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Abstract

Purkinje cells (PCs) are central to cerebellar information coding and appreciation for the
diversity of their firing patterns and molecular profiles is growing.

Heterogeneous

subpopulations of PCs have been identified that display differences in intrinsic firing properties
without clear mechanistic insights into what underlies the divergence in firing parameters.
Although long used as a general PC marker, here it is reported that the calcium binding protein
parvalbumin labels a subpopulation of PCs with a conserved distribution pattern, similar to
aldolase C. A convolutional neural network was trained to recognize the parvalbumin-positive
subtype and create maps of whole cerebellar distribution.

PCs within these areas have

differences in spontaneous firing that can be modified by altering calcium buffer content, which
implicates parvalbumin in setting the spike rate and contributing to burst-pause behavior. These
subtypes also show differential responses to potassium and calcium channel blockade,
suggesting a mechanistic role for variability in PC intrinsic firing. These findings open new
avenues for detailed classification of PC subtypes and prompt further investigation into
determining which subtype(s) are affected by the reported PC decreases within human
postmortem autism brain tissue. Part 2 explores serotonin, GABA and dopamine in cortical
regions and the basal ganglia in the human postmortem autism brain to quantify differences in
receptor subtypes.

Differential chemoarchitecture of Purkinje neurons within cerebellar lobules contributes to
intrinsic plasticity: Significance for autism spectrum disorders
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Cheryl Brandenburg

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, Baltimore in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2020

To people with autism whose hidden gifts teach the value of neurodiversity.
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General Introduction

Clinical features of autism spectrum disorder (ASD)
A diagnosis of ASD is accompanied by both gifts and challenges and the
description of ASD as a “spectrum” acknowledges the heterogeneous presentation of
symptoms across individuals. The American Psychiatric Association’s Diagnostic and
Statistical Manual (DSM-5) provides standardized criteria that outlines typical ASD
behaviors that fall into the broad categories of social communication and interaction along
with restricted and repetitive patterns of behavior (APA, 2013). Within the category of
restricted and repetitive behavior, sensorimotor challenges play a prominent role in
diagnosis.

For example, many individuals display stereotyped and repetitive motor

movements like hand flapping, rocking, pacing, spinning objects, lining up toys, echolalia,
etc. that is often accompanied by hyper- or hyporeactivity to sensory input, such as
apparent indifference to pain/temperature, adverse responses to specific sounds or texture,
excessive smelling or touching of objects and visual fascination with lights or movement.
Insistence on sameness, inflexible adherence to routines and ritualized behavior is also
representative of this category, often with apparent extreme distress at small changes in
routines.
Although attention is usually focused on complex behaviors, such as social
communication and interaction, there is a large body of research that implicates alterations
in fundamental motor patterns in ASD. Table 1 outlines core motor behavior deficits that
have been reported and, in collaboration with clinical research psychologist Dr. Fernanda
Orsati, I outlined how these basic motor differences may translate into challenges with
more complex behaviors that rely on development of fundamental motor skills
(Subramanian et al., 2017).
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Table 1. Core sensorimotor symptoms of ASD that influence complex behaviors (adapted
with permission from Subramanian et al. 2017)
Core characteristics
in autism
Eye Movements
• Oculomotor control
with purposeful
movement and its
coordination for
visual processing
Eye-hand coordination
• Coordination of
visual gaze in
combination with
purposeful
coordinated
movement of hands

Primary behaviors
impacted in ASD
• Visual search and
visual attention
• Gaze movement
toward people and
objects

Secondary alterations
examples or possibilities
• Imitation
• Joint attention
• Social Interactions

Selected
References
Brenner et al., 2007

• Goal-directed

• Different social activities

Crippa et al., 2013;
Iverson, 2010;
Glazebrook et al.,
2009; Yu & Smith,
2013

Movement
coordination
• Movement
performance
alterations

• Movement preparation
• Upper extremity motor

Action chaining

• Goal directed

• Anticipate perceptual

behaviors (reaching,
opening, feeding,
pointing, handwriting,
walking, etc.)

•
•
•
•
•
•

function (speed and
latency)
• Gait and balance
• Postural control and
mobility

representations and
integrate motor
planning with motor
control of action
sequences

•

Sensory modulation
and processing
• Reaction to multiple
or overwhelming
sensory stimulation
from the environment

•

•

•
Inhibition control
• Ability to inhibit a
response to other
extraneous incoming
stimuli while
performing a goal

•

•
•
•
•

(games, playing ball, etc.)
Academic skills (writing,
reading pointing to right
answer, etc.)
Using alternative means to
communicate that require
pointing
Hypotonia
Apraxia
Body schema
Shared Engagement
Initiating a response

• Following and engaging

behaviors
Need for constant
prompts to play a
board game
Getting lost in the
middle of an activity
Avoidance of
environments or
activities that involve
sound/noise, different
textures, light, visual
stimuli, food avoidance
Sensory seeking motor
activities (flapping,
jumping, etc.)
Impulsiveness
Suppressing unwanted
stimuli
Inhibiting responses
Task switching
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in social interactions
(play, conversations,
games, etc.),
• Language and
communication

Fournier, et al.,
2010; Ming et al.,
2007; Torres et al.,
2013

Haswell et al., 2009;
Schmitz et al., 2003;
Stoit et al., 2013;
Forti et al., 2011

• Restrictive and unusual
•
•
•
•

Klintwall et al.,
2011; Tavassoli et
interests
al., 2014; Wiggins
Reliance on the same
et al., 2009
routine
Social isolation and
withdrawal
Escape of environments
Self-stimulatory behaviors

• Repetitive behaviors and
routines
• Inaccuracy (errors) in
performance

Christ et al., 2007;
Geurts et al., 2009;
Mostert-Kerckhoffs
et al., 2015

These common underlying elementary motor dysfunction patterns have the
potential to influence many downstream behaviors. For example, Brenner et al. (2007)
discuss how eye tracking and coordinating oculomotor systems are essential building
blocks for the ability of children to engage in imitation, joint attention and, therefore, social
interaction.

Voluntary movements during development translate into goal-directed

behaviors that lead to more advanced social interactions. However, individuals with ASD
can be objectively separated from neurotypical individuals solely by quantifying hand
trajectories toward visual stimuli (Torres et al., 2013). The researchers coined these
signature fluctuations in movement “micromovements” that represent the variability
people with ASD often display during voluntary movements and suggests deficits in realtime sensory feedback.
The underlying differences in fundamental motor skills during development are
already proving to be important for early diagnosis of ASD and attention to a child’s
sensory environment may help to mitigate many challenging behaviors that are observed.
The evidence for underlying sensorimotor challenges is robust and diverse, which begs the
question of which areas within the brain are most responsible for such a heterogeneous
array of symptoms.

Overview of cerebellar circuitry and function
The cerebellum is one region that participates in a wide array of sensorimotor and
cognitive behaviors and is therefore poised to influence many, if not all, of the behaviors
typical of an ASD diagnosis. Motor development and cognitive development may be
fundamentally intertwined and it has been suggested that the cerebellum plays a role in this
cooperative development through its co-activation with the prefrontal cortex (Diamond,
2000).
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As discussed in the previous section, variability of voluntary movement of hand
trajectories is high in ASD compared to neurotypicals. The cerebellum seems to be crucial
for control of movement, but not for initiation as cerebellar lesions do not abolish
movement, but do result in slow, inaccurate, rough and variable movements (Robinson and
Fuchs, 2001). When considering the core motor alterations in ASD provided in Table 1,
the cerebellum, along with the basal ganglia, is known to participate in each of these
fundamental motor skills, perhaps owing to the dense interconnectivity with other brain
regions that these two areas share. Eye movements have a particularly long history in
cerebellar research, likely due to the well understood circuitry and straightforward
behavioral observations, especially in relationship to saccades (Noda and Fujikado, 1987;
Takagi et al., 1998; Barash et al., 1999; Guillaume et al., 2018; Soetedjo et al., 2019) and
eye blink conditioning, a form of motor learning that is cerebellum-dependent (for review
see: Bracha et al., 2009) as well as the coordination of eye and hand tracking movements
(Miall et al, 2001).
However, the traditional view of the cerebellum as a purely motor structure has
shifted in recent years, due to increasing evidence of cerebellar participation in cognitive
functions and advances in mapping of cerebellar circuits to other brain regions. One of the
earliest descriptions details how cerebellar specific lesions can lead to affective
dysregulation, as well as deficits in language, spatial and executive functions that result in
a diagnosis of Cerebellar Cognitive Affective Syndrome (Schmahmann, 1997;
Schmahmann & Sherman, 1998).
Since then, consideration of the cerebellum in non-motor behaviors has moved
from the fringe to being considered central functions in the cerebellum’s status as a
“supervised learning machine” (Koziol et al., 2014). This is mainly due to parallel
segregated circuits topographically organized between the cerebellum and cortical areas
and cerebellar malfunction in discrete areas has been shown to effect executive functions,
4

visuospatial functions, working memory, verbal memory, linguistic processing, verbal
fluency, procedural learning, attention, sequencing and emotion (Bolduc et al., 2011, 2012;
Tedesco, 2011), which can all be impacted in ASD.
How exactly the cerebellum participates in these diverse behaviors is unclear, but
evaluating the macrocircuitry makes it obvious that the cerebellum is densely connected
with nearly every area of the rest of the brain. Due to this high connectivity with many
regions, the cerebellum is considered a “hub” region involved in coordinating information
throughout the brain (Cole et al., 2009).

Figure 1 provides an overview of this

macrocircuitry, in which input from the inferior olive and widespread cortical input is
distributed throughout the cerebellar cortex. As the only output cells of the cerebellar
cortex, PCs send their axons to the deep cerebellar nuclei, which is the output structure of
the cerebellum. Projections mainly get distributed through the thalamus, but also project
to a variety of structures throughout the brain.
Within the cerebellar cortex, the hallmark feature of homogenous circuitry can be
appreciated. All regions of the cerebellum display a stereotypical organization of cellular
connectivity, which is highlighted in a sagittal plane (Figure 2) and transverse plane
(Figure 3). PCs are contacted by a single excitatory climbing fiber from the inferior olive
and thousands of excitatory parallel fibers from granule cells run through their extensive
dendritic arbors. Basket and stellate cells provide inhibitory input to PCs, while Golgi and
Lugaro cells provide inhibition in the granule cell layer.
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Figure 2
Page 7

Figure 3
Page 8

Figure 1. Cerebellar macrocircuitry. The inferior olive (IO) in the brainstem
provides critical excitatory input to PCs via climbing fibers (CF), while
widespread cortical input is distributed across granule cells in the cerebellar
hemisphere via mossy fibers (MF). The output structure is the deep cerebellar
nuclei (DCN), which mainly projects to the thalamus, but also contacts a variety
of other regions (not shown) after exiting via the superior cerebellar peduncle
(SCP). CB created this figure for use in Hampson & Blatt, 2015.
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Figure 2. Cerebellar microcircuitry (sagittal view). Climbing fibers (CF) from
the inferior olive (IO) extensively surround the proximal dendritic arbors of
Purkinje cells (PC), creating powerful pacemaking activity. Excitatory
connections are green while inhibitory are red. Granule cells (Gr) send excitatory
parallel fiber (PF) projections through the PC dendritic arbors (in this view as
dots), which contact rows of PCs. Stellate (SC) and basket cells (BC) provide
inhibitory input to PCs, while Golgi (Go) and Lugaro (Lg) cells provide
inhibitory input to granule cells. The cerebellar glomerulus consists of
connections between granules cells, Golgi cells and unipolar brush cells (UB), as
well as mossy fiber (MF) input from other brain areas. CB created this figure for
use in Hampson & Blatt, 2015.
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Figure 3. Cerebellar microcircuitry (transverse view). Cells specified in figure
2 are shown in an alternate plane, which highlights the chords of parallel fibers
(PF) extending through rows of Purkinje cells (PC) in the molecular layer. Mossy
fiber (MF) and climbing fiber (CF) collaterals to the DCN are also indicated. CB
created this figure for use in Hampson & Blatt, 2015.

Cerebellum in ASD
As knowledge of the cerebellum expands to include functional roles in non-motor
domains as well as the typical motor-domains (Schmahmann, 2018), it is now clear that
the cerebellum influences a wide range of behaviors relevant to the ASD phenotype. In
general, there is consensus that the cerebellum has a major role in ASD (Hampson and
Blatt, 2015; Wang et al., 2014; Rogers el al., 2013; Becker and Stoodley, 2013; Fatemi et
al., 2012). The associations between the various motor and cognitive functions that are
impacted by cerebellar malfunctions and ASD symptoms are striking, however, many
brain regions can participate in each of these different functions. Therefore, it is important
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to consider postmortem and imaging studies that have specifically looked for alterations in
cerebellar circuitry and connectivity with other brain areas.
Aside from the many cerebellar disorders that have comorbid ASD associated
symptoms (for review see: Wang et al., 2014; Becker and Stoodley, 2013), alteration of
cerebellar circuitry early in development is correlated with ASD (Beversdorf et al., 2005;
Courchesne et al., 2001; Hashimoto et al., 1995; Limperopoulos et al., 2007). Cerebellar
insult (prenatal stressors, infection, etc.) during development has an ASD risk ratio on par
with twin studies and the highest risk single mutations (Wang et al., 2014). Furthermore,
imaging studies repeatedly implicate the cerebellum in structural differences in ASD,
where volumetric differences emerge in the early years of life, persist into adulthood and
have been associated with language deficits (for review see: Hampson and Blatt, 2015;
Wang et al., 2014; Becker and Stoodley, 2013). Importantly, when unbiasedly assessing
the resting-state functional connectome in ASD across the entire brain, the cerebellum
emerged as the only region meeting stringent criteria for significant abnormal connectivity
(Arnold et al., 2019).
These converging lines of evidence from behavioral, lesion and imaging studies
implicate the cerebellum in the development of ASD and highlight the need for a deeper
understanding of how the cerebellum mediates sensorimotor and cognitive behavior. This
will likely be a crucial step toward developing support for ASD individuals and points to
the need for understanding the specific cerebellar circuitry deficits that lead to the various
reported differences.

Purkinje neurons in ASD
Purkinje cells (PCs) are central to cerebellar function as the only output cells of the
cerebellar cortex. Human postmortem studies from our laboratory and others have shown
differences in PC number (Skefos et al., 2014; Whitney et al., 2008; Bailey et al., 1998;
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Bauman et al., 1995; Bauman and Kemper, 1985), size (Fatemi et al., 2002) and gene
expression (Soghomonian et al., 2017; Yip et al., 2008; Yip et al., 2007) in the ASD brain.
In fact, PC dysfunction is the most consistent neuropathological finding in ASD with as
many as 75% of cases showing reductions (Hampson and Blatt, 2015; Schumann and
Nordahl, 2011).
Currently, I am finalizing a project in which I used laser capture microdissection
to specifically extract PCs from human postmortem ASD (n=20) and neurotypical (n=19)
cerebellum. On average, 1,500 PCs were pooled from each case and the transcriptome
analysis identified 481 differentially expressed genes between case and control PCs. This
includes 57 genes upregulated and 424 downregulated in ASD. The downregulated genes
are enriched in familiar pathways in ASD genetic analyses, including synapse maturation,
axon extension, axon guidance and semaphorin-plexin guidance signaling. Since the
examined cases are adolescents and adults, it is interesting that pathways typically studied
in relationship to development are still impacted after development in ASD. Consequently,
it may be possible to develop treatments to support PC functioning in adults, especially in
relationship to sensorimotor symptoms. Therefore, understanding these genes in PC
functioning has potential importance for the development of treatment strategies.
In ASD, many of the genes implicated by genome wide association studies
(GWAS) affect synaptic stability and adhesion molecules (Hussman et al., 2011; Lin et al.,
2016).

Since PCs have hundreds of thousands of synapses, making their dendritic

branching the most complex in the brain, mutations in synaptic proteins may be particularly
detrimental to PC signaling and survival. The abundant spines on PCs modify their shape
and function in response to stimuli and have been shown to be involved in cerebellar motor
learning (Kleim et al., 1998; Kim et al., 2002; Federmeier et al., 2002; Lee et al., 2005).
Therefore, it’s possible their disruption can provide a mechanism behind the PC decreases
and alterations reported in human postmortem ASD studies.
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Many proteins are activity dependent, in that expression levels depend on synaptic
input. For example, parvalbumin expression has been shown to be altered based on sensory
experience (Dehorter et al., 2015; Donato et al., 2013; Lagler et al., 2016). Multiple mouse
models of ASD (Gogolla et al., 2009) as well as limited human studies (Hashemi et al.,
2016, Soghomonian et al., 2017) converge on decreased numbers of parvalbumin
interneurons or decreased expression of parvalbumin. However, it is not clear whether
parvalbumin is directly impacted or whether these decreases stem from reduced activity as
a common thread that leads to decreased parvalbumin expression across animal models
and potentially humans. Given that the remaining PCs in ASD are reported to have reduced
parvalbumin expression (Soghomonian et al., 2017), it is important to understand the role
parvalbumin plays in PC function and how its alteration might be associated with ASD
symptoms.
Due to the reported decrease in parvalbumin expression within PCs of human
postmortem brain tissue, early experiments in my dissertation were centered on quantifying
parvalbumin positive PCs in the cerebellum of a mouse model with an ASD associated
mutation. Typically, both the calcium binding proteins parvalbumin and calbindin are used
to label the entirety of the PC population. However, I observed clear and distinct patterns
of expression that alternated between areas of PCs that contain intracellular parvalbumin
and areas that lack parvalbumin expression, contrary to numerous reports of ubiquitous
expression (Baimbridge and Miller, 1982; Endo et al., 1985; Christakos et al.; 1987;
Rogers, 1989; Scotti and Nitsch, 1992; Celio, 1990; Bastianelli, 2003; Schwaller et al.,
2002, Whitney et al., 2008) as will be discussed in Chapter 1.
With the knowledge that leaders in cerebellar research have emphasized the need
for additional markers to clarify PC subtypes (Apps et al., 2018), I hypothesized that recent
reports of heterogeneity in intrinsic firing properties across regions (Xiao et al., 2014; Zhou
et al., 2014; Nguyen-Minh et al., 2018) are a direct result of parvalbumin expression in a
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subtype of PC, with the overall hypothesis that parvalbumin positive cells are a distinct
subpopulation of PCs. Therefore, I classified the intrinsic properties of PCs in each
parvalbumin zone and show effects of parvalbumin on firing (Chapter 2) as well as
differential responses to potassium and calcium channel blockade (Chapter 3).
Taken together, these data provide evidence for calcium homeostasis as an
underlying driver of the diversity in PC firing phenotypes and provide a novel route for
labeling PC subpopulations that can be utilized for fine-mapping of Purkinje cell
microcircuitry. These data also give support to what is being learned from single cell
studies, in that even the same cell type can have very different molecular profiles and
physiology.

PCs are not all identical and can actually be divided into a host of

subpopulations, which has far reaching implications for cerebellar information coding.
Detailed descriptions of cerebellar function and microcircuitry can lead us back to
postmortem research to ask more specific questions in relationship to PC decreases and
expression differences in ASD. If there are less PCs in ASD, it will be important to know
which particular subpopulations are impacted and if these differences in number effect the
quantification of particular markers, like parvalbumin. If parvalbumin is decreased, the
data presented here imply that the remaining PCs in ASD likely cannot maintain higher
bursting behavior and firing rates that are typical of the parvalbumin positive zones and
future work will need to assess how these differences in firing output may impact targets
in the deep cerebellar nuclei.
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Chapter 1:
Parvalbumin, calbindin and aldolase C label distinct subpopulations of
Purkinje Neurons

Introduction
The cerebellum’s repeated and precise geometric arrangement has provided vast
insight into the complex relationships between neural circuits, plasticity and behavior. Its
signature stereotyped circuitry was carefully dissected by Sir John Eccles and led to his
seminal work “The Cerebellum as a Neuronal Machine” (Eccles, J.C. et al., 1967) and to
his statement, “It seems likely that the cerebellum may be the first fragment of the higher
levels of the nervous system to be understood in principle, all the way from peripheral
input to peripheral output” (Eccles J.C., 1973). This optimistic prediction for a complete
computational model of cerebellar influence on behavior has been challenged by the fact
that, underlying this apparent uniform structure, is a complicated molecular code that
segregates the cerebellum into an intricate topography of transverse zones, parasagittal
stripes and microzones that are highly conserved between individuals and throughout
evolution (for review see: Sotelo, 2020; Apps et al., 2018; Cerminara et al., 2015; Apps
and Hawkes, 2009; Sillitoe and Joyner, 2007).
Purkinje cells (PCs) act as a template around which cerebellar circuit architecture
is built (White and Sillitoe, 2013; Sotelo, 2004) and demarcate zones and stripes based on
a number of molecular markers that correlate with afferent and efferent topography (Voogd
et al., 2003; Sugihara and Shinoda 2004, 2007). Heterogeneous populations of PCs in
parasagittally-oriented stripes were described by Gravel et al. (1987) and are perhaps best
exemplified by labeling of aldolase C (originally zebrin II), which has served as a useful
landmark to compare other markers that appear complementary (Brochu et al., 1990; Fujita
et al., 2014). As aldolase C positive and negative stripes are differentially contacted
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topographically by cells projecting from the inferior olive and have been shown to have
differences in expression of the glutamate transporter EAAT4 (Nagao et al., 1997; Dehnes
et al., 1998; Hawkes, 2014), it stood to reason that these groups of PCs would have
functional physiological differences. Only recently have differences in physiological
properties between PC stripes been reported, notably that aldolase C negative PCs display
higher simple spike firing frequencies than positive cells (Xiao et al., 2014; Zhou et al.,
2014; Nguyen-Minh et al., 2018).

However, the underlying mechanisms for these

differences are unresolved because there is no evidence that aldolase C itself is responsible
for the differences and researchers have pointed to the need for additional markers to help
clarify the divergence in physiological parameters (Apps et al., 2018).
Here, it is reported that the calcium binding protein parvalbumin (PV) is not
uniformly expressed throughout the cerebellum, but rather labels a subpopulation of PCs
that cut across aldolase C stripes. Additionally, calbindin is differentially labeled by two
different antibodies, suggesting that it may be differentially regulated post-translationally
or have different isoforms in subpopulations. PV and calbindin have been extensively
employed as general PC markers due to numerous reports of their ubiquitous expression
in the cerebellum (Baimbridge and Miller, 1982; Endo et al., 1985; Christakos et al.; 1987;
Rogers, 1989; Scotti and Nitsch, 1992; Celio, 1990; Bastianelli, 2003; Schwaller et al.,
2002, Whitney et al., 2008). However, one report in primate cerebellum observed a
proportion of PV negative cells (Fortin et al., 1998) with a similar finding in avian
cerebellum (Wylie et al., 2011). I show that, like markers for stripes, PV has a distinct
pattern of expression that is conserved between individuals, while calbindin appears
homogeneous throughout lobules until co-staining with other markers reveals unlabeled
cells.
These surprising distribution patterns of calcium binding proteins in the mouse
cerebellum further divide stripes into heterogeneous populations and provide multiple
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novel avenues for exploration to understand the mechanisms responsible for differential
firing between PCs and modules. By adding to the repertoire of available markers that can
segregate PCs into subtypes, finer mapping of cerebellar microcircuitry can be achieved.
Improved understanding of cerebellar microcircuitry can lead to more detailed descriptions
of physiological parameters responsible for appropriate information coding to the deep
cerebellar nuclei and thereby enhance understanding of cerebellar function.

Methods

Animals
C57BL/6 mice were obtained from the animal facility of the University of
Maryland School of Medicine Program in Comparative Medicine (Baltimore, MD, USA).
Animals were housed in the animal facility with free access to food and water on a 12/12
h light/dark cycle. All experiments involving animal procedures were approved by the
Institutional Care and Use Committees (IACUC) of the University of Maryland School of
Medicine and the Hussman Institute for Autism.

Immunohistochemistry
Since PCs are surrounded by dense parvalbumin innervation from nearby basket
cells, the optimal dynamic range of antibody concentration was critical to clearly observe
PV negative cells, as described in Hoffman et al. (2016). For Ni2+ DAB, serial 40µm thick
sections (every 6th) through the entire cerebellum of four week old mice (and one
confirmed pattern at P21) were rinsed of glycerol cryoprotectant three times for two
minutes in a scientific microwave (Ted Pella) at 35 degrees and 150 watts (all following
rinses were performed this way). Sections were blocked with 8% donkey serum in TBST
for thirty minutes then incubated in 8% donkey serum TBST and primary antibody
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(1:4,000 guinea pig parvalbumin, GP72 Swant) for one hour at room temperature then 47
hours at 4˚C followed by a rinse, one hour in secondary antibody (Jackson anti-guinea pig
1:600), another rinse, one hour in 1:500 A/B solution (Vector), rinse, twenty minutes in
DAB solution (95mM nickel (II) sulfate hexahydrate (Sigma 106727); 0.55mM 3,3′diaminobenzidine tetrahydrochloride hydrate (Sigma 32750) and 3% (v/v) hydrogen
peroxide in TBS) and a final rinse before alcohol dehydration, xylene and coverslipped
with DPX.
Fluorescence immunohistochemistry was performed in the same manner with
increased PV primary concentration (guinea pig parvalbumin 1:2,000 GP72 Swant; rabbit
calbindin 1:5,000 CB38 Swant; aldolase C 1:100 alexa fluor 647 Santa Cruz sc-271593),
but after rinsing sections were incubated in secondary antibodies (donkey anti-guinea pig
555 1:1,000 Sigma SAB4600298; goat anti-rabbit 405 Invitrogen A-31556) for three
hours, rinsed, dehydrated in alcohol, xylene and coverslipped with DPX.

Fully automated distribution maps of parvalbumin positive cell types
A. Image Processing
Coronal Ni2+ DAB stained serial sections were imaged with a Microbrightfield
(MBF) Zeiss, Stereoinvestigator system throughout the entire cerebellum in each of five
mice. Image stacks were collapsed into deep focus files (MBF) at a resolution of 0.25
um/pixel. Slices were sectioned at 40µm and imaged in 20µm stacks at 1µm intervals. The
digitized images were then uploaded to Aiforia™ Cloud image processing and
management platform (Aiforia Technologies, Helsinki, Finland) for analysis with deep
learning convolutional neural networks (CNN) and supervised learning.
B. AI Model Training Parameters:
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A supervised, multi-layered, CNN was trained on annotations from digitized
images to recognize multiple DAB positive cell types using the cloud-based Aiforia™
platform. The algorithm was trained on the most diverse and representative images for this
data set. 17 images (17/128= 13% of total dataset) constituted training data. When teaching
AI, representativeness of the training slides is more critical than the number of training
slides.

Therefore, diverse training data were included to capture the variability in

image/staining quality across the entire data set. We also chose slides with known artifacts
and trained the AI model to exclude them from analysis as background.
The AI model consisted of multiple feature layers, containing unique classes that
were annotated for CNN input data. The AI model consisted of four feature layers: 1)
Tissue segmentation 2) Purkinje and molecular layer tissue subregion segmentations 3)
DAB positive object detector for 3 subclasses within the Purkinje layer segmentation
(parvalbumin positive Purkinje cells, parvalbumin negative Purkinje cells and
interneurons) 4) DAB positive interneurons were identified using an object detector within
the molecular layer segmentation. Individual CNNs were trained for each layer using the
image augmentation parameters, perceptive view (field of view), and level complexity
summarized in Table 2. All four layers were merged into a chained analysis pipeline, where
segmentation results from the first layer are used as a cropping mask in the next layer, and
so on, to detect and quantify the number of DAB positive cells within either Purkinje or
Molecular layers across total tissue.

17

Table 2. Convolutional neural network image augmentation parameters, field of
view, and complexity.
Layer 1: Tissue

Layer 2: Purkinje

Layer 3:

Layer 4:

segmentation

and Molecular

Purkinje layer

Molecular

layer

cells

layer cells

segmentation
Scale (max/min)

-10/10

-10/10

-10/10

-1/1.01

Aspect Ratio

10

10

10

1

Maximum Shear

10

10

10

1

Luminance

-10/10

-10/10

-10/10

-1/1.01

-10/10

-10/10

-10/10

-1/1.01

5

5

1

2

0

Complex

Intermediate

(max/min)
Contrast
(max/min)
Max. white balance 5
change
Noise

2

2

Field of View

50.4m

13.8 m

Complexity

Intermediate

Extra Complex

The ground truth, or features used to train the AI model, was annotated for each
layer within the cloud-based Aiforia™ platform and constituted input data for each CNN.
The first feature layer was annotated using semantic segmentation to distinguish the total
tissue from the glass slide. The second feature layer was annotated using semantic
segmentation to distinguish the Purkinje cell layer from the molecular layer within total
tissue. The ground truth for the third layer utilized an object detector with an 18m
diameter for parvalbumin positive Purkinje cells and parvalbumin negative Purkinje cells,
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with 10m for interneurons within the Purkinje layer. The ground truth for the fourth
feature layer utilized an object detector with a 10m diameter to label interneurons within
the Molecular Layer. Features that were considered artifact (glass slide, debris, out of focus
regions) were annotated as background, and constituted additional input training data for
the multi-layered CNN.
Results
Differential chemoarchitecture of Purkinje neurons
Although PV is commonly used as a general PC marker, its expression is limited
to distinct sub regions within cerebellar lobules (Figure 4). Interneurons in the molecular
layer show intense PV staining equally throughout each region, but the PC dendritic trees
that comprise the molecular layer show alternating intensity of PV staining. Upon closer
examination, dendritic areas with lower PV intensity are situated above PCs that do not
contain intracellular PV. However, they are surrounded by a “ring” of PV, which is
innervation from interneurons that contact PC soma and form the pinceau (Ramon y Cajal,
1911, 1995 (translated by Swanson and Swanson); Palay and Palay, 1974). When high
concentrations of primary antibody are used, this ring can become thicker and may be
mistaken for intracellular stain, which may be a reason these patterns have been overlooked
in previous reports.

Therefore, optimal dynamic range of antibody concentrations

(Hoffman et al., 2016) are important for the correct identification of PC subtypes. There
are examples in the literature of images where PV is not staining intracellularly, however,
it is not discussed as the studies were not focused on PV (Jeong et al., 2000; Lee et al.,
2018). PCs not labeled with PV do stain for calbindin, confirming that the PV- PCs are
labeled by other markers (Figure 5).
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A) A coronal section stained with Ni DAB shows alternating areas of parvalbumin positive and negative
Purkinje cells. The dendritic trees of Purkinje cells in the molecular layer are also more darkly stained
above the positive cells. B) The first inset shows a magnified view where red arrows indicate
parvalbumin negative and yellow arrows indicate parvalbumin positive Purkinje cells. Interneuron
arrows are blue. C) The second inset magnifies further to show individual cell types. Notice that
interneurons are intensely parvalbumin positive, which creates a “ring” of label around parvalbumin
negative Purkinje cells from basket cell somatic contact and pinceau formation, while positive Purkinje
cells stain darkly throughout the cytoplasm.

Figure 4. Parvalbumin labels a subpopulation of Purkinje cells.

250 µm

A

Pinceau

Figure 5. Parvalbumin-negative zones of Purkinje cells contain calbindin.
A) Sections adjacent to those that had been stained with Ni2+ DAB showed the same
pattern of parvalbumin-positive zones segregating to the surface of the cerebellum
(PV+ zone in brackets) with negative zones more interior (PV- zone in brackets) only
having surrounding interneuron input. B) To confirm that PV- zones stain with other
Purkinje cell markers, calbindin was labeled and appears homogeneous throughout
each region. C) The PV+ zone shows yellow cells, indicating colocalization of PV
and calbindin, while the PV- zone is only staining for calbindin (red) intracellularly.

Aldolase C striping patterns have been well mapped across cerebellar lobules and are often
used as a landmark to compare other markers that are differentially expressed, while
calbindin is generally employed to capture the entirety of the PC population. To determine
whether PV is correlated with the known aldolase C stripes, triple immunofluorescence
labeling was performed (Figure 6). Unexpectedly, calbindin was not found to label all
PCs, as aldolase C positive cells did not show calbindin or PV labeling. As this was in
contradiction to other studies showing calbindin expression in both aldolase C positive and
negative PCs (Wu et al., 2019), antibodies from different manufacturers (Swant and
Sigma) were compared and found to preferentially label different PCs. The calbindin
stains still labeled each lobule homogeneously, but cells in the same area could have
undetectable levels of one antibody and not the other. This suggests that each calbindin
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antibody on their own misses many PCs and stereological studies using only calbindin
from one manufacturer may underestimate the PCs present. The Sigma antibody for PV
did not show differences compared to the Swant PV antibody (data not shown).

Aldolase
C

Merged

Calbindin

Parvalbumin
Figure 6. Aldolase C, calbindin and parvalbumin label distinct populations of
Purkinje cells. The left panel is a montage of aldolase C (Zebrin II) fluorescence
staining showing the striping patterns of the cerebellar vermis. Calbindin, middle
panel on the right, labels a population of Purkinje cells that is distinct from aldolase C
and colocalizes with parvalbumin (bottom right). Merged image top right.

Since PV did not appear to follow the typical striping pattern, a new distribution
map was necessary to understand the overall topography of PV+ PCs across lobules.
Furthermore, it was unclear whether these patterns would be conserved across individual
animals (as aldolase C stripes are) or whether populations would shift since PV expression
has been reported to be activity dependent in other brain regions (Philpot et al., 1997; Patz
et al., 2004; Kinney et al., 2006; Chaudhury et al., 2008; Mix et al., 2014). Therefore,
serial sections throughout the entirety of the cerebellum of five mice were stained for PV
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(as in Figure 4 and Figure 7) and a subset of these sections were used to train a supervised,
multi-layered, convolutional neural network (Aiforia™). This AI model was able to
accurately identify PV+ cells and PV- cells (based on the ring of input around the soma)
to produce images overlaid with color coded cell types (Figure 7A). When adding all PCs
counted in each animal across serial sections and dividing by the total area of the Purkinje
layer, PV+ PCs represented 60.3% of the total population, with PV- cells as the remaining
39.7% (Figure 7B). As these are whole cerebellum counts, percentages may vary when
comparing vermis to cerebellar hemispheres or individual lobules. Serial sections analyzed
throughout one full cerebellum can be found in Figure 8, which includes PV+ interneurons.
These distribution maps show that PV+ PCs segregate to the perimeter of each section
(corresponding to the surface of the cerebellum) across each lobule in the hemisphere as
well as the vermis, however, the vermis has areas mixed with both types. The PV
topography is therefore another conserved distribution pattern, as the patterns are the same
across each animal examined (n=5)
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(A) An artificial intelligence model was built (Aiforia) to analyze the distribution of parvalbumin positive
(yellow circles) and negative (red circles) Purkinje cells throughout the cerebellum. Distribution of cells in serial
sections throughout the entire cerebellum can be found in the supplemental figures. (B) Purkinje cells positive
for parvalbumin represent 60.3% of the total population while negative cells represent 39.7%. Total cells
counted from each serial section through the cerebellum by the artificial intelligence model were divided by the
area of the total Purkinje cell layer in five C57/Bl6 mice. Data are represented as mean ± SEM.

Figure 7. Parvalbumin-positive Purkinje cells segregate to the surface of the cerebellum within lobules.

200 µm

A
Number of Purkinje cells/mm2
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Serial (every 6 section) 40µm coronal sections through C57/Bl6 cerebellum stained for parvalbumin.
Images are shown left to right in rostral to caudal order. Yellow circles represent parvalbumin
positive Purkinje cells, red represent parvalbumin negative Purkinje cells and blue circles represent
interneurons recognized by a customized artificial intelligence algorithm (Aiforia). Positive Purkinje
cells continue to segregate toward the surface of the cerebellum in each plane.

th

Figure 8. Distribution of parvalbumin-positive cells throughout the cerebellum.

1mm

Interneurons

Parvalbumin+ PCs
Parvalbumin- PCs
Parvalbumin+

Summary
PV, calbindin and aldolase C are not co-expressed in PCs, but rather label distinct
subpopulations of PCs with conserved distribution patterns. The PV population segregates
to the perimeter of each section examined and corresponds to the surface of the cerebellum,
while calbindin is arranged in rows that label all lobules and does not show a distinctive
pattern when examined in isolation. However, when compared to the well-known striping
pattern of aldolase C, calbindin is shown to label distinct rows of PCs that cut across
aldolase C stripes.
These results have far reaching implications for cerebellar research, since PCs are
most often pooled together when examining PC properties and mutant animals. As PCs
appear to consist of at least several different populations, more detailed morphological and
physiological parameters may be able to be resolved if PCs are separated based on their
underlying molecular phenotype. Furthermore, when examining mutant animals and
especially when examining properties of PV and calbindin, pooling PCs based on their
appropriate subtype may help to reduce variability and uncover differences that may
otherwise be obscured. This would be particularly relevant when studying knockout mice
for PV and calbindin, as it does not seem likely that all PCs would be affected equally.
It will be important to examine how these distribution patterns integrate into the
established modular connectivity between the inferior olive and deep cerebellar nuclei.
Presumably, PV and calbindin subtypes also follow the afferent and efferent topography
of the zones in which they reside. This raises the question of whether or not specific
subpopulations contact specific cells in the deep cerebellar nuclei. For example, do large
excitatory deep cerebellar neurons receive innervation from PV, calbindin and aldolase C
subtypes, or are they preferentially contacted by a subset of these? Future work may help
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to uncover connectivity patterns, as connectivity will have a direct impact on information
coding from Purkinje cells to deep cerebellar nuclei cells.
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Chapter 2:
Parvalbumin positive Purkinje neuron subtypes have differences in intrinsic firing
properties

Introduction
To understand the cerebellum in autism, the foundational aspects of how it signals
between and across modules must be determined. One question that arises from the
autism literature is the contribution of PV to PC firing. If the remaining PCs within the
autism cerebellum have lower PV expression (Soghomonian et al., 2017), it will be useful
to understand the potential consequences of its disruption.
PV is known to play a critical role in calcium homeostasis within neurons
(Schwaller, 2020; Arif, 2009; Brückner, 1993).

Calcium dynamics are particularly

important for PCs since they are pacemaker-type neurons that fire intrinsically at
consistent rates (Raman and Bean, 1999; Häusser and Clark, 1997; Nam and Hockberger,
1997; Womack and Khodakhah, 2002), which is partially dependent on calcium activated
potassium channels (Walter et al., 2006). Therefore, PV, which is a calcium binding
protein that sequesters calcium at a relatively slow rate compared to other calcium buffers
(Lee et al., 2000; Schwaller et al., 2002) is in a likely position to affect PC spike rate, which
has been shown to be differential between cerebellar stripes (distinct parasagittal bands
of PCs) and lobules (one of ten cerebellar morphohological folds) (Zhou et al., 2014; Xiao
et al., 2014; Kim et al., 2012).

The PV distribution patterns uncovered in Chapter 1 are a conserved feature of
cerebellar organization in the mouse, since each animal examined had the same pattern of
expression. Given this organization, I hypothesized that PV’s known role in calcium
buffering contributes to the higher spike rate observed between PC subtypes and recorded
spontaneous firing frequencies of PCs from areas of high intracellular PV expression
(PV+) and from areas that lack PV expression (PV-) to compare populations.
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Methods

Animals
C57BL/6 mice were purchased from the Comparative Medicine/Veterinary
Resources at the University of Maryland School of Medicine (Baltimore, MD, USA). PVtdTomato (Stock #: 027395 mice and Pvalb-/- (Stock #: 027503) mice were purchased
from the Jackson Laboratory and

offspring were produced from homozygous or

heterozygous breeding pairs. Animals were housed in the animal facility with free access
to food and water on a 12/12 h light/dark cycle. All experiments involving animal
procedures were approved by the Institutional Care and Use Committees (IACUC) of the
University of Maryland School of Medicine and the Hussman Institute for Autism.
Ex vivo slice electrophysiology
Cerebellar slices were prepared from P25-P45 C57/Bl6 and P30-P36 Pvalb-/- mice
(modified from Eguchi et al., 2020). Mice were anesthetized with isoflurane and brains
were removed in warm (34˚C) dissecting artificial cerebrospinal fluid (aCSF) containing
(in mM): 210 sucrose, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 D-glucose, 0.5 ascorbic
acid, 2 sodium pyruvate, 3 myo-inositol, 1 kynurenic acid, 4 MgCl2 and 0.1 CaCl2 saturated
with 95% O2 and 5% CO2. Coronal sections were cut at 300µm on a vibratome (Leica
VT1200s) in dissecting aCSF before being transferred to room temperature

aCSF

containing (in mM): 126 NaCl, 2.5 KCl, 1 NaH2PO4, 24 NaHCO3, 10 D-glucose, 2 MgCl2
and 2.5 CaCl2 saturated with 95% O2/5% CO2 and held for at least one hour before
recording.
The loose-patch configuration in voltage clamp mode (zero current injection) was
used to reliably obtain recordings of spontaneous firing by minimizing disturbance of the
cell membrane (Perkins, 2006) with borosilicate glass pipettes that had an open pipette
resistance of 2-4Ω with slice maintained near 32˚C. The drugs NBQX (10µM), DL-AP5
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(50 µM) and picrotoxin (100 µM) were added to pharmacologically block any synaptic
contribution to PC firing. Recordings were collected using an Axon MultiClamp 700B
amplifier (Molecular Devices) filtered at 10 kHz and digitized at 25 kHz with a National
Instruments 150 digital-to-analog converter under the control of Igor Pro software
(WaveMetrics, v6.37, 151).

Spontaneous (intrinsically generated) firing rates were

quantified over five minutes. Addition of 150µM EGTA/AM was achieved through bath
application and recordings were analyzed at least forty minutes after application (Atluri &
Regehr, 1996). Analysis of spike rate over time was achieved through generation of
histograms with the Igor software add-on, NeuroMatic (Rothman & Silver, 2018). After
tests for normality, either a Student’s t-test or a Mann-Whitney test was utilized to compare
differences in mean intrinsic properties between groups, while a paired t-test or Wilcoxon
matched-pairs signed rank test was used to compare paired cells before and after drug
application with Graph Pad Prism version 8.0.

Results
Intrinsic firing properties of Purkinje cells are different across parvalbumin subtypes
As PCs displayed clear segregation of subtypes based on PV staining and PV is a
well-known calcium buffer that can modify spike rates, we reasoned that PV could be an
underlying mechanism for intrinsic firing differences that have been reported for aldolase
C stripes. While Figure 6 shows the cerebellar vermis in order to clearly visualize aldolase
C stripes and compare populations, PCs in cerebellar lobules crus II were chosen for
electrophysiological recordings based on the clear segregation of PV from the AI
distribution maps, although PV- cells could also be chosen from crus I at the border
between crus I and crus II. Carefully choosing from the areas with yellow labeled (PV+)
or red labeled (PV-) cells as shown in Figure 7A provided reasonable confidence as to the
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identity of each PC and keeping recording areas consistent in lobules crus I and crus II kept
regional variation to a minimum.
Unfortunately, after acquiring mice expressing tdTomato under the PV promoter,
it was found that while most known PV+ cell types did express tdTomato throughout the
brain (Kaiser et al., 2016), PCs did not have detectable tdTomato expression (Figure 9).
Consequently, this mouse strain is not useful for identifying PV+ PCs and could not be
used to choose PCs for recordings. Additionally, due to the high expression of PV in
dendrites and interneuron innervation to PC soma, post-staining the slices used for
recording did not give reliable delineation of the cell types with fluorescence. For this
reason, I recorded from a large number of cells to assess differences in firing properties
between the two populations to minimize any impact of erroneous inclusion of aldolase C
positive cells. It thus cannot be ruled out that aldolase C positive cells were recorded from
in the generally PV positive areas, but both groups would have reperesentation of aldolase
C PCs.
Loose cell-attached recordings were obtained over a period of five minutes for each
cell while blocking synaptic input so that only intrinsic firing properties were examined.
PCs spontaneously display either tonic firing or burst pause sequences (Llinas and
Sugimori, 1980a,b; Chang et al., 1993; Womack and Khodakhah, 2002; Lowenstein et al.,
2005; Oldfield et al., 2005; Yartsev et al., 2009; Wang et al., 2002; Williams et al., 2012;
Cheron et al., 2014; Zhou et al., 2015). However, there is much diversity between PCs in
terms of firing rate, time between bursts and length of bursts so that each cell displays a
pattern that is quite different from its neighbors. The pattern that each cell displays is
remarkably stable over time. A PC will remain either tonically firing at the same rate or
will consistently burst and pause for at least several hours as reported in previous studies
(Llinas and Sugimori 1980a; Hausser and Clark, 1997; Womack and Khodakhah, 2002)
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Figure 9. The PV-tdTomato mouse line does not label Purkinje cells.
TdTomato can be observed within interneurons in the molecular layer, which
innervate the Purkinje cell soma forming an outer ring along with the pinceau, but
expression is not observed intracellularly in Purkinje cells in any region examined.
Parvalbumin immunohistochemistry, however, does label intracellular parvalbumin
within Purkinje cells. Therefore, this mouse line does not allow for targeting
parvalbumin positive Purkinje cells for electrophysiological recordings.

and confirmed in our laboratory (Figure 10). This diversity in spike properties makes
direct comparison more difficult so the spike rate was only assessed over the time the PC
was actually firing within the five minutes total recording time. PCs in the PV+ areas
typically spend less time in the bursting state (more time pausing) and are less likely to
fire tonically (100% in figure) for the full five minutes, but when firing they tend to
display a higher firing rate than PCs in the PV- areas (Figure 11).
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Figure 10. Purkinje cells maintain consistent firing patterns and rates over several hours.
Recordings of individual Purkinje cells were performed over 1-3 hours without significant variation in percentage
of time firing or firing rate of the last recording compared to the first. Both percentage of time firing and firing
rate were recorded over the last five minutes of recording time and compared to the first five minutes. n=12
cells, 6/12 cells overlap at 100% to 100% in the left panel. No significant differences with a Wilcoxon matchedpairs signed rank test. The open circles with error bars on sides indicate mean ± SEM.
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Figure 11. Areas containing parvalbumin negative or positive cells show differences in intrinsic firing properties.
A) Over five minutes of cell-attached recording time, Purkinje cells within parvalbumin negative zones spend more time in
the “active” or firing state with more (n=80/164) cells tonically active (100% of time firing), while parvalbumin positive
cells had longer periods of pausing and less cells tonically active (n=25/121 cells). B) Additionally, while parvalbumin
positive cells tend to spend less time firing, during the firing bursts they typically display higher firing rates (n=10 mice). Pvalues were calculated with a Mann-Whitney test.

Parvalbumin contributes to a higher spike rate and the burst-pause phenotype in
Purkinje cell subtypes
To assess whether PV contributes to spike rate in PCs, cells from PV- areas were
chosen and the baseline firing rate over five minutes was recorded before bath application
of cell permeable EGTA/AM (150µM). EGTA is a calcium buffer with similar properties
to PV (Caillard et al., 2000; Schwaller et al., 2002), although parvalbumin has additional
properties at high concentrations (Eggermann and Jonas, 2013). We hypothesized that
increased calcium buffering leads to an increased spike rate and mimicking PV buffering
capacity with EGTA in PV- cells would lead to a detectable increase in firing rate. Indeed,
addition of EGTA/AM resulted in a significant increase in firing rate (Figure 12A,B) in
cells that otherwise fire at a very consistent rate over time (Figure 10). Furthermore,
pausing behavior increased in the EGTA/AM group (Figure 12C), which suggests
sequestration of calcium by EGTA (and therefore PV) likely influences the ability of cells
to maintain tonic firing.
PV’s contribution to spike rate was further confirmed by recording from PCs that
no longer express PV. All cells in PV knock-out (KO) and littermate wild-type (WT)
mice were chosen from the typically PV+ area of crus II, as in previous recordings. The
PV KO PCs no longer displayed the full firing rate range or average mean expected for
the PV+ zone, while the WT littermate recordings reproduced the range found in the
previous experiment (Figure 13A). However, percentage of time firing did not
significantly shift (Figure 13B). PV KO was confirmed with a western blot (Figure 14).
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Figure 12. Cells in parvalbumin negative regions increase firing rate and pausing time when exposed to a calcium buffer.
(A) Purkinje cells were chosen from parvalbumin negative regions and each firing rate was calculated over five minutes
recording time. Bath application of cell permeable EGTA/AM, which shares properties of calcium buffering similar to
parvalbumin, resulted in a significant increase in firing rate (paired t-test) within cells that would otherwise maintain a
consistent firing rate over time. (B) Tonic firing rate over two seconds (to resolve individual spikes) increases after exposure to
EGTA/AM. This suggests that parvalbumin is directly involved in regulating firing rate. C) The percentage of time spent firing
decreased after application of EGTA/AM (Wilcoxon matched-pairs signed rank test). Therefore, tonically firing cells (100%
active) began to display burst-pause behavior. Circles at 100% overlap in the graph; 5/15 tonically active cells remained
tonically active while 10/15 cells began to pause. n=21 cells, 4 mice. The open circles with error bars on sides in A and C
indicate mean ±SEM.
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Figure 13. Parvalbumin knock-out mice have PCs with decreased firing rates.
A) The PV- and PV+ columns for firing rate are reproduced from figure 5 to compare the PV KO mice. Over five minutes of
cell-attached recording time, Purkinje cells in the typically PV+ zone of mice that no longer express PV have lower average
firing rates that resemble PCs in PV-zones (n=80 PCs, 3 mice). Their wild-type littermates (PV WT) show the average firing
rate as previously found for wild-type PV+ cells (n=86 PCs, 3 mice). B) PV KO mice do not show significant differences in
percentage of time firing.

Figure 14. Confirmation of absence of parvalbumin expression in
parvalbumin knock-out animals.
Cropped image of immunoblot showing parvalbumin expression in all wildtype littermates but not in PV KO animals. β-actin was used as loading
control. Membrane was cut at the 28kDa marker and pieces were blotted
separately with indicated antibodies. N = 3 animals/genotype.

Summary
PV+ PCs are more likely to display burst-pause patterns instead of tonic firing and
to have a higher spontaneous firing rate than PV- cells, which often display tonic firing
without bursting. It was found that mimic of PV with a similar calcium buffer leads to
increased firing rates and pausing time in PV- cells, shifting them toward the pattern
typically observed in PV+ cells and that PV knock-out mice have PCs with decreased
firing rates.
This suggests a direct role of PV in contributing to higher spike rates and burstpause behavior. As previous research has shown that aldolase C negative PCs have higher
intrinsic spike rates (Xiao et al., 2014; Zhou et al., 2014; Nguyen-Minh et al., 2018) and
my distribution maps show that aldolase C negative PCs are PV+, it is then likely that PV
is an underlying driver for this firing phenotype. However, it does not appear that PV is
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the only factor involved in driving higher spike rates, as individual cells within PV- areas
did not all respond with increased firing rate and pause time. Therefore, Chapter 3 will
explore other ion channels known to be involved in intrinsic firing behavior of PCs.
In the future, similar studies to evaluate the contribution of calbindin will be useful
to disentangle the various effects of different calcium binding proteins on the overall firing
rate. Calbindin is a fast calcium buffer, and in this case, BAPTA would be more useful to
mimic calcium buffering (Schwaller, 2002). However, as calbindin does not display clear
segregation within lobules as PV does, a way to identify the neurons to target for
electrophysiological recordings will be of greater importance.
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Chapter 3:
Parvalbumin positive Purkinje neuron subtypes differentially utilize ion channels

Introduction

Chapter 1 demonstrated that PC populations are divided into subtypes based on the
presence of the calcium binding proteins PV and calbindin while Chapter 2 reports mimic
of calcium buffering can directly manipulate PC spike rate and pausing time. Therefore,
regulation of intracellular calcium appears to be critical to produce the diverse spontaneous
firing phenotypes seen across individual PCs.
Since the earliest reports (Llinas, 1980), PC burst-pause firing is also known to be
dependent on ion channels that modify and respond to calcium influx. As mimic of
calcium buffering did not affect all PCs to an equal extent, I hypothesized that ion channels
are also regulated based on PC PV subtype. This chapter examines how blockade of
potassium and calcium channels contributes to PC firing phenotypes in addition to PV
expression.

Methods
Animals
C57BL/6 mice were purchased from the Comparative Medicine/Veterinary
Resources at the University of Maryland School of Medicine (Baltimore, MD, USA).
Animals were housed in the animal facility with free access to food and water on a 12/12h
light/dark cycle. All experiments involving animal procedures were approved by the
Institutional Care and Use Committees (IACUC) of the University of Maryland School of
Medicine and the Hussman Institute for Autism.
Ex vivo slice electrophysiology
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Cerebellar slices were prepared from P25-P45 C57/Bl6 mice (modified from
Eguchi et al., 2020). Mice were anesthetized with isoflurane and brains were removed in
warm (34˚C) dissecting artificial cerebrospinal fluid (aCSF) containing (in mM): 210
sucrose, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 D-glucose, 0.5 ascorbic acid, 2 sodium
pyruvate, 3 myo-inositol, 1 kynurenic acid, 4 MgCl2 and 0.1 CaCl2 saturated with 95% O2
and 5% CO2. Coronal sections were cut at 300µm on a vibratome (Leica VT1200s) in
dissecting aCSF before being transferred to room temperature aCSF containing (in mM):
126 NaCl, 2.5 KCl, 1 NaH2PO4, 24 NaHCO3, 10 D-glucose, 2 MgCl2 and 2.5 CaCl2
saturated with 95% O2/5% CO2 and held for at least one hour before recording.
The loose-patch configuration in voltage clamp mode (zero current injection) was
used to reliably obtain recordings of spontaneous firing by minimizing disturbance of the
cell membrane (Perkins, 2006) with borosilicate glass pipettes that had an open pipette
resistance of 2-4Ω with slice maintained near 32˚C. The drugs NBQX (10µM), DL-AP5
(50 µM) and picrotoxin (100 µM) were added to pharmacologically block any synaptic
contribution to PC firing. Recordings were collected using an Axon MultiClamp 700B
amplifier (Molecular Devices) filtered at 10 kHz and digitized at 25 kHz with a National
Instruments 150 digital-to-analog converter under the control of Igor Pro software
(WaveMetrics, v6.37, 151).

Spontaneous (intrinsically generated) firing rates were

quantified over five minutes. Addition of 1mM TEA for at least fifteen minutes (McKay
& Turner, 2004) or 500 nM ω-Conotoxin MVIIC for at least forty minutes (McDonough
et al., 1996) was achieved through bath application. Analysis of spike rate over time was
achieved through generation of histograms with the Igor software add-on, NeuroMatic
(Rothman & Silver, 2018). After tests for normality, either a paired t-test or Wilcoxon
matched-pairs signed rank test was used to compare paired cells before and after drug
application with Graph Pad Prism version 8.0.
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Results

Potassium and calcium channel block differentially affect Purkinje cell parvalbumin
subtypes
As a group, cells exposed to EGTA/AM (Chapter 2) both increased firing rate and
pausing time. However, individual cells did not always follow this pattern. For example,
several cells did not increase firing rate and one cell increased active time, suggesting that
other factors may also contribute to an individual cell’s bursting behavior and spike rate.
Furthermore, the burst-pause behavior of PV KO cells did not shift as in the EGTA
experiment, which likely reflects dependence on other factors than PV in this
subpopulation. Burst-pause dynamics in PCs are known to depend on the interplay of
sodium, calcium and potassium channels (Llinas and Sugimori, 1980; Raman and Bean,
1997, 1999; Nam and Hockberger, 1997; Womack and Khodakhah, 2002; Shim et al.,
2018), which could also contribute to differences in intrinsic firing patterns between
individual PCs. Therefore, we applied either 1mM TEA to block potassium channels or
500nM ω-Conotoxin MVIIC to block P/Q type calcium channels and both PV subtypes
were assessed for differential responses (Figure 15).
Interestingly, both TEA and ω-Conotoxin MVICC application induced changes in
the pattern of firing of PCs, but the particular response was associated with the PV subtype.
PV+ PCs did not show significant differences in time spent firing or in firing rate, but PVcells decreased time spent firing, which is reflective of the induced pausing behavior
(Figure 15A). Qualitatively, block of potassium channels with TEA could completely
transform the firing phenotype. For example a tonically firing cell could become a PC
with burst pause sequences (Figure 15B). Similarly, ω-Conotoxin MVICC application
transformed tonically firing cells into bursting cells (Figure 15D). Each tonically firing
cell could be shifted into a pausing cell, but the length of pauses and bursts produced were
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unpredictable, suggesting the overall firing phenotype is dictated by the combination of
channel types. Block of P/Q type calcium channels consistently decreased the total time
spent firing in PV- cells, but did not silence these cells. However, all PCs in PV+ areas
were silenced by ω-Conotoxin MVIIC application, driving their firing rate zero and several
PV- PCs displayed increased firing rates during periods of bursting, which increased the
variance of the group firing rates.
Collectively, these different mechanisms that regulate and respond to intracellular
calcium appear to contribute to the diverse spontaneous firing phenotypes displayed by
PCs. PV expression can contribute to the higher firing rates and pausing behavior in
individual PCs and both potassium channels and P/Q type calcium channels are important
for setting the burst-pause behavior, but have variable effects on firing rate from cell to
cell. Since PCs in the PV+ areas were all silenced with ω-Conotoxin application, it is
likely this cell subtype is most reliant on P/Q type calcium channels to initiate burst-pause
sequences and suggests PV may be highly expressed as a means to buffer increased
calcium influx through the P/Q type channels. Cells in PV- areas also reduced time spent
firing, but did not go silent. This suggests individual PCs regulate the composition of
various channel types and intracellular calcium binding proteins to produce the diverse
intrinsic firing phenotypes observed.

Figure 15 (subsequent page). Cells in parvalbumin positive and negative regions
show differential responses to potassium and calcium channel block.
A) Application of 1mM TEA had variable effects on total time spent firing and firing rate
over the five minute recording time, but consistently changed the firing pattern of PVPurkinje cells through increased pausing time (Wilcoxon matched-pairs signed rank test;
PV- n=12, PV+ n=11) B) For example, a tonically firing cell became a pausing cell. C)
Application of 500nM ω-Conotoxin MVIIC reduced active time in both subtypes
(Wilcoxon matched-pairs signed rank test), but caused all parvalbumin positive cells
(n=12) to go silent while several parvalbumin negative cells (n=15) increased their firing
rate during bursts, which increased the variance of the group (F-test). D) Similar to TEA,
conotoxin produced distinct shifts in firing patterns that were variable from cell to cell.
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Summary
Blocking P/Q type calcium channels resulted in silencing of PV+ PCs over the time
course examined, while block of PV- PCs resulted in longer pause sequences, but often
increased firing rate. Strikingly, calcium channel block also shifted tonically firing cells
into the burst-pause phenotype. An informative study (Womack & Khodakhah, 2002)
examining burst-pause dynamics in PCs also used ω-Conotoxin MVIIC over a similar time
course to block P/Q type calcium channels and observed bursting cells go silent after
application, while tonically active cells increased their firing rate, bursted and then went
silent. I also observed this behavior, but it was restricted to the PV+ regions. Although
there are not as many tonically active cells in this area, they are present. The tonically
active cells in the PV+ region went silent with ω-Conotoxin MVIIC application, while the
tonically active cells in the PV- region did not silence over this time course. As the
Womack & Khodakhah, 2002 study was performed in the cerebellar vermis, direct
comparisons are difficult and future work is needed to show whether PV+ and PV- regions
in the vermis show the same phenotype as those in the cerebellar hemisphere.
Potassium channel block only slightly increased or decreased firing rate in
individual cells and unpredictably altered the burst pause dynamics observed, suggesting
that individual cells may regulate number of channels expressed and/or differentially
modify potassium channel function to contribute to the distinct firing patterns observed.
McKay & Turner, 2004 teased apart the role of potassium channels in bursting behavior in
PCs of the rat vermis and found that application of TEA could shift the pattern of bursting
and bursting frequency, which they report to mainly be dependent on Kv3 channels. We
see this shift in the PV- cells (represented by the time spent firing), but the PV+ cell group
mean did not significantly shift, suggesting differences based on subtype, but could also
be due to differences in region. Interestingly, Kv3 channels have been reported to have
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high variability of expression in PCs from cell to cell (Veys et al., 2013), which could
explain the various responses we observed and is a promising avenue of exploration for
more precise descriptions of individual PC phenotypes.
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Discussion

Limitations
Due to the unexpected finding that PV-tdTomato did not express PV within
Purkinje cells (it was present in interneurons) in any cerebellar area examined, confirmed
PV+ cells could not be chosen for electrophysiological recordings and post-stain of PV
with fluorescence was unreliable in the thick sections. Therefore, the identity of each
cell could not be confirmed and both groups (PV+ and PV-) likely contain aldolase C
positive PCs since striping occurs throughout crus II. Strategies to discriminate between
the cell types in future studies may reduce variability between the two groups.
Recordings of PCs before and after application of TEA and ω-Conotoxin MVIIC
revealed very distinct shifts in the overall firing phenotype observed, demonstrating their
importance for the overall shape of the burst and pause times. However, whole-cell
recordings will be useful to confirm differences in number and function of the various
channel types for each cell and to tease apart the various contributions of potassium
channel subtypes, as TEA will exert effects on all potassium channels.

Heterogeneous populations of Purkinje cells
The widely held assumption of an operationally uniform cerebellar cortex or
“universal cerebellar transform” has come under recent scrutiny, as evidence increasingly
points to variation in anatomy and physiology regionally (For review see: Cerminara et al.,
2015). Many of the markers found to be differentially expressed across lobules would
imply differences in synaptic physiology, such as excitatory amino acid transporter
(EAAT4) (Nagao et al., 1997; Dehnes et al., 1998), mGluRs (Mateos et al., 2012) and
GABA receptors (Fritschy et al., 1999; Chung et al., 2008), among others. Differences in
synaptic physiology would therefore be assumed to underlie the reported differences in
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firing properties between cerebellar modules. However, regional variation in simple spike
frequency has been reported even when pharmacologically blocking all input (Zhou et al.,
2014), indicating that intrinsic properties dictate PC firing phenotypes that are then
modulated by synaptic input. The underlying mechanisms that drive these differences in
PC spontaneous firing have so far been elusive. My data provides evidence that individual
PCs are diverse in their utilization of both ion channels and intracellular calcium binding
proteins that can account, at least in part, for the differences observed in firing rate and
burst pause behavior that dictates intrinsic excitability and thereby information coding to
the deep cerebellar nuclei.
PV, long thought to be a general PC marker, is restricted to a subpopulation that
does not display the typical striping phenotype. Instead, PV+ PCs are segregated to the
surface of the cerebellum and colocalize with the calbindin Swant antibody preferentially.
These differences in calcium binding proteins contribute to the mounting evidence that
PCs are divided into many subtypes based on expression of both intracellular and
membrane proteins. For this reason, the common method of pooling all PCs when
analyzing differences in a mutant animal, for example, may be obscuring differences since
the variability would be unnecessarily high as a group. More precisely defining which
groups of PCs to examine may therefore provide better insight into potential differences.

Intrinsic differences of parvalbumin subpopulations
The segregation of PV positive PCs to the surface of the cerebellum correlates with
the location of cells that often display the burst-pause phenotype instead of tonically firing.
This observation has been reported in the literature, where Zhou et al., 2015 methodically
recorded from PCs across the cerebellum and also found differences in burst-pause firing
based on location, stating that PCs with long pauses segregate to the surface of the
cerebellum and non-pausing cells are more interior. As our PV maps precisely correspond
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to these phenotypes, PV+ PCs appear to be a subpopulation. Differences in expression of
other molecules within the PV populations is likely, which future studies may illuminate.
The present data suggests that ion channel expression is variable across PC PV
subtypes, as the contribution of various ion channels assessed by pharmacological block is
different depending on which PC subtype is examined. It is well documented that burstpause dynamics are controlled by the interaction of voltage gated sodium, calcium and
potassium channels (Llinas & Sugimori, 1980; Raman & Bean, 1997, 1999; Nam &
Hockberger, 1997; Womack & Khodakhah, 2002; Shim et al., 2018), but my data suggests
that these interactions can vary from cell to cell.
Potassium channels in PCs are calcium sensitive and regulate both sodium and
calcium spike discharge (McKay & Turner, 2004) while P/Q type calcium channels pass
calcium directly (Llinas & Sugimori, 1980), therefore, calcium utilization and regulation
is crucial to the generation of bursting behavior in PCs. In addition to these ionic
mechanisms that can control intrinsic excitability, calcium buffers likely add to the
complexity by modifying the amount of calcium available and, consequentially, aid the
capacity for higher spike rates and sustained firing. I show that mimic of PV calcium
buffering with EGTA in PV- areas, results in increased firing rate and increased pausing
behavior that resembles the cells in PV+ areas, suggesting a direct role of PV in the intrinsic
firing differences observed between subpopulations.

Implications for intrinsic plasticity
As all synaptic contribution was blocked in our preparation, the phenotypes
recorded represent spontaneous properties of individual PCs and are highly diverse from
cell to cell based on length of burst and firing rates during bursts or tonic activity. It is
unclear to what extent these spontaneous properties can shift within one cell over time.
During development, PCs have been reported to fire more irregularly than they do after
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four weeks maturity (Arancillo et al., 2015), suggesting that phenotypes are acquired due
to connectivity development and activity-dependent processes. An emerging concept
particularly relevant for PCs is that information storage may not only depend on synaptic
plasticity, but on activity-dependent modulation of intrinsic excitability, or intrinsic
plasticity, as ion channels are modified based on input (for review see: Shim et al., 2018).
PC membrane bistability, characterized by burst-pause sequences, can be modified
by climbing fiber input (Cheron et al., 2014), hyperpolarization-activated mixed cationic
current IH (Williams et al., 2002), Bergmann glia (Wang et al., 2012) and interneurons
(Oldfield et al., 2010). As the present data provides evidence that alterations in PV
expression, potassium channel function and calcium channel function can shift cells
between different firing phenotypes, it is likely these mechanisms are utilized by PCs for
intrinsic plasticity and may be important for the incorporation of functionally distinct PCs
in behavior, as recently shown in zebrafish locomotor tasks (Chang et al., 2020).

Consequences for Purkinje neuron output
The baseline differences in spontaneous firing of PCs provide coding information
to the deep cerebellar nuclei (DCN), which is thought to be in the form of both a rate code
and a time code. Regular (simple) spikes comprise the rate code that are interrupted by
pauses, which may act as a temporal code so that synchronized pauses lead to a rebound
in DCN neuron firing (Sudhakar et al., 2015; Heck et al., 2013). This relationship of
synchronized PCs acting on synchronized patches of DCN neurons is fundamental to the
function of cerebellar circuitry as a whole, since the only output from the extensive
computational processing in the cerebellar cortex is through the PCs and the only output
of the entire cerebellum to the rest of the brain is the DCN.
For this reason, it is critical to understand the organization of projections from PCs
in the cerebellar cortex to the DCN. It has been estimated that PCs converge onto DCN
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neurons at a ratio of 50:1 (Person and Raman, 2012), but understanding of the precise
strategies used to integrate converging input from PCs and signal to the rest of the brain is
an active area of research that is yet unresolved. Part of the challenge in understanding
coding integration on DCN neurons may be overcome by consideration for the
subpopulations projecting onto them. For example, it is not clear from the available
literature where the PV subpopulations described in Chapter 1 project within the DCN,
although they would follow the topographic organization demonstrated for each lobule.
Since the PV subtype typically has a higher intrinsic firing rate and pausing behavior than
other subtypes, it is likely that this type of rate coding is competing with the coding rate
delivered to DCN neurons by other PCs. Therefore, one way to assess integration of PC
input onto a single DCN neuron would be to simultaneously optogenetically tag
subpopulations of PCs so that projections from different PCs could be discriminated and
activated in order to observe the consequences for DCN neuron output.
Future research should help to clarify the relationship between intrinsic PC coding
and synaptic modification that results in signaling to output structures and to clarify how
these differences in PC subtype may enable information coding across cerebellar
microzones and modules, as well as the impact for many conditions represented by
cerebellar processing deficits.

Significance for ASD
The areas chosen for electrophysiological analysis in Chapters 1 and 2, crus I and
crus II, were chosen based on clear segregation of PV subtype, but they are also two
cerebellar regions that have been implicated in ASD (for review see: D’Mello and
Stoodley, 2015; Becker and Stoodley, 2013). These regions are associated with the role
of the cerebellum in several of the cognitive functions discussed in the general introduction
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and crus II specifically has been linked to language processing in humans (Moore et al.,
2017).
Furthermore, the reported decreases in PV expression in human postmortem PCs
(Soghomonian et al., 2017) were analyzed in crus II. Assuming the distribution patterns
of PV subtypes are similar between mouse and human, PV positive cells would only be a
subpopulation within crus II. As discussed in the previous section, it will be important to
determine how these different PC subtypes converge onto cells in the DCN and cooperate
to affect output of DCN neurons. The present data suggests that PV is an important
contributor to sustain high spike rates and bursting behavior in PCs, which may be a
mechanism by which modules within the cerebellum synchronize with each other and
affect output across topographic DCN zones. If this synchronization process is disrupted
in ASD, either due to the lower PV or by other related mechanisms in the same neuron
subtypes, the cerebellum may be at a disadvantage for the typical processing it is
responsible for.
It will be useful to revisit the postmortem cerebellum with these distribution
patterns in mind to clarify which PC subtype(s) are most heavily impacted. For example,
previous reports of decreased numbers (discussed in the general introduction) can be
expanded on by determining whether the decrease stems from reduced numbers of the PV,
calbindin or aldolase C populations. If there is a particular PC population that is vulnerable
in ASD, it may be possible to specifically target this population for treatment. As the
ultimate goal would be to alleviate disruptive sensorimotor symptoms in individuals with
ASD, the PC may be a valuable target to improve quality of life.
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Part 2
General Introduction

In parallel to experiments that focused on the cerebellum as the major topic of this
dissertation, other experiments centered on cortical and basal ganglia human tissue were
performed.

Since differences between ASD and neurotypical brains are relatively

unknown, many postmortem studies are exploratory in nature and are therefore presented
here as separate sections. The overarching hypothesis is that human postmortem ASD
tissue will show quantifiable differences in receptor subtype populations.
The earliest recognized biomarker in ASD, serotonin, has received much attention,
but there are limited human studies that have quantified serotonin receptors directly in
ASD brain tissue. The hypothesis that ASD tissues show alterations in composition of
serotonin receptor subtypes in cortical areas is explored first. This is followed by a study
quantifying serotonin, dopamine and GABA receptors in the basal ganglia, as the only
approved drugs for ASD are known to target these receptors. As published manuscripts,
in depth discussions are included in each chapter.
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Chapter 4:
Differential serotonin transporter (5-HTT) and 5-HT2 receptor density in limbic
and neocortical areas of adults and children with autism spectrum disorders:
Implications for selective serotonin reuptake inhibitor efficacy1

Introduction

Peripheral hyperserotonemia was the earliest demonstrated neurochemical change
in individuals with Autism Spectrum Disorders (ASD) (Schain & Freedman 1961) and has
since become the best replicated biomarker, as recent meta-analyses conclude that
hyperserotonemia is present in 25-45% of the autism population (Gabriele et al. 2014;
Chen et al. 2017; Eissa et al. 2018). Furthermore, whole blood maternal serotonin levels
during

pregnancy

are

associated

with

altered

cognitive

abilities

and

core

neurodevelopmental outcomes in offspring with ASD (Montgomery et al. 2018).
In the last decade, attention also has been directed toward the study of central
serotonin levels as serotonin (5-HT) plays important roles in neurogenesis, cell migration,
synaptogenesis, plasticity, 5-HT transporter (5-HTT) function and signalling during brain
development and maturation, as well as a variety of other neural processes (for review see:
Garbarino et al. 2018). Usage of drugs targeting 5-HTT has been increased in an effort to
treat symptoms of depression and/or other core symptoms in a variety of neuropsychiatric
disorders. In a Centers for Disease Control and Prevention (CDC) report, between 2011
and 2014, 12.7% of persons over 12 years of age had used antidepressant medications in
the previous month, 68% took these medications for two years or more, while 25% took
them for ten years or more (Pratt et al. 2017).
Selective serotonin reuptake inhibitors (SSRIs) have been effective in treating
patients with major depressive, anxiety and obsessive compulsive disorders and have been
widely prescribed to individuals with autism for the treatment of repetitive behaviors (King
1Brandenburg

C. and Blatt G.J.
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& Bostic 2006), as 21-32% of chlidren with ASD are prescribed one or more antidepressant
medications (Langworthy-Lam et al. 2002; Aman et al. 2003; Oswald & Sonenklar 2007).
Pharmacotherapeutic treatment for individuals with autism has been largely off-label
(Oswald & Sonenklar 2007) and often not directed toward core symptoms of the condition
(Gibbs 2010). In a seminal clinical trial by King et al. (2009), citalopram hydrobromide,
an SSRI that primarily targets 5-HTT, was administered to 149 children with ASD aged 517 years for twelve weeks from six academic institutions. Instead of seeing significant
improvement in symptoms and/or behavior, the citalopram hydrombromide group
experienced adverse effects of the drug, including increased energy level and
hyperactivity, insomnia, reduced concentration, impulsiveness and stereotyped behaviors.
Recently, a case report in which four children 6-12 years old with ASD were given low
doses of the SSRI fluoxetine found improvement in ADHD-like symptoms, irritability
and/or self-injurious behavior (Lucchelli & Bertschy 2018). Previously, Hollander et al.
(2012) found improvement in repetitive behaviors in adult ASD subjects who were
administered fluoxetine while McDougle et al. (1996), in a clinical trial using the SSRI
fluvoxamine, reported improvement in aggressive behavior in adult ASD patients.
However, a Cochrane Review including 320 participants concluded there is no evidence
for SSRIs as effective treatments for autism in children, but there is limited evidence for
effectiveness in adults (Williams et al. 2013). These and other studies suggest that there
are differential effects depending on the specific dose-dependent SSRI administered, with
citalopram being the least effective in ameliorating or modulating autism-related
behaviors.
Nevertheless, there is substantial evidence that 5-HT systems are altered in ASD in
both humans and in animal models (for review see: Muller et al. 2016). Many individuals
with ASD and some of their family members have increased blood 5-HT levels (Schain &
Freedman 1961; Cook & Leventhal 1996; Lam et al. 2006; Gabriele et al. 2014) and
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genetic variation in 5-HTT in some individuals with autism has been reported (Yonan et
al. 2003; Devlin et al. 2005; Sutcliffe et al. 2005; Kistner-Griffin et al. 2011). Positron
emission tomography (PET) imaging studies have demonstrated abnormal 5-HT synthesis
in brain regions in autism (Chugani et al. 1997; Chugani et al. 2001; Chandana et al. 2005)
and a polymorphism in the gene for the serotonin transporter (SLC6A4) has been
associated with increased cerebral cortex grey matter volume in children with ASD
(Wassink et al. 2007).
These early clinical, imaging and genetic studies demonstrated 5-HT alterations in
the autism brain, supported the use of 5-HT as a biomarker and suggested the potential for
novel biomarkers to be found in different 5-HT receptor subtypes, which led to several
imaging studies that focused primarily on high-functioning individuals with autism. A
PET imaging study of a high-functioning autism cohort (n=20, 18-26 years of age) revealed
decreased 5-HTT binding in the anterior cingulate cortex (ACC), posterior cingulate cortex
(PCC) and thalamus, which was associated with behavioral changes, including impairment
of social cognition and repetitive/obsessive actions and interests (Nakamura et al. 2010).
Makkoen et al. (2008) used single photon emission computed tomography (SPECT) on a
small group of high-functioning children and adolescents and found decreased 5-HTT
binding in the medial frontal lobe, especially in the adolescent cohort, whereas 5-HTT
binding in the midbrain and temporal lobe was normal. In another imaging study, Murphy
et al. (2006) utilized the ligand 123I-5-I-R91150 that shows selectivity for 5-HT2 receptors
and reported significant binding decreases associated with social communication deficits.
Additionally, parents of children with ASD have been reported to have significantly
decreased cortical 5-HT2 receptor binding, with a negative correlation to their platelet 5HT levels using PET imaging (Goldberg et al. 2009).
In contrast to high-functioning autism, there is a paucity of investigations that
include idiopathic autism cases, making it difficult to generalize potential
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pharmacotherapies toward affected receptors across the autism spectrum. In one of the
few studies of idiopathic autism, Azmitia et al. (2011) utilized immunocytochemistry in
postmortem autism and neurotypical control cases 2-29 years to label serotonergic fibers
in the forebrain cortical white matter and their projections into the temporal cortex. These
investigators identified an increased number of 5-HT axons in the autism group, leading to
the conclusion that physicians should use caution in prescribing SSRIs to children. These
authors also postulated that the increased number of 5-HT axons could have profound
effects on 5-HT receptor subtypes, including the presynaptic 5-HT1A receptors and the
abundant 5-HT2A receptors, thus affecting synaptogenesis and ultimately function.
However, there are very few studies analyzing 5-HT receptor differences within
the postmortem brain of individuals with autism. Our initial findings based on single
concentration ligand binding studies in young adults with ASD provided strong evidence
for alterations in brain 5-HT systems in autism due to the high sensitivity of
autoradiography methods, with reductions in density of 5-HT1A and 5-HT2A receptors in
the PCC and fusiform gyrus (FG), but no change in binding to the transporter 5-HTT
(Oblak et al. 2013). This suggested that pharmacotherapies targeted toward affected 5-HT
receptor subtypes identified within different individuals may lead to improved therapeutic
outcomes.
We thus aimed to expand on our initial single concentration ligand study (Oblak et
al. 2013) by increasing the cohort size and comparing multiple concentrations of three 5HT ligands in three cortical regions within ASD cases that span a range of severity in
diagnosis. In addition to the PCC and FG, we included the ACC, which had not been
evaluated in the previous study. Here, we perform multiple concentration saturation
binding assays in a cohort of human postmortem brain tissue from individuals with
idiopathic autism as compared to age-matched neurotypical control brains. This design
allows for determination between a change in receptor density (Bmax) and/or a change in
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ligand affinity (KD), which might arise due to post-translational modification of receptors,
receptor oligomerization or association of receptors with modulatory proteins (Nichols &
Nichols 2008). 5-HT1A and 5-HT2 receptors, as well as the transporter 5-HTT, were
quantified in both superficial and deep laminar layers in the ACC, PCC and FG. This
larger cohort allowed for separation of cases based on age (adults >16 years and
children/adolescents ≤16 years) to mimic clinical trials that found differential age-related
results with SSRI use.
In one of the largest postmortem autism studies to date, our results indicate
alterations in the 5-HT system within the adult ACC. The ACC is one of the most
consistently reported abnormal cortical regions in behavioral, imaging and pathological
studies in autism (Bauman & Kemper 1985; Bailey et al. 1998; Simms et al. 2009, Forde
et al. 2018) and plays fundamental roles in cognitive processes such as motivation,
decision making, learning, cost-benefit calculation, as well as conflict and error monitoring
(Shackman et al. 2011; Holroyd & Yeung 2012; Rushworth et al. 2012; Shenhav et al.
2013; Ullsperger et al. 2014; Holroyd & McClure 2015; Verguts et al. 2015; Laubach
et al. 2015; Kolling et al. 2016; Apps et al. 2016). An emerging role for the ACC in social
cognition, particularly tracking the motivation of others (for review see: Apps et al. 2016),
may be especially relevant in the context of ASD as it is thought that autistic individuals
lack social motivation (Mundy & Neal 2001; Dawson et al. 2005; Schultz 2005; Chevallier
et al. 2012). Therefore, the ACC may represent a vulnerable area in ASD, which has been
shown to have relevance to ASD specific behaviors.

Methods
Postmortem tissue
Human postmortem brain tissue was obtained from the University of Maryland
Brain and Tissue Bank, a brain and tissue repository of the NIH Neurobiobank, and from
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the Harvard Brain and Tissue Resource Center of the Autism Tissue Program, which is
now Autism BrainNet. Case demographics are provided in Table 3. Fresh frozen tissue
blocks from the left hemisphere of three cortical regions including the ACC (n=19 control,
n=18 autism), PCC (n=18 control, n=19 autism) and FG (n=18 control, n=14 autism) were
sectioned coronally at 20µm on a cryostat and kept frozen at -80˚C. There were no
statistically significant differences in total case ages (p=0.14) or postmortem interval
(PMI) (p=0.23) between autism and control cases using a Welch’s t-test. All autism cases
had confirmed diagnoses through the Autism Diagnostic Interview-Revised (ADI-R)
scores and/or received a clinical diagnosis of autism from a licensed psychiatrist. Ten
autism cases had at least one seizure reported and seven had reported medications (Table
3).
As this reasearch did not involve live human subjects, Institutional Review Board
approval and informed consent was not necessary. However, the University of Maryland
Brain and Tissue Bank is overseen by Institutional Review Board protocol number HMHP-00042077. This study was not pre-registered.
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Table 3. Postmortem brain donor case demographics.
Cases
Diagnosis
Adults >16
602
Control
1026
Control
1365
Control
4103
Control
4104
Control
4267
Control
4268
Control
4271
Control
4272
Control
4275
Control
4345
Control
4364
Control
4599
Control
4605
Control
4916
Control
5321
Control
5813
Control
5873
Control
6004
Control
1078
Autism
1401
Autism
1484
Autism
1664
Autism
2825a
Autism
3845
Autism
4099
Autism
5027
Autism
5574
Autism
5754
Autism
b
5771
Autism

Age

PMI

27
28
28
43
24
26
30
19
19
20
27
27
23
29
19
19
20
28
36
22
21
19
20

15
6
17
23
5
20
22
21
17
16
19
27
18
17
5
12
24
23
18
14
20
15
15

M
M
M
M
M
M
M
M
M
M
F
M
M
M
M
F
M
M
F
M
F
M
M

19
30
19
37
23
20

9
28
3
26
14
29

27

c

5864
Autism
20
6337
Autism
22
Children/adolescents ≤16
1714
Control
12
3835
Control
9
4188
Control
16
4274
Control
16
4337
Control
8
4670
Control
4
5170
Control
13
5242
Control
15
5334
Control
12
5376
Control
13
5387
Control
12
5391
Control
8
5408
Control
6
5558
Control
5
1469
Autism
5
2004
Autism
10
2993
Autism
5
3871
Autism
5
3924
Autism
16

Gender Ethnicity

Cause of Death

Brain Bank- Seizure

Caucasian
Caucasian
Caucasian
Caucasian
African American
African American
African American
African American
Caucasian
Caucasian
Cauacasian
Unknown
African American
African American
Caucasian
Unkown
African American
African American
African American
Caucasian
Caucasian
English-white
Unknown

Accident, multiple injuries
Congenital Heart Disease
Multiple injuries
Heart attack/disease

UMBTB
ATP
ATP
ATP

Gun shot to the chest

Accident
Cardiomyopathy (heart attack/disease)
Epiglottis/unknown
Accident
Accident
Respiratory failure
Motor vehical accident
Cardiac arrthymia/anomalous coronary artery
Commotio cordis
Accident, drowning
Accident
Atherosclerotic cardiovascular disease
Unknown
Unknown
Congenital heart disease
Sepsis
Burns
Drowning

ATP
ATP
ATP
ATP
ATP
ATP
UMBTB
ATP
UMBTB
ATP
ATP
ATP
UMBTB
ATP
ATP
ATP- Yes
ATP
ATP
ATP- Yes

M
M
M
M
M
M

Unknown
English-white
Caucasian
African american
African american
Uknown

Cardiac arrest
Cancer
Drowning
Obstruction of bowel due to adhesion
Pneumonia
Unknown

ATP- Yes
ATP
ATP
UMBTB- Yes
UMBTB
ATP

5

F

Caucasian

Undetermined

UMBTB- Epilepsy

63
25

M
M

Caucasian
Caucasian

Seizure disorder
Apiration

UMBTB
ATP

22
8
13
15
16
17
20
9
15
19
13
12
16
19
42
23
4
25
9

M
F
M
F
M
M
M
M
M
M
M
M
M
M
M
M
M
M
F

African American
African American
African American
Unknown
African American
Caucasian
African American
Caucasian
Hispanic
Caucasian
Caucasian
Caucasian
African American
Caucasian
English-white
Asian
English-white
Caucasian-Hispanic
Portuguese/Spanish

Cardiac arrthymia
Unkown
Gunshot
Accident
Blunt force neck injury
Commotio cordis
Gunshot wound to chest
Cardiac arrhythmia
Hanging/ suicide
Hanging/suicide
Drowning
Drowning
Drowning
Anomalous left coronary artery w/ complications
Uknown
Drowning
Acute respiratory distress syndrome
Drowning
Epilepsy

UMBTB
UMBTB
ATP
ATP
UMBTB
UMBTB
UMBTB
UMBTB
UMBTB
UMBTB
UMBTB
UMBTB
UMBTB
UMBTB

ATP
UMBTB
ATP- Yes
UMBTB- Yes
UMBTB- Epilepsy

4334d
4721
4849
4899e
5144

Autism
Autism
Autism

11
8
7

27
16
20

M
M
M

Hispanic
African american
African american

Acute hemorrhagic tracheobronchitis
Drowning
Drowning

UMBTB
UMBTB
UMBTB

Autism
Autism

14
7

9
3

M
M

Caucasian
Caucasian

Drowning
Complications of cancer

UMBTB
UMBTB- 1 week

5302

Autism

16

20

M

Caucasian

Diabetic ketoacidosis

before death
UMBTB

5308
f
5565

Autism

4

21

M

Caucasian

Skull fractures

UMBTB- Disorder

Autism
12
22
M
African american
Seizure disorder, complications
Autism
12
15
M
Caucasian
Hanging
5841g
Known medications:
a
Tegretol, Phenobarbital, Theodor
b
Ranitidine, Hydrocodone, Lamictal, Proferrin, Aranesp, Zonegran, Dlovan, Microgestin
c

Neurontin, Risperidone, Lorazepam, Oxcarbazepine
Kepra, Lexapro, Biaxin
e
Clonidine, Melatonin, Trileptal, Zoloft

d

f

Kepra
Daytrana, Vyvanse

g

74

UMBTB
UMBTB

Saturation ligand binding assays

Three tritiated [3H] ligands (Perkin Elmer, Boston) including ketanserin (NET7910
(2015)) (specific activity (SA)=47.3 Ci/mmol), citalopram (NET1039 (2015)) (SA=82.1
Ci/mmol) and 8-OH-DPAT (NET929 (2015)) (SA=146 Ci/mmol) were utilized as outlined
in Table 4. All tissues included in each assay were processed under the same conditions
at seven different concentrations that spanned 0.51 to 139nM in order to obtain saturation
binding curves for each ligand (Oblak et al. 2011a). Two thawed 20µm sections from each
case were used to quantify total binding at each concentration of ligand and one section
from each case was exposed to the ligand as well as 100µM of a displacer (imipramine
hydrochloride AAJ6372306, Fisher Scientific (2016); ritanserin 1955, Tocris Biosciences
(2016) and serotonin hydrochloride 3547, Tocris Biosciences (2016)) to determine nonspecific binding (Table 4), which was subtracted from the total binding to yield specific
binding of the ligand to the respective receptor subtype. All tissues went through a preincubation in buffer without ligand (5-HT2: 50 mM Tris-HCl (pH 7.4), 4 mM CaCl2, 0.1%
ascorbate; 5-HTT: 50 mM Tris-HCl (pH 7.4), 120mM NaCl, 5mM KCl; 5-HT1A: 170 mM
Tris-HCl (pH 7.6), 4 mM CaCl2, 0.01% ascorbate) for thirty minutes before being exposed
to the ligand and were then rinsed three times for five minutes in buffer followed by one
dip in distilled water and allowed to air-dry overnight. Slides were placed in X-ray
cassettes with [3H]-sensitive hyperfilm (Kodak Biomax MR film Z350389, Sigma-Aldrich,
St. Louis, MO (2016)) and a [3H] standard (Tritium standards ART0123, American
Radiolabeled Chemicals St. Louis, MO (2015)) then exposed for 3-26 weeks. Films were
processed in a darkroom by developing for three minutes in developer (Kodak D19 74200,
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Electron Microscopy Sciences, Hatfield, PA (2015)), fixed (Kodak Rapidfix 74312,
Electron Microscopy Sciences (2015)) for four minutes at room temperature and washed
with a stream of water for at least one hour and air-dried.
Data Analysis
Autoradiographs of the tissue sections exposed to film were digitized with a
QICAM digital camera (QImaging, Surrey, BC, Canada) and analyzed using MCID Core
7.1 Elite Image analysis system software (InterFocus Imaging Ltd, UK). Calibration of
each film with its own [3H] standard allowed for comparisons across films by choosing
one representative standard curve and normalizing all other standard curves and images to
it within the MCID software. The standard curves allowed for conversion from optical
density to nanocuries (nCi) per milligram (mg).
Binding in the superficial layers (I- IV) and deep layers (V-VI) of each cortical
region (Figure 16) was sampled with the ribbon tool running along the length of the
observable region of interest then converted to femtomoles per mg of protein based on the
specific activity of each ligand. The ACC, a limbic cortical area, lacks layer IV, thus
superficial sampling in the ACC includes layers I-III. The experimenter was blinded to
the diagnosis of the cases during sampling. After background subtraction, these total
binding values were plotted against the concentration of ligand and fitted with non-linear
least squares regression to generate saturation binding curves in GraphPad prism 6 to
estimate the number of receptors (Bmax) and binding affinity (KD) of each ligand for each
case.
Statistical Analyses
Equality of variance was calculated with an F-test, and since many of the autism
ligand groups compared to the control groups did not show equality of variance, Welch’s
t-tests were performed to determine differences in the number of estimated total receptors
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(Bmax). Since the statistical distribution of fitted KD values is log-normal (Delean et al.
1982), averaging, calculation of standard errors and significance testing were carried out
on the negative logarithm of KD (pKD=-logKD) (Oblak et al. 2009). Student’s t-tests were
conducted to compare binding affinity for each ligand in each brain region (Table 3). An
assessment of normality was conducted using the Shapiro-Wilk test and both control and
autism Bmax and KD values followed a normal distribution. Regression analyses were
carried out in Microsoft Excel (2013) and fitted with trendlines to obtain R2 values.
Student’s t-tests were utilized to compare the slope and intercept (elevation) of the
trendlines between autism and control groups. As we used all available tissue obtained
from the respective brain banks, a power analysis was not carried out and no tests for
outliers were conducted.

Results
Each of the three cortical regions, ACC, PCC and FG were included in all three
ligands; [3H]-ketanserin (5-HT2), [3H]-citalopram (5-HTT), and [3H]-8-OH-DPAT (5HT1A). The superficial (Lamina I-III in ACC; I-V in PCC and FG) and deep layers (Lamina
V-VI) were approximately delineated from adjacent Nissl stained sections and
autoradiographs as shown in Figure 16. Anatomical levels were matched as much as
possible based on whole tissue blocks provided by the brain banks.

The receptor

distribution pattern based on the ligand binding was mostly homogenous with [3H]ketanserin and [3H]-citalopram across layers, whereas [3H]-8-OH-DPAT had high binding
in the superficial layers of the cortex as compared to the deep layers at most ligand
concentrations, which saturated at a similar level with higher concentrations of ligand. The
autism ACC case shown in Figure 16 had similar binding to the control case for 5-HT1A,
but
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Figure 16. Example pseudocolored ligand binding images
from the ACC. Red represents
higher laminar binding. Cortical
layers were separated into
superficial and deep as shown in
the top right image. The same
adult case, one control (case 4599,
age 23) and one autism (case 5864,
age 20) is given for each ligand at
9nM. [3H]- ketanserin and [3H]citalopram have similar binding
distribution in the deep and
superficial layers, whereas [3H]-8OH-DPAT has higher binding in
the superficial layers. Note the
lower binding in the autism case
for 5-HT2 and 5-HTT, whereas the
5HT1A has the same level of
binding as the control.

had lower binding for both 5-HT2 and 5-HTT indicating receptor-specific alterations in the
serotonergic system in some autism cases within the ACC.
These alterations are readily observed when comparing saturation binding curves
in the ACC for control cases versus autism cases (Figure 17). There were no group
differences when comparing the Bmax or KD of all autism and control cases for 5-HT1A and
5-HT2, however, a decrease in Bmax for 5-HTT binding was significant for the autism group
(Table 3). Intriguingly, when separating total control and autism cases into adults (>16
years) and children (≤16 years) it appears that the adult cases are mostly driving the group
decrease in 5-HTT binding. Furthermore, separating analysis of children and adults for 5HT2 binding revealed a statistically significant decrease in Bmax for adult autism cases that
was not apparent when comparing the autism and control group as a whole. This indicates
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a similar receptor number in the ACC when comparing controls and children with autism,
but a tendency for autism cases to have lower binding levels of 5-HTT and 5HT2 than
controls in adulthood.
While the separation of children and adults mirrors clinical studies, the cutoff age
of 16 years isn’t necessarily biologically relevant, as development occurs over a continuos
time course. Therefore, further analyses were carried out to more clearly define the
relationship between age and 5-HT receptor expression. Plotting Bmax values against age
(Figure 18) reveal similar slopes for 5-HTT density (p=0.94), but an intercept (elevation)
that is significantly lower in the autism group across ages (p=0.025). 5-HT₂ density
increases with age in control cases, whereas in autism there is a decrease with age and
significantly different slopes between regression lines (p=0.032).
The results from the three ligands and three cortical regions also indicate that
disruptions in the serotonergic system are region specific. There were no differences in
Bmax or KD for any ligand in the PCC or FG (see Supplemental Figures S1, S2;
Supplemental Tables S1, S2). There were not enough female cases in the cohort to analyze
differences between gender, however, the two female cases (1401 and 5771) in the adult
autism group of the ACC had Bmax values that fell in the normal range of controls but higher
values of the autism group, suggesting the need to analyze a larger cohort to determine if
this decrease in serotonin receptors is gender specific for males.
Since some of the autism cases had a history of at least one seizure, Welch’s t-tests
were conducted to compare the Bmax means for each ligand between autism cases with a
seizure history and without. There were no statistical differences in group means in the
ACC autism cases for neither [3H] ketanserin (seizure mean= 2026±376.6, no seizure
mean= 1520±177.0, p=0.26), [3H] citalopram (seizure mean= 187.3±31.91, no seizure
mean= 279.7±34.44, p= 0.07) nor [3H] 8-OH-DPAT (seizure mean= 224.6±34.53, no
seizure mean= 260.1±24.62, p= 0.42). For the two ligands showing significant differences
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in autism, Bmax means were not different based on source of the tissue (ATP vs. UMBTBTable 3), as [3H] ketanserin p=0.09 and [3H] citalopram p=0.53. There was also no
correlation of Bmax values to PMI (Supplemental Figure S3).

p=0.0401

p=0.0489

p=0.0174

p=0.0162

p=0.0475

p=0.0497

Figure 17. Individual saturation binding
curves for all cases in the ACC. Individual
curves each include seven concentrations of
ligand.
Autism (orange) cases had
significantly decreased binding in both
superficial and deep layers for 5-HTT ([3H]citalopram) compared to control cases (black)
that is driven by a lower Bmax in adult autism
cases.
Similarly, 5-HT2 ([3H]-ketanserin)
receptor binding (Bmax) was decreased in adult
cases (n=11 control and 9 autism), but not in
children (n=8 control and 9 autism). 5-HT1A
[3H]-8-OH-DPAT) binding was unchanged
for each of the three groups; total autism and
control cases, adults only and children only.
n=individual postmortem cases
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Table 5. Bmax and KD for each individual ACC case in both deep and superficial layers.
T-tests were performed as described in methods to compare autism (orange) to controls
(black) within groups of adults only, chidren only and total cases. Asterisks mark
significantly different group means.
Anterior Cingulate Cortex
CASES
Adults
4103
4104
4267
4268
4271
4272
4275
4345
4364
4599
5813
Mean
±SEM
1078
1401
1484
1664
3845
5574
5754
5771
5864
Mean
±SEM
T-test
Children
3835
4188
4274
5242
5334
5376
5387
5391
Mean
±SEM
1469
2993
3871
3924
4334
4721
5302
5565
5841
Mean
±SEM
T-test

Deep Layers
[3H] Citalopram
Bmax
pKD
735.3
6.78

[3H] Ketanserin
Bmax
pKD
1811
7.50
1205
7.81
2088
7.41
211.3
4224
6.85
846.5
590.2
7.76
596.5
2277
7.44
479.2
1025
7.85
201.8
4241
6.83
289.1
2130
7.37
166.9
2676
7.32
488.9
1219
7.76
170.2
2135
7.45
418.6
364
0.11
78.6
767.8
7.35
249.3
1158
7.73
204.1
1466
7.66
170.0
745.6
7.75
202.7
1601
7.48
186.9
1474
7.80
302.8
1265
7.80
274.1
1573
7.71
303.4
1295
7.47
237.6
1261
7.64
236.8
107
0.05
16.5
*0.0402 0.1502 *0.04752

Superficial Layers
[3H] 8OH-DPAT [3H] Ketanserin [3H] Citalopram [3H] 8OH-DPAT
Bmax
pKD
Bmax
pKD
Bmax
pKD
Bmax
pKD
197.6
7.24
1706
7.55
531.2
6.97
208.5
7.99
218.2
7.22
1209
7.79
242.6
7.63
7.53
306.0
6.82
2159
7.38
216.8
7.55
243.2
7.60
6.68
294.0
6.70
3489
6.99
778.0
6.75
181.0
7.78
6.31
263.6
7.02
606.9
7.78
596.0
6.33
308.2
7.34
7.03
227.8
7.10
2295
7.45
805.7
6.72
265.6
7.68
7.24
89.2
7.85
1062
7.81
202.6
7.26
125.7
8.12
7.03
190.2
7.47
3242
7.05
256.8
7.13
266.7
7.92
7.63
163.1
7.14
2137
7.38
168.5
7.63
169.1
8.03
6.96
185.9
7.35
2388
7.40
484.2
6.97
235.2
7.75
7.17
676.3
6.62
1261
7.75
167.1
7.22
210.3
8.03
7.04
255.6
7.14
1960
7.48
420.7
7.05
223.3
7.81
0.12
45.9
0.11
271
0.09
79.4
0.12
15.5
0.07
6.75
327.4
6.71
803.1
7.30
176.5
7.03
407.8
6.69
6.90
183.0
7.14
1171
7.75
201.2
6.93
355.9
7.12
7.39
319.4
6.95
1558
7.60
172.8
7.40
322.7
7.15
6.80
304.1
7.06
764.3
7.72
272.4
6.59
339.5
7.32
7.72
80.1
7.83
1625
7.46
193.7
7.71
117.4
8.22
7.36
520.5
6.68
1567
7.80
311.4
7.39
288.2
7.41
7.23
630.2
6.27
1299
7.74
278.6
7.24
173.5
7.96
7.03
518.0
6.79
1690
7.69
318.3
7.01
289.9
7.72
7.41
297.1
7.11
1412
7.41
222.5
7.57
249.1
7.60
7.18
353.3
6.95
1321
7.61
238.6
7.21
282.7
7.47
0.11
58.1
0.14
115
0.06
19.1
0.12
30.3
0.16
0.4105 0.2055 0.2857 *0.0489 0.2687 *0.0497 0.3769 0.1068 *0.0479

2312
7.27
404.8
6.88
101.4
7.88
2129
7.38
364.8
6.95
155.1
7.88
1089
7.73
328.8
7.32
317.0
7.06
1168
7.67
276.4
7.44
330.9
7.41
827.9
8.00
186.8
7.36
288.6
7.10
852.3
7.99
173.1
7.45
275.6
7.20
1597
7.51
287.9
7.28
144.7
7.51
1464
7.62
295.1
7.25
196.2
7.95
1760
7.46
296.4
7.21
237.5
7.22
1585
7.54
294.9
7.23
211.7
7.86
2866
6.92
374.9
7.05
315.7
7.03
2551
6.98
358.3
7.08
223.6
7.80
2194
7.02
842.1
6.29
395.3
6.90
2188
7.02
732.6
6.36
257.7
7.82
1848
7.55
314.5
6.81
160.4
7.68
1751
7.60
413.9
6.65
229.3
7.93
1812
7.43
379.5
7.03
245.1
7.30
1711
7.48
363.6
7.05
235.0
7.73
233
0.13
69.9
0.13
36.0
0.12
199
0.12
58.6
0.14
18.9
0.10
695.3
7.78
123.4
7.33
806.3
6.10
725.3
7.76
124.9
7.30
323.0
6.59
3435
6.63
82.3
7.28
80.2
7.77
3777
6.57
85.7
7.26
93.9
8.15
2314
7.37
144.0
7.32
315.5
6.69
2320
7.39
148.5
7.29
231.7
7.64
1344
7.83
169.2
7.49
106.6
7.99
1399
7.81
176.2
7.48
160.2
8.20
2789
7.18
662.4
6.56
334.1
6.95
2793
7.19
568.2
6.66
248.1
7.67
2369
7.30
228.7
7.03
158.2
7.48
2104
7.41
224.7
7.05
193.6
7.90
1700
7.72
381.9
7.18
592.3
6.60
1711
7.73
375.0
7.25
216.6
7.53
2035
7.51
356.8
6.95
219.1
7.44
1965
7.54
383.7
6.89
257.7
7.63
1720
7.57
183.8
7.19
145.0
7.66
1713
7.61
245.6
6.93
199.6
8.07
2045
7.43
259.2
7.15
306.4
7.19
2056
7.44
259.2
7.12
213.8
7.71
269
0.12
60.7
0.09
81.6
0.21
289
0.13
51.8
0.09
21.5
0.16
0.5229 0.9940 0.2140 0.4462 0.5062 0.6723 0.3423 0.8641 0.2020 0.6483 0.4701 0.9038

T-test all cases
control vs autism 0.2339 0.3763 *0.0174 0.2488 0.1807 0.3654 0.5145 0.6474 *0.0162 0.3228 0.3930 0.1479
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Although the number of autism cases with ADI-R scores available was limited for
tissue obtained from the ACC, when plotting against Bmax values (Figure 19) a significant
relationship between expression and symptom severity was observed for 5-HTT
(R2=0.9839), but not for 5-HT₂ expression (R2=0.2234).

Figure 18. Age regression analysis. Receptor expression (Bmax) plotted against age for
both [3H]-ketanserin (5-HT2) and [3H]-citalopram (5-HTT) in the ACC. [3H]-ketanserin
had a decreasing slope in the autism group (n=18) that was significantly different
(p=0.032) from controls (n=19). [3H]-citalopram had no difference in slope (p=0.94), but
had a significantly lower intercept (elevation) compared to controls (p=0.025).
n=individual postmortem cases
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Figure 19. Symptom severity compared to receptor expression. Receptor expression
(Bmax) plotted against Autism Diagnostic Interview-Revised (ADI-R) scores (n=6) with
R2 values given. Higher ADI-R scores represent increased severity of autism symptoms.
n=individual postmortem autism cases

Discussion
Given the longstanding implications of 5-HT dysfunction in ASD and common use
of SSRIs to ameliorate adverse behaviors, it is important to determine which receptor
subtypes may contribute to ASD symptoms and thus be amenable to pharmacological
intervention within the central nervous system. In the present study, the ASD cohort from
the PCC and FG displayed normal density and ligand affinity for 5-HT1A, 5-HT2 and 5HTT. However, in the ACC, while the 5-HTT assay showed significant density decreases
within the entire autism group (adults and children), this difference was most prominent
in the adult autism cases, since the group of children mean 5-HTT density remained
unchanged. However, age regression analysis showed a consistent reduction in 5-HTT
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across ages, as indicated by a lower elevation of the regression line. Whole group 5-HT2
density was not altered in autism, however, when analyzing children and adults separately,
the adult ACC autism cases again show significantly decreased density of 5-HT2 receptors.
Furthermore, 5-HT2 receptor expression increased with age in controls, but decreased with
age in autism. This demonstrates age-dependent differences in 5-HT within the ACC in a
subset of ASD individuals. These findings are particularly intriguing in light of the clinical
efficacy of SSRI use. SSRI drugs are commonly administered to individuals with autism,
as up to 80% of children with ASD experience clinically significant anxiety (Muris et al.
1998; Leyfer et al. 2006; Simonoff et al. 2008). Nadeau et al. (2011) concluded, in a
review of treatment studies, that cognitive-behavior therapies may be more helpful than
SSRI administration in youth with ASD.

As reaffirmed in the 2013 Cochrane Review

(Williams et al. 2013), there is no conclusive evidence that children benefit from SSRIs,
but have been shown in major clinical trials to have significant adverse outcomes (e.g.
King et al. 2009) in contrast to some adults with autism that do benefit from SSRIs. Our
data parallels this information in that only a subset of adults with autism (>16 years of age)
have decreased density of 5-HT2 and 5-HTT in the ACC, but children appear to have
normal levels in all three cortical regions evaluated. It remains to be explored whether
there are similar 5-HT receptor deficits in other brain regions in autism or whether the
ACC is a more susceptible area than other cortical brain regions.
A possible explanation for inconsistent results within the literature regarding the 5HT system in ASD is the heterogeneity inherent to the condition amidst small sample sizes.
For example, genetic polymorphisms in the 5-HT transporter have been implicated in ASD
(Yonan et al. 2003; Devlin et al. 2005; Sutcliffe et al. 2005; Kistner-Griffin et al. 2011;
Najjar et al. 2015), however, it is only a subset of individuals, presuming the majority of
ASD cases do not show genetic differences in 5-HTT. Furthermore, most imaging studies
involving ASD, as discussed in the introduction, focus on high-functioning individuals that
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may not be representative of the entire autism spectrum. The data presented here show
mean decreases in receptor density in superficial and deep layers of the ACC in the adult
autism groups, but several autism cases fall within the normal control range, indicating that
not every autism case shows differences in specific 5-HT receptor subtypes in the
examined areas. Furthermore, while hyperserotonemia is considered the best replicated
biomarker in autism, it still represents less than half of the ASD population (Gabriele
2014). For these reasons, treatments for ASD should be tailored to the individual. As tests
for peripheral hyperserotonemia and genetic variants become more widely available, future
studies evaluating the efficacy of SSRIs in autism should divide individuals into subgroups
based on evidence of 5-HT disruption. As demonstrated by the data presented and by
clinical SSRI outcomes, age of the individual may be a key factor for positive clinical
outcomes, however, not all studies divide cohorts by age. For example, in a six week open
label trial with 44 participants with autism, two increasing daily doses of the SSRI
escitalopram resulted in improvement on insistance of sameness and irritability symptoms
irrespective of whether individuals had polymorphisms of 5-HTT (SLC6A4) or of the 5HT2A receptor (HTR2A). However, differences in age groups were not reported despite
subjects in the study falling between 5-44 years old (Najjar et al. 2015).Interestingly,
symptom severity was correlated with 5-HTT expression, but not with 5-HT2 receptor
expression. Higher ADI-R scores represent increased symptom severity, which was
correlated with higher 5-HTT expression in a subset of autism cases in which ADI-R scores
were available. It is not clear why higher expression would be correlated with symptom
severity, as control cases have higher expression. However, the expression of 5-HTT is
dependent on a diverse set of mechanisms (Daws & Gould 2011). As 5-HTT is the uptake
site of 5-HT, its regulation is dependent on 5-HT expression. If there is an increase in
brain serotonin (central hyperserotonemia), a downregulation of 5-HTT would help to
offset its effects and if individuals were unable to downregulate 5-HTT (due to a
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polymorphism or other reason), that heightened 5-HT within the brain could be associated
with more severe autistic symptoms. Further research is needed to clarify the development
of the serontonergic system in autism, particularly in how receptors respond to altered
levels of 5-HT during development of the brain. The results of the present study also
suggest that 5-HT dysfunction may be secondary to other mechanisms or emerge as a
compensation pattern within disrupted circuits. As suggested by our data, if the 5-HTT
reductions begin in childhood, it is possible that the reductions in 5-HT2 in adults are
occuring in response to this initial deficit. Further studies that evaluate changes in 5-HT
in ASD with age will be needed to determine whether children that have normal levels of
5-HT receptors at a young age present with deficits later in life or whether these individuals
had 5-HT alterations throughout development. Since there were no differences in ligand
binding affinity across each cortical region and ligand, it is unlikely our cohort had
significant genetic risk in relationship to 5-HT1A, 5-HT2 or 5-HTT, which would again
indicate a compensation pattern of 5-HT alterations instead of a primary 5-HT causative
factor.
As individuals with ASD are commonly prescribed SSRIs at a young age, the need
for informed use of pharmacological interventions is warranted. Our data adds to the
growing literature that caution should be taken toward SSRIs in children under the age of
16 and that the 5-HT system can be altered within distinct cortical regions and receptor
subtypes.
The ACC has consistent neurochemical, cytoarchitectural and connectivity differences
in adults with idiopathic autism
An intriguing result of the present study is the selective vulnerability of the ACC
versus the PCC or FG due to changes in binding of 5-HT2 receptors and 5-HTT only in the
ACC. Previous studies identified cytoarchitectual changes, including increased packing
density, in ACC subregions and increased neurons in the white matter just below layer VI
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in about half of the adult autism postmortem cases in the study (Simms et al. 2009). A
multimodal imaging study found that the ACC cytoarchitectural changes related to
symptom severity in individuals with neurodevelopmental conditions including autism
(Forde et al. 2018). In a recent landmark postmortem study of ACC connectivity,
Zikopoulos et al. (2018) demonstrated an increased proportion of thin axons in the white
matter just below the ACC from childhood through adulthood, which was indicative of
hyper-connectivity to short range neighboring cortices and a decreased proportion of thick
diameter axons below the ACC, representing hypo-connectivity of long range cortical
connectivity.
Neurochemical differences in the autism ACC have been reported by Oblak et al.
(2009, 2010). These authors reported significant decreases in GABA-ARs and GABA-BRs
in the ACC in adult postmortem autism cases in superficial (I-III) and deep layers (V-VI).
A recent proton magnetic resonance spectroscopic study by Ito et al. (2017) reported
hypoGABAergic alterations in children with autism, but normal glutamate markers
suggesting that the ACC may contribute to excitatory/inhibitory imbalance in subjects with
idiopathic autism.
Using cognitive measures, behavioral analysis and functional magnetic resonance
imaging (fMRI) tasks in adults with idiopathic autism, Balsters et al. (2017) concluded that
the ACC is a critical component of social behavior and that socially-specific prediction
errors occurred in the autism group. These authors also concluded that connectivity
between the ventral medial prefrontal cortex and the ACC may represent a neural substrate
underlying the social deficits. In fact, ACC activity can be monitored via 5-HT2 receptors
in rat pups as early as P10-P12 and is modulated by maternal contact, which increases local
field potentials in low frequency bands (Courtiol et al. 2018).
Collectively, these and other studies demonstrate that the ACC is a critical node for
a variety of high-order functions in the neurotypical brain. In autism, there are both
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structural changes in cortical lamination in the ACC in early development and through
adulthood, as well as neurochemical changes in critical neurotransmitter systems, which
includes GABA and serotonin as demonstrated by significant alterations in receptor
densities across superficial-deep lamina. This suggests that modulation of both input and
output of the principal pyramidal neurons of the ACC may be impacted, potentially
resulting in altered short and long-range connectivity differences and affecting a wide
range of autism-related behaviors.
Summary and Conclusions
Some SSRIs administered to individuals with autism reported successful treatment
of various symptoms, but citalopram hydrobromide had variable results that included
harmful effects when administered to children. Previous studies have reported more
favorable results when citalopram was administered to autistic individuals with specific
polymorphisms. SSRIs mainly target the serotonin transporter and its blocking action
allows 5-HT to persist at the synapse. SSRIs are drugs that typically also affect other 5HT receptors, as well as dopamine and other receptor types. Multiple concentration ligand
binding autoradiography is still a very useful tool to quantify the number (Bmax) and affinity
(KD) of a variety of receptor types and was applied to this study investigating whether 5HTT and other major subtypes of 5-HT receptors (5-HT2 and 5-HT1A) had significant
changes in children and/or adult autism cohorts as compared to neurotypically developing
individuals. Receptor density (Bmax) changes were seen in 3[H]-citalopram labeled 5-HTT
and in 3[H]-ketanserin labeled 5-HT2 receptors in the adult autism group in the ACC only,
but not in children. Furthermore, there were no changes in 3[H]-8-OH-DPAT labeled 5HT1A receptors in any of the groups or cortices. This study therefore provides further
evidence that the ACC is a highly vulnerable region in autism, with changes in a number
of receptor types that may contribute to the excitatory/inhibitory imbalance in the autism
brain via disruptions in its cytoarchitecture and connectivity with other local and distant
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cortices. This could potentially have profound effects within cortical networks that, in
part, underlie autism-related behaviors.
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Chapter 5:

Increased dopamine type 2 gene expression in the dorsal striatum in
individuals with autism spectrum disorder suggests alterations in
indirect pathway signaling and circuitry1

Introduction
Characteristic delayed and/or impeded language, stereotyped repetitive behaviors
and difficulties with social interaction/communication are the core features of an autism
spectrum disorder (ASD) diagnosis (Fung & Hardan, 2014; Geschwind & Levitt, 2007).
Additionally, motor impairment is a cardinal feature of ASD and language to reflect
repetitive motor behaviors has been added to the DSM-5 diagnostic criteria (American
Psychiatric Association, 2013). The behaviors associated with disrupted motor processing
are widespread and include differences in fundamental motor skills such as eye movement,
fine and gross motor skills, gait and balance as well as more complex skills like movement
coordination, action chaining and inhibition control (For Review see: Becker & Stoodley,
2013; Subramanian et al., 2017). Given the clear disruption in sensorimotor processing in
individuals with ASD, it is important to examine postmortem brain areas that are
responsible for the intention to execute movements.
The basal ganglia (BG) are known to participate in action selection, learned habits,
action sequences and repetitive behaviors (For review see: Graybiel, 2008; Graybiel &
Grafton, 2015) and increasing evidence implicates the BG in the pathogenesis of ASD.
Several studies have found volumetric differences in the dorsal striatum (caudate and/or
putamen) of ASD subjects compared to neurotypical individuals via imaging studies (Sears
et al., 1999; Hollander et al., 2005; Rojas et al., 2006; Langen et al., 2007; Sato et al., 2014)
and one postmortem study demonstrated similar findings (Wegiel et al., 2014). Thus,
neuroanatomical differences in the dorsal striatum in individuals with ASD suggest that

1Brandenburg

C., Soghomonian J.J., Zhang K., Sulkaj I., Randolph B., Kachadoorian B. and Blatt G.J.
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critical loops within the BG and their cortical connections may be significantly impacted.
Increased caudate volume in ASD (Sears et al., 2009; Hollander et al., 2005; Rojas et al.,
2006; Wegiel et al., 2014), for example, has been related to complex mannerisms,
compulsions/rituals, stereotypy and/or difficulties in routine scores on the Autism
Diagnostic Interview (ADI).
Afferent input from the frontal and cingulate cortices to the dorsal striatum provide
motor, limbic and cognitive information (see Subramanian et al., 2017 for review) and may
participate in ASD-related functions. Glutamatergic inputs provide excitatory drive from
the thalamus and cortex and mostly target GABAergic medium spiny neurons (MSNs) and
GABAergic interneurons, which, via feed-forward synapses, inhibit MSNs, which in turn
primarily project to the globus pallidus internus (GPi) or substantia nigra pars reticularis
(SNpr) (direct pathway; rich in D1 receptors) or to the globus pallidus externus (GPe)
(indirect pathway; rich in D2 receptors). The interplay of these pathways likely affects
action performance by facilitation of the selection of action and inhibiting unwanted
actions following cortical activation (Lovinger, 2017).
Despite increased recognition that the BG are implicated in ASD, there is a wide
gap in our knowledge regarding which aspects of the BG circuitry are impacted in ASD as
well as a lack of understanding of defined targets for pharmacotherapeutic treatment.
Interestingly, the first drug approved for children with ASD and now the most widely used,
Risperidone (Risperdal), has led to significant improvements in behavorial symptoms,
such as sensorimotor and repetitive behaviors (McCracken et al., 2002; Shea et al., 2004;
McDougle 2005; Pandina et al., 2007; Kent et al., 2013; Goel et al., 2018). Risperidone
mainly has high affinity binding as an antagonist at serotonin (5-HT) 2A receptors and
dopamine (DA) type 2 receptors (D2R). Aripiprazole (Abilify), one of the very few other
drugs approved by the FDA for ASD (LeClerc & Easley, 2015), acts as a partial agonist to
D2R and 5-HT1A receptors and as an antagonist to 5-HT2A receptors (Hirsch and
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Pringsheim, 2016; Lamy and Erickson, 2018), but targets anxiolytic symptoms (Marcus et
al., 2009; Owen et al., 2009; Ichikawa et al., 2016). Although there are clinical reports for
use of both of these drugs for ASD patients, there are no postmortem studies from ASD
subjects that quantify the density and distribution of DA and 5-HT receptors in key brain
structures that are likely involved in repetitive behaviors, such as the BG.
The objective of the current study was to determine if levels of expression of
markers of dopaminergic, GABAergic and serotonergic activity in the striatum are changed
in ASD, which could shed light on the mechanisms whereby the BG is impacted. This
study utilizes classic methodologies such as in situ hybridization histochemistry (ISHH)
and ligand binding autoradiography to quantify select GAD/GABA receptor and DA
receptor mRNA expression as well as to quantify GABA, DA and 5-HT receptor densities
in the dorsal striatum of postmortem ASD cases as compared to controls.

These

methodologies were designed to determine whether there are alterations within the
circuitry of the dorsal striatum and/or in receptor density, including those which are
primary targets for risperidone and aripiprazole, within the corticostriatal and
striatopallidal circuits in age, postmortem interval and gender-matched cases.
Collectively, these data help to improve our understanding of neurochemical differences
within the BG that can inform on likely targets responsible for dysregulation of motor
behaviors in ASD. The results indicate a largely normal repertoire of DA, GABA and 5HT receptors expressed within the dorsal striatum, but reveal an increase of Drd2 mRNA
expression within individual MSNs that likely impacts output to the GPe. These insights
help to clarify which of the key targets for approved and widely used ASD drugs are altered
in the BG of a cohort of postmortem ASD cases.
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Methods
Postmortem tissue
Human postmortem brain tissue was obtained from the University of Maryland
Brain and Tissue Bank, a brain and tissue repository of the NIH Neurobiobank. Case
demographics are detailed in Table 6. Coronal sections (20µm) from caudate and putamen
were cut on a Leica CM1950 cryostat and kept frozen at -80 ˚C (n=11 control, n=11 ASD).
Note that brain blocks through a portion of the dorsal striatum were matched for level as
far as having both caudate and putamen present in the same sections when cut, but exact
level matching of individual sections is a limitation in postmortem studies due to
availability of material through regions of interest. Several blocks did not contain ventral
striatum. Number of cases used in individual experiments may vary due to occasional loss
of sections during processing. Total case ages (p=0.24) and postmortem interval (PMI)
(p=0.37) were not significantly different between ASD and control cases using a Student’s
t-test. Three ASD cases had at least one seizure reported and six had reported medications
(Table 6).

All ASD cases had confirmed diagnoses through the Autism Diagnostic

Interview-Revised (ADI-R) scores and/or received a clinical diagnosis of autism from a
licensed psychiatrist.
As this research did not involve live human subjects, Institutional Review Board
approval and informed consent was not necessary. However, the University of Maryland
Brain and Tissue Bank (NIH Neurobiobank) is overseen by Institutional Review Board
protocol number HM-HP-00042077 and de-identifies all cases before distribution to
researchers.
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Table 6. Postmortem brain donor case demographics.
Cases
Diagnosis
Age PMI
3228
Control
11
20
4337
Control
8
16
4599
Control
23
18
4787
Control
12
15
5163
Control
14
12
5170
Control
13
20
5334
Control
12
15
5387
Control
12
13
5391
Control
8
12
5408
Control
6
16
5813
Control
21
24
2004
Autism
10
23
a
4231
Autism
8
12
4434b*
Autism
11
27
4721
Autism
8
16
4849
Autism
7
20
c
4899
Autism
14
9
5144
Autism
7
3
5308
Autism
4
21
5565d*
Autism
12
22
e
5841
Autism
12
15
5864f*
Autism
20
42
* At least one documented seizure
Known medications:
a
Zyprexa, Lexapro
b
Keppra, Lexapro
e
Trileptal, Zoloft, Clonidine, Melatonin
c
Keppra
d
Daytrana
f
Tegretol, Clonidine, Ativan, Risperdal

Gender
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male

Ethnicity
Caucasian
African american
African american
African american
Caucasian
African american
Hispanic
Caucasian
Caucasian
African american
African american
Asian
African american
Hispanic
African american
African american
Caucasian
Caucasian
Caucasian
African american
Caucasian
Caucasian

Cause of Death
Internal bleeding
Neck injury
Cardiac arrthymia
Asthma
Drowning
Gunshot wound to chest
Suicide
Drowning
Drowning
Drowning
Atherosclerotic cardiovascular disease
Accident,
Drowning
Acute hemorrhagic tracheobronchitis
Drowning
Drowning
Drowning
Cancer
Skull fractures
Seizure Disorder
Hanging
Seizure Disorder

Radioisotopic in situ hybridization histochemistry (ISHH)
35

S radiolabeled complementary RNA (cRNA) probes were transcribed in vitro from

cDNAs selective for the human GAD67, GAD65, PPE, dopamine Drd2 and Drd1 receptors
and GABAa alpha1, beta2 and gamma 2 receptor subunits. The circular plasmids
containing the cDNAs were linearized according to standard protocols [9]. Transcription
of the radioactive cRNAs was performed for 2 h at 37°C in the presence of 2.5 µM

35

S-

uracil triphosphate (UTP; specific activity 1250 Ci/mmol; PerkinElmer Life Sciences) and
10 µM unlabeled UTP with ATP, cytosine triphosphate (CTP), and guanine triphosphate
(GTP) in excess. The cDNA template was then digested with DNAse I. The labeled cRNAs
were purified by phenol/chloroform extraction and ethanol precipitation and the probe
length was reduced to 100–150 nucleotides by alkaline hydrolysis [4].
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Two adjacent sections per subject were used. Sections were fixed for 5 minutes in 3%
paraformaldehyde in 0.1 M phosphate buffer saline (pH 7.2). Pre-hybridization washes
were in 2SSC, phosphate buffer saline (0.4M), 0.25% acetic anhydride with
triethanolamine, and Tris-glycine, then followed by dehydration in ethanol. After rinsing
with 2SSC, sections hybridized for 4 hours at 52C with 8 ng of radiolabeled cRNA
probe.

The probe was diluted in 20 l of hybridization solution (containing 40%

formamide, 10% dextran sulfate, 4SSC, 10 mM dithiothreitol, 1.0% sheared salmon
sperm DNA, 1.0% yeast tRNA, and 1Denhardt’s solution). The sections were
subsequently washed in 50% formamide at 52°C for 5 and 20 min, RNAse A (100 µg/ml;
Sigma) for 30 min at 37°C, and in 50% formamide for 5 min at 52°C, then dehydrated in
ethanol and defatted in xylene. Sections were placed in contact with Kodak BioMax MR
film in light-tight cassettes for 10-15 days. The films were then developed. Slides were
then processed for emulsion autoradiography. In that case, slides were coated with Kodak
NTB3 nuclear emulsion diluted 1:1 with distilled water containing 300 mM ammonium
acetate, air-dried for 3 hours and stored at room temperature in light-tight boxes for 14
days. Sections were developed in Kodak D-19 developer for 3.5 minutes at 14C and
lightly counterstained with eosin and hematoxylin, and mounted with Eukitt.

Quantification of mRNA labeling
The relative levels of GAD67, GAD65, PPE, Drd2, Drd1, alpha1, beta2 and
gamma2 mRNA labeling were quantified on X-ray film autoradiographs by computerized
densitometry

with

NIH

Image

(Macintosh;

www.zippy.nimh.nih.gov).

The

autoradiographs were digitized using a CCD Sony video camera and the analog signal was
converted to a digital image of 640×480 pixels (picture points) with gray values ranging
from 0 to 255. Quantification was conducted ensuring most values were in the linear range
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of the best-fit calibration curve. Relative optical density (OD) measurements were
calculated using two adjacent slides from each case. Data were expressed as mean±S.E.M.
Relative differences were compared within groups by student’s t-test.
Following processing with X-ray films, sections were processed for emulsion
autoradiography by dipping in Kodak NTB liquid emulsion.

Following 2-3 weeks

exposure duration, the emulsion autoradiographs were developed in Kodak D19 developer,
processed in fixative and counterstained with eosin-hematoxylin. Following mounting, the
autoradiographs were examined on a Nikon microscope and the area covered by silver
grains was quantified using NIH image as previously described (Lanoue et al., 2010). Only
probes showing a significant effect on X-ray films were quantified on emulsion
autoradiographs. Two sections per case and fifty neurons per section and per region
(caudate and putamen) were analyzed. The results were expressed as a number of pixels
per neuron. Data from control and ASD cases were plotted for the caudate and for the
putamen as a frequency distribution of labeling per neuron and comparisons between the
distributions in controls and ASD cases were analyzed with a Kolmogorov-Smirnov test.

Saturation ligand binding assays
Five tritiated [3H] ligands including spiperone (Perkin Elmer, Boston MA,
NET1187 (2016); Palacios et al., 1981; Filer et al., 2019), SCH 23390 (NET930 (2015);
Bourne, 2001), flunitrazepam (NET5627 (2015); Guptil et al., 2007; Oblak et al., 2009),
Ketanserin (NET7910 (2015); Leyson et al., 1982) and CGP 54626 (American
Radiolabeled Chemicals, St. Louis MO, ART715 (2015); Scheperjans et al., 2005) were
processed under conditions specified in Table 7. Total binding was quantified from two
thawed 20µm sections while one section from each case was exposed to the ligand and a
displacer to determine non-specific binding. Each displacer purchased from Sigma Aldrich
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(St. Louis, MO) was used at a concentration of 10µM for +/-butaclamol hydrochloride
(SIG-D033 (2016)) or 100µM for both Clonazepam (SIG-C1277 (2016)) and CGP-55845
hydrochloride (SIG-SML0594 (2015)). Imipramine hydrochloride was also used at 100
µM (AAJ6372306 Fisher Scientific, Waltham, MA, USA (2016). Labetalol hydrochloride
(SIG L1011 (2016)) and ketanserin +/- tartrate (SIG S006 (2016) were added to the
spiperone buffer to block serotoin receptor 2 and adrenoreceptors.
All tissue went through a pre-incubation in buffer without ligand for thirty minutes
prior to incubation with ligand for one hour. Buffer for 3H spiperone was composed of
50mM Tris-HCl, 120mM NaCl, 5mM KCl, 2mM CaCl2, 1mM MgCl2 pH 7.4, 3H SCH
23390 and 3H flunitrazepam was composed of 170mM Tris-HCl, pH 7.4 and 3H CGP
54626 used 50mM Tris-HCl and 2.5mM CaCl2, pH 7.2. After three five minutes rinses in
buffer followed by one dip in distilled water, sections were allowed to air-dry overnight.
Slides, [3H]-sensitive hyperfilm (Kodak Biomax MR film Z350389, Sigma-Aldrich, St.
Louis, MO (2016)) and a [3H] standard (Tritium standards, American Radiolabeled
Chemicals St. Louis, MO ART0123 (2015)) ) were placed in X-ray cassettes and exposed
for 10-14 weeks. Films were processed in the dark for three minutes in developer (Kodak
D19 74200, Electron Microscopy Sciences, Hatfield, PA (2015)), fixed (Kodak Rapidfix
74312, Electron Microscopy Sciences (2015)) for four minutes at room temperature and
washed with a stream of water for one hour and air-dried.
Tissue section autoradiograms from film were digitized with a QICAM digital
camera (QImaging, Surrey, BC, Canada) followed by analysis with MCID Core 7.1 Elite
Image analysis system software (InterFocus Imaging Ltd, UK).

Within the MCID

software, one representative standard curve was chosen to normalize all standard curves
and images for comparison across films. The ribbon tool was employed to sample binding
along the length of the observable region of interest that included the caudate and putamen
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of the basal ganglia (as shown by the Nissl in Figure 1A). Optical density values of the
sampled areas were converted to nanocuries (nCi) per milligram (mg) through use of [3H]
standards then femtomoles (fmol) per mg of protein based on the specific activity for each
ligand. As non-specific binding was less than 5% of total binding, total binding was taken
as representative of the specific binding for each ligand. Student’s t-tests were conducted
to compare binding affinity of each ligand between control and ASD groups.
Table 7. Ligand binding conditions.
Receptor
D2

Ligand
[3H] Spiperone

Specific Activity (Ci/mmol)

Concentration (nM)

Displacer

Exposure (weeks)

78.8

2

+/-butaclamol

14

3

D1

[ H] SCH 23390

81.9

3

+/-butaclamol

10

GABAA

[3H] Flunitrazepam

79.8

5

Clonazepam

12

GABAB

[3H] CGP 54626

60

3

CGP-5585

14

5-HT2

[3H] Ketanserin

47.3

3

Imipramine

23

Results
Dopamine D1 and D2 receptor analysis
Radioisotopic ISHH allowed for visualization of mRNA encoding for dopamine
receptors (Drd2, Drd1) within the caudate and putamen (Figure 20A).

Regional

quantification on film autoradiographs indicated that Drd2 mRNA expression was
significantly elevated in both the caudate (mean: control 0.014±0.002, ASD 0.023±0.002)
and putamen (mean: control 0.020±0.002, ASD 0.026±0.002) of the ASD cases (Figure
1B), with a more pronounced difference shown in the caudate. The expression of the Drd1
mRNA was not different between controls and ASD for neither the caudate (mean: control
0.106±0.005, ASD 0.109±0.007) or putamen (mean: control 0.102±0.007, ASD
0.105±0.006) (Figure 20B).
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Figure 20. Dopamine receptor quantification. A) Radioisotopic in situ
hybridization histochemistry showing labeled mRNA of Drd2 and Drd1. B)
Quantification of relative density of Drd2 measured on film autoradiographs reveals
higher expression in ASD cases (orange) in both the caudate and putamen. Drd1
expression levels are unchanged in the caudate and putamen in ASD. Drd2 n=11
control, 11 ASD; Drd1 n=11 control, 10 ASD

To further examine the increase in Drd2 expression, mRNA levels were quantified
at the single cell level on emulsion autoradiographs (Figure 21). The analysis yielded
results that confirmed the effects seen on film autoradiographs and further indicated that
higher Drd2 mRNA levels in ASD seen on X-ray films are due to an increased expression
per neuron rather than an increase in number of neurons expressing the mRNA.
To determine whether increased Drd2 mRNA levels was paralled by increased
receptor expression at the protein level, ligand binding assays were conducted. D2R
binding levels within the caudate (mean: control 210.014±15.946, ASD 234.108±18.529)
and putamen (mean: control 249.161±14.201, ASD 244.190±11.614) were similar between
ASD and control cases (Figure 22), indicating that overall D2R tissue expression within
the caudate and putamen is unchanged. The D2Rs are primarily distributed on indirect
striatal pathway neurons, on cholinergic and GABAergic interneurons as well as on
corticostriatal axonal projections, whereas the Drd2 mRNA is detected in intrinsic striatal
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Figure 21. Dopamine mRNA quantification. A) Representative images of control
and ASD. Drd2 emulsion autoradiographs. B) Histograms of Drd2 mRNA labeling
within individuals cells quantifies the distribution from emulsion autoradiographs in
controls (upper panels) and ASD (lower panels). Differences between control and
ASD distributions were analyzed with a Kolmogorov-Smirnov test. n=11 control, 11
ASD

neurons only. In addition, the population of cholinergic interneurons is much lower than
the population of indirect pathway neurons.

One explanation for the apparently

contradictory results between ISHH and ligand binding experiments could be that the
ISHH results primarily reflect a change in mRNA levels in indirect pathway neurons. On
the other hand, potential changes in ligand binding in indirect pathway neurons may be
obscured by the detection of receptors on other populations of neurons, including
corticostriatal axons.
In order to further assess the possibility that the expression of other mRNAs is
altered in the indirect pathway neurons, we also measured preproenkepahlin (PPE), which
is selectively expressed in indirect pathway striatal neurons. Although the putamen levels
of PPE in ASD cases were not different (mean: control 0.254±0.045, ASD 0.278±0.036)
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(Figure 23B), the caudate of ASD had significantly higher levels of PPE compared to
controls (mean: control 0.162±0.020, ASD 0.253±0.036).

Figure 22. Dopamine receptor protein quantification. A) Representative images of
control and ASD cases for ligand binding with warmer colors indicating higher binding.
Black circles over the control case represent typical sampling areas, where we chose
only representative areas with appropriate binding levels for quantification and can be
applied to all binding images. B) D2 and D1 receptor expression labeled with tritiated
isotopes is similar between ASD (orange) and controls (black) in the caudate/putamen.
n=11 control, 11 ASD

Figure 23. Preproenkephalin quantification. A) Preproenkephalin mRNA labeling
with radioisotopic in situ hybridization histochemistry. B) Preproenkephalin is
increased in the caudate, but not in the putamen of ASD cases. n=10 control putamen,
9 control caudate; 11 ASD putamen, 9 ASD caudate
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GABAergic and 5-HT markers
The mRNA levels of

GAD65 caudate (mean: control 0.054±0.005, ASD

0.052±0.006) and putamen (mean: control 0.055±0.007, ASD 0.060±0.005) and GAD67
(Figure 24) in the caudate (mean: control 0.063±0.010, ASD 0.069±0.008) and putamen
(mean: control 0.074±0.009, ASD 0.079±0.009) as well as the three GABA-A receptor
subunits (alpha1 caudate (mean: control 0.039±0.001, ASD 0.040±0.002) putamen (mean:
control 0.041±0.003, ASD 0.040±0.002), beta2 caudate (mean: control 0.141±0.009, ASD
0.147±0.012 putamen (mean: control 0.156±0.016, ASD 0.150±0.014) and gamma2
caudate (mean: control 0.073±0.005, ASD 0.066±0.002) putamen (mean: control
0.071±0.004, ASD 0.074±0.004); Figure 25) were not significantly different between
control and ASD cases. Protein levels were not different between ASD and control groups
for GABAA (caudate (mean: control 49.688±11.639, ASD 54.462±8.060) putamen (mean:
control 53.421±10.626, ASD 56.352±9.418)) and GABAB receptors (caudate (mean:
control 1.723±0.184, ASD 2.229±0.198) putamen (mean: control 1.540±0.128, ASD
2.141±0.159)) (Figure 26) or 5-HT2 receptors (caudate (mean: control 234.358±23.548,
ASD 223.460±16.143) putamen (mean: control 251.705±17.497, ASD 214.465±19.519))
(Figure 27).
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Figure 24. GAD67 and GAD65 quantification. A) GAD67 and GAD65 mRNA
labeling with radioisotopic in situ hybridization histochemistry. B) Both GAD65
and GAD67 are similarly expressed between ASD and control cases in the caudate
and putamen. n=11 control, 11 ASD

Figure 25. GABAA subunit quantification. GABAA subunit mRNA levels
are unchanged between control and ASD cases, including alpha1 (n= 10 control,
8 ASD), beta2 (n= 11 control, 9 ASD), and gamma2 (n= 11 control, 10 ASD) in
both caudate and putamen.
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Figure 26. GABAA receptor protein quantification. A) Representative image
of ligand binding with warmer colors indicating higher binding. B) GABAA
and GABAB receptor expression labeled with tritiated isotopes is similar
between ASD (orange) and controls (black). n=11 control, 11 ASD

Figure 27. Serotonin receptor quantification. A) Representative image of ligand
binding with warmer colors indicating higher binding. B) 5-HT2 receptor
expression labeled with a tritiated isotope is similar between ASD (orange) and
controls (black). n=11 control, 11 ASD
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Discussion
Dopaminergic expression differences are evident in the dorsal striatum in ASD
The objective of the present study was to document possible changes in the
expression of key markers of dopaminergic and GABAergic neurons in ASD. Our study
presents original evidence for neurochemical imbalance in the dopaminergic system in the
caudate and putamen in ASD cases. The functional relevance of differences in the basal
ganglia of individuals with ASD is unclear but the effect seen on Drd2 receptors suggests
that modulation of striatal neurons by dopamine is altered in ASD. Dopamine is a major
modulator of striatal neurons and dopamine receptors are expressed in striatal interneurons
and striatal projection neurons. Projection neurons in particular constitute a large
proportion of the striatal neuronal population representing about 85% of all neurons. Other
cells are cholinergic or GABAergic interneurons (Asous and Tepper, 2018). In our ISHH
studies, analyses did not distinguish between GABAergic projection neurons and
interneurons. Because the population of interneurons is very low compared to projection
neurons, it is likely that the changes in Drd2 mRNA documented here occurred in
GABAergic projection neurons. In addition, we did not include large cell bodies in our
analyses, which correspond to cholinergic interneurons. It was somewhat surprising to find
that the changes in Drd2 mRNA levels were not accompanied by changes in dopamine D2
receptor in our binding experiments. There are a number of plausible explanations for this
apparent mismatch. First, ligand binding detects receptors present not only on projection
neurons and interneurons but also on axon terminals of corticostriatal and thalamostriatal
inputs. Second, dopamine receptors expressed in striatal projection neurons can be
transported to their targets in the globus pallidus and/or substantia nigra and changes in
mRNA levels may not necessarily translate into changes in receptor levels on cell bodies.
D2Rs expressed in striatal projection neurons are primarily expressed in indirect pathway
neurons that project to the Gpe. This subpopulation of striatal projection neurons co-
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expresses PPE mRNA (For review see: Soghomonian, 2016). We found that PPE mRNA
levels were also elevated in the caudate, which further supports the interpretation that
indirect pathway neurons are impacted in ASD. Drd1 mRNA levels, which are primarily
expressed in direct pathway neurons that project to Gpi were not changed.
Dopamine receptors exert widespread effects on the activity of intrinsic neurons in
the caudate and putamen. In particular, Drd2 receptors inhibit striatal indirect pathway
neurons. The changes in Drd2 mRNA levels suggest that control of GABAergic indirect
pathway projection neurons is affected in ASD. A recent study has shown that a DAT
mutation identified in an individual with ASD alters dopaminergic transmission in the
striatum of a mouse model, an effect paralleled by hyperactive and repetitive behaviors as
well as social deficits (DiCarlo et al., 2019). In this context, it would also be important to
determine if changes in dopaminergic activity are a developmental feature of ASD. In that
regard, it is noteworthy that gene mutations seen in ASD alter corticostriatal activity in
mouse models (Subramanian et al., 2017 for review). In particular, in Fmr1 mice, a
hypoconnectivity of corticostriatal synapses has been documented (Centonze et al., 2008;
Jung et al., 2012, Zerbi et al., 2018). Whether or not dopamine plays a role in this
hypoconnectivity would be important to determine. The reason why we did not see a
parallel effect on GAD or GABAA receptor expression is unclear. The most likely
possibility is that GAD and GABAA receptors are expressed in direct and indirect pathway
neurons as well as in striatal interneurons. Therefore, a specific effect in indirect pathway
neurons would be diluted. Future double-labeling anatomical studies at the single cell level
or single cell transcriptomics could be used to determine if transcriptional changes are
selective to indirect pathway neurons and if they involve other markers of activity.

112

Corticostriatal inputs to MSNs of the direct and indirect pathways are modulated by
dopamine
The caudate and putamen receive widely distributed inputs from the cortex. These
corticostriatal projections originate from cortical layers 5A, 5B and 6 (see Kuo and Liu,
2019 for review). Averbeck et al., 2014 used anterograde or bidirectional tract tracers in
male macaque monkeys to map corticostriatal inputs, which are topographically organized
but largely overlapping, especially from frontal cortical areas (see Haber, 2016 for review).
As an example, ventromedial prefrontal cortex (vmPFC), orbito-frontal cortex (OFC), the
dorsal part of the anterior cingulate limbic cortex (dACC) along with parts of dorsal
prefrontal cortex (dPFC) project to “hubs” in the medial rostral caudate nucleus, possibly
to integrate computations from multiple systems (Buckner et al., 2009; Power et al., 2013;
Averback et al., 2014) that are involved in decision processes or assigning value associated
with actions or stimuli (Seo et al., 2012; Averbeck et al., 2014). These “loops” appear
critical for motor functions including motor control, action selection, sequence learning
and formation of habits, but also cognitive/limbic functions that include learning, memory
processing, decision making and planning (Pennartz et al. 2009; Shepard, 2013; Saunders
et al., 2015). The corticostriatal input terminates on GABAergic interneurons and MSN.
GABAergic interneurons exert via feed-forward inhibition on MSN and thereby exert a
strong impact on MSNs, which receive both motor and non-motor inputs. This distributed
input from cortical areas opens several avenues where alterations in cortical systems could
lead to disrupted processing in the striatum in ASD. As one example, the dorsal anterior
cingulate cortex is an area that heavily innervates the striatum (For review see: Haber,
2016) and a recent postmortem study from our laboratory revealed differences in serotonin
receptor subtype densities that were age dependent and not evident in the other cortical
brain areas examined (Brandenburg and Blatt, 2019). D1R modulate GABA release in the
direct pathway whereas D2R modulate GABA release mainly to the GABAergic GPe (i.e.,
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on striatopallidal neurons) in the indirect pathway (For review see: Gerfen and Bolam,
2017). Recently, it was determined in the macaque that different regions of the dorsal
striatum receive unique sets of cortical inputs (i.e,, striatal hubs) and their striatopallidal
projections are largely topographic with predictive terminal fields from individual
injection sites (Heilbronner et al., 2018). Striatal zones receiving unique combinations of
cortical afferents (Averbach et al., 2014; Choi et al. 2017) parcellate into specific
functional topography. An example is the convergence of projections from the inferior
parietal lobule and prefrontal cortex onto the rostral dorsal caudate, which subsequently
projects to the GPe and is critical for the formation of visual bias toward salient
environmental stimuli (Steinmetz and Constantinidis 1995; Corbetta and Shulman, 2002;
Corbetta et al., 2008). Thus, disruption of neurochemical modulation via dopamine within
GABAergic MSNs in the dorsal striatum has the potential to affect neuronal firing to output
structures (Marmad et al. 2015), which can influence the control of specific motor and/or
non-motor activity and function via the reciprocal output projections to cortical areas. As
our results demonstrate increased expression of Drd2 and PPE mRNA, we expect that the
indirect pathway striatopallidal circuity and its control by corticostriatal inputs is impacted
in ASD.
To this end, there are examples of genetic autism-related animal model studies that
have demonstrated changes in D2Rs with implications for BG behavioral changes that
include repetitive grooming, stereotypic motor routines as well as deficits in decision
making and social interactions (Fuccillo, 2016). In the mouse model of the 16p11.2 human
copy number variant (CNV), there was an increase in overall numbers of D2R positive
MSN phenotypes in the dorsal and ventral striatum and a strong increase in net excitatory
strength on D2Rs on MSNs (Portmann wt al., 2014). In another genetic animal model,
Cntnap4 KOs, were administered a D2R antagonist, haloperidol resulting in decreased
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perseverative grooming by increasing dopaminergic tone (Karayannis et al., 2014). Despite
numerous examples of D2R changes in animal models, there is a paucity of studies
demonstrating Drd2 mRNA changes in MSNs in animal models and in human studies.
Thus, follow-up studies in postmortem autism cases are warranted in order to further
delineate neurochemical differences within human BG circuits.

Implications of dysfunction of the indirect pathway
Disruptions in the indirect striatofugal pathway in ASD could have widespread
ramifications. It may contribute to altered encoding of information relevant to locomotion
(Barbera et al., 2016). The indirect pathway projects to the GPe and dopamine controls this
pathway via receptors expressed on striatal projection neurons or via presynaptic D2
receptors transported from the striatum to the Gpe (Rommelfanger and Wichmann, 2010;
Mamad et al., 2015). Restricted repetitive behaviors, prevalent in ASD and other
neurodevelopmental conditions, include stereotypy, rituals and compulsions and have been
reported to develop, in part, due to decreased indirect pathway activity in a mouse model
(Tanimura et al. 2011). Recently, a large study of 2,084 children with ASD <6 years old
measuring motor domain criteria from Vineland tests reported that 35% had significant
motor difficulties with another 44% classified as moderately low skilled and included
motor stereotypies (hand flapping, spinning, body rocking), and non-verbal behaviors such
as use of body postures and gestures (Licari et al., 2020).
While there are many components in the brain that contribute to a variety of these
motor functions, MSNs in the dorsal striatum are considered to play a prominent role. The
opposing actions of the direct pathway, which facilitates motor activity, versus the indirect
pathway that inhibits competing motor activity, result in smooth motor actions when
relayed up to the motor cortex. If either pathway is disturbed, aberrant signals through BG
efferent projections may be affected. Dopaminergic transmission dynamically regulates
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these actions and is critical to maintain E/I balance within the circuitry. Since D1R excite
MSNs of the direct pathway and D2 inhibits MSNs of the indirect pathway, the indirect
pathway through the BG can act to terminate or inhibit competing movements selected by
the direct pathway (Chu et al., 2015), i.e., if not functioning correctly, dysregulation of
specific part(s) of BG circuitry could lead to stereotypy and repetitive behaviors as seen in
ASD.

Pharmacotherapeutic Implications
Pharmacotherapies have been extensively utilized in individuals with ASD, but
there are only a few FDA approved drugs aimed at helping to ameliorate or lessen
behavioral symptoms.

These include Risperidone (Risperdal), a second-generation

antipsychotic, which is the only drug approved by the FDA for children with ASD over 5
years of age with irritability and aggression as well as Aripiprazole (Abilify), a
psychotropic drug for irritability and depression (Hirsch and Pringsheim, 2016; Li et al.,
2017: Eissa et al., 2018; Lamy and Erickson, 2018). Both drugs target a combination of
dopamine and serotonin receptors and both treatments have had paradoxical effects,
helping some individuals with ASD but having adverse side effects in others. Each of
these drugs target the BG, D2R and 5-HT2. However, the present study, which is limited
in cases, demonstrated similar binding densities for these key receptor types in the dorsal
striatum negating any definitive conclusions regarding the efficacy of the drugs on D2R or
5-HT2 receptors. Future studies that address dopaminergic innervation to the GPe and
possible effects on D2Rs and/or other BG structures will be important.

Another

consideration that cannot be ruled out is that changes in Drd2 mRNA levels are secondary
to pharmacotherapy as our sample size was not suitable to assess the possible impact of
treatment on mRNA levels... Earlier experimental studies in rodents and primates have
provided inconsistent results on the effects of neuroleptics on mRNA levels for dopamine

116

receptors in the BG (Fox et al., 1994).

Therefore, a possible contribution of

pharmacotherapy on Drd2 mRNA levels is unclear and should be further investigated.
Conclusions
The results suggest that the indirect pathway of the BG is implicated in ASD as
evidenced by a significant elevation in Drd2 mRNA within MSNs of the caudate and
putamen and a similar increase in caudate MSN PPE mRNA, an indirect pathway marker.
Since the indirect pathway is thought to contribute to inhibiting competing motor actions
so that a chosen action by the direct pathway can proceed, it is therefore likely that a
disturbance in a key regulator of action selection may be relevant for motor dysfunction,
stereotypy and/or other repetitive behaviors in individuals with ASD. In addition to these
functions, the BG has been implicated in the cognitive control of language processing and
functional interactions between Broca’s area and the striatum are well documented
(Bohsali & Crosson, 2016). Changes in neurochemical or cellular processes in the basal
ganglia may thus also have significance to language disorders in ASD.
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