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1. Introduction:
Parkinson’s disease (PD) and Lewy Bodies dementia (LBD) pose a major healthcare challenge affecting
millions of people worldwide. Since age is a primary risk factor for both these conditions, the incidence is
projected to steadily rise along with the increase longevity of the population. The absence of disease-
modifying therapies and effective symptomatic treatments originate from our poor understanding of the
mechanisms driving pathogenesis in PD and LBD. Hallmarks of PD and LBD are synucleinopathy,
mitochondrial dysfunction and inflammation. However, how these changes are linked to selective neuronal
disfunction is poorly understood. BFCNs are among the most vulnerable neurons in PD and LBD and their
degeneration is thought to be responsible for the non-motor cognitive dysfunction in patients. This grant
application is designed to begin understand some of the intrinsic and extrinsic determinant of BFNCs
vulnerability in the context of synucleinopathies.

2. Keywords:
Dementia, Alzheimer’s disease, Aging, metabolic syndrome, metabolism regulation, cholinergic,
bioenergetics, Agnosia, Anomia, Frontotemporal dementia, vascular dementia, sleep/wake, dysphagia.

3. Accomplishments:

What were the major goals of the project?

Our primary research goal is to systematically attack this question using an array of newly developed 
methodologies that provide an unprecedented capacity to rigorously characterize the genetic, bioenergetic, 
physiological and anatomical determinants of selective neuronal vulnerability. With these powerful tools in-
hand, we propose to pursue three specific aims: 

Specific Aim 1: To characterize how autonomous and synaptically-driven activity is generated in BFCNs. 
A primary driver of vulnerability is likely to lie in the physiological phenotype of BFCNs – that is, in the traits 
required for them to fulfill their role in coordinating the activity of large scale cortical and hippocampal 
networks. The proposed studies employ an advanced array of electrophysiological and optical approaches 
in conjunction with anatomical methods to characterize two key types of BFCNs in transgenic mice. To 
provide a molecular anchor to this functional analysis, RiboTag and single-cell RNA harvesting methods 
will be used in conjunction with RNASeq and quantitative polymerase chain reaction (qPCR) approaches to 
characterize BFCNs.  

Specific Aim 2: To characterize the relationship between regenerative activity and bioenergetic control in 
BFCNs. Our working hypothesis is that the combination of sustained regenerative activity and a massive 
axonal arbor elevates bioenergetic demand in BFCNs, resulting in sustained mitochondrial oxidant stress 
that increases synuclein misfolding and susceptibility to inflammation, particularly with advanced age. To 
test this hypothesis, an array of electrophysiological, optical and genetic strategies will be employed to 
study the bioenergetic control mechanisms and resulting oxidant stress in somatodendritic and axonal 
regions of BFCNs from transgenic mice. 

Specific Aim 3: To determine the consequences of local and regional synucleinopathy on BFCNs. A 
hallmark of PD and LBD is the accumulation of misfolded forms of alpha-synuclein (αSYN). Our working 
hypothesis is that synucleinopathy engages both cell autonomous and non-autonomous (extrinsic) 
mechanisms to induce BFCN degeneration in PD and LBD. As a first step toward testing this hypothesis, 
αSYN pre-formed fibrils will be stereotaxically introduced and the functional impact on BFCNs determined 
using a combination of electrophysiological and optical approaches in transgenic mice. These studies will 
provide the first clear assessment of αSYN-induced pathophysiology in BFCNs and in so doing should 
point to strategies for mitigating it. 

What was accomplished under these goals? 



Specific Aim 1: To characterize how autonomous and synaptically-driven activity is generated in BFCNs.

Previously, we reported that pre-incubation with the relatively non-specific NOS inhibitor L-NAME lowered basal spiking 
rates of BFCNs. However, pre-incubation with the specific neuronal NOS inhibitor (nNOS) generated by the Silverman 
group (HD-3-86) failed to confirm this result, arguing that inhibition of nNOS has no effect on basal spiking rates in BFCNs. 
This result is consistent with those described below which show that nNOS is activated in BFCNs when they are induced 
to spike at rates roughly twice those at baseline. At these higher spike rates, Ca2+ entry stimulates nNOS and NO signal-
ing to enhance ryanodine receptor mediated Ca2+ entry into mitochondria and oxidative phosphorylation (OXPHOS). As 
described below, this activity-dependent engagement of nNOS signaling serves as metabolic switch in BFCNs away from 
glycolysis to OXPHOS.  

As described in the previous progress report, high frequency optogenetic stimulation of D1 SPN afferent input to BFCN 
evokes a biphasic response consisting of an initial GABAA receptor mediated inhibition of spiking followed by a sustained 
increase in spiking for seconds (Fig. 1A). Our initial hypothesis was that the persistent elevation in spiking was attributable 
to release of substance P (SP) from D1 SPN terminals and activation of postsynaptic tachykinin/neurokinin 1 receptors 
(NK1Rs). Our transcriptomic profiling of BFCNs confirmed the expression of TACR1 mRNA. Consistent with this hypoth-
esis, pre-incubation of ex vivo brain slices with the NK1R antagonist L703 606 attenuated the elevation in BFCN spiking 
following optogenetic stimulation of D1 SPN axons (Fig. 1A-C). However, the NK1R antagonist only partially blocked the D1 
SPN evoked elevation in spiking. At glutamatergic synapses it has been reported that vesicular proton release following 
burst stimulation can activate postsynaptic, voltage-insensitive, acid-sensitive ion (ASIC) channels (Wemmie et al., 2013). 
Indeed, our transcriptomic profiling of BFCNs revealed robust expression of genes coding for two of the five types of ASIC 
channels (ASIC2, ASIC4). To test for their involvement in the response to D1 SPNs, the ASIC channel blocker amiloride was 
bath applied prior to measuring the change in BFCN spiking evoked by optogenetic stimulation of D1 SPN axons. Amiloride 
attenuated the elevation in spiking rate produced by sustained stimulation of D1 SPN axons (Fig. 2A). However, as with the 

Figure 2: A nonselective ASICs inhibitor partially 
blocks the delayed enhancement of BFCN excit-
ability induced by the repetitive high-frequency 
stimulation of D1-SPN axons. A. Representative 
traces showing cell-attached recordings of BFCN 
activity in control CNQX (10 µM, upper) or bath ap-
plied amiloride (200 µM, lower) following high-fre-
quency optical stimulation on D1-SPN axons (1 ms 
pulse duration delivered 250 times at 50 Hz) with a 
470 nm LED. Due to an extended period of stimula-
tion, GABAA receptor activation was lost before the 
end of the stimulation, and BFCN resumed spiking. 
B. Box plots summarizing BFCN spiking frequency
before, 1 second after stimulation started, and after

the optical stimulation recorded in the presence of CNQX (left, ** p<0.01, n = 9) or amiloride (right, ** p<0.01, n = 8) C. Box plots comparing the per-
cent increase in BFCN spiking following D1-SPN stimulation recorded in control (+CNQX) (left) and amiloride (right, ** p<0.01, n = 8).
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Figure 1: Optogenetic 
stimulation of D1-SPN 
axons evokes a mul-
tiphasic response in 
BFCNs. A. Represen-
tative traces showing 
cell-attached recording 
of BFCN activity fol-
lowing high-frequency 
optical stimulation (1 
ms pulse duration de-
livered 60 times at 50 
Hz) with a 470 nm LED 
of D1-SPN axons; this 
stimulation resulted in a short pause followed by a delayed acceleration of BFCN firing activity in control (in the presence of the ionotropic glutamate 
receptor antagonist cyanquixaline (6-cyano-7-nitroquinoxaline-2,3-dione (CNQX); 10 µM, upper). Bath applied gabazine (20 µM for 2 min, middle) 
abolished the short pause, and bath applied L703 606 (1 µM for 5-10 min, lower) partially blocked the delayed acceleration in BFCN activities. B. Box 
plots summarizing BFCN spiking frequency before, during, and after the optical stimulation in control CNQX (left, ** p <0.01, n = 9) followed by bath 
applied gabazine (mid, ** p < 0,01 n = 22), and L703 606 (right, n = 5). C. Box plots comparing maximum increase of BFCN spiking frequency following 
D1-SPN stimulation in control (left, **** p < 0.0001, n = 18) and L703 606 (right, * p <0.05, n = 8) both with and without gabazine. Box plots represent 
the median (thick like) and interquantile range, whiskers represent maximum and minimum.
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Figure 4. Ca2+- and NO- mediated increase 
in mitochondrial ATP production in BFCNs 
upon increases in spike rate. A. Represen-
tative cell-attached recordings from BFCNs 
in control conditions or in higher KCl (+KCl, 
6 mM) B. Box plots summarizing the in-
crease in spike rate in higher KCl compared 
to control conditions (n = 14, ** p <0.01) 
C. Representative 2-PLSM image of a BFCN
expressing PercevalHR (scale bar, 10 µm). D.
Representative PercevalHR time-lapse ex-
periments measuring the ATP/ADP ratio in
BFCNs in control conditions (gray trace) or
upon increased spike rate (KCl 6 mM, black
trace). Bath application of oligomycin (10
µM) and substitution of glucose with 2-DG
(3.5mM) were used to estimate the contri-
bution of mitochondria to the ATP/ADP ra-
tio, as in Figure 3. E. Box plots showing an
increase in OXPHOS index when BFCNs are

induced to fire at higher spike rate (+KCl) versus control conditions (n=10, 6 respectively; p<0.05). F. Representative PercevalHR time-lapse experi-
ments measuring changes in the ATP/ADP ratio in BFCNs stimulated to fire at increased spike rate (+KCl) in control conditions or upon pre-incubation 
with the Cav1 negative allosteric modulator isradipine (1 µM). G. Box plots illustrate that treatment with isradipine but not with the NMDA receptor 
antagonist AP-5 (50 µM) prevents the increase in OXPHOS index observed in BFCNs upon KCl stimulation (n=10, 4, 5 respectively; p<0.05). H. Rep-
resentative PercevalHR time-lapse experiments measuring changes in the ATP/ADP ratio in BFCNs stimulated to fire at increased spike rate (+KCl) in 
control conditions or treated with the nNOS specific inhibitor HD-3-86 (nNOSi, 100 nM). I. Box plots illustrate that in BFCNs treatment with nNOSi 
prevents the increase in the OXPHOS index observed during KCl stimulation (dashed line), and conversely that activating PKG with bath application of 
8-bromo-cGMP (8-Br-cGMP, 10 µM) increases BFCNs OXPHOS index in absence of stimulation (n= 8, 7 respectively). Box plots represent the median
(thick like) and interquantile range, whiskers represent maximum and minimum.
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Figure 3. Bioenergetic role of mitochondrial oxidative phosphorylation in BFCNs during baseline 
activity. A. Schematic representing the viral delivery strategy to selectively express PercevalHR 
in BFCNs by injecting a cre-dependent PercevalHR viral construct in the BF of ChAT-Cre mice. B. 
Representative 2-PLSM image of a BFCN expressing PercevalHR (scale bar, 10 µm). C. Representa-
tive PercevalHR time-lapse experiments measuring ATP/ADP ratio in BFCNs (black trace), striatal 
cholinergic interneuron (ChI; red trace), and SNc dopaminergic neurons (DAN, blue trace); bath 
application of mitochondrial complex V inhibitor oligomycin (10 µM) was used to estimate the 
contribution of mitochondria to the ATP/ADP ratio, while substitution of glucose with the non-hy-
drolysable analogue 2-deoxyglucose (2-DG, 3.5 mM) was used to estimate the glycolytic contri-
bution to the ATP/ADP ratio. The relative contribution of mitochondria to the ATP/ADP ratio was 
quantified as “OXPHOS index”, i.e. the oligomycin-sensitive drop in the ATP/ADP ratio versus the 
total drop observed upon inhibition of both glycolytic and mitochondrial ATP production. D. Box 
plots summarizing the OXPHOS index at baseline for BFCNs, ChIs and SNc dopaminergic neurons 
(DANs) (n=4, 7, 5 respectively; *p<0.05, **p<0.01). Box plots represent the median (thick like) 
and interquartile range, whiskers represent maximum and minimum.

NK1R antagonist, the attenuation in the post-stimulation elevation is spiking by amiloride (summarized for experiments in 
the presence of gabazine) was only partial (Fig. 2B, C). Taken together, these results suggest that the D1 SPNs release both 
SP and protons to activate postsynaptic NK1Rs and ASIC2/4s, resulting in a sustained elevation in BFCN spiking. Thus, when 
robustly activated, D1 SPNs can produce a sustained increase in BFCN spiking, leading to arousal and cortical synchroniza-
tion. 

Specific Aim 2: To characterize the relationship between regenerative activity and bioenergetic control in BFCNs. 

Over the past year, our studies have built 
out the mechanisms responsible for bio-
energetic control in BFCNs, and how NO 
signaling modulates these mechanisms. 
Using a adenoassociated virus (AAV) de-
livery of a Cre-dependent expression cas-
sette for the optical sensor of ATP/ADP 
ratio (PercevalHR) in ChAT-Cre mice and 
two photon laser scanning microscopy 
(2PLSM) in ex vivo brain slices (Fig. 3A,B), 
we confirmed that, in the absence of ex-
ogenous stimulation, cytosolic ATP main-
tenance in BFCNs is heavily reliant upon 
glycolysis, in contrast to other at-risk neu-
rons, like substantial nigra pars compacta 
(SNc) dopaminergic neurons (Fig. 3C,D). 
As shown in Fig. 3C, inhibition of complex 
V (and mitochondrial ATP production) has 
a very modest effect on cytosolic ATP/
ADP ratio, in contrast to the situation in 
SNc dopaminergic neurons and striatal 
cholinergic interneurons. This balance between glycolysis and OXPHOS is captured in the OXPHOS index (Zampese et al., 
2022). This ratio is significantly lower in BFCNs, than in either SNc dopaminergic neurons or cholinergic interneurons (Fig. 
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3D). 
To determine if the reliance upon glycolysis in BFCNs persisted when ATP demand 

increased, their basal spiking rate was increased by elevating the extracellular K+ con-
centration. This shift roughly doubled spiking rate (Fig. 4A,B), much like the change in 
rate achieved by optogenetic stimulation of D1 SPN afferents to BFCNs (see above). As 
above, PercevalHR was expressed in BFCNs using an AAV vector and a Cre-dependent 
expression construct (Fig. 4C). At the higher, KCl driven spiking rate, BFCNs significantly 
increased their engagement of mitochondrial OXPHOS to maintain cytosolic ATP/ADP ra-
tio (Fig. 4D); indeed, their OXPHOS index rose into the range found in SNc dopaminergic 
neurons (Fig. 4E). 
In SNc dopaminergic neurons, the activity-dependent elevation in mitochondrial OX-

PHOS is driven by Ca2+ entry through depolarization-activated, plasma membrane Cav1 
channels (Zampese et al., 2022). Similarly, in BFCNs, the KCl-driven elevation in OXPHOS 
was blunted by inhibiting Cav1 Ca2+ channels with the negative allosteric modulator 
isradipine, whereas the NMDA receptor antagonist AP-5 had no effect on OXPHOS (Fig. 
4F, G). With the KCl-driven elevation in OXPHOS, mitochondrial oxidant stress rose and 
was lowered to control levels by isradipine (data not shown). 

In other cell types, Ca2+ entry through Cav1 channels can stimulate nNOS, leading 
to NO-dependent regulation of a variety of cellular functions linked to bioenergetics. 
To probe the potential role of NO signaling in BFCNs, the NO donor S-nitroso-N-acetyl-

penicillamine (SNAP) was bath applied while monitoring intracellular Ca2+ oscillations triggered by spiking; this was ac-
complished in ex vivo brain slices from ChAT-GFP mice by dialyzing Fluo4 into visually identified through a patch pipette 
and then monitoring fluorescence using 2PLSM. Interestingly, SNAP increased the spike-associated Ca2+ transient and this 
effect was blocked by the ryanodine receptor (RYR) antagonist DHBP and mimicked by the membrane permeable cyclic 
guanosine monophosphate (cGMP)c analog 8-bromo-cGMP (data not shown). These results suggest that Ca2+-induced Ca2+ 
release of endoplasmic reticulum Ca2+ stores through RYRs, which is known to regulate mitochondrial OXPHOS (Zampese 
et al. 2022) was being controlled by nNOS and the NO signaling cascade through guanylyl cyclase (GC) and protein kinase 
G (PKG). Previous work has shown that PKG can phosphorylate RYRs to enhance Ca2+ dependent opening (Gonano et al., 
2023) To test this hypothesis, the ability of the nNOS specific inhibitor (HD-3-86) to blunt the KCl-driven elevation in OX-
PHOS was tested using PercevalHR (as above). Indeed, nNOS inhibition prevented the activity-dependent engagement of 
mitochondrial OXPHOS (Fig. 4H). Moreover, the mitochondrial contribution to ATP production was enhanced in unstimu-
lated BFCNs by bath application of 8-bromo-cGMP (Fig. 4I). Taken together, these data suggest that nNOS and NO signaling 
acts as an activity-dependent bioenergetic switch in BFCNs, inducing an elevation in OXPHOS with increased spiking by 
controlling the gain of feedforward regulation (Fig. 5). 

Specific Aim 3: To determine the consequences of local and regional synucleinopathy on BFCNs.

Weeks after stereotaxic injection of pre-formed fibrils of aSYN (PFFs) into the BF, BFCN firing rate is significantly elevat-
ed (measured with patch clamp techniques in ex vivo brain slices) and this change is reversed by the anti-oxidant N-ace-
tyl-cysteine (NAC) (Fig. 6A-C). As predicted by the work described above, the increase in discharge rate is accompanied 
by a switch to OXPHOS in BFCNs as measured with the approaches described above (Fig. 6D, E). This metabolic switch is 
accompanied by an expected elevation in mitochondrial oxidant stress measured using the genetically encoded optical 
sensor mito-roGFP and 2PLSM in ex vivo brain slices (Fig. 6F, G); mito-roGFP was expressed specifically in BFCNs by AAV 
delivery of a Cre-dependent mito-roGFP expression construct in an AAV vector. As predicted, the mitochondrial oxidant 
stress seen in the presence of PFFs was reversed by inhibiting Cav1 channels with isradipine or diminishing ROS signaling 
with NAC (Fig. 6G). Given the sensitivity of the change in spike rate on NAC, it is possible that release of superoxide by 
neighboring activated microglia was responsible (microglial activation by PFFs was shown previously). However, measure-
ments of cytosolic oxidant stress in BFCNs using cyto-roGFP (Graves et al., 2020) (using similar methods to those described 
above) failed to detect any shift following PFF deposition (Fig. 6H-J). 

These results suggest that PFF-activated microglia (or astrocytes) are releasing inflammatory cytokines that drive 
increased spiking in BFCNs. One prominent cytokine released by microglia is TNFalpha (TNFa). Moreover, microglial and 
astrocytic release of TNFa has been reported to be blocked by NAC (Pahan et al., 1998; Sakai et al., 2023). In our tran-
scriptomic work, several members of the TNFa receptor superfamily were found to be expressed in BFCNs, including 
TNFRSF1a, TNFRSF19, and TNFRSF21. Indeed, bath application of TNFa reversibly accelerated basal spiking rate of BFCNs 
(Fig. 6K, L). This elevation in spiking rate was accompanied by the expected shift to mitochondrial OXPHOS (Fig. 6M, N) 
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age, lipid and protein damge and neurodegeneration.

Figure 6. PFF-induced inflammation 
increases BFCNs firing rate and mi-
tochondrial stress. A. Schematic 
representing the strategy to deliver 
PFF to the basal forebrain; saline in-
jection is used as control. B. Repre-
sentative cell-attached recordings 
from BFCNs in control conditions 
and in PFF-injected mice with or 
without NAC (500 µM) treatment. 
C. Box plots summarizing the spike
rate in BFCNs in control condition, in
slices from PFF-injected mice, with
or without NAC treatment (n=9, 11,
6 respectively, p < 0.01). D. Repre-
sentative PercevalHR time-lapse ex-
periment measuring the ATP/ADP
ratio in BFCNs in slices from mice
that received PFF injections in the
basal forebrain. Bath application of
oligomycin (10 µM) and substitution
of glucose with 2-DG (3.5 mM) were
used to estimate the contribution of
mitochondria to the ATP/ADP ratio,
as in Figure 3. E. Box plot showing
the higher OXPHOS index measured
in BFCS from PFF-injected mice (n =
6) compared to control conditions

(dashed line). F. Representative mito-roGFP measurements after calibration in BFCNs from control and PFF-injected mice. G. Box plots showing higher 
mitochondrial relative oxidation in BFCNs from PFF-injected mice versus controls; treatment with the anti-oxidant NAC (500 µM) or the Cav1 negative 
allosteric modulator isradipine (1 µM) decreases the PFF-induced elevation in mitochondrial oxidant stress (n= 14, 5, 5, 6 respectively). H. Repre-
sentative 2-PLSM image of a BFCN expressing cyto-roGFP (scale bare, 10 µm). I. Representative cyto-roGFP measurements after calibration in BFCNs 
from control and PFF-injected mice J. Box plots showing comparable cytosolic relative oxidation in BFCNs from PFF-injected mice versus controls (n 
=7, 7 respectively). K. Representative cell-attached recordings from BFCNs in control conditions, during TNF-a (10 nM) bath application, and after its 
washout. L. Box plots summarizing the spike rate in BFCNs in control conditions, during TNF-a (10 nM) bath application, and after its washout (n=6, 
p < 0.05) M.  Representative PercevalHR time-lapse experiment measuring the ATP/ADP ratio in BFCNs treated with the inflammatory cytokine TNF-a 
(10 nM). N. Box plot showing the higher OXPHOS index measured in BFCS treated with TNF-a (n = 6, p<0.05 Mann-Whitney test) compared to con-
trol conditions (dashed line)¬¬. O. Representative mito-roGFP measurements after calibration in BFCNs treated with TNF-a and controls. P. Box plots 
showing higher mitochondrial relative oxidation in BFCNs treated with TNF-a and versus controls (n=7, 11, respectively; p<0.05 Mann-Whitney test). 
Box plots represent the median (thick like) and interquantile range, whiskers represent maximum and minimum.
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and a dramatic increase in mitochondrial oxidant stress (Fig. 6O, P). Even 
though BFCNs did not manifest PFF-induced pathology in our experiments, 
had the exposure to PFF-induced inflammation been maintained for a 
longer period it may have appeared. Our studies show that inflammation 
and TNFa release excites BFCNs, driving metabolism toward OXPHOS. The 
resulting elevation in mitochondrial oxidant stress could compromise pro-
teostasis, leading to accumulation of misfolded proteins (e.g., oligomeric 
aSYN, tau). Oxidant stress can also result in damage to mitochondrial DNA 
(mtDNA), which, if released, can promote inflammation and PD-like pa-
thology (Tresse et al. 2023) This hypothetical cascade of events is summa-
rized in Figure 7. Lastly, it is interesting to note that recent work suggests 
that elevated TNFa signaling is central to pathogenesis in PD dementia 
(Villanueva et al., 2021).
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