006).



Next, we assessed VIP+ CIN numbers in the neocortex of WT, cHet and cKO mice. Using VIP immunohistochemistry (IHC), we found a ~2-fold increase in VIP+ CIN density in cKOs at P35 (Figure 2A,B; WT and Het vs. cKO p < 0.0001). Because Tsc1’s regulation of mTOR signaling can impact protein translation [31], loss of Tsc1 may affect VIP protein levels. To rule out that the higher VIP+ CIN numbers are due to increased translation of VIP protein and, therefore, an increase in the probability of identifying VIP+ CINs, we assessed VIP RNA transcripts by performing VIP in situ hybridization. As with the VIP IHC, we found an increased density of VIP+ cells in the P35 cKO neocortex (Figure 2A,C; WT vs. cKO p = 0.03). Thus, the number of VIP+ CINs is increased when Tsc1 is lost in the postmitotic VIP¬+ CIN lineage.



Next, we measured when VIP+ CIN numbers were increased by assessing different developmental ages. VIP-IRES-Cre induces recombination shortly after P0. Thus, we counted the number of tdTomato+ cells from VIP-IRES-CRE Ai14 mice in the neocortex at ages P3, P7, P15, P25, P35 and P50 (example images are shown in Figure S1). In WTs and cHets, we saw tdTomato+ numbers plateau between P7 and P15 and then gradually decrease afterward through P35 (Figure 2D,E; Figure S1). However, in cKOs, we did not see a reduction until after P25. Rather, tdTomato+ numbers remained unchanged from P7 through P35, with this trend still present by P50. We first saw a significant difference in numbers between cKOs and WTs or cHets at age P25 (Figure 2D,E; Figure S1). The difference in WT and cKO numbers became obvious by P25 (Figure 2E; P25 WT vs. cKO p = 0.003), and while P15 WT and Het numbers decreased by P25 and P35, the cKOs either did not change or did so at a lower increment (Figure 2E; P15 WT vs. P25 WT p = 0.0001 and P35 WT p < 0.0001; P15 Het vs. P25 Het p = 0.0004 and P35 Het p < 0.0001; P15 cKO vs. P35 cKO p = 0.02). Furthermore, cannabinoid receptor 1 (CB1) and Calretinin (CR) expression were also elevated in P35 cKOs, markers that are co-expressed in subsets of VIP+ CINs [32,33] (Figure S2; CR cHet vs. cKO p = 0.0001; CB1 cHet vs. cKO p < 0.01); Sp8+ cells were not grossly changed, perhaps because this marker is expressed in both VIP and other CGE-lineage CINs (Figure S2). Therefore, loss of Tsc1 in postnatal VIP+ lineages prevented a late developmental reduction of these CINs, which we discovered to occur between P15 and P25.



Because P0 VIP-lineage CINs were still migrating to their final cortical lamina when Tsc1 was first deleted, it is possible that aberrant migration may account for increased VIP+ CIN numbers in the neocortex. However, we did not see a gross change in the distribution of VIP+ cells in the forebrain at P3, P7 or P25. Moreover, because there were no initial changes in VIP numbers between WTs, cHets and cKOs before P25, we hypothesized that loss of Tsc1 promoted CIN survival, i.e., decreased apoptosis. Thus, we counted the number of tdTomato+ CINs co-expressing cleaved-caspase 3 (cC3) at P25, the age when there was a significant increase in VIP+ CIN numbers. We saw fewer cC3+ co-labeled CINs at P25 in the cKOs (Figure 2F,F’,G; WT vs. cKO p = 0.002; cHet vs. cKO p = 0.01). To confirm the cC3 result, we performed a terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) assay. Likewise, we saw fewer tdTomato+ cells that were TUNEL-positive in P25 cKOs (Figure S3A,B; WT vs. cKO p < 0.0001; cHet vs. cKO p < 0.0007); higher magnification images of the WT and cHet are shown in Figure S3A’). Together, these findings show that Tsc1 is likely necessary for the postnatal apoptosis-mediated reduction of VIP+ CINs between P15 and P25.




3.2. Conditional Deletion of Tsc1 Affects the Intrinsic and Synaptic Properties of VIP+ CINs


Using ex vivo slice electrophysiology, we asked whether conditional deletion of a single or both copies of the Tsc1 gene affects the physiological properties of VIP+ CINs. Because our crosses included Ai14, VIP+ CINs in all genotypes (WT, cHets and cKO) expressed tdTomato. We used this preferential expression of tdTomato to target VIP+ CINs for whole-cell patch clamp recordings. Consistent with previous studies, VIP+ CINs recorded from WT mice had characteristic intermittent firing properties and showed HCN channel-dependent sag and rebound voltages [34,35,36] (Figure 3). While there was no change in resting membrane potentials, the loss of both copies of Tsc1 significantly reduced the input resistance (Rin) of VIP+ CINs (Figure 3A–C; WT and cHet vs. cKO p < 0.0001). Interestingly, HCN channel-mediated rebound voltage was increased in the cKOs, thus suggesting a role of Tsc1 in the regulation of ion-channel expression and intrinsic membrane properties (Figure 3D–F; WT vs. cKO p = 0.05 and cHet vs. cKO p = 0.03). We next asked whether Tsc1 deletion affects the firing output of VIP+ CINs. Previously, we had observed that conditional deletion of Tsc1 in MGE-derived CINs causes the SST+ CINs to acquire physiological properties characteristic of fast-spiking PV+ CINs [21]. Also, we observed a significant role of Tsc1 in the regulation of the excitability of SST+ CINs. Here, too, we observed that loss of Tsc1 increased the maximum firing frequency and spike output of VIP+ CINs (Figure 3G–I; max firing frequency; WT vs. cKO p = 0.02; number of spikes; Two-Way ANOVA; genotype x current p = 0.0001). We also found a significant increase in action-potential half-width in VIP+ CINs lacking single or both copies of Tsc1 but no change in amplitude (Figure 3J,K; WT vs. cHet p = 0.001 and cKO p = 0.004). We compared the variability in inter-spike intervals (ISIs) by calculating the coefficient of variance (CV). Interestingly, in addition to changes in overall firing output, loss of Tsc1 reduces the CV ISI in VIP+ CINs (Figure 3L; WT vs. cHet p = 0.03 and cKO p = 0.03). Together, our results suggest a crucial role of Tsc1 in the regulation of membrane properties, ion-channel expression and excitability of VIP+ CINs.



In addition to changes in membrane properties and ion-channel expression, changes in excitatory synapses can affect the excitability and input-output transformation of cortical neurons. Importantly, we and others have demonstrated that deletion of Tsc1 affects both excitatory and inhibitory synapses [21,37,38,39]. Therefore, we next assessed how the loss of Tsc1 affects the excitatory synapses of VIP+ CINs. For this, we obtained voltage-clamp recordings from VIP+ CINs and quantified the frequency and amplitude of spontaneous excitatory postsynaptic currents (sEPSCs) (Figure 4A). The frequency and half-widths of sEPSCs recorded from WTs, cHets and cKOs were not different (Figure 4B,D). However, the amplitude and AUC of sEPSCs recorded from VIP+ CINs in cKOs were significantly higher (Figure 4C,E; amplitude: WT vs. cKO p = 0.01; AUC: WT vs. cKO p = 0.007). Overall, these findings suggest an important role of Tsc1 in shaping the excitability of VIP+ CINs via its regulation of the membrane electrical properties and excitatory synapses on VIP+ CINs.




3.3. Conditional Deletion of Tsc1 Affects Synaptic Inputs onto VIP+ CINs


Because the loss of Tsc1 in CGE-derived VIP+ CINs resulted in altered electrical properties, we analyzed whether synapse numbers are affected in VIP+ CINs in cKOs. There are two major synaptic inputs onto VIP+ CINs: glutamatergic and nicotinic acetylcholine synapses. We quantified glutamatergic synapses along the proximal dendrites and in the soma of VIP+ CINs (tdTomato+) by counting puncta expressing vGlut (presynaptic side) and PSD95 (postsynaptic side). Because Tsc1 deletion in VIP+ CINs caused an increase in the soma (cell body) size (Figure 1D), we normalized synapse numbers in the soma by its circumference. The density of glutamatergic synapses increased in the soma in cKOs compared with WTs and cHets (Figure 5A; WT vs. cKO p = 0.01; cHet vs. cKO p = 0.005). Moreover, the size of synaptic puncta increased in both cHets and cKOs (Figure 5A; p < 0.0001; WT vs. cHet and cKO). However, the density along the proximal dendrite was reduced in both cHets and cKOs (Figure 5B; WT vs. cHet p = 0.004; WT vs. cKO p = 0.01). We also quantified nicotinic cholinergic synapses in VIP+ CINs by counting puncta expressing vAchT (presynaptic side) and nAchA4R (postsynaptic side). Similarly, the density of nicotinic cholinergic synapses in the soma increased in cKOs compared with cHets (Figure 5C; WT vs. cHet p = 0.02; cHet vs. cKO p = 0.0005) and the size of synaptic puncta increased in both cHets and cKOs (p < 0.0001, WT vs. cHet and cKO). Like before, the density of nicotinic cholinergic synapses along the proximal dendrite was reduced in cHets and cKOs (Figure 5D; WT vs. cHet p < 0.0001; WT vs. cKO p = 0.0002). These findings demonstrate a critical role of Tsc1 in the regulation of synaptic input density onto VIP+ CINs. Importantly, the increase in excitatory inputs fits with our observation of higher sEPSC amplitude in cKOs.





4. Discussion


This study elucidated molecular, cellular, and electrophysiological changes in the mammalian brain caused by reduced dosage of Tsc1, which underlies TSC with comorbid seizures and autism. We uncovered new features in a subgroup of GABAergic inhibitory interneurons, those derived from the CGE and that express VIP. Unique to other interneurons, VIP+ CINs can preferentially synapse onto other inhibitory neurons and lead to disinhibition in the local circuit [20,40], and their dysfunction underlies some local circuit properties as well as a functional target of some syndromic genes [41,42]. Our mutant VIP-lineage CINs displayed an unexpected developmental trajectory when Tsc1 was deleted, including reduced apoptosis between P15 and P25. Due to the normal disinhibitory properties of VIP interneurons, the increase in mutant CGE CINs likely causes reduced overall circuit inhibition that may contribute to a more excitable brain, which could, in turn, contribute to the high rate of seizures in those diagnosed with TSC.



One of the striking findings was that loss of Tsc1 led to a greater number of VIP+ CINs in the young adult (P35) neocortex. A previous study showed that VIP+ CINs can die off after P7 [43]. Our data more precisely identified the period of VIP+ CIN apoptosis (between P15 and P25). Because Tsc1 mutants exhibit more VIP+ cells, this is one manner in which the brain may become more hyperexcitable, as VIP+ CINs provide disinhibition by inhibiting other CINs [19,40]. The VIP+ CIN apoptosis period is later than that of MGE-derived CINs, which peaks at P7 [23]. Excitatory inputs onto VIP+ CINs are known to regulate survival. Thus, it is possible that VIP+ CIN survival is dependent on serotonergic and glutamatergic inputs at P7 [44]. However, it is more likely that the increased VIP+ neurons are due to the pro-survival impacts that increased mTOR activity may provide to these cells.



MTOR interacts with a specific set of proteins to form one of two complexes: MTORC1 and MTORC2. Both complexes can inhibit apoptosis and promote survival in distinct manners. MTORC1 inhibits Bax expression, a death effector [45], while MTORC2 stabilizes the anti-apoptotic protein MCL-1 [46]. Future studies are needed to uncover whether these events are occurring in VIP CINs.



Loss of Tsc1 function in VIP+ CINs may cause an excitatory/inhibitory imbalance by elevating disinhibition in the local circuit. Increasing excitation by deleting Tsc1 in VIP+ CINs may be achieved by increasing the number of VIP+ CINs (Figure 2), increasing the number of excitatory synapses on these neurons (Figure 5), increasing the firing rate of VIP+ CINs (Figure 3), and by increasing their sEPSC amplitude (Figure 4). This is especially important, as VIP+ CINs lacking just a single copy of Tsc1 have some intermediate phenotypes, including elevated AP half-width, variability in interspike intervals and larger synaptic puncta. Thus, defects in VIP CINs may contribute, along with other impacted cells, to some TAND symptoms and seizures in those diagnosed with TSC. Finally, while our studies focused on the brain, we cannot rule out influences from the gut because VIP-Cre expression in gut cells may drive some indirect consequences upon the brain.



Both glutamatergic and cholinergic synapses were increased in the soma while decreased in the dendrite in Tsc1 mutants, which suggests that Tsc1 participates in the subcellular localization of synapses. Changes in subcellular synapse localization have not been reported in Tsc1/2 mutant mice. However, MTOR participates in local protein synthesis [47]. Inhibition of MTOR via rapamycin leads to increased Kv1.1 expression on dendrites but not on axons [48] by affecting local protein synthesis. Thus, Tsc1 may cause a change in subcellular synaptic densities through local MTOR-dependent translation.



Finally, hyperactivity seen in TSC patients and mouse models [49,50] is due to Tsc1 dysfunction in multiple cell types. In layers II/III of the neocortex, VIP+ CINs are likely to be the CIN most affected because the loss of Tsc1 in layer II/III Parvalbumin+ and Somatostatin+ CINs did not see a change in GABA receptor-mediated IPSCs [51]. In layer V, Tsc1 deletion caused reduced inhibitory synaptic output in Somatostatin CINs [21]. In the hippocampus, Tsc1 haplo-insufficiency in MGE-derived interneurons have impaired synaptic inhibition on pyramidal cells [52]. Moreover, loss of Tsc1 function led to enhanced AMPA and NMDA receptor synaptic currents in hippocampal neurons [39]. While unique observations, most of these findings would lead to greater excitability in the local circuit, and future studies will explore how the dysfunction of VIP+ CINs may contribute.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells13010052/s1, Figure S1: Validation of Tsc1 deletion and mTOR activation. (A–H) Somatosensory cortex was dual labeled for tdTomato to visualize Cre-lineages and Tsc1 mRNA. Tsc1 cKO cells showed decreased Tsc1 puncta in tdTomato+ cells. (I–O) Somatosensory cortex was dual labeled for tdTomato and the mTOR activation marker pS6. There was a significant increase in tdTomato+ cells from the cKO dual labeled with pS6. Data are expressed as the mean ± SEM, p < 0.001, n = 3 all groups. Scale bars: (E) = 100 μm, (H) = 25 μm and (N) = 50 μm; Figure S2: TdTomato representative images in Tsc1 mutants over time. (A) tdTomato + immunohistochemistry on P3, P7, P15, P25, P35 wildtype (left), heterozygote (middle), and mutant (right) somatosensory cortices (n = 8, 4, 8, 8, 4 and 4 for each genotype at P3, P7, P15, P25, P35 and P50 respectively). Cortical laminae are denoted by text and lines on the left side of each panel. Scale bars: 50 μm; Figure S3: (A) CB1 in situ hybridization in the somatosensory cortex (n = 2 for each control and mutant) on P35 control (left column) and mutant (right column) sections. Scale bar: 200 μm; Figure S4: (A) SP8 immunohistochemistry (top panels) (n = 2 for each control and mutant) and Calretinin immunohistochemistry (bottom panels) (n = 6–7 for each control and mutant) on P35 control (left column) and mutant (right column) somatosensory cortices. (B,C) SP8+ (B) and Calretinin+ (C) cell density quantifications for all layers in heterozygote (grey) and mutant (red) P35 somatosensory cortices. Scale bars: 50 μm. *** p < 0.001.





Author Contributions


Conceptualization, J.L.R., V.S.S. and D.V.; methodology, J.S.H., R.M. and D.V.; validation, J.S.H. and R.M.; formal analysis, J.S.H. and R.M.; investigation, J.S.H., R.M. and D.V.; resources, J.L.R., V.S.S. and D.V.; data curation, J.S.H., R.M. and D.V.; writing—original draft preparation, J.S.H., R.M. and D.V.; writing—review and editing, J.S.H., R.M., V.S.S., J.L.R. and D.V.; supervision, J.L.R., V.S.S. and D.V.; funding acquisition, J.L.R. and D.V. All authors have read and agreed to the published version of the manuscript.




Funding


J.S.H., R.M., J.L.R., V.S.S. and D.V. were supported by TSCRP (#TS150059). D.V. was supported by the Spectrum Health–Michigan State University Alliance Corporation and a generous grant from the Mall Family Foundation. R.M. was supported by NARSAD Young Investigator Award (Leichtung Family Investigator, BBRF). J.L.R. was supported by NIMH R01 MH081880 and NIMH R37/R01 MH049428.




Institutional Review Board Statement


J.L.R. mouse protocol AN195095-01; D.V. mouse protocol PROTO202300259.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data will be provided upon request.




Conflicts of Interest


J.L.R. is a cofounder and stockholder and is currently on the scientific board of Neurona Therapeutics, a company studying the potential therapeutic use of interneuron transplantation.




References


	



European Chromosome 16 Tuberous Sclerosis Consortium Identification and Characterization of the Tuberous Sclerosis Gene on Chromosome 16. Cell 1993, 75, 1305–1315. [CrossRef]

	



van Slegtenhorst, M.; de Hoogt, R.; Hermans, C.; Nellist, M.; Janssen, B.; Verhoef, S.; Lindhout, D.; van den Ouweland, A.; Halley, D.; Young, J.; et al. Identification of the Tuberous Sclerosis Gene TSC1 on Chromosome 9q34. Science 1997, 277, 805–808. [Google Scholar] [CrossRef]

	



Curatolo, P.; Moavero, R.; de Vries, P.J. Neurological and Neuropsychiatric Aspects of Tuberous Sclerosis Complex. Lancet Neurol. 2015, 14, 733–745. [Google Scholar] [CrossRef]

	



Winterkorn, E.B.; Pulsifer, M.B.; Thiele, E.A. Cognitive Prognosis of Patients with Tuberous Sclerosis Complex. Neurology 2007, 68, 62–64. [Google Scholar] [CrossRef]

	



Chu-Shore, C.J.; Major, P.; Camposano, S.; Muzykewicz, D.; Thiele, E.A. The Natural History of Epilepsy in Tuberous Sclerosis Complex. Epilepsia 2010, 51, 1236–1241. [Google Scholar] [CrossRef]

	



Numis, A.L.; Major, P.; Montenegro, M.A.; Muzykewicz, D.A.; Pulsifer, M.B.; Thiele, E.A. Identification of Risk Factors for Autism Spectrum Disorders in Tuberous Sclerosis Complex. Neurology 2011, 76, 981–987. [Google Scholar] [CrossRef]

	



Spurling Jeste, S.; Wu, J.Y.; Senturk, D.; Varcin, K.; Ko, J.; McCarthy, B.; Shimizu, C.; Dies, K.; Vogel-Farley, V.; Sahin, M.; et al. Early Developmental Trajectories Associated with ASD in Infants with Tuberous Sclerosis Complex. Neurology 2014, 83, 160–168. [Google Scholar] [CrossRef]

	



Inoki, K.; Li, Y.; Xu, T.; Guan, K.-L. Rheb GTPase Is a Direct Target of TSC2 GAP Activity and Regulates mTOR Signaling. Genes Dev. 2003, 17, 1829–1834. [Google Scholar] [CrossRef]

	



Laplante, M.; Sabatini, D.M. mTOR Signaling in Growth Control and Disease. Cell 2012, 149, 274–293. [Google Scholar] [CrossRef]

	



O’Roak, B.J.; Vives, L.; Fu, W.; Egertson, J.D.; Stanaway, I.B.; Phelps, I.G.; Carvill, G.; Kumar, A.; Lee, C.; Ankenman, K.; et al. Multiplex Targeted Sequencing Identifies Recurrently Mutated Genes in Autism Spectrum Disorders. Science 2012, 338, 1619–1622. [Google Scholar] [CrossRef]

	



Richards, C.; Jones, C.; Groves, L.; Moss, J.; Oliver, C. Prevalence of Autism Spectrum Disorder Phenomenology in Genetic Disorders: A Systematic Review and Meta-Analysis. Lancet Psychiatry 2015, 2, 909–916. [Google Scholar] [CrossRef] [PubMed]

	



Kepecs, A.; Fishell, G. Interneuron Cell Types Are Fit to Function. Nature 2014, 505, 318–326. [Google Scholar] [CrossRef] [PubMed]

	



Kessaris, N.; Magno, L.; Rubin, A.N.; Oliveira, M.G. Genetic Programs Controlling Cortical Interneuron Fate. Curr. Opin. Neurobiol. 2014, 26, 79–87. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.S.; Vogt, D.; Sandberg, M.; Rubenstein, J.L. Cortical Interneuron Development: A Tale of Time and Space. Development 2017, 144, 3867–3878. [Google Scholar] [CrossRef] [PubMed]

	



Wonders, C.P.; Anderson, S.A. The Origin and Specification of Cortical Interneurons. Nat. Rev. Neurosci. 2006, 7, 687–696. [Google Scholar] [CrossRef] [PubMed]

	



Miyoshi, G.; Hjerling-Leffler, J.; Karayannis, T.; Sousa, V.H.; Butt, S.J.B.; Battiste, J.; Johnson, J.E.; Machold, R.P.; Fishell, G. Genetic Fate Mapping Reveals That the Caudal Ganglionic Eminence Produces a Large and Diverse Population of Superficial Cortical Interneurons. J. Neurosci. 2010, 30, 1582–1594. [Google Scholar] [CrossRef]

	



Abs, E.; Poorthuis, R.B.; Apelblat, D.; Muhammad, K.; Pardi, M.B.; Enke, L.; Kushinsky, D.; Pu, D.-L.; Eizinger, M.F.; Conzelmann, K.-K.; et al. Learning-Related Plasticity in Dendrite-Targeting Layer 1 Interneurons. Neuron 2018, 100, 684–699.e6. [Google Scholar] [CrossRef]

	



Huang, Z.J.; Di Cristo, G.; Ango, F. Development of GABA Innervation in the Cerebral and Cerebellar Cortices. Nat. Rev. Neurosci. 2007, 8, 673–686. [Google Scholar] [CrossRef]

	



Pfeffer, C.K.; Xue, M.; He, M.; Huang, Z.J.; Scanziani, M. Inhibition of Inhibition in Visual Cortex: The Logic of Connections between Molecularly Distinct Interneurons. Nat. Neurosci. 2013, 16, 1068–1076. [Google Scholar] [CrossRef]

	



Pi, H.-J.; Hangya, B.; Kvitsiani, D.; Sanders, J.I.; Huang, Z.J.; Kepecs, A. Cortical Interneurons That Specialize in Disinhibitory Control. Nature 2013, 503, 521–524. [Google Scholar] [CrossRef]

	



Malik, R.; Pai, E.L.-L.; Rubin, A.N.; Stafford, A.M.; Angara, K.; Minasi, P.; Rubenstein, J.L.; Sohal, V.S.; Vogt, D. Tsc1 Represses Parvalbumin Expression and Fast-Spiking Properties in Somatostatin Lineage Cortical Interneurons. Nat. Commun. 2019, 10, 4994. [Google Scholar] [CrossRef] [PubMed]

	



Wundrach, D.; Martinetti, L.E.; Stafford, A.M.; Bilinovich, S.M.; Angara, K.; Prokop, J.W.; Crandall, S.R.; Vogt, D. A Human TSC1 Variant Screening Platform in Gabaergic Cortical Interneurons for Genotype to Phenotype Assessments. Front. Mol. Neurosci. 2020, 13, 573409. [Google Scholar] [CrossRef] [PubMed]

	



Southwell, D.G.; Paredes, M.F.; Galvao, R.P.; Jones, D.L.; Froemke, R.C.; Sebe, J.Y.; Alfaro-Cervello, C.; Tang, Y.; Garcia-Verdugo, J.M.; Rubenstein, J.L.; et al. Intrinsically Determined Cell Death of Developing Cortical Interneurons. Nature 2012, 491, 109–113. [Google Scholar] [CrossRef] [PubMed]

	



Madisen, L.; Zwingman, T.A.; Sunkin, S.M.; Oh, S.W.; Zariwala, H.A.; Gu, H.; Ng, L.L.; Palmiter, R.D.; Hawrylycz, M.J.; Jones, A.R.; et al. A Robust and High-Throughput Cre Reporting and Characterization System for the Whole Mouse Brain. Nat. Neurosci. 2010, 13, 133–140. [Google Scholar] [CrossRef] [PubMed]

	



Kwiatkowski, D.J.; Zhang, H.; Bandura, J.L.; Heiberger, K.M.; Glogauer, M.; el-Hashemite, N.; Onda, H. A Mouse Model of TSC1 Reveals Sex-Dependent Lethality from Liver Hemangiomas, and up-Regulation of p70S6 Kinase Activity in Tsc1 Null Cells. Hum. Mol. Genet. 2002, 11, 525–534. [Google Scholar] [CrossRef] [PubMed]

	



Taniguchi, H.; He, M.; Wu, P.; Kim, S.; Paik, R.; Sugino, K.; Kvitsiani, D.; Kvitsani, D.; Fu, Y.; Lu, J.; et al. A Resource of Cre Driver Lines for Genetic Targeting of GABAergic Neurons in Cerebral Cortex. Neuron 2011, 71, 995–1013. [Google Scholar] [CrossRef] [PubMed]

	



Stanco, A.; Pla, R.; Vogt, D.; Chen, Y.; Mandal, S.; Walker, J.; Hunt, R.F.; Lindtner, S.; Erdman, C.A.; Pieper, A.A.; et al. NPAS1 Represses the Generation of Specific Subtypes of Cortical Interneurons. Neuron 2014, 84, 940–953. [Google Scholar] [CrossRef]

	



Corteen, N.L.; Cole, T.M.; Sarna, A.; Sieghart, W.; Swinny, J.D. Localization of GABA-A Receptor Alpha Subunits on Neurochemically Distinct Cell Types in the Rat Locus Coeruleus. Eur. J. Neurosci. 2011, 34, 250–262. [Google Scholar] [CrossRef]

	



Hoch, R.V.; Clarke, J.A.; Rubenstein, J.L.R. Fgf Signaling Controls the Telencephalic Distribution of Fgf-Expressing Progenitors Generated in the Rostral Patterning Center. Neural Dev. 2015, 10, 8. [Google Scholar] [CrossRef]

	



Hoch, R.V.; Lindtner, S.; Price, J.D.; Rubenstein, J.L.R. OTX2 Transcription Factor Controls Regional Patterning within the Medial Ganglionic Eminence and Regional Identity of the Septum. Cell Rep. 2015, 12, 482–494. [Google Scholar] [CrossRef]

	



Gingras, A.C.; Raught, B.; Gygi, S.P.; Niedzwiecka, A.; Miron, M.; Burley, S.K.; Polakiewicz, R.D.; Wyslouch-Cieszynska, A.; Aebersold, R.; Sonenberg, N. Hierarchical Phosphorylation of the Translation Inhibitor 4E-BP1. Genes Dev. 2001, 15, 2852–2864. [Google Scholar] [CrossRef] [PubMed]

	



Guet-McCreight, A.; Skinner, F.K.; Topolnik, L. Common Principles in Functional Organization of VIP/Calretinin Cell-Driven Disinhibitory Circuits Across Cortical Areas. Front. Neural Circuits 2020, 14, 32. [Google Scholar] [CrossRef] [PubMed]

	



Hill, E.L.; Gallopin, T.; Férézou, I.; Cauli, B.; Rossier, J.; Schweitzer, P.; Lambolez, B. Functional CB1 Receptors Are Broadly Expressed in Neocortical GABAergic and Glutamatergic Neurons. J. Neurophysiol. 2007, 97, 2580–2589. [Google Scholar] [CrossRef] [PubMed]

	



Porter, J.T.; Cauli, B.; Staiger, J.F.; Lambolez, B.; Rossier, J.; Audinat, E. Properties of Bipolar VIPergic Interneurons and Their Excitation by Pyramidal Neurons in the Rat Neocortex. Eur. J. Neurosci. 1998, 10, 3617–3628. [Google Scholar] [CrossRef] [PubMed]

	



Tremblay, R.; Lee, S.; Rudy, B. GABAergic Interneurons in the Neocortex: From Cellular Properties to Circuits. Neuron 2016, 91, 260–292. [Google Scholar] [CrossRef] [PubMed]

	



Francavilla, R.; Guet-McCreight, A.; Amalyan, S.; Hui, C.W.; Topolnik, D.; Michaud, F.; Marino, B.; Tremblay, M.-È.; Skinner, F.K.; Topolnik, L. Alterations in Intrinsic and Synaptic Properties of Hippocampal CA1 VIP Interneurons During Aging. Front. Cell Neurosci. 2020, 14, 554405. [Google Scholar] [CrossRef] [PubMed]

	



Tavazoie, S.F.; Alvarez, V.A.; Ridenour, D.A.; Kwiatkowski, D.J.; Sabatini, B.L. Regulation of Neuronal Morphology and Function by the Tumor Suppressors Tsc1 and Tsc2. Nat. Neurosci. 2005, 8, 1727–1734. [Google Scholar] [CrossRef] [PubMed]

	



Knox, S.; Ge, H.; Dimitroff, B.D.; Ren, Y.; Howe, K.A.; Arsham, A.M.; Easterday, M.C.; Neufeld, T.P.; O’Connor, M.B.; Selleck, S.B. Mechanisms of TSC-Mediated Control of Synapse Assembly and Axon Guidance. PLoS ONE 2007, 2, e375. [Google Scholar] [CrossRef]

	



Bateup, H.S.; Takasaki, K.T.; Saulnier, J.L.; Denefrio, C.L.; Sabatini, B.L. Loss of Tsc1 in Vivo Impairs Hippocampal mGluR-LTD and Increases Excitatory Synaptic Function. J. Neurosci. 2011, 31, 8862–8869. [Google Scholar] [CrossRef]

	



Karnani, M.M.; Jackson, J.; Ayzenshtat, I.; Hamzehei Sichani, A.; Manoocheri, K.; Kim, S.; Yuste, R. Opening Holes in the Blanket of Inhibition: Localized Lateral Disinhibition by VIP Interneurons. J. Neurosci. 2016, 36, 3471–3480. [Google Scholar] [CrossRef]

	



Mossner, J.M.; Batista-Brito, R.; Pant, R.; Cardin, J.A. Developmental Loss of MeCP2 from VIP Interneurons Impairs Cortical Function and Behavior. Elife 2020, 9, e55639. [Google Scholar] [CrossRef] [PubMed]

	



Batista-Brito, R.; Vinck, M.; Ferguson, K.A.; Chang, J.T.; Laubender, D.; Lur, G.; Mossner, J.M.; Hernandez, V.G.; Ramakrishnan, C.; Deisseroth, K.; et al. Developmental Dysfunction of VIP Interneurons Impairs Cortical Circuits. Neuron 2017, 95, 884–895.e9. [Google Scholar] [CrossRef] [PubMed]

	



Priya, R.; Paredes, M.F.; Karayannis, T.; Yusuf, N.; Liu, X.; Jaglin, X.; Graef, I.; Alvarez-Buylla, A.; Fishell, G. Activity Regulates Cell Death within Cortical Interneurons through a Calcineurin-Dependent Mechanism. Cell Rep. 2018, 22, 1695–1709. [Google Scholar] [CrossRef] [PubMed]

	



Wong, F.K.; Selten, M.; Rosés-Novella, C.; Sreenivasan, V.; Pallas-Bazarra, N.; Serafeimidou-Pouliou, E.; Hanusz-Godoy, A.; Oozeer, F.; Edwards, R.; Marín, O. Serotonergic Regulation of Bipolar Cell Survival in the Developing Cerebral Cortex. Cell Rep. 2022, 40, 111037. [Google Scholar] [CrossRef] [PubMed]

	



Lei, C.; Liao, J.; Li, Q.; Shi, J.; Zhang, H.; Guo, J.; Han, Q.; Hu, L.; Li, Y.; Pan, J.; et al. Copper Induces Mitochondria-Mediated Apoptosis via AMPK-mTOR Pathway in Hypothalamus of Pigs. Ecotoxicol. Environ. Saf. 2021, 220, 112395. [Google Scholar] [CrossRef] [PubMed]

	



Koo, J.; Yue, P.; Deng, X.; Khuri, F.R.; Sun, S.-Y. mTOR Complex 2 Stabilizes Mcl-1 Protein by Suppressing Its Glycogen Synthase Kinase 3-Dependent and SCF-FBXW7-Mediated Degradation. Mol. Cell. Biol. 2015, 35, 2344–2355. [Google Scholar] [CrossRef] [PubMed]

	



Lin, A.C.; Holt, C.E. Local Translation and Directional Steering in Axons. EMBO J. 2007, 26, 3729–3736. [Google Scholar] [CrossRef] [PubMed]

	



Raab-Graham, K.F.; Haddick, P.C.G.; Jan, Y.N.; Jan, L.Y. Activity- and mTOR-Dependent Suppression of Kv1.1 Channel mRNA Translation in Dendrites. Science 2006, 314, 144–148. [Google Scholar] [CrossRef]

	



Meikle, L.; Talos, D.M.; Onda, H.; Pollizzi, K.; Rotenberg, A.; Sahin, M.; Jensen, F.E.; Kwiatkowski, D.J. A Mouse Model of Tuberous Sclerosis: Neuronal Loss of Tsc1 Causes Dysplastic and Ectopic Neurons, Reduced Myelination, Seizure Activity, and Limited Survival. J. Neurosci. 2007, 27, 5546–5558. [Google Scholar] [CrossRef]

	



Karalis, V.; Caval-Holme, F.; Bateup, H.S. Raptor Downregulation Rescues Neuronal Phenotypes in Mouse Models of Tuberous Sclerosis Complex. Nat. Commun. 2022, 13, 4665. [Google Scholar] [CrossRef]

	



Zhao, J.-P.; Yoshii, A. Hyperexcitability of the Local Cortical Circuit in Mouse Models of Tuberous Sclerosis Complex. Mol. Brain 2019, 12, 6. [Google Scholar] [CrossRef] [PubMed]

	



Haji, N.; Riebe, I.; Aguilar-Valles, A.; Artinian, J.; Laplante, I.; Lacaille, J.-C. Tsc1 Haploinsufficiency in Nkx2.1 Cells Upregulates Hippocampal Interneuron mTORC1 Activity, Impairs Pyramidal Cell Synaptic Inhibition, and Alters Contextual Fear Discrimination and Spatial Working Memory in Mice. Mol. Autism 2020, 11, 29. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 13 00052 g001] 





Figure 1. Validation of Tsc1 deletion and mTOR activation. (A) Dual tdTomato immunohistochemistry (red) and Tsc1 fluorescent in situ hybridization labeling (green) on P25 heterozygote (top row) and mutant (bottom row) somatosensory cortices. Arrows point to VIP+ (tdTomato+) cells. tdTomato+ cells in Tsc1 cKOs show reduced Tsc1 puncta. (B) Dual tdTomato (red) and pS6 (green) immunohistochemistry on P35 heterozygote (top row) and mutant (bottom row) somatosensory cortices. (C) Quantitation of percentage of tdTomato+ cells expressing pS6. (D) Quantification of cell soma area of VIP+ CINs (tdTomato+) (n = 13 somas for each genotype). Data are expressed as the mean +/− SEM; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Scale bars: ((A), left-bottom panel) 100 µm, ((A), right-bottom panel) 25 µm and (B) 50 µm. 
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Figure 2. Tsc1 limits the survival of postnatal VIP CINs. (A) VIP immunohistochemistry (top panels) (n = 5 for each wildtype, heterozygote, and mutant) and VIP in situ hybridization (bottom panels) (n = 6 for each wildtype, heterozygote and mutant) on P35 wildtype (left column), heterozygote (middle column), and mutant (right column) somatosensory cortices. Scale bar: 50 μm. (B,C) VIP protein+ (B) and VIP RNA+ (C) cell density quantifications for all layers in wildtype (grey), heterozygote (blue) and mutant (red) P35 somatosensory cortices. (D) tdTomato immunohistochemistry on P35 wildtype (left), heterozygote (middle) and mutant (right) somatosensory cortices. Scale bar: 50 μm. (E) tdTomato+ cell density quantification for all layers in wildtype (grey), heterozygote (blue) and mutant (red) P3, P7, P15, P25, P35 and P50 somatosensory cortices (n = 8, 4, 8, 8, 4 and 4 for each genotype at P3, P7, P15, P25, P35 and P50, respectively). (F) cC3+/tdTomato+ double immunohistochemistry on P25 wildtype (left), heterozygote (middle) and mutant (right) somatosensory cortices. Scale bar: 50 μm. (F’) Magnified views from yellow boxes in (F). Individual tdTomato (middle panel) and cC3 (right panel) immunohistochemistry images are shown. Arrow points to VIP+ (tdTomato+) cells that are dying (cC3+). Scale bar: 25 μm. (G) cC3+/tdTomato+ double immunohistochemistry cell counts for all layers from rostrocaudal series of coronal P25 WT (grey), cHet (blue) and cKO (red) hemisections; n = 4 mice per genotype with over 3000 tdTomato+ cells assessed per brain. Data are represented as mean +/− SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 3. Tsc1 regulates the intrinsic properties of VIP+ CINs. Example voltage traces (A) recorded in response to depolarizing and hyperpolarizing current injections in VIP+ CINs from wildtype (WT, black), condition heterozygous (cHet, blue) or conditional knockout (cKO, red) mice. (B) Resting membrane potential of VIP+ CINs from WT, cHet and cKO mice was not different. (C) VIP+ CINs in cKOs had significantly lower input resistance (Rin). (D) Example voltage traces recorded in response to hyperpolarizing current injections in VIP+ CINs for measuring HCN related properties. (E) Sag ratio of VIP+ CINs in WT, cHets and cKOs was not different. (F) Significantly larger rebound slopes of VIP+ CINs from cKO mice. (G) Example voltage traces showing firing activity in response to depolarizing current injections in VIP+ CINs recorded from WT, cHet and cKO mice. (H) Maximum firing frequency was significantly higher in VIP+ CINs recorded from cKOs. (I) Number of spikes measured in response to increasing depolarizing currents from VIP+ CINs in WTs, cHets and cKOs is plotted. Note that the number of spikes in cKOs was significantly higher. Two-way ANOVA: Genotype x current interaction, F (24, 612) = 2.937, p < 0.0001. (J) Action potential (AP) half-width was longer in cHets and cKOs. (K) AP amplitude in VIP+ CINs in WTs, cHets and cKOs was not different. (L) CV ISI was reduced in VIP+ CINs in cHets and cKOs. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 4. Tsc1 regulates the excitatory synaptic input currents in VIP+ CINs. (A) Example traces showing the spontaneous excitatory postsynaptic currents (sEPSCs) recorded from VIP+ CINs in WT, cHet and cKO mice. (B) sEPSC frequency in VIP+ CINs from WTs, cHets and cKOs was not different. (C) sEPSC amplitudes were significantly higher in VIP+ CINs from cKO mice. (D) sEPSC half-widths in VIP+ CINs from WTs, cHets and cKOs were not different. (E) sEPSC area under the curve (AUC) was significantly higher in VIP+ CINs from cKO mice. * p < 0.05; ** p < 0.01. 
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Figure 5. Tsc1 regulates synaptic density and puncta size in VIP CINs. ((A), left panel) Single confocal images of wildtype (top), heterozygote (middle) and mutant (bottom), showing the colocalization of vGlut1+ boutons (blue) and PSD95+ clusters (red) onto VIP+ soma (white outline) (yellow arrows) at P45. ((A), right panels) Quantification of vGlut1+ boutons and PSD95+ clusters colocalization onto the VIP+ soma (n = 2 animals, 14 neurons for each genotype) and the size of the boutons (n = 2 animals, 20 boutons per group). ((B), left panel) Single confocal images of wildtype (top), heterozygote (middle) and mutant (bottom), showing the colocalization of vGlut1+ boutons (blue) and PSD95+ clusters (red) onto VIP+ proximal dendrites (white outline) (yellow arrows) at P45. ((B), right panel) Quantification of vGlut1+ boutons and PSD95+ clusters colocalization onto the VIP+ proximal dendrite (n = 2 animals, 14 neurons for each genotype). ((C), left panel) Single confocal images of wildtype (top), heterozygote (middle) and mutant (bottom) showing the colocalization of vAchT+ boutons (red) and nAchA4R+ clusters (blue) onto VIP+ soma (white outline) (yellow arrows) at P45. ((C), right panels) Quantification of vAchT+ boutons and nAchA4R+ clusters colocalization onto the VIP+ soma (n = 2 animals, 13 neurons for each genotype) and the size of the boutons (n = 2 animals, 19 boutons per group). ((D), left panel) Single confocal images of wildtype (top), heterozygote (middle) and mutant (bottom), showing the colocalization of vAchT+ boutons (red) and nAchA4R+ clusters (blue) onto VIP+ proximal dendrites (white outline) (yellow arrows) at P45. ((D), right panel) Quantification of vAchT+ boutons and nAchA4R+ clusters colocalization onto the VIP+ proximal dendrite (n = 2 animals, 13 neurons for each genotype). * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Scale bars: 5 μm, all panels. 
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