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Small cell lung cancer induces synaptic
scaling to alter neuronal excitability
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Aiden J. Houcek1,2,3, Burak Uzay1,2, Geena V. Ildefonso4,5, Tolu Omokehinde4,5, Lisa M. Monteggia 1,2,
Vito Quaranta 1,4, Amanda Linkous 1 & Ege T. Kavalali 1,2

Tumor cell plasticity in novelmicroenvironments is central to the integration and subsequent growth of
metastatic cells. However, the functional consequences of tumor cell integration with central neurons
remains understudied. Here, we address this question using small cell lung cancer (SCLC), which has
an extraordinary propensity to metastasize to the brain in humans. Transcriptomic and
electrophysiological analysis of SCLC cells in neuronal microenvironments reveal a heterogeneous
population of synapse-forming SCLC cells with neurons. While a proportion of neuron-SCLC
synapses are blocked by AMPA receptor antagonists, we also find a sensitivity of these synapses to
GABAA receptor inhibition. The functional integration of SCLC with central neurons induced
multiplicative synaptic upscaling between neurons and dysregulated neuronal excitability. Aberrant
excitation in human neuronswith SCLCwas sustained by synaptic NMDA receptor activation and can
be reducedby the FDAapprovedNMDA receptor blockermemantine. These findings reveal strategies
to normalize tumor-induced exacerbation of aberrant neuronal activity.

Brain metastasis drastically constrains treatment options and negatively
affects the quality of life in cancer patients. Studies attempting to prevent or
control brain metastasis have largely focused on cancer cell affinity for
cerebral tissue, or tumor growth-promoting factors in the brain1,2. Less
understood are the biological bases for the neurological symptoms experi-
enced by brain metastasis patients, which include seizures, headaches,
changes in cognitive function, motor deficits, and personality changes,
amongst others3.While brain tissue inflammation, compression and edema
undoubtedly contribute to these symptoms, we set out to explore the pos-
sibility that cancer cells may alter the neuronal microenvironment in spe-
cific ways.

To this end, we focus on small cell lung cancer (SCLC), which has an
extraordinary propensity to metastasize to the brain4,5, to the point that
SCLC patients, whether or not presenting with brain metastasis, are pre-
scribed prophylactic brain irradiation. The propensity for SCLC cells to
metastasize to the brainmay arise from several underlying characteristics of
these neoplastic cells. In their non-neoplastic counterpart, neuroendocrine
cells in the lung receive synaptic input from the nodose, dorsal root, and
jugular ganglia6. Furthermore, anatomical features such as access to vas-
culature in the lung is suggested to contribute tometastasis from this organ.
Current drug treatments for patients with SCLC include platinum-based
chemotherapeutics and etoposide7. However, specialized treatments for
SCLC brain metastasis remain poorly understood and developed. Seizures

are also a common symptom of brain metastasis, although the underlying
mechanisms of tumor-induced augmentation of neural excitability remain
largely unknown. Previous work has revealed that glioma cells can form
functional synaptic contacts with neurons and alter the excitability of both
proximal and distal neurons8–11. These insights into the functional inte-
gration of primary brain tumors represent an untapped avenue of research
and therapeutic opportunities potentially applicable to both primary and
secondary brain metastasis. Recent work studying SCLC integration with
neurons has also revealed evidence of neuronal synapse formation on SCLC
cells12,13. However, the underlying mechanisms governing SCLC-induced
changes in neuron function that lead to the neurological abnormalities
associated with brain metastasis remain poorly understood.

Here we show that SCLC cells can form functional synapses with
neurons. Synapse-forming SCLC cells revealed a heterogeneous sensitivity
to the AMPA receptor antagonist cyanquixaline (CNQX) and were also
reduced following GABAA receptor blockade. The functional integration of
SCLC cells dysregulated spontaneous firing properties and induced multi-
plicative synaptic upscaling between induced human neurons. Aberrant
firing activity between human neurons with SCLC cells can be rapidly
normalized using NMDA receptor antagonists. Together, these findings
illustrate how the functional integration of SCLC cells drives dysregulated
communication between neurons and potential therapeutic strategies to
alleviate neurological abnormalities in SCLC brain metastasis.
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Results
Functional neuron-to-SCLC synapses
We first asked if SCLC cells form functional synaptic contacts with neurons.
To address this question, we addedH69 (SCLC-Aneuroendocrine subtype)
or H841 (SCLC-Y non-neuroendocrine) cells to rat hippocampal neurons
and assessed the synaptic integration of SCLC cellswithneurons 10–14days

later using whole cell patch-clamp electrophysiology. We identified SCLC
cells in vitro using mKate2 fluorescence (Fig. 1A) and detected evoked and
spontaneous currents on SCLC cells (Fig. 1B–F) using a bipolar stimulating
electrode immersed in the external bath solution. The currents on SCLC
cells facilitated upon 20Hz stimulation in contrast to the robust synaptic
depression of isolated evoked postsynaptic currents between neurons
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(Fig. 1C, D). In support of these facilitating currents on SCLC being
mediated by presynaptic neurons, we observed evidence of synaptic failures
upon repetitive stimulation and spontaneous events (Fig. 1E, F). Altogether,
wedetected evokedcurrents in approximately 40%of the total SCLCcellswe
recorded from (Fig. 1G). Interestingly, perfusing the AMPAR antagonist
CNQX revealed populations of CNQX-sensitive and insensitive tumor cells
(Fig. 1H), whereas application of the competitive GABAA receptor
antagonist bicuculline consistently reduced evoked currents on SCLC cells
(Fig. 1I). Immunostaining for GABAergic synapse markers on H69 SCLC
supported this pharmacological evidence that SCLC cells can form func-
tional GABAergic synapses with neurons (Fig. 1J). We sought to further
explore this variability of neuron-SCLC synapses toAMPARantagonists by
selectively expressing the optical glutamate sensor iGluSnFR in H69 cells
and measuring changes in fluorescence in response to single or high-
frequency stimulation of the surrounding network. Low-frequency stimu-
lations at 0.1 Hz did not produce peaks in iGluSnFR fluorescence, while
repetitive stimulation at 20 Hz did result in an increase in H69 iGluSnFR
fluorescence (Fig. 1K), indicating that H69 cells are subjected to released
glutamate from neurons. We then utilized induced human neurons (iNs)
derived from human embryonic stem cells (hESCs), which almost exclu-
sively form glutamatergic synapses following rapid single-step induction
using neurogenin-2 to further explore the functional integration of SCLC
with neurons14–16.We co-cultured SCLC cells with iNs fromdays 20–25 and
measured the functional integration of SCLC cells 2–3weeks later, when iNs
were functionally mature at approximately 45 days of age. We first visua-
lized synapse formation on SCLC in this system, utilizing a presynaptic
synaptobrevin2 –HaloTag. This probewas co-transducedwithNgn2-eGFP
vectors in hESCs, which allowed us to selectively visualize presynaptic
terminals colocalized to eGFP in iNs following acute incubation of iN-SCLC
co-cultures with a HaloTag ligand. Live imaging at 24 hours and 12 days of
incubationwith SCLCrevealeddynamic synapse formationandelimination
on SCLC cells (Fig. 1L). Whole-cell voltage clamp recordings of evoked
activity on H69 SCLC with iNs revealed a similar form of short-term
facilitation that was detected on SCLC with rat hippocampal neurons
(Supplementary Fig. 1A–D). These events were also detected on H841 with
iNs, but not detected in monocultures of either SCLC cell line (Supple-
mentary Fig. 1E). Evoked currents on H69 with iNs were also not robustly
reduced following perfusion of 100 µMCNQXorGYKI 53655, anAMPAR
antagonist that acts on transmembrane anchoring receptor proteins17,18

(Supplementary Fig. 1F). This failure of CNQX and GYKI to consistently
reduce evoked amplitudes on H69 cells was in stark contrast to the robust
reduction of eEPSCs between iNs following CNQX or GYKI perfusion,
indicating that these drugs are effective in blocking AMPAR-mediated
synaptic transmission (Supplementary Fig. 1G). Given these data and our
previous findings that SCLC cells preferentially form GABAergic synapses
with rat hippocampalneurons,weasked if bicuculline also reduces ePSCson
SCLC in iN cultures. Indeed, perfusion of 100 µM bicuculline resulted in a
significant reduction of ePSCs on H69 cells (Fig. 1M). In support of this
finding, these bicuculline-sensitive currents on H69 SCLC could also be
produced by perfusing the GABAA receptor agonist muscimol (Supple-
mentary Fig. 1H). Interestingly, depolarization ofH69 SCLC cells generated

activity resembling spiking, which was not detected in H841 cells (Supple-
mentary Fig. 1I). To further confirm that these currents on H69 cells are
mediated by synaptic transmission, wemeasured vesicle fusion onH69 cells
in the absence of electrical stimulation of the surrounding network using
hypertonic sucrose, which triggers fusion of synaptic vesicles in the readily
releasable pool (RRP) independent of calcium influx19,20. Here, we detected
vesicle fusion onH69 in approximately 30%of the total number of recorded
cells (Supplementary Fig. 1J). Of note, these events were not tightly coupled
to perfusion of hypertonic sucrose and often detected up to 1min following
sucrose application. Still, these events were also detected in the presence of
CNQX and resemble classical features of bona fide synaptic currents with a
fast asymmetric deflection from the baseline in the absence of any stimu-
lation artifacts (Supplementary Fig. 1K). Tumor cell RRPswere significantly
smaller than neuronal RRP sizes (Supplementary Fig. 1L), consistent with
relatively high PPR values and short-term facilitation observed on these
tumor cells. Altogether, these findings suggest that a minor subset of SCLC
cells can form functional glutamatergic and GABAergic synapses with
central neurons, even in largely excitatory populations of induced human
neurons21.

SCLC in cerebral organoids
Current model systems for SCLC frequently lack a realistic human tumor
microenvironment and, thus, rarely exhibit the destructive colonization of
distant organ sites that is routinely observed in SCLC patients with brain
metastasis. Using hESC-derived cerebral organoids (COs), we have pre-
viously shown that the CO microenvironment maintains the invasive
phenotype and intratumoral heterogeneity of tumors that grow within the
human brain22–24. Thus, to assess adaptive molecular changes of H69 SCLC
cells when grown in a human brain microenvironment, we seeded tumor
cells in COs and conducted single-cell RNA sequencing (scRNA-seq) of
H69cells (SupplementaryFig. 2A,B).Differential expressionprofiles ofH69
cells in COs were compared to H69 grown as 2D monocultures. H69 cells
were seeded at a density of 100,000 cells per organoid and collected for
scRNA-seq after 48 h of incubation. Concordant with our electro-
physiological analysis, we found that H69 cells increased the expression of
genes related to postsynaptic GABAA receptors when grown within COs
(Fig. 2A). The chloride transporterNKCC1was also robustly upregulated in
H69cells grown inCOswhereasNKCC2wasmodestly elevated inH69 cells
in COs, indicating SCLC cells establish high intracellular chloride gradients
in neuronal environments (Fig. 2B, C). Analysis of gene transcripts related
toAMPAandNMDAreceptors remain largelyunchangedbetween2DH69
cells and those in COs, with the exception of GRID1 (Fig. 2D, E).We found
an increase in the proliferationmarkerKi67 inH69 grownwithCOs relative
toH69monocultures, whereas PCNA expression was not changed between
these conditions (Fig. 2F). Further analysis of GABAA and glutamate
receptor subunit expression in individual H69 cells within COs revealed a
high degree of heterogeneity in postsynaptic gene expression levels, with
some tumor cells robustly upregulating postsynaptic gene transcripts rela-
tive to theminoror absent changes inotherH69 tumor cells (Fig. 2G).While
more tumor cells showed a bias towards GABAergic subunit expression,
several tumor cells also increased expression of AMPA and NMDAR

Fig. 1 | A minor subset of SCLC cells form functional synapses with central
neurons. A Fluorescent and bright field merged images of SCLC cells expressing
mKate2 in co-culture with hippocampal neurons. Scale bar = 40 μm. B ePSCs on
H69 cells andneuronal eIPSCs in response tofirst two pulses at a 50 ms interstimulus
interval (ISI).CNormalized amplitudes andD paired-pulse ratios of ePSCs on SCLC
cells and neuronal eIPSCs at 50 ms ISI. PPRs presented in (D) are P2/P1 from
stimulus train in (C) (n = 6 neurons, 4 H69, and 7 H841 cells). (E,F) Example traces
of evoked failures and spontaneous synaptic currents on SCLC cells.
G Quantification of percent of total SCLC cells with detectable evoked and spon-
taneous PSCs.H Example traces and quantification of ePSC amplitudes onH69 cells
before and after application of 100 μM CNQX (n = 12 cells). I Example traces and
quantification of ePSC amplitudes on H69 and H841 cells before and after appli-
cation of 100 μM bicuculline (n = 10 H69 cells and seven H841 cells). J Example

image and quantification of GABAergic synapse markers vGAT and Gephyrin on
H69 monocultures (n = 65 H69 cells) and H69 cells with rat hippocampal neurons
(n = 58 H69 cells). Scale bar = 20 μm. K Example trace of H69 SCLC iGluSnFR
fluorescence in response to low or high frequency stimulation and quantification of
H69 fluorescence intensity following HFS (n = 10 cells). L Example images of SCLC
cells with iNs expressing Syb2-HaloTag and quantification of Syb2 puncta per SCLC
cell. Scale bar = 50 μm and 5 μm for bottom panels (n = 24 H69 and 17 H841 cells
from 5 fields of view). M Example trace and quantification of ePSC amplitudes on
H69 cells in iN cultures before and after application of 100 μM bicuculline (n = 7
cells). All summary graphs show mean ± SEM. Statistical significance was assessed
by two-way ANOVA with Dunnett’s multiple comparisons (C); one-way ANOVA
with Dunn’s multiple comparisons (D); paired-samples t-test (H,I,K,M); indepen-
dent samples t-test (J,L).
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subunits within COs (Fig. 2G and Supplementary Fig. 2C), consistent with
the variable sensitivity of these tumor cells to CNQX. Analysis of metabo-
tropic GABA receptors revealed a decrease in GABAB receptor subunit
expression inH69with COs (Supplementary Fig. 2D).Morphologically, we
observed structures resembling tumormicrotubes inH69 SCLC cells grown
with COs (Supplementary Fig. 2E), similar to previous observations of

glioma tumormicrotube formation in COs22 and an increase in cell viability
when H69 cells were grown with COs (Fig. 2H), consistent with our tran-
scriptomic analysis of the proliferativemarkerKi67.Whenwemeasured cell
viability ofH69 tumor organoids grown in fresh or conditionedmedia from
COs, we found bicuculline treatment reduced tumor cell viability when
grown in conditioned media from COs (CO-CM) whereas bicuculline had
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no effect on tumor cell viability when grown in fresh CO media (Fig. 2I).
Intriguingly, GABAergic neurons account for a minor percentage of the
total neurons in COs rising to approximately 15% of the total neuron
population after 10 months of maturation25,26. To further explore tran-
scriptomic changes in brain cells following SCLC tumor formation in a
model that includes more diverse cell types including the influence of
immune cells, we analyzed a deposited scRNA-seq data set of brain stromal
cells isolated from the core and edge of xenografted SCLC tumor cells in
mice27 (Supplementary Fig. 3A). We found evidence of chemokine
expression in microglial cell clusters at the core and edge of SCLC tumors
relative to shamcontrolmice (SupplementaryFig. 3B,C).Wealso examined
immediate early gene (IEG) expression in neurons and astrocytes at these
different locations. Induction of IEG expression is a well-established proxy
for neuronal activity and synaptic plasticity. Interestingly, we found a
marked expression of fos, jun, and BDNF, especially in astrocyte popula-
tions at the core and edge of SCLC tumors (Supplementary Fig. 3D, E). This
evidence of plasticity at the tumor-neuron interface and a GABAergic
integration of SCLC cells with COs led us to examine how tumor cells and
bicuculline treatment impact the spontaneous activity of COs. After a
2-week period of tumor cell growth and subsequent 72 h bicuculline
treatment, we incubated COs with the calcium indicator Fluo-4 for 1 hour
and conducted live imaging of spontaneous activity (Fig. 2J). The presence
of H69 SCLC cells did not robustly change the frequency of spontaneous
activity in COs but did result in a decrease in the amplitude of these events
(Fig. 2K, L). Interestingly, bicuculline treatment resulted in a selective
reduction in event frequency in COs with H69 SCLC relative to control
organoids treatedwith bicuculline (Fig. 2K, L). Importantly, this experiment
also revealed a high degree of heterogeneity in spontaneous activity within
separate fields of view within individual organoids. Taken together, these
findings support our electrophysiological analysis of GABAergic synapse
formation on SCLC cells in hippocampal neuron preparations and suggests
that this form of tumor cell integration induces a paradoxical sensitivity of
the surrounding cells to the convulsant alkaloid bicuculline.

Functional changes in human neurons with SCLC
Neurological abnormalities in SCLC patients with brain metastasis include
seizures28–30, indicating that SCLC cells may alter the excitability of neural
networks. However, the specific changes in neuron function in response to
SCLC integration remain largely unexplored. Therefore, we next assessed if
and how the presence of SCLC cells alters neuron function. We allowed
SCLC cells to integrate with iNs for approximately 2–3 weeks before con-
ducting experiments. We first measured the intrinsic membrane properties
of iNs using a series of stepwise current injections. Here, iNs co-cultured
with H69 cells revealed an increase in action potential (AP) number as a
function of current step whereas H841 did not alter the intrinsic excitability
of iNs (Fig. 3A, B). The restingmembrane potential of iNs was not changed
between these culture conditions (Fig. 3C). H69 cells also reduced the
minimum current step to elicit an AP, or rheobase, of iNs and decreased iN
capacitance (Fig. 3D, E).We thenmeasured the spontaneous changes in iN
membrane potential in these culture conditions. Like our current injection
experiments, whole-cell current-clamp recordings of spontaneous activity
revealed an increase in AP burst firing in iNs cultured with SCLC cells
(Fig. 3F, G). We hypothesized that this increase in spontaneous AP gen-
eration may in part be a result of an increased rate and strength of

spontaneous synaptic vesicle fusion between neurons induced by SCLC
cells, thereby increasing the amplitude of postsynaptic potentials, leading to
an increased probability of AP firing. In support of this hypothesis, quan-
tification of spontaneous excitatory postsynaptic potentials (EPSPs)
revealed an increase in both EPSP frequency and amplitude in iNs co-
cultured with SCLC cells (Fig. 3H–J). To directly measure if this increase in
spontaneous EPSPs is indeed a result of augmented synaptic transmission
between neurons, we measured miniature excitatory postsynaptic currents
(mEPSCs) in the presence of tetrodotoxin to suppress AP firing. Here, we
found a marked increase in the amplitude and frequency of mEPSCs
between iNs co-cultured with SCLC cells (Fig. 3K, L). Acute incubation of
iNs with CNQX confirmed that AMPAR activation drives spontaneous AP
generation (Supplementary Fig. 4A). To test if the elevated mEPSC fre-
quency is mediated by an increase in presynaptic release, we measured
NMDARmEPSCs in the absence ofMg+2 and found an elevated frequency
of events whereas the amplitude of these mEPSCs remained unchanged,
suggesting an elevated rate of presynaptic glutamate release between iNs
with SCLC (Supplementary Fig. 4B). We then constructed rank order plots
of individual AMPAR mEPSC amplitudes in these experiments to assess
changes in multiplicative synaptic scaling, as this form of synaptic plasticity
is distinct fromHebbian forms of plasticity31–34. Rank order plots revealed a
multiplicative synaptic upscaling of approximately 50% between iNs co-
cultured with H841 or H69 SCLC (Fig. 3M). To address if these changes in
neuron function require chronic ( > 2 weeks) incubation, we measured iN
function after 24 h of incubation with H69 SCLC and did not observe
differences in intrinsic or spontaneous iN excitability (Supplementary
Fig. 5A–F), or mEPSC frequency or amplitude (Supplementary Fig. 5G–I).
These results suggest that tumor-induced remodeling of neuronal networks
requires extended periods of functional integration. When we measured
excitatory and inhibitory mPSCs between rat hippocampal neurons with
H69 SCLC, we found an increase in the frequency of both mEPSCs and
mIPSCs, whereas the amplitudes of these events were not significantly
changed (Supplementary Fig. 4C, D). Taken together, these results suggest
that SCLC alters neuronal excitability and strengthens iN synapse function
via multiplicative scaling to increase the probability of spontaneous AP
generation, therebydriving aberrant excitation throughoutneural networks.

SCLC-induced synapse remodeling
Thus far, our results suggest that SCLC cells form functional synapses with
neurons anddrive aberrant spontaneous excitability partly by increasing the
frequency and inducingmultiplicative scaling ofmEPSCs between neurons.
We next decided to explore how SCLC cells induce multiplicative synaptic
scaling between neurons. As induced neurons cultured with either H69 or
H841SCLCcells revealed similar functional phenotypes, andbecauseH69 is
an SCLC-Aneuroendocrine subtype,we proceededwith uncovering SCLC-
induced synaptic remodeling using H69 SCLC cells. We first asked if
secreted factors fromSCLCcontribute to synaptic changes betweenneurons
in the tumor microenvironment. SCLC cells are known to secrete several
soluble factors that may regulate changes in neuron function including
GABA,ATP, serotonin, reelin, and calcitonin gene related peptide6,27.To test
this hypothesis, we incubated iNs for 14 days with conditioned neurobasal
media from iN-H69 co-cultures (iCM) or H69 cell monocultures (hCM)
and assessed changes in synaptic transmission relative to iN-H69 co-cul-
tures and iN monocultures without SCLC conditioned media (Fig. 4A).

Fig. 2 | H69 SCLC undergoes heterogeneous transcriptomic changes in cerebral
organoids and induces a bicuculline sensitivity. A Quantification of log normal
GABAA receptor subunit expression inH69monoculture or inCOs.B,CExpression
levels of chloride transporters NKCC1 and KCC2 in H69 SCLC relative to CO cells.
D,EQuantification of AMPA and NMDA subunit expression in H69 monocultures
relative to H69 in COs. FQuantification of proliferative markers Ki67 and PCNA in
H69monoculture or in COs.GUMAP plots of H69 cells in COs for synapse-related
genes. Each UMAP plot shows the same H69 cells with different genes of interest.
H Quantification of cell viability using alamarBlue assay of H69 relative to H69
grown with COs (n = 6 wells per condition). IQuantification of H69 cell viability in

CO-conditioned media with bicuculline treatment (n = 3 wells per condition).
J Example recordings of spontaneous calcium transients in cerebral organoids.
K,L Quantification of frequency and amplitude of spontaneous events in fields of
view in COs with SCLC and treated with bicuculline for 72 h. Significance was
assessed using Wilcoxon signed-rank test (A–F); two-way ANOVA with Sidak’s
(K and L) or Tukey’s (I) multiple comparisons test; independent samples t-test (H).
n = 4 organoids per condition for scRNA-seq experiments and 6–8 organoids per
condition for live imaging experiments. Individual fields of view (n = 15–28 per
condition) were compared for statistical analysis in (K) and (L).
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Fig. 3 | SCLC induces neuronal hyperexcitability and multiplicative synaptic
scaling. A and B Representative traces of stepwise current injection and quantifi-
cation of action potential number as a function of current step from -30-90pA in iNs
alone or with SCLC cells (n = 11 iN alone, 10 iN-H841, 14 iN-H69 cells).
C Quantification of resting membrane potential of iNs in SCLC co-culture condi-
tions (n = 10–15 cells per condition). D and E Quantification of capacitance and
rheobase measurements of iNs in SCLC co-culture conditions (n = 10–14 cells per
condition). F and G Representative traces and quantification of spontaneous action
potentialfiring in iNs alone relative to co-culturewith SCLC cells (n = 10–15 cells per

condition). H–J Representative traces of EPSPs between iNs and quantification of
EPSP frequency and amplitude between iNs relative to iNs with SCLC (n = 10–15
cells per condition). K and L Representative traces and quantification of iN mEPSC
amplitude and frequency relative to iNs with SCLC cells (n = 14–15 cells per con-
dition).MRank order plot of individual mEPSC amplitudes in iN-SCLC co-cultures
plotted as a function of iN mEPSC amplitudes. Statistical significance was assessed
by one-way ANOVA with Dunnett’s multiple comparisons (C,D,E,I,J,L); one-way
ANOVA with Dunn’s multiple comparisons test (G); two-way ANOVA with
Dunnett’s multiple comparisons (B); simple linear regression (M).
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Fig. 4 | Tumor-inducedmultiplicative scaling is driven by physical integration of
SCLC cells. A Schematic illustrating experimental strategy to test secreted factors from
H69 SCLC on iN function. B and C Representative traces of iN mEPSCs from each
experimental condition and quantification of mEPSC frequency and amplitude
(n= 12–14 cells per condition).D Rank order plot of mEPSC amplitudes from iNs
treated with conditioned media or co-cultured with H69 cells. E Schematic illustrating
experimental strategy to test SCLC-induced PI3K signaling in iNs. F and
G Representative traces and quantification of mEPSC frequency and amplitude

(n= 10–14 cells per condition).HRank order plot ofmEPSC amplitudes fromuntreated
iN-H69 co-cultures andLY294002 treated co-cultures and iNmonocultures. I Schematic
illustrating experimental strategy to test chronic bicuculline treatment on multiplicative
scaling. J and K Representative traces and quantification of iN mEPSC frequency and
amplitudes (n = 12–16 cells per condition). L Rank order plot of iN mEPSC amplitudes
from untreated iN-H69 co-cultures and bicuculline treated co-cultures and iN mono-
cultures. Statistical significance was assessed by two-way ANOVAwith Tukey’smultiple
comparisons (C,G,K) or simple linear regression (D,H,L).
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Here, hCM did not alter mEPSCs between iNs whereas iCM resulted in a
significant increase inmEPSC frequency (Fig. 4B,C).While rankorderplots
revealed a modest scaling of events with iCM, the physical integration of
H69 cells with iNs resulted in the most significant increase in both mEPSC
amplitude and frequency (Fig. 4D). This experiment suggests that secreted
factors from H69 cells in the context of neurons augment the frequency of
spontaneous transmission between neurons and that the physical integra-
tion of these tumor cells is necessary to elicit multiplicative synaptic scaling.
We asked if themultiplicative scalingdriven by tumor cells engages a similar
mechanism observed with chronic activity blockade. To test this, we incu-
bated iN monocultures with TTX for 48 hours, a classical paradigm to
inducemultiplicative upscaling. In iNs however, we were surprised to find a
modest but statistically significant downscaling of mEPSC amplitudes
(Supplementary Fig. 6A, B). This finding suggests that tumor-induced
multiplicative scaling does not involve a form of chronic activity blockade.
We further explored the apparent dissociation of pathways to elicit multi-
plicative scaling and augmented frequency by incubated these co-cultures
with the PI3 kinase inhibitor LY294002 (LY29) for 1 h (Fig. 4E, F), as a
number of secreted factors in the tumormicroenvironment are suggested to
signal through downstream PI3K / mTOR pathways35–37. Here, we found
that LY29 robustly reduced the augmented mEPSC frequency between iNs
with SCLC, whereas the amplitudes of these events were not reduced
(Fig. 4G,H).We then asked if chronic antagonismofGABAAreceptorswith
bicuculline rescues this SCLC-induced aberrant upscaling betweenneurons.
Incubation of iN-H69 co-cultures with bicuculline for 72 hours reduced
H69-induced upscaling by approximately 40%, whereas incubation of iNs
cultured alone with bicuculline produced a modest increase in synaptic
strength of approximately 11% (Fig. 4I–L). Importantly, bicuculline treat-
ment did not markedly reduce mEPSC frequency between neurons with
H69 SCLC, unlike LY29, suggesting that synapse formation on SCLC
inducesmultiplicative scaling between iNs while secretion of soluble factors
affect mEPSC frequency. Current clamp recordings of spontaneous firing
revealed thatnormalizingSCLC-induced synaptic scalingwithbicuculline is
sufficient to reduce elevated burst firing in iNs without altering the resting
membrane potential (Fig. 5A–C). Bicuculline treatment also normalized
intrinsic excitability phenotypes in iNs with H69 SCLC (Fig. 5D–G). Cur-
iously, H69 SCLC also enhanced GABAA signaling in iNs when measured
followingmuscimol perfusion (Fig. 5H)while chronic bicuculline treatment
reduced the number of Ki67 positive cells selectively in iN co-cultures
(Fig. 5I). Altogether, these results suggest that SCLC cells utilize multiple
strategies to alter synaptic transmission between neurons and that reducing
elevated spontaneous synaptic transmission betweenneurons is sufficient to
reduce aberrant firing patterns.

NMDA receptor activation in SCLC-remodeled circuits
Anumber of the currently available antiepileptic drugs used to treat seizures
often augmentGABAergic signaling to alleviate aberrant excitation38,39. Our
results currently suggest that SCLC cells can utilize GABAergic signaling
mechanisms to integrate with neurons and subsequently remodel sur-
rounding circuits to promote aberrant excitation. Therefore, we lastly
explored alternative pharmacological strategies to normalize aberrant
spontaneous firing between neurons that do not target GABAergic signal-
ing. Through this lens, we hypothesized that neuronal burst firing in SCLC
co-cultures is sustained by synaptic NMDA receptor activation, as these
bursts consist of synchronous depolarizations that are sufficient to remove
physiological concentrations of Mg+2 from NMDARs (Fig. 6A). Further-
more, NMDAR activation has been previously shown to regulate syn-
chronous bursting in cortical neurons and emerges at later developmental
stages in these Ngn2 derived preparations14,15. To test this hypothesis, we
perfused the competitive NMDAR antagonist AP5 while continuously
recording spontaneous firing activity in human neurons with or without
H69 SCLC (Fig. 6B). Application of AP5 markedly decreased the aug-
mented spontaneous AP frequency in SCLC co-cultures (Fig. 6C, D). This
decrease in firing was not a result of a decrease in the number of burst
initiations (Fig. 6E). Instead, the decrease in AP frequency following AP5

application was a result of a reduction in the number of APs per burst
(Fig. 6F), consistent with NMDA receptor activation requiring sufficient
depolarization of the postsynaptic membrane. This result suggests that
AMPAR-mediated synaptic NMDAR activation sustains SCLC-induced
aberrant burst firing in iNs. Incubating iN-H69 co-cultures with AP5 for
one week also resulted in a reduction in tumor cell density (Supplementary
Fig. 7A)while chronicAP5 did not alter spontaneous firing dynamics in iN-
H69 co-cultures (Supplementary Fig. 7B), consistent with the requirement
of PV neurons in regulating neuronal network firing setpoints40. We then
tested whether memantine, an FDA-approved uncompetitive NMDAR
open channel blocker, could also reduce aberrant burst firing in this SCLC-
iN system. We followed the same experimental protocol as described with
AP5 and found thatmemantine perfusion also reduced the spontaneousAP
frequency in human neurons with H69 SCLC (Fig. 6G, H). Interestingly,
memantine modestly but consistently reduced both the spike number per
burst as well as the number of burst initiations (Fig. 6I, J). Taken together,
these results suggest that NMDA receptor activation sustains aberrant
spontaneous activity between human neurons within the SCLC micro-
environment and therapeutics that do not targetGABAergic signaling, such
as memantine may be effective in ameliorating this aberrant excitation.

Discussion
SCLC largely originates from pulmonary neuroendocrine epithelial cells,
which can normally form synaptic contacts with neurons6. In their neo-
plastic counterpart, this capacity for synapse formation appears to be
maintained, as we showhere, andmay play a role in the propensity of SCLC
to metastasize to the brain, raising intriguing questions on the types of
interactions SCLC cells may establish with the brain neural micro-
environment followingmetastasis41–43.Glioma cells can also form functional
synapses with neurons and electrically integrate into surrounding neural
networks10,11. These neuron to glioma synapses are suggested to be largely
mediated by postsynaptic expression of α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors that depolarize glioma cells and
ultimately promote tumor growth in the brain10,11 although recent work has
also documented evidence for GABAergic synapse formation on diffuse
midline glioma cells44. Our results suggest that SCLC cells can express
multiple postsynaptic receptor subunits and preferentially select for com-
ponents of GABAergic transmission with central neurons. Transcriptomic
profiles of H69 in COs and electrophysiological analysis of H69 SCLC
grown in mixed and largely homogeneous neuron model systems support
this conclusion. While we note this predilection of H69 SCLC, which
maintains a neuroendocrine SCLC subtype, and H841, a non-
neuroendocrine subtype, it remains to be seen whether synaptic integra-
tion is a limited or general property amongst the currently recognized 5
SCLC subtypes (neuroendocrine A, A2, and N; and non-neuroendocrine P
and Y). Additionally, transcriptomic changes in tumor cells invading ner-
vous tissue, not directly related to synapse formation, also contribute to the
proliferation of cancer cells in the brain. We reveal evidence for AP-like
waveforms in neuroendocrine H69 SCLC, consistent with recent literature
exploring the intrinsic excitability of SCLC subtypes45. Furthermore, these
tumoral synapses were not detected on a majority of SCLC cells and often
did not exceed 40 pA of current. Future studies exploring the underlying
mechanisms between variability in synapse type and strength between
differentmetastatic tumors will provide further evidence regarding how the
intrinsic transcriptional profiles of tumor cells relate to the propensity for a
cancer cell to metastasize to the brain and form functional synapses with
neurons.

Consistent with previous work on neuron-to-glioma synapses, the
neuron-to-SCLC synapses described here facilitate in response to repetitive
stimulation11, indicating a relatively low presynaptic release probability
(Pr)

46. This lowPr between neuron-to-SCLC synapses is likely due to a small
presynaptic RRP size, indicating immature synapse formation on SCLC, as
these low Pr neuron-to-SCLC synapses are in robust contrast to the high
release probability of evoked GABAergic synaptic currents and glutama-
tergic synapses formed between neurons47,48. However, additional
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Fig. 5 | Bicuculline treatment normalizes iN-H69 excitability phenotypes and
reducesH69proliferation in the context of neurons.A andBRepresentative traces
and quantification of spontaneous firing activity in iN monocultures, iN-H69 co-
cultures and iN-H69 treated with bicuculline (n = 12–15 cells per condition).
C Quantification of resting membrane potential in iN monocultures, iN-H69 and
iN-H69 treated with bicuculline (n = 12-15 cells per condition). D Representative
traces of stepwise depolarization of iN monocultures, iN-H69 co-cultures and co-
cultures treated with bicuculline. E Quantification of action potential number as a
function of current step (n = 12–14 cells per condition). F and G Quantification of
rheobase and capacitance measurements from iN monocultures, iN-H69 co-

cultures and bicuculline-treated iN-H69 co-cultures (n = 12–14 cells per condition).
HExample trace ofmuscimol perfusion in iNmonocultures and iN-H69 co-cultures
and quantification of total charge following muscimol (n = 19–20 cells per condi-
tion). I Example images of Ki67 and DAPI staining in H69 monocultures and iN-
H69 co-cultures treatedwith bicuculine and quantification of Ki67+ cells per field of
view (n = 10–12 FOV per condition). Scale bar = 100 μm. Statistical significance was
assessed by one-way ANOVA with Tukey’s multiple comparisons (B,C,F,G); two-
way ANOVA with Tukey’s multiple comparisons (I); two-way ANOVA with
Dunnettʼs multiple comparisons (E); independent samples t-test (H).
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Fig. 6 | NMDAR activation sustains aberrant burst firing in human neurons
with SCLC.A Schematic illustrating the proposed role ofNMDA receptor activation
in sustaining elevated spontaneous firing in neurons with SCLC. B and
C Pharmacological strategy to test NMDAR activation in neuronal burst firing and
example traces of spontaneous bursts before and after AP5 perfusion in iN mono-
cultures (top traces) and iN-H69 co-cultures (bottom traces).D–FQuantification of
AP frequency, burst number, and spike number per burst in iNmonocultures or iN-
SCLC co-cultures before and after AP5 perfusion (n = 6–7 cells per condition).

G Representative trace of burst firing in iN-H69 co-culture before and after mem-
antine perfusion.H–JQuantification of AP frequency, spike number per burst, and
burst number in iN-H69 co-cultures before and after memantine perfusion (n = 9
cells). All summary graphs show mean ± SEM. Statistical significance was assessed
by paired samples t-test for before-after AP5 comparisons (D,E,F,H,I,J); two-way
ANOVA with Tukey’s multiple comparisons between iN and iN-H69 condi-
tions (D,E,F).
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possibilities regulating this functional distinction, such as altered pre-
synaptic calcium buffering relative to neuronal synapses should be
considered49. This functional distinction may represent a vulnerability of
SCLC progression in the brain. Future work exploring how synapses on
SCLC can be selectively targeted in the brain will provide valuable insight
into this potential therapeutic avenue. Recent research explored this avenue
using modified rabies virus to selectively induce apoptosis in tumor cell-
connected neurons and revealed a reduction in glioma cell number50.
Tumor cells in the neuronal microenvironment can utilize numerous
mechanisms to both integrate into neural networks and subsequently alter
neuron function. Due to the intrinsic plasticity of SCLC cells, it is possible
that the brainmicroenvironment promotes cell-state transitions to synapse-
forming cell types, since such phenotypic changes have been observed in
SCLC tumors undergoing treatment51. In addition to direct synapse for-
mation on tumor cells, secreted factors fromSCLCandother cancer types in
the brain may play a central role in dysregulating neuron function.
Synaptogenic factors such as thrombospondin-1 have been shown to be
upregulated in the tumor microenvironment9. The secreted glycoprotein
reelin has also been recently suggested to promote SCLCmetastasis, further
highlighting the complex signaling induced by secreted factors from tumor
cells27. Our data highlight downstream PI3K signaling in neurons as a
potential pathway activated by candidate secreted factors from SCLC cells,
suggesting a potential target to alleviate aberrant synaptic plasticity in the
tumor microenvironment.

Additional work has explored the reciprocal effects of primary brain
tumors on neuron function and uncovered neuron activity-dependent
mechanisms that drive glioma proliferation in brain largely through
increased neural excitability, paracrine signaling, and dysregulated synaptic
communication between neurons52–57. These findings complement clinical
reports of seizures in patients with glioma and suggest that seizures in
patientswith cancers in the brainmaybe a result of aberrant electrochemical
communication between neurons and tumor cells9,28,30,38. Our analysis of
neuron function in the presence of SCLC revealed that SCLC cells alter the
excitability, spontaneous firing properties, and synaptic function of iN cells.
While the increase in spontaneous neurotransmission in the presence of
SCLC is similar to neuronal phenotypes elicited by glioma, our analysis
indicates that the alterations in excitatory synapse function induced by
SCLC is global in nature. In contrast to Hebbian forms of plasticity, this
homeostatic-like scaling indicates that SCLC cells strengthen all neuronal
synapses in a multiplicative manner as opposed to a subset of relatively
stronger or weaker synapses31,32. Whether other cancers, such as glioma,
induce homeostatic or Hebbian forms of synaptic plasticity to alter neural
excitability will be crucial to understand the underlying mechanisms that
drive aberrant neuronal plasticity. Normally, the induction of synaptic
upscaling triggers compensatory mechanisms in firing activity to maintain
an intrinsic neuronal setpoint. In contrast, the SCLC-induced synaptic
scaling shownhere corresponds to an increase in neuronfiring, indicative of
a homeostatic network collapse58. This failure to maintain neuronal
homeostasis has also been documented inmodels of early stageAlzheimer’s
disease58,59, and suggests that failure to induce compensatory mechanisms
drives aberrant neuronal activity induced by SCLC.

In addition to homeostatic plasticity, we show that aberrant neuronal
excitation in the SCLCmicroenvironment can be rapidly normalized by the
NMDAR antagonists AP5 or memantine. Reducing SCLC-induced multi-
plicative scaling between neurons using chronic bicuculline was also an
effective approach to normalize aberrant firing and suggests that treating
subthreshold synaptic phenotypes induced by tumor cells may be an
effective strategy in treating neurological symptoms of brain metastasis.
Metabotropic GABA signaling through GABAB receptor in the tumor
microenvironment was also shown to promote tumor growth, highlighting
the diversity of neurotransmitter signaling in tumor pathobiology60. While
alternative antiepileptic drugs that augment GABAergic signaling may also
be effective in normalizing neurological phenotypes in patients with SCLC
brain metastasis, our data indicate that SCLC cells utilize GABAergic
synapse formation to integrate with neurons. Interestingly, previous work

has demonstrated that GABAergic agonizts propofol and muscimol can
increase tumor growth whereas GABAAR antagonists bicuculline and flu-
mazenil can suppress pancreatic and metastatic neuroendocrine tumors,
respectively61–63. Recent work has shown functional GABAergic synapse
formation on diffuse midline gliomas and growth-promoting effects of the
benzodiazepine lorazepam44. Importantly, the effectiveness of these treat-
ments is dependent on tumor cell identity and the context of the sur-
rounding microenvironment. Nonetheless, future studies examining how
GABAergic agonists impact tumor growth in the brain and alternative
therapeutic strategies to normalize aberrant excitationmay prove beneficial
in treating patients with SCLC brain metastasis.

While this study demonstrates synapse formation on small cell lung
cancer in vitro, future studies exploring the synaptic integration of SCLC in
mouse models of spontaneous brain metastasis will provide further insight
into the pathophysiology of tumor cell integration in vivo. Additionally,
while we characterized the functional integration of two human SCLC cell
lines, future work exploring additional SCLC cell typeswill shed light on the
generalizability of our findings to the diverse molecular profiles of SCLC
tumors. While we show evidence for tumor cell-induced synaptic remo-
deling between human neurons that is sustained by NMDA receptor acti-
vation, future trials exploring the therapeutic efficacy of the in vitro
pharmacology described here will also be needed to validate the clinical
application of these results.

Methods
Cell culture
H1 human ES cells (WiCell, WA01) were maintained in mTeSR (STEM-
CELL #100–0276) and passaged using ReLeSR (STEMCELL #100–0483) in
Matrigel (Corning #354234) coated 6-well plates. H69 SCLC cells (NCI-
H69, human lung carcinoma) were maintained in RPMI media (Thermo-
Fisher #11875093) with 5% FBS and 1% Penicillin-Streptomycin (Gibco
#15140122). H841 SCLC (NCI-H841, human lung carcinoma) was main-
tained inDMEM/F12 (ThermoFisher #11320033) with 5% FBS and 1%P/S
and passaged using Trypsin-EDTA (Gibco #25200114). Mouse glial cells
were isolated from P1-P2 CD1mouse pup forebrains and dissociated using
Papain digestion and maintained in DMEM high glucose (Gibco
#10569044) with 5% FBS and 1% P/S. Mouse glial cells were passaged 1–2
times using Trypsin before seeding on Poly-D-Lysine (ThermoFisher
#A3890401) coated glass coverslips for iN co-culture. All cells were incu-
bated at 37 °C with 5% CO2 and passaged at 80% confluency.

Virus generation
Lentiviral vectors were generated using HEK-293T cells (ATCC) as pre-
viously described64. Briefly, HEK cells were passaged the day before trans-
fection in antibiotic-free DMEMmedia to reach 70–80% confluency at the
time of transfection. HEK cells were then transfected with lentiviral
packaging plasmids pRSV-Rev, pMDLg/pRRE, pCMV-VSV-G and trans-
gene expression constructs using Fugene6 transfection reagent (Promega
#E2691) and diluted in Opti-MEM (ThermoFisher #31985062). HEK cells
were incubated with transfection complexes for 24 hours, and then the
media was changed to collection media and harvested after 36–48 hours.
Lentiviral supernatants were centrifuged at 2000 rpm for 15min to remove
cellular debris. Supernatants were then aliquoted and stored at -80 °C.

Generation of induced human neuron (iN) cells
iN cells were generated as previously described14–16,64. Briefly, on day 0, H1 ES
cells (WA01) were dissociated using Accutase (Gibco #A1110501) and
replated as a single cell suspension in mTeSR in the presence of 10 μMRho-
associated protein kinase inhibitor (ROCKi) (STEMCELL #72304), Ngn2
and rtTA lentivirus, and 8 µg/mL polybrene (Sigma #TR-1003) to increase
transduction efficiency. After 24 hours, the media was changed to induction
media using DMEM/F12 containing 1X N2 and non-essential amino acids
(ThermoFisher #11140076), 1% P/S, 2% B27 supplement (Gibco #17504-
010), insulin (Sigma #11070-73-8), 2 μg/uL doxycycline (Sigma #D9891),
Recombinant human/murine/rat BDNF (PeproTech #45002), Recombinant
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human NT-3 (Peprotech #45003), and mouse Laminin (Invitrogen
#23017015) (all 1 μg/mL). On day 2, the induction media were changed to
selection media made using the same reagents as induction media with the
addition of 1 μg/mL puromycin (Sigma #P8833). On day 4, developing iNs
were gently dissociated using Accutase (Gibco #A1110501) and re-plated on
glass coverslips with pre-plated mouse glial cells and maintained in neuro-
basal plus media (Gibco #A3582901) containing 1X GlutaMAX supplement
(Gibco#35050061), B27 supplement, 5%FBS, and1%P/SwithBDNF,NT-3,
mLaminin, and doxycycline. Approximately 70,000 iN cells were re-plated
into one well of a 24-well plate. Following re-plating, half of the neurobasal
media was changed every 3 days. Supplements BDNF, NT-3, Laminin, and
doxycycline weremaintained in neurobasal media until day 15. After day 15,
half of theneurobasalmediawas changedevery5dayswithout the additionof
neurotrophic supplements and doxycycline.

Generation of cerebral organoids (COs)
COs were generated as previously described22,65. Briefly, H1 hESCs were
grownuntil colonies reached 80%confluency.Cellswere thenplated in low-
attachment 96-well plates (9000 cells per 150mL of STEMdiff Neural
InductionMedium (STEMCELL #05835). Embryoid bodies were fed every
other day for 6–7 days; medium contained 50mM ROCKi for the first
4 days. To initiate neural rosette formation, embryoid bodies were trans-
ferred to Matrigel-coated (Corning #354277) 6-well plates where they
received daily medium changes (STEMdiff Neural Induction) for 6–7 days.
Neural rosette clusters were transferred to droplets of Matrigel (Corning
#356234) by pipetting into cold Matrigel on a sheet of Parafilm. Droplets
were solidified at 37 °C and were subsequently grown without agitation for
4 days in differentiation medium type I22. Following this stationary growth
phase, the tissue droplets were transferred to an orbital shaker containing
differentiation medium type II22.

SCLC-CO co-culture and imaging
COs (4–6 weeks old) were co-cultured together with mKate2-labeled H69
SCLC cells in one well of a 24-well plate at a concentration of 100,000 H69
cells per organoid. For the first 24 hours, co-cultured samples were main-
tained in RPMI media with 5% FBS and 1% P/S at 37 °C without agitation.
Following this initial 24 hours, organoids were gently washed in PBS and
transferred to a single well of a 6-well plate containing 3mL of organoid
differentiation medium type II (17) and placed on an orbital shaker for an
additional 24 hours. For livefluorescent imaging,COswere imaged for tumor
burden prior tofluo-04 incubation. COswere incubated in 10 μMfluo-04 for
one hour at 37 °C. Organoids were then rinsed in 1mL of PBS and then
placed inmodifiedTyrode’s during live imaging. Approximately 3–4 fields of
viewwere captured for eachorganoiddependingonCOsize. Individualfields
of view were selected at random within individual organoids.

Single-cell RNA-sequencing and analysis
After 48 h of incubation, two-dimensional cultures and tumor-bearing
organoids were dissociated into single-cell suspensions with collagenase
type II. Cells were filtered through a 40 μm strainer and resuspended in ice-
cold PBS/2%BSA. Cell viability was checked at every step of the process by
Trypan Blue Exclusion. Samples were processed through the particle-
templated instant partition sequencing (PIP-seq) platform using Fluent
BioSciences’ PIPseq™ T2 3’ Single Cell Capture and Lysis Kit v2.066.

Cells used for single-cell RNA seq were prepared according to the
PIPseq single-cell capture and lysis user guide. A cell suspension was pre-
pared in the cell suspension buffer provided from the PIPseq™ T2 3’ single
cell capture and Lysis Kit v2.0. Cells were added to Pre-templated Instant
Partitions (PIPs) and vortexed. Stable emulsions containing captured
mRNA were subsequently washed, and cDNA synthesis was conducted
according to the manufacturer’s instructions. cDNA products were sub-
mitted to the Vanderbilt University VANTAGE core where whole genome
sequencing (WGS) library generation was performed. cDNA libraries were
sequenced on an Illumina NovaSeq 6000 instrument at a read depth of 100
million.

For gene preprocessing and filtering, all genes expressed in less than
three cells were removed. Cells expressing fewer than 200 genes or having
more than 20% mitochondrial gene expression were also removed. To
determine the extent of cell cycle regulation in gene expression space, we
used a list of cell cycle markers from Tirosh et al. 2015 loaded with Seurat.
The genes in this list were associated with either G1, G2M, or S phase using
the CellCycleScoring to assign a score. For the remaining preprocessing
analysis for both 2DH69 andCOH69 samples Seuratwas used: total counts
were normalized by cell, then data were log transformed. Highly variable
genes were determined with Seurat selection.method = “vst”, and nfea-
tures = 3000. A PCA, and UMAP clustering were then calculated using
FindNeighbors and FindClusters with resolution = 0.5. Tumor cell cluster
within the CO H69 sample was selected for further analysis to compare to
the 2D H69 sample.

Downstream analysis for both sample comparisons was done by
converting Seurat objects for both samples into AnnData objects (using
srt_to_adata) to use in Scanpy. Ranking for highly differential genes in each
cluster was performed using Scanpy’s sc.tl.rank_genes_groups using the
wilcoxon method from Soneson & Robinson67. Wilcoxon test returns p
values for all differential gene expression comparisonbetweenboth samples.
Visualization for violin plots for both 2D H69 and CO H69 samples were
created using Scanpy’s rank_genes_groups_violin and visualized using
GraphPad Prism with selected proliferative markers Ki67 and PCNA,
synaptic cell adhesion markers, GABAergic synapse related genes and
glutamatergic synapse related genes. For data and code availability, any
additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

Primary rat hippocampal neuron culture
Primary rat hippocampal neurons were isolated from P0-P1Sprague-
Dawley rat pups of either sex. After hippocampal dissection in cold Hanks
balanced salt solution (Sigma #H2387-10X1L) with 20% FBS, the tissue was
enzymatically digested with trypsin in the presence of 0.5 mg/ml DNAse
(Sigma #D5025-375KU) for 10min at 37 °C. Hippocampi were then
mechanically dissociated and plated on Matrigel coated glass coverslips in
MEM (Gibco #51-200-038) containing 10% FBS, 0.2 g/L NaHCO3, 0.1 g/L
Transferrin (Sigma #616420-100MG), 2mM L-glutamine, 20mg/L insulin,
and 5 g/L D-glucose. The following day, the media was changed to MEM
containing 5% FBS, 5mM L-glutamine, 10mL/0.5 L B27 supplement and
4 μMcytosine arabinoside (Sigma #C1768). Onday 4, half of themedia was
changed to reduce the final cytosine arabinoside to 2 µM. Hippocampal
cultures were incubated at 37 °C and 5% CO2. All experiments using ani-
mals performed in this study were approved by the Institutional Animal
Care andUse Committee at Vanderbilt University.We have complied with
all relevant ethical regulations for animal use. Animal health was regularly
monitored by animal facility veterinary staff at Vanderbilt University.

SCLC co-culture
SCLC cells were dissociated using trypsin and resuspended in neuronal
media and counted using an automated cell counter with Trypan blue
correction. Approximately 25,000 SCLC cells were added to each well of a
24-well plate containing rat or human neuron cultures. SCLC cells were
added to rat hippocampal neurons at day 6 and experiments were per-
formed 10 to 15 days later. SCLC cells were seeded when iN cells were
20–25 days old and incubated for 15–20 days before experiments were
conducted.

Cell viability and cytotoxicity assay
H69 cells were seeded in 96-well plates (5000 cells per well) either alone, as
tumor organoids (TO; 20 μL Matrigel), or within COs (in 20 μL Matrigel).
Upon seeding, cellswere treatedwithDMSOorbicuculline (BIC; 20 μM) for
6 days; on Day 3, exhausted medium was replaced with fresh medium
containing DMSO or BIC. On Day 6, medium was removed and each well
received 90 μL RPMI (with 10% FBS and 1% P/S) plus 10 μL alamarBlue
Reagent (Thermo Scientific). Following a 3 hour incubation, relative
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fluorescence units (RFU) weremeasured on an Agilent BioTek Synergy H1
multi-mode microplate reader using an excitation wavelength of 560 nm
and an emission wavelength of 590 nm.

Conditioned media
H69 cells were cultured alone in T75 flasks or with induced neurons in
neurobasal plusmedia.Neurobasal plusmediawasharvestedevery48 hours
fromH69-iNco-cultures orH69monocultures. The conditionedmediawas
briefly centrifuged for 5min at 300xg to remove cell debris and added to
monocultures of induced neurons. Adjacent wells of SCLC-iN co-cultures
and iNmonocultures from the same preparation were used as positive and
negative controls, respectively. Induced neurons were incubated for 14 days
in replenished conditioned media prior to electrophysiology experiments.

Electrophysiology
Whole cell voltage clamp recordings were conducted using 4-6MΩ
borosilicate glass patch pipettes filledwith internal solution containing (in
mM): 115 Cs-MeSO3, 20 tetraethylammonium-Cl, 10 HEPES, 10 CsCL,
10 QX-314, 5 NaCl, 4 Mg-ATP, 0.6 EGTA, 0.3 Na3GTP. The pH was
adjusted to 7.3 using CsOH with an osmolarity of 290-300mOsm. QX-
314was included in voltage-clamppipette solution to blockAPgeneration
in patched cells. Whole cell current-clamp recordings were conducted
using the internal solution (inmM): 110K-Gluconate, 20KCl, 10NaCl, 10
HEPES, 4 Mg-ATP, 0.3 Na3GTP, 0.6 EGTA. The pH was adjusted to 7.3
using KOH and osmorality was in the range of 285-290mOsm. A mod-
ified Tyrode’s solution was used as the external solution containing (in
mM) 150NaCl, 10D-Glucose, 10HEPES, 4 KCl, 2 CaCl, 1.25MgCl at pH
7.4 and 310mOsm.Memantine (Tocris #0773), AP-V (Sigma #A8054) or
CNQX (Sigma #C239) were added to the modified Tyrode’s in current
clamp configurations for acute perfusion experiments. Evoked recordings
were conducted using a bipolar electrode immersed in the external solu-
tion and delivered 35mA pulses from a stimulus isolator. Evoked
recordings were conducted at 1X gain, while mPSC recordings were
conducted at 10X gain. Quantization of amplitudes resulted in some
identical amplitude measurements despite originating from separate
traces. All cells were held at -70mV for voltage-clamp recordings. To
isolate eEPSCs, 50 µM bicuculline (Sigma #14340) and 20 µMAP-V were
added to the external bath solution. To isolate eIPSCs, 20 µM AP-V and
10 µM CNQX were added to the external bath solution. Isolated mEPSC
were recorded in 1 µMTTX (Tocris #1078), 50µM bicuculline and 20 µM
AP-V. RRP events were evoked using 500mM sucrose in modified Tyr-
ode’s solution containing 2mM CaCl and 1.25 mM MgCl in whole-cell
voltage-clamp configuration. Evoked voltage-clamp and current-clamp
recordings were analyzed using Clampfit 10.2. mEPSCs were analyzed
using mini analysis (Synaptosoft).

Immunocytochemistry
Coverslips werefixed in PBS containing 4%PFA and 4% sucrose for 20min
at room temperature. Following 3 washes in PBS, coverslips were then
incubated in a permeabilization solution containing 0.2% Triton-X in PBS
for 30min at room temperature. Coverslips were then washed in PBS and
incubated in a blocking solution containing 1% bovine serum albumin and
2% normal goat serum for 1 h at room temperature. Coverslips were then
incubated in primary antibodies diluted in the blocking solution in a
humidified chamber overnight at 4 °C: Anti-vGAT 1:500 (Synaptic Systems
#131-008) and Anti-Gephyrin 1:200 (Synaptic Systems #147-021). Cover-
slips were then washed in PBS and incubated in species appropriate Alexa
fluor secondary antibodies for 2 h at room temperature. Coverslips were
then washed a mounted on glass microscope slides in Aqua-Poly/Mount
(Fisher #NC9439247) and imaged using a Zeiss LSM 710 with a 63X oil
immersion objective.

Live fluorescence imaging
H69 SCLC cells were transduced as 2Dmonocultures with lentiviral vectors
containing iGluSnFR. Transduced H69 cells were then dissociated after

24 hours using Trypsin, added to rat hippocampal cultures on DIV 6 and
imaged on DIV 18. Live imaging experiments were conducted in unmo-
dified Tyrode’s buffer containing 2mM CaCl and 1.25mM MgCl. Fluor-
escencewas recorded using aNikonEclipse TE2000-U invertedmicroscope
equipped with a 60x Plan Fluor objective, a Lambda-DG4 illumination
system with FITC excitation and emission filters, and an Andor iXon +
back-illuminated EMCCD camera. Images were acquired at 50 Hz to
resolve fast spiking glutamatergic peaks. Evoked responses were elicited
using a bipolar electrode immersed in the external solution and delivered
35mA pulses from a stimulus isolator. Imaging synapse formation in iN-
SCLC co-cultures was conducted using a Nikon A1-R Eclipse Ti confocal
microscope in resonant scanning with a 60x Plan Apochromat Lambda
objective.

Statistics and reproducibility
All statistical analyzeswere conductedusingGraphPadPrism9.1.Nopower
analyzes were conducted to determine sample sizes in these experiments as
the effect sizes were unknown. Sample sizes for electrophysiology experi-
ments were based on previous studies in molecular neuroscience and per-
formed in at least two independent neuron cultures. For comparison of two
groups in a before-after experimental paradigm, paired-samples t-test were
used. For comparison of two independent groups, independent samples t-
test was used. If both groups were not normally distributed, or N was too
small for normality calculations, non-parametric tests were used for sta-
tistical comparisons. Comparisons of gene expression in scRNA-seq. graphs
weremade usingWilcoxon-signed rank test. Comparison ofmore than two
conditions was determined using One-way ANOVA while two-way
ANOVA was used to compare more than two groups with two indepen-
dent variables with post-hoc correction. All summary graphs display
mean ± SEM unless otherwise stated.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All relevant raw data associated with the manuscript are located in the
Supplementary data 1 file. RNA sequencing data are available under the
accession ID: GSE305403.
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