Anesthesia, Perfusion/Fixation, & Tissue Collection

Pups were euthanized through whole-animal perfusion of a 4% paraformaldehyde
solution upon completion of motor skill testing on PND 27 and PND 28. The protocol described
throughout this study was modified from the methods described by Gage, et al. (2012). First,
pups were placed within an induction chamber, then deeply anesthetized with 2-4% isoflurane
gas at 1-2 L/min. Once the animal appeared unresponsive, it was removed from the induction
chamber, placed within a metal tray, and administered a continuous supply of 2-4% isoflurane at
1-2 L/min through a rodent facemask. Appropriate anesthetization depth was confirmed through
absence of hind paw withdrawal reflex to a painful toe pinch.

A medial incision of the anterior abdomen was made, moving superiorly towards the rib
cage, cutting through the integument and anterior abdominal wall. Once directly inferior to the
rib cage, the incision was extended laterally, the liver carefully separated from the diaphragm.
Using curved blunt scissors, a traverse cut was made along the diagram. The traverse incision
was continued along the entire lateral and contralateral length of the rib cage, up to the
collarbone. The tip of the sternum was clamped with the tip of a hemostat, moving the hemostat
over the animals head for full view of the thoracic cavity.

An incision was made into the inferior angle of the left ventricle, then a blunt tipped
perfusion catheter was threaded through the left ventricle superiorly towards the ascending aorta.
An additional cut was made in the right atrium to allow the release of perfusate. Slow,
continuous application of pressure to a 20 mL syringe, of which the perfusion catheter was
attached, allowed for approximately 40-60 mL of ice cold 25 mM phosphate buffered saline
(PBS), followed by 40-60 mL of ice cold 4% paraformaldehyde to be transcardially perfused.

Perfusion of ice cold 4% fixative continued until the animal achieved nuchal rigidity.
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Exsanguination was monitored through continuous supervision of perfusate return through the
right atrium; additionally, the liver was observed to change from deep red to pale yellow in color.
The posterior portion of the brain was then harvested from the animal, taking care to
fully preserve cerebellar structures. First, traverse cuts with a razor blade were used to peel away
muscle at the base of the skull. Cervical vertebrae were severed, then scissors were used to make
horizontal incisions extending through the skull’s foramen magnum. Rongeurs were used to
carefully remove calvarium, exposing the posterior brain, including the cerebellum and
brainstem. A small spatula severed the olfactory bulb and other cranial nerves from the ventral
surface and the intact brain tissue was removed. The tissue was post-fixed within conical vials

containing ice cold 4% paraformaldehyde and stored at 4 °C for a minimum of 12 hours.

Vibratome Sectioning

After a minimum of 12 hours of fixation within 4% paraformaldehyde solution,
cerebellums were cut in the midsagittal plane using standard single edge industrial razor blades.
One of the resulting two sections was returned to 4% paraformaldehyde while the other was
embedded within 4% low melting point agarose created using 25 mM PBS. Molten agarose was
poured into 15 x 15 x 5 mm disposable base molds (Fisherbrand Cat No. 22-363-553) and the
midsagittal section was added so that the lateral portion was placed on the bottom of the mold.
The molten agarose was allowed to cool at room temperature and was removed from the mold
once firmly solidified. The agarose block was trimmed using standard single edge industrial
blades, creating a 5 x 5 x 5 mm block that was then fixed to a metal platform with professional
liquid super glue. Upon the adhesive drying, the metal platform was place directly into the

Vibratome Series 3000 specimen mount position. The specimen bath was filled with 25 mM
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PBS, so that the trimmed agarose block and blade holder were covered with a thin layer of
liquid. Uncoated, disposable vibratome injector blades (Polysciences Inc. Cat No. 22370) were
loaded into the blade spring clamp set at a 15° angle. The vibratome speed was set to 2,
amplitude set to 8.5, and the section thickness was set to 60 um. Sagittal sections were taken
from the medial surface of the midsagittal half and placed into 24-well cell culture plates
(CellStar Cat No. 622 160) containing approximately 1 mL of 25 mM PBS. Section-containing
cell culture plates were then stored at 4 °C until undergoing immunohistochemistry staining for

visualization of PCs and climbing fiber connectivity.

Immunohistochemistry & Tissue Mounting

The following immunohistochemistry (IHC) procedure utilized within this study
originated from the methods previously described by Pierce, et al. (2011). The entire protocol
was performed with sagittal cerebellar sections free-floating in 24-well cell culture plates
(CellStar Cat No. 622 160). First, sections were washed with 1000 pL 0.15 M glycine (BioRad
Cat No. 161-0718) in 25 mM PBS and incubated within the wash solution for 10 minutes at
room temperature. Sections were then incubated in 300 pL of 25 mM PBS with 0.05% Tween-20
(Fisher BioReagents Item No. BP337-100), also known as “PNT buffer”, and 1% Triton-X-100
(Millipore Sigma Cat No. 1122980101) for one hour at room temperature. Samples were washed
with 1000 uL of PNT buffer for five minutes, three consecutive times. Blocking was then
performed with 300 uL of 25 mM PBS, 2% donkey serum (Jackson ImmunoResearch
Laboratories Cat No. 017-000-121), 1% bovine serum albumin (Fisher BioReagents Item No.
EW-88057-64), 0.1% Triton-X 100, and 0.05% Tween-20. Samples remained in the blocking

solution for one hour at room temperature. Anti-calbindin primary antibodies specific to PCs
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(Sigma Aldrich Cat No. C9848) received a 1:5000 dilution and anti-VGlut2 primary antibodies
specific to olivary climbing fibers (Millipore Cat No. AB2251) received a 1:1000 dilution, both
within the previously described blocking solution. Tissue was incubated within 300 uL of the
primary antibody solution for two days on a rocker table at 4 °C. The sections were then washed
with 1000 pL of PNT buffer for five minutes, three consecutive times, holding in the third was
for one additional hour.

Donkey anti-mouse AlexaFluor 594 conjugated secondary antibodies specific to the anti-
calbindin primary antibodies (ThermoFischer Scientific Cat No. A-21203) received a 1:1000
dilution and donkey anti-guinea pig AlexaFluor 488 conjugated secondary antibodies specific to
the anti-VGlut2 primary antibodies (Jackson ImmunoResearch Laboratories Cat No. 706-545-
148 received a 1:200 dilution, both within the blocking solution. Sections were incubated with
300 pL of the secondary antibody solution for 24 hours while on a rocker table at 4 °C. Next, the
samples were washed with 1000 pL of PNT buffer for five minutes, three times, holding in the
third wash for 4-12 hours on a rocker table at 4 °C. The samples were washed with 1000 pL PNT
buffer for five minutes, twice more, then were ready for mounting and coverslipping.

Sagittal cerebellar sections were mounted onto positively charged StarFrost adhesive 17x
3” microscope slides. Sections were semi-aqueously mounted in FluoroGel II with DAPI
(Electron Microscopy Sciences, Cat No. 17985-50) and coverslipped with #1.5 24x6 mm
coverglass (Fisherbrand). Once the FluroGel II with DAPI dried, clear nail polish was used to
seal the coverslip edges. Nail polish was allowed to dry completely and care was taken to ensure
all edges were fully sealed. Slides were then covered in aluminum foil and stored at 4 °C until

imaged with confocal microscopy.
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Confocal Imaging & Analysis

Immunohistochemistry staining of sagittal cerebellar sections was assessed using a Leica
DMi8 inverted confocal microscope. Sealed, coverslipped slides were inverted and focused
under a 10x objective lens, first using brightfield microscopy. The cerebellar primary fissure and
inferior lobe were identified to serve as structural boundaries for lobules VI — IX, the lobules of
interest for confocal imaging. All z-stack images were obtained from within posterior lobules VI
— IX. The posterior lobe was selected for confocal imaging due to its association with motor
coordination through the GABAergic suppression of involuntary movement. Additionally, the
posterior lobe has become recently associated with language deficits, strengthening the
likelihood of this region being altered within individuals with ASD (Stoodley et al., 2018).

Once the cerebellar posterior lobe was focused using the 10x objective lens, PCs were
focused on using the brightfield 40x objective lens with oil immersion. Confocal microscopy was
then used to view immunofluorescence of the blue channel DAPI (excitation set at 405 nm), red
channel anti-calbindin (excitation set at 594 nm), and green channel anti-VGlut2 (excitation set a
488 nm) fluorescent signals. The pinhole aperture was set to one Airy unit, stack step-size was
set to 2 um along the z-axis, and the sampling aperture was set to a 512 x 512 pixel distribution.
Additionally, care was taken to limit excessive fluorescence or brightfield exposure to samples,
to prevent photobleaching of cerebellar sections. Approximately five z-stacks were obtained for
every tissue section and stack images were collected by those blind to the experimental
conditions of the animals sections originated from.

The acquired confocal z-stacks were then analyzed using Fiji software, specifically
assessing and quantifying climbing fiber synaptic connectivity through VGlut2

immunohistochemistry staining (Schindelin et al., 2012). Leica files were directly imported into
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ImagelJ and settings were such that merged-channel stacks were converted into individual stacks
for each fluorescent channel used throughout confocal imaging: channel 0 for blue, DAPI
fluorescence, channel one for red, anti-calbindin fluorescence, and channel two for green, anti-
VGlut2 fluorescence.

Channel two stacks were converted into black and white 8-bit stacks, then auto-
thresholded using default settings with white objects on black background. Regions of interest
for VGlut2 particle analysis included areas within the cerebellar molecular layer, avoiding
assessment of PC bodies or the granule cell layer. Olivary climbing fibers maintain the ability to
form synaptic connections with PCs within regions of Purkinje soma, however, this region was
excluded due to concerns of mistakenly capturing VGlut2 particles within the granular layer
across the entire stack’s analysis. Particle analysis was set to assess VGlut2 particles ranging
from 0.3 — 2.5 um?; this area range was determined by screening VGlut2 particle size within 22

stacks originating from three untrained, control animals.

Statistical Analysis

Statistical analysis of behavioral balance beam motor testing consisted of two-between,
one-within ANOVAs with repeated measures on the last factor performed with IMB SPSS 20.0
for each individual balance beam implemented. A p value < 0.05 was set for statistical
significance between group analyses. Additionally, the 13 mm cylindrical beam was excluded
from analysis due to excessive animal failures resulting in large amounts of missing data. The
extent of missing data prevented appropriate statistical analysis and group comparisons to be

made.
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The two-between, one-within ANOV As with repeated measures on the last factor
allowed assessment of simple main effects of each independent variable on the dependent
variable as well as a potential interaction between the two independent variables on the
dependent variable. The first simple main effect tested was the effect of treatment on motor
performance; animals received either daily subcutaneous injections of a non-specific serotonin
agonist solution to induce DHS or injections of normalized saline solution to serve as
representatives of the typically developing Sprague Dawley rat population. The second simple
main effect tested was the effect of training on motor performance; animals either participated in
a balance beam motor training regimen prior to the motor testing period or remained housed
within their cage throughout this time. The interaction between treatment and training and the
collective effect on motor performance was analyzed to assess motor learning. It is anticipated
that typically developing animals will display improvement on a motor task with additional
exposure or training, improvement reflected by a decreased time required to traverse the balance
beam. Therefore, an interaction between treatment and training on motor performance would
suggest that an improvement of motor performance is, in part, dependent on the treatment the
animal received. This is to be interpreted as treatment having a potential effect on motor learning
capabilities, creating cohort variance in motor performance improvement across motor testing
trials.

Statistical analysis of glutamatergic connectivity between PCs and olivary climbing fibers
within the cerebellar cortex consisted of two-way ANOVAs and two-sample t-tests performed
with IMB SPSS 20.0. Two-way ANOVA allowed assessment of simple main effects of both
independent variables, treatment, saline treatment or the induction of DHS, and the presence or

absence of training on how many positive stained VGlut2 particles were detected with ImageJ
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particle analysis. Additionally two-way ANOV As allowed assessment of simple main effects of
each independent variable on the total area of positive VGlut2 staining, as particle size varied.
Two-sample t-tests were performed to assess the effects of training, combining data collected
from saline treated animals and DHS induced animals, on total number of positively stained
VGlut2 particles. Another two-sample t-test was performed to assess effects of treatment,
combining trained and untrained animal data, on the total number of positively stained VGlut2

particles. A p value < 0.05 was set for statistical significance between group analyses.
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RESULTS

Rat Motor Performance & Motor Learning Assessment via Balance Beam Motor Training
& Testing

Saline treated and DHS induced Sprague Dawley rats were randomly divided into four
groups on postnatal day 21 (Figure 4). Two of the four groups were assigned to complete balance
beam motor training, trained saline treated animals and trained DHS induced animals (Figure 5)
(Carter et al., 2001). Upon completion of balance beam motor training, all four animal groups
performed motor testing (Figure 5). Traverse times for each training session throughout motor
training and for each day of testing throughout the motor testing period were recorded for each
individual beam, averaged, and analyzed (Figure 6, 7, & 8). Results from the small round
(13mm) balance beam were recorded, but excluded from statistical analysis, due to excessive
failures across groups (Figure 9 & Table 1). Failure to perform was defined by the rodent falling
from the beam, flipping 180°, or exceeding the maximum time allotment of 60 seconds.
Untrained saline treated rats accounted for approximately 39% of the small (13 mm) round
balance beam failures throughout motor testing, while untrained DHS induced rats accounted for
approximately 56% of the failures (Table 2).

Two-between, one-within ANOV As with repeated measures on the last factor, the beam
used, were used to measure main effects and/or an interaction between the two independent
variables, non-serotonin agonist or saline treatment, and motor training or lack thereof, on rat
motor performance throughout motor balance beam testing for each individual balance beam,
excluding the small (13 mm) round balance beam. Motor learning was assessed by analysis of

the interaction between treatment and motor training’s effect on traverse time. Control animals
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Figure 6: Mean Traverse Times Across Large (28 mm) Round Balance Beam
Throughout Motor Training and Motor Testing for All Groups. Saline treated and DHS
induced animals were randomly divided into four groups upon being weaned from dams on
postnatal day 21, shown within the experimental schema described in Figure 4. Animals
assigned to motor training, trained saline treated and trained DHS induced, performed two
consecutive trials on the large, round balance beam. Large, round beam traverse times were
averaged for morning and evening training sessions. The other two groups, untrained saline
treated and untrained DHS induced, remained housed during this training period. Upon
training fruition, all four groups performed motor testing, two trials of testing on the large,
round beam per day being averaged for each animal (Figure 5). Cohort average traverse times
for each training session throughout motor training and for each day of testing throughout the
motor testing period are displayed above with error bars reflective of the standard error.
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Figure 7: Mean Traverse Times Across Small (9.5 mm) Square Balance Beam
Throughout Motor Training and Motor Testing for All Groups. Saline treated and DHS
induced animals were randomly divided into four groups upon being weaned from dams on
postnatal day 21, shown within the experimental schema described in Figure 4. Animals
assigned to motor training, trained saline treated and trained DHS induced, performed two
consecutive trials on the small, square balance beam. Small, square beam traverse times were
averaged for morning and evening training sessions. The other two groups, untrained saline
treated and untrained DHS induced, remained housed during this training period. Upon
training fruition, all four groups performed motor testing, two trials of testing on the small,
square beam per day being averaged for each animal (Figure 5). Cohort average traverse times
for each training session throughout motor training and for each day of testing throughout the
motor testing period are displayed above with error bars reflective of the standard error.
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Figure 8: Mean Traverse Times Across Large (19 mm) Square Balance Beam
Throughout Motor Training and Motor Testing for All Groups. Saline treated and DHS
induced animals were randomly divided into four groups upon being weaned from dams on
postnatal day 21, shown within the experimental schema described in Figure 4. Animals
assigned to motor training, trained saline treated and trained DHS induced, performed two
consecutive trials on the large, square balance beam. Large, square beam traverse times were
averaged for morning and evening training sessions. The other two groups, untrained saline
treated and untrained DHS induced, remained housed during this training period. Upon
training fruition, all four groups performed motor testing, two trials of testing on the large,
square beam per day being averaged for each animal (Figure 5). Cohort average traverse times
for each training session throughout motor training and for each day of testing throughout the
motor testing period displayed above with error bars reflective of the standard error.

44



Motor Testing "Failures"
Across Groups

160 142
T 140
@ 120
=
= 100
T 80
2
2
40
L
= 13 L7

0 L [ ]

Large Square  Small Square Large Round Small Round
Beam Implemented

Figure 9: Trial “Failures” Acquired for Each Individual Balance Beam Throughout
Balance Beam Motor Testing Across All Groups. Saline treated and DHS induced animals
were randomly divided into four groups upon being weaned from dams on postnatal day 21,
shown within the experimental schema described in Figure 4. All animals completed balance
beam motor testing with four beams of varying shape and diameter: large (19 mm)
rectangular beam, small (9.5 mm) rectangular beam, large (28 mm) cylindrical beam, and
small (13 mm) cylindrical beam (Figure 5). Throughout motor testing, rats were allowed a
maximum of ten failures in the attempt to achieve two successful trials per beam. A traverse
time surpassing 60 seconds, the animal falling from the beam, or the animal flipping 180° on
the beam were defined as failures. The total number of failures, per beam, across all groups is
displayed above.
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Table 1: Trial Failures for Each Balance Beam Throughout Balance Beam Motor Testing,
Separated by Group.

Failures Throughout Balance Beam Motor Testing (#)

Large Small Large Small
(19 mm) (9.5 mm) (28 mm) (13 mm)

Square Square Round Round
Trained Saline 0 1 0 3
Trained DHS 0 0 2 3
Untrained Saline 0 2 3 56
Untrained DHS 0 10 12 80
Total
Failures/Beam 0 13 17 142
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Table 2: Trial Percent Failures for Each Individual Balance Beam Throughout Balance
Beam Motor Testing, Separated by Group.

Percent Failure Throughout Balance Beam Motor Testing (%)

Large Small Large Small
(19 mm) (9.5 mm) (28 mm) (13 mm)
Square Square Round Round
Trained Saline 0 7.69 0 2.11
Trained DHS 0 0 11.76 2.11
Untrained Saline 0 15.38 17.65 39.4
Untrained DHS 0 76.92 70.59 56.3

47



should display improvement on a balance beam motor testing task across trials, with greater
improvement if included in a training group prior to the testing period. Therefore, an interaction
between treatment and motor training’s effect on balance beam testing performance is suggestive
that the extent of motor performance improvement across testing after motor training completion

is, in part, dependent on the treatment the animal has received.

Upon analysis of the large (28 mm) round cylindrical beam (Figure 10), a simple main
effect of treatment on motor performance (Figure 10A) (F (1, 32) =9.677, p = 0.004, 1, =
0.232) and a simple main effect of motor training on motor performance (Figure 10B & 10C) (¥
(1,32)=57.394, p = 0.001, np> = 0.642) were found to be statistically significant. However,
there was no statistically significant interaction between the two independent variables, treatment
and training (Figure 10D & 10E) (F (1, 32) =3.210, p = 0.083, np> = 0.091). Analysis of the
small (9.5 mm) square rectangular beam (Figure 11) revealed a statistically significant simple
main effect of motor training on motor performance (Figure 11B & 11C) (F (1,32)=53.914,p =
0.001, > = 0.628). There was no statistical significance found for a simple main effect of
treatment on motor performance (Figure 11A) (F (1, 32) = 0.279, p = 0.601, n,> = 0.009), nor an
interaction between the two independent variables (Figure 11D & 11E) (F (1, 32) =2.406, p =
0.131, np?2 = 0.070). Statistical analysis of the large (19 mm) square rectangular beam (Figure 12)
showed similar trends to the small square (9.5 mm) balance beam with a statically significant
simple main effect of motor training on motor performance (Figures 12B & 12C) (F (1, 32) =
74.990, p = 0.001, np> = 0.701) with no statistical significance regarding a simple main effect of
treatment on motor performance (Figure 12A) (F (1, 32) =2.190, p = 0.149, 1> = 0.064) nor an
interaction between the two independent variables (Figure 12D & 12E) (F (1, 32)=0.215,p =

0.649, 1,2 = 0.007).
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Figure 10: Large (28 mm) Round Balance Beam Analyses of Simple Main Effects and
Interaction Between Treatment and Motor Training on Motor Testing Performance.
Saline treated and DHS induced animals were randomly divided into four groups upon being
weaned from dams on postnatal day 21, shown within the experimental schema described in
Figure 4. Two-between, one-within ANOVA with repeated measures on the last factor was
used to analyze the simple main effect of treatment (A), the simple main effect of motor
training (B and C), and the interaction between both independent variables on balance beam
motor testing performance (D and E). The simple main effect of treatment on motor
performance throughout balance beam motor testing (A) was found to be statistically
significant, F (1, 32) = 9.677, p = 0.004, n,*> = 0.232. The simple main effect of motor training
on motor performance throughout balance beam motor testing (B and C) was also found to be
statistically significant, F (1, 32) = 57.394, p = 0.001, n,> = 0.642. However, the interaction of
treatment and motor training on motor performance throughout balance beam motor testing
(D and E) was not found to be statistically significant, F (1, 32) =3.210, p = 0.083, np> =
0.091.
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Figure 11: Small (9.5 mm) Square Balance Beam Analyses of Simple Main Effects and
Interaction Between Treatment and Motor Training on Motor Testing Performance.
Saline treated and DHS induced animals were randomly divided into four groups upon being
weaned from dams on postnatal day 21, shown within the experimental schema described in
Figure 4. Two-between, one-within ANOVA with repeated measures on the last factor was
used to analyze the simple main effect of treatment (A), the simple main effect of motor
training (B and C), and the interaction between both independent variables on balance beam
motor testing performance (D and E). The simple main effect of treatment on motor
performance throughout balance beam motor testing (A) was not found to be statistically
significant, F (1, 32) = 0.279, p = 0.601, n,*> = 0.009. The simple main effect of motor training
on motor performance throughout balance beam motor testing (B and C), however, was found
to be statistically significant, F (1, 32) = 53.914, p = 0.001, n,> = 0.628. The interaction of
treatment and motor training on motor performance throughout balance beam motor testing
(D and E) was also not found to be statistically significant, F (1, 32) = 2.406, p = 0.131, n,* =
0.070.
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Figure 12: Large (19 mm) Square Balance Beam Analyses of Simple Main Effects and
Interaction Between Treatment and Motor Training on Motor Testing Performance.
Saline treated and DHS induced animals were randomly divided into four groups upon being
weaned from dams on postnatal day 21, shown within the experimental schema described in
Figure 4. Two-between, one-within ANOVA with repeated measures on the last factor was
used to analyze the simple main effect of treatment (A), the simple main effect of motor
training (B and C), and the interaction between both independent variables on balance beam
motor testing performance (D and E). The simple main effect of treatment on motor
performance throughout balance beam motor testing (A) was not found to be statistically
significant, F (1, 32) = 2.190, p = 0.149, n,> = 0.064. The simple main effect of motor training
on motor performance throughout balance beam motor testing (B and C), however, was found
to be statistically significant, F (1, 32) = 74.990, p = 0.001, n,> = 0.701. The interaction of
treatment and motor training on motor performance throughout balance beam motor testing
(D and E) was also not found to be statistically significant, F (1, 32) = 0.215, p = 0.649, n,* =
0.007.
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Investigation of Glutamatergic Synaptic Connectivity of Purkinje Cells & Olivary

Climbing Fibers

Connectivity between PCs and olivary climbing fibers within the cerebellar cortex was
investigated through application of immunohistochemistry, followed by quantification using
Image] software, and statistical analysis. PCs were labeled with anti-calbindin antibodies and
olivary climbing fiber glutamate vesicular transporter 2 proteins were labeled with anti-VGlut2
antibodies, allowing indirect assessment of glutamatergic synapses between the two neuronal cell
types. The fluorescently stained sagittal cerebellar sections were imaged at an objective lens
magnification of 40x with oil immersion using a Leica DMi8 confocal microscope (Figure 13).
Approximately five z-stacks were obtained for each stained tissue section, with approximately
nine sections being stained for each animal that was transcardially perfused with 4%
paraformaldehyde. Imagel software allowed quantification of the number of positively stained
VGlut2 particles for the imaged z-stacks, each particle representative of a single synaptic
connection. It also allowed quantification of the total area of positive VGlut2 staining,
representative of the volume of glutamate release from an olivary climbing fiber.

Two-way ANOVA was used to statistically analyze possible simple main effects of the
two independent variables, treatment and training, on the quantified number of positively stained
VGlut2 particles. Treatment groups differed in that Sprague Dawley rat pups were either induced
with DHS or administered subcutaneous injections of normalized saline to serve as experimental
controls. Training groups differed by implementation of an early balance beam motor training
regimen or lack thereof prior to balance beam motor testing.

Upon analysis of the number of positively stained VGlut2 particles, a simple main effect

of treatment (Figure 14A) was found to be statistically significant when comparing trained saline
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Figure 13: Representative Confocal Microscopy Images of Select Cerebellar Cortex Cell
Populations within Lobules VI - IX. Cerebellar sections were imaged using a DMi8
confocal microscope at a 40x objective lens with oil immersion. Sagittal cerebellar sections
were cut at 60 um, then labeled using immunohistochemistry technique. Purkinje cells (PC)
were fluorescently labeled with Alexa 594, red secondary antibodies. Olivary climbing fiber
vesicular transporter protein 2 (VGlut2), representative of olivary climbing fiber synaptic
connections, were labeled using Alexa 488, green. Positively stained VGlut2 particles are
designed with white arrowheads. Cellular nuclei were stained using DAPI, shown as blue.
There are representative images for each of the four Sprague Dawley rat subgroups, shown
within Figure 3: trained saline treated (A), trained DHS induced (B), untrained saline treated
(C), and untrained DHS induced (D).
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Figure 14: Quantification and Analysis of Positively Stained VGlut2 Particle Count and
Area. Connectivity between PCs and olivary climbing fibers within the cerebellar cortex was
indirectly assessed through the application of immunohistochemistry and ImagelJ particle
analysis. The number of positively stained VGlut2 particles, reflective of bound glutamate to
glutamatergic receptors on Purkinje cells, were counted from z-stack images obtained from all
four animal groups, shown within Figure 4, and then analyzed with two-way ANOVA. The
total area of positive VGlut2 staining, reflective of volume of glutamate release, was also
analyzed for all four animal groupings with two-way ANOVA. Statistical significance of p <

0. 05 was designated with an “*”, while statistical significance of p < 0.01 was designated by
ok
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Figure 15: Assessment of Effects of Training and Treatment on Number of Positively
Stained VGlut2 Particles. Connectivity between Purkinje cells and olivary climbing fibers
within the cerebellar cortex was indirectly assessed through the application of
immunohistochemistry and ImageJ particle analysis. The number of positively stained VGlut2
particles, reflective of bound glutamate to glutamatergic receptors on Purkinje cells, were
counted from z-stack images obtained from all four animal groups, shown within Figure 4,

and then analyzed by two sample t-test. Statistical significance of p <0.01 was designated by
ek koo
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DISCUSSION

Assessment of Effects of Developmental Hyperserotonemia on Rat Motor Performance

One of the primary aims of this research is assessment of effects of DHS induction on
Sprague Dawley rat motor performance. Rodent motor performance was examined through
implementation of a balance beam motor task, the time required for the animal to traverse a
balance beam recorded and analyzed. Four balance beams of varying shape, cylindrical or
rectangular, and diameter, small or large, were used in attempt to increase motor testing
sensitivity. Multiple beams allow a range of task difficulty, cylindrically shaped and/or beams of
smaller diameter requiring greater motor coordination to traverse. Rounded beams also allow
indirect assessment of grip, due to removal of a planar surface. Therefore, implementation of
various beam shapes and diameters allows greater observation of subtle motor impairment,
specifically compromised motor coordination and/or sensorimotor function (Carter et al., 2001).
Affected motor coordination may be reflective of postural instability or altered gait within the
DHS induced animals, as both are commonly observed within populations of humans with ASD
(Bhat et al., 2011). Additionally, alterations in sensorimotor function could potentially
compromise the animals’ ability to integrate sensory input from external stimuli, then
appropriately adjust movement in response, as is also reported in affected human populations
(Paton et al., 2012). Thus, it was anticipated that the induction of DHS within a rodent
population would result in decreased coordination, reflected by a greater traverse time.

Analysis of the various balance beams allowed assessment of main effects and
interactions between the two independent variables, treatment and training. The simple main

effect of treatment, either with the non-specific serotonin agonist 5-MT for the induction of DHS
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or saline for control animals, is what was analyzed for assessment of the effects of DHS on rat
motor performance. It appears that the overall trend for all analyzed beams, the large (28 mm)
round cylindrical beam, small (9.5 mm) square rectangular beam, and large (19 mm) square
rectangular beam is that the DHS induced animals required more time to traverse the beam than
the saline treated controls (Figure 10A, 11A, &12A). However, the large (28 mm) round balance
beam was the only beam to reach statistical significance for the simple main effect of treatment
(Figure 10A). The small (9.5 mm) square and large (19 mm) square beam did not reach statistical
significance for this simple main effect (Figure 11A & 12A).

Such lack of statistical significance was unanticipated, for other rodent models involving
disruption of the serotonergic system have been observed to display altered locomotor activity
(Alzghoul et al., 2012; Noorlander et al., 2008). Additionally, balance beam motor testing has
been proposed to be more sensitive to detecting reduced motor coordination when compared to
other motor assays, such as rotarod behavioral testing. Therefore it was anticipated to detect even
minor motor deficit if present (Stanley et al., 2005). It is possible that the lack of significance of
the simple main effect of treatment for the two rectangular beams is due to small sample sizes of
8-11 Sprague Dawley pups per animal grouping, resulting in insufficient statistical power.
Additionally, the combined grouping of trained and untrained animals for said analysis may have
confounded results. Lastly, it is possible that more days of testing are required to detect whether
motor coordination performance plateaued across all animal groups if compromised animals
require more than the typical 2-3 days, on average (Carter et al., 2001). Ultimately, further
research is required to identify whether motor coordination is reliably compromised within DHS

induced Sprague Dawley rats, however, our data is slightly reflective of such.
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Assessment of Effects of Developmental Hyperserotonemia on Rat Motor Learning

An additional primary aim of this research is assessment of effects of DHS on Sprague
Dawley rat motor learning. It was predicted that induction of DHS within a Sprague Dawley rat
population would retard motor learning, reflected by less improvement across balance beam
motor testing trials compared to the control animals. Improvement was defined as the animal
requiring less time to successfully traverse the beam with repeated task exposure. Additionally, it
was hypothesized that the implementation of an early training regimen would rescue the deficit
in motor coordination within the trained DHS induced animals. This motor training rescue
phenomenon has been reported within a haploinsufficiency rodent model of ASD (Bachmann et
al., 2019). Rescue of motor coordination was to be reflected by equivalent or greater
improvement of trained DHS induced animals across motor testing trials compared to the
untrained saline treated controls.

Two-between, one-within ANOVA with repeated measures on the last factor was used to
assess motor learning across balance beam motor testing trials for each individual beam,
excluding the small (13 mm) cylindrical beam. This allows analysis of simple main effects and
interactions between the two independent variables, treatment and training. It was anticipated
that the simple main effect of training on balance beam motor testing performance would be
statistically significant for all beams. There is the expectation that improvement on a motor task
should be observed with repetition, regardless of treatment. This hypothesis was validated in that
there was a simple main effect of training found to be statistically significant for all beams
analyzed, trained animals displaying reduced traverse times throughout motor testing (Figure
10B, 10C, 11B, 11C, 12B, & 12C). Such results indicate that all animals displayed propensity for

motor learning.
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The extent of motor learning capabilities between treatment groups was assessed by the
analysis of the interaction between treatment and motor training’s effect on balance beam motor
testing performance. It is statistically established that all groups appear capable of motor learning
(Figure 10B, 10C, 11B, 11C, 12B, & 12C). Therefore, an interaction between treatment and
motor training suggests the extent of motor performance improvement across testing is, in part,
due to the treatment the animal received. A possible interpretation of this could be that motor
learning capabilities have been altered within some cohorts of varying treatment, creating cohort
variance in motor performance improvement across the testing period.

It appears that the overall trend for all analyzed beams illustrates trained DHS induced
animals required more time to traverse the beam than the trained saline treated controls, as
predicted (Figure 10D, 11D, & 12D). However, with none of our analyses reaching statistical
significance, one cannot definitively conclude confirmation of our hypothesis. Similarly, while
trends suggest untrained DHS induced animals require additional traverse time compared to
untrained controls, statistical significance was not reported (Figure 10E, 11E, & 12E). Finally,
group averages suggest trained DHS induced animals performed slightly better than untrained
saline treated controls on two of the three analyzed beams (Figure 6, 7, & 8). However, these
trends did not reach statistical significance (Figure 10D, 10E, 11D, 11E, 12D, & 12E).

There are many possible clinical implications surrounding the use of early intervention
motor training to improve compromised motor function and motor learning capacity later in life.
It has been reported that individuals affected with ASD who participate in biofeedback based
balance training display improved balance, reflected by increased time one can remain balanced
on one foot (Travers et al., 2018). Additionally, it appears the improved balance is functionally

generalized to improvement of postural based stability demonstrated while performing tasks
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participants were not specifically trained on (Travers et al., 2018). Considering the established
relationship between motor development and communicative development in addition to the
association of motor impairment and stereotyped behaviors, there is potential that improved
motor skills and motor learning may reduce core ASD symptom severity.

While these trends are observed in our investigation, the lack of statistical significance is
likely the result of small sample sizes reducing the amount of statistical power for analysis. It is
also possible that, again, the period of motor testing needs to be extended to better ensure that
animal performance is reaching baseline, reflected by a plateauing of traverse times. While
typically developing animals require an average of 2-3 days of balance beam motor testing to
display plateaued traverse times, compromised animals may require further opportunity for
improvement (Carter et al., 2001). Ultimately, without statistical significance one cannot reliably
ascertain if a motor learning deficit was present within DHS induced animals, nor whether motor
rescue is possible with establishment of an early training regimen. However, this study provides

encouraging groundwork deserving of further investigation.

Assessment of Glutamatergic Synaptic Connectivity of Purkinje Cells & Olivary Climbing
Fibers

The final primary aim of this research is assessment of effects of DHS and/or
implementation of an early intervention motor training regimen on cerebellar cortex circuitry,
specifically connectively between PCs and olivary climbing fibers. Connectivity was assessed in
two ways, one being the number of VGlut2 positive particles quantified upon analysis of
fluorescently labeled cells. Each positively stained VGlut2 particle was interpreted to represent a

single glutamatergic synaptic connection between a PC and olivary climbing fiber, due to the
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anti-VGlut2 antibodies staining for a glutamate vesicular transport 2 protein, bound to PC
glutamatergic receptors found at these synapses. It was predicted that there would be a reduction
of glutamatergic synaptic connections between PCs and olivary climbing fibers with induction of
DHS in Sprague Dawley rat populations. It was also hypothesized that implementation of early
motor training would result in increased synaptic connections between the aforementioned
neuronal cell types. Both hypotheses regarding connectivity between PCs and climbing fibers
were found to be statistically significant upon analysis (Figure 14A). Cerebellar circuitry was
also assessed with quantification of the total area of positive VGlut2 staining, representative of
glutamate receptor abundance and/or volume of glutamatergic release. It was predicted that there
would be a reduction in positively stained VGlut2 area within rats induced with DHS and that
there would be an increase in positively stained area within animals that participated in early
balance beam motor training. These predictions were both found to be statistically significant
(Figure 14B).

The decrease of synaptic connectivity between PCs and olivary climbing fibers with
animals induced with DHS suggests alterations to the serotonergic system throughout fetal and
postnatal development may compromise cerebellar connectivity (Figure 15B). This is likely due
to the association of serotonin with postnatal cerebellar development (Purves et al., 2001).
Transient 5-HT3 serotonin receptor expression and activation at PC, olivary climbing fiber
synapses assists with the pruning of excess olivary climbing fibers (Purves et al., 2001).
Therefore, indirect overstimulation of these receptors using nonspecific serotonin agonist 5-MT
may overstimulate this pruning, reducing synaptic connectivity. Additionally, another animal
model for ASD involving treatment with VPA, a common anti-convulsant, throughout

embryonic development has been associated with increased serotonin concentration in various
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brain regions, including the cerebellum (Kinast et al., 2013). Such animals display PCs with
compromised dendritic arborization, altering synaptic transmission as observed in
electrophysiological recordings (Wang et al., 2018). Reduced PC dendritic arbor complexity, as
described, could physically limit availability to form synaptic connections. Therefore, induction
of DHS may reduce PC, olivary climbing fiber synaptic connections due to excessive olivary
climbing fiber pruning and/or morphological alterations to PC dendritic arbors. This is a
potential cellular cause for motor dysfunction within DHS treated animals, for olivary climbing
fibers assist with the integration of external stimuli, allowing modulation of motor movement
(Paton et al., 2012).

Such conclusions are also supported by analysis of positively stained VGlut2 particle
area, reflective of volume of glutamate release and/or receptor abundance at PC, olivary
climbing fiber synapses. Animals induced with DHS display reduced positively stained VGlut2
particle area (Figure 14B & 15B). This may be due to reduced VGlut2 particle numbers
decreasing overall positive staining area. However, such results also suggest cerebellar
dysfunction from reduced cerebellar activation, displayed by reduced glutamate release
(Mostofsky et al., 2009). This supports the notion of decreased motor learning capabilities within
a DHS induced animal model for ASD. Such findings assist with validation of the DHS animal
model for ASD as it reflects, on a cellular level, the reduction of motor learning and cerebellar
activation reported in affected human populations (Mostofsky et al., 2009).

Conversely, increased connectivity and glutamatergic receptors and/or glutamate release
with implementation of an early motor training regimen is likely reflective of increased motor
learning. Motor learning was behaviorally established within all animal groups, in that all

animals improved on a balance beam motor task with repeated exposure (Figure 10B, 10C, 11B,

63



11C, 12B, & 12C). This behavioral data is supported by our cellular findings (Figure 14A), for
motor learning is associated with cerebellar synaptogenesis, the formation of additional
synapses, with PCs (Black et al., 1990). Increased PC, olivary climbing fiber synapses could
provide explanation for the increased positively stained VGlut2 area (Figure 14B), for more
particles could result in greater overall staining area. However, it is also possible that motor
learning increased cerebellar activation, displayed by increased glutamatergic stimulation of PCs
(Mostofsky et al., 2009). Therefore, it appears that all animals are capable of motor learning,
reflected by cerebellar circuitry alterations. Additionally, implementation of early motor training
regimens increases PC, climbing fiber connectivity and glutamate release and/or receptor

expression.
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CONCLUSIONS & FUTURE DIRECTIONS

The heterogeneity of ASD has provided challenges in identification of reliable
behavioral, structural, and/or neuronal connectivity commonalities within populations affected
with ASD. The majority of individuals with ASD present varying severity regarding not only
core features of the disorder, but also frequently observed comorbidities of additional diagnoses
and symptoms (Lai et al., 2014). Alterations in serotonin concentration remains one of the most
consistent biochemical findings within this diverse population, as many as 40-70% displaying
increased platelet bound serotonin within general circulation (Hough & Segal, 2016; Whitaker-
Azmitia, 2001). It has been proposed that increased circulating serotonin during critical periods
of embryonic development, prior to complete formation of the blood-brain barrier, could
overstimulate the central nervous system, altering typical developmental trajectories. This could
induce negative feedback of the serotonergic system, stunting development and resulting in
decreased neuronal serotonin, but chronically increased platelet bound serotonin concentrations
throughout adulthood. These findings have appropriately translated into animal models, both
those directly and indirectly induced with DHS, increased exposure to serotonin throughout fetal
development. Many of these animals have been reported to display core features of the disorder
such as an increase of stereotyped, repetitive behaviors and decreased sociability (Alzghoul et
al., 2012; Kahne et al., 2002; Sprowles et al., 2016). Such studies validate the use of DHS
induced Sprague Dawley rats as a model for ASD, as is used within this study.

Deficits in motor coordination, spanning both gross and fine motor function, are
increasingly reported, with estimates of over 79% of affected individuals presenting with this

dysfunction (Jeste, 2011; Lai et al., 2014). This study, in part, served to assess motor
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coordination within DHS induced rats through implementation of a balance beam motor task.
Our findings support reduced motor coordination in this animal model upon assessment using the
large (28 mm) round beam (Figure 10A). The other two beams’ trends suggested this, but did not
reach significance with analysis (Figure 11A & 12A). Animals with alterations to the
serotonergic system frequently display impairment of motor performance (Alzghoul et al., 2012;
Ellegood et al., 2018; Tanaka et al., 2018). Therefore, while not entirely significant, our data
remains encouraging of similar findings.

Individuals with ASD have also been observed to experience delays in motor learning,
both explicit and implicit. This study aimed to assess implicit motor learning through analysis of
Sprague Dawley rat improvement with repeated exposure to a balance beam motor task and
implementation of an early motor training regimen for two of the four animal groups (Figure 4).
We first established that all animals maintained the propensity for motor learning; all animals
displayed improvement, reflected by decreased beam traverse time, with previous exposure to
balance beam motor training (Figure 10B, 10C, 11B, 11C, 12B, & 12C). We then observed that,
while not statistically significant, it appears animals induced with DHS displayed reduced
improvement on the motor task with additional trials (Figure 10D, 10E, 11D, 11E, 12D, & 12E).
This is suggestive that implicit motor learning remains intact, but compromised, within this
animal model for ASD. Additionally, it alludes to the prospect of early motor training regimen
implementation decreasing the severity of motor impairment as DHS induced animals, trained or
untrained, all showed improvement with repeated trials (Figure 6, 7, & 8). Implementation of
clinical motor training in human populations affected with ASD has proven to be promising,
reports showing marked improvement on both explicitly taught and associated motor tasks

(Travers et al., 2018).
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Motor coordination and implicit motor learning are two processes highly reliant on
modulation of PC excitation in response to external stimuli within the cerebellar cortex,
providing a region of interest for further investigation. Humans with ASD frequently display
alterations in cerebellar connectivity, specifically decreased glutamatergic excitation of PCs
(Mostofsky et al., 2009). Additionally, serotonin is highly involved in cerebellar
neurodevelopment, transient serotonin expression proving critical for appropriate dendritic
elaboration, synapse formation and stabilization, and the stimulation of synaptic plasticity
(Purves et al., 2001). This collectively suggests that alterations to the serotonergic system may
alter cerebellar circuitry, reflected as impaired motor coordination and implicit motor learning.
Therefore, we aimed to assess cerebellar circuitry, specifically connectivity between PCs and
olivary climbing fibers.

Connectivity was assessed, indirectly, with immunohistochemistry and confocal
microscopy of fluorescently tagged PCs and climbing fiber VGIut2. This staining was
representative of glutamatergic PC, climbing fiber synapses with climbing fiber VGIut2 protein
bound to PC glutamate receptors. The number of connections, the number of individual
positively stained VGlut2 particles, as well as the volume of glutamate release and/or receptor
abundance, the total area of positive VGlut2 staining, were quantified and analyzed. This
revealed that animals induced with DHS display reduced synaptic connectivity and glutamate
release and/or receptor expression (Figure 14A & 14B). Additionally, trained animals displayed
increased synaptic connections and increased glutamate release and/or receptor expression.
Increased cerebellar activation, glutamatergic release, has been alluded to be reflective of
neuronal plasticity innate to motor learning (Mosconi et al., 2015). The formation of new

synaptic connections, synaptogenesis, within the cerebellar cortex has also been suggested to be
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representative of motor learning (Black et al., 1990). Therefore, our data suggests that the motor
coordination and motor learning impairment displayed within rats induced with DHS is due to
the cellular alterations within the cerebellum. The surplus of serotonin throughout development
may alter cerebellar synaptic plasticity, inhibiting synaptogenesis and increased glutamatergic
release in response to modulation from external stimuli. Additionally, our data suggests early
motor training is sufficient to induce increased synaptogenesis and glutamate release within DHS
induced animals. This supports the notion that early clinical intervention involving motor
training may decrease motor deficit severity associated with ASD. With the established link
between motor development and development of communicative abilities, motor training may be
sufficient to lessen severity of symptoms associated with the disorder, even those within current
diagnostic criteria.

Limitations to our current study included modest animal sample sizes and a potentially
insufficient period of motor testing to definitively conclude all animals reached a plateaued,
baseline motor performance. Both scenarios could be easily remedied if one desired to duplicate
our findings. One could also limit the bars used for balance beam motor training and testing to
the small (9.5) square and large (28 mm) round balance beams, for both appeared to be an
appropriate level of difficulty, as reflected by animal failure rates (Figure 8, Table 1, & Table 2).
In regards to our cerebellar circuitry findings, investigation of the upregulation of glutamate
receptors on PCs is needed, perhaps through isolation and quantification of said receptors. This
would assist in differentiating between increased volume of glutamate release and upregulation
of receptor expression as an explanation of overall increased VGlut2 stained area. There could
also be a large benefit to the implementation of supplementary behavioral tests, to not only

further validate DHS induced rats as a model for ASD, but also to continue investigation of
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potential effects of motor training regimens. Confirmation of a deficit in motor coordination and
motor learning, as well as rescue of the deficit phenotype, could be further illustrated with the
introduction of a rotarod or an adjustable ladder rung behavioral test. Furthermore, due to the
communicative impact of motor dysfunction, it would be of particular interest to perform
sociability assays to assess whether such is affected in DHS induced rats, as well as whether
these may be rescued with motor training implementation, similarly to the study conducted in a
brain hyperserotonemia mouse model by Tanaka, et al. (2018). One could also assess
generalization of improved coordination by training animals on one motor task, then testing them
on a different motor task. It would also be beneficial to further define circuitry alterations within
the cerebellar cortex of DHS induced animals with the implementation of electrophysiological
recordings of PCs; one could also assess if motor training contributes to the regulation of
electrophysiological activity. Ultimately, there is much room for further study in this area of

research to substantiate and further define our current findings.
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