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autoregulatory control by its principal transmitter 5-HT via its effects on activity and
expression of 5-HT system-related proteins. To examine whether 5-HT itself also has a
crucial role in the acquisition and maintenance of characteristic rhythmic firing of 5-HT
neurons, we compared their intrinsic electrophysiological properties in mice lacking brain
5-HT, i.e. tryptophan hydroxylase-2 null mice (Tph2~/~) and their littermates, Tph2*/~
and Tph2*/*, by using whole-cell patch-clamp recordings in a brainstem slice preparation
and single unit recording in anesthetized animals. We report that the active properties of
dorsal raphe nucleus (DRN) 5-HT neurons in vivo (firing rate magnitude and variability; the
presence of spike doublets) and in vitro (firing in response to depolarizing current pulses;
action potential shape) as well as the resting membrane potential remained essentially
unchanged across Tph2 genotypes. However, there were subtle differences in subthreshold
properties, most notably, an approximately 25% higher input conductance in Tph2 =/~ mice
compared with Tph2*’/~ and Tph2*/* littermates (p<0.0001). This difference may at least
in part be a consequence of slightly bigger size of the DRN 5-HT neurons in Tph2 =/~ mice
(approximately 10%, p<0.0001). Taken together, these findings show that 5-HT neurons
acquire and maintain their signature firing properties independently of the presence of their
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principal neurotransmitter 5-HT, displaying an unexpected functional resilience to complete

brain 5-HT deficiency.

© 2015 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

A wide body of evidence links dysfunction of brain serotonin
(5-hydroxytryptamine, 5-HT) system to neurodevelopmental
and subsequent psychiatric disorders characterized by com-
promised regulation of "social” cognition and emotion, such
as autism or depression and anxiety disorders (see in Booij
et al. (2015), Lesch and Waider (2012), Waider et al.
(2011)). The output of the 5-HT system is determined by
both neurotransmitter specific processes (i.e. 5-HT synth-
esis, degradation, vesicular storage, release and uptake)
and the electrophysiological properties of 5-HT neurons, in
particular their firing activity. As example, it has been
shown that 5-HT tone in the projection areas correlates
positively with the firing rate of 5-HT neurons (Crespi, 2009;
Sharp et al., 1989, 1990). Distinctive slow and regular action
potential firing activity of 5-HT neurons seems not to be
specifically associated with any physiological process or
environmental factor, but is proportional to the level of
behavioral activation across the sleep-wake-arousal cycle
(Jacobs and Azmitia, 1992; Trulson and Jacobs, 1979; Wu
et al., 2004). Thus, the firing rate of 5-HT neurons depends
principally on their intrinsic electrophysiological properties
and on tonic, behavioral state-dependent afferent input,
such as noradrenergic input which facilitates their firing
during wakefulness.

Regulation of 5-HT system function by endogenous 5-HT
has been implicated in development as well as in the mature
brain. Early studies suggested that during embryonic devel-
opment, released 5-HT, by direct action on autoreceptors
(Branchereau et al., 2002; Huether et al., 1992;Whitaker-
Azmitia and Azmitia, 1986) and possibly indirectly, via
astroglial cells (Whitaker-Azmitia and Azmitia, 1989) causes
an auto-inhibitory effect on the serotonergic neuronal phe-
notype. Later studies revealed an opposite, trophic develop-
mental role of endogenous 5-HT in which 5-HT/5-HTq4
receptors together with brain-derived neurotrophic factor
(BDNF)/TrkB receptors constitute an autocrine loop that
promotes and maintains differentiation of 5-HT neurons
(Eaton et al., 1995; Galter and Unsicker, 2000; Rumajogee
et al., 2004). It has been proposed (Rumajogee et al., 2004)
that 5-HT has a "biphasic concentration-dependent effect on
the regulation of the serotonergic neuronal phenotype, via
5-HT,, receptors. Inhibitory at low concentration, 5-HT would
have a trophic effect at higher concentration”. A trophic role
of 5-HT;, autoreceptors has been further supported by
recent evidence for the existence of fibroblast growth factor
receptor-1 (FGFR1)-5-HT;, heteroreceptor complexes in the
rat midbrain 5-HT neurons (Borroto-Escuela et al., 2015).

In mature brain, 5-HT homeostatically regulates 5-HT
system by multiple mechanisms. Specifically, 5-HT acutely
limits both its biosynthesis, via end product inhibition of
Tph2, and its release, via activation of 5-HT;, and 5-HTg
autoreceptors. Furthermore, endogenous 5-HT autoregulates

5-HT system function on a slower time scale by regulating
expression of principal 5-HT-related proteins in 5-HT neurons,
i.e. Tph2, 5-HT44 and 5-HT,g autoreceptors, and Sert. On the
other hand, it is unknown whether CNS 5-HT exerts a similar
autoregulatory influence on acquisition and maintenance of
intrinsic electrophysiological properties of 5-HT neurons,
which underlie the firing rate and are thus a key determinant
of the of 5-HT system output. To elucidate this we took
advantage of mutant mice with gene-targeted Tph2 inactiva-
tion, i.e. Tph2~/~ mice, which exhibit a complete depletion
of the CNS 5-HT and Tph2*/~ mice, which exhibit partial
reduction in the CNS 5-HT, reaching 20-25% in the rostral
raphe (Gutknecht et al., 2012, 2009, 2008). We compared
intrinsic electrophysiological properties of dorsal raphe
nucleus (DRN) 5-HT neurons in these mice and in wildtype
(Tph2*/*) littermates, by using whole-cell patch-camp
recordings in brainstem slice preparation and single unit
recordings in anesthetized animals.

2. Experimental procedures

All animal manipulations were performed according to the Eur-
opean Community guidelines for animal care (DL 116/92, applica-
tion of the European Communities Council Directive 86/609/EEC)
and were approved by the Committee for Animal Care and Experi-
mental Use of the University of Florence and/or by the review
board of the Government of Lower Franconia and the University of
Wirzburg. Animals were housed under standard laboratory condi-
tions (12 h light/dark cycle, ambient temperature 22 +1 °C, humid-
ity 40-50%, food and water ad libitum).

2.1. Transgenic mice

The generation of Tph2 =/~ mice and genotyping procedure were
described previously (Gutknecht et al., 2008). Generation of 5-HT
system specific eGFP expressing mice is detailed in Supplementary
methods and illustrated in Supplementary Figure 1.

2.2. Whole-cell patch-clamp recordings

Animals (25-35 days of age) were anesthetized with isoflurane and
decapitated. Coronal brainstem slices (200 um thick) were obtained,
incubated and superfused as previously described (Mlinar et al.,
2015) and detailed in Supplementary methods. Briefly, slices were
superfused in the recording chamber with gassed (95% O, and 5% CO;)
artificial cerebrospinal fluid (ACSF) composed of: 124 mM NaCl,
2.75 mM KCL, 1.25 mM NaH,PO,4, 1.3 mM MgCl,, 2 mM CaCly, 26 mM
NaHCO3, 11 mM D-glucose at a rate of 2 ml min~". ACSF was warmed
(30-32 °C) and supplemented with a cocktail of glutamate and GABA/
glycine receptor blockers: 10 yM NBQX (2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt), 20 pM
DAPV (p-(— )-2-amino-5-phosphonopentanoic acid), 10 mM strychnine
hydrochloride, 10 pM SR-95531 (6-imino-3-(4-methoxyphenyl)-1(6H)-
pyridazinebutanoic acid hydrobromide) and 2 pM CGP-55845 (3-N[1-
(S)-(3,4-dichlorophenyl)ethyl]amino-2-(S)-hydroxypropyl-P-benzyl-
phosphinic acid hydrochloride).
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Recording pipette solution consisted of: 120 mM K gluconate,
15 mM KCL, 2 mM MgCl,, 10 mM HEPES, 0.1 mM EGTA, 10 mM Na,
phosphocreatine, 4 mM MgATP, 0.3 mM Na3GTP (pH 7.35 with KOH).
Neurons within dorsal raphe nucleus were visualized by infrared
differential interference contrast (IR-DIC) video microscopy with a
Newicon camera (C2400-07; Hamamatsu, Hamamatsu City, Japan)
mounted on an upright microscope (Axioskop; Zeiss, Gottingen,
Germany). Recordings were made using an EPC-10 amplifier (HEKA
Elektronic, Lamberecht, Germany). Procedures applied to maximize
the accuracy of measurements are detailed in Supplementary
methods. Data were analyzed using Fitmaster 2 (HEKA Elektronic),
Clampfit 9.2 (Molecular Devices, Sunnyvale, CA, USA) and Prism 5
(GraphPad Software, San Diego, CA, USA).

5-HT neurons were identified using previously established electro-
physiological and pharmacological criteria (Audero et al., 2013;
Mlinar et al., 2015). Bigger, healthy looking neurons were targeted
for the recording. Most of the recorded neurons (>95%) were
identified as 5-HT neurons on the basis of characteristic electro-
physiological properties displayed in current-clamp mode: half-
height width (HHW)>1.1 ms; absent or very small fast afterhyper-
polarization; sustained repetitive firing in response to depolarizing
current injection. In six experiments in which 5-HT identity of
recorded neurons was not certain during the recording, as action
potential HHW was in 1.0-1.15 ms range, at the end of the recording
response to 5-HTq, receptor agonist 5-carboxamidotryptamine mal-
eate (5-CT; 10 nM) was tested. In all cases, the application of 5-CT
produced an increase in G_125,_105 my Of more than 2 nS, with I-V
curve consistent with activation of GIRK channels. These neurons
were considered 5-HT and included in the group analysis since 5-HT
neurons, contrary to non-serotonergic neurons in the DRN, express
both 5-HT;, receptors and GIRK channels (del Burgo et al., 2008) and
show prominent 5-HT;, receptor-activated GIRK current (Audero
et al., 2013; Mlinar et al., 2015).

2.3. In vivo electrophysiological recordings

In vivo recordings were done on eleven adult mice (4-5 months)
anesthetized with ethyl urethane/chloral hydrate mix (95/5% p/p,
400 mg/kg i.p.) and placed in a stereotaxic frame with digital
display (Stoelting Co., Wood Dale, IL, USA). Body temperature was
maintained at 3740.5°C throughout the experiment utilizing a
thermistor-controlled heating pad. Recordings were carried out
using glass micropipette (W.P.1., Sarasota, FL, USA) filled with 1.5 M
NaCl (impedance 5-15MQ). The micropipette was positioned by
mean of a hydraulic micropositioner with a digital electronic driver
(DKI 650, DKI 607W, David Kopf Instruments, Tujunga, CA, USA) at
4.3-4.8 mm posterior to bregma and 0-0.2 mm laterally from the
midline, and then advanced into the DRN, typically found at a depth
of 2.0-2.8 mm from dura mater, until a single unit signal was
isolated. Putative 5-HT neurons were identified on the basis of
their spike duration, analogous to the method we previously used in
recordings from the animals of the same genotype in vitro (i.e.
upstroke to downstroke interval, UDI > 0.9 ms) (Gutknecht et al.,
2012; Araragi et al., 2013). Different than in vitro recordings,
discrimination of the neuronal type based on UDI recorded in vivo
was not always straightforward even in post-hoc analysis of average
spike since its shape, in particular the position of downstroke peak,
was less uniform (e.g. see Figure 5A), due to a stronger filtering of
the signal and more variable electrode position in respect to the
recording neuron. Therefore, to more reliably determine duration
of in vivo recorded spikes we defined an additional parameter
(based on Miyazaki et al. (2011), Sakai (2011)) upstroke to down-
stroke-half-decay interval (UDypl, Figure 5A), which is less influ-
enced by the filtering of the signal then the UDI. Thus, in recordings
in vivo, the DRN neurons were presumed 5-HT when their spikes had
UDI > 0.9 ms and/or UDypl > 1.2 ms. Details on the recording pro-
cedure are given in Supplementary methods.

2.4. Imaging of eGFP positive 5-HT neurons

Imaging of eGFP positive 5-HT neurons was performed on 30 um thick
coronal serial raphe sections after immunohistochemical labeling of
GFP, carried out as detailed in Supplementary methods. Pictures
were acquired with an IX81 inverted microscope (Olympus, Germany)
for one or two series of Pet1-Cre eGFP:Tph2*’* and Pet1-Cre
eGFP:Tph2~/~ mice on the same day. For determination 5-HT
neuron somatic surface areas, short and long somatic axes were
measured in anatomically matched slices in Image J and the surface
area was calculated by approximating elliptical shape, i.e. area=
(short axis/2) x (long axis/2) x II.

2.5. Expression of potassium channels in raphe neurons

The expression of selected potassium channels (KCNJ2, KCNJ4,
KCNJ12, KCNJ14, KCNK2, KCNK3 and KCNK9) in raphe neurons of
Tph2~=/~ and Tph2*/* animals (n=8 per group) was determined
using gRT PCR as detailed in Supplementary methods. Analysis of
the raw data was performed with LinRegPCR (Ruijter et al., 2009)
and values were normalized against the 5 reference genes (Actb;
B2m; Tbp; Hprt; and Gapdh) chosen by using the geNorm algorithm
(Vandesompele et al., 2002).

2.6. Drugs

Drugs were prepared as stock solutions in distilled water, except
CGP-55845 (40 mM stock solution in DMSO, 0.05% final), aliquoted
and stored at —20 °C until use. Isoflurane was obtained from Baxter
S.p.A. (Rome, lItaly); DAP5, SR-95531 and CGP-55845 from Ascent
Scientific Ltd. (Bristol, U.K.); DNQX from Abcam (Cambridge, U.K.);
ZD-7288 (4-Ethylphenylamino-1,2-dimethyl-6-methylaminopyrimi-
dinium chloride) from Tocris Bioscience (Bristol, UK); HEPES, ATP
and DMSO from Fluka (St. Gallen, Switzerland); all other substances
were from Sigma-Aldrich.

2.7. Statistical analysis

Statistical analysis was performed using Prism 5 (GraphPad). For
comparison of data groups across genotypes ANOVA test with Tukey's
multiple comparison post-hoc test was used if distribution was
normal (p>0.05) when tested with the D'Agostino and Pearson
omnibus normality test. Data groups were considered normally
distributed also when p>0.05 was reached following exclusion of
one data point in the population. Otherwise, Kruskal-Wallis test
with Dunn's multiple comparison post-hoc test was used. In the case
of data consisting of two groups (i.e. only Tph2*/* and Tph2=/~
mice), unpaired t-test or Mann-Whitney test were used, as appro-
priate. The Spearman test was used to assess for correlation
between variables. Normally distributed data are reported as
mean+SD and non-normally distributed data are reported as
median+interquartile range (IQR).

3. Results

3.1. Comparison of passive membrane properties
of 5-HT neurons across the genotypes

To examine intrinsic electrophysiological properties of DRN
5-HT neurons whole-cell recordings were done in ACSF supple-
mented with a mix of synaptic blockers. Under these condi-
tions, 5-HT neurons were silent, i.e. no spikes were observed
during the initial phase of the recording in loose-seal cell-
attached configuration before establishing a tight seal. The
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resting membrane potential (RMP) of recorded neurons was
determined immediately (2-5s) after obtaining whole-cell
configuration, before dialysis of cell interior with patch pipette
solution, and thus closely corresponds to the'real RMP (see
Supplementary methods). As shown in Figure 1A, the RMP of
recorded neurons was not different across genotypes (p=0.78,
ANOVA), having mean+SD values of: —67.91+8.16 mV in
Tph2*/* (n=46); —68.02+7.52mV in Tph2*/~ (n=33); and
—68.90+6.77 mV in Tph2 =/~ (n=54).

Analysis of cell membrane capacitance (C.), which
reflects the surface area of recorded neurons, revealed
positively skewed distribution of C, values, indicative of a
subpopulation of larger neurons, particularly evident in
Tph2*/~ and Tph2~/~ mice (Figure 1B). There was a trend
toward higher C., values in Tph2~/~ mice (median, IQR:
43.0 pF, 38.1-50.8 pF in Tph2*’*; 42.9 pF, 36.0-51.7 pF in
Tph2*/~; and 46.7 pF, 40.0-54.1 pF in Tph2~/~ mice), that

did not reach statistical significance as revealed by Kruskal-
Wallis test (p=0.062).

Upon reaching stable recording conditions, two to three
minutes after obtaining whole-cell configuration, the input
conductance (Gcgy; 1/input resistance) of DRN 5-HT neurons
was determined in voltage-clamp by using 10 mV hyperpolariz-
ing pulses from the holding potential of —65 mV. Gcg . was not
different between Tph2*/*~ and Tph2*/~ mice, but was
significantly greater in Tph2~/~ mice compared to both
Tph2*/+ and Tph2*/~ littermates (Figure 1C; p<0.0001,
ANOVA with Tukey's multiple comparison post-hoc test;
mean+SD  values: 1.145+0.284nS  in  Tph2*'™;
1.095+0.338nS in Tph2*/~; and 1.413+0.353nS in
Tph2~/~ mice). This implies increased density of open ion
channels at rest in Tph2 ™/~ mice. In contrast, the whole-cell
current recorded at —65 mV (/_g5my), the holding potential in
Gcr measurements, was not significantly different across

A
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Figure 1 Comparison of 5-HT neuron resting membrane potential and conductance across genotypes. (A) Scatter plot summarizing
the resting membrane potential (RMP) of DRN 5-HT neurons. In all three genotypes RMP values were normally distributed (p=0.80,
0.12 and 0.37 for Tph2*/*, Tph2*/~ and Tph2~’~, respectively, D'Agostino and Pearson omnibus test). No significant differences
were observed. (B) Box plot of cell membrane capacitance (C,,). D'Agostino and Pearson omnibus test revealed normal distribution in
Tph2*/+ (p=0.24, n=82) and non-normal distribution in Tph2*/~ (p<0.0001, n=68) and Tph2 ~/ ~ mice (p<0.0001, n=86), with a
fraction of neurons (outliers) having comparatively higher capacitance. Whiskers represent 1.5 IQR (Tukey). (C) Histogram
summarizing the input conductance (Gcg ) of DRN 5-HT neurons. The number of neurons is indicated inside bars. ***p<0.001,
Tukey's multiple comparison post-hoc test. (D) Scatter plot summarizing the steady current at the holding potential (/_¢s5 myv) of DRN
5-HT neurons. No significant differences were observed. (E) The correlation between G¢g. and C,,. Symbols represent individual
neurons. Lines are best least square fits for respective genotypes. Positive correlation of Gcg | with C,, was revealed by correlation
analysis (Tph2*’/*: Spearman r,=0.243, p=0.12; Tph2*’~: Spearman r,=0.627, p<0.0001; Tph2~/~: Spearman r,=0.397,
p=0.0024), indicating higher number of open ion channels at rest in bigger cells. (F) Histogram summarizing the input conductance
normalized for the cell membrane capacitance (specific conductance; Gcg . /Cy,). Error bars represent mean+SD. The number of
neurons is indicated inside bars. *p<0.05, **p<0.01, Tukey's multiple comparison post-hoc test.
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genotypes (Figure 1D; p=0.14, ANOVA; normal distribution,
p=0.23, 0.18 and 0.73 for Tph2*/*, Tph2*/~ and Tph2='~,
respectively, D'’Agostino and Pearson omnibus test), having
mean+SD values of: 11.1+11.2pA in Tph2*/* (n=43);
13.3+10.9pA in Tph2*/~ (n=39); and 15.9+13.1pA in

Tph2~/~ (n=56), a finding consistent with the observed lack
of difference in RMP across the genotypes.

The observed difference in Gcg . could have been due to the
difference in the surface areas of recorded neurons, since Gcg
in general correlates positively with the cell membrane surface
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Figure 2 Comparison of 5-HT neuron somatic surface areas in Pet1-Cre eGFP:Tph2*/*and Pet1-Cre eGFP:Tph2~/ "mice. (A,B)
Epifluorescent microscopy-obtained images of rostral DRN (—4.6 mm from bregma) of Pet1-Cre eGFP:Tph2*/* (A) and Pet1-Cre
eGFP:Tph2~/~ mice (B). Scale bar, 100 um. (C) Histogram representing distribution of rostral DRN (—4.4 to —4.6 mm from bregma)
5-HT neuron somatic surface areas in Pet1-Cre eGFP:Tph2*/* mice (+/+; upper panel) and Pet1-Cre eGFP:Tph2 =/~ mice (—/—;
bottom panel). (D) Box plot of rostral DRN 5-HT neuron somatic surface areas in Pet1-Cre eGFP:Tph2*’* (+/+) and Pet1-Cre
eGFP:Tph2 =/~ (—/—) mice. p<0.0001, Mann-Whitney test. Number of neurons is indicated in parenthesis. Data were obtained
from two Pet1-Cre eGFP:Tph2*/* mice and two Pet1-Cre eGFP:Tph2~/~ mice. Boxes represent the IQR and the line inside
represents the median. Whiskers denote 1.5 IQR (Tukey). (E) Histogram representing distribution of caudal DRN (—4.8 to —4.9 mm
from bregma) 5-HT neuron somatic surface areas in Pet1-Cre eGFP:Tph2*/* mice (+/+; upper panel) and Pet1-Cre eGFP:Tph2~/~
mice (—/—; bottom panel). (F) Box plot of caudal DRN 5-HT neuron somatic surface areas in Pet1-Cre eGFP:Tph2*/* (+/+) and
Pet1-Cre eGFP:Tph2~/~ (—/—) mice. p<0.0001, Mann-Whitney test. Number of neurons is indicated in parenthesis. Data were
obtained from two Pet1-Cre eGFP:Tph2*/* mice and four Pet1-Cre eGFP:Tph2 ~/~ mice. Boxes represent the IQR and the line inside
represents the median. Whiskers denote 1.5 IQR (Tukey).
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area. Because correlation analysis revealed positive correlation
of Geg with G, (Figure 1E; Tph2*/*: Spearman r,=0.243,
p=0.12; Tph2*’/~: Spearman r,=0.627, p<0.0001; Tph2~/~:
Spearman r;=0.397, p=0.0024), we compared specific con-
ductance (input conductance/cell membrane capacitance;
Gce /C) of 5-HT neurons across the genotypes. Specific
conductance values in all three genotypes were normally
distributed (p=0.80, 0.12 and 0.37 for Tph2*/*, Tph2*/~ and
Tph2=/~, respectively, D'Agostino and Pearson omnibus test)
and, similar to the Gcg, specific conductance resulted not
different between Tph2*/* and Tph2*/~, but was significantly
greater in Tph2~/~ mice (Figure 1F; p=0.0009, ANOVA with
Tukey's multiple comparison post-hoc test; mean+SD values:
25.37+6.55pS/pF  in  Tph2*/*; 24.06+6.58 pS/pF in
Tph2*/~; and 30.00+9.74 pS/pF in Tph2~/~ mice). These
findings indicate that the observed difference in Gcg . of 5-HT
neurons across the genotypes reflects a real phenotypic
difference, which can be explained only in part by different
surface areas of recorded neurons.

3.2. Comparison of 5-HT neuron somatic areas

The observed trend towards higher C, values in Tph2 =/~
mice might have been due to a larger 5-HT neuron surface
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area in Tph2~/~ mice, but might have also been a
consequence of unrepresentative population sampling, as
the choice of the recording neuron in patch-clamp experi-
ments is inherently subjective. To further examine the
possibility of larger size of 5-HT neurons in Tph2 =/~ mice,
we compared 5-HT neuron somatic surface areas in two
transgenic mouse lines in which 5-HT neuron-specific
expression of eGFP was obtained by transgenic Pet1-Cre-
mediated  recombination,  Pet1-Cre  eGFP:Tph2*/~
(Figure 2A) and Pet1-Cre eGFP:Tph2 =/~ (Figure 2B). The
surface area was calculated from long and short soma axes
measurements approximating elliptically shaped somatic
surface. Surface areas of all clearly delineated somas were
compared in epifluorescent microscopy-obtained images at
two matching levels of the DRN: rostral (—4.4 to —4.6 mm
from bregma, Figure 2C and D) and caudal (—4.8 to
—4.9mm from bregma, Figure 2E and F). As shown in
Figure 2C and D, somatic surface area of rostral DRN 5-HT
neurons had non-normal, positively skewed distribution in
both mice lines (p<0.0001, D'Agostino and Pearson omnibus
test), reminiscent of C,, distribution observed in electro-
physiological experiments. Mann-Whitney test revealed sig-
nificantly larger somatic surface areas in Pet1-Cre
eGFP:Tph2 =/~ (p<0.0001; 10.4% greater median). In cau-
dal DRN (Figure 2G and H), somatic surface areas of 5-HT
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Figure 3 Comparison of 5-HT neuron action potentials. (A) Example of action potential in a DRN 5-HT neuron from Tph2 =/~
mouse. Trace is average of 20 individual action potentials, evoked with minimal constant current injection (10 pA) sufficient to
evoke repetitive firing (0.8 Hz). Right side-the same trace shown on the expanded time scale displays shoulder in a descending
phase, characteristic of monoaminergic neurons. HHW =half-height width. (B) Scatter plot summarizing the action potential height
in DRN 5-HT neurons. (C) Scatter plot summarizing the action potential HHW in DRN 5-HT neurons. n=56, 44 and 66 for Tph2*/+,

Tph2*/~ and Tph2~’/~, respectively.
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neurons had similar non-normal distribution (p<0.0001,
D'Agostino and Pearson omnibus test) with significantly
larger size in Pet1-Cre eGFP:Tph2~/~ mice (p<0.0001,
Mann-Whitney test; 12.6% greater median). These findings

A

indicate larger size of DRN 5-HT neurons in Tph2 =/~ mice
and suggest that neurons selected for electrophysiological
experiments are representative of the overall 5-HT neuron
population.
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Figure 4 Comparison of 5-HT neuron repetitive firing properties. (A) Example of a whole-cell current clamp recording of a DRN
5-HT neuron used to determine the maximal firing rate. Repetitive firing was evoked by strong (200 pA), three second-long
depolarizing somatic current injection (red line). Instantaneous firing rate corresponds to the that of the first two action potentials
in the train (open circle). Sustained firing rate was calculated at the last 1.2 s of the pulse (black line). (B) Plot of firing rates
between pairs of action potentials shown in A. The firing rate was constant during the second part of the pulse. (C) Input-output
relationship (current injection-spike frequency) of the experiment shown in (A, B). Constant current injection of 200 pA evoked
near-maximal sustained firing rate. (D) Scatter plot summarizing instantaneous firing rate evoked by 3 s-long, 200 pA pulse across
the genotypes. (E) Scatter plot summarizing sustained firing rate evoked by 3 s-long, 200 pA pulse across the genotypes. n=48, 39

and 54 for Tph2*’/*, Tph2*/~ and Tph2 =/, respectively.
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3.3. Action potential and repetitive firing
properties of 5-HT neurons in vitro

To examine active properties of 5-HT neurons we selected
parameters which can be confidently measured in current-
clamp whole-cell recordings. We compared action poten-
tials induced by minimal constant-current injections which
elicited repetitive firing (see Supplementary methods).
Typical for monoaminergic neurons, 5-HT neurons display
action potentials with a characteristic shoulder in a des-
cending phase, resulting in long duration action potential,
well reflected in its HHW (Figure 3A). As shown in Figure 3B,
the height of action potentials was not significantly differ-
ent across genotypes (p=0.051, ANOVA; mean+SD values:
115.4+6.9 mV in Tph2*/*; 114.54+5.3 mV in Tph2*/~; and
112.4+6.0mV in Tph2~/~ mice). Comparison of action
potential HHW revealed no significant differences across
genotypes (Figure 3C; p=0.59, ANOVA; mean+SD values:
1.762+0.388 ms in Tph2*/*; 1.720+0.549 ms in Tph2*/~;
and 1.807+0.390ms in Tph2~/~ mice), suggesting no
differences in activity of ion channels underlying action
potentials.

We also examined action potential firing in response to
depolarizing current injections in current-clamp. 5-HT
neurons display sustained firing in response to somatic
current injection (Figure 4A and B). We compared responses

to 3 s-long, 200 pA pulses, which evoke sustained firing with
a near-maximal obtainable firing rate (Figure 4C; see
Supplementary methods). There were no significant differ-
ences across genotypes in instantaneous firing rate of the
first two action potentials (Figure 4D; p=0.11, ANOVA;
mean+SD  values: 46.4+19.1Hz in  Tph2*'*;
51.7+19.3 Hz in Tph2*’/~; and 43.0+18.8 Hz in Tph2 =/~
mice) and in sustained firing rate (Figure 4E; p=0.11,
Kruskal-Wallis; median and IQR values: 10.71 Hz, 8.97-
13.45 Hz in Tph2*/*; 12.73 Hz, 9.59-15.13 Hz in Tph2*’/~;
and 10.44 Hz, 8.89-13.01 Hz in Tph2~/~ mice; Tph2*+’'*:
normal distribution p=0.10; Tph2*’~ and Tph2~’/~ non-
normal distribution, p=0.0003 and p=0.0001, respectively,
D'Agostino and Pearson omnibus test) suggesting no signifi-
cant change in excitability of 5-HT neurons across the
genotypes.

3.4. Comparison of 5-HT neuron firing activity
in vivo.

We further examined firing properties of the DRN 5-HT
neurons in anesthetized animals. Similar to in vitro experi-
ments which indicated no changes in action potential of
5-HT neurons in Tph2~/~ mice, the shape of their extra-
cellulary recorded spikes in vivo appeared normal (e.g.
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Figure 5 Comparison of 5-HT neuron firing activity in anesthetized animals. (A) Example of spikes of three DRN 5-HT neurons from

Tph2=/~

mice obtained by extracellular single-unit recording in anesthetized animals. Neurons were considered 5-HT neurons when

the interval from the peak of the upstroke to the half-decay of the downstroke (UDypl) was greater than 1.2 ms (see Supplementary
methods). Inverted triangles mark half-decay points in spikes of individual neurons. Traces are averages of ~100 individual spikes.
(B) Scatter plot summarizing average firing rates of individual 5-HT neurons recorded over the course of 3-10 min. No significant
differences were observed across the genotypes. (C) Scatter plot summarizing coefficient of variation of instantaneous firing rate
(IFcov) of individual 5-HT neurons. No significant differences were observed across the genotypes. (D) Semi-log time plot of
instantaneous firing rate of a 5-HT neuron in the DRN of Tph2 ~/~ mouse illustrating firing of doublets (~200 Hz), a characteristic of
subpopulation of DRN 5-HT neurons in vivo. (E) Traces represent three individual doublets from the experiment shown in (D).
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Figure 5A). In order to examine firing activity of 5-HT
neurons across the genotypes we compared their firing
rates and regularity of firing (coefficient of variance of
instantaneous firing rate, IFcoy) calculated over the 3-
10 min period. As shown in Figure 5B, there was no
significant difference across genotypes in average firing
rate of DRN 5-HT neurons (p=0.97, ANOVA; mean+SD
values: 2.618+1.202 Hz in Tph2*/*; 2.581+0.969 Hz in
Tph2*/~; and 2.554+0.928Hz in Tph2~/~ mice;
Tph2*’/*: non-normal distribution p=0.028; Tph2*/~
and Tph2~/~ normal distribution, p=0.69 and p=0.57,
respectively, D'Agostino and Pearson omnibus test). Simi-
larly, there was no significant difference in firing reg-
ularity, based on comparison of the IFcoy. In a
subpopulation of 5-HT neurons which fired doublets of
action potentials (see below), only the first spike in a
doublet was considered for IFcoy calculation (Figure 5C;
p=0.48, ANOVA test; mean4SD values: 48.8+20.0% in
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Tph2+/*; 56.1+26.2% in Tph2*/~; and 49.9+19.8% in
Tph2 =/~ mice; normal distribution p=0.22, 0.29 and
0.08 for Tph2*’*, Tph2*/~ and Tph2~/~, respectively,
D'Agostino and Pearson omnibus test). In vivo, a sub-
population of 5-HT neurons display firing of spike doub-
lets, or short bursts, with instantaneous frequency in
100-200 Hz range (i.e. interspike interval of 5-10ms)
(Hajos et al., 1995, 1996, 2007). As shown in Figure 5D
and E, spike doublets were observed in a subpopulation
of 5-HT neurons in Tph2 =/~ mice. Similar proportions of
recorded neurons in all three genotypes displayed spike
doublets (4 out of 32 in Tph2*’*; 4 out of 18 in Tph2*’—;
and 5 of 36 in Tph2~/~ mice) suggesting no significant
differences across genotypes. The findings of single-unit
recordings in vivo, taken together with the findings of
current-clamp recordings in brainstem slices, indicate
that the CNS 5-HT deficiency does not influence DRN 5-HT
neuron firing.
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Figure 6 Comparison of HCN channel density. (A) Example of a whole-cell current-clamp recording of a DRN 5-HT neuron used to
estimate the density of HCN channels. Voltage responses were evoked by hyperpolarizing somatic current injection (red line),
adjusted to hyperpolarize the neuron from the'resting’ (holding) potential ranging from —70 to —60 mV to the'peak’ potential of
—120 to —110 mV. The difference between the peak and the'steady-state’ potential at the end (the last 400 ms) of the pulse
corresponds to the depolarizing sag. Trace is average of 9 individual responses recorded in a slice obtained from a Tph2 =/~ mouse.
(B) Time-course showing the antagonism of the depolarizing sag following bath application of the HCN channel blocker, ZD-7288
(20 pM), indicating that the sag was caused by the activation of I,. Inset shows superimposed average traces recorded before (black
line, the same trace shown in (A)) and at the last two minutes of ZD-7288 application (red line, average of 7 individual responses).
(C) Scatter plot summarizing HCN channels-mediated sag across the genotypes. * p<0.05, Dunn’'s multiple comparison post-hoc test.
(D) Cumulative probability histograms of sag amplitudes. Note higher proportion of neurons in Tph2 =/~ mice displaying the sag.
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Figure 7 Comparison of responses to hyperpolarizing voltage ramps: increased G __ 125, _ 105 myin Tph2 ™~/ ~“mice is not due to upregulation of
Kir2 channels. (A) Example of a whole-cell voltage clamp recording of a DRN 5-HT neuron from Tph2 ~/~ mouse used to estimate the density
of inwardly rectifying K* channels. Current responses were evoked by slow hyperpolarizing voltage ramps (100 mV/s) from holding potential
of —65 mV to ramp end potential of —125 mV (red line). Trace is average of 7 individual ramps. (B) Current-voltage relationship derived
from the ramp shown in (A) (black line). Slope conductance (G _ 125, — 105 mv; ed line) was obtained by linear regression of the data over the
range of potentials at which K* current flows inward (— 125 to —105 mV; red line). (C) Example of current-voltage relationships derived
from hyperpolarizing ramps of a DRN 5-HT neuron from Tph2~/~ mice recorded before (Bsl, black) and after (Ba>*, red) bath application of
BaCl, (150 uM, 5 min), an inwardly rectifying channel blocker. Ba?* abolished inwardly rectifying current component, as visible from near-
linear -V recorded in its presence. Traces are averages of 7 individual ramps. (D) Current-voltage plot of net Ba%*-sensitive current (Ivet),
obtained by subtraction of traces shown in (A). The I-V shows rectification and reversal potential characteristic for inwardly rectifying K*
channels. (E) Scatter plot summarizing G_125,_ 105 my across the genotypes. *p<0.05, Dunn's multiple comparison post-hoc test. (non-
normal distribution, p<0.0001 in Tph2 =/~ and Tph2*/*+, p=0.0004 in Tph2*/~, D'Agostino and Pearson omnibus test). (F) The correlation
between G_ 125,105 mv and depolarizing sag (see Figure 5). Symbols represent single experiments. Lines are best least square fits for
respective genotypes. There was no correlation of G_ 125, _ 105 mv With the sag amplitude in all genotypes (Tph2*/*: Spearman r,= —0.023,
p=0.90; Tph2*/~: Spearman r,=0.130, p=0.45; Tph2~/~: Spearman r,= —0.028, p=0.86). (G) The correlation between G_ 125/ _ 105 my
and the cell membrane capacitance (C,,). Symbols represent single experiments. Lines are best least square fits for respective genotypes.
Correlation analysis revealed moderate to strong positive correlation of G_125,_105mv With Cm in all genotypes (Tph2*/*: Spearman
r;=0.398, p=0.0111; Tph2*/~: Spearman r;=0.671, p<0.0001; Tph2~/~: Spearman r,=0.431, p=0.0022). (H) Scatter plot summarizing
G_ 125/ 105 mv Normalized for the cell membrane capacitance (G _ 125, 105 mv/ Cm)- Non-normal distribution (p < 0.0001 for all genotypes,
D'Agostino and Pearson omnibus test). Error bars represent median+IQR. (I) Comparison of expression of selected K* channels in the DRN of
Tph2*/* (n=8) and Tph2~/~ (n=7-8) mice. Unpaired t-test revealed no differences in expression of KCNJ2 (Kir2.1, p=0.15), KCNJ4
(Kir2.3, p=0.25), KCNJ14 (Kir2.4, p=0.54), KCNK3 (TASK-1, p=0.84) and KCNK9 (TASK-3, p=0.20), while significance was reached for
KCNJ12 (Kir2.2, p=0.018) and KCNK2 (TREK-1, p=0.035).
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3.5. Comparison of 5-HT neuron subthreshold
properties across the genotypes

Because 5-HT neurons in Tph2 =/~ mice had higher Gcg, but
unchanged action potential firing, we further examined
subthreshold properties in an attempt to identify ion channels
underlying higher Gcg, in Tph2™/~ mice. We compared
activities of hyperpolarization-activated cyclic nucleotide-
gated cation (HCN) channels, which mediate [, and
inwardly-rectifying potassium (IRK) channels. To compare
densities of HCN channels across the genotypes, we measured
the depolarizing sag occurring in response to hyperpolarizing
pulses in current-clamp mode (Figure 6A; see Supplementary
methods). Bath application of the HCN channel blocker, ZD-
7288 (20 pM, 10 min) abolished depolarizing sag in all neurons
tested (n=3, Tph2~/~; n=2, Tph2*/~; n=3, Tph2*'*)
confirming that the sag is due to the activation of I, (e.g.
Figure 6B). Depolarizing sag was non-existent or relatively
small in 5-HT neurons from all genotypes, but nevertheless,
Kruskal-Wallis test revealed that it was significantly greater in
Tph2~/~ mice (p=0.0082, Figure 6C). In addition, the
proportion of 5-HT neurons expressing the sag was higher in
Tph2 =/~ mice (Figure 6D; sag> 0.5 mV: 65.5% in Tph2 /'~
42.5% in Tph2*/~, 41.3% in Tph2*/* mice). Finally, there
was no significant correlation of the sag amplitude with Gcg
in Tph2 =/~ mice (Spearman r= —0.133, n=50, p=0.36).
To compare the activity of IRK channels we used hyperpolar-
izing voltage ramps (Figure7A) and measured the conductance
from the slope of the recorded current in range of potentials
from —125 to —105mV (G_125/_10smv; Figure. 7B). Bath
application of a non-selective blocker of inwardly rectifying
K* channels, Ba** (BaCl, 150 pM, 3-5 min) abolished inwardly
rectifying current in all neurons tested (e.g. Figure 7C, note the
absence of rectification in Ba’*; n=3, 1, 7 for Tph2*’~,
Tph2*/~ and Tph2=/~ mice, respectively). The I-V of net
BaZ*-sensitive current displayed inward rectification and the
reversal potential close to that of K* (Figure 7D), indicating
that it is inwardly-rectifying K* current. As shown in Figure 7E,
DRN 5-HT neuronal populations in all three genotypes had non-
normally distributed G_ 135,105 mv Values (median and IQR:
1.615nS, 1.315-2.269 nS in Tph2*/*; 1.802 nS, 1.273-2.644 nS
in Tph2*/~; 2.054nS, 1.548-3.125nS in Tph2~'~), with a
subpopulation of neurons having distinctively higher
G_125/_105 mv Values. Kruskal-Wallis test revealed borderline
significant difference in G_125,_105mv across the genotypes
(p=0.050) and Dunn's multiple comparison post-test showed
significant difference only between Tph2~/~ and Tph2*’/*
mice (p<0.05). The slope conductance at hyperpolarized
potentials can be in some extent due to I,,. However, correlation
analysis indicated that G_1z5,_105 mv does not correlate with
the sag magnitude in recorded neurons (Figure 7F), confirming
that G_ 125, _105 mv principally reflects the density of inwardly
rectifying K* channels. Correlation analysis, however, revealed
moderate to strong positive correlation of G_ 135/ 105 my With
Cyn in all genotypes (Tph2*/*: Spearman r;=0.398, p=0.0111;
Tph2*/~: Spearman r;=0.671, p<0.0001; Tph2~/~: Spearman
rs=0.431, p=0.0022; Figure 7G). Therefore, G_ 125, _ 105 mv data
'normalized’ for the cell capacitance, i.e. specific G_ 125/ _ 105 mv
(G_125/—105mv/Cm) Were also compared across genotypes
(Figure 7H). Kruskal-Wallis test revealed no significant differ-
ence in specific G_125,_ 105 mv (P=0.082), suggesting small, if

any, difference in the activity of IRK channels across the
genotypes. Finally, we compared the expression of IRK (Kir2)
type channels in the DRN of Tph2~/~ and Tph2*’/* mice. In
addition, we compared expression KCNK2 (TREK-1), KCNK3
(TASK-1) and KCNK9 (TASK-3), the members of the two-pore-
domain (2P) background K* channel family which are highly
expressed in 5-HT neurons and contribute to their Gcg
(Heurteaux et al., 2006; Talley et al., 2001; Washburn et al.,
2002) As shown in Figure 71, there were no marked differences
in expression of compared K channels, although significance
was reached for KCNJ12 (p=0.018) and KCNK2 (p=0.035),
which were on average expressed 9.9% and 20.1% less in
Tph2=/~ mice, respectively. The finding that the expression
of IRK and 2P channels was unchanged or decreased in Tph2 =/~
mice suggests that increased Geg, in Tph2 ™/~ mice is not due
to increased expression of the compared K* channels.

4. Discussion

In the present work, we compared electrophysiological
properties of DRN 5-HT neurons in Tph2 =/~ and Tph2*/~
mutant mice and in wt (Tph2*/*) littermates. No substan-
tial differences in any parameter reflecting their firing
activity both in vivo and in vitro were found. These results
provide evidence that 5-HT neurons acquire and maintain
their characteristic firing properties independently of the
presence of their principal neurotransmitter 5-HT, and
display an unexpected resilience toward complete 5-HT
deficiency.

The firing activity of the DRN 5-HT neurons was directly
assessed by single unit recordings in anesthetized animals. All
parameters characterizing firing activity in vivo (i.e. firing
rate; coefficient of variation of instantaneous firing rate and
the incidence of spike doublets) were remarkably similar across
the genotypes. These findings are consistent with our previous
results obtained using loose-seal cell-attached recording in
brainstem slices (Araragi et al., 2013; Gutknecht et al., 2012),
although in the latter study the firing rate in Tph2 =/~ mice
was found slightly lower than in Tph2*/*.

As firing activity of neurons in vivo is not necessarily
determined exclusively by their intrinsic properties, but it
may also be modulated by the afferent neural activity in the
intact brain, we further examined properties of 5-HT neurons
using whole-cell recordings in brainstem slices. All in vitro
recordings were done in the presence of a cocktail of
GABAergic and glutamatergic synaptic receptor blockers to
electrically isolate the recorded 5-HT neuron and thus permit
the measurement of its intrinsic electrophysiological proper-
ties. Although some differences across Tph2 genotypes were
observed in subthreshold properties of 5-HT neurons (dis-
cussed below), most of parameters compared, in particular
those relevant for excitability and firing behavior (i.e. action
potential height and half-height width, instantaneous and
persistent firing in response to depolarizing current pulses)
indicated a lack of substantial differences across the geno-
types. Together with findings of in vivo experiments, these
results indicate that 5-HT neurons acquire and maintain their
firing properties despite the complete ablation of endogen-
ous neuronal 5-HT synthesis during adulthood.

In contrast to firing properties of the DRN 5-HT neurons,
subtle differences were observed in some of their
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subthreshold properties. Particularly, 5-HT neurons in
Tph2~/~ mice displayed higher Gcg, compared to their
littermates. The difference was relatively small (~ 25%),
but resulted highly significant (p<0.0001 for both ANOVA
and Tukey's post-hoc tests) and is unlikely to be a conse-
quence of differences in cell and/or animal sampling and
recording conditions since all recordings were done in
stringent conditions (e.g. no differences in seal and access
resistance; recording temperature; slice viability; age of
animals). Increased Gcg in Tph2~/~ mice without con-
comitant change in the RMP as well as in the holding current
is somewhat surprising because opening or closing of ion
channels responsible for the change in G¢g | is expected to
simultaneously change the holding current and the RMP. The
simplest way to produce the observed increase in Gcg .
without a simultaneous change in the RMP is by opening of
at least two different ion channel types in 5-HT neurons in
Tph2 =/~ mice. As example, opening of a potassium channel
(which hyperpolarizes the cell membrane) together with
opening of a sodium channel or a non-selective cation
channel (which depolarize the cell membrane) could
increase Gcg . Without affecting the RMP. Although such a
mechanism cannot be excluded, it seems unlikely because
there was no increase in subthreshold K™ conductances in
Tph2~/~ mice. Alternatively, small increase in intracellular
Ca?* concentration, e.g. by increased influx through HCN
channels, may in turn increase Ca’*-activated K* current
and thus result in increased G¢g | without a notable change
in a RMP.

In this study, 5-HT neurons in Tph2~’/~ mice displayed
increased density of HCN channels when compared with
littermates, suggesting that increased density of HCN
channels may contribute to the higher Gcg in Tph2=/~
mice. However, since the difference was rather small and
there was no significant correlation between the HCN
channel-mediated depolarizing sag and Gcg, increased
HCN channel conductance does not seem to be a principal
underlying mechanism. The observed difference in Gcg
could have been in part due to the increased cell surface
area in Tph2 =/~ mice, since the difference in specific Geg,
(which accounts for the cell surface area) across the
genotypes was less pronounced than that of G¢g . (compare
Figure 1C and F). Since the observed difference can at least
in part be explained by the difference in somatic surface
areas and since there were no changes in firing behavior, we
did not further search for the underlying mechanism.

The observed differences in subthreshold electrophysio-
logical properties and somatic surface areas in Tph2~/~
mice might have been a caused directly by the lack of
autoregulatory 5-HT action on 5-HT neurons, but they might
also be an indirect consequence of the lack of CNS 5-HT.
Namely, 5-HT has an important neurodevelopmental role via
its effect in projection areas (reviewed in Daubert and
Condron (2010), Lesch and Waider (2012) and, for Tph2 =/~
mice, in Mosienko et al. (2015)). Tph2~/~ mice display
abnormalities in brain development, such as reduced num-
ber of noradrenergic neurons in the locus coeruleus and
lower norepinephrine content (Gutknecht et al., 2012),
reduced density of GABAergic interneurons in the basolat-
eral amygdala (Waider et al., 2013) and abnormal wiring of
neuronal circuits in projection areas (Migliarini et al.,
2012). Furthermore, the lack of the CNS 5-HT in Tph2 =/~

mice also leads to abnormalities in general development,
such as growth retardation and increased mortality in the
first weeks of postnatal life (Alenina et al., 2009; Narboux-
Néme et al., 2013).

It has been well documented that 5-HT autoregulates
expression and activity of neurotransmitter specific proteins
in 5-HT neurons. For example, the absence of the CNS 5-HT
in Tph2‘/‘ mice leads to upregulation of 5-HT;, and 5-HTp
autoreceptors (Gutknecht et al., 2012), whereas the excess
of extracellular 5-HT in Sert ~/~ mice leads to their down-
regulation (Fabre et al., 2000). In contrast, our findings
suggest that 5-HT neuron firing activity is independent of
endogenous 5-HT synthesis. Thus, changes in 5-HT specific
proteins in 5-HT neurons are subject of homeostatic auto-
regulation by endogenous 5-HT, while changes in ion chan-
nels underlying pacemaking activity of 5-HT neurons appear
to be notably less autoregulated.

An important consequence is that changes in expression or
activity of ion channels of 5-HT neurons is expected to
substantially influence the output of 5-HT system and thus
may potentially lead to 5-HT system-related disorders. Simi-
larly, in the treatment of neurodevelopmental and psychiatric
disorders in which 5-HT system dysfunction is implicated,
pharmacologic or genetic manipulation of 5-HT neuron ion
channels should produce a more resilient change in 5-HT
system functioning (a desirable outcome of the treatment)
compared with analogous manipulation of 5-HT specific pro-
teins. This hypothesis is supported by the study by Heurteaux
and Colleagues (2006), who showed that genetic inactivation of
the Kcnk2 gene, encoding a background K* channel, causes a
notable increase in firing activity of DRN 5-HT neurons and
leads to resistance to depression-like behavior in animal
models. Similar behavioral effects were shown in Kcnk9 knock-
out mice (Gotter et al., 2011). In conclusion, our findings
indicate that intrinsic electrophysiological properties of 5-HT
neurons are independent of the level of 5-HT, suggesting that
ion channels underlying 5-HT neuron activity can be pharma-
cologically targeted to produce an increase in firing and 5-HT
release resistant to 5-HT dependent adaptive mechanisms.
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