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Abstract Parkinson’s disease (PD) is characterized by motor impairments caused by degener-
ation of dopamine neurons in the substantia nigra pars compacta. In addition to these symptoms, 
PD patients often suffer from non- motor comorbidities including sleep and psychiatric disturbances, 
which are thought to depend on concomitant alterations of serotonergic and noradrenergic trans-
mission. A primary locus of serotonergic neurons is the dorsal raphe nucleus (DRN), providing brain- 
wide serotonergic input. Here, we identified electrophysiological and morphological parameters to 
classify serotonergic and dopaminergic neurons in the murine DRN under control conditions and in 
a PD model, following striatal injection of the catecholamine toxin, 6- hydroxydopamine (6- OHDA). 
Electrical and morphological properties of both neuronal populations were altered by 6- OHDA. 
In serotonergic neurons, most changes were reversed when 6- OHDA was injected in combination 
with desipramine, a noradrenaline (NA) reuptake inhibitor, protecting the noradrenergic terminals. 
Our results show that the depletion of both NA and dopamine in the 6- OHDA mouse model causes 
changes in the DRN neural circuitry.

eLife assessment
This important work provides convincing data on neuronal heterogeneity in the dorsal raphe 
nucleus (DRN), focusing on their electrophysiological properties, morphology, and susceptibility to 
the neurodegeneration of noradrenaline and dopamine systems in the Parkinsonian state. These 
findings suggest a significant interplay between catecholaminergic systems in healthy and parkin-
sonian conditions, as well as neuronal structure and function. Such findings provide a strong foun-
dation for basic scientists as well as pre- clinical researchers interested in the role of dorsal raphe 
neurons in Parkinson's disease.

Introduction
Parkinson’s disease (PD) is a frequent neurodegenerative disorder characterized by the progressive 
loss of dopaminergic (DA) neurons in the nigrostriatal pathway, leading to bradykinesia, tremor, 
rigidity, and postural instability (Braak et al., 2003; Jankovic, 2008). These cardinal motor symptoms 
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are typically addressed by administration of DA drugs or by deep brain stimulation. PD patients 
also experience non- motor symptoms including sleep, affective, and cognitive dysfunctions often 
preceding the motor disabilities (Swick, 2012; Chaudhuri and Schapira, 2009). These comorbidities 
are in large part refractory to current PD treatments and are thought to be caused by neurodegenera-
tive processes occurring in concomitance to the loss of midbrain DA neurons. However, the pathology 
underlying non- motor symptoms remains poorly understood.

Post- mortem studies in PD patients provided first insights into the brain areas which might be 
involved in the etiology of non- motor dysfunctions in PD. Besides the profound degeneration of the 
substantia nigra pars compacta (SNc), these studies found cell loss and reduced neurotransmitter 
release in other monoaminergic brain regions, including the dorsal and median raphe nuclei (DRN and 
MRN, respectively), and the locus coeruleus (LC) (Braak et al., 2003; Halliday et al., 1990a; Halliday 
et al., 1990b; Gesi et al., 2000; Zarow et al., 2003). The DRN constitutes the main source of serotonin 
(5- hydroxytryptamine, 5- HT) in the brain with serotonergic cells (DRN5- HT) accounting for 30–50% of 
its neurons (Huang et al., 2019). DRN5- HT neurons have been implicated in numerous neuropsychiatric 
diseases, rendering them a potential neural substrate for non- motor symptoms in PD. DRN5- HT neurons 
are also of central interest in PD research because of their bidirectional, monosynaptic connection 
with the striatum (Pollak Dorocic et al., 2014; Soghomonian et al., 1989). In fact, several studies 
have shown that serotonergic markers and transmitter levels are altered in Parkinson patients as well 
as in non- human primate and rodent models of PD (Maillet et al., 2021; Jørgensen et al., 2021; 
Cheshire et al., 2015; Pifl et al., 1991; Rylander et al., 2010; Nayyar et al., 2009; Taylor et al., 
2009; Karstaedt et al., 1994). Notably, alterations in the serotonergic system have also been related 
to non- motor comorbidities in PD (Wilson et al., 2018; Politis et al., 2010). Yet, functional investi-
gations of DRN5- HT in rodent models of PD have led to conflicting results showing both increased and 
decreased activity in DRN5- HT neurons themselves as well as in their downstream targets (Kaya et al., 
2008; Prinz et al., 2013; Guiard et al., 2008). Besides the serotonergic neurons, the DRN comprises 
other neuronal populations, including a small group (~1000 neurons in rats) of DA neurons (DRNDA) 
(Descarries et al., 1986). DRNDA neurons have been linked to the regulation of pain, motivational 
processes, incentive memory, wakefulness, and sleep–wake transitions (Wenk et al., 1994; Lu et al., 
2006; Dzirasa et al., 2006; Cho et al., 2017; Lin et al., 2020), but their ultimate behavioral signifi-
cance is yet to be elucidated (Matthews et al., 2016; Taylor et al., 2019; Li et al., 2016; Flores et al., 
2004; Flores et al., 2006). DRNDA neurons are directly innervated by DA neurons in the midbrain 
and have been found to show Lewy bodies in PD patients (Halliday et al., 1990b; Lin et al., 2020; 
Cardozo Pinto et al., 2019). Yet, the physiology and pathophysiology of DRNDA neurons in PD remain 
elusive. The sparsity of research on DRNDA neurons is likely due to the technical challenges associated 
with targeting this population among the diverse cell types in the DRN and adjacent structures (e.g., 
retrorubral field, periaqueductal gray, and LC), which often co- express signature genes, hampering 
their molecular identification and region- specific manipulations with cre driver lines (Huang et al., 
2019; Cardozo Pinto et al., 2019; Dougalis et al., 2012; Fu et al., 2010; Okaty et al., 2015).

Recently, this issue has been addressed by Pinto et al. who showed that DRNDA neurons are most 
faithfully labeled in transgenic mice in which the expression of cre is linked to the DA transporter (DAT- 
cre) (Cardozo Pinto et al., 2019). Previously, the membrane properties of DRNDA neurons have only 
been addressed in mice in which DRNDA neurons were identified based on the expression of the tran-
scription factor Pitx3 or the enzyme tyrosine hydroxylase (TH) (Dougalis et al., 2012). In Pitx3- GFP 
mice, about 70% of fluorescent neurons are TH- positive (TH+) as shown by immunohistochemistry. 
Moreover, 40% of TH+ neurons in the DRN are not labeled in these mice, suggesting that this line 
targets a subpopulation of DRNDA neurons (Dougalis et al., 2012). The widely used TH- cre reporter 
line has been found to show ectopic expression of cre in non- DA neurons, probably caused by a tran-
sient developmental expression of TH (Lindeberg et al., 2004; Lammel et al., 2015). In addition, the 
TH- cre line also labels noradrenergic neurons in the neighboring LC (Lindeberg et al., 2004), which 
produces most of the noradrenaline (NA) in the brain and is involved in mood control, cognition, and 
sleep regulation (Carter et al., 2010). The large overlap of functions ascribed to the LC and DRN is 
thought to result from the complex reciprocal synaptic connections between these two brain areas: 
notably, the LC provides noradrenergic input to the DRN (Pudovkina et al., 2003; Trulson and Crisp, 
1984) while receiving input from DRN5- HT neurons (Haddjeri et al., 1997; Singewald et al., 1998; 
Aston- Jones et al., 1991).

https://doi.org/10.7554/eLife.90278
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Here, we used ex vivo whole- cell patch- clamp recordings and morphological reconstructions to 
characterize the electrophysiological and morphological properties of DRNDA and DRN5- HT neurons in 
wild- type (WT) and DAT- tdTomato mice. Moreover, we studied the impact of catecholamine depletion 
on DRNDA and DRN5- HT populations in the 6- hydroxydopamine (6- OHDA) toxin model of PD.

Results
DRNDA and DRN5-HT neurons are electrophysiologically distinct cell 
types
To investigate the electrophysiological and morphological profiles of DRNDA neurons and to compare 
it to DRN5- HT neurons, we performed whole- cell patch- clamp recordings in coronal slices of adult WT 
and DAT- cre mice crossed with tdTomato reporter mice (Figure 1A). All neurons were filled with neuro-
biotin and Alexa488 while recording. Alexa488 allowed us to take snapshots of recorded neurons at 
different time points, thus facilitating the topographical registration of recorded neurons to the post 
hoc stained slices (Figure 1—figure supplement 1). Using this approach, we obtained complete sets 
of electrophysiological and morphological data from 75 neurons in the DRN. Cells were identified as 
DRN5- HT or DRNDA neurons based on tryptophan hydroxylase (TPH) or TH immunoreactivity, respec-
tively (Figure 1A–D). In line with Fu et al., 2010, none of the recorded neurons was positive for both 
TPH and TH (n = 0/412). During the recordings, we used a series of depolarizing and hyperpolarizing 
current steps and ramps that allowed us to characterize active and passive membrane properties in 
detail (Figure  1E–G). Based on the electrophysiological data, we first tested possible differences 
between TH+ neurons recorded in WT mice and tdTomato- positive (tdTomato+) neurons recorded 
in DAT- tdTomato mice. We found no differences between these two groups (n = 13 TH+ vs. n = 30 
tdTomato+ neurons, Figure 1—figure supplement 2) and neither within the subset of tdTomato+ 
neurons when comparing TH+ to TH- negative (TH−) neurons (n = 23 TH+ vs. n = 6 TH− neurons, 
Figure 1—figure supplement 2A–E). Since this small number of TH− neurons were positive for DAT 
and their electrophysiology indistinguishable from TH+ DRNDA neurons, the data were pooled. Please 
note that staining of recorded neurons, that is immunohistochemistry on slices strained by hour- long 
patch- clamp recordings, is more challenging as neurons can be lost after patching (no staining data) 
or the staining might be ambiguous. Out of 114 tdTomato+ neurons only one cell displayed a different 
electrophysiological profile than all other DRNDA neurons, suggesting a false- positive rate of 0.8%. 
That neuron was TH−, displayed profoundly distinct intrinsic properties, and was therefore excluded 
(Figure 1—figure supplement 2F, G). Taken together, the electrophysiological results support the 
use of the DAT- tdTomato mouse line when studying DRNDA neurons and data from both mouse lines 
were pooled. Recordings of DRNDA neurons revealed distinctive electrophysiological properties such 
as a slowly ramping membrane potential during constant current injections giving rise to delayed 
spiking and postinhibitory hypoexcitability (Figure  1E). Moreover, most DRNDA neurons displayed 
rebound oscillations and sag currents (Figure 1E, F).

When comparing the electrophysiological properties of DRNDA to DRN5- HT neurons, we observed 
numerous differences between these two cell types, but here we focus on the five most significant 
ones. While DRN5- HT neurons spike with short delays in response to current steps and maintain a rela-
tively constant action potential (AP) amplitude, DRNDA neurons display a longer delay to the first spike 
and the amplitude of subsequent APs drops (Figure 1F–I). Additionally, the APs of DRN5- HT neurons 
rise faster, while their afterhyperpolarization (AHP) is longer compared to DRNDA neurons (Figure 1H, 
I). Lastly, the capacitance of DRN5- HT neurons is significantly larger than in DRNDA neurons (Figure 1I).

Next, we tested if DRNDA neurons can be distinguished from DRN5- HT neurons based on these five 
electrophysiological parameters. To this end, we standardized the data and ran a principal component 
analysis (PCA) including all DRN5- HT neurons (i. e. all TPH- positive, TPH+), all TH+ neurons recorded in 
wild- type mice and all tdTomato+ cells recorded in DAT- tdTomato mice (except for one outlier shown 
in Figure 1—figure supplement 2F, G). Plotting the first two principal components (PCs) showed two 
separate clusters (Figure 1J, insert). Unsupervised hierarchical cluster analysis based on PC1 and PC2 
revealed the same two major clusters and potential subclusters (Figure 1J). Mapping the molecular 
identity of the cells onto the dendrogram revealed the separation of DRN5- HT and DRNDA neurons, 
while there was no branching according to mouse line (WT vs. DAT- tdTomato), further corroborating 
the validity of DAT- tdTomato mice as a marker for DRNDA neurons. Overall, these data suggest that 

https://doi.org/10.7554/eLife.90278
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Figure 1. DRNDA and DRN5- HT are electrophysiologically distinct cell types. (A) Scheme of the location of the DRN (pink) in a coronal section (top) and 
at higher magnification together with two patch pipettes (center). Bottom: a representative slice stained post- recording for TPH, TH, and neurobiotin 
revealing serotonergic neurons (arrows). The ventricle is indicated with a dashed line. (B) Top: differential interference contrast (DIC) microscopy image 
(left) of neurons that were filled with Alexa488 (right) and neurobiotin. Center, bottom: staining of the same neurons revealing a TPH+ (DRN5- HT) neuron 
and a TPH− and TH− cell. (C) Top: DIC image of recorded neurons that were filled with Alexa488 and neurobiotin. Center, bottom: staining of the same 
neurons revealing tdTomato+ and TH+ (DRNDA) neurons. (D) Representative fluorescent (top), DIC (center) image, and overlay (bottom) of a tdTomato+ 
neuron in a DAT- tdTomato mouse. (E) Representative recordings depicting postinhibitory hypoexcitability, slowly ramping currents and rebound 
oscillations in DRNDA neurons. (F) Representative voltage responses to current injections in a DRN5- HT and DRNDA neuron. (G) Ramping current injections 
reveal AP amplitude accommodation. Gray circles indicate the onset and peak of APs. (H) Amplitude and duration of the AP and AHP in a DRN5- HT and 
DRNDA neuron. Gray circles indicate onset, peak, and end of the AP and AHP. (I) Quantification of electrophysiological properties distinguishing DRN5- HT 
from DRNDA neurons (AP drop rate: n = 32 DRN5- HT, n = 43 DRNDA, Capacitance: n = 32 DRN5- HT, n = 43 DRNDA, AP delay: n = 30 DRN5- HT, n = 43 DRNDA, 
AHP duration: n = 28 DRN5- HT, n = 32 DRNDA, N = 9; Wilcoxon Rank Sum Test). (J) PCA of five electrophysiological parameters (insert) and hierarchical 
cluster analysis based on PCA1 and PCA2 (Ward’s method, Euclidean distance). Intrinsic properties were sufficient to separate TPH+ cells (blue dash) 
from TH+ (red dash) cells. Bottom dashes indicate WT (black) and DAT- tdTomato (gray) mice. Data are shown as mean ± SEM, ***p < 0.001. Scale bars: 
A, 100 μm; B–D, 10 μm.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Filling of neurons with AlexaFluor488 and neurobiotin for subsequent immunohistochemistry and topographical registration.

Figure supplement 2. Electrophysiological properties of DRNDA neurons recorded in WT or DAT- tdTomato mice do not differ.

Figure supplement 3. Clustering of DRN neurons based on electrophysiological parameters.

https://doi.org/10.7554/eLife.90278
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electrophysiological parameters themselves are sufficient to distinguish between DRN5- HT and DRNDA 
neurons.

In addition to DRNDA and DRN5- HT, the DRN contains an unknown number of cell types and 47 
out of 120 recorded neurons were neither TH+, nor TPH+ and did not express tdTomato. To test 
whether DRNDA can also be distinguished from those populations based on their electrophysiological 
profile, we ran a PCA on 20 standardized parameters and used the first three PCAs for unsupervised 
hierarchical clustering (Figure 1—figure supplement 3). Our analysis suggests that there might be 
four major electrophysiological cell types in the DRN. In contrast to DRNDA and DRN5- HT neurons, a 
large proportion of the remaining cells showed rebound spiking and biphasic AHPs, resembling the 
profiles of local interneurons in other brain areas (Figure 1—figure supplement 3D, E). Interestingly, 
the clustering also indicated that three TH− and tdTomato- negative (tdTomato−) neurons belonged 
to the DRNDA neurons and further analysis showed that they were indistinguishable from molecularly 
identified DRNDA neurons (Figure 1—figure supplement 3C, F). These findings indicate that clus-
tering can be used to identify neurons that otherwise would have been excluded due to a lack of post 
hoc staining data or genetic driver lines.

Overall, our data show that DRNDA neurons constitute an electrophysiologically distinct class of 
neurons in the DRN expressing several hallmark properties, which are sufficient to identify them within 
the local DRN circuitry.

DRNDA and DRN5-HT neurons have different morphological properties
Next, we characterized the morphological profile of DRN5- HT and DRNDA neurons. We focused on the 
analysis of somatic and dendritic properties since a complete reconstruction of the axonal arborization 
could not be retrieved from the slices. The analysis of the somatic properties showed that DRN5- HT 
neurons had larger cell bodies than DRNDA neurons (Figure 2A, B), as measured in their area, perim-
eter, length, and width (Figure 2B). Cell bodies also differed in shape, with DRNDA neurons having 
more circular somata than DRN5- HT neurons, as indicated by the circularity index (Figure 2B). Analyzing 
the dendritic properties, we found that DRN5- HT neurons had four to five primary dendrites, compared 

Figure 2. DRNDA and DRN5- HT have distinct morphological profiles. (A) Top: representative digital reconstruction of a DRN5- HT. Bottom: representative 
digital reconstruction of a DRNDA. (B) Morphological parameters describing the soma size and shape of DRN5- HT and DRNDA neurons (DRN5- HT: n = 20, N 
= 3; DRNDA: n = 27, N = 3; unpaired t- test or Mann–Whitney U test). (C) Morphological parameters describing the dendritic tree of DRN5- HT and DRNDA 
neurons (DRN5- HT: n = 8, N = 3; DRNDA: n = 7, N = 3; Mann–Whitney U test). Data are shown as mean ± SEM, ***p < 0.001. Scale bar: 10 μm.

https://doi.org/10.7554/eLife.90278
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to only two to three in DRNDA neurons (Figure 2A, C). Moreover, dendrites of DRNDA neurons were 
frequently bipolar with the main primary dendrites starting from opposite extremes of the soma. Both 
populations had relatively few bifurcations (Figure 2C), but the DRN5- HT neurons had significantly more 
terminations (Figure 2C). The overall dendritic length did not differ between the DRN5- HT and DRNDA 
neurons: both populations had a mix of short and long dendrites (Figure 2C). These data suggest 
that DRN5- HT neurons have denser dendritic arborization than DRNDA neurons, mostly due to larger 
numbers of primary dendrites.

Altogether, our results show that DRN5- HT and DRNDA neurons have distinct morphological proper-
ties. DRN5- HT neurons are mostly multipolar neurons, with a big and complex soma and multiple primary 
dendrites, while DRNDA neurons have smaller and more circular cell bodies with bipolar dendrites.

DA and NA depletion distinctly affect the membrane properties of 
DRN5-HT neurons
To elucidate how DRN5- HT and DRNDA neurons might be affected in PD, we characterized these popula-
tions in a mouse model of PD based on bilateral injection of the neurotoxin 6- OHDA in the dorsal stri-
atum. This approach leads to a partial lesion of catecholamine neurons, reproducing an early stage of 
parkinsonism in which particularly non- motor symptoms such as depression- and anxiety- like behavior 
are manifested (Bonito- Oliva et al., 2014a; Ztaou et al., 2018). In line with previous studies, we 
observed a 60–70% reduction of TH levels in the striatum (Figure 3—figure supplement 1, Bonito- 
Oliva et  al., 2014b). Only mice meeting this criterion were included in the study. Measurement 
performed by enzyme- linked immunosorbent assay (ELISA) showed that the 6- OHDA injection did 
not alter the levels of 5- HT in the striatum (Figure 3—figure supplement 1D), and immunostaining 
showed that the striatal 6- OHDA injection did not cause degeneration of DRN5- HT or DRNDA neurons 
(Figure 3—figure supplement 2).

Striatal injection of 6- OHDA has also been found to produce a partial loss of NA neurons in the 
LC (Bonito- Oliva et al., 2014b) and ELISA analysis showed that this approach induces approximately 
60% loss of NA in the striatum (Figure 3—figure supplement 1E). In the present study, we deter-
mined the specific impact of NA dysfunction on the physiology of DRN5- HT and DRNDA neurons by 
pre- treating a group of mice with desipramine (DMI), a selective inhibitor of NA reuptake, before 
injecting 6- OHDA (DMI + 6- OHDA mice), which partially prevents striatal NA loss (Figure 3—figure 
supplement 1E). We then assessed the intrinsic properties of DRN5- HT and DRNDA neurons in Sham- 
lesion (Sham), 6- OHDA- and DMI + 6- OHDA- treated mice (Figure  3A). Whole- cell recordings 
obtained from DRN5- HT neurons in control mice revealed that 37% of DRN5- HT neurons were sponta-
neously active in slices and the proportion of intrinsically active neurons was similar in mice injected 
with 6- OHDA (Sham: n = 11/30 DRN5- HT neurons, 6- OHDA: n = 6/17 DRN5- HT neurons, Figure 3B). 
However, DRN5- HT neurons recorded in DMI + 6- OHDA mice showed an increased excitability: in this 
condition, 72% of DRN5- HT neurons were spontaneously active and DRN5- HT neurons displayed lower 
rheobase currents than control mice (Figure 3B, C). Because of the protective effect exerted in these 
mice by DMI, these findings suggest that the noradrenergic system contributes to the increased 
firing of DRN5- HT neurons.

While the rheobase of DRN5- HT neurons was not affected in 6- OHDA mice, we observed that their 
firing properties were profoundly altered: DRN5- HT neurons recorded in 6- OHDA mice displayed smaller 
APs than Sham mice and shorter AHPs than both Sham and 6- OHDA- injected mice pre- treated with 
DMI (Figure 3D–F). In contrast, the APs and AHPs of Sham and 6- OHDA- injected mice pre- treated 
with DMI did not differ. Moreover, DRN5- HT neurons of 6- OHDA- injected mice fired at higher frequen-
cies than 6- OHDA- injected mice pre- treated with DMI (Figure  3G–I). Finally, the membrane time 
constant of DRN5- HT neurons was shorter in 6- OHDA- injected mice than in Sham mice (Figure 3J). 
Interestingly, we found no differences in the firing properties of DRN5- HT neurons recorded in Sham 
and in 6- OHDA- injected mice pre- treated with DMI, suggesting that the noradrenergic lesion criti-
cally contributes to the changes in 6- OHDA mice. Taken together, these results indicate that DRN5- 

HT neurons are affected in the 6- OHDA mouse model of PD. Specifically, lesions of the DA system 
increase the excitability of DRN5- HT neurons whereas the combined lesion of the noradrenergic and DA 
systems changes the firing properties of DRN5- HT neurons.

https://doi.org/10.7554/eLife.90278
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Figure 3. Lesions targeting primarily nigrostriatal dopamine increase the excitability of DRN5- HT neurons whereas loss of NA affects their APs. 
(A) Overview of workflow for analyzing the electrophysiological and morphological properties of DRN neurons in Sham- and 6- OHDA- lesioned mice. 
(B) Top: pie charts showing the number of spontaneously active (dark) and silent (pale) DRN5- HT neurons in three conditions: Sham (left), 6- OHDA- 
injected mice (center), and 6- OHDA- injected mice pre- treated with DMI + 6- OHDA (right). Bottom: representative recordings of spontaneously active 
DRN5- HT neurons (I = 0 pA). (C) Quantification of the rheobase (left, Sham: n = 30, 6- OHDA: n = 17, DMI + 6- OHDA: n = 25), the firing frequency of 
spontaneously active cells (center, Sham: n = 11, 6- OHDA: n = 6, DMI + 6- OHDA: n = 18), and the resting membrane potential of silent DRN5- HT neurons 
(right, Sham: n = 19, 6- OHDA: n = 11, DMI + 6- OHDA: n = 7). (D) Representative APs of DRN5- HT at low (left) and high (right) temporal resolution. Gray 
circles indicate onset, offset, and peak of the APs as well as the end of the AHP. (E) Quantification of the amplitude (left) and duration (right) of the APs 
of DRN5- HT neurons (Sham: n = 29, 6- OHDA: n = 16, DMI + 6- OHDA: n = 21). (F) Same as in (D) for the AHP. (G) Representative responses of DRN5- HT 
neurons to current steps (I = +75 pA). (H) Quantification of firing frequency/injected current. (I) Quantification of the delay to the first AP when injected 
with current eliciting 1 Hz firing (Sham: n = 29, 6- OHDA: n = 16, DMI + 6- OHDA: n = 21). (J) Quantification of the membrane time constant tau of DRN5- 

HT neurons (Sham: n = 32, 6- OHDA: n = 16, DMI + 6- OHDA: n = 21). Sham: N = 6–7; 6- OHDA: N = 7; DMI + 6- OHDA: N = 4; unpaired t- test or Mann–
Whitney U test. Data are shown as mean ± SEM, *p < 0.05, **p < 0.01.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. The striatal injection of 6- OHDA induced 60–70% TH loss in the striatum, did not alter striatal 5- HT levels but reduced striatal NA 
levels.

Figure supplement 2. The 6- OHDA injection did not affect the number of DRN5- HT and DRNDA neurons.

Figure supplement 3. Selective lesioning of the NA system based on 6- OHDA injections in the LC affects DRN neurons mildly.

https://doi.org/10.7554/eLife.90278
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Striatal DA depletion induces hypotrophy of DRN5-HT neurons
Morphological analysis revealed a reduced soma size of the DRN5- HT neurons in 6- OHDA mice, 
which was manifested as decreased area, perimeter, and major axes in comparison to control mice 
(Figure  4A–C). Moreover, the increase in the circularity of the 6- OHDA group indicated that the 
shape of the soma of DRN5- HT neurons was also altered by the lesion (Figure 4C). These modifications 
were not observed in DMI + 6- OHDA mice, suggesting that preserving the NA system protected 
the DRN5- HT neurons (Figure 4A–C). Finally, the injection of 6- OHDA without DMI pre- treatment also 
resulted in a trend toward reduced number of primary dendrites and terminations of DRN5- HT neurons 
(Figure 4D). The number of bifurcations and the dendritic length were not affected by the lesion 
(Figure 4D). Globally, these results suggest that the lesion produced by 6- OHDA induces a hypo-
trophic phenotype in DRN5- HT neurons characterized by a shrinkage of the soma and that this alter-
ation is NA dependent.

Striatal DA depletion affects the firing of DRNDA neurons independent 
of NA loss
Finally, we assessed whether the striatal 6- OHDA lesion affects the physiology of DRNDA neurons. 
Whole- cell patch- clamp recordings revealed that 58% of DRNDA neurons are spontaneously active 
in slices of Sham- lesion mice (Figure 5A). In contrast, the proportion of intrinsically active neurons 

Figure 4. Striatal injection of 6- OHDA induced a hypotrophic phenotype in the DRN5- HT, which is prevented by pre- treatment with DMI. 
(A) Representative digital reconstructions of a DRN5- HT neuron in three different conditions: Sham (left), 6- OHDA- injected mice (center), and 6- OHDA- 
injected mice pre- treated with DMI (right). (B) Representative confocal pictures of soma from DRN5- HT neurons in Sham (top), 6- OHDA- injected mice 
(center), and 6- OHDA- injected mice pre- treated with DMI (bottom). (C) Morphological descriptors of the soma size and shape in DRN5- HT neurons (Sham: 
n = 20, N = 4; 6- OHDA: n = 19, N = 4; DMI + 6- OHDA: n = 17, N = 3; one- way ANOVA). (D) Morphological descriptors of the dendritic tree in DRN5- HT 
neurons (Sham: n = 8, N = 3, 6- OHDA: n = 6, N = 3: DMI + 6- OHDA: n = 6, N = 2). Data are shown as mean ± SEM, ***p < 0.001, **p < 0.01, *p < 0.05. 
Scale bar: 10 µm.

https://doi.org/10.7554/eLife.90278
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increased to 77% and 78% of DRNDA neurons in 6- OHDA- injected mice with and without pre- treatment 
with DMI, respectively.

In stark contrast to DRN5- HT neurons, the rheobase, the APs and their AHPs, the current- frequency 
slope and the time constant of DRNDA neurons were not affected in any 6- OHDA mice (Figure 5B–I). 
In fact, we did not observe any change in the firing properties of DRNDA neurons that was dependent 
on the protection of the NA system with DMI (Figure 5). DRNDA neurons recorded in 6- OHDA- injected 
mice pre- treated with DMI did however display a reduction in spike latency compared to Sham- 
lesioned mice (Figure 5G). Together, these results suggest that the electrophysiological properties of 
DRNDA neurons are affected in the 6- OHDA mouse model of PD and that these changes are primarily 
due to the lesion of the nigrostriatal DA pathway. In contrast, the morphological analysis of DRNDA 
neurons revealed that the striatal 6- OHDA injection did not significantly affect somatic and dendritic 
morphology (Figure 6).

Unilateral lesion of LC NA cells induces minor changes in DRN 
subpopulations
Our results so far suggest that concomitant lesioning of the DA and NA system (6- OHDA model) has a 
severe impact on DRN5- HT neurons which cannot be evoked when the NA system is partially protected 

Figure 5. Lesions targeting primarily SN dopamine depolarize DRNDA neurons whereas concomitant loss of NA does not affect their APs. (A) Top: 
pie charts showing the proportion of spontaneously active (dark) and silent (pale) DRNDA neurons in three conditions: Sham (left), 6- OHDA- injected 
mice (center), and 6- OHDA- injected mice pre- treated DMI (right). Bottom: representative recordings of spontaneously active DRNDA (I = 0 pA). 
(B) Quantification of the rheobase (left, Sham: n = 43, 6- OHDA: n = 31, DMI + 6- OHDA: n = 40), the firing frequency of spontaneously active (center, 
Sham: n = 25, 6- OHDA: n = 23, DMI + 6- OHDA: n = 31), and the resting membrane potential of silent DRNDA neurons (right, Sham: n = 18, 6- OHDA: 
n = 7, DMI + 6- OHDA: n = 9). (C) Representative APs of DRNDA at low (left) and high (right) temporal resolution. Gray circles indicate onset, offset, and 
peak of APs and the end of the afterhyperpolarization (AHP). (D) Quantification of the amplitude (left) and duration (right) of the APs of DRNDA neurons 
(Sham: n = 34, 6- OHDA: n = 23, DMI + 6- OHDA: n = 35). (E) Same as in (D) for the AHP. (F) Representative responses of DRNDA neurons to current steps 
(I = 75 pA). Gray circles indicate the delay to the first AP. Quantification of firing frequency/injected current (G, Sham: n = 31, 6- OHDA: n = 23, DMI + 
6- OHDA: n = 27), the delay to the first AP when injected with current eliciting 2 Hz firing (H, Sham: n = 34, 6- OHDA: n = 23, DMI + 6- OHDA: n = 35), and 
the membrane time constant (I, Sham: n = 43, 6- OHDA: n = 29, DMI + 6- OHDA: n = 40) of DRNDA neurons recorded (Sham: N = 8; 6- OHDA: N = 6; DMI 
+ 6- OHDA: N = 6; unpaired t- test or Mann–Whitney U test). Data are shown as mean ± SEM, *p < 0.05.

https://doi.org/10.7554/eLife.90278
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(DMI + 6- OHDA model). Therefore, we next assessed if selective lesioning of the NA system itself is 
sufficient to evoke changes in electrical and morphological properties observed in DRN5- HT neurons 
recorded in 6- OHDA. To that end, we performed unilateral injections of 6- OHDA/saline in the LC 
(Figure 3—figure supplement 3A), which lead to approximately 50% loss of TH+ neurons in the LC 
(Figure 3—figure supplement 3B, C). We chose to restrict the injection of 6- OHDA to one hemi-
sphere because little is known about this type of lesion while the fundamental role of the NA system 
in various neural processes is well established (Poe et al., 2020; Szot et al., 2012). We found that 
selective lesioning of the LC (6- OHDA- LC) did not alter the baseline activity levels, firing frequen-
cies, and resting membrane potentials of DRN5- HT and DRNDA neurons (Figure 3—figure supplement 
3D, E, K, L). However, DRN5- HT neurons recorded in 6- OHDA- LC had a lower input resistance at 
hyperpolarized membrane potentials, a shorter AHP, and a larger capacitance than DRN5- HT neurons 
recorded in control mice (Sham- LC, Figure 3—figure supplement 3E–G). Moreover, DRNDA neurons 
recorded in 6- OHDA- LC showed a reduction in their sag amplitudes (Figure 3—figure supplement 
3M, N). The other electrophysiological parameters were not significantly affected. Morphological 
analysis revealed that the selective lesion of the noradrenergic system did not alter the size and shape 
of cell bodies in either DRN subpopulation (Figure 3—figure supplement 3H1, O, P), however, the 
dendritic branching of both subpopulations was altered, as shown by the increased length of primary 

Figure 6. Striatal injection of 6- OHDA did not alter morphology of DRNDA. (A) Representative digital reconstructions of a DRNDA neuron in three 
different conditions: Sham (left), 6- OHDA- injected mice (center), and 6- OHDA- injected mice pre- treated with DMI (right). (B) Representative confocal 
pictures of soma from DRNDA neurons in Sham (top), 6- OHDA- injected mice (center), and 6- OHDA- injected mice pre- treated with DMI (bottom). 
(C) Morphological descriptors of the soma size and shape in DRNDA neurons (Sham: n = 27, N = 7; 6- OHDA: n = 16, N = 4; DMI + 6- OHDA: n = 31, N = 
5). (D) Morphological descriptors of the dendritic tree in DRNDA neurons (Sham: n = 7, N = 3; 6- OHDA: n = 11, N = 4; DMI + 6- OHDA: n = 7, N = 3). Data 
are shown as mean ± SEM. Scale bar: 10 µm.

https://doi.org/10.7554/eLife.90278
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dendrites in DRN5- HTneurons (Figure 3—figure supplement 3J) and the increased number of primary 
dendrites in DRNDA neurons (Figure 3—figure supplement 3Q).

Discussion
In the present study, we combine ex vivo whole- cell patch- clamp recordings with morphological 
reconstructions and immunohistochemistry, to show that DRNDA neurons have a distinct electrophys-
iological profile, which is sufficient to distinguish them from DRN5- HT neurons as well as other neuron 
classes in the DRN. Utilizing this approach, we also reveal that, in a 6- OHDA mouse model of PD, 
DRN5- HT neurons display distinct pathophysiological changes depending on the loss of DA and NA. 
Notably, degeneration of noradrenergic neurons affects not only the electrical properties of DRN5- HT 
neurons but also evokes hypotrophy of their cell bodies. In contrast, the loss of nigrostriatal DA mainly 
affects the electrophysiological properties of DRNDA neurons while concomitant loss of NA alters their 
morphology.

We used an extensive electrophysiological characterization protocol to quantify the differences 
between the DRNDA and DRN5- HT populations. The electrophysiological properties agree with previous 
studies, such as the spontaneous firing pattern seen in DRNDA neurons (Dougalis et al., 2012) and 
the slow AHP of DRN5- HT neurons (Prinz et al., 2013). Standard electrophysiological parameters were 
used to create a classification tool, which efficiently identifies DRN5- HT and DRNDA cells, including DA 
neurons confirmed by TH staining and/or by fluorescent expression in DAT- tomato mice (Figure 1). 
Importantly, the DRNDA neurons recorded from wild- type and DAT- tdTomato mice did not differ in 
their electrical properties, indicating that the transgene does not interfere with the membrane prop-
erties of this population.

We showed that DRNDA neurons share electrophysiological properties with other DA popula-
tions in the midbrain such as postinhibitory hypoexcitability, rebound oscillations, a slowly ramping 
membrane potential, and sag currents (Dougalis et al., 2012; Neuhoff et al., 2002; Lammel et al., 
2008), yet their electrophysiological profile is distinct from DRN5- HT neurons as well as other neuronal 
populations in the DRN. Most of the parameters extracted in our characterization rely on intracellular 
recordings of the membrane potential. However, some properties such as spontaneous firing and AP 
kinetics could be useful for in vivo characterization, even in extracellular recordings (Strickland and 
McDannald, 2022; Hajós et al., 2007; Schweimer et al., 2011). In addition to the DRN5- HT and DRNDA 
neuronal populations, a large fraction of neurons displayed electrophysiological properties that were 
distinct from these two groups (Figure 1—figure supplement 3), suggesting that there are other 
neuronal subtypes in the DRN network, such as previously reported GABAergic, glutamatergic, and 
peptidergic neurons (Huang et al., 2019; Pollak Dorocic et al., 2014; Dahlstroem and Fuxe, 1964; 
Weissbourd et al., 2014; Gocho et al., 2013; Xu et al., 2021; Bowker et al., 1983).

In line with previous studies, the majority of DRN5- HT neurons were large multipolar or fusiform 
neurons with four to five primary dendrites, very distinct from the DRNDA neurons (Rivera and Bethea, 
2013; Park, 1987; Calizo et  al., 2011). Very little is known about the morphology of the DRNDA 
neurons, but previous studies identified small ovoid cells in the DRN which are likely to correspond 
to the DRNDA cells (Dougalis et al., 2012; Diaz- Cintra et al., 1981). Out of 25 reconstructed DRN5- 

HT neurons, only one displayed dendritic spines. Previous studies in rats described the presence of 
dendritic spines in most DRN5- HT neurons (Li et  al., 2001). However, the study was performed in 
thicker slices and the dendritic spines were scarce in the primary and secondary dendrites, while they 
became dense in the distal dendrites, thus it is possible that in our study those dendrites were not 
present (Li et al., 2001).

In the present study, we assessed the impact on DRN cells of a striatal bilateral 6- OHDA lesion 
performed with or without DMI pre- treatment, which has been shown to protect the NA neurons in 
the LC from the 6- OHDA- induced degeneration (Bonito- Oliva et al., 2014b; Kamińska et al., 2017; 
Fulceri et al., 2006). We found that both DRN5- HT and DRNDA populations were affected in a cell- type- 
specific manner by the combined action of 6- OHDA on DA and NA, with DRN5- HT neurons being partic-
ularly sensitive to changes in the noradrenergic system. Loss of SNc DA neurons alone (6- OHDA + 
DMI) – which are known to target DRN5- HT and DRNDA neurons directly – increased the excitability and 
spontaneous activity in DRN5- HT neurons (Pollak Dorocic et al., 2014). This is in line with previous ex 
vivo and in vivo studies showing that the DRN5- HT neurons display increased firing rates in rodents pre- 
treated with DMI and injected with 6- OHDA (Prinz et al., 2013; Wang et al., 2009) As hypothesized 

https://doi.org/10.7554/eLife.90278
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by Prinz et al., 2013, the selective loss of midbrain DA may induce a homeostatic increase in the 
excitability of DRN5- HT neurons. Our data contrast with a previous in vivo study showing decreased 
firing activity in DRN5- HT neurons where injection of 6- OHDA was preceded by treatment with DMI and 
fluoxetine (Guiard et al., 2008). This dissimilarity may be related to species- specific (rat vs. mouse) 
and technical (intracerebroventricular vs. striatal injections, recordings performed at 10  days vs. 3 
weeks after the 6- OHDA injection). Importantly, in the same study identification of DRN5- HT neurons 
was not molecularly confirmed and the data may include other spontaneously active DRN neurons. 
In fact, our recordings show that there are non- serotonergic neurons in the DRN, which are sponta-
neously active and display a regular, slow firing frequency similar to DRN5- HT neurons, highlighting the 
importance of unequivocal identification of DRN cell types.

The present study shows that combined DA and NA lesioning affects DRN5- HT neurons more 
profoundly than selective loss of DA (Figures 3 and 4). In mice treated with 6- OHDA only, several 
electrophysiological and morphological properties were altered (Figures 3 and 4). The time constant 
and AHP of DRN5- HT neurons were shorter and the neurons responded with higher firing frequencies to 
current injections than in Sham. This finding suggests that the pronounced AHP and long tau of these 
neurons may act as a ‘brake’ limiting their maximum firing frequency in control conditions and that 
this brake is reduced when the NA system is lesioned. Future studies are needed to assess if DRN5- 

HT neurons in fact fire at higher rates in vivo in mice treated with 6- OHDA. In contrast, such changes 
in DRN5- HT neurons were prevented when the NA system was protected by pre- treatment with DMI. 
These findings indicate an important role for NA as mediator of changes in the activity and properties 
of DRN5- HT neurons. The changes produced by the 6- OHDA lesion on the DRNDA population were 
less pronounced than and different from those in DRN5- HT neurons. In terms of electrophysiological 
properties, the observed changes were primarily in the DA only lesion (6- OHDA + DMI), suggesting 
that unlike DRN5- HT, DRNDA neurons are affected by the loss of midbrain DA rather than the accompa-
nying changes in NA (Figure 5). Interestingly, unilateral lesions in the LC did not result in significant 
alterations in DRN neurons to the extent of the larger striatal lesions (Figure 3—figure supplement 
3). Although the trends of some of the electrophysiological parameters, such as the amplitude and 
duration of the AP and the AHP observed in DRN5- HT neurons, were similar to those induced by the 
6- OHDA only lesion shown in Figure 3, the effects were smaller. This could be due to the more limited 
extent of the LC injections compared to the striatal ones as well as the unilateral LC vs. bilateral stri-
atal lesioning. These two factors may have reduced the impact of NA depletion and should be further 
investigated in future studies.

Our results show that DRN neurons are affected by depletion of both DA and NA, thus raising 
the possibility that non- motor symptoms in PD are a result of the intricate organization of DA and 
NA neuromodulation as well as the interactions between the different DRN neuronal populations. 
Moreover, our results highlight the complex interplay in the DRN between NA, DA, and 5- HT, but the 
precise pathophysiological processes resulting from loss of NA, and specifically the impact on DRN, 
are yet to be elucidated.

In conclusion, our study provides a quantitative description and classification scheme for two major 
neuronal populations in the DRN, DRN5- HT and DRNDA neurons. We identified novel electrophysiolog-
ical and morphological changes in these populations in response to DA and NA depletion in the basal 
ganglia. Considering the involvement of DRN and LC in the development of non- motor comorbidities, 
this study provides useful insights to understand better how these areas are affected in the parkinso-
nian condition. Moreover, our data pave the way for future experiments to characterize these subpop-
ulations in terms of receptor expression and synaptic connectivity to shed light on their functional 
roles particularly regarding the wide variety of non- motor symptoms observed in PD.

Methods

 Continued on next page

Key resources table 

Reagent type 
(species) or resource Designation Source or reference Identifiers Additional information

Strain, strain 
background (mouse, 
C57BL/6J) DAT- cre The Jackson Laboratory Stock #006660

https://doi.org/10.7554/eLife.90278
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Reagent type 
(species) or resource Designation Source or reference Identifiers Additional information

Strain, strain 
background (mouse, 
C57BL/6J) tdTomato The Jackson Laboratory Stock #007909

Antibody
anti- Tyrosine Hydroxylase (rabbit 
polyclonal) Millipore

Millipore: AB152;
RRID:AB_390204 1:1000 IF; 1:2000 WB

Antibody
anti- Tryptophane Hydroxylase 
(mouse monoclonal) Sigma- Aldrich

Sigma- Aldrich: T0678;
RRID:AB_261587 1:600

Antibody
anti- Beta- Actin (mouse 
monoclonal) Sigma- Aldrich

Sigma- Aldrich: A5316;
RRID:AB_476743 1:30,000

Commercial assay 
or kit Noradrenaline Research ELISA kit LDN BA E- 5200R

Commercial assay 
or kit Serotonine Research ELISA kit LDN BA E- 5900R

Chemical compound, 
drug Desipramine hydrochloride Sigma- Aldrich D3900

Chemical compound, 
drug 6- Hydroxydopamine hydrocloride Sigma- Aldrich H4381

Chemical compound, 
drug Sucrose Fisher Scientific 10638403

Chemical compound, 
drug Glucose Sigma- Aldrich G7021

Chemical compound, 
drug NaHCO3 Fisher Scientific 10118190

Chemical compound, 
drug KCl Sigma- Aldrich P3911

Chemical compound, 
drug NaH2PO4 Sigma- Aldrich 71504

Chemical compound, 
drug CaCl2 Sigma- Aldrich C5080

Chemical compound, 
drug MgCl2 Sigma- Aldrich M2670

Chemical compound, 
drug NaCl Merck 106404

Chemical compound, 
drug K- gluconate Sigma- Aldrich G4500

Chemical compound, 
drug HEPES Sigma- Aldrich H3375

Chemical compound, 
drug Mg- ATP Sigma- Aldrich A9187

Chemical compound, 
drug GTP Sigma- Aldrich G8877

Chemical compound, 
drug Na2- phosphocreatine Sigma- Aldrich P7936

Chemical compound, 
drug Neurobiotin

Vector Laboratories, 
Bionordika SP- 1120

Chemical compound, 
drug AlexaFluor488 Hydrazide

Invitrogen/Thermo Fisher 
Scientific A10436

Software, algorithm Igor Pro 6.37 Wavemetrics RRID:SCR_000325

Software, algorithm GraphPad Prism Graphpad Software RRID:SCR_002798

Software, algorithm ImageJ Java RRID:SCR_003070

 Continued on next page
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Reagent type 
(species) or resource Designation Source or reference Identifiers Additional information

Software, algorithm neuTube

Howard Hughes Medical 
Institute;
Feng et al., 2015 

RRID:SCR_024867

Other Cy5- conjugated streptavidin Jackson ImmunoResearch

Jackson ImmunoResearch:  
016- 170- 084;
RRID:AB2337245 1:500

Other NEUROBIOTIN Tracer Vector Laboratories
Vector Laboratories: SP- 1120;  
RRID:AB2313575

 Continued

Experimental model details
All animal procedures were performed in accordance with the national guidelines and approved by 
the local ethics committee of Stockholm, Stockholms Norra djurförsöksetiska nämnd, under ethical 
permits to G. F. (N12148/17, 14673–22) and G. S. (N2020/2022). All mice (N = 43) were group- housed 
under a 12 hr light/dark schedule and given ad libitum access to food and water. Wild- type mice 
(‘C57BL/6J’, #000664, the Jackson Laboratory) and DAT- cre (Stock #006660 the Jackson Laboratory) 
mice crossed with homozygous tdTomato reporter mice (‘Ai9’, stock #007909, the Jackson Labora-
tory) were used.

6-OHDA model
Three- month- old, male and female C57BL/6J or DAT- tdTomato were deeply anesthetized with isoflu-
rane and mounted on a stereotaxic frame (Stoelting Europe, Dublin, Ireland). To achieve a partial stri-
atal lesion, each mouse received a bilateral injection of 1.25 μl of 6- hydroxydopamine hydrochloride 
(6- OHDA, Sigma- Aldrich, 4 μg/μl) or vehicle (0.9% NaCl + ascorbic acid 0.02%) in the dorsolateral 
striatum, according to the following coordinates: anteroposterior +0.6 mm, mediolateral ±2.2, dorso-
ventral −3.2 from Bregma, as previously described (Bonito- Oliva et al., 2014a; Masini et al., 2021). 
One group of mice (referred to as DMI + 6- OHDA) was pre- treated with one injection of desipramine 
hydrochloride (DMI, Sigma- Aldrich, 25 mg/kg i.p.) 30 min before the 6- OHDA infusion in order to 
protect the noradrenergic system (Bonito- Oliva et al., 2014b).

For the LC lesion, mice received a unilateral injection of 1 μl of 6- OHDA (Sigma- Aldrich, 4 μg/μl) 
or vehicle (0.9% NaCl + ascorbic acid 0.02%) according to the following coordinates: anteroposterior 
−5.4 mm, mediolateral −0.9, dorsoventral −3.8 from Bregma.

Slice preparation and electrophysiology
Three weeks after the 6- OHDA/vehicle injection, mice were deeply anaesthetized with isoflurane and 
decapitated. The brain was quickly removed and immersed in ice- cold cutting solution containing 
205 mM sucrose, 10 mM glucose, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4, 0.5 mM CaCl2, 
and 7.5 mM MgCl2. In all experiments, the brain was divided into two parts: the striatum was dissected 
from the anterior section for western blot and the posterior part was used to prepare coronal brain 
slices (250 µm) with a Leica VT 1000 S vibratome. Slices were incubated for 30–60 min at 34°C in a 
submerged chamber filled with artificial cerebrospinal fluid (ACSF) saturated with 95% oxygen and 5% 
carbon dioxide. ACSF was composed of 125 mM NaCl, 25 mM glucose, 25 mM NaHCO3, 2.5 mM KCl, 
2 mM CaCl2, 1.25 mM NaH2PO4, and 1 mM MgCl2. Subsequently, slices were kept for at least 60 min 
at room temperature before recording.

Whole- cell patch- clamp recordings were obtained in oxygenated ACSF at 35°C. Neurons were 
visualized using infrared differential interference contrast microscopy (Zeiss FS Axioskop, Oberko-
chen, Germany). DAT- tdTomato- positive cells were identified by switching to epifluorescence using 
a mercury lamp (X- cite, 120Q, Lumen Dynamics). Up to three cells were patched simultaneously. 
Borosilicate glass pipettes (Hilgenberg) of 6–8 MOhm resistance were pulled with a Flaming/Brown 
micropipette puller P- 1000 (Sutter Instruments). The intracellular solution contained 130 mM K- gluco-
nate, 5 mM KCl, 10 mM HEPES buffer, 4 mM Mg- ATP, 0.3 mM GTP, 10 mM Na2- phosphocreatine (pH 
7.25, osmolarity 285 mOsm), 0.2% neurobiotin (Vector Laboratories, CA), and Alexa488 (75 µM) was 
added to the intracellular solution (Invitrogen). Recordings were made in current- clamp mode and the 
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intrinsic properties of the neurons were determined by a series of hyperpolarizing and depolarizing 
current steps and ramps, enabling the extraction of sub- and suprathreshold properties. Recordings 
were amplified using MultiClamp 700B amplifiers (Molecular Devices, CA, USA), filtered at 2  kHz, 
digitized at 10–20  kHz using ITC- 18 (HEKA Elektronik, Instrutech, NY, USA), and acquired using 
custom- made routines running on IgorPro (Wavemetrics, OR, USA). Throughout all recordings pipette 
capacitance and access resistance were compensated for and data were discarded when access resis-
tance increased beyond 30 MOhm. Liquid junction potential was not corrected for.

Quantification of electrophysiological parameters
Immediately after obtaining a whole- cell patch in DRN neurons, we first obtained a 10- s voltage 
recording of the neural activity without injecting any current. This recording was used to calculate the 
average resting membrane potential in silent neurons and the firing frequency of spontaneously active 
neurons. Subsequently, neurons were held at −60 mV while an extensive series of de- and hyperpo-
larizing current steps was applied. The amplitude of all current steps was scaled according to a test 
pulse that was set to evoke one to two APs. The resulting voltage recordings were used to extract 
and calculate the following parameters: The rheobase was defined as the minimum current required 
to evoke AP firing. AP parameters were extracted from recordings where DRN5- HT neurons fired at 1 
± 0.3 Hz and DRNDA neurons at 2 ± 0.3 Hz (i.e., close to their average spontaneous firing frequency) 
and values from individual APs were averaged. AP onset was extracted by quantifying where the 
rising slope of the AP (its first derivative) reached 5 V/s and the end of the AP was defined as the time 
where the AP had repolarized to the same membrane voltage as found at the onset. The AP duration 
was calculated as the time between the onset and the offset. The amplitude of the AP was defined 
as the voltage difference between the onset and its peak. The amplitude of the AHP was defined as 
the voltage difference between the end of the AP and the subsequent local minimum. The end of the 
AHP was found by using a sliding window of 50 ms to assess when the slope of the decaying AHP 
had first decreased to 0.005 V/s or less. The AP drop rate was measured by injecting a current ramp 
into the neurons that evoked multiple APs. The amplitude of these APs was extracted as described 
above. The amplitude was plotted vs. the injected current and a linear fit was applied whose slope 
constitutes the AP drop rate. The delay to the first spike constitutes the time between the onset of 
the current injection and the onset of the first AP in recordings. The input resistance was based on the 
slope of a linear fit across all current–voltage steps that resulted in a steady- state voltage between 
−90 and −50 mV (R = U/I). The steady- state voltage was based on the average voltage found during 
a time window starting 0.5 s after the beginning of a 1- s long current step and lasting until the end 
of the current step. The amplitude of sag currents was defined as the average voltage difference 
between the steady- state voltage and the peak voltage evoked by current steps that hyperpolarized 
the neurons to −90 ± 5 mV. The peak voltage constituted the minimum voltage observed during the 
first 0.5 s of the step. The time constant tau was extracted following injection of a 5- ms long hyper-
polarizing current step. We applied an exponential fit to the resulting voltage recording that started 1 
ms after the negative voltage peak had been reached and ended when the membrane potential had 
returned to the average baseline voltage preceding the step. Tau corresponds to K2 given the expo-
nential fit is defined as y = K0 + K1*exp(−K2*x). Based on tau and the steady- state input resistance, 
we calculated the capacitance C according to C = tau/resistance. The IF slope was extracted from the 
linear fit applied to a current–frequency plot.

Immunofluorescence
Following the recordings, slices were fixated overnight at 4°C in a 4% paraformaldehyde (PFA) solu-
tion. Slices were then washed with PBS 1×. For the immunofluorescence, slices were treated with PBS 
1× + Triton 0.3% and then incubated with a blocking solution of normal serum 10% and bovine serum 
albumin 1% for 1 hr at room temperature. Afterward, slices were incubated overnight at 4°C with 
the following primary antibodies: rabbit anti- TH (Millipore, 1:1000), mouse anti- TPH (Sigma- Aldrich, 
1:600), and streptavidin (Jackson Immunoresearch, 1:500). The following day, primary antibodies 
were washed out and slices were incubated with the appropriate fluorochrome- conjugated secondary 
antibodies.

For the immunostainings in the striatum, SNc, LC, and cell counting in DRN, mice were deeply 
anesthetized and transcardially perfused with PFA 4%. The brains were extracted and post- fixed in 
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PFA 4% for 24 hr. 40 µm coronal slices were prepared with a vibratome (Leica VT1000 S) and processed 
as described above.

Confocal microscopy analysis
The slices were imaged using Confocal (ZEISS LSM 800) at ×10 and ×40 and z- stacks were retrieved. 
For cell identification, colocalization between neurobiotin and TH or TPH was evaluated.

Morphological analysis
For morphological analysis of dendrites, the confocal z- stacks were used in a semi- manual recon-
struction using neuTube (Feng et al., 2015) and custom code, as previously described (Hjorth et al., 
2020). Soma morphology was analyzed by tracing manually the cell body profile, excluding dendritic 
trunks, in order to measure area (µm²), perimeter, major and minor axis length (µm), and circularity 
values. Circularity, calculated as the ratio between the squared perimeter and the area (i.e., perime-
ter²/4π area), can be a value between 0 and 1 (1 for circular shapes and values <1 for more complex 
shapes). The morphological analysis was performed on the neurobiotin stacks.

Western blot
The striata were sonicated in 1% sodium dodecyl sulfate and boiled for 10 min. Equal amounts of 
protein (25 μg) for each sample were loaded onto 10% polyacrylamide gels and separated by electro-
phoresis and transferred overnight to nitrocellulose membranes (Thermo Fisher, Stockholm, Sweden). 
The membranes were immunoblotted with primary antibodies against actin (1:30,000, Sigma- Aldrich, 
Stockholm, Sweden) and TH (1:2000, Millipore, Darmstadt, Germany). Detection was based on fluo-
rescent secondary antibody binding (IR Dye 800CW and 680RD, Li- Cor, Lincoln, NE, USA) and quan-
tified using a Li- Cor Odyssey infrared fluorescent detection system (Li- Cor, Lincoln, NE, USA). The TH 
protein levels were normalized for the corresponding actin detected in the sample and then expressed 
as a percentage of the control (Sham lesion).

Enzyme-linked immunosorbent assay (ELISA)
NA and 5- HT levels in the striatum were determined by ELISA. Three weeks after the 6- OHDA injection, 
mice were killed by decapitation and the striatum was dissected out freehand on an ice- cold surface 
and weighted. The tissue was sonicated in a buffer with HCl 0.01 M, Ethylenediaminetetraacetic acid 
(EDTA) 1 mM, and sodium metabisulfite 4 mM (25 µl/mg of tissue). The brain homogenates were 
centrifuged at 4°C, 13,000 rpm for 20 min and the supernatants were collected. The samples were 
assessed in analytic duplicate using Noradrenaline and Serotonin Research ELISA kits (LDN, Germany), 
according to the manufacturer’s instructions. The absorbance at 450 nm was measured using a micro-
plate reader. Tissue concentrations of NA and 5- HT were determined using a standard curve.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.2.0. Data were first tested for normality by 
Kolmogorov–Smirnov test. Two groups analysis was performed by unpaired t- test for normally distrib-
uted data and the Mann–Whitney U test for non- normally distributed data. Three groups analysis was 
performed by one- way analysis of variance (ANOVA) for normally distributed data or Kruskal–Wallis 
test for non- normally distributed data. Data are reported as average ± standard error (SEM) of the 
mean. N indicates the number of mice, while n indicates the number of cells. Significance was set at 
p < 0.05.

Acknowledgements
We thank Elin Dahlberg for technical assistance and Kristoffer Tenebro Berglund for taking care of 
the mice. We also thank the members of the Silberberg and Fisone labs and the AND- PD consortium 
members for comments and discussions.

https://doi.org/10.7554/eLife.90278


 Research article      Neuroscience

Boi, Johansson et al. eLife 2023;12:RP90278. DOI: https:// doi. org/ 10. 7554/ eLife. 90278  17 of 21

Additional information

Funding

Funder Grant reference number Author

Knut och Alice 
Wallenbergs Stiftelse

KAW 2017.0273 Gilad Silberberg

Hjärnfonden FO2021-0333 Gilad Silberberg

Vetenskapsrådet 2019-01254 Gilad Silberberg

Vetenskapsrådet 2020-06365 Yvonne Johansson

Horizon 2020 Framework 
Programme

848002 Raffaella Tonini
Rosario Moratalla
Gilberto Fisone
Gilad Silberberg

Vetenskapsrådet 2019-01170 Gilberto Fisone

Hjärnfonden FO2018-0124 Gilberto Fisone

The funders had no role in study design, data collection, and interpretation, or the 
decision to submit the work for publication.

Author contributions
Laura Boi, Conceptualization, Resources, Data curation, Software, Formal analysis, Validation, Inves-
tigation, Visualization, Methodology, Writing – original draft, Writing – review and editing; Yvonne 
Johansson, Conceptualization, Resources, Data curation, Software, Formal analysis, Funding acqui-
sition, Validation, Investigation, Visualization, Methodology, Writing – original draft, Writing – review 
and editing; Raffaella Tonini, Rosario Moratalla, Conceptualization; Gilberto Fisone, Gilad Silberberg, 
Conceptualization, Resources, Data curation, Software, Formal analysis, Supervision, Funding acqui-
sition, Validation, Investigation, Visualization, Methodology, Writing – original draft, Project adminis-
tration, Writing – review and editing

Author ORCIDs
Laura Boi    http://orcid.org/0000-0001-5345-8478
Yvonne Johansson    http://orcid.org/0000-0001-9781-9204
Raffaella Tonini    https://orcid.org/0000-0003-1652-4709
Gilberto Fisone    https://orcid.org/0000-0002-0719-8000
Gilad Silberberg    https://orcid.org/0000-0001-9964-505X

Ethics
This study was performed in strict accordance with the regulations of the Stockholm committee for 
animal research. All of the animals were handled according to approved institutional animal care at 
Karolinska Institutet. All animal procedures were approved by the Committee for Animal Experiments 
of the Stockholm region (Permit Number: 2020/2022).

Peer review material
Reviewer #1 (Public Review): https://doi.org/10.7554/eLife.90278.4.sa1
Reviewer #2 (Public Review): https://doi.org/10.7554/eLife.90278.4.sa2
Author response https://doi.org/10.7554/eLife.90278.4.sa3

Additional files
Supplementary files
•  MDAR checklist 

Data availability
Electrophysiological data are available at Zenodo. This dataset contains the electrophysiological data 
presented in the paper including Figure 1I and J, Figure 3, Figure 5, Figure 1—figure supplement 2A, 
Figure 1—figure supplement 3, Figure 3—figure supplement 3E, G, L and N. More information about 

https://doi.org/10.7554/eLife.90278
http://orcid.org/0000-0001-5345-8478
http://orcid.org/0000-0001-9781-9204
https://orcid.org/0000-0003-1652-4709
https://orcid.org/0000-0002-0719-8000
https://orcid.org/0000-0001-9964-505X
https://doi.org/10.7554/eLife.90278.4.sa1
https://doi.org/10.7554/eLife.90278.4.sa2
https://doi.org/10.7554/eLife.90278.4.sa3
https://doi.org/10.5281/zenodo.11371818


 Research article      Neuroscience

Boi, Johansson et al. eLife 2023;12:RP90278. DOI: https:// doi. org/ 10. 7554/ eLife. 90278  18 of 21

how the data was extracted can be found in the Methods section of the paper. Morphological/WB/
ELISA/cell counting data are available at Zenodo. This dataset contains the data included in Figure 
2B and C, Figure 4B and C, Figure 6B and C, Figure 3—figure supplement 1, Figure 3—figure supple-
ment 2, Figure 3—figure supplement 3I and J. The original blot for Figure 3—figure supplement 1 is 
available at Zenodo.

The following datasets were generated:

Author(s) Year Dataset title Dataset URL Database and Identifier

Johansson Y 2024 Electrophysiological data 
of the paper 'Serotonergic 
and dopaminergic neurons 
in the dorsal raphe are 
differentially altered 
in a mouse model for 
parkinsonism'

https:// zenodo. org/ 
records/ 11371818

Zenodo, 10.5281/
zenodo.11371818

Boi L 2024 Morphological/WB/ELISA/
cell counting data of the 
paper 'Serotonergic and 
dopaminergic neurons 
in the dorsal raphe are 
differentially altered 
in a mouse model for 
parkinsonism'

https:// zenodo. org/ 
records/ 11186455

Zenodo, 10.5281/
zenodo.11186455

Boi L 2024 Original blot for Figure 3—
figure supplement 1.

https:// zenodo. org/ 
records/ 12567327

Zenodo, 10.5281/
zenodo.12567327

References
Aston- Jones G, Akaoka H, Charléty P, Chouvet G. 1991. Serotonin selectively attenuates glutamate- evoked 

activation of noradrenergic locus coeruleus neurons. The Journal of Neuroscience 11:760–769. DOI: https:// 
doi.org/10.1523/JNEUROSCI.11-03-00760.1991, PMID: 1672153

Bonito- Oliva A, Masini D, Fisone G. 2014a. A mouse model of non- motor symptoms in Parkinson’s disease: focus 
on pharmacological interventions targeting affective dysfunctions. Frontiers in Behavioral Neuroscience 8:290. 
DOI: https://doi.org/10.3389/fnbeh.2014.00290, PMID: 25221486

Bonito- Oliva A, Pignatelli M, Spigolon G, Yoshitake T, Seiler S, Longo F, Piccinin S, Kehr J, Mercuri NB, Nisticò R, 
Fisone G. 2014b. Cognitive impairment and dentate gyrus synaptic dysfunction in experimental parkinsonism. 
Biological Psychiatry 75:701–710. DOI: https://doi.org/10.1016/j.biopsych.2013.02.015, PMID: 23541633

Bowker RM, Westlund KN, Sullivan MC, Wilber JF, Coulter JD. 1983. Descending serotonergic, peptidergic and 
cholinergic pathways from the raphe nuclei: a multiple transmitter complex. Brain Research 288:33–48. DOI: 
https://doi.org/10.1016/0006-8993(83)90079-3, PMID: 6198030

Braak H, Del Tredici K, Rüb U, de Vos RAI, Jansen Steur ENH, Braak E. 2003. Staging of brain pathology related 
to sporadic Parkinson’s disease. Neurobiology of Aging 24:197–211. DOI: https://doi.org/10.1016/s0197-4580( 
02)00065-9, PMID: 12498954

Calizo LH, Akanwa A, Ma X, Pan YZ, Lemos JC, Craige C, Heemstra LA, Beck SG. 2011. Raphe serotonin neurons 
are not homogenous: electrophysiological, morphological and neurochemical evidence. Neuropharmacology 
61:524–543. DOI: https://doi.org/10.1016/j.neuropharm.2011.04.008, PMID: 21530552

Cardozo Pinto DF, Yang H, Pollak Dorocic I, de Jong JW, Han VJ, Peck JR, Zhu Y, Liu C, Beier KT, Smidt MP, 
Lammel S. 2019. Characterization of transgenic mouse models targeting neuromodulatory systems reveals 
organizational principles of the dorsal raphe. Nature Communications 10:4633. DOI: https://doi.org/10.1038/ 
s41467-019-12392-2, PMID: 31604921

Carter ME, Yizhar O, Chikahisa S, Nguyen H, Adamantidis A, Nishino S, Deisseroth K, de Lecea L. 2010. Tuning 
arousal with optogenetic modulation of locus coeruleus neurons. Nature Neuroscience 13:1526–1533. DOI: 
https://doi.org/10.1038/nn.2682, PMID: 21037585

Chaudhuri KR, Schapira AHV. 2009. Non- motor symptoms of Parkinson’s disease: dopaminergic pathophysiology 
and treatment. The Lancet. Neurology 8:464–474. DOI: https://doi.org/10.1016/S1474-4422(09)70068-7, 
PMID: 19375664

Cheshire P, Ayton S, Bertram KL, Ling H, Li A, McLean C, Halliday GM, O’Sullivan SS, Revesz T, Finkelstein DI, 
Storey E, Williams DR. 2015. Serotonergic markers in Parkinson’s disease and levodopa- induced dyskinesias. 
Movement Disorders 30:796–804. DOI: https://doi.org/10.1002/mds.26144, PMID: 25649148

Cho JR, Treweek JB, Robinson JE, Xiao C, Bremner LR, Greenbaum A, Gradinaru V. 2017. Dorsal raphe 
dopamine neurons modulate arousal and promote wakefulness by salient stimuli. Neuron 94:1205–1219. DOI: 
https://doi.org/10.1016/j.neuron.2017.05.020, PMID: 28602690

https://doi.org/10.7554/eLife.90278
https://doi.org/10.5281/zenodo.11186455
https://doi.org/10.5281/zenodo.12567327
https://zenodo.org/records/11371818
https://zenodo.org/records/11371818
https://zenodo.org/records/11186455
https://zenodo.org/records/11186455
https://zenodo.org/records/12567327
https://zenodo.org/records/12567327
https://doi.org/10.1523/JNEUROSCI.11-03-00760.1991
https://doi.org/10.1523/JNEUROSCI.11-03-00760.1991
http://www.ncbi.nlm.nih.gov/pubmed/1672153
https://doi.org/10.3389/fnbeh.2014.00290
http://www.ncbi.nlm.nih.gov/pubmed/25221486
https://doi.org/10.1016/j.biopsych.2013.02.015
http://www.ncbi.nlm.nih.gov/pubmed/23541633
https://doi.org/10.1016/0006-8993(83)90079-3
http://www.ncbi.nlm.nih.gov/pubmed/6198030
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1016/s0197-4580(02)00065-9
http://www.ncbi.nlm.nih.gov/pubmed/12498954
https://doi.org/10.1016/j.neuropharm.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21530552
https://doi.org/10.1038/s41467-019-12392-2
https://doi.org/10.1038/s41467-019-12392-2
http://www.ncbi.nlm.nih.gov/pubmed/31604921
https://doi.org/10.1038/nn.2682
http://www.ncbi.nlm.nih.gov/pubmed/21037585
https://doi.org/10.1016/S1474-4422(09)70068-7
http://www.ncbi.nlm.nih.gov/pubmed/19375664
https://doi.org/10.1002/mds.26144
http://www.ncbi.nlm.nih.gov/pubmed/25649148
https://doi.org/10.1016/j.neuron.2017.05.020
http://www.ncbi.nlm.nih.gov/pubmed/28602690


 Research article      Neuroscience

Boi, Johansson et al. eLife 2023;12:RP90278. DOI: https:// doi. org/ 10. 7554/ eLife. 90278  19 of 21

Dahlstroem A, Fuxe K. 1964. Evidence for the existence of monoamine neurons in the central nervous system. I. 
Demonstration of monoarnines in cell badies of brainstem neurons. Acta Physiologica Scandinavica. 
Supplementum 232:1–55 PMID: 14229500. 

Descarries L, Berthelet F, Garcia S, Beaudet A. 1986. Dopaminergic projection from nucleus raphe dorsalis to 
neostriatum in the rat. The Journal of Comparative Neurology 249:511–520. DOI: https://doi.org/10.1002/cne. 
902490407, PMID: 2427554

Diaz- Cintra S, Cintra L, Kemper T, Resnick O, Morgane PJ. 1981. Nucleus raphe dorsalis: a morphometric Golgi 
study in rats of three age groups. Brain Research 207:1–16. DOI: https://doi.org/10.1016/0006-8993(81) 
90675-2, PMID: 7470897

Dougalis AG, Matthews GAC, Bishop MW, Brischoux F, Kobayashi K, Ungless MA. 2012. Functional properties of 
dopamine neurons and co- expression of vasoactive intestinal polypeptide in the dorsal raphe nucleus and 
ventro- lateral periaqueductal grey. The European Journal of Neuroscience 36:3322–3332. DOI: https://doi.org/ 
10.1111/j.1460-9568.2012.08255.x, PMID: 22925150

Dzirasa K, Ribeiro S, Costa R, Santos LM, Lin S- C, Grosmark A, Sotnikova TD, Gainetdinov RR, Caron MG, 
Nicolelis MAL. 2006. Dopaminergic control of sleep- wake states. The Journal of Neuroscience 26:10577–
10589. DOI: https://doi.org/10.1523/JNEUROSCI.1767-06.2006, PMID: 17035544

Feng L, Zhao T, Kim J. 2015. neuTube 1.0: A new design for efficient neuron reconstruction software based on 
the SWC format. eNeuro 2:ENEURO.0049- 14.2014. DOI: https://doi.org/10.1523/ENEURO.0049-14.2014, 
PMID: 26464967

Flores JA, El Banoua F, Galán- Rodríguez B, Fernandez- Espejo E. 2004. Opiate anti- nociception is attenuated 
following lesion of large dopamine neurons of the periaqueductal grey: critical role for D1 (not D2) dopamine 
receptors. Pain 110:205–214. DOI: https://doi.org/10.1016/j.pain.2004.03.036, PMID: 15275769

Flores JA, Galan- Rodriguez B, Ramiro- Fuentes S, Fernandez- Espejo E. 2006. Role for dopamine neurons of the 
rostral linear nucleus and periaqueductal gray in the rewarding and sensitizing properties of heroin. 
Neuropsychopharmacology 31:1475–1488. DOI: https://doi.org/10.1038/sj.npp.1300946, PMID: 16292327

Fu W, Le Maître E, Fabre V, Bernard J- F, David Xu Z- Q, Hökfelt T. 2010. Chemical neuroanatomy of the dorsal 
raphe nucleus and adjacent structures of the mouse brain. The Journal of Comparative Neurology 518:3464–
3494. DOI: https://doi.org/10.1002/cne.22407, PMID: 20589909

Fulceri F, Biagioni F, Lenzi P, Falleni A, Gesi M, Ruggieri S, Fornai F. 2006. Nigrostriatal damage with 6- OHDA: 
validation of routinely applied procedures. Annals of the New York Academy of Sciences 1074:344–348. DOI: 
https://doi.org/10.1196/annals.1369.032, PMID: 17105931

Gesi M, Soldani P, Giorgi FS, Santinami A, Bonaccorsi I, Fornai F. 2000. The role of the locus coeruleus in the 
development of Parkinson’s disease. Neuroscience and Biobehavioral Reviews 24:655–668. DOI: https://doi. 
org/10.1016/s0149-7634(00)00028-2, PMID: 10940440

Gocho Y, Sakai A, Yanagawa Y, Suzuki H, Saitow F. 2013. Electrophysiological and pharmacological properties of 
GABAergic cells in the dorsal raphe nucleus. The Journal of Physiological Sciences 63:147–154. DOI: https:// 
doi.org/10.1007/s12576-012-0250-7, PMID: 23275149

Guiard BP, El Mansari M, Merali Z, Blier P. 2008. Functional interactions between dopamine, serotonin and 
norepinephrine neurons: an in- vivo electrophysiological study in rats with monoaminergic lesions. The 
International Journal of Neuropsychopharmacology 11:625–639. DOI: https://doi.org/10.1017/ 
S1461145707008383, PMID: 18205979

Haddjeri N, de Montigny C, Blier P. 1997. Modulation of the firing activity of noradrenergic neurones in the rat 
locus coeruleus by the 5- hydroxtryptamine system. British Journal of Pharmacology 120:865–875. DOI: https:// 
doi.org/10.1038/sj.bjp.0700968, PMID: 9138693

Hajós M, Allers KA, Jennings K, Sharp T, Charette G, Sík A, Kocsis B. 2007. Neurochemical identification of 
stereotypic burst- firing neurons in the rat dorsal raphe nucleus using juxtacellular labelling methods. The 
European Journal of Neuroscience 25:119–126. DOI: https://doi.org/10.1111/j.1460-9568.2006.05276.x, PMID: 
17241273

Halliday GM, Blumbergs PC, Cotton RG, Blessing WW, Geffen LB. 1990a. Loss of brainstem serotonin- and 
substance P- containing neurons in Parkinson’s disease. Brain Research 510:104–107. DOI: https://doi.org/10. 
1016/0006-8993(90)90733-r, PMID: 1691042

Halliday GM, Li YW, Blumbergs PC, Joh TH, Cotton RG, Howe PR, Blessing WW, Geffen LB. 1990b. 
Neuropathology of immunohistochemically identified brainstem neurons in Parkinson’s disease. Annals of 
Neurology 27:373–385. DOI: https://doi.org/10.1002/ana.410270405, PMID: 1972319

Hjorth JJJ, Kozlov A, Carannante I, Frost Nylén J, Lindroos R, Johansson Y, Tokarska A, Dorst MC, 
Suryanarayana SM, Silberberg G, Hellgren Kotaleski J, Grillner S. 2020. The microcircuits of striatum in silico. 
PNAS 117:9554–9565. DOI: https://doi.org/10.1073/pnas.2000671117, PMID: 32321828

Huang KW, Ochandarena NE, Philson AC, Hyun M, Birnbaum JE, Cicconet M, Sabatini BL. 2019. Molecular and 
anatomical organization of the dorsal raphe nucleus. eLife 8:e46464. DOI: https://doi.org/10.7554/eLife.46464, 
PMID: 31411560

Jankovic J. 2008. Parkinson’s disease: clinical features and diagnosis. Journal of Neurology, Neurosurgery, and 
Psychiatry 79:368–376. DOI: https://doi.org/10.1136/jnnp.2007.131045, PMID: 18344392

Jørgensen LM, Henriksen T, Mardosiene S, Keller SH, Stenbæk DS, Hansen HD, Jespersen B, Thomsen C, 
Weikop P, Svarer C, Knudsen GM. 2021. Parkinson patients have A presynaptic serotonergic deficit: A dynamic 
deep brain stimulation PET study. Journal of Cerebral Blood Flow and Metabolism 41:1954–1963. DOI: https:// 
doi.org/10.1177/0271678X20982389, PMID: 33461410

https://doi.org/10.7554/eLife.90278
http://www.ncbi.nlm.nih.gov/pubmed/14229500
https://doi.org/10.1002/cne.902490407
https://doi.org/10.1002/cne.902490407
http://www.ncbi.nlm.nih.gov/pubmed/2427554
https://doi.org/10.1016/0006-8993(81)90675-2
https://doi.org/10.1016/0006-8993(81)90675-2
http://www.ncbi.nlm.nih.gov/pubmed/7470897
https://doi.org/10.1111/j.1460-9568.2012.08255.x
https://doi.org/10.1111/j.1460-9568.2012.08255.x
http://www.ncbi.nlm.nih.gov/pubmed/22925150
https://doi.org/10.1523/JNEUROSCI.1767-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17035544
https://doi.org/10.1523/ENEURO.0049-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/26464967
https://doi.org/10.1016/j.pain.2004.03.036
http://www.ncbi.nlm.nih.gov/pubmed/15275769
https://doi.org/10.1038/sj.npp.1300946
http://www.ncbi.nlm.nih.gov/pubmed/16292327
https://doi.org/10.1002/cne.22407
http://www.ncbi.nlm.nih.gov/pubmed/20589909
https://doi.org/10.1196/annals.1369.032
http://www.ncbi.nlm.nih.gov/pubmed/17105931
https://doi.org/10.1016/s0149-7634(00)00028-2
https://doi.org/10.1016/s0149-7634(00)00028-2
http://www.ncbi.nlm.nih.gov/pubmed/10940440
https://doi.org/10.1007/s12576-012-0250-7
https://doi.org/10.1007/s12576-012-0250-7
http://www.ncbi.nlm.nih.gov/pubmed/23275149
https://doi.org/10.1017/S1461145707008383
https://doi.org/10.1017/S1461145707008383
http://www.ncbi.nlm.nih.gov/pubmed/18205979
https://doi.org/10.1038/sj.bjp.0700968
https://doi.org/10.1038/sj.bjp.0700968
http://www.ncbi.nlm.nih.gov/pubmed/9138693
https://doi.org/10.1111/j.1460-9568.2006.05276.x
http://www.ncbi.nlm.nih.gov/pubmed/17241273
https://doi.org/10.1016/0006-8993(90)90733-r
https://doi.org/10.1016/0006-8993(90)90733-r
http://www.ncbi.nlm.nih.gov/pubmed/1691042
https://doi.org/10.1002/ana.410270405
http://www.ncbi.nlm.nih.gov/pubmed/1972319
https://doi.org/10.1073/pnas.2000671117
http://www.ncbi.nlm.nih.gov/pubmed/32321828
https://doi.org/10.7554/eLife.46464
http://www.ncbi.nlm.nih.gov/pubmed/31411560
https://doi.org/10.1136/jnnp.2007.131045
http://www.ncbi.nlm.nih.gov/pubmed/18344392
https://doi.org/10.1177/0271678X20982389
https://doi.org/10.1177/0271678X20982389
http://www.ncbi.nlm.nih.gov/pubmed/33461410


 Research article      Neuroscience

Boi, Johansson et al. eLife 2023;12:RP90278. DOI: https:// doi. org/ 10. 7554/ eLife. 90278  20 of 21

Kamińska K, Lenda T, Konieczny J, Czarnecka A, Lorenc- Koci E. 2017. Depressive- like neurochemical and 
behavioral markers of Parkinson’s disease after 6- OHDA administered unilaterally to the rat medial forebrain 
bundle. Pharmacological Reports 69:985–994. DOI: https://doi.org/10.1016/j.pharep.2017.05.016, PMID: 
28843848

Karstaedt PJ, Kerasidis H, Pincus JH, Meloni R, Graham J, Gale K. 1994. Unilateral destruction of dopamine 
pathways increases ipsilateral striatal serotonin turnover in rats. Experimental Neurology 126:25–30. DOI: 
https://doi.org/10.1006/exnr.1994.1039, PMID: 7512513

Kaya AH, Vlamings R, Tan S, Lim LW, Magill PJ, Steinbusch HWM, Visser- Vandewalle V, Sharp T, Temel Y. 2008. 
Increased electrical and metabolic activity in the dorsal raphe nucleus of Parkinsonian rats. Brain Research 
1221:93–97. DOI: https://doi.org/10.1016/j.brainres.2008.05.019, PMID: 18565496

Lammel S, Hetzel A, Häckel O, Jones I, Liss B, Roeper J. 2008. Unique properties of mesoprefrontal neurons 
within a dual mesocorticolimbic dopamine system. Neuron 57:760–773. DOI: https://doi.org/10.1016/j.neuron. 
2008.01.022, PMID: 18341995

Lammel S, Steinberg EE, Földy C, Wall NR, Beier K, Luo L, Malenka RC. 2015. Diversity of transgenic mouse 
models for selective targeting of midbrain dopamine neurons. Neuron 85:429–438. DOI: https://doi.org/10. 
1016/j.neuron.2014.12.036, PMID: 25611513

Li YQ, Li H, Kaneko T, Mizuno N. 2001. Morphological features and electrophysiological properties of 
serotonergic and non- serotonergic projection neurons in the dorsal raphe nucleus. An intracellular recording 
and labeling study in rat brain slices. Brain Research 900:110–118. DOI: https://doi.org/10.1016/s0006-8993( 
01)02272-7, PMID: 11325353

Li C, Sugam JA, Lowery- Gionta EG, McElligott ZA, McCall NM, Lopez AJ, McKlveen JM, Pleil KE, Kash TL. 2016. 
Mu opioid receptor modulation of dopamine neurons in the periaqueductal gray/dorsal raphe: A role in 
regulation of pain. Neuropsychopharmacology 41:2122–2132. DOI: https://doi.org/10.1038/npp.2016.12, 
PMID: 26792442

Lin R, Liang J, Wang R, Yan T, Zhou Y, Liu Y, Feng Q, Sun F, Li Y, Li A, Gong H, Luo M. 2020. The raphe dopamine 
system controls the expression of incentive memory. Neuron 106:498–514. DOI: https://doi.org/10.1016/j. 
neuron.2020.02.009, PMID: 32145184

Lindeberg J, Usoskin D, Bengtsson H, Gustafsson A, Kylberg A, Söderström S, Ebendal T. 2004. Transgenic 
expression of Cre recombinase from the tyrosine hydroxylase locus. Genesis 40:67–73. DOI: https://doi.org/10. 
1002/gene.20065, PMID: 15452869

Lu J, Jhou TC, Saper CB. 2006. Identification of wake- active dopaminergic neurons in the ventral periaqueductal 
gray matter. The Journal of Neuroscience 26:193–202. DOI: https://doi.org/10.1523/JNEUROSCI.2244-05. 
2006, PMID: 16399687

Maillet A, Météreau E, Tremblay L, Favre E, Klinger H, Lhommée E, Le Bars D, Castrioto A, Prange S, 
Sgambato V, Broussolle E, Krack P, Thobois S. 2021. Serotonergic and dopaminergic lesions underlying 
parkinsonian neuropsychiatric signs. Movement Disorders 36:2888–2900. DOI: https://doi.org/10.1002/mds. 
28722, PMID: 34494685

Masini D, Plewnia C, Bertho M, Scalbert N, Caggiano V, Fisone G. 2021. A guide to the generation of a 
6- hydroxydopamine mouse model of parkinson’s disease for the study of non- motor symptoms. Biomedicines 
9:598. DOI: https://doi.org/10.3390/biomedicines9060598, PMID: 34070345

Matthews GA, Nieh EH, Vander Weele CM, Halbert SA, Pradhan RV, Yosafat AS, Glober GF, Izadmehr EM, 
Thomas RE, Lacy GD, Wildes CP, Ungless MA, Tye KM. 2016. Dorsal raphe dopamine neurons represent the 
experience of social isolation. Cell 164:617–631. DOI: https://doi.org/10.1016/j.cell.2015.12.040, PMID: 
26871628

Nayyar T, Bubser M, Ferguson MC, Neely MD, Shawn Goodwin J, Montine TJ, Deutch AY, Ansah TA. 2009. 
Cortical serotonin and norepinephrine denervation in parkinsonism: preferential loss of the beaded serotonin 
innervation. The European Journal of Neuroscience 30:207–216. DOI: https://doi.org/10.1111/j.1460-9568. 
2009.06806.x, PMID: 19659923

Neuhoff H, Neu A, Liss B, Roeper J. 2002. I(h) channels contribute to the different functional properties of 
identified dopaminergic subpopulations in the midbrain. The Journal of Neuroscience 22:1290–1302. DOI: 
https://doi.org/10.1523/JNEUROSCI.22-04-01290.2002, PMID: 11850457

Okaty BW, Freret ME, Rood BD, Brust RD, Hennessy ML, deBairos D, Kim JC, Cook MN, Dymecki SM. 2015. 
Multi- scale molecular deconstruction of the serotonin neuron system. Neuron 88:774–791. DOI: https://doi. 
org/10.1016/j.neuron.2015.10.007, PMID: 26549332

Park MR. 1987. Intracellular horseradish peroxidase labeling of rapidly firing dorsal raphe projection neurons. 
Brain Research 402:117–130. DOI: https://doi.org/10.1016/0006-8993(87)91054-7, PMID: 3030492

Pifl C, Schingnitz G, Hornykiewicz O. 1991. Effect of 1- methyl- 4- phenyl- 1,2,3,6- tetrahydropyridine on the 
regional distribution of brain monoamines in the rhesus monkey. Neuroscience 44:591–605. DOI: https://doi. 
org/10.1016/0306-4522(91)90080-8, PMID: 1754053

Poe GR, Foote S, Eschenko O, Johansen JP, Bouret S, Aston- Jones G, Harley CW, Manahan- Vaughan D, 
Weinshenker D, Valentino R, Berridge C, Chandler DJ, Waterhouse B, Sara SJ. 2020. Locus coeruleus: a new 
look at the blue spot. Nature Reviews. Neuroscience 21:644–659. DOI: https://doi.org/10.1038/s41583-020- 
0360-9, PMID: 32943779

Politis M, Wu K, Loane C, Turkheimer FE, Molloy S, Brooks DJ, Piccini P. 2010. Depressive symptoms in PD 
correlate with higher 5- HTT binding in raphe and limbic structures. Neurology 75:1920–1927. DOI: https://doi. 
org/10.1212/WNL.0b013e3181feb2ab, PMID: 21098407

https://doi.org/10.7554/eLife.90278
https://doi.org/10.1016/j.pharep.2017.05.016
http://www.ncbi.nlm.nih.gov/pubmed/28843848
https://doi.org/10.1006/exnr.1994.1039
http://www.ncbi.nlm.nih.gov/pubmed/7512513
https://doi.org/10.1016/j.brainres.2008.05.019
http://www.ncbi.nlm.nih.gov/pubmed/18565496
https://doi.org/10.1016/j.neuron.2008.01.022
https://doi.org/10.1016/j.neuron.2008.01.022
http://www.ncbi.nlm.nih.gov/pubmed/18341995
https://doi.org/10.1016/j.neuron.2014.12.036
https://doi.org/10.1016/j.neuron.2014.12.036
http://www.ncbi.nlm.nih.gov/pubmed/25611513
https://doi.org/10.1016/s0006-8993(01)02272-7
https://doi.org/10.1016/s0006-8993(01)02272-7
http://www.ncbi.nlm.nih.gov/pubmed/11325353
https://doi.org/10.1038/npp.2016.12
http://www.ncbi.nlm.nih.gov/pubmed/26792442
https://doi.org/10.1016/j.neuron.2020.02.009
https://doi.org/10.1016/j.neuron.2020.02.009
http://www.ncbi.nlm.nih.gov/pubmed/32145184
https://doi.org/10.1002/gene.20065
https://doi.org/10.1002/gene.20065
http://www.ncbi.nlm.nih.gov/pubmed/15452869
https://doi.org/10.1523/JNEUROSCI.2244-05.2006
https://doi.org/10.1523/JNEUROSCI.2244-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16399687
https://doi.org/10.1002/mds.28722
https://doi.org/10.1002/mds.28722
http://www.ncbi.nlm.nih.gov/pubmed/34494685
https://doi.org/10.3390/biomedicines9060598
http://www.ncbi.nlm.nih.gov/pubmed/34070345
https://doi.org/10.1016/j.cell.2015.12.040
http://www.ncbi.nlm.nih.gov/pubmed/26871628
https://doi.org/10.1111/j.1460-9568.2009.06806.x
https://doi.org/10.1111/j.1460-9568.2009.06806.x
http://www.ncbi.nlm.nih.gov/pubmed/19659923
https://doi.org/10.1523/JNEUROSCI.22-04-01290.2002
http://www.ncbi.nlm.nih.gov/pubmed/11850457
https://doi.org/10.1016/j.neuron.2015.10.007
https://doi.org/10.1016/j.neuron.2015.10.007
http://www.ncbi.nlm.nih.gov/pubmed/26549332
https://doi.org/10.1016/0006-8993(87)91054-7
http://www.ncbi.nlm.nih.gov/pubmed/3030492
https://doi.org/10.1016/0306-4522(91)90080-8
https://doi.org/10.1016/0306-4522(91)90080-8
http://www.ncbi.nlm.nih.gov/pubmed/1754053
https://doi.org/10.1038/s41583-020-0360-9
https://doi.org/10.1038/s41583-020-0360-9
http://www.ncbi.nlm.nih.gov/pubmed/32943779
https://doi.org/10.1212/WNL.0b013e3181feb2ab
https://doi.org/10.1212/WNL.0b013e3181feb2ab
http://www.ncbi.nlm.nih.gov/pubmed/21098407


 Research article      Neuroscience

Boi, Johansson et al. eLife 2023;12:RP90278. DOI: https:// doi. org/ 10. 7554/ eLife. 90278  21 of 21

Pollak Dorocic I, Fürth D, Xuan Y, Johansson Y, Pozzi L, Silberberg G, Carlén M, Meletis K. 2014. A whole- brain 
atlas of inputs to serotonergic neurons of the dorsal and median raphe nuclei. Neuron 83:663–678. DOI: 
https://doi.org/10.1016/j.neuron.2014.07.002, PMID: 25102561

Prinz A, Selesnew L- M, Liss B, Roeper J, Carlsson T. 2013. Increased excitability in serotonin neurons in the 
dorsal raphe nucleus in the 6- OHDA mouse model of Parkinson’s disease. Experimental Neurology 248:236–
245. DOI: https://doi.org/10.1016/j.expneurol.2013.06.015, PMID: 23810738

Pudovkina OL, Cremers TIFH, Westerink BHC. 2003. Regulation of the release of serotonin in the dorsal raphe 
nucleus by alpha1 and alpha2 adrenoceptors. Synapse 50:77–82. DOI: https://doi.org/10.1002/syn.10245, 
PMID: 12872296

Rivera HM, Bethea CL. 2013. Ovarian steroids increase PSD- 95 expression and dendritic spines in the dorsal 
raphe of ovariectomized macaques. Synapse 67:897–908. DOI: https://doi.org/10.1002/syn.21702, PMID: 
23959764

Rylander D, Parent M, O’Sullivan SS, Dovero S, Lees AJ, Bezard E, Descarries L, Cenci MA. 2010. Maladaptive 
plasticity of serotonin axon terminals in levodopa- induced dyskinesia. Annals of Neurology 68:619–628. DOI: 
https://doi.org/10.1002/ana.22097, PMID: 20882603

Schweimer JV, Mallet N, Sharp T, Ungless MA. 2011. Spike- timing relationship of neurochemically- identified 
dorsal raphe neurons during cortical slow oscillations. Neuroscience 196:115–123. DOI: https://doi.org/10. 
1016/j.neuroscience.2011.08.072, PMID: 21925244

Singewald N, Kaehler ST, Hemeida R, Philippu A. 1998. Influence of excitatory amino acids on basal and sensory 
stimuli- induced release of 5- HT in the locus coeruleus. British Journal of Pharmacology 123:746–752. DOI: 
https://doi.org/10.1038/sj.bjp.0701656, PMID: 9517395

Soghomonian JJ, Descarries L, Watkins KC. 1989. Serotonin innervation in adult rat neostriatum. II. 
Ultrastructural features: a radioautographic and immunocytochemical study. Brain Research 481:67–86. DOI: 
https://doi.org/10.1016/0006-8993(89)90486-1, PMID: 2706468

Strickland JA, McDannald MA. 2022. Brainstem networks construct threat probability and prediction error from 
neuronal building blocks. Nature Communications 13:6192. DOI: https://doi.org/10.1038/s41467-022-34021-1, 
PMID: 36261515

Swick TJ. 2012. Parkinson’s disease and sleep/wake disturbances. Parkinson’s Disease 2012:205471. DOI: 
https://doi.org/10.1155/2012/205471, PMID: 23326757

Szot P, Knight L, Franklin A, Sikkema C, Foster S, Wilkinson CW, White SS, Raskind MA. 2012. Lesioning 
noradrenergic neurons of the locus coeruleus in C57Bl/6 mice with unilateral 6- hydroxydopamine injection, to 
assess molecular, electrophysiological and biochemical changes in noradrenergic signaling. Neuroscience 
216:143–157. DOI: https://doi.org/10.1016/j.neuroscience.2012.04.046, PMID: 22542679

Taylor TN, Caudle WM, Shepherd KR, Noorian A, Jackson CR, Iuvone PM, Weinshenker D, Greene JG, 
Miller GW. 2009. Nonmotor symptoms of Parkinson’s disease revealed in an animal model with reduced 
monoamine storage capacity. The Journal of Neuroscience 29:8103–8113. DOI: https://doi.org/10.1523/ 
JNEUROSCI.1495-09.2009, PMID: 19553450

Taylor NE, Pei J, Zhang J, Vlasov KY, Davis T, Taylor E, Weng F- J, Van Dort CJ, Solt K, Brown EN. 2019. The role 
of glutamatergic and dopaminergic neurons in the periaqueductal gray/dorsal raphe: Separating analgesia and 
anxiety. eNeuro 6:ENEURO.0018- 18.2019. DOI: https://doi.org/10.1523/ENEURO.0018-18.2019, PMID: 
31058210

Trulson ME, Crisp T. 1984. Role of norepinephrine in regulating the activity of serotonin- containing dorsal raphe 
neurons. Life Sciences 35:511–515. DOI: https://doi.org/10.1016/0024-3205(84)90244-3, PMID: 6748859

Wang S, Zhang QJ, Liu J, Wu ZH, Wang T, Gui ZH, Chen L, Wang Y. 2009. Unilateral lesion of the nigrostriatal 
pathway induces an increase of neuronal firing of the midbrain raphe nuclei 5- HT neurons and a decrease of 
their response to 5- HT(1A) receptor stimulation in the rat. Neuroscience 159:850–861. DOI: https://doi.org/10. 
1016/j.neuroscience.2008.12.051, PMID: 19174182

Weissbourd B, Ren J, DeLoach KE, Guenthner CJ, Miyamichi K, Luo L. 2014. Presynaptic partners of dorsal 
raphe serotonergic and GABAergic neurons. Neuron 83:645–662. DOI: https://doi.org/10.1016/j.neuron.2014. 
06.024, PMID: 25102560

Wenk GL, Stoehr JD, Quintana G, Mobley S, Wiley RG. 1994. Behavioral, biochemical, histological, and 
electrophysiological effects of 192 IgG- saporin injections into the basal forebrain of rats. The Journal of 
Neuroscience 14:5986–5995. DOI: https://doi.org/10.1523/JNEUROSCI.14-10-05986.1994, PMID: 7523630

Wilson H, Giordano B, Turkheimer FE, Chaudhuri KR, Politis M. 2018. Serotonergic dysregulation is linked to 
sleep problems in Parkinson’s disease. NeuroImage. Clinical 18:630–637. DOI: https://doi.org/10.1016/j.nicl. 
2018.03.001, PMID: 29845011

Xu Z, Feng Z, Zhao M, Sun Q, Deng L, Jia X, Jiang T, Luo P, Chen W, Tudi A, Yuan J, Li X, Gong H, Luo Q, Li A. 
2021. Whole- brain connectivity atlas of glutamatergic and GABAergic neurons in the mouse dorsal and median 
raphe nuclei. eLife 10:e65502. DOI: https://doi.org/10.7554/eLife.65502, PMID: 34792021

Zarow C, Lyness SA, Mortimer JA, Chui HC. 2003. Neuronal loss is greater in the locus coeruleus than nucleus 
basalis and substantia nigra in Alzheimer and Parkinson diseases. Archives of Neurology 60:337–341. DOI: 
https://doi.org/10.1001/archneur.60.3.337, PMID: 12633144

Ztaou S, Lhost J, Watabe I, Torromino G, Amalric M. 2018. Striatal cholinergic interneurons regulate cognitive 
and affective dysfunction in partially dopamine- depleted mice. The European Journal of Neuroscience 
48:2988–3004. DOI: https://doi.org/10.1111/ejn.14153, PMID: 30230645

https://doi.org/10.7554/eLife.90278
https://doi.org/10.1016/j.neuron.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25102561
https://doi.org/10.1016/j.expneurol.2013.06.015
http://www.ncbi.nlm.nih.gov/pubmed/23810738
https://doi.org/10.1002/syn.10245
http://www.ncbi.nlm.nih.gov/pubmed/12872296
https://doi.org/10.1002/syn.21702
http://www.ncbi.nlm.nih.gov/pubmed/23959764
https://doi.org/10.1002/ana.22097
http://www.ncbi.nlm.nih.gov/pubmed/20882603
https://doi.org/10.1016/j.neuroscience.2011.08.072
https://doi.org/10.1016/j.neuroscience.2011.08.072
http://www.ncbi.nlm.nih.gov/pubmed/21925244
https://doi.org/10.1038/sj.bjp.0701656
http://www.ncbi.nlm.nih.gov/pubmed/9517395
https://doi.org/10.1016/0006-8993(89)90486-1
http://www.ncbi.nlm.nih.gov/pubmed/2706468
https://doi.org/10.1038/s41467-022-34021-1
http://www.ncbi.nlm.nih.gov/pubmed/36261515
https://doi.org/10.1155/2012/205471
http://www.ncbi.nlm.nih.gov/pubmed/23326757
https://doi.org/10.1016/j.neuroscience.2012.04.046
http://www.ncbi.nlm.nih.gov/pubmed/22542679
https://doi.org/10.1523/JNEUROSCI.1495-09.2009
https://doi.org/10.1523/JNEUROSCI.1495-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19553450
https://doi.org/10.1523/ENEURO.0018-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/31058210
https://doi.org/10.1016/0024-3205(84)90244-3
http://www.ncbi.nlm.nih.gov/pubmed/6748859
https://doi.org/10.1016/j.neuroscience.2008.12.051
https://doi.org/10.1016/j.neuroscience.2008.12.051
http://www.ncbi.nlm.nih.gov/pubmed/19174182
https://doi.org/10.1016/j.neuron.2014.06.024
https://doi.org/10.1016/j.neuron.2014.06.024
http://www.ncbi.nlm.nih.gov/pubmed/25102560
https://doi.org/10.1523/JNEUROSCI.14-10-05986.1994
http://www.ncbi.nlm.nih.gov/pubmed/7523630
https://doi.org/10.1016/j.nicl.2018.03.001
https://doi.org/10.1016/j.nicl.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29845011
https://doi.org/10.7554/eLife.65502
http://www.ncbi.nlm.nih.gov/pubmed/34792021
https://doi.org/10.1001/archneur.60.3.337
http://www.ncbi.nlm.nih.gov/pubmed/12633144
https://doi.org/10.1111/ejn.14153
http://www.ncbi.nlm.nih.gov/pubmed/30230645

	Serotonergic and dopaminergic neurons in the dorsal raphe are differentially altered in a mouse model for parkinsonism
	eLife assessment
	Introduction
	Results
	DRNDA and DRN5-HT neurons are electrophysiologically distinct cell types
	DRNDA and DRN5-HT neurons have different morphological properties
	DA and NA depletion distinctly affect the membrane properties of DRN5-HT neurons
	Striatal DA depletion induces hypotrophy of DRN5-HT neurons
	Striatal DA depletion affects the firing of DRNDA neurons independent of NA loss
	Unilateral lesion of LC NA cells induces minor changes in DRN subpopulations

	Discussion
	Methods
	Experimental model details
	6-OHDA model
	Slice preparation and electrophysiology
	Quantification of electrophysiological parameters
	Immunofluorescence
	Confocal microscopy analysis
	Morphological analysis
	Western blot
	Enzyme-linked immunosorbent assay (ELISA)
	Statistical analysis

	Acknowledgements
	Additional information
	Funding
	Author contributions
	Author ORCIDs
	Ethics
	Peer review material

	Additional files
	Supplementary files

	References


