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Investigation of Behavioral
Dysfunctions Induced by Monoamine
Depletions in a Mouse Model of
Parkinson’s Disease

Yong Li, Qian Jiao, Xixun Du, Mingxia Bi, Shuaishuai Han, Lingling Jiao and Hong Jiang*

Department of Physiology, Shandong Provincial Key Laboratory of Pathogenesis and Prevention of Neurological Disorders
and State Key Disciplines, Physiology, Qingdao University Medical College, Qingdao University, Qingdao, China

Parkinson’s disease (PD) is characterized not only by typical motor symptoms, but also
by nonmotor symptoms in the early stages. In addition to the loss of dopaminergic
(DAergic) neurons, progressive degenerations of noradrenergic (NA) and serotonergic
(5-HT) neurons were also observed. However, the respective effects and interactions
of these monoamine depletions on certain nonmotor symptoms are still largely
unknown. In the present study, we performed selective depletions of NA, 5-HT and
DA in mice by intraperitioneal injection of N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine
hydrochloride (DSP-4), 4-chloro-L-phenylalanine (oCPA) and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), respectively. DSP-4 led to a 34% decrease in the number of
NAergic neurons in the locus coeruleus, and MPTP led to a 30% decrease in the number
of DAergic neurons in the substantia nigra. Although there was no obvious change in
the number of 5-HTergic neurons in the dorsal raphe nucleus after pCPA treatment, the
levels of 5-HT and its metabolite in the frontal cortex and hippocampus were reduced,
respectively. Locomotor activity deficit was induced by DA depletion and a decrease
in traveled distance was potentiated by additional NA depletion. Despair-associated
depressive-like behavior could be observed in every group. Anxiety states emerged only
from the combined depletion of two or three monoamines. However, combined depletion
of the three monoamines dramatically induced anhedonia, and it could also aggravate
the depressive-like and anxiety behavior. Furthermore, NA depletion significantly reduced
spatial learning and memory ability, which was not enhanced by additional 5-HT or DA
depletion. Our data highlighted the interactive role of NA, 5-HT and DA in the motor,
emotional and cognitive deficits, providing new insight into the complex orchestration of
impaired monoaminergic systems that related to the pathology of PD.

Keywords: Parkinson’s disease, dopamine, noradrenaline, serotonin, motor symptoms, nonmotor symptoms

INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative disorder characterized by the
loss of dopaminergic neurons in the substantia nigra (SN) and depletion of dopamine
(DA) in the striatum. However, the depletion of DA per se is unable to cause the
manifestation of both motor and nonmotor features of PD observed in different animal models
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(Wolters, 2009; Palmeri et al, 2017). Recently, increasing
evidence implicated that other monoaminergic systems such as
noradrenergic (NA) and serotonergic (5-HT) are also affected in
the process of PD (Fornai et al., 2007; Kish et al., 2008). The
degeneration of these neurons has been shown to play essential
roles in the emergence of various clinical symptoms (Delaville
et al., 2012). However, a specific role for each monoamine and
their interaction in PD are still largely undetermined.

The widely accepted Braak’s staging of PD has proposed a
six-stage scheme that a characteristic Lewy pathology initially
occurs in the lower brainstem and spreads an ascending course to
the higher cortical structures (Braak et al., 2003). The following
studies have reported that the pathology in regions adjacent to the
medulla oblongata including the locus ceruleus (LC), a principal
site of NA neurons, and the dorsal raphe nuclei (DRN), a main
site of 5-HT neurons, occur at stage 1 or 2, whereas the SN
neuronal loss occurs at stage 3 or 4 and induces a striking motor
symptom (Braak et al., 2004; Burke et al., 2008). Nevertheless,
the neuronal loss of NA has shown to be a greater extent than
DA loss in PD patients (Buchman et al., 2012). A previous study
showed that there were 83% loss of NA neurons and 78% loss
of DA neurons in the PD brains (Zarow et al., 2003). Although
the loss extent of 5-HT neurons in the DRN is under debate, 5-
HT concentrations in the putamen and caudate nucleus of dorsal
striatum are highly reduced by 51-66% in PD patients (Kish,
2003; Kish et al., 2008).

Several studies have reported a correlation between the
severity of NA, 5-HT, and DA depletions and worsening of PD
neurological symptoms (Delaville et al., 2012; Faggiani et al.,
2015). Because of the widespread projections, LC NAergic system
dominates a variety of neural circuits through releasing NA into
the distinct brain regions, such as olfactory bulb, hippocampus,
subthalamic nucleus, striatum and cerebral cortex (Benarroch,
2009). The loss of NA may account for many nonmotor
symptoms experienced by PD patients and animal models,
including cognitive impairment (Del Tredici and Braak, 2013),
sleep disorder (Kalaitzakis et al., 2013), depression and anxiety
(Remy et al., 2005), and sympathetic autonomic failure (Palma
and Kaufmann, 2014). Moreover, NA lesions in the LC also affects
firing activity of the SN, which decreases DA release into the
striatum, thus leading to the typical motor deficits associated
with PD symptoms (Srinivasan and Schmidt, 2003; Masilamoni
et al., 2017). In addition, a range of studies have reported that
5-HT plays a vital role in the development of depression and
anxiety, which are recognized as other landmarks of the disease.
For example, depression appears in about 45% of PD patients
and considerably reduces the patients quality of life (Reijnders
et al., 2008). 5-HTergic innervations originate from the medial

Abbreviations: DSP-4, N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine;
pCPA,  4-Chloro-D-phenylalanine; ~ MPTP, 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; NA, noradrenaline; MHPG, 3-Methoxy-4-
hydroxyphenylglycol; 5-HT, serotonin; 5-HIAA, 5-Hydroxyindoleacetic acid;
DA, dopamine; DOPAC, 3,4-Dihydroxyphenylacetic acid; HVA, homovanillic
acid; LG, locus ceruleus; DRN, dorsal raphe nuclei; SN, substantia nigra; HPLC,
high performance liquid chromatography; DBH, dopamine $-hydroxylase; SERT,
serotonin transporter; TH, tyrosine hydroxylase; 6-OHDA, 6-hydroxydopamine;
PD, Parkinson’s disease.

and dorsal RN, and that mainly projects to the basal ganglia, such
as striatum. The neurodegeneration of 5-HT neurons leads to
a defect of limbic function, a detrimental process which is not
only involved in the motor control but also in the regulation of
emotion and cognition (Teissier et al., 2017).

Since NA, 5-HT and DA have a prominent role in both
pathophysiology process and phenotypical aspect of PD, we,
therefore, investigated the respective effects and interactions of
these monoamine depletions on motor and nonmotor symptoms
including depressive-like, anxiety and cognitive dysfunctions in
mice with serial neurotoxic monoamine lesions.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice (8 weeks of age) were purchased from the
Cavens Laboratory Animal Center (No. 201608441, Changzhou,
China). All animals were maintained on a 12:12h light/dark
cycle under constant temperature (22°C) with food and water
available ad libitum. The mice were allowed for acclimation in
a colony room for 2 weeks and handled daily before starting
experiments. This study was carried out in accordance with the
recommendations of the National Institutes of Health Guide
for the Care and Use of Laboratory Animals, and the protocol
was approved by the Animal Ethical Committee of Qingdao
University. Total 192 mice were randomly divided into eight
groups, comprising a saline-treated group, and NA, 5-HT, DA,
NA/5-HT, NA/DA, 5-HT/DA as well as NA/5-HT/DA depleted
group (n = 24 in each group). To avoid interference between
multiple test performances, each group was divided into three
subgroups, which contained 8 mice. Animals in the first subgroup
were used for open field test, sucrose preference test and forced
swim test; mice in the second subgroup were underwent bar
test, elevated plus maze and tail suspension tests; mice in the
third subgroup were used for the Morris water maze assay.
Afterwards, 12 mice from each group were randomly selected
for tissue content determination, and another 12 mice for
immunohistochemical analysis.

Drug Administration for Monoamine

Depletions

NA depletion was obtained using N-(2-chloroethyl)-N-ethyl-
2-bromobenzylamine (DSP-4, C8417, Sigma), a selective
neurotoxin for NAergic projections originating from the LC.
DSP-4 was dissolved in saline and intraperitoneally (i.p.)
injected at a dose of 50 mg/kg according to the work (Grzanna
et al., 1989). 5-HT depletion was achieved using 4-Chloro-D-
phenylalanine (pCPA, C9419, Sigma), a selective inhibitor of
5-HT synthesis. pCPA was dissolved in saline and i.p. injected
at a dose of 300 mg/kg during three consecutive days. This
procedure was performed 3 days after DSP-4 treatment based on
the occurrence of pathological deficits of NAergic system (Heal
et al, 1993). 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP, M0896, Sigma), a neurotoxin to dopaminergic neurons
in the SN, was dissolved in saline and injected in a subacute
regimen (ip., 25 mg/kg/day for 5 days) following the last
pCPA injection. The vehicle-treated mice were administrated
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using saline in a comparable volume with the same protocol.
The depletion of NA and/or 5-HT was executed prior to DA
depletion according to the sequential Lewy pathology presented
in PD patients (Braak et al., 2003). Behavioral tests were initiated
one week after the last injection of MPTP or saline (Figure 1).

Behavioral Measurements

Open Field Test (OFT)

OFT was achieved between 9:00a.m. and 1:00 p.m. in an
isolated room, which was used to assess the spontaneous
locomotor activity of animals. All mice were habituated for
30 min before the test. Individual mouse was placed in a square
arena (27.3 x 27.3 x 20.3cm) equipped with a camera. The
test was lasted for 10 min. Total traveled distance and rearing
were analyzed using an EthoVision XT video-tracking software
(Noldus, Netherlands).

Sucrose Preference Test (SPT)

Sucrose consumption was conducted to evaluate anhedonia in
rodents. Each mouse was individually housed in a separate cage
and allowed free access to two bottles of water in the first day
morning. In the second day morning, one bottle of water was
changed to 1% sugar for another day. In the third day morning,
the mice were deprived food and water until the lights turned
off at 7:00 p.m., followed by supplying 1% sucrose and water in
two bottles for 2h. The position of the two bottles was always
switched in the intermediate time. The weight of the bottles was
measured before and after the test. Sucrose preference (%) = 100
X sucrose intake/(sucrose intake + water intake).

Bar Test

The degree of catalepsy resulting from monoamine depletions
was measured using the bar test by placing mice with both
forepaws on a horizontal bar (diameter: 6 mm), which was set
up 4.5 cm above the floor. The latency was recorded as the mouse
grabbed the bar until their forepaws touched the floor or climbed
over the bar. The cut-off of the test was set at 60's.

Forced Swim Test (FST)

FST is the most commonly used method for monitoring despair-
associated depression in rodents. Mice were individually forced
to swim in a plastic cylindrical container (25 x 10 cm) irrigated
with fresh water (25 £ 1°C) to a height of 15 cm. The duration
of immobility was recorded over a period of 5min. A mouse was
judged as immobility when without struggling or only the rear
feet slightly slide to keep its head above the water.

Tail Suspension Test (TST)

TST is another typical assay for evaluation of the despair-
associated depressive behavior. Using adhesive tape to bind the
tip of mice tail, each mouse was suspended 25 cm above the floor.
The duration of immobility was measured manually during a
total 5min of test. A mouse was defined as immobility when
minimal movements of the front legs instead of the hind legs.
Furthermore, small oscillations and pendulum like swings which
gained momentum from the earlier mobility were also consider
as immobility (Zhang et al., 2017).

Elevated Plus Maze (EPM)

EPM was used to assay anxiety-related behavior. An applied
apparatus is composed of two open arms and two closed arms
(29 x 8 cm, with walls of 16 cm height), which was set up 30 cm
above the floor. Each mouse was placed in the central square of
the maze and allowed to explore the elevated plus maze for 5 min.
The animals’ movement track was recorded with EthoVision XT
video-tracking software (Noldus, Netherlands). The percentage
of time spent in open arms and numbers of arm entries were
analyzed. Each arm was cleaned with alcohol before the next test.

Water Maze Training and Spatial Memory

Morris water maze test was performed to assess the spatial
learning and memory skill of mice as described previously (Cui
et al,, 2016). The circular water maze pool (120 cm in diameter,
50 cm in depth) contained a movable platform (15 cm diameter),
which was submerged 1cm below the water surface. During
training, each mouse will learn how to escape from the water by
climbing the platform; if the mouse failed to find the platform
within 60, it will be guided onto the platform by experimenter
and allowed to stay for 30s. Each mouse was subjected to four
training trials each day. On day 5 and day 7 of training trials, the
platform was removed and a probe test was performed to assay
the spatial memory ability of mice. Animals’ movement tracks
in the training trials and the probe tests were recorded using
an automated tracking system (Actimetrics, USA). The escape
latency and the times crossing the platform were analyzed.

Biochemical Determination of Monoamine Depletion
In order to validate the experimental model, tissular
concentrations of the three monoamines as well as the metabolite
3,4-Dihydroxyphenylacetic acid (DOPAC) and homovanillic acid
(HVA) of DA, the metabolite 3-Methoxy-4-hydroxyphenylglycol
(MHPG) of NA, the metabolite 5-Hydroxyindoleacetic acid
(5-HIAA) of 5-HT were determined by high performance liquid
chromatography (HPLC) with electrochemical detection, as
previously described (Shen et al., 2017). At the end of behavioral
tests, 12 randomly selected mice per group were decapitated,
and their brains were rapidly dissected. Both sides of the
frontal cortex, hippocampus and striatum were weighed and
homogenized in 300 pl liquid A (0.4 M HCIOy4) and centrifuged
at 12,000 rpm for 30 min at 4°C. Eighty microliter of supernatant
was mixed with 40 plliquid B (20 mM potassium citrate, 300 mM
K,HPOy, 2 mM disodium EDTA, and 2 octane sulfonic acid plus
7% methanol) and filtered through a 0.22 um filter (Millipore,
Germany). An electrochemical detector (Waters, USA) was
operated in a screen mode. The flow rate was kept constant at 1
mL/min. The results were expressed as ng/g wet weight of the
brain tissue.

Immunofluorescence Labeling and Stereological
Quantification

Another 12 mice per group were deeply anesthetized by
8% chloral hydrate, followed by ventricular perfusion with
normal saline and 4% paraformaldehyde solution in 0.1 M
PBS. Frozen brain blocks were coronally sectioned to 20 pm
using a freezing microtome (Leica CM1900, Germany). After
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rinse with PBST (0.3% Triton-100 in 0.01 M PBS), sections
were blocked by 10% goat serum for 30min and then
incubated with primary antibodies, dopamine beta-hydroxylase
(DBH, ab209487, Abcam, 1:1,000), serotonin transporter (SERT,
AB9726, Millipore, 1:1000) and tyrosine hydroxylase (TH,
AB152, Millipore, 1:2000) for overnight at 4°C. Subsequently,
the second antibody fluorophore-conjugated donkey anti-rabbit
IgG H&L (Alexa flour 555, Invitrogen, 1:500) was added to
incubate for 2h at room temperature. After three times rinse,
the sections were mounted with 70% glycerol. Stereological
quantification was performed as previously described in our
laboratory (Zhang et al., 2015). The number of DBH-, SERT-
and TH-immunoreactive (ir) neurons was counted by optical
fractionator unbiased stereological method using a fluorescent
microscope (Zeiss, Germany) with Stereo Investigator (Micro
Bright Field, USA).

Statistical Analyses

All statistical analyses were performed using GraphPad Prism
Software (version 5). Escape latencies in Morris water maze
for the individual trial and biochemical data were analyzed by
two-way analysis of variance (ANOVA) with repeated measures.
Statistical analyses for the rest of the data were performed by
one-way ANOVA with Bonferroni’s multiple comparison tests.
All data were shown as mean £+ SEM. p< 0.05 is considered
statistically significant.

RESULTS

Monoamine Contents and Turnover Are

Altered by Selective Drug Administrations
The tissue contents of NA, 5-HT and their metabolites in the
frontal cortex and hippocampus, as well as DA and its metabolites
in the frontal cortex and striatum in eight groups were quantified
by post-mortem HPLC.

DSP-4 is a selective neurotoxin that is widely used to
lower brain NA to investigate the functions of the central
noradrenergic system (Grzanna et al., 1989). In this study, DSP-
4 injection dramatically decreased by 60% tissue level of NA
[one-way ANOVA, F(;, 75y = 28.61, p < 0.001, Table 1) and by
36% tissue level of MHPG [F(; 75y = 8.54, p < 0.05] in the
frontal cortex, and decreased by 58% of NA [F(7, ¢9) = 25.82,

p < 0.001] and by 33% of MHPG [F(y, g9y = 6.68, p < 0.05] in
the hippocampus compared to saline-treated animals. Notably,
significantly decreased NA and MHPG levels in the frontal cortex
and hippocampus were also observed in DSP-4/pCPA, DSP-
4/MPTP and DSP-4/pCPA/MPTP groups [two-way ANOVA,
F@3,76) = 40.50 and F3 75y = 3549, p < 0.001, respectively];
however, these decreased values were similar to that in DSP-4
group, suggesting that pCPA and/or MPTP injections did not
modify by themselves tissue content of NA and its metabolite
in DSP-4-injected mice. A ratio of MHPG/NA represents the
metabolic rate of NA. Furthermore, we found that DSP-4
treatment significantly increased MHPG/NA ratios in the frontal
cortex and hippocampus [F(; 66y = 9.13 and F(7, 79y = 7.43,
p < 0.05, respectively], suggesting that DSP-4 has an effect on
NA metabolism.

PCPA has been used extensively to target serotonergic
afferents and reduce overall 5-HT in the rodent brain (Kornum
etal., 2006). PCPA injection significantly decreased by 53% tissue
level of 5-HT [one-way ANOVA, F(; 7,) = 35.74, p < 0.001,
Table 2] and by 73% tissue level of 5-HIAA [F(7, 75) = 27.31,
p < 0.001] in the frontal cortex, and decreased by 57% of
5-HT [F(;, 69) = 38.32, p < 0.001] and by 76% of 5-HIAA
[F7,69p = 45.64, p < 0.001] in the hippocampus compared
to saline-treated animals. Similarly, significantly decreased 5-
HT and 5-HIAA levels in the frontal cortex and hippocampus
were also observed in DSP-4/pCPA, pCPA/MPTP and DSP-
4/pCPA/MPTP groups when compared to saline-treated group
[two—way ANOVA, F(3’ 80) = 23.46 and F(3’ 78) = 3614,p < 0.001,
respectively]; however, these decreased values were similar to
that in pCPA group, suggesting that DSP-4 and/or MPTP
injections did not modify by themselves tissue content of 5-
HT and its metabolite compared to pCPA-injected mice. A ratio
of 5-HIAA/5-HT represents the metabolic rate of 5-HT. We
found that the ratio of 5-HIAA/5-HT was significantly decreased
in the frontal cortex and hippocampus after pCPA treatment
[Fi7.72 = 1075, p < 0.05 and F(7 g9y = 18.48, p < 0.01],
suggesting that pCPA could decrease the metabolism of 5-HT.

The neurotoxin MPTP is the most commonly used to
damage dopaminergic system in mice for PD model (Blume
et al, 2009). The treatment of MPTP induced a significant
decreased tissue levels of DA [78%, p < 0.001, one-way ANOVA,
F7.65y = 43.81, Table3], DOPAC [44%, F(; 65 = 33.96,
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TABLE 1 | Tissue contents of NA and MHPG (represents in ng/g of tissue) in the frontal cortex and hippocampus of mice brain were measured by HPLC, and the ratios of

MHPG/NA were analyzed after DSP-4, pCPA, and MPTP administration respectively.

Treatments Frontal cortex Hippocampus

NA MHPG MHPG/NA NA MHPG MHPG/NA
Saline (n = 12) 224.3 £+ 16.1 57.3 £35 0.25 + 0.03 303.7 £+ 22.1 104.6 + 12.6 0.34 £ 0.07
DSP-4 (n =10) 88.5 + 7.6"™* 36.8 £ 4.9" 0.43 + 0.09* 125.4 + 19.4** 69.5 + 10.6* 0.55 + 0.09*
pCPA (n = 12) 212.7 £ 18.4 469 £ 2.7 0.21 £ 0.04 284.9 + 26.6 106.7 + 14.2 0.37 £ 0.04
MPTP (n = 9) 228.5 £ 20.6 451 £ 4.5 0.19 + 0.05 3156.8 £ 20.9 89.2 £ 9.5 0.28 £ 0.04
DSP-4/pCPA (n = 11) 79.5 £ 9.4 39.6 £+ 3.8* 0.51 £ 0.11* 127.2 £ 156.5"* 63.2 + 5.3* 0.49 £+ 0.07*
DSP-4/MPTP (n = 9) 91.7 + 8.4™ 45.4 + 31 0.48 + 0.05* 131.56 + 16.9"* 75.6 + 8.5* 0.57 + 0.08*
pCPA/MPTP (n = 10) 201.56 £ 234 53.6 £ 6.7 0.26 + 0.07 296.4 + 36.7 927 £ 7.3 0.31 £ 0.03
DSP-4/pCPA/MPTP (n = 11) 66.7 + 10.4™* 32.7 £ 5.1* 0.49 + 0.06* 116.3 & 20.1** 782 £ 7.9* 0.67 + 0.12**

All values are expressed as mean + S.E.M. *p < 0.05, **p < 0.01, **p < 0.001 in comparison with the saline group.

TABLE 2 | Tissue contents of 5-HT and 5-HIAA (represents in ng/g of tissue) in the frontal cortex and hippocampus of mice brain were measured by HPLC, and the ratios
of 5-HIAA/5-HT were analyzed after DSP-4, pCPA, and MPTP administration respectively.

Treatments Frontal cortex Hippocampus

5-HT 5-HIAA 5-HIAA/5-HT 5-HT 5-HIAA 5-HIAA/5-HT
Saline (n=12) 4431 £ 19.7 275.6 £ 22.4 0.62 £ 0.11 379.2 £ 24.5 376.2 £ 25.9 0.99 + 0.14
DSP-4 (n = 10) 447.3 £19.9 349.5 £ 21.3 0.78 £ 0.15 353.4 + 22.7 427.1 + 33.6 1.21 £ 0.21
pCPA (n = 12) 205.9 + 33.7"** 74.8 £ 9.2 0.36 + 0.05* 164.5 + 249" 87.9 £+ 5.9 0.53 + 0.08"*
MPTP (n =9) 435.1 +£ 19.6 253.3 £ 17.3 0.58 + 0.09 366.9 + 28.8 325.7 £ 23.8 0.89 + 0.11
DSP-4/pCPA (n = 11) 182.6 + 37.5"* 123.8 + 10.5"** 0.67 £ 0.09 166.6 &+ 20.7*** 153.1 &+ 11.2 0.91 +£0.18
DSP-4/MPTP (n = 9) 419.3 £+ 191 255.6 + 14.2 0.61 +£0.13 339.7 + 28.4 285.7 + 18.4 0.84 + 0.07
pCPA/MPTP (n = 10) 191.8 &+ 34.7* 79.3 £+ 4.8 0.41 £ 0.06* 171.8 + 24.0"* 81.3 £ 9.2 0.47 £ 0.05™*
DSP-4/pCPA/MPTP (n = 11) 178.5 + 37.7** 69.4 £+ 5.6 0.39 £ 0.03* 163.2 + 27.4*** 74.3 £ 55" 0.45 £+ 0.07*

All values are expressed as mean + S.E.M. *p < 0.05, **p < 0.01, **p < 0.001 in comparison with the saline group.

p < 0.001] and HVA [46%, F(; 65y = 39.42, p < 0.001] in
the striatum but not in the frontal cortex. The additional
treatment of DSP-4 and/or pCPA to MPTP further aggravated
the depletion of DA and its metabolite contents in the striatum.
It showed that the contents were decreased by 43% for DA,
46% for DOPAC and 57% for HVA in DSP-4/MPTP group,
by 34% for DA, 38% for DOPAC and 57% for HVA in
pCPA/MPTP group, and by 58% for DA, 52% for DOPAC as
well as 64% for HVA in DSP-4/pCPA/MPTP group compared
to MPTP group [F(7 67y = 31.64, p < 0.001], respectively.
Consistently, a ratio of (DOPAC+HVA)/DA reflecting the
metabolic rate of DA did not differ in the frontal cortex
between MPTP group and saline group, while it was increased
in DSP-4/pCPA/MPTP group [F(; 63y = 19.94, p < 0.01]. In
striatum, (DOPAC+HVA)/DA ratio was significantly increased
after MPTP treatment [F(;, ¢g) = 17.62, p < 0.01], suggesting that
MPTP could increase striatal DA metabolism.

Effects of Monoamine Depletions on
Locomotor Activity

Consistent with previousstudies (Blume et al., 2009; Li et al.,
2016), MPTP-induced DA depletion significantly decreased
a total distance of spontaneous movement by 22% in the
OFT compared to saline-treated mice [one-way ANOVA,

F@ 51y = 8.81, p < 0.05, Figure 2A]. Depletion of NA and/or
5-HT did not affect locomotor activity. However, additional
depletion of NA but not 5-HT potentiated the decreased total
distance induced by DA depletion (with 29% reduction compared
to DA-depleted mice, p < 0.05). Additionally, MPTP-induced DA
depletion also decreased the number of rearing by 49% [one-
way ANOVA, F(;, 51y = 19.23, p < 0.01, Figure 2B), and similar
decreases in rearing number could be seen in DSP-4/MPTP,
pCPA/MPTP and DSP-4/pCPA/MPTP groups.

In addition to the locomotor activity, we determined
whether monoaminergic depletions could promote catalepsy
using the bar test. DA depletion significantly increased catalepsy
time compared to saline-treated animals [one-way ANOVA,
F(7, 56) = 14.33, p < 0.01, Figure 2C]. Depletion of NA and/or
5-HT did not either trigger catalepsy or potentiate the increased
catalepsy induced by DA depletion.

Effects of Monoamine Depletions on
Depressive-Like Disorder and Anxiety
Behavior

To evaluate mood behavioral disabilities we used different
common tests. In SPT, mice with single depletion of NA or 5-
HT or DA did not alter the sucrose consumption compared to
saline-treated animals. However, only combined depletions of
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TABLE 3 | Tissue contents of DA, DOPAC, and HVA (represents in ng/g of tissue) in the frontal cortex and striatum of mice brain were measured by HPLC, and the ratios
of (DOPAC + HVA)/DA were analyzed after DSP-4, pCPA, and MPTP administration respectively.

Treatments Frontal cortex Striatum

DA DOPAC HVA (DOPAC+HVA) DA DOPAC HVA (DOPAC+HVA)

/DA /DA

Saline (n = 12) 521.7 £458 328+26 489+ 31 0.15 + 0.06 7,020 + 551.4 617.7 £56.8 997.8 £ 782 0.23 + 0.04
DSP-4 (n = 10) 506.4 £279 30.3+43 43.1+53 0.14 £ 0.05 6,742 + 600.7 553.8 £ 58.4  889.9 £+ 96.3 0.21 £ 0.08
pCPA (n = 12) 5315 +£284 344+29 565 +6.1 0.17 £ 0.05 6,574 + 391.6 698.2 +£ 67.3 9414 £ 885 0.25 + 0.08
MPTP (n = 9) 496.9 + 44.1 36.8 + 5.1 69.5 +£ 5.6 0.21 £ 0.07 1,494 + 155.8"* 347.9 £ 25.7** 543.5 + 63.1"*  0.59 + 0.12**
DSP-4/pCPA (n = 11) 507.5 + 44.6 289+35 436+44 0.14 £+ 0.06 7,175+ 532.4 603.7 £ 67.6  897.8 +74.4 0.21 £ 0.04
DSP-4/MPTP (n = 9) 4739 £205 341+36 521+37 0.18 £+ 0.06 847.7 £ 71.0°## 1891 £ 23.1"* 2356 + 21.3"* 051 + 0.11**
pCPA/MPTP (n = 10) 4748 £289 31.7+29 426 +£3.2 0.15 £ 0.04 977.2 + 105.6" 2133 + 24.4™ 231.2 + 184"  0.45 + 0.12*
DSP-4/pCPA/MPTP (n = 11)127.1 + 159" 10.7 & 1.2"* 24.6 £ 2.1* 0.28 £ 0.08"* 620.4 £ 81.3**###1654 £ 19.9"* 1932 £ 157 0.57 £ 0.14*

All values are expressed as mean + S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001 in comparison with saline group; *p < 0.05, #p < 0.01, #*p < 0.001 in comparison with MPTP group.
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FIGURE 2 | Monoaminergic depletion induced changes in locomotor activity and catalepsy. The total distance traveled (A) and number of rearing (B) during 10 min
was reduced by MPTP treatment in the OFT. (C) MPTP-induced DA depletion promoted catalepsy in the Bar test. Each value represents mean + SEM. *p < 0.05,
*p < 0.01, *p < 0.001 in comparison with the saline group, and #p < 0.05 in comparison with the MPTP group was assessed using one-way ANOVA followed
Bonferroni’s tests. N = 8 in saline group, n = 6 in MPTP group, n = 7 in DSP-4 group, n = 8 in pCPA group, n = 7 in DSP-4/pCPA group, n = 6 in DSP-4/MPTP
group, n = 8 in pCPA/MPTP group, n = 7 in DSP-4/pCPA/MPTP group.

NA, 5-HT and DA induced an anhedonia behavior as the sucrose
consumption was significantly decreased [one-way ANOVA,
F(, 51y = 3.81, p < 0.01, Figure 3A].

In FST for despair-associated depression assay, our results
showed that single depletion of NA, 5-HT, or DA significantly
increased the immobility time compared to saline-treated
animals. In addition, mice with depletion of NA or 5-HT
combined with DA depletion also showed a significant increase
in immobility time compared to saline-treated animals [one-
way ANOVA followed by Bonferroni’s multiple comparison test,
F(7, 53 = 5.5, p < 0.001, Figure 3B], although not significantly
different from that in mice with depletion of monoamine alone.
Interestingly, there is a trend toward an increased depressive-like

behavior when combined depletions of the three monoamines.
To further verify the effects of NA, 5-HT and DA on depression,
we performed TST. A similar statistical result was obtained as for
FST (Figure 3C).

Anxiety behavior was evaluated by EPM under NA, 5-HT or
DA depletion. As shown, the time spent in open-arms and the
number of entries were not affected by depletion of NA, 5-HT, or
DA alone (Figures 3D,E), suggesting that NA, 5-HT and DA are
insufficient by themselves to control anxiety behavior. However,
depletions of any two of the monoamines induced a significant
anxiety behavior (p < 0.05). Furthermore, combined depletions
of the three monoamines seem to increase the anxiety behavior
as the time spent in open-arms [one-way ANOVA, F(; 53y = 5.80,
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p < 0.001, Figure 3D] and the number of entries into open-arms

[one-way ANOVA, F(7 53y = 6.55, p < 0.001, Figure 3E) were
Yy (7,53) p g

even lower.

NA Depletion-Induced Spatial Learning

and Memory Deficits

To examine the changes of spatial learning and memory deficits,
the monoamine-lesioned mice were trained and tested in Morris
water maze. Our results showed that depletion of NA but not 5-
HT or DA affects spatial learning during training as a tendency
of the overall escape latency to hidden platform was significantly
delayed in contrast to that of saline-treated group [two-way
ANOVA, F(; 14 = 893, p < 0.001, Figure4A]. Additional
depletions of 5-HT and/or DA failed to induce any potentiation

of the learning impairment caused by NA depletion. In probe test,
the number of platform crossing was significantly decreased in
NA-depleted group compared to the controls [one-way ANOVA,
F@, 25 = 4.93, p < 0.05, Figure 4B], indicating NA-depleted
mice had a spatial memory deficit. Similarly, combining 5-HT
and/or DA depletions with NA depletion did not aggravate the
decrease in the number of platform crossing.

Toxic Effect of DSP-4, pCPA, and MPTP on

Monoaminergic Neurons in the Mice Brain

Using immunofluoresent staining, we evaluate whether the toxic
effects of the three neurotoxins are associated with the survival
of monoaminergic neurons. DBH catalyzes the conversion of
DA to NA, and it is expressed and identified as a marker in
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FIGURE 4 | NA depletion reduced mice spatial learning and memory ability
measured by the Morris water maze test. (A) Escape latency defined as time to
find the hidden platform was increased in all DSP-4-treated groups compared
to saline group on training day. (B) Platform crossing times during the probe
test conducted 24 h after training were decreased not only in DSP-4 treatment
group but also in groups of DSP-4 combined with pCPA and/or MPTP
treatment. Each value represents mean + SEM. *p < 0.05 in comparison with
the saline group was analyzed using one-way ANOVA followed by Bonferroni’s
tests. N = 8 in saline group, n = 7 in DSP-4 group, n = 8 in pCPA group,

n =7 in MPTP group, n = 8 in DSP-4/pCPA group, n = 5 in DSP-4/MPTP
group, n = 7 in DSP-4/pCPA group, n = 6 in DSP-4/pCPA/MPTP group.

NAergic neurons. As shown, the number of DBH-ir cells in
the LC was reduced by 34% in DSP-4 group compared with
saline group [one-way ANOVA, F(y 37y = 6.25, p < 0.001,
Figure 5]. However, the percentage decrease in DBH-ir cells was
no longer less in the groups of DSP-4 combined with other toxins.
PCPA and MPTP injection alone or combined together had no
effect on the survival of NAergic neurons in the LC (p > 0.05).
SERT is a type of monoamine transporter protein that transports
5-HT from the synaptic cleft to the presynaptic neuron. The
number of SERT-ir cells in the DRN was not changed in any
treated groups compared with the saline-treated group [one-
way ANOVA, F(; 37y = 0.36, p > 0.05, Figure 6]. TH catalyzes
the rate limiting step in the synthesis of DA, and it is used as
an important indicator of DAergic neurons in the SN. MPTP
injection significantly reduced 30% TH-ir cells in the SN [one-
way ANOVA, F(; 37y = 5.15, p < 0.001, Figure 7]. Similarly, the
loss of TH-ir cells in MPTP group was parallel in the groups of
MPTP accompanied DSP-4 and/or 5-HT injection.

DISCUSSION

There are a number of researches to focus on the PD models
produced by DA depletion, because the classic pathology of

PD is the progressive loss of DAergic neurons in the SNpc.
However, new evidence has recently shown that NAergic and 5-
HTergic transmitter systems are also extensively compromised
in PD patients (Espay et al, 2014; Deusser et al, 2015). In
contrast, these systems have received relatively few attentions
in PD field, although their impairment could contribute to the
early nonmotor symptoms including emotional and cognitive
disorders (Wolters, 2009). In this study, we used three selective
toxins to generate a novel mice model that mimic several
behavioral and neurochemical depletions which present in the
progression of a majority of PD patients (Braak et al., 2003).

For the motor performance, our results showed that DA
depletion has been expected to induce a motor deficit, which is in
line with many previous studies describing movement disorder
after subacute MPTP injection (Blume et al., 2009; Li et al.,
2016). In addition, 6-hydroxydopamine (6-OHDA)-lesioned rats
were also demonstrated severe motor deficits. Nevertheless, our
results showed 22% reduction in movement distance that was
lower than 6-OHDA-induced 56% reduction of movements in
rats (Delaville et al., 2012). The difference may be due to the
depletion of DA in the striatum, which MPTP reduced by 78%
DA in our study but 6-OHDA reduced by almost 95% tissue
level of DA in the striatum (Delaville et al., 2012; Faggiani et al,,
2015). Besides, it has been reported that NA depletion induced
motor deficits that resemble to those observed after DA depletion
(Rommelfanger et al., 2007). We demonstrated that mice with
DSP-4 treatment alone failed to alter spontaneous movement,
whereas NA depletion significantly aggravated the motor deficits
induced by DA depletion in support of previous results obtained
in mice model (Archer and Fredriksson, 2006) as well as rat
model of PD (Srinivasan and Schmidt, 2003). In fact, DSP-4
treatment potentiated DA loss induced by MPTP, whereas this
enhancement is only achieved when DSP-4-induced neurotoxic
insult before MPTP treatment (Fornai et al., 1997; Thomas et al.,
2007). The explanation might be that some neurotrophic factors,
such as brain-derived neurotrophic factor and fibroblast growth
factor, are down-regulated and thus result in a reduced protective
effect of NA on DA neurons in the SN (Rommelfanger and
Weinshenker, 2007). One previous study showed that stimulation
of the NA neurons facilitates firing activity of DA neurons and
striatal DA release (Belujon et al., 2007). Therefore, NA depletion
decreased the activity of DA neurons and the transmission of
nigro-striatal DA, which enhanced the consequences of DA
depletion that observed in our study and others (Archer and
Fredriksson, 2006; Belujon et al., 2007).

Depression is one of the most common psychiatric symptoms,
and it has been demonstrated to occur prior to the onset of
motor symptoms of PD (Ou et al, 2017). According to the
natural phenomenon that mice prefer a sweetened solution rather
than water, whereas depressed mice will no longer exhibit that
preference, we performed SPT to assess an anhedonic state of
animals (Branchi et al., 2008). We found that NA, 5-HT or
DA depletion alone did not induce anhedonia but significant
increased the despair-associated depression detected in the FST.
Mice of distinct neurotoxin treated groups and controls showed
an obvious preference for sucrose as they drank about 80%
sucrose solution and 20% water, and such preference might
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FIGURE 5 | The number of DBH-immunostaining cells in the LC was reduced by neurotoxin treatments. (A-H) Micrographs of DBH-ir cells in different groups were
shown. (I) Stereological counting of DBH-ir cells in all groups. Decreased number of DBH-ir cells was observed in DSP-4 group and DSP-4 along with pCPA and/or
MPTP treated groups. Each value represents mean + SEM. All data were analyzed using one-way ANOVA, n = 9. *p < 0.05 in comparison with the saline group.
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cover the possible differences in anhedonia among the groups
which may explain the discrepancy between the results measured
in the SPT and FST. However, combined depletion of the
three monoamines induced anhedonia and further lengthened
the immobility time in the FST. In order to exclude the
possibility that the depressive disposition of mice is owing to
familiarity with the environment or an adaptive response to an
inescapable situation (Nishimura et al., 1988), we reevaluated
despair-associated depression of mice using TST and obtained
consistent results with the FST. These data support the notion
that depressive-like behavior reported in our study could result
from the deficits of NA, 5-HT or DA as well as the interaction of
the three monoaminergic systems.

Increasing evidence suggests dopaminergic deficits in the
SNpc and ventral tegmental area contribute to the depressive
behavior independently. DA depletion in nigrostriatal pathway
influences limbic function through inducing a high-frequency
stimulation of subthalamic nucleus (Gubellini et al., 2009). The
similar abnormalities could be resulted from inhibiting the
activity of 5-HTergic neuron (Temel et al, 2007). Moreover,
5-HT and its metabolites levels are decreased in several brain
regions of PD patients with depression (Kish, 2003), suggesting
the depletion of 5-HT contributes to the depressive behavior.
Our results also showed that a decline of NA content is related
with depressive behavior, which fit with the studies that a
reduction in either LC pigmentation or NA transporter binding

in the limbic regions leads to depression (Remy et al., 2005). In
addition, the utilization of NA and/or 5-HT reuptake inhibitors
as antidepressants further indicates the essential role of these
monoamines in depressive behavior (Lee et al., 2010).

In contrast to the depressive-like behavior, depletion of
NA, 5-HT, or DA alone did not lead to an anxiety behavior.
However, the anxiety state of mice was induced by combined
depletions of the two or three monoamines. Our data, to a certain
extent, support the assumption that DA depletion alone was
necessary but not sufficient to induce anxiety disorder (Gareri
et al., 2002). However, these findings challenge the results that
DA depletion alone decreased the number of entries into the
open-arms (Tadaiesky et al., 2008). The discrepancy might be
ascribed to the neurotoxin utilized in both studies. Tadaiesky
et al. created rodent models using 6-OHDA injection, while
we performed MPTP injection for DA depletion. It should be
noticed that 6-OHDA as catecholaminergic neurotoxin lesioned
not only DAergic neurons but also NAergic neurons (Glinka
et al., 1997). There is one study reported that mice deficient
in vesicular monoamine transporter 2 (VMAT2), a protein
that transports neurotransmitters including NA, 5-HT and DA,
exhibited obvious anxiety behavior (Taylor et al., 2009). Although
the VMAT?2-deficient mice have elucidated the association
between the three monoamines and the anxiety behavior, it did
not clarify which monoamine plays predominant role in the
observed disorder.

Frontiers in Cellular Neuroscience | www.frontiersin.org

14

August 2018 | Volume 12 | Article 241


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Lietal

Monoamine Depletions Induced Behavioral Dysfunctions

pCPA

DSP-4 + pCPA

DSP-4 + MPTP

pCPA + MPTP

DSP-4 +pCPA + MPTP

FIGURE 6 | The number of SERT-immunostaining cells in the DRN was unchanged by neurotoxin treatments. (A-H) Micrographs of SERT-ir cells in different groups
were shown. (I) Stereological counting of SERT-ir cells in all groups. There is no changed number of SERT-ir cells observed in all treatment groups. Each value
represents mean + SEM. All data were analyzed using one-way ANOVA, n = 9. Scale bars = 100 um.
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Besides emotional deficits, we also observed a cognitive deficit
in the form of impaired spatial learning and memory. This
deficit is a result of NA depletion, since we did not find an
impairment of spatial learning and memory in pure MPTP- or
pCPA-treated groups. Our study and others showed the learning
and memory impairment induced by NA depletion is similar
to that achieved after bilateral inactivation of LC in both novel
object recognition and Morris water maze (Khakpour-Taleghani
et al., 2009). Loss of 5-HT innervations in the brain could lead
to memory deficits. Tryptophan depletion has been shown to
reduce 5-HT contents in the hippocampus and frontal cortex that
impairs memory in novel object recognition test (Jenkins et al.,
2010). However, it is noted that tryptophan depletion induced
a chronic and more extensive lowering of 5-HT levels than our
neurotoxin paradigm. These data suggest that NA and 5-HT play
an important role in cognitive functions and their impairments
have been noticing in PD. One of the major challenges for
studying motor and nonmotor behaviors in PD models is that
the nonmotor symptoms to some extent is affected by motor
abilities. We present here that, for example, DSP-4-lesioned
mice displayed obvious depression but without motor deficits;
MPTP-lesioned mice induced dyskinesia, but they did not appear

anxiety. Thus, our data at least partially indicate that some of the
nonmotor behaviors delineated in monoamine-depleted mice are
not affected by motor deficits.

DSP-4 treatment reduced the number of NAergic neurons in
the LC and MPTP treatment reduced the number of DAergic
neurons in the SN. Nevertheless, pCPA as a 5-HT synthesis
inhbitor did not affect 5-HTergic neurons in the DRN, which may
suggest that endogenous 5-HT synthesis is not a prerequisite for
proliferation, differentiation and survival of 5-HTergic neurons
(Gutknecht et al., 2012). It has long been known that MPTP
can cause the degeneration of DAergic neurons in SN through
inhibiting mitochondrial complex I of the electron transport
chain. However, the toxic mechanism of DSP-4 to LC NAergic
neurons is not fully clear. Previous studies reported that DSP-4
crosses the blood-brain barrier and is metabolized into a reactive
aziridinium derivative, which is accumulated into the NAergic
nerve terminals via NA transporter. The toxic aziridinium
derivative reacts with unknown cellular components and thus
destroys the terminals and finally leads to cell death (Ross and
Stenfors, 2015). Nevertheless, we cannot overlook the possibility
that DSP-4 may influence DPH expression in a few days after
treatment (Fritschy and Grzanna, 1991). Regarding to DSP-4
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Cortical interneurons play a crucial role in regulating inhibitory-excitatory balance in
brain circuits, filtering synaptic information and dictating the activity of pyramidal cells
through the release of GABA. In the fatal motor neuron (MN) disease, amyotrophic
lateral sclerosis (ALS), an imbalance between excitation and inhibition is an early
event in the motor cortex, preceding the development of overt clinical symptoms.
Patients with both sporadic and familial forms of the disease exhibit reduced cortical
inhibition, including patients with mutations in the copper/zinc superoxide-dismutase-
1 (SOD1) gene. In this study, we investigated the influence of the familial disease-
causing hSOD1-G93A ALS mutation on cortical interneurons in neuronal networks.
We performed whole-cell patch-clamp recordings and neurobiotin tracing from GFP
positive interneurons in primary cortical cultures derived from Gad67-GFP::hSOD 16934
mouse embryos. Targeted recordings revealed no overt differences in the passive
properties of Gad67-GFP::hSOD1%9%4 interneurons, however the peak outward current
was significantly diminished and cells were less excitable compared to Gad67-
GFP::WT controls. Post hoc neurite reconstruction identified a significantly increased
morphological complexity of the Gad67-GFP::hSOD1%%A interneuron neurite arbor
compared to Gad67-GFP::WT controls. Our results from the SOD1 model suggest
that cortical interneurons have electrophysiological and morphological alterations that
could contribute to attenuated inhibitory function in the disease. Determining if these
phenomena are driven by the network or represent intrinsic alteration of the interneuron
may help explain the emergence of inhibitory susceptibility and ultimately disrupted
excitability, in ALS.

Keywords: excitability, structure, interneuron, cortex, SOD1 G93A mutant

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is the most common and severe form of motor neuron
(MN) disease. It is clinically characterized by selective loss of the upper and lower MNs in the
primary motor cortex and spinal cord, resulting in progressive motor system failure and death
within 3-5 years of diagnosis (Talbot, 2014; Brown and Al-Chalabi, 2017). This currently incurable
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disease is clinically heterogeneous and its etiology remains
unknown. However, accumulating evidence from several clinical
and experimental studies suggests the disease pathogenesis
may center on altered regulation of MN excitability (Turner
and Kiernan, 2012; Clark et al., 2015; Geevasinga et al.,
2016).

In both sporadic and familial forms of ALS, patients have been
found to present with neurophysiological alterations described
as hyperexcitability (Vucic and Kiernan, 2006; Vucic et al,
2008; Geevasinga et al., 2015). Originating in the motor cortex
and preceding detectable lower MN dysfunction and symptom
onset (Menon et al., 2015), it is proposed that hyperexcitability
enhances the susceptibility of MNs to cell death through
glutamatergic excitotoxicity (Blizzard et al., 2015; Eisen et al,
2017). In ALS, hyperexcitability likely results from dysfunctional
inhibition exerted by GABAergic interneurons, as well as
intrinsic changes to sodium (Na™) and potassium (K*) channel
function on MNs (Geevasinga et al., 2016; Do-Ha et al., 2018).

Evidence for ion channel dysfunction is highlighted by
a convergent hyperexcitability phenotype in patient-derived
MNs, including TARDBP, C9ORF72 and superoxide-dismutase-
1 (SODI) mutation carriers (Wainger et al, 2014; Devlin
et al,, 2015). TDP-43 and SOD1 ALS rodent models identify
changes in the excitability of MNs prior to symptoms (Fogarty
et al, 2015; Handley et al, 2017). However, more recent
studies recognize progressive alterations in the number and
excitability of interneurons throughout the disease course in
TDP-43 and SOD1 models (Zhang et al., 2016; Clark et al.,
2017; Kim et al, 2017). Clinical imaging studies indicate
loss of inhibitory activity is a common and early feature of
cortical hyperexcitability (Menon et al, 2015), and a key
determinant of clinical disease progression (Shibuya et al,
2016). As such, there is a growing body of evidence to
suggest dysregulated inhibition, presumably mediated by
cortical interneurons, may drive an excitatory/inhibitory
imbalance in ALS.

Here, we focused on the potential for the familial h\SOD
mutation to influence firing properties and morphology
of cortical interneurons in Gad67-GFP:hSOD1%%*A cultures.
Structural alteration of pyramidal neurons is demonstrated in
hSOD1%%3A studies (Jara et al., 2012; Fogarty et al., 2016; Saba
etal., 2016), but few studies report changes to the morphological
fine structure of interneurons (Clark et al., 2017). Additionally,
mutant SOD1 is theorized to mediate non-cell autonomous
pathogenicity through perturbed function of multiple cell types
early in development (Kuo et al., 2004; van Zundert et al., 2008;
Martin et al., 2013; Wainger et al., 2014; Devlin et al., 2015). As
such, we hypothesize that the hSOD19%3# mutation can perturb
the excitability and neurite structure of cortical interneurons in
culture.

1G93A

METHODS

Animals
All procedures were approved by the Animal Ethics Committee
of the University of Tasmania (#A0013586) and conducted

in accordance with the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes.
Gad67-GFP knock-in transgenic mice (Tamamaki et al,
2003) express green fluorescent protein (GFP) under the
interneuron-specific Gad67 promoter. High copy number
hSOD16%*A mice were maintained and fully backcrossed
to the C57BL/6 background (Gurney et al, 1994; B6.Cg-
Tg(SODlG93A)1Gur.]1, Jackson Laboratories, Bar Harbor, ME,
USA).

Cortical Culture Electrophysiology

Primary cortical cultures were prepared by carefully dissecting
individual mouse embryo neocortices to enrich for neurons as
previously described (Brizuela et al., 2015, 2017), with some
modifications. Cells were plated at 3.5 x 10* cells/mm? for
up to 12 days and genotyped for GFP (Brizuela et al., 2015)
and the hSOD16%34 mutation (Leitner et al., 2009). Whole-cell
voltage and current clamp recordings were performed as
previously described (Brizuela et al, 2015), with minor
modifications. Glass capillaries (impedance 7-9 Q) were filled
with intracellular solution containing neurobiotin for post hoc
cell identification. Voltage responses to current injection were
recorded from the cell’s resting potential (applying 25 pA
steps for 200 ms from —100 pA to 500 pA). Recordings were
filtered at 5 kHz and sampled at 10 kHz and terminated
when access resistance was >15 M. Voltage-gated sodium and
potassium currents were investigated as previously described
(Brizuela et al., 2015). Data was analyzed using the programs
Igor (WaveMetrics, USA) and Axograph (Axograph Scientific,
Australia).

Immunocytochemistry

Cultures were processed for immunocytochemistry as previously
described (Brizuela et al., 2015). Primary antibodies (rat
anti-GFP, 1:3,000, Nacalai tesque, RRID: AB_10013361).
Secondary antibodies (Alexa Fluor anti-rat 488, 1:1,000,
Molecular Probes, RRID: AB_2534074). Neurobiotin-filled
interneurons were labeled with streptavidin-546 and imaged
using a UltraView Spinning disc confocal microscope (Perkin
Elmer) with Velocity Software (Velocity v6 3.0, 2013, Perkin
Elmer).

Morphological Analyses

Cell processes were traced through Z-stack series (5 pwm, 0.5 pm
intervals) with Neurolucida™ (MBF Bioscience, VT, USA)
and assessed using branched structure and sholl analyses with
Neurolucida Explorer 11 (MBF Bioscience). Interneurons that
met electrophysiology inclusion criteria were morphometrically
assessed.

Statistical Analysis

All statistical analysis was performed in GraphPad Prism
(Version 6.0c, GraphPad Software La Jolla, CA, USA). Unless
otherwise stated, comparisons utilized Mann-Whitney tests,
after applying d’Agostino and Pearson’s normality test, results
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expressed as median with interquartile range. Sholl analysis and
current-frequency relationships used two-way ANOVA. Data
was considered significant at *p < 0.05.

RESULTS

Membrane Properties and Reduced
Excitability in Cultured
Gad67-GFP::hSOD1%%3A |nterneurons

Previous studies have demonstrated that mutant hSOD1%%*A can
perturb neuronal excitability during development, which may
contribute to cellular vulnerability in disease (Kuo et al., 2004;
van Zundert et al., 2008; Martin et al., 2013; Wainger et al.,
2014; Devlin et al., 2015). Here, we focus on investigating cortical
interneuron excitability in neuronal culture by examining firing
patterns and membrane properties of interneurons in Gad67-
GFP:hSOD1%4 cultures.

We used whole-cell recordings from multipolar cortical
interneurons to characterize the effect of the hSOD1%%34
mutation on cortical interneuron excitability in the presence of
synaptic currents. Selection of GFP-positive neurons ensured
studied cells were interneurons, with neurobiotin labeling used
for post hoc identification (Figure 1A). We found the hSOD1593A
mutation significantly affected firing properties of cortical
interneurons, decreasing the number of action potentials (APs;
Figure 1B) in response to 200 ms depolarizing current step
injections at 350pA (Figure 1C; 8.675 & 2.752pA for hSOD16%34,
27.42 £ 3.888pA for WT; p < 0.05, two-way ANOV A, Bonferroni
post hoc; Fga7y = 2.305, p = 0.0357, interaction between
genotype and frequency in two-way ANOVA). There was no
significant difference in passive electrophysiological properties,
including the resting membrane potential (RMP; Figure 1D;
—66.5 mv, —67.30 to —63.82 for WT (n = 16) v —63.73,
—68.75 to —58.71 for hSOD16%34 (5 = 11), p > 0.05), capacitance
(Figure 1E; 32.50 pF, 27.17-38.20 for WT (n = 16) v 32.00,
25.39-35.89 for hSOD1%%A (n = 11), p > 0.05) and input
resistance (Figure 1F; 463 M2, 394.1-652.1 for WT (n = 16) v
378.0, 255.9-513.4 for hSOD1%%3A (1 = 11), p > 0.05). Further
alterations in excitability were not detected through investigation
of AP characteristics, including the spike threshold (Figure 1G;
—35.24 mv, —41.59 to —31.07 for WT (n = 16) v —33.43,
—36.52 to —29.64 for hSOD19%34 (n = 11), p > 0.05), the minimal
stimulus required to initiate an AP (Figure 1H; rheobase,
150.0 pA, 156.2-186.1 for WT (n = 16) v 187.5, 158.6-206.4 for
hSOD16%34 (5 = 11), p > 0.05) and the AP duration (Figure 1I;
5.504 ms, 4.649-7.086 for WT (n = 16) v 6.066, 4.849-7.563 for
hSOD16%A (n = 11), p > 0.05). However, investigation of
voltage-dependent currents identified a significant decrease in
the peak outward current (Figure 1J; 1.644 nA, 1.524-2.442 for
WT (n = 16) v 1.151, 0.6636-1.624 for hSOD1%%A (n = 11),
p < 0.05), while there was no significant difference in the peak
inward current (Figure 1K; —1.575 nA, —2.691 to —1.207 for
WT (n = 16) v —1.598, —2.214 to —1.273 for hSOD16%34
(n=11), p > 0.05). Taken together, this data suggests that cortical
interneurons are less excitable and have decreased peak outward
currents in the presence of the hSOD16%34 mutation.

The Morphology of Cortical Interneurons Is
Changed in Gad67-GFP::hSOD1G%3A

Cultures
GABAergic interneurons have dynamic axonal structures that
can alter in response to changes in activity, to modify
post-synaptic targets (Flores and Méndez, 2014). Given the
role of interneuron morphology in shaping inhibition during
development (Huang, 2009; Le Magueresse and Monyer, 2013),
we determined whether there was evidence of changes to the
interneuron neurite arbor in Gad67-GFP:hSOD1%%34 cultures.
Interneuron morphology was characterized by tracing the
three-dimensional structure of neurobiotin-filled GFP-positive
interneuron processes in WT and hSOD1%%%A cultures. Initial
examination revealed a distinct increase in the complexity
of hSOD1%%*A interneurons (Figure 2A). Assessing the
characteristics of the interneuron neurite field with sholl
analysis (intersections per concentric shell placed at 10 pm
radiating outward from the soma), we identified a significant
increase in the number of processes on hSOD1%%34 interneurons
at 110-150 wm from the cell soma compared to WT (p < 0.05,
two-way ANOVA, Bonferroni post hoc; Fgsy = 24.77,
p = 0.0001, main effect of genotype in two-way ANOVA; see
Figure 2B). The distance from the soma also independently
influenced the neurite arbor complexity (F40349) 10.58,
p = 0.0001, main effect of distance in two-way ANOVA). To
investigate the increased complexity of hSOD1%%*A interneurons
we next used branched structural analyses. As shown in
Figure 2C, the path length was significantly increased in
hSOD15%34 interneurons (2363 pm, 1914-3020 for WT (n = 20)
v 3380, 2673-4929 for hSOD19%34 (1 = 11), p < 0.05). However,
there was also a significant increase in total branch numbers
(Figure 2D; 91.00, 76.65-121.0 for WT (n 20) v 117.0,
105.1-166.7 for hSOD1%%*A (1 = 11), p < 0.05) and the highest
order of branches on hSOD19*A interneurons (Figure 2E; 10.00,
9.77-12.83 for WT (n = 20) v 14.0, 12.16-19.30 for hSOD16934
(n = 11), p < 0.05). These results suggest that the presence of
the hSOD19%*4 mutation can result in early inhibitory arbor
structural remodeling in cortical networks.

DISCUSSION

This study is the first investigation of changes in the excitability
and neurite arborization of cortical interneurons in neocortical
embryonic cultures from a SODI1 rodent model. The principal
finding is that excitability of cultured cortical interneurons may
be altered by the hSOD19%3#4 mutation, and that changes to
the complexity of the neurite structure accompany this effect
in vitro. Specifically, attenuation of excitability is supported
by differences in the current-voltage relationship between WT
and hSOD1%%3A mouse interneurons, and by the observation
of reduced peak outward currents in hSOD19%34 interneurons.
Interestingly, outward potassium currents are affected in MNs
derived from SOD1 ALS patients (Wainger et al., 2014),
and by mutant SOD1 oligomers (Zhang et al.,, 2017), which
could account for the changes in the hSOD19%A cortical
interneurons.
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FIGURE 1 | Electrophysiological characterization of Gad67-GFP positive hSOD159A cortical interneurons in vitro. Primary neuronal cultures were prepared from
E15.5 Gad67-GFP::hSOD1¢%A embryos as described in “Methods” section. (A) Whole cell patch-clamped interneurons were positive for Gad67-GFP and post hoc
labeled for neurobiotin-streptavidin-546. (B,C) Representative voltage traces (B) and current-spike frequency relationship (C) measured from GFP-positive
interneurons in 12 DIV cortical culture (Gad67-GFP::hSOD1%%A, n = 11 cells from five cultures; Gad67-GFP::WT, n = 16 cells from five cultures; *p < 0.05, two-way
ANOVA), error bars show mean + SEM. (D-K) The active and passive electrophysiological properties of GFP-positive interneurons, including: the resting membrane
potential (RMP; D), capacitance (E), input resistance (F), threshold to fire (G), rheobase (H), action potential (AP) width (I), peak inward current (J) and significantly
decreased peak outward current (K; Gad67-GFP::hSOD159%A n = 11 cells from five cultures; Gad67-GFP::WT, n = 16 cells from five cultures; *p < 0.05,
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However, a number of studies highlight increased excitability
of cortical pyramidal neuron populations both in vivo and
in vitro (Pieri et al., 2009; Fogarty et al, 2015), which
could drive changes in the morphological development

of cortical interneurons. The inhibitory neurite arbor can
undergo activity-dependent structural remodeling (Bartolini
et al, 2013; Babij and De Marco Garcia, 2016) and the
level of network activity can produce subtle but significant
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FIGURE 2 | Morphological characterization of Gad67-GFP positive hSOD1%9%A cortical interneurons in vitro. (A) Representative images of patched interneurons
reconstructed from post hoc neurobiotin-streptavidin labeling in Gad67-GFP::hSOD1%%A and Gad67-GFP::WT cultures. Each concentric circle represents 10 wm,
and each dashed line represents 50 um from the cell soma. (B) Sholl analysis denoting the morphological complexity of GFP-positive interneurons as measured by
the average number of neurites intersecting with concentric circles placed at 10 wm intervals from the cell soma (Gad67-GFP::hSOD1%%A, n = 11 cells from

five cultures; Gad67-GFP::WT, n = 20 cells from five cultures; *p < 0.05, two-way ANOVA), error bars show mean + SEM. (C~E) Histograms quantifying significantly
increased total neurite path length (um; C), total branch number (D) and average number of branches (E) of Gad67-GFP::hSOD1%%4 interneurons compared to
Gad67-GFP::WT controls (Gad67-GFP::hSOD1 G93A ' =11 cells from 5 cultures; Gad67-GFP::WT, n = 20 cells from five cultures; *p < 0.05, Mann-Whitney test).

changes to interneuron morphology (Schuemann et al,
2013). Importantly, in networks deprived of activity, cortical
interneurons have been shown to extend collaterals beyond their
normal projection range (Marik et al., 2010). While the data
presented here are correlational not causal, altered structural and
electrophysiological properties of cortical interneurons provide
evidence that hSOD1%%%A could disturb the inhibitory/excitatory
balance in developing neuronal networks, early in the disease
pathogenesis.

Previous studies highlight progressive and differential
interneuron involvement in the hSODI1%%*4 mouse model
(Clark et al., 2017; Kim et al, 2017). In particular, Kim
et al support altered interneuron excitability in hSOD19%34
models, finding progressive hyperexcitability with disease
progression in vivo (Kim et al, 2017). In the current study
we find evidence for intrinsically hypoexcitability. These
data support a role for the hSOD15%4 mutation in the early
perturbation of inhibitory neuron populations in the disease.
However, to determine the effect on functional inhibition,
future studies should establish if synaptic excitability is changed
to compensate for abnormal firing properties which could
normalize firing rates (Turrigiano, 2008). In addition, further
experimentation will be required to delineate if this is the cause
or consequence of perturbed excitatory neuron excitability in the
disease.
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The brain contains a large diversity of unique cell types that use specific genetic
programs to control development and instruct the intricate wiring of sensory, motor, and
cognitive brain regions. In addition to their cellular diversity and specialized connectivity
maps, each region’s dedicated function is also expressed in their characteristic gross
external morphologies. The folds on the surface of the cerebral cortex and cerebellum
are classic examples. But, to what extent does structure relate to function and at
what spatial scale? We discuss the mechanisms that sculpt functional brain maps and
external morphologies. We also contrast the cryptic structural defects in conditions such
as autism spectrum disorders to the overt microcephaly after Zika infections, taking
into consideration that both diseases disrupt proper cognitive development. The data
indicate that dynamic processes shape all brain areas to fit into jigsaw-like patterns.
The patterns in each region reflect circuit connectivity, which ultimately supports local
signal processing and accomplishes multi-areal integration of information processing to
optimize brain functions.

Keywords: neuron, glia, folding, layering, connectivity, topography, patterning

INTRODUCTION

The brain is responsible for a seemingly endless number of behaviors that require cognition,
sensation, and action. How the brain processes information from its environment, develops
thoughts, weighs emotions, and drives the repertoire of responsive behaviors depends on a precisely
coordinated interaction of different structures, each with its own specialized functions. The cerebral
cortex, subcortical structures, and the cerebellum broadly plan behaviors by controlling emotions,
organizing and interpreting external and internal sensory information, forming memories,
maintaining homeostasis, coordinating appropriate muscle activity, and instructing language.
Brain functions are clearly diverse; therefore, it makes sense that none of the brain regions have
morphologies that look alike from the outside and that their networks are comprised of distinct
layers and cell types. However, there are many genetic, cellular, molecular, and developmental
processes that are shared between brain regions. Given that these similarities are superimposed
upon a multitude of differences, can structure tell us anything about function?

While the answers to these questions might, at first glance, seem to be an overwhelming
“yes,” there is not always clear linkage between structure and function for many brain areas. To
address this problem, one must consider the developmental mechanisms that generate the brain.
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Brain Structure-Function Relationships

The central nervous system arises from a simple neuroepitehlium
that is initially unremarkable in its specificity along its rostral-
caudal axis. Gene function during embryogenesis transforms the
neuroepithelium into distinct domains that will form particular
brain regions. It is at this stage of development that one may
ask how structures are uniquely shaped to acquire their final
function. Cells in each region begin to proliferate according to
a specific spatial and temporal timetable. At least two classes
are produced: neurons and glia. The glia serve as a lineage
source for neurons, but they also form the cellular substrate
for neuronal migration to occur. Therefore, depending on the
classes of neurons and glia and their organization, it has been
argued that the suggested ratio of 90% glia to 10% neurons
in the mammalian brain could provide clues as to how the
brain acquires its intricate morphologies. But, this ratio has been
challenged recently, suggesting a ratio closer to 50:50 (Herculano-
Houzel, 2014). Moreover, although relatively simple in form, the
drosophila melanogaster brain only has 10% glia (Kremer et al.,
2017), yet there is still considerable complexity in the fly brain
that includes intricate folds and specialized functions. But, why
fold in the first place? It may be argued that massive regions
such as the cerebral cortex must fold in order to accommodate
the sheer quantity of critical circuits. However, the cerebellum
contains fewer types of circuits (certainly at the basic anatomical
level, although this could be challenged based on molecular
complexity, as discussed later), yet it has more neurons than any
other part of the brain. Based on these problems, we then face
the question, what drives the folding, and are there equivalent
mechanisms in different parts of the brain? In this review, we
address these issues and take into account that each brain region
contains an array of distinct cell types with unique morphologies,
densities, and functions, and we also consider how neurons
migrate and how their axons are guided into precise locations to
form brain networks. We ask, what physical forces assemble these
network components into a brain region (Garcia et al., 2018)? We
discuss how functionality is assembled across brain regions and
how neural circuits link up into previously unappreciated wiring
diagrams that are critical for behavior. Our attempt is not to
solve every question and conundrum in the field of cerebellar and
cerebral cortical folding. Instead, our efforts are to take a wholistic
view of how the brain is packaged from the outside to its inside,
and to stimulate a discussion about how one level of complexity,
be it cellular or molecular, feeds into the next, in developing and
adult circuits. This view might also teach us about brain function.

MAIN TEXT

Multiple Levels of Heterogeneity in the
Brain

Regional Variation and Specificity

Historically, the cerebral cortex and cerebellum have been
extensively studied for their structures and functions. For
example, Brodmann (1909) identified 43 areas in the human
brain based on the general cytoarchitecture of the cerebral cortex.
After taking into account regional cellular composition and

density, Penfield (1968) considered the functional contributions
of the cerebral cortex, elucidating the areas responsible
for processing somatosensory, visual, auditory, and motor
information through producing an exhaustive functional map
based on responses to stimulation techniques that he pioneered
for therapy in epilepsy. Thereafter, impairments to these cortical
subdivisions have been linked to a large number of diverse
developmental and pathological features of brain disease.

Cerebellar studies also have a rich and fascinating history
(Manto, 2008), with suggestions of functional topography dating
back to the early 1900s (Bolk, 1906). The cerebellar cortex, which
is often described as having a uniform cellular composition,
is in fact heterogeneous in its molecular properties. As we
will discuss later, the cerebellar cortex is divided into an array
of parasagittal patterns that segment all of its cell classes.
Importantly, however, the molecular patterning is accompanied
by anatomical divisions, both in the cerebellar cortex (Ozol and
Hawkes, 1997) and the white matter (Voogd and Ruigrok, 1997).
Indeed, much like the cerebral cortex, the different domains
within the cerebellum reflect developmental (Sillitoe and Joyner,
2007; Apps and Hawkes, 2009; Apps et al., 2018), functional
(Cerminara et al., 2015), and pathological features (Sarna and
Hawkes, 2003). Strikingly, each of these medial-lateral patterning
properties is superimposed upon a broader anatomical plan that
is also segmented upon the same axis. From medial to lateral the
vermis, paravermis, and hemispheres occupy distinct locations,
have specific folding architectures, contain specific circuits, and
contribute to largely different behaviors.

Findings in the cerebral cortex and cerebellum have been
complemented by studies into understanding the unique
structures and functions characteristic to other areas such as
the hippocampus. We will not review the thousands of studies
devoted to hippocampal functional specificity, but suffice it to
say that a large body of work has revealed an intricate and
remarkable segmentation of its functions (Hitti and Siegelbaum,
2014; Kohara et al., 2014; Okuyama et al., 2016). Support for these
modern animal model studies, like many sectors of neuroscience,
came from older studies from human patients and the field
of psychiatry. The concept that the cerebral cortex segments
and shuttles information into distinct brain regions and that
this process can be compromised in disease was found to be
shared with the hippocampus. For example, the resulting amnesia
after lesioning the hippocampus revealed its critical roles in
memory formation (Scoville and Milner, 1957). The main issue
to consider, as a starting point, is that each unique brain structure
appears to come equipped with a unique set of capabilities. The
question we ask is how do these capabilities arise, and are there
common mechanistic themes for how they arise?

Cell Layering and Connectivity

One common feature between the cerebral cortex, cerebellum,
and hippocampus is that they all have an exquisite layering
of cells. Importantly, the layering in all three structures is
disrupted in mice that lack REELIN and related proteins (Howell
et al., 1997). These data indicate a common requirement for
specific genetic programs and at least some shared dependence
on developmental processes such as neuronal migration
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(Wasser and Herz, 2017). Still, each structure must use these
“common” cues to assemble unique circuits. The layering and
interactions of cells between the layers of the cerebellar cortex
are a prime example. To appreciate these ideas, it is useful to
recall that connectivity within the cerebellum is understood
at a considerable level of detail, with each cell type forming
stereotypical connections with its neighbors. The cerebellum
has three distinct layers, and for comparison, the much more
complicated cerebral cortex has six main layers. The most
superficial cerebellar layer contains inhibitory interneurons and
excitatory parallel and climbing fibers. Both project onto Purkinje
cells, which make up the middle layer called the Purkinje cell
layer. The Purkinje cells perform the main computations in
the cerebellum. The deepest layer is called the granular layer
and it contains millions of excitatory neurons called granule
cells as well as mossy fibers that deliver sensory signals to the
Purkinje cells. Below the three layers is a dense network of fiber
tracks. Embedded in this network are the cerebellar nuclei. The
cerebellar nuclei are specialized neurons that transmit the final
output of the cerebellum. They link the cerebellum to the rest
of the brain and spinal cord. Early studies of the cerebellum
revealed an incredible level of structural and functional variation
in the circuitry as was found in the cortex (Fox and Snider, 1967).
Work from Marr (1969) and Albus (1971) used this structural
map of the cerebellum, and at that time the quickly emerging
details of its functional connectivity (Eccles, 1965), to postulate
theories on its computational power over motor control. Given
that the cerebellum has one neuronal population responsible
for the output of its cortex, the Purkinje cell, and that this
cell type is innervated by inputs in a predictable, reproducible
pattern, the cerebellum is thought to execute a multitude of
motor behaviors by modulating Purkinje cell spiking and the
downstream consequences on cerebellar nuclear neuron firing
(Marr, 1969; Gilbert, 1974; Ruigrok, 2011). It is also important to
note that Purkinje cells project to distinct cerebellar output nuclei
as revealed by the pattern of axonal projections, compartmental
expression of molecules, and functional designation. These
combined features further subdivide the cerebellum and
potentially add complexity to its computational capabilities
(Ruigrok, 2011; Apps et al., 2018; Miterko et al.,, 2018). In a
similar manner, but for different behavioral consequences, the
hippocampus is separated into distinct areas [cornu ammonis
(CA) fields, dentate gyrus, and subiculum] and layers that are
conceptually reminiscent of those in the cerebellum, where cells
are organized in a predictable, spatial pattern (Arbib et al., 1998).
This particular organization is thought to promote information
processing and neuronal coupling (Arbib et al., 1998) to support
different non-motor and motor behaviors.

Functional Specializations

The heterogeneity of the brain, as exemplified by these three
examples—the cerebral cortex, cerebellum, and hippocampus—
spans a great number of structures and their associated functions.
Among the anatomical differences, there are also physiological
and chemical differences that affect circuit formation and
function. Nonetheless, what each of these three brain regions
have are subdivisions, which is theorized to support their

functions. Comparative analyses upheld this belief, adding to it
that as mammals evolved, so did brain structure to accommodate
higher order functions. This manifested in a trend in toward
a greater subdivision of the cerebral cortex into functionally
distinct areas, where early mammals likely had on the order of
20 distinct cortical areas while humans may have more than 200
distinct cortical areas (Kaas, 2013). Neuroimaging of the human
cerebellar cortex also reveals functional topography spanning
not only motor control but also specific higher order limbic
and cognitive tasks, including lateralization of language-related
activity (Stoodley and Schmahmann, 2009).

Modules and Maps

How should we determine whether structural features of
the brain constitute functionally separate areas or nuclei,
without under-dividing or over-dividing? Kaas (1982) proposed
five criteria to test for this problem: that distinct cortical
areas and nuclei should have differences in cytoarchitecture,
a relatively complete single representation of the sensory
surface, unique inputs and outputs, different response properties,
and dissociable behavioral impairments after lesions. In the
cerebellum, the repeating Purkinje cell circuit is subdivided into
olivocorticonuclear modules, which also contain micromodules
that could either represent distinct or combinations of functional
entities (Apps et al., 2018). For instance, lesions made into
distinct olivary sub-nuclei, key components of the cerebellar
modules, result in specific behavioral deficits during movement
(Horn et al., 2010). Moreover, in vivo recordings in mice
and rats demonstrate different Purkinje cell firing properties
that are dependent on location within the cerebellar cortical
patterns (Xiao et al., 2014; Zhou et al., 2014). However, a more
fundamental feature that has been a useful and reliable landmark
for locating distinct areas is the overlying brain morphology.
Most notably, the folds overlying the cerebral cortex and
cerebellum. The relationship between external morphology and
functional organization has also been essential for studying the
brain functions of extinct species, as we are only able to examine
skull endocasts. The cerebral cortex contains a series of gyri
that are separated by sulci, whereas the cerebellum has lobules
separated by fissures (Figure 1). Cortical folds are consistent
across individuals (and between some mammalian species),
whereas cerebellar folds are highly conserved as the major pattern
across species, from birds through mammals (Larsell, 1970).
In primates, larger brains preserve neuronal packing density
and generally have more and deeper folds (Herculano-Houzel
et al., 2007), which are especially evident in the massive and
proportional expansion of the human neocortex and cerebellar
cortex. There has been a long-standing debate as to how folding
is accomplished, and how it might relate to brain function (Mota
and Herculano-Houzel, 2015). We next discuss and debate some
of the theories and experimental evidence.

Mechanics of Folding a Neural Sheet

In recent years, much focus has been placed on testing the tension
theory proposed by Van Essen (1997). The general tenet of his
theory is that cortico-cortical axons physically pull on regions of
the cortex and result in gyri formation, and almost by default, the
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A Human

cerebral cortex

FIGURE 1 | Schematic depiction of the human and mouse brain. (A) The human cerebral cortex (blue) and cerebellum (pink) both have characteristic folding
patterns. The cerebral cortex contains gyri (peaks) that are interrupted by sulci (valleys). An equivalent architecture is observed in the cerebellum, which is comprised
of lobules and fissures. (B) The mouse cerebellum is folded whereas the cerebral cortex is not. The brains are not drawn to scale.

B Mouse

sulci form as well. Other prominent theories, such as the radial
gradient hypothesis, propose that an increase in the expansion of
supragranular cortical layers relative to the infra-granular layers
causes buckling of adjacent regions (Richman et al., 1975). In
the differential tangential expansion hypothesis, it is proposed
that tangential expansion of the cortex causes an increase in
tangential pressure, and as a consequence buckling acts to reduce
the pressure (Le Gros Clark, 1945; Ronan et al., 2013). In this case,
the theory leans on Brodmann’s findings on cytoarchitectural
differences, which allow for pattern-specific folding. Following
this theory, the stability of folding patterns reflects the stability
of expansion forces in a given region. It is worth mentioning
that these theories share the idea that cortical folding upon itself
is necessary for packing the large brain into the small skull, an
idea that could be challenged by experimental evidence almost 70
years ago (Barron, 1950).

Moreover, empirical studies of the cerebral cortex argue
against features of these theories, and an emerging counter
argument is that the timing of developmental events simply
could not facilitate tension or buckling (Ronan and Fletcher,
2015). We could make similar arguments for the cerebellum.
Van Essen (1997) posits that tension along parallel fibers, the
axons of granule cells, could explain why the cerebellar cortex is
highly elongated but also folded like an accordion into lobules.
Arguing against Van Essen’s tension-based mechanism is the fact
that cerebellar cortical folding starts embryonically whereas most
parallel fibers form postnatally, and, despite the number of fiber
tracts entering, no one class could drive the folding because
afferents enter the cerebellum starting from mid-embryogenesis
and continue to sequentially invade the structure throughout
postnatal development (White and Sillitoe, 2013). Moreover,
the several theories above do not take into account the highly
dynamic nature of circuit formation as fibers are also pruned
away, and the target cells—not the axons—are key regulators of
wiring processes that should also impact tension and buckling
based on these theories (Uesaka et al., 2014). One attractive idea,

based on the original hypothesis of Altman and Bayer (1997),
is that the shape of folds is driven by the precise timing of
the appearance of specialized “anchoring centers” at the future
base of each cerebellar fissure and the subsequent coordinated
proliferation and migration of granule cells down Bergmann glia
astrocytes (Sudarov and Joyner, 2007). But, the fact that cerebellar
folds are well conserved and reliably patterned in every animal
points to genetic mechanisms that support what might be a
functional necessity. Indeed, sonic hedgehog (SHH) morphogen
signaling and engrailed transcription factor function, among
other pathways (Ryan et al., 2017), could play integrated roles in
shaping the cerebellum (Sudarov and Joyner, 2007; Blaess et al.,
2008).

The idea of neuronal proliferation driving folding extends to
the cerebral cortex as well (Hevner, 2006; Ronan and Fletcher,
2015; Sun and Hevner, 2016). However, it is not just the
progenitors that exhibit spatial organization. It was postulated
that perhaps folds encompass units with functional restriction
(Welker, 1990). Genetic clonal analysis uncovered a modular
mode of development for cerebellar granule cells, with lineages
restricted within folds (Legue et al., 2015). In the cerebral cortex,
neurons born from a common lineage form local clusters that
migrate into distinct cortical, hippocampal, and striatal regions
(Sultan et al., 2016); although this idea is challenged by Mayer
et al. (2016). These early patterns are reminiscent of protomaps
(Rakic et al.,, 2009). More importantly, developmental clusters
produce the maps required for adult function and behavior. In
the cerebellum, clusters might not directly determine function,
but we know they are part of a framework for establishing
topography, which is important for function. There is also a
possibility that clusters, and the genes that are differentially
expressed within each subset, instruct the cellular and molecular
properties that eventually produce the diversity of cerebellar-
related behaviors.

Still, there are many features of the theories put forth by Van
Essen et al. (2018) that could beautifully explain a number of
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processes required for cerebral cortical and cerebellar folding,
especially from the view of evolution. It is likely that these
and other ideas (Na(V), Smith et al., 2018; extracellular matrix,
Long et al, 2018) will merge to unveil the full explanation
for how neural tissue accomplishes its folding (Meng et al.,
2018). In addition, perhaps it is time to consider new model
systems (Matsumoto et al., 2017). Recent work used human
microcephaly as a starting point for understanding cortical
size and complexity. Knowing that mutations in the abnormal
spindle-like microcephaly-associated (Aspm) gene are common
in the human disease but have surprisingly little impact on mouse
cortex, Johnson and colleagues developed an Aspm knockout
ferret (Johnson et al., 2018). The rationale for choosing this
model was the more complicated gryrification of the cerebral
cortex compared to rodents and the greater diversity of neuronal
progenitors. In the Aspm model, the approach proved fruitful
as they uncovered essential roles for radial glia in controlling
cortical expansion. It would be interesting to examine the role of
Aspm in the ferret cerebellum, considering the milder, but evident
cerebellar defects (Johnson et al., 2018).

Topography Relates to Function

Folds roughly correlate to functional domains. In the cerebral
cortex, the four principle lobes each have a predominant set of
functions. Different sensory, motor, and cognitive behaviors are
mapped to distinct regions (a famous correlate was the removal
of the hippocampi in patient HM and the resulting specific
inability to form new memories), and in some cases, each with
specific cytoarchitectures. A remarkable evolutionary adaptation
reflecting the structure-function relationship is seen in star-nosed
moles, which have 22 fleshy foraging appendages that ring their
nostrils. Each appendage is represented in the somatosensory
cortex, where they form a “cortical star” that mimics the structure
(Catania, 2012). An equivalent topographical mapping of sensory
representations onto the cortical surface is revealed in ocular
dominance columns in the visual cortex (Hubel and Wiesel,
1979), barrels in the somatosensory cortex (Li and Crair, 2011),
patch matrix compartments in the striatum (Bloem et al., 2017),
and odorant maps in the olfactory system (Bozza et al., 2002).
One of the best-studied examples of brain organization is the
Purkinje cell zonal map (Figure 2; Miterko et al., 2018). The
topographic inputs and outputs of Purkinje cell zones form
functional modules (Ruigrok, 2011). Gene expression reveals
patterns of stripes that demarcate the modules (cerebellar stripe
patterns are obvious in Purkinje cells; Figure 2). Modules are
derived from lineage patterning mechanisms that instruct specific
classes of sensory afferents to target particular regions of the
cerebellum (and to some extent particular folds). Modules are
therefore comprised of neurons, glia, and terminals that are
wired together with a specific topography. It is proposed that
modules are organized into patterns that provide an efficient
packaging framework for circuits to encode behaviors and that
could allow parallel processing of information during complex
behaviors (Horn et al., 2010). From a developmental perspective,
one could ask what are the embryonic origins of two adjacent
circuits that perform complementary functions during a given
behavior? For instance, the hindlimb and forelimb cooperate

A vermis
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hemisphere
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flocculus/
paraflocculus

B

posterior
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FIGURE 2 | Purkinje cell patterning in the adult mouse cerebellum.

(A) Anterior view of the mouse cerebellum stained in wholemount with a
monoclonal antibody to zebrin ll/aldolaseC. (B) Coronal tissue section cut
through the anterior cerebellum illustrating the pattern of zebrin Il stripes in the
anterior lobules (asterisks in all panels). Although the intervening stripes are
not immunoreactive for zebrin II, they do express other markers that define
this complementary set of stripes. (C) Posterior view of the mouse cerebellum
stained in wholemount with zebrin Il. The lobules in the vermis are labeled with
Roman numerals according to the nomenclature of Larsell (Larsell, 1970).
Scale bar in A =1 mm (applies to C), and the scale bar in B = 500 um. The
images were modified with permission from White et al. (2012).

during locomotion, and it is not a coincidence that limb sensory
axons are placed side by side in the module map (Gebre
et al., 2012). The wiring of the cerebellar map is genetically
determined (Sillitoe et al., 2010) and sculpted to precision by
activity (White et al., 2014), and the same is true for retinotopic
maps in the visual cortex (Cang et al., 2008). The topographic
structure of the input and output pathways as well as their
internal maps (e.g., Purkinje cell patterns) is therefore intimately
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linked to circuit function and the behaviors that the circuits
support.

Taking Shape in Space and Time

Besides folds, brain and region size is another important feature
established during development that is thought to influence
global and local function. As folds became increasingly more
complex, and potentially co-evolving with the necessity for higher
order brain functions, the need for larger mammalian brains
possibly arose. Accompanying this increase in brain size is an
increase in the number of neurons and glia, and an increase in
the diversity within each cell class. More specifically, it is thought
that the increase in the number of astrocytes is to preserve its roles
of synaptogenesis and regulating metabolic demand in a more
complex and robust neural environment (Nedergaard et al., 2003;
Oberheim et al., 2006).

Individual brain regions also enlarged as a result of adaptation.
For example, the neocortex in primates exponentially increased
in size (Finlay and Darlington, 1995) and the hippocampus
of foraging birds enlarged as the need for improved social
interaction and spatial memory mounted (Sherry et al., 1992).
Epigenetic events during development, such as loss of a
sensory organ (Kahn and Krubitzer, 2002), have been shown
to influence the size and function of cortical areas, though
within limits established by genetic programs. The observation
that magnification has accompanied the acquisition of complex
behaviors raises the question of how regions expand during
development, and with this process again comes the obligatory
issue of folding. Genetic programs during development create
balance between proliferation and cell death, and when genes
such as LISI, DCX, ASPM, EMX2, FGF, and Gpr56 affect the
normal processes of neuron and glia formation and migration,
a host of conditions including lissencephaly and polymicrogyria
ensue (Ronan and Fletcher, 2015). Interestingly, defective SHH
signaling, one of the most powerful morphogens in mammalian
development and an essential component of cerebellar folding
during late embryogenesis and early postnatal development in
mice (Corrales, 2006), also controls cerebral cortical growth and
folding by modulating cell proliferation (Wang L. et al., 2016;
Wang Y. et al,, 2016). It should therefore not be surprising
that the outcome of conditions with defective SHH signaling
can be extremely severe, as is the case when the catalytic
subunit of phosphoinositide 3-kinase (PIK3CA) is mutated
causing brain and body overgrowth. In the brain, PIK3CA-
induced overgrowth causes bilateral dysplastic megalencephaly,
hemimegalencephaly, and focal cortical dysplasia, the most
common cause of intractable pediatric epilepsy (Roy et al., 2015).

Clear behavioral symptoms also result from the reversed
problem, i.e., when reduced growth is triggered, as in the case
of reeler mutations, the result is a small brain with no folds.
In this scenario, the organized layering of the cerebral cortex,
hippocampus, and cerebellum is also disrupted (Sudarov et al.,
2011; Guy and Staiger, 2017). A recent epidemic with similar
consequences is Zika virus infection, which causes microcephaly
with cognitive disability. The Zika virus impairs Musashi-1
function in neural progenitors, leading to decreased neurogenesis
in both the cortex and the dentate gyrus and therefore an overall

decrease in size (Chavalietal., 2017; Christian et al., 2018).
Moreover, the Zika virus disorganizes the granule cell layer and
strata, in addition to predisposes infants to brain calcifications
(Christian et al., 2018). Accompanying these structural deficits to
the brain are insults to neural circuit development. The Zika virus
promotes gliosis, impairs myelination, disrupts synaptogenesis,
and alters the levels of SHH and FGF (Christian et al., 2018;
Thawani et al., 2018). But, during normal development it should
be noted that even before secreted molecules such as SHH,
FGE and REELIN impact cell placement, lineage history and
birthdate initiate a spatial and temporal order of cellular invasion
of a territory (Sudarov et al., 2011). In addition, in the cerebral
cortex, arealization maps the areas of invasion by a transcription
factor-mediated process (O’Leary et al, 2007) that can also
involve repurposed axon guidance cues in rodents and primates
(Homman-Ludiye and Bourne, 2014).

Axon guidance itself plays a multitude of roles in shaping
structures for function. For instance, functional systems are
determined by how effective pioneer tracts are in setting up
circuits, how guidepost cells mediate the proper trajectory
of axons, and how chemoafhinity cues such EPH-EPHRIN
and cadherin signaling establish circuit maps through axon-
target recognition. Interestingly, progenitors not only drive
proliferation for regional expansion, but recent evidence
indicates that they also produce the NETRIN guidance cue for
proper long-range targeting of axons (Dominici et al., 2017;
Varadarajan et al., 2017). Remarkably, yet an additional role for
SHH is to mediate axon-axon guidance to shape structure into
the optic chiasm crossing (Peng et al., 2018), a necessary step
in forming the precise retinotectal topography that underlies
vision.

It is interesting to speculate that changes in these molecular
processes and axon routing could account for the subtle but
significant variations in the sizes of brain regions observed in
different strains of inbred mice (Hikishima et al., 2017). To
solve how this occurs, dissecting the impact of a large number
of intersecting genetic pathways in vivo would be impractical.
However, one could consider highlighting the relationship
between structure and function, even within the context of
folding, in a disease-relevant model using organoids. The cellular,
molecular, and structural features of Zika, and the more basic
mechanisms of brain folding, were rapidly worked out with
organoids (Cugola et al., 2016; Garcez et al., 2016; Qian et al,,
2017; Karzbrun et al., 2018). Perhaps human organoids could also
be helpful in developmental conditions in which the structural
defects are unclear yet function is perturbed. One example
is hydrocephalus. Hydrocephalus is a severe developmental
disorder characterized by an excessive build-up of CSE, which
causes pressure on the surrounding tissue. In rare cases, the
hydrocephalus may be spontaneously corrected such that brain
scans no longer show the ventricular enlargement (Dreazen et al.,
1989). This is surprising because hydrocephalus alters hindbrain
shape, and if shape is no longer defective, then endogenous
repair mechanisms could be at play. This is intriguing because
recent work shows that a specific progenitor population in the
cerebellum can rescue granule cells post-injury (Wojcinski et al.,
2017).
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More complicated are conditions such as autism with
overt behavioral deficits and covert structural deficits. While
a reduction in gray matter volume has been found in the
cerebellum, hippocampus, amygdala, and parietal lobe of
children with autism spectrum disorder (ASD), others have
reported an overall increase in brain volume as a hallmark feature
of ASD (Carlisi et al., 2017; Riddle et al., 2017). Studies on the
underlying genes associated with ASD pathogenesis suggest that
a range of functions are disrupted such as synaptic maintenance
and motor control (Antoine et al., 2018; Golden et al., 2018;
Tatavarty et al., 2018). However, inconsistent structural findings
and the seemingly endless number or combination of genetic
causes have complicated the process of studying function in
autism and other diseases. As a result, the development of new
therapeutic approaches has been modest. Recent methodological
advances could hold promise.

Organoids and iPSC approaches could be tailor-made to
address the mechanism of diseases with either structural or
circuit-based defects. In their remarkable study, Orly Reiner and
colleagues were inspired by physics and tackled the problem
of cortical folding using organoids. They used “wrinkling” as
a proxy for folding and uncovered that the process is driven
by mechanical instability (Karzbrun et al., 2018). Furthermore,
they showed in their organoid system that a LISI™/~ mutation
reduced wrinkling, and at the cellular level, the defects arose
through a combination of defects in nuclear motion, extracellular
matrix, and cytoskeleton. A major question to answer—and
model—is whether circuit function could be fully restored if
the structure of the developing brain is rescued in time. In
addressing this question, it could be that the regional differences
in stem cell and progenitor population number and capabilities
have to be considered. For instance, radial glia-like cells in
the outer subventricular zone could promote cortical folding
complexity (Fietz et al., 2010; Hansen et al., 2010; Wang et al.,
2011). It would be interesting if the inner versus outer granule

cell progenitors in the external granular layer have differential
effects on cerebellar lobulation. Moreover, there may be a great
number of genes, such as ARHGAPIIA (which encodes a Rho
guanosine triphosphatase-activating protein), that control the
species-specific complexity of folding (Florio et al., 2015), not
only in cortex but other regions as well. To disentangle whether
function could be rescued if folding is corrected, the timing of
when the activity of such progenitors or genes is initiated is
critical.

Structure-Function Reciprocity
Evidently, injury to the brain and more specifically to regions
such as the cortex and cerebellum has severe consequences
on function (Dahlem et al., 2016). In addition to the direct
consequences of missing an area, one has to consider that
compensation for loss of function, even in long-range circuits
such as the brain to spinal cord connectivity or cerebro-cerebellar
connectivity, adds considerable complexity to the structure-
function relationship (Hollis et al., 2016). In stroke, the functional
improvements are dependent on structural plasticity that induces
changes at the synapse (Cooperrider et al., 2014). Indeed, in
the cerebellum, topographic molecular mechanisms determine
spatial patterns of synaptic plasticity (Wadiche and Jahr, 2005).
Synaptic connectivity also follow an architectural heterogeneity
of the targets. For example, despite the textbook view of a
canonical Purkinje cell, these cells vary in their form and
function depending on where in the cerebellum they are located
(Cerminara et al., 2015). Purkinje cells have different dendritic
structures depending on where they are in a fold. And, at the
action potential level, subsets of Purkinje cells have very unique
functional (firing) properties that align almost perfectly with the
modular stripe topography of the cerebellar cortex (Xiao et al.,
2014; Zhou et al., 2014).

Similarly, one can imagine that that cellular diversity and
the dense connectivity plan between cerebral cortical cells

pyramidal cells

Purkinje cells I

" c cerebellar cortex

three high power images.

FIGURE 3 | Cellular diversity and specificity in different layered brain structures. The adult mouse brain was stained using a modified Golgi-Cox method. (A) Cerebral
cortex shown at low and high power. (B) Hippocampus shown at low and high power shown at low and high power. (C) Cerebellum shown at low and high power
shown at low and high power. Pyramidal cells are shown at high power for the cerebral cortex and hippocampus and Purkinje cells are shown for the cerebellum. ml,
molecular layer; pcl, Purkinje cell layer; gl, granular layer; wm, white matter; DG, dentate gyrus. The six main layers of the cerebral cortex are labeled with Roman
numerals. The scale bar in C (cerebellar cortex) = 100 um and applies to all three low power images. The scale bar in C (Purkinje cells) = 20 um and applies to all
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should impact computations (Jiang et al., 2015), especially when
synaptic structural variations, such as size and neurotransmitter
phenotype, are taken into account (Larramendi et al., 1967). We
can also no longer ignore that glial diversity will shape synaptic
output (John Lin et al., 2017). In the cerebellum, loss of AMPA
receptors in Bergmann glia results in motor coordination defects
(Saab et al., 2012). Bergmann glia are patterned according to
Purkinje cell stripes (Reeber et al., 2018) and are critical for
foliation (Ma et al., 2012; Li et al., 2014). It would therefore be
interesting to consider whether the three-dimensional plan of
the cerebellum with its Cartesian coordinate-like map (Sillitoe
and Joyner, 2007) uses Bergmann glia heterogeneity and their
influence over neuronal activity to help sculpt the folding and
shape of the cerebellum. Could the anchor centers at the base
of each fold be defined by particular stripe and zone features?
And, are these features unique to each fold? Perhaps the glia-
neuron heterogeneity plays a role in differentiating the vermis
from hemisphere folds, which require additional curvature even
seen in the mouse cerebellum. Certainly, in addition to the
differences in functional roles of the vermis compared to the
hemispheres, there exists developmental (Govek et al., 2018) as
well as disease related distinctions (Tan et al., 2018) that drive
shape. It is intriguing to speculate that the initiation and growth
of the additional folia and sub-folia in higher order mammals
could be facilitated by cellular and molecular heterogeneity in the
highly conserved cerebellar map (Sillitoe et al., 2005; Marzban
and Hawkes, 2011), and perhaps other classes of glia such
as oligodendrocytes and NG2+ cells could in theory promote
specific aspects of folding over time. Might there be equivalent
features of heterogeneity in the cerebral cortex and hippocampus
to support their folding? There is certainly enough heterogeneity
for this to be possible.

Behavioral Implications

Considering the above findings together, we are reminded that
cellular and structural heterogeneity, even in structures with
as high a regional diversity as the cerebral cortex, map to a
fundamental functional plan (Mountcastle, 1957). But there is
a problem raised by this heterogeneity in that how do these
different circuits work together to ultimately drive behavior? This
problem is in part solved by neuronal synchrony. Whether it is
in the cerebral cortex, cerebellum, or another area, circuits that
are linked by cell lineage or connectivity can be synchronously
activated in a manner that provides flexibility in controlling
behavior (Welsh et al., 2002). But, does long-range connectivity
between brain areas with different canonical circuit structures
allow for different types of plasticity to work together to influence
behavior (Caligore et al., 2017)? Such a model would provide one
mechanism for increasing functional flexibility.

Also, localized cellular diversity in each cortical column or
cerebellar module could add computational diversity (Figure 3).
These discrete functional features are built into the brain, but
some degree of structure has to be in place first. Though, it
is intriguing that blocking neuronal function in the embryonic
cerebellum causes lifelong changes in circuit function and
behavior without changing structure (White and Sillitoe, 2017).
This is consistent with findings that the wiring of topographic

circuits-a proxy for arising function-is not strictly linked to the
morphology of overlying folds (Sillitoe et al., 2008). Still, the
intricate folding (cerebral cortex and cerebellum) and layering
(cerebral cortex, cerebellum, hippocampus, and other regions;
Figure 3) in the different regions of the brain are necessary
developmental steps in establishing circuits.

SUMMARY

Regional differences in proliferation set up the structural
flexibility that folds and shapes the brain. Genetic cascades
control the process, but they also initiate the patterned wiring
of circuits. Establishment of structure-function relationships
is therefore dependent on topographic circuits, which define
the connectivity patterns of networks of neurons with specific
physiological properties, which jointly control particular
behavioral outcomes. Cues such as SHH play multiple roles
throughout development, tying several aspects of brain growth,
patterning, wiring, and behavior together. But there is a still a
major gap in our understanding of how the precise structure
formed in one region relates to that in connected regions. For
simplicity, we have discussed somewhat independently the
cerebral cortex and cerebellum as models of two areas that are
structurally vastly different but are massively interconnected
(Bostan et al, 2013) with widely overlapping functional
involvements. Moreover, conditions such as ASDs could involve
long-range functional interactions from the cerebellum to cortex
(Stoodley et al., 2017). Could coordinated inter-regional growth
perform critical functions, with common spatial and temporal
developmental features? And how would this get processed to
impact behavior? The synchronous neuronal activity within
structurally defined local circuits could be integrated with
circuits of similar design in the connected regions. Proper
network structures allow neural computations to actively harness
the power of “communication through coherence” as a means
of integrating multiple brain systems (Fries, 2015). Indeed,
there is growing evidence that this may be how the cerebellum
communicates with the hippocampus and the cerebral cortex
during non-motor function (McAfee et al., 2017). To further
resolve this, future studies could exploit the phenotypes of
rare human diseases (Wangler et al, 2017) as a means to
systematically define how developmental programs drive the
coordinated assembly of structure and function in the brain.
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Thyrotropin-releasing hormone (TRH) and its analogs are able to stimulate the release of
the endogenic dopamine (DA) in the central nervous system. However, this effect has not
been tested in the Parkinson’s disease (PD), which is characterized by the DA deficiency
due to the dopaminergic neurons loss in the substantia nigra. Here, we investigated the
therapeutic effect of Taltirelin, a long-acting TRH analog on 6-hydroxydopamine-lesioned
hemi-Parkinsonian rat model. 1-10 mg/kg Taltirelin i.p. administration significantly
improved the locomotor function and halted the electrophysiological abnormities of
PD animals without inducing dyskinesia even with high-dose for 7 days treatment.
Microdialysis showed that Taltirelin gently and persistently promoted DA release in the
cortex and striatum, while L-DOPA induced a sharp rise of DA especially in the cortex.
The DA-releasing effect of Taltirelin was alleviated by reserpine, vanoxerine (GBR12909)
or AMPT, indicating a mechanism involving vesicular monoamine transporter-2 (VMAT-
2), dopamine transporter (DAT) and tyrosine hydroxylase (TH). The in vivo and in vitro
experiments further supported that Taltirelin affected the regulation of TH expression in
striatal neurons, which was mediated by p-ERK1/2. Together, this study demonstrated
that Taltirelin improved motor function of hemi-PD rats without inducing dyskinesia, thus
supporting a further exploration of Taltirelin for PD treatment.

Keywords: Parkinson’s disease, TRH, Taltirelin, L-DOPA, dopamine, tyrosine hydroxylase

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disease with the second high incidence among
elderly over the age of 65. The main “Off” symptoms of PD patients, such as bradykinesia and
rigidity, are closely associated with oscillation at the high p band (25-35 Hz) between the motor
cortex and the basal ganglia (Jenkinson and Brown, 2011; Li et al, 2012; Dupre et al., 2016),
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which is usually accompanied by a pathological burst firing
pattern of projecting neurons in the motor cortex or striatum
(Singh et al., 2016). These abnormal electrophysiological features
are the prominent manifestation of disordered basal ganglia
neural circuits as a result of the significant loss of dopaminergic
neurons in the substantia nigra (SN) and accordingly dopamine
(DA) deficiency in the striatum. Thus, the symptoms not only
can be halted by deep brain stimulation (DBS) (Li et al,, 2012),
which directly targets the oscillation, but also can be largely
alleviated by pharmacological DA substitution, such as the
administration of DA precursor, L-DOPA (Dupre et al., 20165
Kuhn et al., 2017). L-DOPA is a classic medicine used in relieving
the symptoms of PD, however, it is gradually recognized that
sub-chronic use of L-DOPA is toxic to dopaminergic neurons
(Burbulla et al., 2017), and what’s more worrying, L-DOPA-
induced dyskinesia (LID) severely damages the life quality of
patients and is hard to managed once appears (Calabresi et al.,
2010). Thus, novel targets and drugs for the treatment of PD are
in urgent need.

Thyrotropin-releasing hormone (TRH) is widely known
as a metabolism-regulating endocrine hormone acting
through the hypothalamus-pituitary-thyroid axis (HPT
axis). However, another role of TRH as a neuropeptide is
underestimated (Gary et al, 2003; Khomane et al, 2011).
Multiple studies have reported that TRH could promote DA
release both in vitro (Nishikawa et al, 1993) and in vivo
(Crespi et al.,, 1986; Kalivas et al, 1987; Puga et al, 2016).
A single injection of TRH increased DA release in striatum
by 240% (Kreutz et al, 1990). In addition, a study once
shown that subcutaneous injection of TRH sustained-release
microparticles significantly improved motor function of
encephalitis-induced PD model rats (Ogata et al, 1998).
However, TRH has the intrinsic shortcomings such as short
half-life, poor lipophilicity and strong HPT axis stimulating
effect, which severely restrict its application (Kinoshita et al,
1998). Taltirelin (TA-0910, Ceredist®), an oral-effective TRH
analog, has 10 to 100 times more potent central nervous
system (CNS) stimulant activity and eight times longer
duration than TRH. More importantly, Taltirelin has been
approved in the treatment of spinocerebellar degeneration
(SCD), which makes it highly promising in exploring more
applications of TRH family (Kinoshita et al., 1994, 1998).
In addition to the anti-ataxic (Nakamura et al, 2005),
neuroprotective (Urayama et al, 2002; Veronesi et al,
2007) and analgesic effect (Tanabe et al, 2009), Taltirelin
is also able to stimulate DA release (Fukuchi et al.,, 1998).
Is there any benefit or any superiorities over L-DOPA of
Taltirelin in treating PD model animals, and what are the
possible underlying mechanisms? These issues all await further
investigations.

In this study, we established steady in vivo electrophysiological
recording system of PD model animals to explore and compare
the efficacy of Taltirelin and L-DOPA, in vivo and ex vivo. Our
study showed that Taltirelin gently and persistently promoted
DA release in the CNS thus alleviated the locomotor disorder
and related abnormal electrical activities of PD rats, without
inducing dyskinesia even in sub-chronic or high-dose use, thus

providing the theoretical basis for a novel PD therapy with
Taltirelin.

MATERIALS AND METHODS

Animals

Seven-week-old male Sprague-Dawley (SD) rats (Beijing HFK
Bioscience Co., Ltd., China) weighing 230-250 g were used in
this experiment. The animals were housed with food and water
provided ad libitum, 12 h light/dark cycle, constant temperature
and humidity. Animal use and care were conformed to the
recommendations of the Guidelines of Laboratory Animals
Ethics of Tongji Medical College, Huazhong University of
Science and Technology. The protocol was approved by the
Ethics Committee of Huazhong University of Science and
Technology.

Stereotaxic Surgery

6-OHDA Lesion

Rats were anesthetized with chloral hydrate (7%, 5 ml/kg, i.p.)
and secured on the stereotaxic apparatus (RWD Life Science
Co., Ltd., China). A temperature controller system was used to
maintain body temperature at 37°C. A total dose of 16 pug of
6-hydroxydopamine (6-OHDA, Sigma, United States) dissolved
in 4 ul of sterile 0.9% saline and 0.02% ascorbic acid was
injected into the right medial forebrain bundle (MFB) via a 10-.1
microsyringe at a rate of 0.5 ul/min at the following stereotactic
coordinates: anteroposterior (AP), —4.4 mm; mediolateral (ML),
—1.5 mm; and dorsoventral (DV), 7.8 mm from dura (Chen et al.,
2017). The microsyringe was maintained in place for 5 min before
retracting. After 2 weeks of recovery, apomorphine-induced
contralateral rotation behavior was assessed.

Microelectrode Implantation

After apomorphine induced rotation test, eight near-complete
lesioned rats and two intact rats received the implantation
surgery. Two multichannel microwire electrode recording arrays,
each constructed of eight stainless steel microwires (Stablohm
675, 35 pm in diameter, heavy formvar coated, arranged in 4*2,
Bio-Signal Technologies, McKinney, TX, United States) were
targeted at the layer V of the primary motor cortex (MI, center
coordinates: AP, +2.5 mm; ML, —3 mm; DV, —1.6 mm from
dura) (Li et al.,, 2012) and dorsolateral striatum (DLS, center
coordinates: AP, +-0.2 mm; ML, —3.8 mm; DV, —3.5 mm from the
dura) (Halje et al., 2012) in the lesioned side. Four stainless steel
screws were firmly attached to the skull for electrode anchoring,
and an additional ground wire was connected to one of them for
reference. At the end of the procedure, the whole electrode array
was secured with dental cement.

Behavioral Assessment

Apomorphine-Induced Rotation Test

The efficacy of the dopaminergic lesion was tested by measuring
contralateral turning behavior with an acute subthreshold dose
of apomorphine (0.05 mg/kg s.c.) 2 weeks post surgery. Rats that
exhibited more than 200 turns contralateral to the lesion side in

Frontiers in Cellular Neuroscience | www.frontiersin.org

November 2018 | Volume 12 | Article 417


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Zheng et al.

Taltirelin Improves PD Motor Function

30 min were considered to be compatible with the model of near-
complete lesion and were selected for further study (Boldry et al.,
1995).

Adjusting Step Test

The hindlimbs and contralateral forelimb were slightly lifted up,
with only the to-be-examined forelimb touching the table. The
rat was moved slowly along the table with speed of 90 cm in 5 s.
The number of adjusting steps of each forelimb in the forward
directions was counted for three times and took the average
(Pinna et al., 2007; Chen et al., 2017).

Abnormal Involuntary Movements (AlMs) Score

After injection of L-DOPA (12 mg/kg + benserazide 6 mg/kg,
i.p.) or Taltirelin (1 or 5 mg/kg), AIMs were evaluated for
1 min every 20 min for a total 140 min following L-DOPA
treatment, using the validated AIMs scale. Axial, limb and
orofacial (ALO) dyskinesia were graded, respectively, from score
0 to 4: 0 = absent; 1 = occasional, present during less than
half min; 2 = frequent, present during more than half min;
3 = continuous but interrupted by strong sensory distraction;
4 = continuous, not interrupted by strong sensory distraction. All
the scores were graded by one experienced researcher during each
experiment, while behaviors of animals were also recorded using
avideo camera for necessary reviews (Lundblad et al., 2004; Chen
etal., 2017).

In vivo Electrophysiological Recordings
and Analysis

Data Recordings

Both the local field potentials (LFPs) and extracellular single-
unit activity in MI and DLS were recorded simultaneously using
16-channel Zeus® system (Bio-Signal Technologies, McKinney,
TX, United States). Broadband (0.3 Hz-7.5 kHz) neural signals
were simultaneously recorded (16 bits @ 30 kHz). Spike and
LFP bands were extracted with high-pass (300 Hz) and low-
pass (200 Hz) filters, respectively. Real-time spike sorting was
performed using principal component analysis (PCA). LEP were
down sampled to 1 kHz. Data recorded from intact rats contained
10 min of free moving state. For the hemi-Parkinsonian rats, the
recorded data included 10 min of basal line, 120 min continuous
data post administration of L-DOPA or at least 10 min data at
different time point during 8 h observation period after Taltirelin
administration.

Spectral Analysis of LFP

Local field potential in MI and DLS was assessed in two frequency
ranges: high B (25-35 Hz) and high y (70-110 Hz) using
NeuroExplorer 5.107 software (Nex Technologies, Littleton, MA,
United States) as previously described with modification (Li et al.,
2012). Briefly, epochs of 120 s, representative of each sample
and free of major artifacts, were used to calculate LFP power.
The spectrum value was normalized as log of raw power spectral
density (PSD) from 0.5 to 200 Hz, which was calculated using Fast
Fourier Transform with Hanning window function, shifting each
0.05 s with 50% window overlap. The frequency block was set at
512 at 0.2 Hz resolution.

Single-Unit Spike Sorting and Classification

Single-unit spike sorting was performed with Off-Line Spike
Sorter 2.8.5 software (Plexon Inc., Dallas, TX, United States)
using a combination of automatic and manual sorting techniques.
The first three principal components (PCs) of all waveforms
recorded from each channel were depicted in 3-dimensional
(3D) space. Automatic clustering techniques (K-means clustering
and valley seeking methods) were used to produce an initial
separation of waveforms into individual cluster. Each cluster was
then checked manually to ensure that the cluster boundaries were
well separated and spike waveforms were consistent. Pyramidal
projection neurons (PNs) and interneurons (INs) in MI (Li et al.,
2012), and striatal projection neurons (SPNs), tonically active
interneurons (TANs), and fast spiking interneurons (FSIs) in DLS
(Singh et al., 2018) were distinguished according as described
previously (Supplementary Figure S1).

Discharge Pattern Analysis

Burst discharge was quantified using Legendy surprise
(probability) method with the Poisson surprise threshold
at 5 using NeuroExplorer. Parameters for burst detection
were based on typical short epochs of spiking that could be
unequivocally classified as burst activity. Limits were as follows:
maximal interval to start (10 ms), maximal interval to end bursts
(10 ms), minimal interburst interval (20 ms), and minimal
number of spikes or burst duration (three spikes and 20 ms)
(Singh et al., 2016).

Assessing Neurotransmitters Release by
Microdialysis

A self-made concentric circular microdialysis probe (dialysis
membrane, RC, cut-off molecular weight: 20 kDa, Union
Carbide; membrane length: 3 mm, outside diameter 1.5 mm)
(Supplementary Figure S2) was inserted into the lesioned DLS
(center coordinates: AP, +0.2 mm; ML, —3.8 mm; DV, —3.5 mm
from the dura) under anesthesia with isoflurane (1.5%) (Yan
et al, 2016). The sterile artificial cerebrospinal fluid (aCSF)
(140 mM NaCl, 3 mM KCl, 1.3 mM, CaCl,, 0.9 mM MgCly,
0.27 mM NaH,PO4, 1.2 mM Na,HPO4, 3.4 mM D-glucose,
pH 7.4) were perfused through the microdialysis probe with
a constant flow rate of 2.0 pl/ml using a CMA 402 infusion
pump (Harvard Apparatus, Holliston, MA, United States). After
a stabilization period of 1 h perfusion, two baseline samples of
dialysate (0 h) were obtained and then animals were injected
i.p. with either saline, 250 mg/kg a-methyl-dl-tyrosine (AMPT,
Sigma, United States) (Butcher et al., 1988), 5 mg/kg reserpine
(MedChemExpress, United States) (Butcher et al., 1988; Kannari
etal.,, 2000) or 20 mg/kg vanoxerine dihydrochloride (GBR12909;
MedChemExpress, United States) (Budygin et al., 2000). Two
hours later, 5 mg/kg Taltirelin was injected. Samples were
collected at 0.5 h, 2 h, and 3 h of the whole microdialysis
experiment. One part of the antioxidative mixture (100 mM
acetic acid, 3.3 mM L-cysteine, 0.27 mM NayEDTA, 12.5 uM
ascorbic acid, pH 3.2) is added to four parts of dialysate (Van
Schoors et al., 2015), which was immediately stored at —20°C
until DA and its metabolites measurement by HPLC.
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High Performance Liquid
Chromatography Coupled With
Electrochemical Detection (HPLC-ECD)

Analysis of Neurotransmitters

The level of DA, its metabolites 3,4-dihydroxyphenylacetic acid
(DOPAC), or homovanillic acid (HVA) and another monoamine
neurotransmitter norepinephrine (NE) of rat tissues or dialysates
were analyzed by HPLC-ECD as following: For tissue samples,
at different timepoint (0, 0.5, 1, and 2 h) after the i.p. injection
of L-DOPA (12 mg/kg, with benserazide 6 mg/kg) or 5 mg/kg
Taltirelin. Cortex or striatum of each animal were hand-dissected
and tissues of 30-80 mg were homogenized in 300 pl of 0.1
M HCIOy4 (0.1% L-cysteine) and centrifuged at 18,000 x g for
15 min at 4°C; supernatants were collected and stored at —20°C.
The mixed standards of DA, DOPAC and NE were prepared
by diluting each stock solutions (1 mg/ml, in 0.1 M HClO4
with 0.1% L-cysteine) with the mobile phase (3 mM sodium
heptanesulfonate, 100 mM sodium acetate, 85 mM citric acid,
0.2 mM EDTA, and 8% methanol) into 2.1, 6.2, 18.5, 55.6, 166.7
or 500 ng/ml. For dialysate samples, mixed standards (2.5, 5, and
10 ng/ml) of DA, DOPAC and HVA are prepared by diluting
the stock standard solutions (1 mg/ml, aCSF: antioxidative
mixture = 4:1) with the mobile phase. Samples and standards
(30 pl) were injected into the Waters 510 HPLC system equipped
with HPLC column (Zorbax C18, 4.6 mm*25 cm, particle size
5 pm; Agilent, Germany). The mobile phase was delivered at
1 ml/min flow rate; column temperature was 17°C; electrodes
potential was 700 mV. Detection of compounds was performed
with HP1049i ECD detector. The concentration of each sample
was obtained from the standard curve generated by plotting
concentration of the standards against respective peak area.

Serum Thyroid Hormone Measurement
Blood was collected at 2 h post-administration of drugs and
placed in 4°C overnight. Then the blood was centrifugated at
3,000 rpm for 15 min, and serum was collected for further
analysis. The levels of thyroid stimulating hormone (TSH),
free and total thyroxine (T4) or triiodothyronine (T3) were
measured using ELISA kit, respectively (ALPCO) according to
the manufacturers protocol. Briefly, 50 wL of serum samples
or reference was pipetted into the assigned wells, followed by
T3/T4 enzyme-conjugated solution with 1 h of incubation. The
mixture was removed, and the plate was washed several times
with water; then, working substrate solution was added to each
well for reaction, and after 20 min in the dark, the reaction was
stopped by adding 3 M HCIl. Absorbance was read at 450 nm.
The corresponding concentrations were calculated based on the
standard curve.

Primary Neonatal Rat Striatal and Cortex

Neurons Culture

Primary rat striatal and cortex cultures were prepared as
described previously (Beaudoin et al., 2012). In brief, the striatum
and cortex was dissected from P1-3 mouse pups. The isolated
tissues were then chemically and mechanically dissociated into
single cell suspensions. Cells were plated into 6-well plates coated

with 0.5 mg/ml poly-L-lysine at a density of 5.5-6 x 10°/well.
Incubate the cells with plating medium: DMEM/F-12 medium
(Hyclone, United States) with 20% FBS (Gibco, United States)
and 100 units/ml of penicillin and streptomycin for 4 h and
replace the medium with maintenance medium: Neurobasal
medium (Gibco, United States) with 2% B-27 supplement (Gibco,
United States), 2 mM glutamine (Gibco, United States) and
100 units/ml of penicillin and streptomycin. Cultures were
maintained in a humidified incubator at 37°C/5% CO, for 3 days
in vitro prior to further studies.

Western Blot Analysis

For animal brain tissues, striatum was dissected and
homogenized with micro-tissue-grinders (Tiangen, OSE-
Y30) in ice-cold enhanced RIPA lysis buffer [50 mM Tris, pH 7.4,
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, 5 mM EDTA, 2 mM Na3VO4, 1 mM PMSE 10 mM NaF,
and a cocktail of protease inhibitors (Roche, United States)]. For
cellular culture, cells were scraped down by a cell scraper and
lysed in lysis buffer. Brain or cellular lysates were centrifuged
at 12,000 x g at 4°C for 15 min and the protein concentrations
were determined by a BCA assay kit (Pierce, Rockford). The
supernatants were boiled for 10 min with 1% SDS loading
buffer. After SDS-PAGE, the samples are transferred to a PVDF
membrane (Millipore, United States), blocked with 5% non-fat
milk for 1 h at room temperature, and incubated overnight at
4°C with primary antibodies against following proteins: tyrosine
hydroxylase (TH) (1:1000, Proteintech, 25859-1-AP), p44/42
MAPK (ERK1/2) (1:2000, Cell Signaling, #4695), phospho-
p44/42 MAPK (ERK1/2) (1:2000, Cell Signaling, #4370), AFosB
(1:500, Cell Signaling, #9890), GAPDH (1:2000, AntGene,
ANTO012). The membranes were washed with TBST, then
incubated with HRP-conjugated anti-rabbit secondary antibody
(1:3000, AntGene, ANT020) for 1 h at room temperature. After
washing, the membrane was visualized with an ECL detection
kit (Thermo Scientific) in the Bio-Rad imaging system. Bands
intensities were analyzed with Image]J software.

Immunohistochemical and

Immunofluorescent Staining
Immunohistochemical Staining (IHC)

Animals were deeply anesthetized and transcardially perfused
with 0.9% saline, followed by 4% paraformaldehyde (PFA) in
0.1 M PBS (pH 7.4). Brain were dissected and fixed in 4% PFA
overnight at 4°C. After fixation, tissues were transferred to 70%
ethanol and processed for paraffin sectioning (4 pm/section).
Sections were mounted on glass slides, deparaffinized by xylene,
dehydrated in graded ethanol solutions, baked in the basic
antigen retrieval buffer (pH = 6.0), and washed with phosphate
buffer (pH 7.4). After washing, sections were blocked with
3% bovine serum albumin (BSA) and then incubated with
diluted primary antibody in a humidified chamber overnight
at 4°C. The following primary antibodies were used: anti-FosB
antibody (1:100, Santa Cruz, sc-48, detecting FosB- AFosB), anti-
TH antibody (1:750, Abcam, ab112). Sections were washed
and subsequently incubated with biotinylated goat anti-rabbit
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IgG, then HRP labeled streptavidin fluid, followed by DAB
solutions, counterstained with Harris hematoxylin, dehydrated in
graded ethanol solutions, and eventually cover slipped. Images
were collected through an Olympus camera connected to the
microscope at the same light intensity, and analyzed using Image-
Pro Plus software.

Immunofluorescent Staining (IF)

For brain slices, immunofluorescent staining shared a same
procedure with immunohistochemistry staining before
secondary antibodies incubation. For cellular cultures, sterile
coverslips were placed in 24-well plates and coated with PLL
before cells were plated on the coverslips. After intervention,
cells were first washed with PBS and fixed with 4% PFA. Then
cells were permeablized with 0.2% Triton X-100 and blocked
with 5% BSA. Incubate brain slices or cell slides with following
primary antibodies overnight at 4°C: anti-DOPA decarboxylase
(AADC) antibody (1:250, Abcam, ab3905), anti-dopamine
transporter (DAT) antibody (1:50, Santa Cruz, sc-32258), anti-
TH antibody (1:750, Abcam, ab129991), anti-MAP2 antibody
(1:500, Servicebio, Wuhan), anti-GABA antibody (1:200, Abcam,
ab8891), anti-dynorphin antibody (1:50, Santa Cruz, sc-46313),
anti-enkephalin (1:100, Abcam, ab150346). After being washed,
sections were incubated in dark with an appropriately diluted
Alexa 488- or Cyanine 3-coupled secondary antibodies followed
by DAPI staining nucleus for 10 min. Coverslips were mounted
on slides with one drop per coverslip of antifade mounting
medium (Beyotime, China). Images were collected using
fluorescence microscopy with image manipulation software, and
analyzed using Image-Pro Plus software.

Statistic Analysis

Data were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey HSD or LSD post hoc tests for multiple
comparisons between groups, and Student’s ¢-test for comparing
two groups. All statistical analyses were performed in SPSS 21.0
software. The significance level was set at p < 0.05. Data are
presented as mean = SEM for all results.

RESULTS

Taltirelin Improved Motor Function and
Normalized Aberrant Electrical Activity
of 6-OHDA-Lesioned Rats

The in vivo multi-channel electrophysiological recording
technology, of good time and spatial resolution, allows real-
time recording and analysis of electrophysiological data and
animal behavior simultaneously, which makes it a unique
tool in studying mechanisms of motor diseases. After the
apomorphine-induced rotation tests, complete-depleted (TH-
positive dopaminergic terminals in striatum, Figures 1A,B, or
dopaminergic neurons in the SN, Supplementary Figure S3,
were reduced by more than 90%, p < 0.001) animals were
implanted with electrodes targeting MI and DLS (Figures 1C-E).
When spikes and LFP could be steadily recorded in most of the
channels, behavior assessments were performed. In the adjusting

step test, the number of steps of the lesioned forelimb of the PD
rats significantly decreased compared with the intact forelimb
(1.39 £ 0.23 vs. 9.97 £ 0.28, p < 0.001), indicating an impaired
locomotor function. After Taltirelin 1-10 mg/kg i.p. injection,
the bradykinesia of lesioned forelimb was relieved at as early
as 0.5 h after injection (5.75 & 1.5 of 1 mg/kg, 9.50 & 2.38 of
5 mg/kg, 11.00 £ 1.00 of 10 mg/kg vs. 2.75 £ 0.50 of control,
p < 0.01). The improving effect maintained for at least 10 h and
was dose-dependent (Figure 1F).

Next, the LEP PSD analysis showed that free-moving PD rats
exhibited high p band oscillation (25-35 Hz) in the MI and
DLS ipsilateral to the lesion, which is a characteristic abnormal
electrical activity associated with bradykinesia. Administration
of 1 mg/kg or 5 mg/kg Taltirelin caused a significant reduction
of the power of the § band oscillation, which approached the
normal level 2 h later (86.15 %= 3.94%, 84.27 & 3.15%, respectively,
compared with their baseline, Figures 1G,H). Furthermore, a
total of 75 discharge units in the MI and 78 discharge units in the
DLS were recorded from 10 rats in this experiment. 32 PNs (44%)
and 36 SPNs (46%) were classified for following single unit firing
pattern analysis. Consistent with previous studies, there was an
increase of burst firing rather a random firing mode of neurons at
the lesioned side of the PD rat. Similarly, Taltirelin (1 or 5 mg/kg)
significantly reduced the total number of spikes in burst discharge
of PNs by 17.06% and 12.32%, or of SPNs by 14.29% and 16.03%,
respectively (Figures 1I-K, p < 0.05). Therefore, the alleviation
of abnormal electrophysiological indicators further supported the
finding that Taltirelin relieved the bradykinesia of 6-OHDA-PD
rats.

Acute or Sub-Chronic Administration of
Taltirelin Relieved Bradykinesia Without
Inducing Dyskinesia

L-DOPA-induced dyskinesia is one of the main drawbacks
of long-term L-DOPA therapy, which are characterized by
involuntary, repetitive orofacial, limb and axial movements.
Interestingly, no dyskinesia-related behaviors were observed in
the animals treated with Taltirelin even at high, toxic dose
(10 mg/kg). In order to confirm the difference between Taltirelin
and L-DOPA, we chose a relative high dose (5 mg/kg) of Taltirelin
and a high dose (12 mg/kg, with benserazide 6 mg/kg) of L-
DOPA which usually induces dyskinesia at first dose. As expected,
animals injected i.p. with L-DOPA exhibited obvious dyskinesia
as early as 20 min post-administration. Meanwhile, the power
of B oscillation decreased with the release of bradykinesia, while
the dyskinesia-associated high y band oscillation (70-110 Hz)
arose and intensified as dyskinesia aggravated (increased by
126% compared with baseline at 1 h, p < 0.05). On the
contrary, the animals injected with Taltirelin did not show any
abnormal behaviors or high y oscillation (Figures 2A-C and
Supplementary Figures S4A,B).

AFosB is a classic marker of LID, whose level in the DA-
deprived striatum is positively related to the severity of LID
(Cao et al., 2010) (Supplementary Figures S4C,D). The animals
treated with Taltirelin for 7 days showed no signs of dyskinesia,
however, there was a moderate but significant elevation of AFosB
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FIGURE 1 | Taltirelin improved motor function and normalized aberrant electrical activity of 6-OHDA-lesioned rats. (A) Tyrosine hydroxylase (TH) immunostaining in
the striatum of 6-OHDA lesioned rat model. (B) Integrated optical density of TH-positive terminals in the intact and lesioned side. N = 3. (C) Schematics illustrating
horizontal positioning of recording electrodes targeting primary motor cortex (MI) or dorsolateral striatum (DLS) relative to bregma. (D,E) Coronal plane indicating
schematic vertical positions for Ml and DLS together with AP positions (left). Typical brain slice showed actual electrode position (right). Electrodes were implanted in
the right (lesioned) side. (F) Adjusting step tests of PD rats treated with saline or Taltirelin (Tal 1, 5 or 10 mg/kg, i.p.). N = 6. (G) Typical example of power spectral
distribution of local field potential (LFP) after treatment of Taltirelin (1 or 5 mg/kg, i.p.). (H) Power of high B oscillation changed with time (a total of 128 LFP data from
two intact rats and six hemi-Parkinsonian rats). (I) Typical examples of raster plots showing the neuronal discharge patterns of normal or 6-OHDA-lesioned rats.
(J,K) The % of total number of spikes in burst discharge of PNs or striatal projection neurons (SPNs) (a total of 75 PNs and 78 SPNs from two intact rats and eight
hemi-parkinsonian rats). o < 0.05 vs. control; *p < 0.05; **p < 0.01; ***p < 0.001. Error bars denote SEM.
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FIGURE 2 | Acute or sub-chronic administration of Taltirelin relieved bradykinesia without inducing dyskinesia. (A,B) Power spectral distribution of local field potential
(LFP) after treatment of L-DOPA (12 mg/kg, with benserazide 6 mg/kg) or Taltirelin (5 mg/kg, i.p.). (C) Power of high y oscillation changed with time (32 LFP data in
Ml and DLS of two intact rats and 96 LFP records in six lesioned rats). (D,E) Western blot analysis of AFosB in the DA-denervated striatum of each group (normal,
PD, Tal 5 mg/kg or L-DOPA 12 mg/kg treated for 3 or 7 days). N = 3. (F) Immunostaining of AFosB of lesioned striatum. (G) Counts of AFosB-positive cells in each
group. N = 3. #p < 0.01 vs. intact or other groups; *p < 0.05; ** p < 0.01. N = 3. Error bars represent SEM.

in the lesion striatum (834.40 + 58.46% of the normal) compared
with the short-term (3 days) Taltirelin (449.70 £+ 29.15%) or
PD control (254.7 £+ 34.46%). However, the AFosB levels in
Taltirelin groups were still lower than the levels in L-DOPA
(12 mg/kg) group of 3 days (1588.00 £ 84.70%) or of 7 days
(1515.00 £ 30.94%) (Figures 2D,E, p < 0.05). The counts of
AFosB-positive cells in the striatum confirmed the observation
in Western blot (PD < Tal 3 days < Tal 7 days < L-
DOPA, 318.18 £ 40.45%, 511 + 32.28%, 957.58 £ 48.48%,
1236.36 £ 21.00%, respectively) (Figures 2EG, p < 0.05).

We further assessed the levels of DA, its metabolite, DOPAC
and another monoamine neurotransmitter NE in the cortex and
striatum of PD rats (Figures 3A-F). As expected, the basal
level of DA in the lesioned cortex (0.13 + 0.02 ng/mg vs.
0.37 £ 0.06 ng/mg, p < 0.01) and striatum (0.25 £ 0.03 ng/mg
vs. 26.31 £ 2.96 ng/mg, p < 0.01) was significantly lower than the

intact side. Similarly, DOPAC (0.19 & 0.02 ng/mg vs. 1.54 & 0.34
ng/mg, p < 0.05) and NE (3.35 £ 0.15 ng/mg vs. 3.98 £ 0.23
ng/mg, p < 0.05) also decreased significantly in the striatum.
After injection of L-DOPA, DA, DOPAC and NE in both the
cortex and striatum increased significantly (p < 0.05). However,
the concentrations of DA in the lesioned striatum peaked at 0.5 h
(1.14 % 0.46 ng/mg) post-injection, which then decreased with
time, while the DA in the cortex peaked at 1 h (0.33 £ 0.10
ng/mg), which was in a better correlation with the LID behaviors
and CNS abnormal electrical activities (Figure 2C). On the
contrary, Taltirelin induced a slight reduction of DA and
elevation of DOPAC in the cortex and striatum, while the trend
of NE level is similar to the L-DOPA group though at a lower
level. The results in the Taltirelin group seemed contradictory but
was consistent with previous studies (Puga et al., 2016). Since
the tissue homogenates were mainly composed of intracellular
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fluids, a decrease in content may suggest the release of these
neurotransmitters into the extracellular spaces. To confirm this,
we then examined the DA-releasing effect of Taltirelin through
microdialysis.

Taltirelin Elevated Dopamine Level in a

DA-Releasing Dependent Manner

Here, we used microdialysis and three DA-releasing-related drugs
to confirm the DA-releasing function of Taltirelin and investigate
the possible underlying mechanisms. TH inhibitor, AMPT
and vesicular monoamine transporter-2 (VMAT-2) inhibitor,
reserpine both causes DA depletion and results in very low
level of both intracellular and extracellular DA in the striatum.
Vanoxerine (GBR12909) is a DA reuptake inhibitor, which
elevates DA in striatum after administration but would also
deplete DA pool. Results showed that the basal extracellular levels
of DA, DOPAC and HVA in the lesioned striatum of rats were
too low to detect. As expected, vanoxerine (20 mg/kg, i.p.) caused
a sharp increase (6.55 = 1.07 ng/ml, p < 001) and then fall of
DA, while AMPT (250 mg/kg, i.p.) and reserpine (5 mg/kg, i.p.)
produced no undetectable alteration of DA. As the level of DA
stabilized 2 h later, Taltirelin (5 mg/kg, i.p.) was administrated,
and DA was elevated to different levels in each groups:
N.S. > reserpine > AMPT > vanoxerine (8.54 = 2.94 ng/ml,
4.51 £ 0.73 ng/ml, 1.36 £ 0.22 ng/ml, 0 ng/ml) (Figure 3G).
Thus, the results supported the fact that Taltirelin promotes
DA release in DA-depleted striatum. In addition, the lower or
even absent DA in groups with pre-treatment further suggested
that intracellular DA pool made up a large part of DA
released by Taltirelin. As for the metabolites of DA, DOPAC:
reserpine > N.S. > vanoxerine > AMPT (75.06 & 12.22 ng/ml,
38.97 £ 12.67 ng/ml, 22.75 £ 3.70 ng/ml, 4.35 &+ 1.09 ng/ml)
(Figure 3H); HVA: reserpine > N.S. > vanoxerine > AMPT
(27.25 &+ 12.22 ng/ml, 22.22 + 7.34 ng/ml, 0.83 £ 0.13 ng/ml,
0.06 £ 0.01 ng/ml) (Figure 3I). Since inhibition of VMAT-
2 by reserpine led to more chances for DA to be exposed
and metabolized in the cytoplasm, more DA metabolites were
generated accordingly. Interestingly, incomplete blockade by the
above DA-releasing inhibitors and less DA in group treated
with TH-inhibitors AMPT suggested the existence of a newly
synthesized DA pool induced by Taltirelin, which is more
meaningful as the number of residual dopaminergic neurons, i.e.,
the storage of DA, diminishes as the disease progresses, and new
source of DA would be very in need. Thus, we next examined the
possible ability of Taltirelin to manipulate DA synthesis.

Taltirelin Elevated the Level of TH Both
in vivo and in vitro in a
p-ERK/1/2-Dependent Manner

It was once reported that TRH could elevate the activity of TH
(Yokoo et al., 1983), but whether the expression of TH could
be manipulated by TRH was not reported. We thus stained the
DA-deprived striatum slices with TH and found significantly
increased TH-positive neurons in animals injected with Taltirelin
(5 mg/kg) for continuous 7 days but not in animals with 3-
day injection (350.00 & 28.87%, 183.33 + 44.10%, respectively,

Figures 4A-C; p < 0.05). We then quantified the level of TH in
animals injected with different doses of Taltirelin for 3 days, but
there was no obvious elevation of TH even at high dose such as
10 mg/kg (Figures 4D,E). In contrast, the TH level in the animals
injected with Taltirelin (5 mg/kg) for 7 days (27.36 £ 4.58%)
was significantly higher than other groups, including Taltirelin
(1 mg/kg, 7 days) (7.12 £ 4.43%) (Figures 4EG; p < 0.05).
The above results showed that sub-chronic, high-dose Taltirelin
could elevate TH level in the lesioned striatum of PD rats.
Besides, we also conducted double-staining of TH with other
dopaminergic neurons markers, such as AADC and DAT, but
found no double-positive neurons (data not shown), indicating
that those Taltirelin-induced TH-positive neurons were non-
dopaminergic neurons.

We further verified our results in vitro using primary neurons.
It was reported that there was a 4-fold increase in the activity
of TH in the brain during rat embryonic development, while
only a 2.5-fold increase after birth (Coyle and Axelrod, 1972).
To ensure the consistency, we cultured the neonatal rats of 1-3
days (P1-3) primary striatal neurons. We found that primary
striatal neurons cultured for 3 days had basal expression of
TH, while the primary cortical neurons had a much lower level
of TH. Studies have shown that ex vivo cultured itself could
induce TH expression (Du and Iacovitti, 1997), which may act
as compensation to the loss of DA. On the third day in vitro,
the primary neurons were treated with Taltirelin (5 wM) for
24 h, and we found TH increased in the primary striatal neurons
(136.20 + 3.47%, p < 0.05) but not in the primary cortical
neurons. In addition, p-ERK1/2 increased by 124.84% in the
primary striatal neurons, but decreased by 15.52% in the primary
cortical neurons (Figures 4HL,I), indicating that the effect of
Taltirelin on TH expression was neuronal species-specific.

The elevation of p-ERK1/2 along with the TH suggested
that this signaling molecule may be involved in this process.
Therefore, we pre-treated primary striatal neurons with U0126
(10 wM) for 2 h to inhibit MEK, the upstream kinase of ERK1/2,
then incubated neurons with Taltirelin (5 wM) for 24 h. As
expected, U0126 significantly decreased p-ERK1/2 by 76.28%
and TH by 71.93% (Figures 4J,K; p < 0.001), indicating that
Taltirelin-induced TH expression is p-ERK1/2-dependent. Next,
after 24 h incubation of Taltirelin, we treated neurons with
U0126 for further 2 h, 4 h, or 6 h. We found that p-ERK1/2
was almost completely blocked after treatment with U0126 for
2 h (7.28 £ 2.36% of control), accompanied by TH decreasing
with time (2 h: 112.60 £ 8.97%, 4 h: 74.71 + 8.67%, 6 h:
50.48 £ 5.29%) (Figures 4L,M; p < 0.05), indicating that down-
regulating p-ERK1/2 interfered with the maintenance of the level
of cellular TH.

In order to determine the species of neurons expressing TH
in vitro, we co-stained the primary striatal neurons with TH
and other markers, such as GABA, enkephalin, dynorphin or
DAT. The results showed that the neurons treated with Taltirelin
exhibited wider distribution and higher fluorescent intensity of
TH, which is consistent with the above results. The SPNs are
GABAergic neurons, and we found TH mainly co-located with
GABA in neurons treated with or without Taltirelin, indicating
that these TH-positive neurons are GABAergic (Figure 5A).
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FIGURE 3 | Taltirelin elevated dopamine level in a DA-releasing dependent manner. (A-F) The high performance liquid chromatography coupled with electrochemical
detection (HPLC-ECD) assessed the intracellular dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC) and norepinephrine (NE) in the cortex and striatum of
6-OHDA lesioned animals treated with L-DOPA or Taltirelin. #p < 0.05 vs. 0 h, *p < 0.05 vs. indicated group, **p < 0.05 vs. indicated group. (G-1) Effects of AMPT
(250 mg/kg, i.p.), reserpine (5 mg/kg, i.p.) or vanoxerine dihydrochloride (20 mg/kg, i.p.) on Taltirelin-induced alterations of DA, its metabolites DOPAC and HVA in
dialysates collected from lesioned DLS. Taltirelin (5 mg/kg) was injected 2 h after administration of three medications. *p < 0.05 vs. other groups at the same time

GABAergic neurons are divided into two main species: the
enkephalin-positive and the dynorphin-positive, each plays
different role in basal ganglia neural circuits. In our experiments,
TH-enkephalin, but not TH-dynorphin double-positive neurons
were observed, suggesting that TH was mainly expressed by
enkephalin-positive GABAergic neurons (Figures 5B,C). DAT
is another essential enzyme in the synthesis process of DA,
but DAT-positive neurons were not found in this experiment
(Figure 5D), which was consistent with the results in vivo that
those new-emerging TH-positive cells were not dopaminergic
neurons.

DISCUSSION

Thyrotropin-releasing hormone and its analogs have long been
recognized as DA-releasing agents in CNS (Crespi et al., 1986;
Fukuchi et al., 1998; Puga et al., 2016), however, their therapeutic
potential toward PD, which is mainly characterized by insufficient
DA in striatum, is rarely recognized or discussed thoroughly.

Our results showed that Taltirelin (1-10 mg/kg) significantly
improved the locomotor function of 6-OHDA-induced hemi-
Parkinsonian rat model, alleviated the intensity of bradykinesia-
associated high B oscillation and reversed the bursting firing
form of projecting neurons in MI and DLS. The beneficial effect
maintained for as long as 8 h, which was in consistency with
the long half-life of Taltirelin (Kinoshita et al., 1998). Besides,
animals exhibited involuntary shaking and repeated jaws action
after the injection of Taltirelin above 5 mg/kg (Supplementary
video), which may be related to the stimulation of 5-HT system
(Miwa et al., 1995) by Taltirelin during high dose use. We also
examined and found that Taltirelin (>5 mg/kg) elevated serum
level of TT3, TT4, FT3, and FT4 in PD rats (Supplementary
Figure S5). Compared with TRH, Taltirelin has much weaker
peripheral stimulatory effect (Fukuchi et al., 1998), and it was
once reported that prolonged oral administration of Taltirelin of
2.5-20 mg did not significantly alter the pituitary-thyroid axis
in subjects with brain stroke (Miyashita et al., 1993). However,
it has been reported that hyperthyroidism and hypothyroidism
are more common in PD patients than in the general population
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FIGURE 4 | Taltirelin elevated the level of TH both in vivo and in vitro in a p-ERK/1/2-dependent manner. (A) Immunostaining of tyrosine hydroxylase (TH) in the
lesioned striatum of each group (PD, Tal 5 mg/kg for 3 days or 7 days). Red arrows indicated TH-positive cells. (B) Counts of TH-positive cells.

(C) Immunofluorescent staining of TH in the lesioned striatum of animals treated with Tal 5 mg/kg for 7 days. White arrows indicated TH-positive cells (top).
Higher-magnification photomicrographs of a TH-positive cell (down). (D,E) Western blot analysis of TH in the lesioned striatum of each group (normal, PD, Tal 1, 2.5,
5, or 10 mg/kg). (F,G) Western blot analysis of TH in the lesioned striatum of each group (normal, PD, Tal 1 or 5 mg/kg continuous administrated for 3 or 7 days).
(H,l) Western blot analysis of intracellular TH and p-ERK1/2 of the primary rat striatal or cortical neurons treated with Tal 1, 5, or 10 uM. (J,K) Western blot analysis
of intracellular TH and p-ERK1/2 of the primary rat striatal neurons pre-treated with MEK inhibitor U0126 (10 M) for 2 h, then incubated with Tal (5 wM) for 24 h.
(L,M) Western blot analysis of intracellular TH and p-ERK1/2 of the primary rat striatal neurons incubated with Tal (5 wM) for 24 h, then treated with U0126 (10 wM)
for2h, 4 h, or6h. ¥o < 0.01 vs. normal or control; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. N = 3. Error bars represent SEM.

Frontiers in Cellular Neuroscience | www.frontiersin.org 47 November 2018 | Volume 12 | Article 417


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Zheng et al. Taltirelin Improves PD Motor Function

Taltirelin Control Taltirelin Control

Control

Merge

Taltirelin

Merge

Control

Merge

FIGURE 5 | Taltirelin elevated the level of TH in enkephalin-positive neurons in vitro. Double immunolabeling images showed co-localization of tyrosine hydroxylase
(TH) with GABA (A), enkephalin (B), dynorphin (C) or dopamine transporter (DAT) (D) in control or Taltirelin treated rat primary striatal neurons. N = 3.

Taltirelin

Frontiers in Cellular Neuroscience | www.frontiersin.org 43 November 2018 | Volume 12 | Article 417


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Zheng et al.

Taltirelin Improves PD Motor Function

(Daimon et al., 2013). Thus, the thyroid function of patients
should be thoroughly evaluated and adjusted accordingly before
administration of Taltirelin if possible in the future.

Impressively, Taltirelin improved locomotor function without
inducing dyskinesia-like behaviors for sub-chronic use, which
was confirmed by the absence of LID-related high y band
oscillation (70-110 Hz) during the PD symptom-remitting
period. Measurement of DA in the brain tissues and dialysates
of PD rats by HPLC-ECD confirmed that Taltirelin promoted
DA release in a mild and persistent manner. In contrast, after L-
DOPA injection, DA sharply elevated in the cortex, and peaked
at 1 h then maintained at high concentration, which was in
good correlation with the severity of dyskinesia behaviors. Studies
once showed that application of dopamine type 1 receptor
(D1R) antagonists on the surface of the DA-depleted cortex
immediately halted LID symptoms and terminated high y band
oscillation in PD rats (Halje et al., 2012). It is suggested that
discontinuous drug delivery due to the short half-life of L-
DOPA and the variability in its gastrointestinal absorption are
responsible for the non-physiological pulsatile cortical dopamine
receptor stimulation and the dopamine receptor hypersensitivity
(Halje et al., 2012; Poewe and Antonini, 2015; Antonini et al,,
2016). DA agonists, monoamine oxidase (MAO) and catechol-
O-methyltransferase (COMT) inhibitors, and sustained-effective
L-DOPA preparations under development are all aimed at
achieving the goal of continuous dopamine receptor stimulation
(Poewe et al,, 2017). Thus, the long half-life and absence
of dyskinesias in sub-chronic and high dose application of
Taltirelin do bring benefit to PD treatments. However, the anti-
parkinsonian effect of Taltirelin in longer period of time should
be investigated in the future, for 7-day sub-chronic scheme
is not enough to completely address the long-term impact of
Taltirelin.

The mechanism by which TRH promotes the elevation of
DA is still unclear so far (Yokoo et al., 1983; Prasad, 1991;
Fukuchi et al., 1998). Reserpine irreversibly blocks the uptake
of catecholamines (NE, DA and 5-HT) into synaptic vesicles by
inhibiting the VMAT-2, and neurotransmitter in the cytoplasm
are easily degraded by MAO, thus depleting the vesicular
storage of catecholamines (Kannari et al., 2000). Pretreatment
with reserpine produced 47.19% reduction in Taltirelin-derived
extracellular DA levels, indicating that a large part of the
Taltirelin-derived DA release is of vesicular origin. Vanoxerine
(GBR12909) usually caused a slow and sustained elevation of
extracellular DA by inhibiting DA uptake (Nakachi et al., 1995;
Gagnaire and Micillino, 2006), however, in our study, DA
increased by vanoxerine returned to their baseline 2 h after
administration, which may be due to the deficiency of DA
caused by 6-OHDA lesion. The interesting finding here was
that vanoxerine almost totally blocked the ability of Taltirelin
to increase extracellular DA. This result could be explained by
two possible reasons: first, vanoxerine occupied DA transporters
which were the same binding sites of Taltirelin and thereby
blocked the similar releasing effect or the entrance of Taltirelin
into the cells (Baumann et al., 1994). Second, depletion of
already limited DA pool by vanoxerine prevented the storage
pool-dependent actions of Taltirelin, which is supported by the

findings with reserpine. What’s more, we found that inhibition
of DA synthesis using AMPT led to the reduction of Taltirelin-
induced DA efflux by 84.08%. However, AMPT pre-treatment not
only blocked the newly synthesis of DA, but also depleted the
storage of DA (Butcher et al., 1988). Thus, the results supported
the hypothesis that Taltirelin may have multiple action targets
such as VMAT-2, DAT and TH, affecting DA efflux in multiple
processes including the redistribution, uptake and synthesis of
DA. Nevertheless, it is necessary to adopted more strategies such
as genetic manipulation (Sulzer et al., 2005; Fleckenstein et al.,
2007) to verified our hypothesis.

Our recent studies showed that Taltirelin raised TH levels
in dyskinesia rats (unpublished), together with the results
that AMPT blocked most DA-releasing action of Taltirelin,
it is highly possible that Taltirelin could manipulate TH
expression. Short-term (3 days) use of Taltirelin had no
significant effect on TH level in the lesioned striatum of
PD rats, whereas sub-chronic (7 days) injections significantly
increased TH levels. In addition, incubation with Taltirelin
(5 wM) for 24 h also greatly elevated the intracellular TH
in primary striatal neurons, while TH remained unchanged in
primary cortex neurons, indicating a neuron-type-dependent
response or characteristic of Taltirelin actions. We further
found that TH mainly co-localized with enkephalin in primary
GABAergic neurons in vitro, whereas the dynorphin was
almost undetectable. The sub-species of GABAergic neurons
are directly related to the direct and indirect pathway model
of PD (Calabresi et al, 2014), therefore, the influence of
elevated TH on the basal ganglia neural circuits in vivo
deserved further investigation. In addition, there are a small
number of TH positive cells in the striatum under normal
physiological conditions, which are in general identified as
interneurons and do not contain AADC or DAT, i.e., non-
dopaminergic neurons (Xenias et al., 2015). In our study, none
of those TH-positive cells were stained with AADC or DAT
either in or ex vivo, suggesting that Taltirelin did not induce
the neuron type transformation at least in our experiment
conditions. Regarding the functions of the TH-positive cells
in the striatum, it has been proposed that those cells could
co-synthesize DA with 5-HT neuronal terminals that contain
ADDC (Keber et al., 2015; Kozina et al., 2017). Therefore, new-
emerging TH-positive cells may help promoting DA synthesis
and secretion in sub-chronic use of Taltirelin. ERK1/2 (or
mitogen-activated protein kinase, MAPK) is a part of the
Ras-Raf-MEK-ERK signaling pathway, participating in multiple
important physiological activities (Jr, 2012). The activated form
of ERK1/2, p-ERK1/2, is able to regulate the transcription
and phosphorylation of TH (Tekin et al, 2014), and also
could mediate the functions of TRH through TRH type 1
receptor (TRH-R1) (Choi et al., 2015), which is also the main
action receptor of Taltirelin in the CNS (Thirunarayanan et al.,
2013). In our study, p-ERK1/2 elevated after the treatment
with Taltirelin, which could be blocked by MEK inhibitor
U0126 (10 wM). However, p-ERK1/2 is a wide-functioning
signaling factor and the expression of TH is subtly regulated
by various factors, thus whether TRH or Taltirelin is able
to increase phosphorylation level of TH or the affinity of
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TH cofactors (Lenartowski and Goc, 2011) still need further
investigation.

AFosB, a truncated isoform of transcription factor FosB,
is an established hallmark of dyskinesia. Due to its stable
nature and tendency to accumulate, the level of AFosB in the
striatum is positively correlated with the severity and frequency
of dyskinesia. We once showed that overexpression of AFosB
in the striatum of PD rats was enough to induce LID (Cao
etal,, 2010). L-DOPA caused a significant elevation of AFosB and
showed an accumulating effect with injection times increased.
Taltirelin group also showed similar cumulative effects, but the
level was significantly lower than that of L-DOPA group. Studies
once showed that L-DOPA significantly increased the level of
TH and AFosB in the striatum of normal mice (Keber et al.,
2015). In addition, striatal emerging TH-positive neurons usually
appeared in areas of near complete or partial deprivation of DA
rather than completely destructed areas (Lopez-Real et al., 2003).

It has been suggested that such increase in TH-positive cells
may be associated with D1R (Espadas et al., 2012), whereas DA
exposure in vitro is known to increase the number of TH-positive
cells in primary cortical and striatal cultures (Zhou et al., 1996).
Thus, we wondered if that high-dose extraneous DA itself is
enough to increase TH and AFosB in a dose-dependent effect and
independent from LID. If this hypothesis is true, elevated AFosB
in sub-chronic administration of Taltirelin without dyskinesia
could be explained by the increased DA stimulated by Taltirelin,
and the increased DA may also help promoting TH expression in
striatum (Figure 6).

Whether the endogenic DA-releasing effect of Taltirelin
would recede with the degeneration of dopaminergic terminals
still needs further assessment in PD patients. However, in
addition to the continuous DA-releasing effect that could
avoid the occurrence of dyskinesia, Taltirelin also has other
advantages over L-DOPA. First, a study recently reported a
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FIGURE 6 | Hypothetical action mechanism of TRH or Taltirelin in PD model animals. Based on our results and recent literature, this scheme illustrated how TRH or
its analog, Taltirelin (Tal) worked in PD model animals (adapted from Keber et al., 2015). Post administration, Tal firstly acted on the dopaminergic neurons on soma in
the substantia nigra (SN) or on residual nerve terminal in striatum, resulting in increased dopamine (DA) synthesis and release (®). Secondly, after sub-chronic
application, Tal bound to TRH type 1 receptor (TRH-R1) of striatal neurons, leads to an increase in tyrosine hydroxylase (TH) expression or activity mediated by
p-ERK1/2. Striatal TH-positive neurons co-synthesized DA with 5-HT nerve terminals or other DOPA decarboxylase (AADC)-positive neurons and further increased
DA levels (@). Elevated DA in turn stimulated TH expression in striatal neurons via dopamine type 1 receptor (D1R) or D2R (®) and further increased endogenous
1991). With such positive feedback, the level of DA in the striatum or cortex elevated slowly and steadily. On the contrary,
exogenous L-DOPA usually caused a sudden increase of DA level in the striatum or cortex. Such pulse-like stimulus of DA caused hypersensitization of D1R and
increased the expression of downstream AFosB, thus ultimately led to L-DOPA-induced dyskinesia (®).
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human-specific time-dependent pathological cascade of DA
oxidation, mitochondrial and lysosomal dysfunction. The
selective accumulation of neuromelanin (a complex aggregate
consisted of oxidized DA, proteins, and lipids) in human neurons
and the exogenous L-DOPA increased cytosolic DA, which may
contribute to elevated mitochondrial oxidant stress, leading to
a vicious cycle of dopamine and mitochondrial oxidation in
human midbrain neurons (Burbulla et al., 2017). Consistently,
we also observed a strikingly high level of DA in the intracellular
contents of cortex and striatum of PD rats injected with L-DOPA.
On the contrary, Taltirelin not only avoids the neurotoxicity
of high-dose DA (Kang et al., 2018) but also provides disease-
modifying effect which helps reserving residual dopaminergic
neurons (Veronesi et al., 2007; Jaworska-Feil et al., 2010), which
may help delaying the development of PD thus provides long-
term benefit for the patients. Second, non-motor symptoms of
PD, such as depression, constipation and cognitive dysfunction
manifest usually earlier and can be equally or more disabling
than the motor symptoms. Many non-motor symptoms do
not respond to DA replacement therapy and some are even
aggravated by this treatment (Poewe et al., 2017). Fortunately,
TRH has been proved effect in improving depression (Szuba
et al., 1996; Marangell et al., 1997; Zeng et al., 2007), memory
impairment (Molchan et al., 1990) and regulating sympathetic
nervous system (Khomane et al., 2011). These benefits associated
with the role of TRH plays as homeostatic regulator in both
CNS and periphery. For example, when the organism is sedated,
TRH is a stimulant, but when the body is convulsed, TRH
is anticonvulsant. Therefore, TRH and its analogs have great
potential in treating many nervous system diseases (Khomane
et al, 2011). However, it is impossible to fully explore the
therapeutic potential, without thorough understanding of the
mechanisms of action of TRH and relevant clinical trials to
demonstrate its effectiveness. Above all, our study showed that
TRH analog Taltirelin promoted DA release in the CNS in a mild
and persistent manner, thus improving the motor function and
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Detection of the state of self-motion, such as the instantaneous heading direction, the
traveled trajectory and traveled distance or time, is critical for efficient spatial navigation.
Numerous psychophysical studies have indicated that the vestibular system, originating
from the otolith and semicircular canals in our inner ears, provides robust signals for
different aspects of self-motion perception. In addition, vestibular signals interact with
other sensory signals such as visual optic flow to facilitate natural navigation. These
behavioral results are consistent with recent findings in neurophysiological studies. In
particular, vestibular activity in response to the translation or rotation of the head/body
in darkness is revealed in a growing number of cortical regions, many of which are
also sensitive to visual motion stimuli. The temporal dynamics of the vestibular activity
in the central nervous system can vary widely, ranging from acceleration-dominant to
velocity-dominant. Different temporal dynamic signals may be decoded by higher level
areas for different functions. For example, the acceleration signals during the translation
of body in the horizontal plane may be used by the brain to estimate the heading
directions. Although translation and rotation signals arise from independent peripheral
organs, that is, otolith and canals, respectively, they frequently converge onto single
neurons in the central nervous system including both the brainstem and the cerebral
cortex. The convergent neurons typically exhibit stronger responses during a combined
curved motion trajectory which may serve as the neural correlate for complex path
perception. During spatial navigation, traveled distance or time may be encoded by
different population of neurons in multiple regions including hippocampal-entorhinal
system, posterior parietal cortex, or frontal cortex.

Keywords: vestibular, self-motion perception, heading, path trajectory, distance perception

INTRODUCTION

Accurate and precise detection of displacement of our head and body in space is critical for
important functions including balance, posture control, gait, spatial orientation and self-motion
perception. It can be accomplished through the vestibular pathway that starts from two small
but elegant organs embedded in our inner ears: the otolith and semicircular canals, which
detect linear and angular acceleration of our head, respectively (Goldberg and Fernandez, 1971;
Fernandez and Goldberg, 1976a,b). The encoded inertial motion signals in the peripheral system
are propagated to the central nervous system for further processing. While the neural circuits
mediating automatic process such as vestibulo-ocular reflex (VOR) for maintaining visual stability
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and body balance are well known (Takakusaki, 2017), less is
clear about how vestibular signals are coded by the brain for
perception of self-motion and spatial orientation (Lopez, 2016).
Recent neurophysiological studies have discovered that robust
vestibular signals are distributed broadly in sensory cortices,
suggesting that the vestibular system may be involved in higher
cognitive functions (Gu, 2018).

In this review article, we summarized recent progress on
the involvement of the vestibular system in higher cognitive
functions, particularly for self-motion. We will focus on three
topics: (1) how vestibular signals may contribute to estimating
of one’s heading direction through space; (2) how a more
complex path trajectory may be coded by convergent translation
and rotation signals arising independently from the otolith and
horizontal canals; and (3) how traveled distance or time is
possibly coded by the vestibular system. For each topic, we first
reviewed results from psychophysical studies on humans and
monkeys, and then pointed to the neurophysiological studies that
may provide insights for the underlying neural mechanisms. We
finally discussed remained issues that need to be addressed in
future studies. Note that we have focused primarily on recent
progress in the cortical system. Numerous studies conducted
in subcortical areas including thalamus, hippocampus, and the
limbic system including the entorhinal cortex, retrosplenial
cortex can be referred elsewhere, and are only briefly mentioned
in the current review article.

HEADING

Both human and monkey can judge heading directions accurately
and precisely based on vestibular cues (Telford et al., 1995;
Ohmi, 1996; Gu et al, 2007; Fetsch et al, 2009, 2011;
Crane, 2012; Drugowitsch et al., 2014). The intact vestibular
system is crucial for heading estimation. For example, bilateral
labyrinthectomy led to dramatic increase in the psychophysical
threshold in a vestibular heading discrimination task, in which
the monkeys were instructed to report their perceived heading
directions delivered through a motion platform under a two-
alternative-forced-choice experimental paradigm (Gu et al,
2007). However, psychophysical threshold decreased gradually
after labyrinthectomy, suggesting that the animals may learn
to use other sensory inputs, for example, somatosensory
or proprioceptive cues to compensate the deficiency in the
vestibular system. This hypothesis is consistent with the
phenomenon that the animals began to lean their hands against
the wall of the cage when moving around after labyrinthectomy.
Note that, the psychophysical threshold remained about
10 times worse than the baseline (i.e., before labyrinthectomy),
demonstrating that the function of the vestibular system could
not be fully compensated by other sensory systems (Gu et al.,
2007).

Other sensory inputs, in particular, visual cues, do help the
vestibular system for more accurate and precise heading estimate.
Provided with congruent vestibular and visual optic flow cues,
both humans (Butler et al., 2010, 2011, 2015; Crane, 2017;
Ramkhalawansingh et al., 2018) and monkeys (Gu et al., 2008;
Fetsch et al., 2009; Chen et al., 2013) can judge smaller heading

directions compared to the condition when only one sensory
input is available. Interestingly, the decrement in psychophysical
threshold during cue combined condition is consistent with the
prediction from the optimal cue integration theory (Ernst and
Banks, 2002), indicating that our brain makes full use of the
information when summing sensory evidence from different
sensory modalities. The optimal performance is verified under
conditions when a conflict heading angle between vestibular
and visual cues is introduced (Fetsch et al., 2009; Butler et al.,
2015), or when subjects performed a reaction-time version of
the task in which they do not have to wait and accumulate
sensory evidence for a long and fixed duration (Drugowitsch
etal., 2014).

The neural substrate for heading perception has been
extensively explored within the last three decades. Most of
the studies have largely focused on areas within the cerebral
cortex because neurons in many of these areas are modulated
by complex optic flow that is typically experienced during
natural navigation. For example, Duffy and colleagues have
shown that neurons in the dorsal portion of the medial superior
temporal sulcus (MSTd) are sensitive to global-field optic flow
simulating real self-motion (Duffy and Wurtz, 1991, 1995), as
well as to transient whole body movement in darkness (Duffy,
1998; Page and Duffy, 2003). Later on, Angelaki and DeAngelis
further characterized heading selectivity of MSTd neurons in
three-dimensional (3D) space using a six degree of freedom
(6-DOF) motion platform (Gu et al., 2006; Takahashi et al.,
2007; Morgan et al., 2008). They found that nearly all MSTd
neurons are significantly modulated by optic flow and two thirds
are significantly tuned to vestibular stimuli. Labyrinthectomy
largely diminished the vestibular activity but not visual activity
in MSTd, suggesting the responses measured during the physical
motion condition in darkness really arise from the vestibular
source (Gu et al., 2007; Takahashi et al., 2007). Interestingly,
for neurons significantly modulated by both optic flow and
inertial motion, about half prefers congruent heading direction,
and these “congruent” neurons typically exhibit higher heading
selectivity when both cues are provided in a congruent way,
constituting an ideal substrate for more robust heading estimate
during natural navigation. However, note that the other half
neurons tend to carry conflict visual and vestibular heading
information, producing weaker heading selectivity during cue
combination. Thus, this population of neurons is unlikely to
account for more robust heading estimate under congruent
vestibular-visual inputs. The exact functional implications of
these neurons remain a mystery at this stage.

Using the same paradigm, researchers have examined a
number of areas in the cerebral sensory cortices and cerebellum.
Many of these areas exhibit similar neuronal properties as those
found in MSTd, including the ventral parietal area (VIP; Chen
et al,, 2011c), the smooth eye movement area of the frontal
eye field (FEFgm; Gu et al., 2016), the visual posterior sylvian
area (VPS; Chen et al., 2011b), and the cerebellar nodulus and
uvula (Yakusheva et al., 2013). However, some areas exhibit
different properties. For example, most neurons in the posterior
insular vestibular cortex (PIVC) are only tuned to vestibular
stimuli, but not to optic flow (Chen etal., 2010). By contrast,
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most neurons in the middle temporal area (MT; Chowdhury
et al,, 2009) and V6 (Fan et al, 2015) only respond to visual
stimuli, but not to inertial motion. Taken together, we can
sketch a map with each area serving as a node in the network
for heading perception (Figure 1A; see review by Gu, 2018).
Note in this map, sensory information is hypothesized to further
transmit to decision-related areas such as the frontal and parietal
lobes (e.g., FEFg,. and LIP) in which the evidence of sensory
inputs is accumulated and transformed to form decision and
generate motor output. How momentary vestibular evidence is
accumulated during this process is still unverified. For example,
is the vestibular acceleration accumulated for heading estimate
(Drugowitsch et al., 2014)? Future physiological experiments
need to be conducted to examine this hypothesis.

The exact information flow across the heading network
is currently unknown. However, there are hints from
some properties of the neurons recorded from these areas
(Figures 1B,C). First, the strength of vestibular heading
selectivity tends to increase from visual dominant areas (e.g., V6)
to vestibular dominant areas (e.g., PIVC; Figure 1B). Second, the
vestibular temporal dynamics are heterogeneous in the brain. In
the peripheral otolith organs, vestibular signals predominantly
encode the acceleration component of the inertial motion.
Yet these signals are integrated more or less after propagating
to the central nervous system, leading to temporal dynamics
varied from acceleration to velocity dominant profiles (Laurens
et al.,, 2017; see review by Gu, 2018). Across sensory cortices,
the proportion of velocity dominant neurons tends to decrease
gradually from area MSTd to PIVC, whereas the proportion of
acceleration dominant neurons shows an opposite trend (Chen
et al., 2011a). These results suggest that PIVC may lie most
proximally to the vestibular periphery, followed by VPS and
FEFsem, and then VIP and MSTd.

Although the vestibular and visual heading signals are broadly
distributed within the brain network, it is unclear about which
areas are really involved in heading estimate. Recently some
studies were conducted to address this issue. In these studies,
animals were required to actively report their experienced
heading directions (Gu et al., 2007, 2008; Fetsch et al., 2009,
2011; Liu et al., 2010; Chen et al., 2013). At the same time,
neural activities in certain areas were artificially manipulated
to test their causal roles in heading perception. For example,
researchers injected chemical drugs (such as muscimol) into the
brain to suppress neuronal activity, and found that inactivation of
PIVC greatly diminishes the animals” heading performance based
on vestibular cues, but not much in the optic flow condition
(Chen et al,, 2016). On contrary, inactivation of MSTd greatly
diminishes the animals’ heading performance based on optic
flow, but not much in the vestibular condition (Gu et al., 2012).
These results suggest that the vestibular-dominant area PIVC
plays a critical role in heading perception based on inertial
motion, whereas the visual-dominant area MSTd is key to
heading based on optic flow.

Different from PIVC and MSTd, inactivation of area VIP
does not generate significant effects on the animals’ heading
performance based on either the vestibular or visual cues (Chen
et al., 2016). Such a result is surprising because VIP is similar

to MSTd in many aspects (Britten, 2008; Maciokas and Britten,
2010). For example, both areas carry robust vestibular and visual
heading signals (Chen et al., 2011c). In addition, neuronal activity
in VIP also co-varies with the animal’s choice on a trial to trial
basis, and this choice-correlation effect is even larger compared
to that in MSTd (Chen et al., 2013; Zaidel et al., 2017; Yu
and Gu, 2018). Hence, the exact functional implications of the
motion directional signals in VIP remain unclear and require
further investigation, probably by using other techniques or other
behavioral paradigms. For example, by delivering weak electrical
currents into the brain to selectively activate a cluster of neurons,
researchers examine whether the animals’ perceptual judgments
are biased in the direction that is predicted from the artificially
stimulated neurons (e.g., Salzman et al., 1992). Such an effect
implies that the examined area plays a sufficient role in the
perceptual decision making task. Using this technique, researcher
found that microstimulation in MSTd produces significant
effects on the animals’ heading performance based on optic flow
(Gu et al,, 2012; Yu and Gu, 2018; Yu et al., 2018), but not for
VIP (Yu and Gu, 2018). However, this effect becomes significant
when smooth eye movements were simultaneously accompanied
the presented heading stimuli (Zhang and Britten, 2011). In
another study, electrical stimulation in VIP could even directly
evoke complex facial movements (Cooke et al., 2003). Thus,
compared to other sensory cortices (e.g., MSTd), VIP seems to
carry more motor-related signals and may causally contribute to
behavior only when more complex behavior is involved.

TRAJECTORY OF SELF-MOTION

Our motion trajectory through the space can be complex,
typically composed of both translation and rotation components
rather than only one of them. For example, when animals run
away from their predators, they may make turns while remain
heading forward at the same time, resulting in a curved motion
trajectory. Curved motion also frequently happens in human
world, for example, vehicle driving, ski and running race in
sports. How could complex motion trajectories be represented
by the vestibular system?

Recent studies begin to address this issue by focusing on
interactions of translation and rotation signals arising from
otolith and semicircular canals respectively, particularly in
the horizontal plane. For example, researcher have designed
experiments in which human subjects were instructed to navigate
along a curved motion trajectory through passive driving or
active walking (Ivanenko et al., 1997; Israél et al., 2005; Nooij
et al., 2016). The subjects were then required to reproduce
the experienced path by drawing, walking or driving a vehicle.
This is not a trivial task because to reproduce the exact profile
of the experienced motion trajectory, the subjects need to
discriminate the relative translation and rotation components
over time during navigation (Li and Cheng, 2011). It showed
that the blindfolded subjects were quite good at recovering
the traveled path either under the straight or curved motion
conditions, suggesting that similar to visual optic flow cues (Li
and Cheng, 2011), vestibular signals could also be reliable enough
for path perception. However, subjects could not effectively
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FIGURE 1 | Cortical regions involved in heading perception and their spatial and temporal tuning properties. (A) Possible cortical network involved in heading
perception revealed by recording neurons in macaques during translating the whole body using a motion platform system. Arrows represent possible information
flow based on previous neurophysiological findings. PIVC, parieto-insular vestibular cortex; VPS, visual posterior sylvian area; VIP, ventral intraparietal area; MSTd,
the dorsal portion of medial superior temporal area; FEF¢m, smooth eye movement region of frontal eye field; FEFs,c, saccade region of frontal eye field; V6, area V6;
MT, middle temporal area; LIP, lateral intraparietal area. Blue: vestibular dominant area or pathway; Red: visual dominant area or pathway; Magenta: areas with
converged visual and vestibular signals; Green: sensory-motor transformation areas involved in oculomotor decision tasks. (B) The spatial tuning strength quantified
by a direction discrimination index (DDI). DDI value ranges from O to 1, with O indicating no selectivity and 1 indicating high selectivity (Takahashi et al., 2007). Gray:
DDl values measured under the vestibular condition; Black: DDI values measured under the visual condition. Redrew using data from Fan et al. (2015) and Gu et al.
(2016). (C) The temporal tuning property under the vestibular condition quantified by the proportion of single-peaked neuron (navy blue) and double-peaked neuron
(spring green). Redrew using data from Chen et al. (2010, 2011a,b,c) and Gu et al. (2016). The temporal dynamics of the single-peaked neurons follow more closely
with the velocity profile of the vestibular stimuli, whereas temporal dynamics of the double-peaked neurons match more with the acceleration profile.

distinguish real curved self-motion from a straight motion
trajectory accompanied by a yaw rotation of the head or
whole body at the same time (i.e., illusorily perceived curved
motion; Ivanenko et al., 1997; Israél et al., 2005). Thus, signals
arising from horizontal canals seem to play a critical role in
complex path perception. Indeed, a recent study examined the
detection threshold for head translation and rotation respectively
during combined, i.e., curvilinear motion (MacNeilage et al,
2010). It is found that the detection threshold for rotation
was unaffected under the presence of translation, while the
detection threshold for translation was significantly increased
under the presence of rotation. In a different study, researcher
found that yaw rotations could significantly bias the subjects’
perceived sway of the body, but a reversed effect did not
happen (Crane, 2016). Finally, when asked to reproduce a
triangle path, some patients with vestibular deficits could

replicate the traveled distance, but not the traveled angle
(Glasauer et al., 2002), indicating a causal role of the vestibular
signals, particularly for the rotation signals in complex path
perception.

How do neurons in the brain carry out computations
that could underlie the curvilinear self-motion perception? To
address this issue, researchers recorded single-unit activity from
neurons in the central nervous system of macaques under
translation only, yaw rotation only and convergent translation
plus yaw rotation conditions. In the vestibular nucleus (VN) in
brainstem, neurons integrate translation and rotation inputs in a
sub-additive (Carriot et al., 2015) or near additive way (Newlands
et al., 2018) when both signals co-exist in the curvilinear
motion condition. Researchers also have examined several
cortical areas including MSTd, VIP and VPS, and found that
a group of convergent neurons receiving both translation and
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FIGURE 2 | Identify cortical neurons responding to curvilinear self-motion.
(A) Top panel: schematic illustration for three types of self-motion; middle
panel: measured linear acceleration (Blue curve) and angular velocity (Red
curve) for forward translation, CCW rotation and their corresponding
curvilinear motion; Bottom panel: PSTH to forward translation,
counter-clockwise (CCW) rotation and curvilinear motion with combined
forward translation and CCW from an example convergent neuron in area
VPS. (B) Firing rate pattern of convergent neurons from areas VPS, VIP and
MSTd during curved-path-with-rotation, straight-path-with-rotation, and
curved-path-without-rotation. Green curves: the translation only condition;
black curves: curvilinear condition with preferred rotation; gray curves:
curvilinear conditions with non-preferred rotation. Plots were made and
modified with permission from Cheng and Gu (2016). (C) Trajectories drew by
blinded-folded subjects after experiencing curved-path-with-rotation,
straight-path-with-rotation and curved-path-without rotation delivered by a
vehicle. Plots were made and modified with permission from Ivanenko et al.
(1997).

rotation inputs tended to integrate the two signals sub-additively
(Figure 2), suggesting that this property may arise from the
subcortical areas, e.g., the brainstem (Cheng and Gu, 2016).
However, the weight assigned to the translation and rotation
signals in cortices is not consistent with what has been reported
in the brainstem, suggesting that additional integration may
also happen when the vestibular signals are propagated to the
cortex.

Curved motion trajectory in the horizontal plane would
potentially produce centripetal force that may also mediate
curvilinear self-motion perception. However, using a straight
linear path with simultaneous head rotation paradigm (Ivanenko
et al., 1997), researchers found that human subjects reported
almost the same “curved” motion experience as in the curved
path condition with head rotation (Figure 2C, middle panel
vs. left panel). Because the magnitude of the centripetal force
is quite different between these two experimental conditions, it
is unlikely that the centripetal force would be a key to curved
motion sensation. Indeed, in a third experimental conditions
in which subjects experienced curved motion path but without
head rotations, they did not report curved self-motion any more
although the centrifugal force was now present as in the curved
path condition with head rotation (Figure 2C, right panel vs.
left panel). On the neural level, recently researcher recorded
neurons in a number of cortical areas under a similar paradigm
as in the above psychophysical study (Cheng and Gu, 2016).
Interestingly, similar to the behavior, the firing patterns of the
cortical neurons are analogous under the curved-path-with-
rotation condition and straight-path-with-rotation condition,
but are different from the condition when yaw rotation is absent
(Figure 2B). Thus, neurons receiving inputs from both otolith
and horizontal canals in the brain may mediate curvilinear
self-motion perception. Note, that physiological properties
including the proportion of different types of neurons, tuning
strength and sensory summation rules are similar across the
examined cortical areas, suggesting that the complex motion
trajectory may be widely represented in the brain. However,
future work is required to dissect the exact role of individual areas
in self-motion.

TRAVEL DISTANCE

From the mathematical point of view, double integration of the
vestibular acceleration signals provides information about the
distance we have traveled, which appears to be more challenging
than estimating heading direction during spatial navigation.
Researchers have investigated the role of vestibular signals in
distance perception by requiring blindfolded human subjects
to report their linear or angular displacement of the body
through a number of methods including pointing (Ivanenko
et al., 1997; Nooij et al., 2016), saccade (Berthoz et al., 1987;
Israél and Berthoz, 1989), pressing button (Israél et al., 1993;
Harris et al., 2000), walking (Mittelstaedt and Mittelstaedt,
2001; Campos et al.,, 2010, 2012, 2014), or controlling vehicles
(Grasso et al,, 1999; Tremblay et al, 2013). Normal human
subjects could accurately recover their traveled distance, as well
as the motion velocity profile regardless of reporting methods.
By contrast, performance from vestibulopathy subjects were
typically impaired in estimating time and distance when they
were instructed to walk forward and make turns at a particular
point under a blindfolded condition (Cohen, 2000), suggesting a
causal role of vestibular signals in distance perception.

Similar to heading perception, information from other
sensory modalities such as and proprioceptive
cues, also contribute to the estimation of traveled distance

visual
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(Jurgens et al., 2003; Jurgens and Becker, 2006). For example, a
number of studies have illustrated that subjects can accurately
estimate the traveled distance from optic flow (Bremmer and
Lappe, 1999; Redlick et al., 2001; Frenz and Lappe, 2005;
Dacke and Srinivasan, 2007). When different sensory inputs are
provided at the same time, information from different sources
is summed with a weight that is proportional to the reliability
of each cue (Sun et al., 2004; Campos et al., 2010, 2012, 2014;
ter Horst et al., 2015). However, some work proposed that the
vestibular signals could dominate the visual signals (Harris et al.,
2000), similar to a prior of the vestibular signals as observed in
heading discrimination tasks (Fetsch et al., 2011; Butler et al,,
2015).

Unlike the extensive studies exploring the contribution of
vestibular signals in heading perception, little is known about
the role of vestibular signals underlying distance perception.
There is evidence suggesting that the temporoparietal junction,
which carries prominent vestibular signals, may be involved in
distance perception. For example, patients with lesions in the
temporoparietal region tended to underestimate the traveled
distance and stimulus duration, whereas the ability to detect
onset of motion was unaffected (Kaski et al., 2016). When using
repetitive transcranial magnetic stimulation (rTMS) to interfere
the temporoparietal junction, subjects could replicate the motion
velocity profile, but could not replicate the traveled distance
(Seemungal et al., 2008a,b, 2009; Ventre-Dominey, 2014). This
result suggests that temporoparietal junction plays an important
role in distance perception, and moreover, distance perception
(related to integration of velocity information over time) and
heading perception (related to detection of motion direction over
time) are two separate processes implemented in the brain.

How exactly vestibular signals in cortex contribute to
the estimation of traveled distance or time remains unclear.
Recently a study characterizing the spatial-temporal properties
of vestibular responses in MSTd found that nearly half of the
neurons exhibited a statistically significant position component,
yet it was much weaker compared to the velocity as well as
the acceleration component (Chen et al., 2011a). More works
need to be conducted in the future to characterize how neurons
in different cortical areas (see Figure 1) may encode the
moving distance. For example, neurons in the sensory-motor
transformation areas including the parietal and frontal lobes
exhibit ramping activity over time (Kim and Shadlen, 1999; Gold
and Shadlen, 2000; Shadlen and Newsome, 2001; Ding and Gold,
2012), which may serve as a neural correlate for distance coding.
Indeed, it has been indicated that parietal neurons may encode
the elapsed time (Jazayeri and Shadlen, 2015), thus, these neurons
may also encode the traveled distance as the product of the
time and moving speed. Such neurons have also been reported
in subcortical areas such as the rodents’ hippocampus when
the animals performed a spatial navigation task (Kraus et al.,
2013).

In fact, via the anterior part of thalamus, vestibular peripheral
inputs project to the limbic system which has been illustrated
to be critical for self-motion based path integration (Cullen and
Taube, 2017). For example, rotation signals arising from the
semicircular canals are necessary for formation of head direction

cells (Valerio and Taube, 2016). Translation signals from otolith
may be critical for place cells, grid cells, and speed cells in
the hippocampal-entorhinal system (Yoder and Kirby, 2014). It
remains unclear how exactly the cortical self-motion system is
connected with the subcortical and limbic systems, for example,
through retrosplenial cortex (Vann et al., 2009). Future studies
need to be conducted to fully understand how a complete neural
network in the brain code self-motion during spatial navigation.

CONCLUSION

Convergent evidence from behavioral, neurophysiological and
computational studies reveals that the vestibular system plays a
critical role in different aspects of self-motion perception, such
as heading, path, and traveled distance or time. Particularly
for heading estimation, a series of physiological studies have
been conducted in recent years to address the underlying neural
mechanisms. These studies have provided us with valuable
information about how the brain may code motion signals
to guide spatial navigation. At the same time, these studies
also provoke many important issues to be addressed in the
future.

First, vestibular signals are widely distributed in the central
nervous system. Recent studies have revealed many areas
conveying robust vestibular signals in the cerebral cortex. It
is likely that more areas will be continually discovered in the
future. Thus, it is important to address both the homogeneity
and heterogeneity of the functional implications of each area in
self-motion perception.

Second, the temporal dynamics of vestibular signals,
especially those arise from the otolith organs, vary broadly in
the central nervous system. Future studies need to identify exact
functions of the neurons with different temporal dynamics. For
example, it has been proposed that the momentary vestibular
acceleration evidence could be accumulated by decision making
neurons e.g., LIP neuron to generate the final behavioral output
for heading discrimination task (Drugowitsch et al.,, 2014). In
contrast, velocity information may be used for other functions
such as distance perception, or maintenance of visual stability
during head or body movements.

Third, vestibular signals arising from the inner ears are
encoded in a head-centered reference frame, yet spatial
navigation in the environment is basically a body-centered
behavior. Recent neurophysiological studies have provided
evidence suggesting that vestibular reference frame may be
gradually transformed along the signal propagation pathway, for
example, from largely head-centered in the rostral regions of the
VN (Shaikh et al., 2004), to mixed head- and body-centered in
the cerebellar rFN (Kleine et al., 2004; Martin et al., 2018) and
the cerebral PIVC (Chen et al,, 2013a), and to predominantly
body-centered in the cortical area of VIP (Chen et al., 2013a).
Future studies need to explore the possible role of neurons
with gain modulated activity in reference frame transformation
(Zipser and Andersen, 1988; Siegel, 1998; Xing and Andersen,
2000; Gu et al., 2006; Pesaran et al., 2006; Fetsch et al., 2007; Chen
et al., 2013b; Hadjidimitrakis et al., 2014; Fan et al., 2015; Yang
and Gu, 2017).
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Fourth, vestibular signals have been recently discovered in a
number of sensory cortices that also carry robust visual motion
signals, suggesting that interactions between sensory modalities
may exist. It is possible that vestibular and visual signals are
integrated by the brain for more robust heading estimate. In
addition, it is also possible that these signals may interact with
each other for other functions such as maintaining visual stability
when smooth pursuit eye movements are accompanied during
head or body movements. Future works need to explore these
potential functions, as well as the computational rules underlying
the integration or interaction process.

Finally, the current review article focuses data mainly
collected in the passive self-motion conditions. However,
researchers have shown that active self-motion largely diminishes
vestibular activity in the brainstem and cerebellum (see review
Cullen and Taube, 2017). Recent theoretical studies suggest that
a single sensory internal model can combine motor commands
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To perceive self-motion perception, the brain needs to integrate multi-modal sensory
signals such as visual, vestibular and proprioceptive cues. Self-motion perception is
very complex and involves multi candidate areas. Previous studies related to self-motion
perception during passive motion have revealed that some of the areas show selective
response to different directions for both visual (optic flow) and vestibular stimuli, such
as the dorsal subdivision of the medial superior temporal area (MSTd) and the visual
posterior sylvian fissure (VPS), although MSTd is dominated by visual signals and VPS
is dominated by vestibular signals. However, none of studies related to self-motion
perception have distinguished the different neuron types with distinct neuronal properties
in cortical microcircuitry, which limited our understanding of the local circuits for
self-motion perception. In the current study, we classified the recorded MSTd and
VPS neurons into putative pyramidal neurons and putative interneurons based on the
extracellular action potential waveforms and spontaneous firing rates. We found that:
(1) the putative interneurons exhibited obviously broader direction tuning than putative
pyramidal neurons in response to their dominant (visual for MSTd; vestibular for VPS)
stimulation type; (2) either in visual or vestibular condition, the putative interneurons
were more responsive but with larger variability than the putative pyramidal neurons for
both MSTd and VPS areas; and (3) the timing of vestibular and visual peak directional
tuning was earlier in the putative interneurons than that of the putative pyramidal neurons
for both MSTd and VPS areas. Based on these findings we speculated that, within
the microcircuitry, several adjacent putative interneurons with broad direction tuning
receive earlier strong but variable signals, which might act feedforward input to shape
the direction tuning of the target putative pyramidal neuron, but each interneuron may
participate in several microcircuitries, targeting different output neurons.

Keywords: interneuron, pyramidal neuron, self-motion, visual, vestibular, MSTd, VPS

INTRODUCTION

In everyday life, perception of self-motion is essential for navigation, spatial orientation and
motor control. It is vital for our living and survival. To perceive self-motion, the brain needs
to integrate information from visual, vestibular, auditory, kinesthetic and somatosensory
sensors (Warren, 1990; Gottfried and Dolan, 2003; Pettorossi and Schieppati, 2014). Previous
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Self-Motion Response Differs in Neuron Classes

researches in passive motion conditions have revealed that both
visual (optic flow across the retina) and vestibular (sensed by
otolith organs when the head is translating in space) provide
powerful cues for the heading (here, referred as the direction
of the self-motion) perception in human self-motion (Telford
et al., 1995; Ohmi, 1996; Harris et al., 2000; Bertin and Berthoz,
2004; Butler et al., 2010). Meanwhile physiological studies have
proved that many neurons in several cortical areas, including
dorsal subdivision of the medial superior temporal (MSTd) area
(Britten and van Wezel, 1998, 2002; Duffy, 1998; Bremmer et al.,
1999; Gu et al., 2006; Britten, 2008; Fetsch et al., 2010; Angelaki
etal,, 2011) and visual posterior sylvian fissure (VPS) area (Jones
and Burton, 1976; Guldin et al., 1992; Guldin and Grusser,
1998; Dicke et al., 2008; Chen et al., 2011a), show selectivity for
heading in response to both visual and vestibular self-motion
stimuli, although the responses to visual and vestibular stimuli
varies across different cortical areas. MSTd area shows visual-
dominant heading tuning while VPS area shows vestibular-
dominant heading tuning (Chen et al., 2011b). These studies
have enriched our knowledge about the self-motion perception
in passive motion conditions and advanced our understanding
of the underlying neural mechanism.

However, none of these self-motion related studies considered
the diversity of cell types within local microcircuits, which are
known to exist in cortex (Ramon and Cajal, 1899) and have been
studied widely in vitro (Peters and Jones, 1984; Toledo-Rodriguez
et al.,, 2003; Markram et al., 2004). Intracellular recordings in
cortical slices have shown that action potentials produced by
GABAergic inhibitory interneurons were shorter in duration
than that produced by glutamatergic excitatory pyramidal cells
(McCormick et al., 1985; Connors and Gutnick, 1990; Nowak
et al,, 2003). Since intracellular characteristics determine the
extracellular waveform (Henze et al., 2000; Gold et al., 2006),
duration of extracellular spike is usually used as a basic parameter
in distinguishing inhibitory interneurons (narrow-spiking, NS)
from pyramidal neurons (broad-spiking, BS). Based on the
waveform, a number of recent studies have begun to explore the
role of these two classes of neurons in cortical microcircuits in
visual cortex (Gur et al., 1999; Mitchell et al., 2007; Chen et al.,
2008; Woloszyn and Sheinberg, 2012), somatosensory cortex
(Mountcastle et al., 1969), auditory cortex (Tsunada et al., 2012),
motor cortex (Kaufman et al., 2010, 2013), parietal cortex (Yokoi
and Komatsu, 2010) prefrontal cortex (Wilson et al., 1994; Rao
et al., 1999; Constantinidis and Goldman-Rakic, 2002; Diester
and Nieder, 2008; Hussar and Pasternak, 2009, 2012; Johnston
et al., 2009), and the hippocampus (Csicsvari et al., 1999; Kuang
et al.,, 2010), and have demonstrated a differential functional
role of interneurons and pyramidal neurons. For instance, in
macaque area V4, putative interneurons are modulated stronger
than pyramidal neurons by attention during multiple-object
tracking task (Mitchell et al., 2007). Thus, it is imperative
to comprehend how inhibitory interneurons and pyramidal
neurons play different roles during self-motion perception? Is the
difference of the roles reflected by the spatio-temporal direction
tuning properties between interneurons and pyramidal neurons?
To test these hypotheses, we classified the recorded neurons
into BS neurons (putative pyramidal neurons) and NS neurons

(putative interneurons) based on their known differences in
extracellular action potential waveform, and compared their
heading response properties based on visual and vestibular
stimuli.

MATERIALS AND METHODS
Subjects

Physiological data were obtained from five adult male monkeys
(Macaca mulatta), whose weights ranged from 6 kg to 10 kg.
A circular plastic ring was chronically implanted on the head
of each monkey for head restraint; a magnetic field coil was
also chronically implanted on the sclera of each monkey for
monitoring eye-movement; and a plastic grid was fixed in
the circular ring for positioning the electrode (for details,
see Gu et al, 2006). After sufficient recovery, animals were
trained using standard operant conditioning to receive liquid
reward for fixation to visual targets. This study was carried out
in accordance with the recommendations of the Institutional
Animal Care and Use Committee at East China Normal
University. The protocol was approved by the Institutional
Animal Care and Use Committee at East China Normal
University.

Apparatus and Motion Stimuli

A virtual reality system including a motion platform
(6DOF2000E; Moog, East Aurora, NY, USA) and a monitor
mounted on that was used to simulate the vestibular and
visual stimulation during self-motion. During experiments, the
monkey was sitting in a chair which is mounted on the platform.
The monkey’s head was fixed and was kept facing the center
of the screen (Figure 1A). Vestibular stimuli were delivered
by translation of the platform, and visual stimuli, simulated
the identical translational self-motion through movements of
random dots (optical flow) in a virtual 3D space of 100 cm wide,
100 c¢m tall, and 40 cm deep, were programmed in OpenGL and
presented on the monitor (PHILIPS BDL4225, Royal Philips,
Amsterdam, Netherlands). A magnetic field coil frame moved
together with the animal as it was mounted on the platform.
For more details, refer to previous studies (Gu et al., 2006; Chen
etal., 2011a,b).

Experimental Protocol

Two stimulus conditions, the vestibular condition and visual
condition were used in the present study. In each condition, there
are 26 evenly sampled translation directions originated from
the center of the sphere to the surface of the sphere, including
all combinations of eight different azimuth angles from 0° to
315° in increments of 45° and three different elevation angles:
0° and =+ 45° (elevation 0 indicates the horizontal plane), along
with two another elevation angles: —90° and 90° corresponding
to the upward and downward movement directions respectively
(Figure 1B). Movement along one of the 26 directions lasted
2 s and its velocity varied with a Gaussian profile. The peak
velocity was 30 cm/s and the peak acceleration was about 0.1 g
(~0.98 m/s?; Figure 1C), thus the displace amplitude is 13 cm
in total. In vestibular condition, the monkey was moved by
translation of the platform in the absence of optical flow. In
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FIGURE 1 | Experimental setup and transient translation stimuli. (A) Schematic illustration of the virtual reality apparatus. Monkeys were seated on a motion platform,
with six degrees of freedom, which provided the vestibular stimulus. Visual stimulus (optic flow) was displayed on the screen located in front of the monkey.

(B) lllustration of the 26 movement trajectories used to measure 3D heading tuning curve, corresponding to all combinations of azimuth and elevation, in 45°
increments from a sphere. (C) Motion Profile. Al movements had a 2 s duration, originated from the center position, and had a Gaussian velocity profile (peak of
0.3m/s, dashed-square line) with a corresponding biphasic linear acceleration profile (peak of 1 m/s?, dashed-dot line).
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visual condition, only optic flow simulating self-motion through
the cloud of random dots was presented on the monitor while
the platform was kept stationary. All directions under both
conditions were interleaved and delivered randomly in one
block of trials. In each trial, the animal has to fix its eyes
on a fixation point of 0.2° in diameter in the center of the
monitor for 200 ms before stimulus onset (fixation windows
were restricted to 1.5° x1.5° of visual angle) and was rewarded
with a drop of juice at the end of the trial for keeping fixation
during the presentation of the stimulus (only vestibular or visual
stimulus was given in each trail). Trials were aborted and data
discarded when the animal broke fixation at any time during the
stimulation.

Electrophysiological Recordings

Extracellular recordings from single neuron were performed
using tungsten microelectrodes. The tip diameter of the
electrode is 3 pm and the impedance is 1-2 M at 1 kHz
(Frederick Haer Company, Bowdoin, ME, USA). Through
a transdural guide tube, the microelectrode was moving
downward into the cortex driven by a hydraulic microdrive
(Frederick Haer Company, Bowdoin, ME, USA). Electrical
voltage signals from neurons were collected, amplified, filtered
(400-5,000 Hz), and isolated with a metal microelectrode
preamplifier (Bak Electronics, Mount Airy, MD, USA). The
TEMPO system (Reflective Computing, Olympia, WA, USA) was
used to control the experiment protocol and data acquisition
including sending synchronous event signals to the recoding
system (CED Power 1401; Cambridge Electronic Design,
Cambridge, UK). The spike times and all behavioral events
were sampled at 1 kHz in TEMPO system, while the raw
neural signals were recorded at a rate of 25 kHz by CED.
All these data were saved for off-line spike sorting. Area
MSTd and VPS were identified by a combination of magnetic
resonance imaging scans, stereotaxic coordinates, white/gray
matter transitions, and physiological response properties, as
described in detail previously (Gu et al, 2006; Chen et al,
2011a,b). Area MSTd is centered about 15 mm lateral to
the midline and ~3-6 mm posterior to the interaural plane,
and area VPS is located posterior to PIVC and extends

approximately 4-5 mm anterior to posterior, which were
consistent with previous studies (Gu et al., 2006; Chen et al,
2011a).

Data Analysis

All the data analyses in the present study were performed using
custom designed software running in Matlab (Mathworks,
Natick, MA, USA). Isolated spike waveforms of every
single neuron were obtained by offline spike sorting using
Spike2 software (Cambridge Electronic Design, Cambridge,
UK), from the raw data recorded by CED.

Neuron Classification

For each neuron, all spike waveforms were spline interpolated
to give a resolution of 0.2 ps and then averaged. The spike
duration was defined as the time from the negative trough to the
succeeding positive peak of this average waveform. It has been
demonstrated by intracellular studies that pyramidal neurons are
regular-spiking (RS) neurons while inhibitory interneurons are
fast spiking (FS) neurons, and one striking difference between
these two kinds of neurons is that the extracellular waveform
of RS neurons have longer and shallower peak following the
initial trough (McCormick et al., 1985; Henze et al, 2000;
Nowak et al., 2003; Hasenstaub et al., 2005). On the other
hand, the baseline firing rate difference between inhibitory
interneurons and excitatory pyramidal neurons is a common
finding throughout numerous studies related to classification of
these two neuronal groups in the last two decades (Gur et al,
1999; Frank et al.,, 2001; Constantinidis and Goldman-Rakic,
2002; Maurer et al., 2006; Mitchell et al., 2007; Viskontas et al.,
2007; Chen et al., 2008; Diester and Nieder, 2008; Le Van Quyen
et al., 2008; Hussar and Pasternak, 2009, 2012; Johnston et al.,
2009; Kuang et al., 2010; Yokoi and Komatsu, 2010; Tsunada
etal., 2012; Woloszyn and Sheinberg, 2012; Kaufman et al., 2013).
Thus, in the present study, we used not only the parameters
of spike duration but also the baseline firing rate (spontaneous
firing rate, SponT) to classify the neurons into BS neurons and
NS neurons, namely putative pyramidal neurons and putative
inhibitory interneurons, respectively. SponT was calculated from
the neuron’s firing activities from 100 ms pre-stimulus onset
to 300 ms post-stimulus onset, since stimulus velocity was still
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very small at 300 ms and the response was still kept at a
baseline (for details, see Gu et al.,, 2006; Chen et al., 2010).
Different neuronal groups were further sorted by the k-means
algorithms (k = 3, squared Euclidean distance) using the two
parameters: spike duration and SponT (Barth¢ et al., 2004; Sakata
and Harris, 2009; Tsunada et al., 2012). We designated the
cluster of neurons fell in long spike duration and low SponT
as BS neurons and those fell in short spike duration and high
SponT as NS neurons. Neurons that fell between those two
clusters were called Unclassified in the present study. We could
specify the number of clusters in K-means cluster analysis. As
shown in Figures 2D,F, by setting the cluster number as 3,
we could exclude the neurons having short spike durations
but high SponTs to minimize false commissions as much as
possible.

Analysis of Tuning Properties

To measure the direction tuning of the neurons, translational
responses for visual or vestibular were measured along
26 directions in 3D (see “Experimental Protocol” section for
detail). For each isolated single neuronal activity, we used
and a 400 ms slide window stepped at 25 ms to construct
a smoothed peristimulus time histograms (PSTHs) for each
direction of translation. Mean firing rates during the 400 ms
time window centered at the peak time were transformed using
the Lambert cylindrical equal-area projection (Snyder, 1987),
and then plotted as a function of azimuth and elevation in
color contour maps to visualize 3D spatial tuning (Chen et al,,
2011c¢; as shown in right panels in Figure 3). In these plots, the
abscissa represents azimuth and the ordinate represents a cosine-
transformed version of elevation.
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FIGURE 2 | Classification of narrow-spiking (NS) and broad-spiking (BS) neurons. (A) Original spike waveforms of two distinct neurons isolated from simultaneous
recordings of one electrode. The trough to peak durations of these two neurons are 200 ps (red, NS) and 320 ps (green, BS), respectively. (B) Average spike
waveforms (mean + SD, normalized by dividing the difference between the peak value and the trough value) of two distinct neurons isolated from simultaneous
recordings of one electrode. The two waveforms were aligned by their troughs. The trough to peak durations of these two neurons are 188 s (red, NS) and 313 ps
(green, BS) respectively. Inserted is the illustration of trough to peak duration of a standard waveform. (C) The average waveforms of every neuron in the group of
dorsal subdivision of the medial superior temporal (MSTd) neurons. The waveforms of eight neurons without general biphasic shape are inserted in the top left
corner. (D) Classification results of all the isolated MSTd neurons using K-means clustering analysis running on the distribution of spike durations and SponTs.

(E) The average waveform of every neuron in the group of visual posterior sylvian fissure (VPS) neurons. The waveforms of the discarded neuron are inserted in the
top left corner. (F) Classification results of all the isolated VPS neurons using K-means clustering analysis running on the distribution of spike durations and SponTs.
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FIGURE 3 | Example responses from a NS neuron and a BS neuron. (A,C,E,G) Response peristimulus time histograms (PSTHSs) for an example NS neuron (A for
vestibular stimuli and € for visual stimuli) and an example BS neuron (E for vestibular stimuli and G for visual stimuli). The averaged PSTHs for all 26 directions of
vestibular or visual translation arranged according to stimulus direction in spherical coordinates. Vertical dashed red lines indicate the peak time of the neuron.
PSTHs were computed with sequential 25 ms bins and then smoothed with a 400 ms sliding window (see “Materials and Methods” section). (B,D,F,H) Color contour
maps of the neurons at the peak time. The peak time was taken from the preferred direction. Tuning curves along the bottom and left sides of each color contour
maps show the 3D tuning at the peak time indicated by the red dashed lines in panels (A,C,E,G). Noted that because azimuth 180° (away from azimuth 0°
anticlockwise) and azimuth —180° (away from azimuth 0° clockwise) are overlapped on the horizontal plane, so in panels (A,C,E,G), the left-most three panels were
just copied from the right-most three panels for symmetry and actually there were only 26 directions out of the 29 panels.

Temporal Modulation Analysis

To test whether the temporal modulation along each stimulus
direction was significant, we first identified the 400 ms time
windows containing the spike count distributions having the
maximum and/or minimum values. Then we compared these
distributions with SponT distribution to see whether they
are significantly different from each other (Wilcoxon signed
rank test, p < 0.01, for details, see Chen et al, 2010). At
least four overlapping time windows (spaced 25 ms apart and
including the maximum or minimum time window defined
above) were required to have spike count distributions that
differed significantly from the baseline distribution to avoid
false positives. For each stimulus condition and direction of

movement, we used this statistical test to identify whether there
are a significant peak and/or trough in the PSTH, otherwise
the cell was deemed not to be responsive to stimulation in that
direction.

Peak Times

As reported previously, times of the local maximum or minima
at which distinct epochs of directional tuning happened were
defined as “peak times” (for details, see Chen et al., 2010).
First, for each 25 ms time bin between 0.5 s and 2 s after
stimulus onset, the maximum/minimum response of the neuron
across directions was calculated. Then the statistical significance
of direction selectivity for each time bin was further evaluated
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by one-way ANOVA test (five repeats for each direction). By
checking the statistical significance of direction tuning as a
function of time, we decided whether there are multiple time
periods in which a neuron shows distinct temporal peaks of
directional tuning (see Chen et al., 2010). Cells without peak
times were excluded from all the analyses in present study.

Preferred Direction

For each stimulus condition, the mean firing rate during the
400 ms window whose center aligned at peak response time
in each trial was represented by the magnitude of a 3D vector
whose direction defined by the elevation and azimuth angles (Gu
et al., 2006). The preferred direction of this neuron under each
condition was further computed from the vector sum’s elevation
and azimuth of each neuron’s responses (spontaneous activity
subtracted).

Half Tuning Width

To quantify the tuning characteristics of the neurons, we also
constructed tuning width curves from the horizontal tuning
curve. The mean firing rates of the neuron at its peak time in
eight horizontal directions were shifted such that the maximum
firing rate was aligned at 0°. Then the directional tuning curve
was fitted by a Gaussian function, r(6) (Chen et al., 2010):

r(@) = a x exp«— 2{[1 — cos(0 — Opren)]/0*} + b

where 0,f indicates the preferred direction, o represents the
half peak width of the tuning curve, a indicates the tuning curve
amplitude, and b denotes the baseline firing rate, o is defined as
the half tuning width.

Strength of Direction Tuning

The 3D directional tuning strength was defined using a direction
discrimination index direction discrimination index (DDI),
given by Takahashi et al. (2007):

Rmax - Rmin
Rimax — Rmin + 2+/SSE/(N — M)

Rmax and Rpyip are the maximum and minimum firing rate
from the 3D tuning function, respectively. SSE represents the
sum squared error around the mean response, N is for the
total number of trials, and M denotes the number of directions
(M = 26). Thus, the reliability of a neuron for discriminating
the preferred motion direction from the null motion direction
can be quantified by DDI, whose value ranges from 0 to 1,
corresponding to response modulations that range from weak to
strong.

DDI =

RESULTS

We recorded MSTd and VPS neurons as monkey was passively
translated in physical (vestibular) or simulated (visual) motion
along 26 motion direction uniformly distributed in 3D space
(Figures 1A,B). The movement along each direction followed
a Gaussian velocity profile, as shown in Figure 1C. The
corresponding acceleration profile is biphasic. For each block,
we randomly give monkey vestibular or visual stimulus. A null
condition was also contained for control, and monkey was asked

to fixate at the target of head-centered position without any
vestibular or visual condition during this trial. To exclude any
multiunit activity that may average the waveforms and blur
differences in the population, we only included units that had
been clearly isolated from noise and other units by offline
spike sorting based on clustering in the principal components
of waveforms on that electrode (Spike2, Cambridge Electronic
Design). In total, 324 single units from MSTd (three rhesus
monkey) and 97 single units from VPS (two rhesus monkey)
were isolated. We further divided these units into putative
interneurons (NS neurons) and putative pyramidal neurons (BS
neurons) according to the parameters of spike duration and
base line firing rate, then compared the spatiotemporal response
characteristics to 3D translation between these two groups of
neurons.

Classification of Interneurons and
Pyramidal Cells

An example of the classification of interneurons and pyramidal
cells is shown in Figures 2A,B. Figure 2A shows 6 ms of filtered
raw signals collected from one electrode. It is clear that there
are two kinds of spike waveform beyond the noise. Thus, all the
spikes from this electrode were further sorted into two isolated
neurons according to the spike waveforms. The spikes recorded
in each neuron were averaged after the alignment by troughs,
and the mean waveforms (&1 SD) was shown in Figure 2B for
two isolated neurons collected from the same electrode. In the
current study, the spike duration of a neuron was calculated
from the interval between the peak and trough of the mean spike
waveform, as shown in the inserted figure at the top right corner
in Figure 2B. Figures 2C,E show the mean spike waveforms
from all the isolated MSTd and VPS neurons, respectively.
Each curve representing the mean spike waveform from one
neuron. From these figures, we can see that most of the recorded
spike waveforms exhibited variations in duration although they
have similar biphasic shape. It should be noted that the spike
waveforms were normalized by the difference between their peak
and trough values before calculating the spike durations. All
except eight MSTd and one VPS neuron, exhibited in the inset,
had waveforms with a negative trough followed by a clear positive
peak. And these nine cells were excluded from further analysis.
Since the discharge frequencies and spike durations varied
between pyramidal cells and interneurons (Mountcastle et al.,
1969; McCormick et al., 1985; Rao et al., 1999; Constantinidis
and Goldman-Rakic, 2002; Nowak et al., 2003; Likhtik et al,,
2006), we used these two characters to discriminate principal
excitatory units (putative pyramidal cells) and inhibitory units
(putative interneurons; for details, see “Materials and Methods”
section). As shown in Figures 2D, K-means cluster analysis
(k = 3) was applied to the distribution of all isolated neurons’
spike durations and SponTs, and the neurons were separated
into three clusters (see “Materials and Methods” section for
more information). Neurons fell in long spike duration and
low SponT were assigned to putative pyramidal neurons and
those fell in short spike duration and high SponT were deemed
putative interneurons. Neurons that fell between those two
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clusters were called “Unclassified” in the present study and
were excluded from further analysis (Figures 2D,F). As a result,
55 neurons were classified as putative interneurons (Silhouette
value = 0.43) and 90 neurons were classified as putative
pyramidal neurons (Silhouette value = 0.45) in MSTd, while
in VPS 11 putative interneurons (Silhouette value = 0.81) and
28 putative pyramidal neurons (Silhouette value = 0.82) were
classified for the remaining analysis. Overall, the fraction of our
recordings identified as NS putative interneurons among all the
identified neurons (38% for MSTd; 28% for VPS) was similar
to the fraction present in other physiological study (20%-30%;
Connors and Gutnick, 1990).

Temporal Modulation for Putative

Interneurons and Pyramidal Neurons

Once we classified the recorded responsive neurons into NS
and BS neurons, we examined the 3D responses between
these two neuronal groups under vestibular and visual stimuli.
Example responses of a NS and a BS neuron from MSTd are
illustrated in Figure 3. Figure 3A shows the averaged PSTHs
for all 26 directions of vestibular translation arranged according

to stimulus direction in spherical coordinates. The red circle
represents a significant peak in that PSTH and the green circle
indicates a significant trough in the PSTH. This NS neuron
responds significantly to 13 motion directions during vestibular
condition (Figure 3A) and 22 motion directions during visual
condition (Figure 3C). These numbers are larger than that of the
example BS neuron (N = 7 for vestibular stimuli and N = 19 for
visual stimuli). The population summary of the number of
significant responsive directions was shown in Figure 4. In
MSTd, the number of significant responsive directions of NS
neurons under the vestibular condition (Figure 4A, mean =+ SE:
7.2 £ 1.0) was significantly higher than that of BS neurons
(mean £ SE: 4.8 £ 0.8; p < 0.05, Wilcoxon rank-sum test).
During visual condition, the difference was more obvious
with the number of significant responsive directions being
159 + 7.4 (mean & SE) for NS neurons and 7.8 &+ 0.9
(mean £ SE) for BS neurons (Figure 4B, p < 0.001, Wilcoxon
rank-sum test). These results suggest putative interneurons
are more broadly tuned by different directions across sphere
than putative pyramidal neurons in MSTd. Weaker but similar
results were observed in VPS, as shown in Figures 4C,D.
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(A) and visual stimuli (B) for NS and BS neurons in MSTd. A total of 45 NS neurons and 61 BS neurons with significant directional tune to vestibular stimuli were
selected (both p < 0.05, ANOVA test) and a total of 52 NS neurons and 83 BS neurons with significant directional tune to visual stimuli were selected (both p < 0.05,
ANOVA test). (C,D) Distribution histogram of the number of neurons that have a significant response to vestibular (C) and visual stimuli (D) for NS and BS neurons in
VPS. The neurons analyzed in the graph have a significant directional tune to vestibular or visual stimuli (both p < 0.05, ANOVA test). Vestibular tuning: NS neuron
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Although there were no significant differences between these
two classes of neurons (vestibular: p = 0.56; visual: p = 0.99,
Wilcoxon rank-sum test), the average number of significant
responsive directions for NS neurons (mean + SE: 10.2 &+ 3.5 in
vestibular condition; 3.0 £ 1.8 in visual condition) was still
larger than that for BS neurons (mean £ SE: 7.4 + 1.8 in
vestibular condition; 2.4 + 0.7 in visual condition). However,
in contrast to MSTd, the broader direction tuning of putative
interneurons are more obvious for vestibular stimuli rather for
visual stimuli in VPS. This might be caused by that MSTd is
dominated by visual signals while VPS is dominated by vestibular
signals.

3D Spatial Tuning for Putative Interneurons

and Pyramidal Neurons

Above results showed that NS neurons were responsive to
more direction in 3D. To address whether the larger number
of significant responsive directions was caused by selective
stronger inputs or evenly elevated responses along all the
directions, we further quantified the neurons’ 3D spatial tuning
properties.

Figures 3B,D illustrate 3D tuning at the peak time by the color
contour maps for the example NS neuron from MSTd under
vestibular and visual stimuli, respectively. Figures 3EH show
an example of BS neuron. It should be noted that peak time
that produces the largest firing rate comparing to the baseline
response, is indicated by the red dashed lines in Figure 3A;
and the 3D directional tuning of this neuron at this peak
time (0.93 s) to the vestibular stimuli was shown as the color
contour map in Figure 3B. In this map, mean firing rate
(represented by color) is plotted as a function of azimuth and
elevation. This neuron was significantly tuned during vestibular
translation (one-way ANOV A for firing rates across 26 directions
with five repeats for each direction, p < 0.001) and exhibited
broad tuning with a preferred direction at 75° azimuth and
90° elevation, corresponding to a motion downward. For the
visual condition, this neuron was also broadly tuned (one-
way ANOVA for firing rates across 26 directions with five
repeats for each direction, p < 0.001) at its peak time (1.18 s),
with a preferred direction at 0° azimuth and —90° elevation
(Figure 3D), corresponding to an upward motion trajectory.
In contrast, the example BS neuron exhibited relatively sharp
tuning for both vestibular and visual translation (one-way
ANOVA for firing rates across 26 directions with five repeats
for each direction, p < 0.001), with a preferred direction
at 0° azimuth and 0° elevation, corresponding to a forward
motion trajectory in horizontal plane under vestibular stimuli
(Figure 3F, at the peak time of 1.45 s) and a preferred
direction at 0° azimuth and —23° elevation, corresponding
to a forward and slightly upward motion trajectory under
visual stimuli (Figure 3H, at the peak time of 1.28 s). The
example NS MSTd neuron was tuned more broadly than the
example MSTd BS neuron both under vestibular and visual
stimuli. To see whether this was a common difference between
classes of NS and BS neurons, we further compared the tuning
width distribution between these two groups of neurons in the
following analyses.

Before comparing the tuning widths, we first looked at the
distributions of the preferred directions of the population NS
neurons and BS neurons across the spherical stimulus space, as
shown in Figure 5. For both NS and BS neurons in MSTd, the
preferred directions were distributed throughout the spherical
stimulus space under either vestibular stimulus (Figure 5A)
or visual stimulus (Figure 5B). Situation in VPS shown was
same as in MSTd, as shown in Figures 5C,D for vestibular
and visual condition, respectively. The preferred directions of
the NS and BS neurons in VPS were also widely distributed
throughout the spherical stimulus space in both stimulus
conditions. All the distributions fitted the normal distribution
(Shapiro-Wilk test, the minimal value of p was 0.36) and there
is no clear difference for the direction preferences between
interneurons and pyramidal neurons (7-test, the minimal value
of p was 0.18).

Cumulative distributions of the half tuning widths in
MSTd are summarized for vestibular and visual condition in
Figures 6A,B, respectively. For vestibular condition (Figure 6A),
the cumulative curve of the NS and BS neurons were nearly
overlapping, indicating that in terms of tuning width, no
significant difference between these two classes of neurons was
observed (mean =+ SE: 125.3° + 7.0° for NS; 123.2 + 5.4°
for BS; p = 0.61, Kolmogorov-Smirnov test). However, the
distributions for these two groups of neurons during visual
condition showed obvious tendency to be different (p = 0.09,
Kolmogorov-Smirnov test). As shown in Figure 6B, the
cumulative curve of the MSTd NS neurons rises slowly than
that of the BS neurons in visual condition, which means
that the NS neurons had broader tuning width (mean + SE:
1404 £ 6.9°) than the MSTd BS neurons (mean =+ SE:
121.8 + 4.5°). In contrast, for VPS neurons, the difference of
the tuning width for these two group neurons was observed in
vestibular condition rather than visual condition, as shown in
Figures 6C,D, respectively. In vestibular condition, the tuning
width was obviously (although not very significantly) larger in
NS neurons (mean = SE: 156.2 & 19.3°) than in BS neurons
(mean = SE: 113.5 £ 7.4°; p = 0.05, Kolmogorov-Smirnov test).
However, in visual condition, these two distributions are almost
overlapping, and the tuning widths are not significantly different
from each other (mean + SE: 101.3 4 14.8° for NS neurons;
106.1 + 9.2° for BS neurons; p = 0.87, Kolmogorov-Smirnov
test). One possible explanation for the difference between
MSTd and VPS is that the putative interneurons are more
broadly tuned than the putative pyramidal neurons when they
response to their dominant stimuli rather than non-dominant
stimuli.

All the above analysis seems to demonstrate that the
NS neurons showed more broadly direction tuning than
BS neurons, Intuitively, the broader tuning curve might
cause weaker tuning strength. To examine whether it is
true, we further compared the direction tuning strength
between the NS and BS neurons by using DDI (for details,
see “Strength of Direction Tuning” in “Data Analysis”
section and Takahashi et al., 2007). It can quantify the
reliability of a neuron for discriminating the preferred motion
direction from the null motion direction. The value of DDI
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ranges from 0 to 1, O represents the weakest direction
discrimination, and one represents the strongest directional
discrimination.

Figure 7A compares DDI values of the MSTd between
NS neurons and BS neurons. For both NS (green) and BS
(red) neurons, the majority of them were distributed above the
diagonal, indicating that DDI values under visual condition are
larger than that under vestibular condition (both p < 0.001,
Wilcoxon rank-sum test) for both groups. The averaged DDI
values were 0.60 £ 0.01 (mean + SE) for NS neurons and
0.57 £ 0.01 (mean =+ SE) for BS neurons in vestibular condition.
There was no significant difference between these two groups
(p = 0.55, Wilcoxon rank-sum test). However, the DDI values
of the NS neurons was significantly larger than that of the BS
neurons (mean = SE: 0.77 &£ 0.02 for NS neurons; mean =+ SE:
0.71 £ 0.01 for BS neurons, p < 0.01, Wilcoxon rank-sum test)
in visual condition. As larger DDI values usually indicate the
stronger directional discrimination ability, the higher DDI values
for NS neurons seems to be conflict with the broader tuning
results. One possible explanation is that wider tuning curve
was caused by the combination results of flat tuning curve and
smaller response variability across different directions. Since DDI
was affected both by Rpax — Rpin (the difference between the

maximum and the minimum firing rate across 26 directions)
and SSE (the sum of squared error of the firing rates in
26 directions), the larger DDI values of the NS MSTd neurons
in visual condition might be resulted from larger Ryax — Rmin
or smaller SSE. To examine it, Figures 7B,C compared the
distribution of Ryax — Rmin and SSE between the NS and BS
neurons in vestibular and visual condition, respectively. For
both vestibular and visual conditions, the distribution of the
red dots (representing the NS neurons) was more inclined to
have the larger values along the horizontal and longitudinal
axis than that of the green triangles (represent the BS neurons).
In the vestibular condition, the averaged response amplitude
of the NS neurons (mean + SE: 52.9 £ 4.1, spikes/s) was
significantly higher than that of the BS neurons (mean =+ SE:
33.5 £ 24; p < 0.01, Wilcoxon rank-sum test), meanwhile
the SSE of the NS neurons (mean =+ SE: 26.9 £ 3.4) was
also significantly larger than that of the pyramidal neurons
(mean + SE: 18.8 & 2.1; p < 0.01, Wilcoxon rank-sum test).
Similar results were observed in the visual condition (Figure 7C):
the Ripax — Rumin of the NS neurons (mean = SE: 30.0 & 2.5) was
significantly higher than that of the BS neurons (mean =+ SE:
16.1 + 1.3; p < 0.01, Wilcoxon signed rank test), and the
SSE of the NS neurons (mean 4 SE: 13.2 + 0.9) was also
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significantly larger than that of the BS neurons (mean + SE:
9.9 £ 0.6; p < 0.01, Wilcoxon rank-sum test). Thus, the
larger DDI values of the MSTd NS neurons for visual stimuli
was mostly attributed to larger modulation depth compared
with the response variability (SSE). This had no causal link
to flat tuning curve or smaller response variability across
different directions that account for broader tuning curves
of MSTd NS neurons, thus the challenge of conflict did not
exist here.

In contrast to MSTd, VPS is a vestibular-dominant area.
Consequently, the direction tuning strength of both NS neurons
and BS neurons for vestibular condition was significantly greater
than those for visual condition (Figure 7D, p < 0.001, Wilcoxon
rank-sum test). For both vestibular and visual condition, the
DDI values of NS neurons were not significantly different from
BS neurons, with averaged values 0.61 + 0.04 (mean £ SE)
for NS and 0.65 & 0.02 (mean =+ SE) for BS neurons during
vestibular condition(p = 0.37, Wilcoxon rank-sum test) while
0.53 £ 0.03 (mean & SE) and 0.56 + 0.02 (mean + SE)
for NS and BS neurons during visual condition (p = 0.36,
Wilcoxon rank-sum test). However, the distribution of the
Rmax — Rmin and SSE between these two groups of neurons
in VPS showed the same tendency as in MSTd. For vestibular

condition (Figure 7E), the R,y — Rmin of the NS neurons was
significantly higher than that of the BS neurons (mean + SE:
54.7 £ 20.9 vs. 29.2 £ 5.1, p < 0.01, Wilcoxon rank-sum test).
The SSE of the NS neurons was also significantly larger than
that of the pyramidal neurons (mean £ SE: 16.6 & 6.1 vs.
6.2 + 1.3, p < 0.01, Wilcoxon rank-sum test). Results were
similar for visual condition (Figure 7F): both the Ryax — Rumin
and SSE of the NS neurons were significantly higher than that
of the BS neurons (p < 0.01, Wilcoxon rank-sum test). The
averaged Rpax — Rpin was 39.3 £ 13.1 (mean + SE) for NS
and 14.3 £+ 6.4 (mean £ SE) for BS neurons, respectively,
and the averaged SSE was 14.3 £ 6.4 (mean *+ SE) for NS
and 5.9 & 1.5 (mean =+ SE) for BS neurons respectively. Since
in MSTd, the DDI values of NS neurons was significantly
larger than that of BS neurons in visual condition, it was
natural to expect that in VPS, the DDI values of the NS
neurons was significantly larger than that of BS neurons in
vestibular condition, however, it was not the case. We noted
that the VPS neurons’ Ryax — Rpin and SSE were obviously
larger than that of the MSTd, which indicate the relatively
poorer and more diverse response of the VPS neurons upon
stimulation and may account for the difference between MSTd
and VPS.
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Comparison of Peak Times Between
Narrow-Spiking and Broad-Spiking
Neurons

Interneurons are supposed to modulate the activities of output
pyramidal neurons in local circuitry to fulfill information
transmission to next stage through feedforward or feedback
connections (Wilson, 2007; Suzuki and Bekkers, 2012), thus the
response latency of the putative pyramidal and interneurons
might be different from each other. In the present study,
motion stimuli were dynamic and followed a Gaussian velocity
profile with peak velocity of 30 cm/s at 1 s. The recorded
neurons were not activated and kept the baseline response
during the first several hundred milliseconds of the stimulus
until the velocity increased large enough, and reached their
peak firing rates around or after the timing of the peak velocity
of the stimulus. So, it is impossible to measure the response
latency of the neurons accurately in the present study, but
we could measure the peak time of the response relative to
the peak velocity of the stimulus instead. To test whether the
peak times of the putative pyramidal and interneurons are
different from each other, we further looked into the peak time
distributions of these two neuronal populations as shown in
Figure 8. In MSTd, peak times under vestibular stimuli averaged
0.04 + 0.04 s (mean £ SE) relative to the peak velocity of
the stimulus for NS neurons were significantly earlier than

that for BS neurons (mean =+ SE: 0.07 £ 0.03 s; Figure 8A,
p < 0.05, Wilcoxon rank-sum test), meanwhile peak times under
visual stimuli averaged —0.02 £+ 0.04 s (mean £ SE) for NS
neurons were also obviously earlier than that for BS neurons
(mean £ SE: 0.01 £ 0.03 s; Figure 8A, p < 0.05, Wilcoxon
rank-sum test). In VPS, peak times under vestibular stimuli
averaged — 0.11 £ 0.10 s (mean + SE) for NS neurons were
earlier than that for BS neurons (mean & SE: 0.12 &+ 0.06 s;
Figure 8C, p < 0.05, Wilcoxon rank-sum test). In visual
condition, although peak times for NS neurons (mean + SE:
0.06 + 0.22 s) showed no significant difference from that for
BS neurons (mean 26+ SE: 0.17 £ 0.05 s; Figure 8D, p = 0.46,
Wilcoxon rank-sum test), the mean value of NS neurons was
still smaller than that of BS neurons. This result showed that
in self-motion perception, the putative interneurons in the local
circuits for both MSTd and VPS areas may receive the external
information earlier than the putative pyramidal neurons, may
suggesting feedforward modulation of the putative interneurons
to pyramidal neurons.

DISCUSSION

We classified MSTd and VPS neurons into putative interneurons
with narrow spikes and putative pyramidal neurons with broad
spikes, then compared the spatiotemporal direction tuning
properties between these two classes. Our main findings are that
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putative interneurons responded to visual or vestibular signals
with earlier peak times, higher firing rates and greater variability,
and the broader tuning of putative interneurons were more
obviously observed for visual condition in MSTd and vestibular
condition in VPS. These findings suggest a general functional
distinction between inhibitory and excitatory neurons across
cortex.

Comparison With Previous Neuron

Classification

The fraction of our recordings identified as NS putative
interneurons among all the identified neurons (38% for MSTd;
28% for VPS) was close to but a little bigger than the fraction
present in an early physiological study (20%-30; Connors
and Gutnick, 1990) and several previous studies that reported
small proportions (10%-30) of NS neurons (Wilson et al,
1994; Markram et al, 2004; Mitchell et al., 2007; Atencio
and Schreiner, 2008; Diester and Nieder, 2008; Isomura et al.,
2009; Sakata and Harris, 2009; Yokoi and Komatsu, 2010;
Ison et al., 2011). One possible reason is the cell classification
criteria. Instead of using spike duration as the sole criteria
as they do in some of the previous classifications (Bartho
et al., 2004; Gonzalez-Burgos et al., 2005; Krimer et al., 2005;
Merchant et al., 2008; Le Van Quyen et al, 2008; Isomura
et al,, 2009), we used two parameters in the present study, spike

durations (i.e., the trough-to-peak times) and baseline firing
rates to classify the NS and BS neurons. Intracellular studies
have demonstrated that GABAergic inhibitory interneurons
produce spikes of much shorter duration than glutamatergic
excitatory pyramidal neurons (McCormick et al., 1985; Connors
and Gutnick, 1990; Nowak et al., 2003). The metric of spike
duration, although there is still much place for perfection,
appears to work reasonably well especially for extracellular
recordings because: (1) the heterogeneous nature that lies in
inhibitory interneurons (Kawaguchi and Kubota, 1997; Markram
et al, 2004); it is a group in which some of them exhibit
intermediate (Gonzalez-Burgos et al., 2005; Krimer et al., 2005;
Brill and Huguenard, 2009) or even broad (Merchant et al., 2008)
waveforms, while spike waveforms exhibited by some of the
neurons that tract to pyramidal cells can also be very narrow,
which resembles inhibitory neurons (Vigneswaran et al., 2011);
and (2) in extracellular recordings, spike durations have been
demonstrated to vary, as much as 0.7 ms, with the distance
between the exact position of the electrode and the recorded
cell (Likhtik et al., 2006). It was shown in the rat hippocampus
that, the combined criterion of three factors: baseline firing
rate, duration of spikes and bursting characteristics, enabled the
effective separation of cells into interneurons and pyramidal
neurons (Ranck, 1973; Csicsvari et al., 1999), which has been
further supported by in vivo intracellular labeling and through
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recording simultaneously from the inside and outside of neurons
of the same types (Henze et al., 2000; Klausberger et al., 2003)
and even more studies support this by concurrent identification
of either excitatory projection neurons through a method called
antidromic stimulation (Likhtik et al., 2006; Johnston et al., 2009)
or inhibitory interneurons by means of pairwise recordings and
cross-correlation analysis (Bartho et al., 2004; Tamura et al,
2004). Additionally, the baseline firing rate difference between
inhibitory interneurons and pyramidal neurons is a common
exhibition throughout studies related with classification (Gur
et al., 1999; Frank et al, 2001; Constantinidis and Goldman-
Rakic, 2002; Maurer et al., 2006; Mitchell et al., 2007; Viskontas
et al., 2007; Chen et al., 2008; Diester and Nieder, 2008; Le
Van Quyen et al., 2008; Hussar and Pasternak, 2009; Johnston
et al., 2009; Kuang et al., 2010; Yokoi and Komatsu, 2010;
Tsunada et al., 2012; Woloszyn and Sheinberg, 2012; Kaufman
et al., 2013). So in our study, we combined the criteria of
spike duration and baseline firing rate to classify these two
neuronal groups and excluded equivocal neurons between these
two classes to minimize false commissions as much as possible.
There may be some omission, but it will not alter the present
findings.

Comparison With Previous Studies Testing
Properties of Narrow-Spiking and
Broad-Spiking Neurons

Our finding of broader tunings for NS neurons than BS
neurons in MSTd and VPS during translational self-motion is
consistent with previous studies of differential functional role for
interneurons and pyramidal neurons in vision, audition, somato
sensation and motor control (Wilson et al., 1994; Swadlow, 2003;
Markram et al., 2004; Mitchell et al., 2007; Viskontas et al., 2007;
Zoccolan et al., 2007; Diester and Nieder, 2008; Isomura et al.,
2009; Johnston et al., 2009; Yokoi and Komatsu, 2010; Ison et al.,
2011; Mruczek and Sheinberg, 2012; Tsunada et al., 2012). The
broader tunings of putative interneurons were also found in
monkey prefrontal cortex for spatial tuning (Constantinidis and
Goldman-Rakic, 2002) and for number representations (Diester
and Nieder, 2008), in cat primary visual cortex for orientation
(Cardin et al., 2007) and direction representation (Nowak et al.,
2008), in mouse primary visual cortex for orientation and spatial
frequency tuning (Sohya et al.,, 2007; Niell and Stryker, 2008;
Liu et al., 2009; Kerlin et al,, 2010; Runyan et al.,, 2010), in
mouse auditory cortex for frequency tuning (Lin and Liu, 2010),
in the primate motor system for directional tuning (Merchant
et al., 2008) and in primate inferior temporal cortex for images
representation (Mruczek and Sheinberg, 2012).

The shorter response latencies (corresponding to our finding
of earlier peak times) of putative interneurons were as well
universal in some of these studies mentioned above and other
studies across cortex areas and species (Wilson et al., 1994;
Diester and Nieder, 2008; Merchant et al., 2008; Hussar and
Pasternak, 2009; Lin and Liu, 2010; Yokoi and Komatsu,
2010; Murray and Keller, 2011; Mruczek and Sheinberg,
2012). One related question is why inhibitory interneurons
fire earlier? There are several speculations: (1) maybe for the
simple reason that a lower activation threshold is possible for

inhibitory neurons (Connors and Gutnick, 1990) because of
low-threshold Na+ channel subtypes (Li et al., 2014), which
can also account for the higher spontaneous rates, since
spiking initiation may requires very little input; (2) preferential
input produced by “fast” signal pathways (Hernandez-Gonzalez
et al,, 1994; Chen et al., 2007) or top-down inputs oriented
from prefrontal cortex (Bar, 2003) may be received by
inhibitory neurons, both of which would likely convey
coarser responses of less selectivity; whereas the traditional
information conducting stream hierarchy may be the dominant
input to excitatory neurons; and (3) it is possible that the
recording positions of the inhibitory interneurons and excitatory
pyramidal neurons were in different layers. Therefore, the peak
time differences between putative inhibitory interneurons and
pyramidal neurons could be explained by a local processing
hierarchy.

Regional Differences and Network

Implications for Self-Motion Perception
Although both MSTd and VPS putative interneurons show
broader tuning and earlier peak times than putative pyramidal
neurons, the differences between these two classes of neurons
were not identical in MSTd and VPS. First, in MSTd, broader
direction tunings of putative interneurons were found for visual
stimuli but not for vestibular stimuli, while in VPS, putative
interneurons were more broadly tuned to directions in vestibular
condition instead of visual condition. Previous studies have
demonstrated that MSTd area is dominated by visual stimuli
and VPS area is dominated by vestibular stimuli although
these two areas are multisensory for visual and vestibular
self-motion stimuli (Gu et al., 2006; Chen et al., 2011b). Thus,
we speculate that regional diversity of tuning width differences
of the putative interneurons and pyramidal neurons between
MSTd and VPS areas is very likely due to their dominant
inputs. Second, significantly larger tuning strengths (defined
as DDI values) of putative interneurons were only found in
MSTd in visual condition. Analysis of the neurons’ Ryay — Rpin
and SSE showed that the larger DDI values of MSTd putative
interneurons in visual condition was mostly due to the greater
discrepancy between the neurons’ Ryax — Rmin and SSE in visual
condition as MSTd area is visual-dominant, while greater DDI
values of VPS putative interneurons in vestibular condition did
not occur because of the relatively poorer and more diverse
response of the VPS neurons upon stimulation, reflected by
the larger SE of the VPS neurons’ Ry, — Rpmin and SSE.
However, the larger SSE might be resulted from the smaller
amount of VPS neurons in present study, thus it is too hasty
to reject the possibility of the expectation that VPS putative
interneurons may also have larger DDI values in vestibular
condition. Thus so far, the regional differences across MSTd
and VPS areas are mainly due to the difference of the dominant
inputs.

Besides slight diversity between MSTd and VPS due to the
difference of stimulus dominance and response variation, results
in present study clarify the general points in basic response
characteristics that differ in inhibitory and excitatory neurons in
self-motion. Although the classification of neurons into putative
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inhibitory interneurons and pyramidal neurons is oversimplified
and the circuit mechanism still cannot be elucidated, it has
important implications for us to understand the role these
neuron classes play in self-motion perception. Self-motion
perception is complicated and involves several cortical areas with
diverse functions. What roles do different classes of neurons
play in the whole network? Further studies extending to identify,
position and trace different neuronal classes, and analyzing their
functional properties will be useful and critical for understanding
the neural mechanism underlying self-motion perception and
information transmission across cortical areas.
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Thyrotropin-releasing hormone (TRH) regulates various physiological activities through
activation of receptors expressed in a broad range of cells in the central nervous
system. The cerebellum expresses TRH receptors in granule cells and molecular
layer interneurons. However, the function of TRH in the cerebellum remains to be
clarified. Here, using TRH knockout (KO) mice we studied the role of TRH in
the cerebellum. Immunohistochemistry showed no gross morphological differences
between KO mice and wild-type (WT) littermates in the cerebellum. In the rotarod
test, the initial performance of KO mice was comparable to that of WT littermates,
but the learning speed of KO mice was significantly lower than that of WT littermates,
suggesting impaired motor learning. The motor learning deficit in KO mice was
rescued by intraperitoneal injection of TRH. Electrophysiology revealed absence of long-
term depression (LTD) at parallel fiber-Purkinje cell synapses in KO mice, which was
rescued by bath-application of TRH. TRH was shown to increase cyclic guanosine
monophosphate (cGMP) content in the cerebellum. Since nitric oxide (NO) stimulates
cGMP synthesis in the cerebellum, we examined whether NO-cGMP pathway was
involved in TRH-mediated LTD rescue in KO mice. Pharmacological blockade of NO
synthase and subsequent cGMP production prevented TRH-induced LTD expression
in KO mice, whereas increase in cGMP signal in Purkinje cells by 8-bromoguanosine
cyclic 3’,5’-monophosphate, a membrane-permeable cGMP analog, restored LTD
without TRH application. These results suggest that TRH is involved in cerebellar LTD
presumably by upregulating the basal cGMP level in Purkinje cells, and, consequently,
in motor learning.

Keywords: thyrotropin-releasing hormone, motor learning, cerebellum, LTD, NO

INTRODUCTION

The tripeptideamide pyroGlu-His-Pro-NH2 was originally isolated from mammalian hypothalami,
and is released from the hypothalamus. It stimulates the synthesis and secretion of pituitary
thyrotropin. Thus, this small peptide was named thyrotropin-releasing hormone (TRH).
However, it became evident that the biological action of TRH extends far beyond the thyroid
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hormone-associated pathway. TRH and TRH receptors are
expressed in a wide range of cells in the central nervous
system and are implicated in the regulation of various
physiological activities including arousal, circadian rhythmicity,
pain perception, and spinal motor function (Nillni and Sevarino,
1999; Yamada et al., 2003).

The cerebellum is a center of motor coordination and motor
learning (Bellebaum and Daum, 2007; Peterburs and Desmond,
2016), and its impairment results in cerebellar ataxia and motor
learning deficits (Bastian, 2011). Spinocerebellar degeneration is
a major disorder that progressively affects cerebellar function.
Its main symptoms include dysmetria, intention tremor, and
dysarthria (Paulson et al., 2017). Currently, no fundamental
cure has been identified for this disease. A synthetic TRH
analog, taltirelin, was shown to ameliorate ataxic behavior
in the hereditary rolling mouse Nagoya, a murine model of
spinocerebellar ataxia (Nakamura et al., 2005). It is, thus,
used mostly in Japan for the treatment of spinocerebellar
degeneration. However, the mechanisms by which TRH and
taltirelin mitigate cerebellar ataxia have not yet been fully
clarified.

One known finding about an effect of TRH on the
cerebellum is an increase in cyclic guanosine monophosphate
(cGMP) content, following the systemic administration, without
significant changes in other brain regions (Mailman et al., 1979).
The cGMP content in the cerebellum is extremely high (about
10-fold than that in other brain regions) (Steiner et al., 1972).
Previous studies have suggested primary presence of cGMP
and cGMP-dependent protein kinase G (PKG) in Purkinje cells
(PCs) (Mao et al., 1975; Schlichter et al., 1980), suggesting that
¢GMP and PKG play critical roles in PC function. Since the
TRH receptor (subtype 2) is expressed in granule cells and
molecular layer interneurons, but not in PCs (Heuer et al., 2000),
it is assumed that TRH signals are first activated in granule
cells and molecular layer interneurons, and then, transferred
transsynaptically to PCs to increase the cGMP level. However,
considering broad physiological activities of TRH in other brain
regions (Yarbrough, 2003; Zhang and Van Den Pol, 2012; Zhang
et al, 2013), TRH could have more divergent roles in the
cerebellum. In this study, we examined TRH knockout (KO)
mice to investigate the physiological role of TRH in cerebellar
function.

MATERIALS AND METHODS

Animals

We used 10- to 16-week-old TRH KO mice, which were generated
previously (Yamada et al, 1997). All procedures for the care
and treatment of animals were performed according to the
Japanese Act on the Welfare and Management of Animals,
and the Guidelines for Proper Conduct of Animal Experiments
as issued by the Science Council of Japan. The experimental
protocol was approved by the Institutional Committee of Gunma
University (No. 17-026; 17-034). All efforts were made to
minimize suffering and to reduce the number of animals that
were used.

Rotarod Test

The motor control ability of mice was evaluated using a rotarod
test (MK-610A/RKZ; Muromachi Kikai, Tokyo, Japan). Mice
were subjected to four trials separated by 30-min intervals on the
rod while accelerating from 5 to 50 rpm in 5 min. For rescue
experiments of motor ability, saline or TRH (Sigma Aldrich, St.
Louis, MO, United States) was administered by intraperitoneal
injection (30 mg/kg body weight [BW]) to KO mice 10 min before
the first trial of the rotarod test.

Immunohistochemistry

Mice were deeply anesthetized and perfused intracardially with
4% paraformaldehyde in 0.1 M phosphate buffer (PB). The entire
brain was removed and immersed in 4% paraformaldehyde in
0.1 M PB for 8 h at 4°C. Parasagittal cerebellar slices (50 pm
thickness) were prepared using a vibratome (VT1200S; Leica,
Wetzlar, Germany). The tissue slices were permeabilized and
blocked with 0.1 M PB containing fivefold-diluted G-Block
(GenosStaff, Tokyo, Japan), 0.5% (w/v) Triton X-100, and 0.025%
NaN3 (blocking solution). They were then incubated in blocking
solution containing the following antibodies overnight at room
temperature (26°C): rabbit monoclonal anti-calbindin D-28K
(1:500; C2724; Merck, Darmstadt, Germany), mouse monoclonal
anti-NeuN (1:1,000; MAB377; Merck), and goat polyclonal anti-
parvalbumin (1:200; PV-Go-Af460; Frontier Institute, Hokkaido,
Japan). After washing six times with 0.1 M PB, the slices were
incubated for 4 h at room temperature (26°C) in the blocking
solution containing the following secondary antibodies (1:1,000;
all purchased from Thermo Fisher Scientific, Waltham, MA,
United States): Alexa Fluor 488-conjugated donkey anti-rabbit
immunoglobulin G, Alexa Fluor 568-conjugated donkey anti-
mouse immunoglobulin G, and Alexa Fluor 647-conjugated
donkey anti-goat immunoglobulin G. After washing six times
with 0.1 M PB at RT, the slices were mounted on glass slides using
ProLong Diamond Antifade Reagent (P36961; Thermo Fisher
Scientific). Each specimen was observed using a fluorescent
microscope (BZ-X700; Keyence, Osaka, Japan) or a confocal
laser-scanning microscope (LSM 800; Carl Zeiss, Oberkochen,
Germany).

Molecular layer thickness was measured using ZEN 2 (blue
edition) software (Carl Zeiss). Sagittal slices from the cerebellar
vermis (£0.5 pm from the median) were immunostained with
the anti-calbindin D-28K antibody and mounted. Twenty-four
hours after the mounting, images were obtained from lobules
4/5 - 6 including the primary fissure and lobules 8 - 9 including
the secondary fissure, using a confocal microscope (LSM800).
The molecular layer thickness was measured 100 pm (primary)
or 200 wm (secondary) from the inner end of the fissure (see
Figure 1B). The molecular layer thickness of both sides of the
fissure was measured using ZEN2, and the sum was defined as
molecular layer thickness.

Patch Clamp Recording

Parasagittal cerebellar slices (250 pm in thickness) were prepared
from mice. Briefly, mice were anesthetized deeply by inhalation
of isoflurane (3%) and killed by decapitation. The whole brain
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Calbindin / NeuN

N.S., not significant; WT, wild-type.

FIGURE 1 | No obvious morphological differences in the cerebellum were found between TRH-KO mice and their WT littermates. Immunohistochemistry was used
to compare sagittal cerebellar sections from TRH-KO mice to those from their WT littermates. Slices were double-immunostained for calbindin, a marker of PCs
(green), and NeuN, a marker of granule cells (magenta). (A) Sagittal sections of the WT (left) and TRH-KO (right) cerebellum. The boxed areas in upper panels are
enlarged. Scale bar: 500 wm (upper right) and 50 um (lower right). KO, knock-out; WT, wild-type. (B,C) Quantitative analysis of the molecular layer thickness. The
molecular layer thickness was measured at two different points on the sagittal section of the cerebellar vermis: lobule 4/5 and lobule 6 at 100 wm from the end of the
primary fissure, and lobule 8 and lobule 9 at 200 wm from the end of the secondary fissure (B). The molecular layer thickness of both sides of the fissure was
measured, and the sum was defined as molecular layer thickness. There are no significant differences at both two points between genotypes (C). KO, knock-out;
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was quickly dissected out and immersed for a 2-3 min in
an ice-cold solution containing the following (in mMm): 234
sucrose, 26 NaHCO3, 2.5 KCl, 1.25 NaH,;POy, 11 glucose,
10 MgSOy, and 0.5 CaCl, (pH 7.4 when bubbled with 95%
O, and 5% CO,). Parasagittal slices of the cerebellar vermis
were obtained using a microslicer (ZERO1; Dosaka-EM, Kyoto,
Japan). The slices were maintained in an extracellular solution
containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCly,
1.25 NaH,POy, 26 NaHCO3, 10 D-glucose, and 0.1 picrotoxin,
bubbled continuously with a mixture of 95% O, and 5%
CO; at room temperature (26°C) for at least 1 h before
commencing recording. PCs were visualized using a 40x
water-immersion objective attached to an upright microscope
(Axioskop, Carl Zeiss). Whole-cell recordings were made
from PCs at room temperature (26°C) and the slices were
continuously perfused with the extracellular solution during
the experiment. The extracellular solution contained 0.1 mM
picrotoxin, except for the solution used to record spontaneous
and miniature inhibitory postsynaptic currents (sIPSCs and
mIPSCs, respectively). The resistance of the patch pipette was
3-6 MQ when filled with intracellular solution containing (in
mM): 122.5 Cs methane sulfonate, 17.5 CsCl, 8 NaCl, 2 Mg
adenosine triphosphate, 0.3 Na guanosine triphosphate, 10 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 0.2 ethylene
glycol-bis(B-aminoethyl ether)-N,N,N,N’-tetraacetic acid, and 5
sucrose (pH 7.2, adjusted with CsOH). The intracellular solution
used for IPSC recording contained (in mM): 127.5 CsCl, 2 CaCl,,

1 MgCly, 2 MgATP, 0.3 NaGTP, 10 HEPES (pH 7.3, adjusted with
CsOH).

Stimulation pipettes were filled with the extracellular solution
and placed in the molecular and granule layer to activate parallel
fibers (PFs) and climbing fibers (CFs), respectively. PCs were
clamped at —70 mV or —10 mV to record PF- or CF-evoked
excitatory postsynaptic currents (EPSCs), respectively. Liquid
junction potentials were not corrected. To estimate the passive
electrical properties of the recorded PCs, we applied 10-mV
hyperpolarizing voltage pulses (from —70 mV to —80 mV,
200 ms duration). The averaged trace of the 10 current responses
was used for the estimation. Membrane capacitance and input
resistance were calculated from the integral of the capacitive
charging current, and from the steady-state current amplitude
measured late during the pulse, respectively.

Selective stimulation of PFs and CFs was confirmed by paired-
pulse facilitation (PPF) and paired-pulse depression (PPD)
of EPSC amplitudes with a 50 ms inter-stimulus interval,
respectively. To isolate metabotropic glutamate receptor type 1
(mGluR1)-mediated slow EPSCs, repetitive PF stimuli (100 Hz)
were applied in the presence of 20 uM 2,3-dioxo-6-nitro-
1,2,3,4-tetrahydrobenzol[f]quinoxaline-7-sulfonamide, which is a
highly selective competitive antagonist of a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate
receptors (Libbey et al., 2016).

For analysis of long-term depression (LTD), PF EPSCs were
monitored every 10 s. We always confirmed the stability of
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PF EPSCs for at least 10 min before LTD induction. Series
resistance was continuously monitored every 10 s by applying
small hyperpolarizing pulses. Data were discarded when the
resistance values changed by >20% of the basal value during
the course of the experiment. To induce LTD, we applied
conjunctive stimulation consisting of 30 single PF stimuli paired
with single 200-ms depolarizing pulses (—70 mV to +10 mV)
repeated at 1 Hz. Amplitudes of PF EPSCs were averaged every
minute (six traces) and normalized by the averaged value of
the responses over 10 min immediately before the conjunctive
stimulation. Some LTD recordings were made in the presence
of 100 nM TRH (Sigma-Aldrich), 30 pM 8-bromoguanosine
3’5’-cyclic monophosphate (8-bromo-cGMP) (Sigma-Aldrich) or
100 M NOC-Nitro-L-arginine methyl ester hydrochloride (L-
NAME) (Dojindo Laboratory, Kumamoto, Japan) (Figures 5-
7).

Inhibitory postsynaptic currents were recorded in the
presence of 25 wM D-2-amino-5-phosphonopentanoic acid (D-
APV) and 20 M NBQX to block excitatory inputs. mIPSCs were
recorded in the presence of 1 WM tetrodotoxin (TTX) to block
action potentials, and events were detected using a semiautomatic
event detector (Clampfit software, San Jose, CA, United States).
mIPSC events whose were amplitudes less than 10 pA were
discarded.

Statistical Analysis

Significant differences were analyzed using Welchs t-test and
repeated-measures analysis of variance using GraphPad Prism 7
(GraphPad Software, San Diego, CA, United States). The data are
expressed as the mean = standard error of the mean.

RESULTS

No Gross Morphological Changes in the

Cerebellum in TRH-Deficient Mice

The cerebella of 14-week-old TRH-KO mice were compared
morphologically to those of wild-type (WT) littermates. After
perfusion fixation, the cerebella were cut into 50-pm-thick
sections and double-immunostained for calbindin, a PC marker,
and NeuN, a granule cell marker. The morphology of the
cerebellar cortex was almost indistinguishable between the
KO mice and WT littermates (Figure 1A). We measured
molecular layer thickness quantitatively, and confirmed no
significant differences between the KO mice and WT littermates
(Figures 1B,C, Lobule 4/5, 6; P = 0.272, Lobule 8, 9; P = 0.728).
Thus, TRH deficiency had no overt influence on cerebellar
morphology.

TRH-Deficient Mice Show Motor

Learning Deficits

As the behavior of TRH-KO mice in the home cages was
indistinguishable from that of their WT littermates, we analyzed
their motor ability more carefully using a rotarod apparatus.
Numbers of males and females for the rotarod were adjusted
between KO and WT mouse groups. However, since BW affects

the rotarod performance, we compared the BW of 10- to 12-
week-old KO mice with that of their WT littermates. The results
showed no significant differences between genotypes (Figure 2A,
P = 0.757). In the rotarod test, 10- to 14-week-old TRH-KO
mice had similar performance to their WT littermates on the first
trial. During the following trials, mice of both genotypes learned
the task, and the time on the rod gradually increased. However,
learning was significantly slower in the KO mice [Figure 2B,
F(1,22) = 5.22, P = 0.032]. These results suggest that motor
coordination was normal in TRH-KO mice, but that motor
learning ability was significantly impaired.

Rescue of Motor Learning Defect by

Exogenous TRH

As revealed in the rotarod test, TRH-KO mice had impaired
motor learning. This might be due to a developmental
abnormality or merely the absence of TRH-triggered signaling.
To address this issue, we administered TRH (6 ml/kg BW,
5 mg/ml) or similar volume of saline intraperitoneally to TRH-
KO mice and assessed the effects of TRH on motor learning
10 min after the injection (Figure 2C). TRH-injected KO
mice had significantly better performance than saline-injected
KO mice in the rotarod test [Figure 2D, F(1,14) = 9.44,
P = 0.008]. WT mice were treated similarly with TRH or
saline, but, TRH, like saline, had no significant influence
on the rotarod performance (Supplementary Figure S1).
Notably, TRH-administered KO mice showed favorable rotarod
performance, almost comparable to that of TRH-treated WT
mice. These results suggest that the motor learning deficit was
likely due to an absence of TRH signaling, which was restored by
application of exogenous TRH.

Normal Fast Synaptic Transmission at
PF- and CF-PC Synapses in
TRH-Deficient Mice

We next examined synaptic transmission at PF- and CF-PC
synapses using the whole cell patch-clamp technique. Fast PF
and CF EPSCs were elicited in PCs by electrical stimulation of
PFs or CFs, respectively. Membrane capacitance (Figure 3A, KO:
1053.0 £ 68.5 pE, WT: 903.8 &+ 88.9 pE P = 0.19), and rise
time and decay time constants of the fast PF and CF EPSCs
(Table 1) were comparable between the KO mice and their
WT littermates. We then examined the relationship between
stimulus intensity and evoked PF EPSC amplitude, and found
no difference between the KO mice and their WT littermates
(Figure 3B). Moreover, there were no significant differences in
short-term synaptic plasticity, as assessed based on the ratio of
PPF in PF EPSCs and the ratio of PPD in CF EPSCs, between the
KO mice and their WT littermates (Figures 3C,D).

Absence of LTD at PF-PC Synapses in
TRH-Deficient Mice

Long-term depression at PF-PC synapses is thought to be a
cellular basis of motor learning. We thus examined whether
LTD could be induced at PF-PC synapses in TRH-KO
mice. After recording stable PF-EPSCs for at least 10 min,
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FIGURE 2 | Motor learning deficits in TRH-KO mice and the restoration by exogenous TRH. (A) No difference in the body weights between genotypes. Body weight
of 10- to 14-week-old TRH-KO mice and their WT littermates were measured [WT: n = 25 (male: 14, female: 12), KO: n = 22 (male: 12, female: 10)]. N.S., not
significant. (B) Graph showing the averaged results of four rotarod trials [n = 12 (male: 8, female: 4) for both KO and WT mice], and the average time on the rod was
plotted. KO, knock-out; WT, wild-type. (C) Schema showing the experimental procedure. Littermate TRH-KO mice received TRH (6 ml/kg BW, 5 mg/ml, n = 8 mice,
male: 3, female: 5) or the same volume of saline (n = 8 mice, male: 3, female: 5) intraperitoneally (i.p.). The effects of the treatment were tested 10 min after the
injection using the rotarod test. (D) Results of the rotarod test. Mice were subjected to four trials. *P < 0.05, as determined using repeated-measures analysis of

B
2001
g
o 150
5 ]«
S 1004
=
e
3 50- e KO
b -o- WT
0 I 1 1) )
1 2 3 4
D
- KO + Saline
2009 o KO+ TRH
2
©» 1504
[
o 1004 :|*
g
3 50-
(4]
2]
0 1 1 ] 1
1 2 3 4

conjunctive stimulation (electrical stimulation to PFs combined
with depolarization of the recording PC) induced LTD at PF-
PC synapses in WT mice. However, similar stimulation failed to
induce LTD in TRH-KO mice (Figures 4A,B, KO: 108.0 & 9.3%,
WT: 82.1 £ 4.5%, P = 0.039).

Repetitive PF stimulation leads to glutamate spillover from the
synaptic clefts between the PF terminals and the dendritic spines
of PCs. This in turn leads to activation of Gq/11 protein-coupled
mGluR1, which is localized postsynaptically at perisynaptic sites
of PC dendritic spines (Hirai and Kano, 2018). Activation of
mGluR1 leads to production of diacylglycerol and inositol-
triphosphate, the latter of which triggers calcium release from
the endoplasmic reticulum. The elevated calcium together with
diacylglycerol activates protein kinase C (PKC), which plays a
key role in LTD induction (Matsuda et al., 2000; Hirai, 2001;
Chung et al., 2003). Thus, activation of mGluR1 and downstream
signaling is indispensable for LTD at these synapses. To confirm
proper mGluR1 activation following repetitive PF stimulation
in TRH-KO mouse PCs, we assessed the generation of slow
EPSCs. PFs were stimulated with five pulses at 100 Hz in the

presence of NBQX to block AMPA receptor-mediated fast EPSCs.
The amplitude of the evoked slow EPSC was plotted against
the increasing electrical stimulation (Figure 4C). There were no
statistically significant differences in the slow EPSC amplitude
between TRH-KO mice and their WT littermates. These results
suggest that TRH deficiency had no influence on the activation of
mGluR1 in PCs.

Rescue of Cerebellar LTD Defects by
Exogenous TRH

Next, we examined whether failure of LTD induction in TRH-
KO mice could be restored by exogenous TRH. Bath application
of TRH (100 wM) to cerebellar slices from TRH-KO mice
did not influence the PF EPSC amplitude (Figures 5A,B).
However, PF stimulation paired with depolarization of the PC
recording effectively induced LTD (Figures 5C,D, KO + TRH:
72.7 £ 59%, P = 0.011). Similar bath application of TRH
to cerebellar slices from WT mice had no significant effect
on LTD expression and the degree of PF EPSC depression
(Figures 5C,D, WT: 82.2 & 4.5%, WT + TRH: 74.7 £ 10.3%,
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PPF, paired-pulse facilitation; WT, wild-type.

FIGURE 3 | Normal fast synaptic transmission and short-term synaptic plasticity in TRH-KO mouse PCs. (A) Membrane capacitance in PCs from TRH-KO mice and
their WT littermates (KO: 20 PCs from four mice, WT: 19 PCs from four mice). N.S., no significant difference as determined using Welch'’s t-test. (B) Graph depicting
the average sizes of PF EPSC amplitudes against the intensity of stimulus delivered to PFs (KO: 9 PCs from four mice, WT: 10 PCs from four mice). Representative
traces of EPSCs at various stimulus intensities (5-50 A) are presented above the graph. Scale bar: 100 pA, 50 ms. (C,D) Averaged graphs showing the PPF ratios
of PF EPSCs (C) and the PPD ratios of CF EPSCs (D) determined based on the responses evoked by two stimuli with various interstimulus intervals. The PPF and
PPD ratios were measured as the second EPSC amplitude normalized to the first EPSC amplitude. Representative traces for stimulation with a 20-ms interstimulus
interval are presented above the graph. CF, climbing fiber; EPSC, excitatory postsynaptic current; KO, knock-out; PF, parallel fiber; PPD, paired-pulse depression;

TABLE 1 | PF and CF EPSC kinetics were normal in TRH-KO mouse PCs.

PF EPSC CF EPSC
Rise (ms) Decay (ms) Rise (ms) Decay (ms)
WT 259 +0.13 14.25 +1.15 0.65 + 0.08 9.29 +1.04
KO 2.694+0.16 16.25 + 1.09 0.61 4+ 0.05 8.40 4+ 0.47
P-value 0.65 0.22 0.72 0.45

Statistically significant differences were determined using Welch’s t-test. EPSC,
excitatory postsynaptic current; KO, knock-out; PF, parallel fiber; WT, wild-type.

P = 0.528). These results suggest that absence of LTD in
the TRH-KO mice were likely due to an absence of TRH
signaling, which was restored by application of exogenous
TRH.

Involvement of NO-cGMP Pathway in

TRH-Mediated Rescue of LTD

In the cerebellar cortex, TRH receptors (TRH-R2) are expressed
in granule cells and molecular layer interneurons, but not in PCs

(Heuer et al., 2000), while TRH was shown to increase cGMP
in PCs (Mao et al., 1975; Mailman et al., 1979; Schlichter et al.,
1980). NO is a possible mediator of the trans-synaptic event.
NO is synthesized by neuronal NO synthase, which is selectively
expressed in granule cells and molecular layer interneurons
(Vincent and Kimura, 1992; Rodrigo et al., 1994; Schilling et al.,
1994; Thara et al., 2006). Thus, it is assumed that NO, which is
produced in these cells upon TRH receptor activation, diffuses
into dendritic spines of PCs, and activates a guanylyl cyclase
to synthesize cGMP. However, considering the highly bioactive
nature of TRH, different mechanisms may contribute to the
rescue of cerebellar LTD by exogenous TRH in TRH-KO mice.
To clarify this, TRH was perfused to cerebellar slices, with NO
production blocked by L-NAME, a cell-permeable NO synthase
blocker. Bath application of L-NAME (100 M) did not affect
the amplitude of PF EPSC (Figures 6A,B). However, TRH-
mediated rescue of LTD was completely blocked by L-NAME
(Figures 6C,D). Next, we applied 30 pM 8-bromo-cGMP, a cell
permeable analog of cGMP to cerebellar slices in the absence
of exogenous TRH. This concentration of 8-bromo-cGMP did
not affect PF EPSC amplitude (Figures 7A,B). Conjunctive
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FIGURE 4 | Absence of LTD in TRH-KO mice. (A) Time course depicting PF
EPSC amplitudes before and after a conjunctive stimulation (KO: six PCs from
four mice, WT: eight PCs from five mice). Representative traces before (1) and
30 min after (2) the conjunctive stimulation is shown as black and red lines.
Scale bar: 100 pA, 50 ms. (B) Percent ratios of PF EPSC amplitudes 30 min
after a conjunctive stimulation relative to those before the conjunctive
stimulation. Asterisks indicate statistically significant differences as determined
using Welch’s t-test (*P < 0.05). (C) Input—output graph showing slow EPSC
amplitudes against the intensity of stimulus delivered to PFs. Representative
traces of slow EPSCs at 20 pnA, 60 pA, and 100 pA stimulus intensity are
presented above the graph. Scale bar: 100 pA, 200 ms (WT: eight PCs from
four mice, KO: seven PCs from three mice). EPSC, excitatory postsynaptic
current; KO, knock-out; LTD, long-term depression; PF, parallel fiber; WT,
wild-type.

stimulation was then applied to induce LTD, resulting in robust
LTD without application of exogenous TRH (Figures 7C,D,
KO + 8-bromo-cGMP: 78.9 4+ 9.0%, P = 0.048). These results
suggest the involvement of the NO-cGMP pathway in the TRH-
mediated rescue of cerebellar LTD in TRH-KO mice.

No Significant Alteration in sIPSCs and
mIPSCs in TRH-KO Mice

Previous studies have shown that TRH increased the frequency
of GABA, receptor-mediated sIPSCs without affecting mIPSCs
in the hippocampus (Deng et al., 2006) and lateral hypothalamus
(Zhang and Van Den Pol, 2012). Since TRH receptors are
expressed in molecular layer interneurons (Heuer et al,
2000), inhibitory synaptic transmission from molecular layer
interneurons to PCs may be altered in TRH-KO mice. To test
this possibility, we recorded sIPSCs and mIPSCs from PCs, and
compared the amplitudes and frequencies between KO mice
and their WT littermates. However, there were no significant
differences in both the amplitudes (P = 0.437) and frequencies
(P =0.893) of sIPSCs between the genotypes (n = 3 mice, 9 PCs in

each group) (Supplementary Figures S2A-C). Next, we recorded
mIPSCs after perfusing TTX. Again, there were no significant
differences in both the amplitudes (P = 0.687) and frequencies
(P =0.966) of mIPSCs between the genotypes (n = 3 mice, 7 PCs
in each group) (Supplementary Figures S2D-F).

DISCUSSION

Here, we report that TRH-KO mice have cerebellar LTD
and motor learning deficits, without obvious morphological
changes in the cerebellum. Notably, these impairments
were significantly rescued by treatment with exogenous
TRH. These results suggest that TRH-KO mouse cerebella
lack TRH signaling, but are structurally normal. Therefore,
supplementation to replace the missing TRH reliably
reconstitutes defective signaling, resulting in restoration of
the aberrant phenotypes.

Thyrotropin-releasing hormone triggers cellular signaling by
binding to TRH receptors (Engel and Gershengorn, 2007). There
are two types of TRH receptors that have been identified so
far (TRH R1 and TRH R2) (O’dowd et al., 2000; Harder et al.,
2001). The cerebellar cortex has been reported to contain only
TRH R2, which is expressed in granule cells and molecular layer
interneurons (Heuer et al., 2000). Systemic administration of
TRH was demonstrated to increase the cerebellar cGMP level
(Mailman et al.,, 1979). Since soluble guanylyl kinase, which is
required for production of cGMP, is present in PCs, areas of
the brain containing TRH receptors (granule cells and molecular
layer interneurons) are separate from those of cGMP production
(PCs). One idea proposed to reconcile the cellular inconsistency
is that NO, which is produced following TRH R2 activation, acts
as an anterograde messenger.

Neuronal NO synthetase is expressed in both granule cells
and molecular layer interneurons (Vincent and Kimura, 1992;
Rodrigo et al.,, 1994; Schilling et al., 1994; Thara et al., 2006).
NO produced in these cells has been shown to diffuse into
neighboring PC dendrites, where it activates soluble guanylyl
cyclase, leading to production of cGMP and subsequent
activation of PKG in PCs (Contestabile, 2012).

Long-term depression at PF-PC synapses is caused by
stimulation of PFs coupled with that of a CF. Since CFs convey
error signals associated with inappropriate motor performance to
PCs (Maekawa and Simpson, 1973), LTD is thought to contribute
to motor learning by suppressing PF-PC synaptic transmissions
that are related to inappropriate actions (Ito, 2001). Conjunctive
stimulation for LTD induction leads to spillover of glutamate
from the synaptic cleft between a PF and a PC, which in turn leads
to activation of mGluR1 and PKC activation (Figure 8) (Hirai
and Kano, 2018). CF-mediated depolarization leads to striking
increases in the intracellular Ca?T level through activation
of voltage-gated Ca’' channels and strengthens PKC activity.
Activated PKC in turn phosphorylates the intracellular domain
of the GluA2 subunit at Ser880 (Matsuda et al., 1999), leading
to endocytosis of postsynaptic AMPA receptors and attenuation
of synaptic strength (LTD) (Figure 8) (Matsuda et al., 2000;
Hirai, 2001; Chung et al., 2003). It has been reported that NO
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FIGURE 5 | Rescue of cerebellar LTD in TRH-deficient mice following treatment with exogenous TRH. (A) No influence of TRH on the amplitudes of PF EPSCs
elicited in TRH-KO mouse PCs. TRH (100 nM) was bath-applied to cerebellar slices for 10 min, as indicated by the red horizontal bar (n = 3 PCs from three TRH-KO
mice). Representative traces before (1) and 10 min after (2) the TRH application and washout (3) are shown. Scale bar: 100 pA, 50 ms. (B) Summary graph showing
the effects of TRH on EPSCs, which were calculated by dividing the averaged EPSC amplitude values obtained from -5 to O min or 5 to 10 min by those obtained
from =10 to O min. (C) Cerebellar LTD in the presence of TRH (100 nM). Conjunctive stimulation used for LTD induction was performed at time 0 (KO: six PCs from
four mice, WT: eight PCs from five mice, KO + TRH: six PCs from four mice, WT + TRH: six PCs from three mice). Representative traces before (1) and 30 min after
(2) the conjunctive stimulation is shown as black and red lines, respectively. Scale bar: 100 pA, 50 ms. (D) Summary graph showing PF EPSC amplitudes 30 min
after conjunctive stimulation relative to the baseline (100%). Data from the control KO mice and those from the control WT mice (C,D), which are the same as those
shown in other figures, are presented for comparison. *P < 0.05, as determined using Welch'’s t-test. EPSC, excitatory postsynaptic current; KO, knock-out; LTD,

long-term depression; N.S., not significant; PF, parallel fiber; WT, wild-type.

is indispensable for cerebellar LTD (Ito and Karachot, 1990;
Lev-Ram et al., 1995; Contestabile, 2012).

As discussed above, NO, which is produced by neuronal NO
synthase-positive neurons (granule cells and some molecular
layer interneurons), readily diffuses into PCs and activates PKG
via production of cGMP (Figure 8). A previous study has
proposed that G-substrate, which is abundantly and exclusively
expressed in PCs, is the primary substrate for PKG (Detre
et al., 1984). G-substrate phosphorylation by PKG then leads
to suppression of protein phosphatase 2A (PP2A) activity
(Figure 8) (Endo et al, 1999). Since PP2A dephosphorylates
AMPA receptors and counteracts PKC, suppression of PP2A
eventually enhances AMPA receptor phosphorylation, leading
to LTD (Launey et al, 2004). Thus, NO-cGMP-PKG pathway
plays a critical role in LTD by damping the PP2A activity, and
consequently, facilitating AMPA receptor phosphorylation.

In conjunction with previous studies that TRH increased
cGMP in the cerebellum (Mao et al., 1975; Mailman et al., 1979;
Schlichter et al., 1980), we propose that TRH has a role to
upregulate the basal cGMP content in PCs. In our proposed
model, loss of TRH results in decreased cGMP content in PCs,
and therefore, conjunctive stimulation is not sufficient to exceed
a threshold of cGMP for LTD induction. Exogenous TRH or 8-
bromo-cGMP compensates the loss of cGMP in KO mouse PCs,
and thus, additional increase in cGMP by subsequent conjunctive
stimulation can reach the threshold, and rescue LTD. However,
exogenous TRH with conjunctive stimulation in the presence of
L-NAME fails to upregulate cGMP content in KO PCs, because
of the inhibition of NO production, resulting in failure of LTD
expression.

Insufficient activation of PKC and the resultant failure of LTD
has been reported in mouse models of spinocerebellar ataxia type
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FIGURE 6 | Inhibition of the NO synthase eliminates the TRH-mediated rescue of cerebellar LTD. (A) Bath application of L-NAME, a cell-permeable NO synthase
inhibitor, had no influence on PF EPSC. Representative traces before (1) and 10 min after (2) the L-NAME treatment are shown as black and red lines, respectively.
Superimposed images (1 + 2) are also shown. Scale bar: 100 pA, 50 ms. (B) Summary graph showing the effects of 8-bromo-cGMP on EPSCs, which were
calculated by dividing the averaged EPSC amplitude values obtained from -5 to O min or 5 to 10 min by those obtained from —10 to 0 min. (C) TRH fails to induce
LTD in PCs from KO mice in the presence of 100 uM L-NAME. Representative traces before (1) and 30 min after (2) the conjunctive stimulation is shown as black
and red lines, respectively. Superimposed images (1 + 2) are also shown. Scale bar: 100 pA, 50 ms. (D) Summary graph showing depression ratios, which were
calculated by dividing the averaged EPSC amplitude values obtained from 25 to 30 min by those obtained from =10 to 0 min (KO + TRH: six PCs from four mice,
KO + TRH + L-NAME: five PCs from three mice). Data from KO mouse cerebellum treated only with TRH (KO + TRH) (C,D), which are the same as those shown in
the other figures, are presented for comparison. Asterisks indicate statistically significant differences, as determined using Welch’s t-test. *P < 0.05. EPSC,
excitatory postsynaptic current; KO, knock-out; L-NAME, N-nitro-L-arginine methyl ester; LTD, long-term depression; PF, parallel fiber.

1 (SCAL1) (Shuvaev et al,, 2017) and SCA14 (Shuvaev et al., 2011).  which was suggested to enhance the NO-cGMP-PKG pathway in
In addition, a number of previous studies have suggested that PCs, could restore cerebellar LTD by suppressing PP2A activity
impairment of the mGluR1-PKC pathway (and aberrant PKC and eventually restoring AMPA receptor phosphorylation. In this
activation) underlie the pathologies of different types of SCAs, context, it would be intriguing to investigate whether treatment
such as SCA3, SCA5, and SCA15/16, as reviewed recently (Hirai ~ with exogenous TRH or taltirelin, which is a synthetic TRH
and Kano, 2018). It is therefore likely that treatment with TRH, analog, could restore cerebellar LTD in mouse models of SCA
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FIGURE 7 | Rescue of cerebellar LTD in TRH-deficient mice by
8-bromo-cGMP treatment. (A) Effects of 8-bromo-cGMP on baseline PF
EPSCs. Thirty micromolar 8-bromo-cGMP was bath-applied to cerebellar
slices for 10 min, as indicated using the red horizontal bar (n = 4 PCs from
three mice). Representative traces before (1) and 10 min after (2) the
8-bromo-cGMP treatment are shown as black and red lines, respectively.
Superimposed images (1 + 2) are also shown. Scale bar: 100 pA, 50 ms.
(B) Summary graph showing the effects of 8-bromo-cGMP on EPSCs, which
were calculated by dividing the averaged EPSC amplitude values obtained
from =5 to O min or 5 to 10 min by those obtained from =10 to O min.

(C) Robust LTD in PCs from KO mice in the presence of 30 uM
8-bromo-cGMP. Representative traces before (1) and 30 min after (2) the
conjunctive stimulation is shown as black and red lines, respectively.
Superimposed images (1 + 2) are also shown. Scale bar: 100 pA, 50 ms.
(D) Summary graph showing depression ratios, which were calculated by
dividing the averaged EPSC amplitude values obtained from 25 to 30 min by
those obtained from =10 to 0 min (KO: six PCs from four mice,

KO + 8-bromo-cGMP: six PCs from three mice). Data from control KO mice
(C,D), which are the same as those shown in the other figures, are presented
for comparison. Asterisks indicate statistically significant differences, as
determined using Welch's t-test. *P < 0.05. EPSC, excitatory postsynaptic
current; KO, knock-out; LTD, long-term depression; PF, parallel fiber.

demonstrated to exhibit defects in cerebellar LTD (Shuvaev et al.,
2011, 2017).

In addition to LTD at PF to PC synapses, recent studies
have proposed a significant contribution of two different
forms of synaptic plasticity to cerebellar motor learning, long-
term potentiation (LTP) at PF to PC synapses (Grasselli and
Hansel, 2014; Gutierrez-Castellanos et al., 2017) and rebound
potentiation (RP) at molecular layer interneurons to PC synapses
(Hirano and Kawaguchi, 2014; Hirano, 2018). Since NO is also

TRH — TRH R2—+nNOs
Granule cell

Parallel fiber

mGuR1

Purkinje cell

FIGURE 8 | Schema depicting proposed signaling cascades regulating
cerebellar LTD. AMPA receptors are phosphorylated by PKC in
mGIuR1-dependent manner. TRH produces NO in granule cells (and
molecular layer interneurons), which diffuses into PCs. NO produces cGMP
via activation of the guanylyl cyclase, leading to activation of PKG. Activated
PKG phosphorylates G-substrate, which in turn suppresses PP2A. Since
PP2A counteracts PKC in terms of AMPA receptor phosphorylation,
suppression of PP2A facilitates LTD through enhancement of AMPA receptor
phosphorylation. cGMP, cyclic guanosine monophosphate; GC, guanylyl
cyclase; LTD, long-term depression; nNOs, neuronal NO synthase; pG-sub,
phosphor-G-substrate; PP2A, protein phosphatase 2A; PKG,
cGMP-dependent protein kinase G; TRH, thyrotropin-releasing hormone; TRH
R2, TRH receptor 2.

involved in the induction of postsynaptic LTP (Lev-Ram et al.,
2002; Kakegawa and Yuzaki, 2005), LTP may be impaired in
TRH-KO mouse cerebellum. Meanwhile, since the mild tertiary
hypothyroidism was observed in the TRH-KO mice (Yamada
et al,, 1997), lower levels of thyroid hormone likely alter the
intrinsic excitability of PCs, which could affect LTP and/or
RP. Moreover, it cannot be excluded that rescue of motor
learning in TRH-KO mice by exogenous TRH was attained
by upregulation of thyroid hormone. Thus, considering a wide
variety of physiological actions of TRH, mechanisms other than
cerebellar LTD may underlie the motor learning deficit observed
in TRH-KO mice. Further studies will be necessary for extensive
understanding of TRH functions in the cerebellum.
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FIGURE S1 | Systemic application of TRH restores rotarod performance of
TRH-KO mice to the level comparable to that of their WT littermates. (A) Schema
showing the experimental procedure. TRH-KO and WT mice received TRH

(6 mi/kg BW, 5 mg/ml) or the same volume of saline intraperitoneally (i.p.). The
effects of the treatment were tested 10 min after the injection using the rotarod
test. (B) Results of the rotarod test. Mice were subjected to four trials (n = 9 mice
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The caudate-putamen, nucleus accumbens core and shell are important striatal brain
regions for premotor, limbic, habit formation, reward, and other critical cognitive
functions. Striatal-relevant behaviors such as anxiety, motor coordination, locomotion,
and sensitivity to reward, all change with fluctuations of the menstrual cycle in humans
and the estrous cycle in rodents. These fluctuations implicate sex steroid hormones,
such as 17B-estradiol, as potent neuromodulatory signals for striatal neuron activity.
The medium spiny neuron (MSN), the primary neuron subtype of the striatal regions,
expresses membrane estrogen receptors and exhibits sex differences both in intrinsic
and synaptic electrophysiological properties. In this mini-review, we first describe sex
differences in the electrophysiological properties of the MSNs in prepubertal rats. We
then discuss specific examples of how the human menstrual and rat estrous cycles
induce differences in striatal-relevant behaviors and neural substrate, including how
female rat MSN electrophysiology is influenced by the estrous cycle. We then conclude
the mini-review by discussing avenues for future investigation, including possible roles of
striatal-localized membrane estrogen receptors and estradiol.

Keywords: female, estradiol, estrous cycle, spiny projection neurons, caudate-putamen, dorsal striatum, nucleus
accumbens, aromatase

INTRODUCTION

Sex differences in brain structure and function have been described at all levels of biological
analysis, from differences in neuronal gene expression to the output of the nervous system, behavior
(McCarthy, 2010; Forger, 2016; Arnold, 2017; Grabowska, 2017). Sex is a compelling biological
variable that must be considered from single neuron analysis all the way to clinical trials. The striatal
regions, including the caudate-putamen and nucleus accumbens core and shell (Figure 1A), are
sensitive to biological sex and sex steroid hormone fluctuations and signaling in both animals and
humans. Although striatal sex and hormone-specific differences have long been documented, the
mechanisms by which hormones and sex influence caudate-putamen and accumbens physiology
remain active research areas. In this mini-review, we first describe the known sex differences in the
physiology of the output neuron of the striatal brain regions, the medium spiny neuron (MSN), in
prepubertal rats. We then broaden the discussion to address aspects of how the menstrual cycle in
adult female humans and estrous cycle in adult female rats influences striatal-relevant behaviors,
and feature select studies providing mechanistic insight. This includes recent data demonstrating
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that the estrous cycle modulates MSN physiology. We then
end the mini-review by presenting two challenge hypotheses
for future investigation, namely, the possible roles of striatal-
localized membrane estrogen receptors and neuroestrogen
production.

CAUDATE-PUTAMEN AND NUCLEUS
ACCUMBENS CORE MSNs EXHIBIT SEX
DIFFERENCES BEFORE PUBERTY

MSNs (or alternatively, spiny projection neurons) consist of
~95% of striatal neurons (Kemp and Powell, 1971; Graveland
and DiFiglia, 1985; Gerfen and Surmeier, 2011) and are the
major efferent projection neurons. MSNs do not exhibit gross
sex differences in soma size or neuron density (Meitzen et al.,
2011), and the overall volume of the striatal brain regions does
not robustly differ between males and females (Wong et al., 2016).
MSNs do exhibit functional electrophysiological properties that
differ by striatal subregion and developmental period (Table 1).
Before puberty, sex differences are present in both intrinsic and
synaptic properties of MSNs that is specific to striatal region in
rats. Here we define intrinsic properties are those being related
to single action potential properties such as threshold, multiple
action potential properties such as action potential firing rate as
evoked by excitatory current injection, and passive membrane
properties such as input resistance. All of these properties are
unified in that they help determine how a neuron responds
to synaptic input, in other words, the input-output process
of the individual neuron. Regarding synaptic properties, here
we focus on properties that have been directly investigated
in MSN with regards to sex, such as miniature excitatory
postsynaptic currents (mEPSC), which provides insight into the
strength, number, and sensitivity of glutamatergic synapse. In
rat caudate-putamen, MSN excitability is increased in females
compared to males, as indicated by an increased evoked action
potential to excitatory current injection slope, hyperpolarized
threshold, and decreased after hyperpolarization magnitude in
females compared to males. There are no differences in mEPSC
properties, including frequency, amplitude, and decay (Dorris
etal,, 2015). Conversely, in the nucleus accumbens core, mEPSC
frequency is increased in prepubertal females compared to males
and this sex difference exist both pre-puberty and in adults
(Cao et al, 2016). This sex difference is organized during
the postnatal critical window (P0-P1) and in females can be
eliminated by postnatal 173-estradiol (estradiol) or testosterone
exposure (Cao et al.,, 2016). Estradiol is a type of estrogen, which
binds to estrogen receptors. Testosterone can either bind to
androgen receptors or be metabolized via the enzyme aromatase
into estradiol to in turn act on estrogen receptors. Prepubertal
recordings from nucleus accumbens shell did not show any sex
differences in MSN electrical properties (Willett et al., 2016),
however environmental influences such as stress engender sex
differences in synapse markers in adult rodents (Brancato et al.,
2017). Together, these studies illustrate heterogeneity of sex-
specific mechanisms across the subregions of the striatum (Cao
et al., 2018b). Interestingly, sex differences in MSN properties
detected in prepubertal rat are different than those detected in

prepubertal mouse nucleus accumbens core (Cao et al., 2018a),
indicating that sex differences in the development of MSN
electrophysiological properties can be species-specific or perhaps
mouse strain-dependent. It is also unknown how sex differences
and sex steroid sensitivity present across MSN subtypes. This
question is an important avenue for future investigations, as
differential sensitivity to biological sex across MSN subtypes may
have important functional consequences.

THE MENSTRUAL AND ESTROUS CYCLES
INFLUENCE STRIATAL-RELATED
BEHAVIORS AND DISORDERS IN ADULT
FEMALES

In adult female humans, the cyclical fluctuation of estradiol,
progesterone, and other hormones is called the menstrual cycle
and is ~28 days long. Plasma estradiol levels peak during the
follicular phase, while progesterone levels peak during the luteal
phase (Sherman and Korenman, 1975). In adult female rats
and mice, this cycle is called the estrous cycle and likewise
features repeated hormone changes, but across a ~4-5 day period
(Cora et al,, 2015). In rats, plasma estradiol levels rapidly peak
during proestrus, after which progesterone levels peak, leading to
ovulation and a resulting estrus phase. The diestrus phase, during
which hormone levels are generally low, follows the estrus phase
(Figure 1B).

Regarding behaviors associated with the striatal regions,
changes in motor coordination and severity of Parkinson’s
symptoms, which are controlled by the caudate-putamen, have
been associated with the menstrual cycle. The luteal phase,
when estradiol and progesterone are high, is associated with
more coordination, manual skills, and less L-DOPA-induced
dyskinesia (Quinn and Marsden, 1986; Hampson and Kimura,
1988; Hampson, 1990). These findings in menstrual cycle-related
behavioral changes generalize to other movement disorders with
worsening of symptoms occurring just before and during menses
when estradiol and progesterone are lowest (Castrioto et al,
2010). Additionally, changes in anxiety-related behaviors and
anxiety-related symptoms which are controlled, in part, by the
nucleus accumbens, also occur across the menstrual cycle (Nillni
et al,, 2011). In general, the extent of documented changes in
motor skills and cognitive functions across the human menstrual
cycle differs across population characteristics and sampled task-
type (Souza et al., 2012).

DOPAMINE AND ESTRADIOL ARE PART OF
THE MECHANISM UNDERLYING FEMALE
CYCLE-DEPENDENT DIFFERENCES

Animal studies have provided more controlled designs and
techniques to understand the mechanisms underlying these sex
differences. It has long been documented that the dopamine and
estrogen systems interact to influence striatal function (Yoest
etal.,, 2018b). Here we highlight some select pieces of evidence. In
female monkeys, during the luteal phase, D2 receptor availability
is increased in the caudate-putamen and nucleus accumbens
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FIGURE 1 | Map of the striatal subregions and female hormone cycling. (A) Schematic of a coronal section of one hemisphere of the rat brain depicting the striatal
subregions, including the caudate-putamen, nucleus accumbens core, and shell (Interaural ~10.92-10.80 mm, Bregma ~1.92-1.80 mm). Acronyms: AC, anterior
commissure; Acb, nucleus accumbens; LV, lateral ventricle. The extensive afferent and efferent circuitry of the striatal subregions is not depicted in this schematic, and
we refer the reader to the following articles for a review of this topic (Russo and Nestler, 2013; Scofield et al., 2016) (B) Graphical depictions of the adult female rat
estrous and human menstrual cycle. Purple line indicates progesterone levels and the green line estradiol levels. Over a span of about 4-5 days, rats exhibit a diestrus,
proestrus, and estrus phase. There is also a metestrus phase between estrus and diestrus (not pictured). In rats, estradiol levels peak the morning of proestrus, as
progesterone levels are rising, and behavioral estrus begins roughly when progesterone levels peak. The human cycle lasts about 28 days, and exhibits a follicular and
luteal phase. In humans, estradiol peaks during the follicular phase, and progesterone peaks during the luteal phase.

(Czoty et al, 2009) suggesting that gonadal hormones may
influence dopamine (DA) transmission and sensitivity which
can promote movement coordination. In rats, females during
proestrus and estrus (comparable to luteal phase in humans
and monkeys) have higher extracellular DA concentrations than
diestrus and ovariectomized females (Xiao and Becker, 1994).
Estrous cycle-dependent changes in dopamine signaling have
also been observed in mice (Calipari et al., 2017). This may
be a mechanism that contributes to changes in locomotion
(Becker et al., 1987) and anxiety (Marcondes et al., 2001; Sayin
et al.,, 2014) across estrous cycle in rodents. Gonad-intact and
castrated males do not differ, indicating that gonadal hormone
influences on striatal release of dopamine are sex-specific (Xiao
and Becker, 1994). Estradiol has been proposed as a major
hormone to facilitate sex differences. Specific to the caudate-
putamen, estradiol promotes motor coordination (Becker et al.,
1987; Schultz et al.,, 2009) and its enhancement of dopamine
action is specific to females (Becker, 1990; Xiao and Becker, 1994;
Yoest et al.,, 2014, 2018a). The role of dopamine in regulating
MOSN electrical properties suggests that MSN properties would
likewise differ between males, females, and across the adult
female hormone cycle (Nicola et al., 2000).

CYCLICAL FEMALE HORMONE
FLUCTUATIONS INDUCE SEX
DIFFERENCES IN ADULT MSN
ELECTRICAL PROPERTIES

Intrinsic and synaptic electrophysiological properties of MSNs
of the caudate-putamen and nucleus accumbens core change

with the estrous cycle (Arnauld et al., 1981; Tansey et al., 1983;
Proano et al,, 2018). In the caudate-putamen, classic experiments
first demonstrated that spontaneous action potential firing
rates recorded in vivo increased in ovariectomized female rats
exogenously exposed to estradiol compared to vehicle-exposed
females and males (Arnauld et al., 1981). Later on, using in
vivo extracellular recording, it was found that nigrostriatal MSNs
increased spontaneous action potential generation in female rats
during the phases of the estrous cycle associated with high levels
of estradiol, or in ovariectomized females exposed to exogenous
estradiol compared to animals with low levels of estradiol (Tansey
et al, 1983). Other MSN subtypes and striatal interneurons
were not tested in this study. The exact electrophysiological,
endocrine, and molecular mechanisms driving these changes
in electrical activity in the caudate-putamen remain to be
elucidated, although this is an area of active research. More
detailed data is available for MSNs in the adult female rat
nucleus accumbens. In the nucleus accumbens core, during
diestrus, when both progesterone and estradiol are low, MSN
excitatory synaptic input properties decrease in magnitude while
intrinsic excitability increases (Proafio et al., 2018). Specifically,
mEPSC frequency and amplitude are decreased compared to
other estrous cycle phases, while properties such as action
potential rheobase, action potential threshold, input resistance,
and resting membrane potential change to increase cellular
excitability. Conversely, during proestrus and estrus, which
are when estradiol and progesterone increase, and females
are sexually receptive, excitatory synaptic input increases and
intrinsic excitability decreases. mEPSC frequency and amplitude
are increased compared to other estrous cycle phases, aligning
with previous work examining excitatory synapse anatomy in
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TABLE 1 | Sex differences of electrophysiological properties of medium spiny neurons across striatal subregions in rats.

Electrophysiological property Developmental stage

Caudate-putamen

Nucleus accumbens core Nucleus accumbens shell

Intrinsic excitability Prepubertal F>M F=M F=M
Adult d Cycle determines sex ?
difference?
Excitatory synaptic input Prepubertal F=M F> MP F=M
Adult Cycle determines sex ?¢
difference?

Gray fill indicates sex and/or cycle dependent differences. Inequality signs indicate relative differences between sexes. “?” indicates complex or no evidence.

aEstrous cycle stage determined directionality of sex difference and difference between female estrous stages. Gonadectomy eliminates sex differences.

bThis sex difference has been shown to be organized by estradiol during masculinization window.

¢Examination of synapse properties shows divergent evidence of sex differences in non-stressed animals, but an electrophysiological approach in adult animals has not yet been done to
our knowledge (as reviewed by Cao et al., 2018b). The adult nucleus accumbens shell exhibits variable sex differences, likely indicating interactions with other environmental influences

such as stress (i.e., Brancato et al., 2017).

9In adult caudate-putamen, estrous-cycle induced differences in select rat medium spiny neuron action potential generation rates have been reported in vivo, but the underlying cellular

electrophysiological mechanisms are not yet documented.

females in these estrous cycle phases solely compared to males
(Forlano and Woolley, 2010; Wissman et al., 2012). In contrast,
cellular properties such as action potential rheobase, action
potential threshold, input resistance, and resting membrane
potential change to decrease cellular excitability. When analyzing
these properties in gonadectomized males and females, all sex
differences disappear (Proaio et al., 2018). This study indicates
that adult female hormone cycles are necessary to induce sex
differences in adult MSN properties, including excitatory synapse
function. Changes in excitatory synaptic properties are consistent
with previous anatomical studies in adult rats (Forlano and
Woolley, 2010; Staffend et al., 2011; Wissman et al., 2011, 2012;
Martinez et al., 2016; Peterson et al., 2016). Whether these
properties differ by MSN subtype is still unknown. Given that
accumbens core MSNs exhibit divergent sex differences across
development, sexual differentiation of MSNs likely occur across
multiple developmental periods. Puberty may be one such period
(Ernst et al., 2006; Kuhn et al., 2010; Manitt et al., 2011; Matthews
et al,, 2013; Staffend et al., 2014; Kopec et al., 2018).

CHALLENGE HYPOTHESIS #1: HOW DO
MEMBRANE ESTROGEN RECEPTORS
INFLUENCE STRIATAL NEURON
PHYSIOLOGY?

Although there is ample evidence that estradiol is an important
and sex-specific hormonal regulator of striatal behavior,
dopamine systems, and MSN function, the exact mechanisms
by which estradiol exerts its actions requires further research.
An increasing body of work strongly implicates membrane
estrogen receptor action. Adult female rats exclusively express
membrane estrogen receptors (GPER1, membrane-associated
ERa, and membrane-associated ERB) in MSNs of the caudate-
putamen and accumbens (Almey et al, 2012). However, to
our knowledge a thorough analysis of estrogen receptors
across development, MSN subtype, and species has not been
accomplished and nuclear estrogen receptors may be expressed at
early developmental stages. Sex-specific differences in membrane
estrogen receptor facilitation of changes in neuronal activity

have been reported in other brain regions (Oberlander and
Woolley, 2016; Krentzel et al., 2018). Importantly, sex differences
in function can exist even when receptor expression is similar
between males and females (Krentzel et al., 2018), indicating that
the sex-specific sensitivity and functionality of estrogen receptors
are more complicated than indicated by anatomical analyses
alone.

Membrane estrogen receptors are expressed both on axon
terminals, MSN somas and dendritic spines (Almey et al., 2012,
2015, 2016), and there is evidence that estradiol has both
pre- and post-synaptic mechanisms for altering dopaminergic
signaling which promotes locomotion (Becker and Beer,
1986). Estrogen receptors associated in the membrane with
metabotropic glutamate receptors have also been shown to
facilitate locomotor sensitization to cocaine (Martinez et al.,
2014), involved in drug addiction (Tonn Eisinger et al.,
2018), and change dendritic spine morphology in the nucleus
accumbens (Peterson et al, 2015). Application of estradiol
increases dopamine (DA) rapidly in the accumbens and caudate-
putamen (Becker, 1990; Pasqualini et al., 1996), as well as
decreases GABA production (Hu et al, 2006). This suggests
that estradiol may indirectly act on dopamine signaling by first
releasing inhibition from GABAergic signaling, and perhaps also
directly upon dopamine-producing regions. In striatal MSNs,
estradiol acting through ERa, ERB, and mGluR rapidly decreases
L-type calcium currents and phosphorylates the transcription
factor CREB (Mermelstein et al., 1996; Grove-Strawser et al.,
2010).

One proposed model for estradiol actions on striatal
networks builds upon these and other findings, positing that
estradiol binds to membrane estrogen receptors on MSNs
to decrease neuronal excitation, therefore leading to less
GABA release and a “disinhibition” of dopaminergic signaling
either through a collateral synapse upon dopamine fibers
from the substantia nigra pars compacta or the VTA (Yoest
et al, 2014, 2018b). Direct evidence that estradiol rapidly
acts on MSNs to decrease intrinsic neuronal excitability or
excitatory post synaptic currents remains unknown, although
this is an active area of research. This model also predicts
that MSNs synapse upon either dopaminergic fibers from the
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substantia nigra pars compacta, the VTA, or perhaps tyrosine-
hydroxylase positive striatal interneurons. Alternatively,
estradiol may potentially act on striatal interneurons, such as
the cholinergic subtype, which synapses upon both dopamine
terminals and MSNs (Chuhma et al, 2011). Cholinergic
interneurons express membrane estrogen receptors and
have been implicated in estradiol-induced shifting between
hippocampal and striatal-based learning behaviors, suggesting
interactions been estrogen, cholinergic, and dopamine-
systems (Euvrard et al, 1979; Davis et al, 2003; Almey
et al, 2012). These models are not necessarily mutually
exclusive. They also do not exclude direct actions of estradiol
on MSNs independent of dopaminergic signaling, perhaps
instead targeting glutamatergic systems. Consistent with this
speculation, glutamatergic systems have been implicated in sex
differences in psychiatric diseases such as anxiety (Wickens et al.,
2018).

WHAT IS THE RELATIONSHIP BETWEEN
MEMBRANE ESTROGEN RECEPTORS
AND THE ESTROUS CYCLE?

Gonadal hormone fluctuations related to the estrous cycle
correlate with changes in both caudate-putamen and accumbens
dependent behaviors and with the electrical properties of
MSNs. This conclusion raises questions regarding the potential
relationship between the estrous cycle and the actions of rapid
estradiol signaling to modulate striatal neuron activity. To date,
one study has shown that after 3 days of estradiol priming to
artificially mimic estradiol-high proestrus of females, locomotion
and DA release is potentiated after an acute estradiol injection
and amphetamine (Becker and Rudick, 1999). This work is one
piece of evidence that females may exhibit cycle-dependent rapid
estradiol mechanisms. Estradiol-mediated signaling in MSNs
may alter depending on estrous cycle phase, though little work
has tested this hypothesis, much less uncovered the mechanistic
details of how this may occur. It is unknown how cycle stage
changes sensitivity to estradiol, estrogen receptor expression,
and synapse functionality. However, proestrus (higher estradiol
and progesterone) females exhibit more and larger dendritic
spines than males (Forlano and Woolley, 2010; Wissman et al.,
2011). Other estrous cycle phases were not examined. This
anatomical work from Woolley and colleagues is consistent
with electrophysiological findings which indicate strong sex
differences during the proestrus phase (Proafio et al., 2018).

CHALLENGE HYPOTHESIS #2: DOES
LOCAL PRODUCTION OF ESTRADIOL
INFLUENCE CAUDATE-PUTAMEN AND
NUCLEUS ACCUMBENS FUNCTION?

(Saldanha et al., 2000; Remage-Healey et al., 2008, 2012; Ikeda
etal,, 2017). Low levels of aromatase, the enzyme that synthesizes
estradiol from testosterone, has been observed in processes and
cell bodies of rat striatum (Jakab et al., 1993; Wagner and
Morrell, 1996; Horvath et al., 1997) but a thorough analysis
and comparison across subregions has not been performed. It is
unknown how aromatase expression differs based on age, sex, cell
compartment, or cell subtype, thus overly-definitive statements
regarding striatal aromatase should be avoided. It is still
speculative exactly what role aromatase plays in striatal neuron
physiology. For the caudate-putamen, there is evidence that
inhibition of aromatase prevents the induction of LTP in male
rat MSNs (Tozzi et al., 2015) suggesting that local production of
estradiol plays a role in striatal neuronal physiology. Inhibition
of aromatase in the caudate-putamen of males proceeding a
chemical lesion is neuroprotective (McArthur et al., 2007). To
our knowledge, central administration of aromatase inhibitors
has not been performed in females in studies examining striatal
function.

Thus, the evidence for estradiol action in the striatal
subregions is robust, but the source of that estradiol has not
been directly tested in both sexes. One major question is the
relationship between gonadal/peripheral vs. brain production of
steroid sex hormones. The pr