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Abstract
TRKB Controls Value-Based Decision Making and Preserves Neuronal Structure in the Medial
Orbital Frontal Cortex

By Arianna Peluso

Abstract: Value-based decision making refers to executing actions based on the value of
expected outcomes. The medial orbital frontal cortex (mOFC) is involved in value-based
decision making, particularly when outcomes are not immediately available and must be
envisioned. This process is important to our everyday life because we often make decisions
without immediate access to outcomes. Here, we investigate how neurotrophin systems
(specifically, Brain-Derived Neurotrophic Factor-TrkB) in the mOFC contribute to value-based
decision making. We find that with TrkB activity, the mOFC is essential for the ability of mice
to select actions based on the value of prospective outcomes, specifically when outcomes are not
immediately observable. The receptor TrkB facilitates the formation and stabilization of
dendritic spines, the primary sites of excitatory neuronal communication in the brain. We find
that TrkB activity sustains the presence of mature dendritic spines — those most likely to be
involved in learning and memory — on excitatory neurons in the mOFC. By investigating how
neurotrophins in the mOFC contribute to value-based decision making and dendritic spine
stabilization, we hope to identify novel therapeutic targets for neuropsychiatric illnesses in which

decision making is disrupted or impaired.
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Background

Value-based behaviors refer to executing behaviors based on the value of the expected
outcomes. These behaviors are a critical component of value-based decision making. When the
neurocircuitry that manages value-based decision making is disrupted, one may be unable to
select actions based on value of potential outcomes and instead defer to habitual behavior,
referring to engaging in behaviors regardless of outcome value. The neurocircuitry underlying
value-based decision making is interrupted by many neuropsychiatric diseases, such as substance
use disorder. For instance, habitual behavior is thought to contribute to the development and
maintenance of substance addiction (Everitt & Robbins, 2016). Due to the looming public health
concern of substance use and other neuropsychiatric disorders, the identification of molecular
mechanisms and neurocircuitry which contribute to value-based decision making will provide
insight into potential therapeutic agents. These agents may ultimately be able to target
mechanisms of value-based decision making that are impaired in patients with neuropsychiatric
disorders.

The orbital frontal cortex (OFC) is a region of the prefrontal cortex that receives input
from the mediodorsal nucleus of the thalamus. It also receives information from visual, taste,
olfactory, and somatosensory inputs (Rolls et al., 1994). There is sufficient evidence to show that
the OFC is involved in updating behaviors when values of the outcomes are modified. Past
studies show that damage to the OFC in monkeys affects their ability to assign and update the
value of an expected outcome (Walton et al., 2010; Baxter et al., 2000). These findings have
been replicated in studies with humans. For instance, Milner et al. (1982) showed that patients
with frontal lobe damage had difficulty in changing direction in a stylus maze, after a sound

indicated that the participant had left the correct path. Although the sound indicated the value of



the path, the participants were unable to change their direction, showing their inability to
consider the value of their chosen path.

Connectivity studies show that the OFC in rats and primates contain similar organizations
(Price, 2007). Additionally, quantifiable image processing shows that the anatomical
organization of the OFC in monkeys and in humans is similar (Mackey & Petrides, 2009).
Tensor imaging studies comparing the patterns of connectivity across species also support the
similarity of OFC organization in monkeys and humans (Croxson et al., 2005). Thus, the OFC
appears to be relatively conserved across species (Izquierdo, 2017; Wallis, 2011), increasing the
translational significance of our study.

Value-based decision making can be tested by manipulating the value of different
outcomes and then testing whether organisms make decisions based on the updated value of
those outcomes. Our behavioral paradigm (represented in Figure 1) starts with an acquisition
phase, when the mice learn to nose-poke on two different nose-poke apertures for two distinct,
equally preferred food pellets (chocolate and grain). The mice then undergo a conditioned taste
aversion procedure, when they are given unlimited access to one distinct pellet before it is paired
with lithium chloride (LiCl). LiCl reduces the value of the pellet by causing temporary gastric
malaise, and this pellet is now termed the “devalued” pellet. The next day, the mice are given
unlimited access to the other distinct pellet. This pellet is paired with saline, which does not
cause gastric malaise. This pellet is termed the “valued” pellet.

After all of the pairings are complete, the mice are then placed back in the operant
conditioning chamber for a brief choice test, which tests whether the mice update their actions
based on the new values of the food pellets. The choice test is conducted with two conditions:

unobservable and observable. In the unobservable condition, nose-poking does not result in the



delivery of a food pellet. This contrasts the observable condition, when nose-poking does result
in the delivery of a food pellet. Mice that are able to conduct value-based action will engage with

the valued pellet’s aperture over the devalued pellet’s aperture in both conditions.

Figure 1. Behavioral
paradigm which tests
if mice update their
actions based on
outcome values. Mice
are trained to nose poke
for two different food
pellets on two distinct
apertures (left). The mice then undergo a conditioned taste aversion task, where one pellet is
“devalued” by its pairing with LiCl and the other remains “valued” by its pairing with saline.
The choice test (right) tests whether the mice update their behavior based on the modified value
of the food pellets.

Response Training Licl Value Updating ~ Value Retrieval
pairing | |

The medial orbital frontal cortex (mOFC) is essential for envisioning the values of likely
outcomes to guide future decision making. Lesions to the mOFC result in the inability to
compare values of different choices (Noonan et al., 2017). Patients with damage to the mOFC
have difficulty using the value of available choices to guide their decision making (Walton et al.,
2010). In 2015, Bradfield et al. further demonstrated that the mOFC is essential for value-based
action, particularly when outcomes are not immediately delivered and must be envisioned. In a
task similar to that described above, the authors in this study trained rats to lever-press for two
distinct outcomes (grain pellet vs. sucrose). Then, the authors reduced the value of one of these
outcomes. When rats were then placed back in the operant conditioning chambers, lesions to the
mOFC rendered rats unable to select the action associated with the higher-valued outcome over
the lower-valued outcome when outcomes were unobservable (not delivered). This deficit,
however, did not persist when outcomes were observable (delivered). In other words, the mOFC

helps organisms to envision outcomes to guide future action selection. This cognitive adaptation



of selecting actions when the value of likely outcomes must be envisioned is pertinent to
everyday life, as we often do not have immediate access to the expected outcomes of our
behaviors.

Though a functional mOFC is necessary for value-based action, sow the mOFC
coordinates this behavior remains unclear. Addictive drugs cause mOFC atrophy (Kuhn et al.,
2010; Crombag et al., 2005; Barrientos et al., 2018) and impede mOFC function across species
(Barrientos et al., 2018; Trantham et al., 2002; Adinoff et al., 2006; Goldstein et al., 2007;
Tanabe et al., 2008; Bechara et al., 2001), emphasizing the need to fully understand the manner
by which the mOFC coordinates value-based action.

One potential mechanism is Brain-Derived Neurotrophic Factor (BDNF). In 2016,
Gourley et al. demonstrated that BDNF is essential for value-based action. Mice with a global
knockdown of Bdnf, or with mOFC-selective Bdnf knockdown, were unable to engage in value-
based action.

BDNEF is essential for the development and maintenance of the brain, and is a
predominant neurotrophin in the adult brain (Cattaneo et al., 2016). Its genomic structure is
conserved throughout mammals (Sasi et al., 2017), and its effects are region specific, affected by
temporal changes, receptor isoforms, intracellular signaling, and gene expression (Fenner, 2012).
BDNF is known to enhance excitatory (glutamatergic) signaling and decrease inhibitory
(GABAergic) signaling, supporting its role in long-term potentiation, a process that strengthens
synaptic connections (Gerlai, 2018).

When BDNF binds to its high-affinity receptor TrkB, the receptor dimerizes and auto-
phosphorylates the tyrosine residues located within the intracellular domains (Park & Poo, 2012).

The dimerization initiates a downstream signaling cascade, resulting in the initiation of processes



necessary for neuronal survival, synaptic plasticity, and dendritic spine stabilization (Park and
Poo, 2012). The three primary activated downstream signaling pathways through BDNF-TrkB
activation are mitogen-activated protein kinase (MAPK), phospholipase C-y (PLCy), and
phosphatidylinositol-3 kinase (P13K). These downstream signaling pathways are represented in
Figure 2. Importantly, impaired BDNF-TrkB signaling is associated with many neuropsychiatric

diseases, including those that cause deficits in value-based action (Autry and Monteggia, 2012).
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Figure 2. BDNF-TrkB signaling pathways. There are three major signaling pathways that are
activated by BDNF-TrkB signaling: PLCy, PI3K, and MAPK. Although not pictured here, all
three pathways later converge on similar downstream mechanisms to influence gene
transcription and long-term potentiation. TrkB.t1 is shown to demonstrate its interruption of the
signaling pathways and the absence of an intracellular signaling domain, indicated by the “x”.
(modified from Figure 3 of Fenner, 2012)

Though the findings from Gourley et al. (2016) identify BDNF in the mOFC as essential
for value-based action, OFC-selective Bdnf knockdown can deprive interconnected regions of the
BDNF neurotrophin (Conner et al., 1997; Sobreviela et al., 1996). This is because BDNF is
subject to both anterograde and retrograde transport. Thus, where BDNF binding is necessary for

value-based action remains unclear. To begin to determine whether local BDNF-TrkB activity is



necessary for value-based action, my lab recently overexpressed the inactive isoform of TrkB,
TrkB.t1, in the mOFC.

TrkB.t1 lacks the intracellular kinase-containing domain found on the active, full-length
receptor (TrkB.FL), which eliminates the autophosphorylation of the tyrosine kinase domains
that are responsible for initiating downstream signaling cascades activated by TrkB.FL.
Typically, Trkb.t1 is expressed throughout the central nervous system and is predominantly
expressed in astrocytes, though it is also expressed on neurons (Saba et al., 2018). Under basal
conditions, TrkB.t1 can act as part of a negative feedback loop: when there is overactivity of the
neuron or extreme amounts of BDNF, TrkB.t1 decreases neuronal excitability to protect against
the consequences of overactivity (Rose et al., 2003; Cao et al., 2020). Historically, TrkB.t1 is
considered the inactive isoform of TrkB.FL, and indeed, overexpression of 7rkb.t] interferes
with TrkB.FL signaling (Pitts et al., 2018). By overexpressing 7rkb.t1 in the mOFC, my lab is
able to determine whether BDNF-TrkB activity, specifically in the mOFC, facilitates value-
based action, particularly when outcomes must be envisioned.

In addition to determining whether local TrkB activity in the mOFC is necessary for
value-based action, I will determine how TrkB in the mOFC influences neuronal structure,
particularly the structure of dendritic spines. Dendritic spines are critical sites of neuronal
communication and serve as the primary sites of excitatory synaptic transmission (Uchizono,
1965). Dendritic spines are the products of dendritic arbor stabilization and are crucial for long-
term circuit stability (Dailey and Smith, 1996; Wong et al., 2000; Wong and Wong, 2000; Wu et
al., 1999). Dendritic spines are composed by filamentous (F) actin. F-actin builds the dendritic
spine shape, organizes the postsynaptic signaling machinery, induces changes in dendritic spine

structure, and maintains dendritic spine stability. The actin network fills the dendritic spine and



participates in modifying the structure during activity-driven remodeling of the dendritic spine
(Tashiro and Yuste, 2003). Changes to the amount of F-actin in dendritic spines induce changes
in spine size and synaptic efficacy (Okamoto et al., 2004; Matsuzaki et al., 2004). For example,
long-term potentiation is induced by repeated firing of the synapse during high-frequency
synaptic stimulation. This promotes actin polymerization, causing the dendritic spine to enlarge.
Contrastingly, low-frequency stimulation can result in long-term depression, which causes a
decrease of actin and dendritic spine shrinkage, weakening synaptic connections (Okamoto et al.,
2004; Zhou et al., 2004).

Dendritic spines can be characterized by their morphology, which is tightly coupled to
their function: mushroom, thin, and stubby spines (Fifkova and Delay, 1982; Matus et al., 1982;
Fischer et al., 1998; Star et al., 2002; Hotulainen and Hoogenraad, 2010). Mushroom spines
contain the largest excitatory synapses. These spines are known as “memory” spines because
they develop during long-term potentiation (Bourne and Harris, 2007; Aguilar-Harnandez et al.,
2020). Thin spines contain smaller, immature excitatory synapses, but retain the capacity to
grow, strengthen, and eventually develop into mushroom spines; thus, they are considered
“learning” spines (Bourne and Harris, 2007). Stubby spines are prevalent in early postnatal
development and are less seen in mature brains (Harris et al., 1992). Additionally, long-term
depression, the process of weakening synaptic connections, can lead to the development of
stubby spines (Aguilar-Hernandez et al., 2020).

BDNF-TrkB activity facilitates the formation and stabilization of dendritic spines. TrkB
activity increases trafficking of postsynaptic density protein 95 (PSD95), a marker of mature
synapses (Kim & Sheng, 2004), to the dendritic spine head (Koleske et al. 2013). Kellner et al.

(2014) observed that a loss of BDNF-TrkB activity decreases dendritic spine density. Further,



stimulation of TrkB via 7-8 dihydroxyflavone (7,8-DHF), a TrkB agonist, increases dendritic
spinogenesis (Zimmermann et al., 2017). These studies directly implicate TrkB activity in
dendritic spine stabilization.

In our project, we aim to determine how TrkB activity in the mOFC contributes to value-
based action. To identify whether /ocal TrkB activity within the mOFC is necessary for
prospective value-based action, we interfered with TrkB.FL-activity via Trkb.t] overexpression
in the mOFC. Then, using transgenic mice that express 7hy/-Yellow Fluorescent Protein (YFP)
in cortical layer V neurons, we examined how TrkB activity contributes to dendritic spine

morphology and density in the mOFC.

Methods

I was added to IUCAC YER-4000010 for this project.

Mice and Intracranial Surgeries. For all experiments, subjects were adult male C57BL/6
mice. Dendritic spine imaging was accomplished by using mice that express YFP in cortical
layer V neurons (Feng et al., 2000; H line) backcrossed onto a C57BL/6 background. Male mice
were used throughout the experiment, as studies show that sex differences do not account for
either BDNF or TrkB.FL protein counts in the mature frontal cortex (Barfield and Gourley,
2018). The mOFC was bilaterally infused (AP=+2.75, DV=-2.35, ML=+/-0.15) (Gourley et al.,
2016) with a control lenti-viral vector (LV-CMV-mCherry) or Trkb.t1-overexpressing virus (LV-
CMV-Trkb.t1) with an HA tag. Lentiviruses contain a single stranded RNA genome. When
infused, the virus integrates into the host genome, causing long-lasting gene expression
(Ehrengruber et al., 2001). The spread of this particular viral vector type is notably contained

relative to other viral vector types. This is significant because the mOFC region contains a



relatively small size (Figure 3). Further, lentiviruses can infect both neurons and glia but
preferentially target neurons (Ehrengruber et al., 2001; Nathanson et al., 2009). The mice were

undisturbed for 3 weeks to allow for surgical recovery and viral vector incubation.

Trkb.t1

Figure 3. Representative images of viral vector expression in the mOFC. Left half of the
figure is reprinted from the Mouse Brain Library.

Behavioral Testing. Mice were food restricted to 90% of their original body weight for all
behavioral tasks. Mice were trained to nose poke for 2 unique food pellets (chocolate vs. grain)
on 2 different nose poke apertures, to acquire the behavior of nose-poking for food reinforcers.
Importantly, mice do not systematically prefer one flavor over the other (Kietzman et al.,
submitted). Mice were trained on a fixed ratio 1 (FR1) schedule of reinforcement; 30 pellets
were available for responding on each of the 2 nose poke apertures, resulting in 60
pellets/session. Sessions ended at 70 min, or when mice acquired all 60 pellets. Mice required 7-
8 daily sessions to acquire all pellets within the allotted time.

The conditioned taste aversion task can be used to reduce the value of one of the pellets
used during training. Mice were placed in a clean cage and were given 2g of one of the pellets
used during training. Sessions lasted 30 mins. Immediately following consumption of the pellet,

mice were injected with 0.15M lithium chloride (LiCl, 4mL/100g, i.p.) (Sharp et al., 2017),
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decreasing the value of the pellet by causing temporary gastric malaise. This procedure
“devalues” the food pellet (termed “devalued”). Importantly, mice were also given 2g of the
other pellet used during training the following day. They again fed for 30 mins, and were
immediately injected with saline. The saline does not induce any gastric malaise, thus preserving
its value (termed “valued”). This procedure was repeated for 10 days, with 5 LiCl pairings and 5
saline pairings.

After all the pairings were complete, mice were then placed back in the operant
conditioning chamber for a brief choice test (10 min), which tested whether the mice modify
their actions based on the updated value of the pellets. There are two conditions in the choice
test: unobservable and observable. In the unobservable condition, nose-poking did not result in
the delivery of food pellets. In contrast, pellets were delivered in the observable condition. Mice
that preferentially engage on the aperture associated with the “valued” pellet are able to exhibit
value-based action. Failure to differentiate between the apertures represents a failure in value-
based action.

Lastly, the post-probe consumption test is conducted following the choice tests. 2g of
each pellet were placed in the clean chamber, and the mice were allowed to feed for 30 mins.
After 30 mins, the pellets remaining in the chamber were weighed. This procedure was used to
confirm that the conditioned taste aversion task reduced consumption of the devalued pellet,
while consumption of the valued pellet was maintained.

Euthanasia and immunohistochemistry. Mice were deeply anaesthetized using ketamine
(120 mg/kg; i.p.) and dexdomitor (1 mg/kg; i.p.). The mice were then euthanized using
intracardiac perfusion with ice-cold isotonic saline and 4% paraformaldehyde. The brains were

collected and submerged in 4% paraformaldehyde for 24 hours. The brains were then transferred
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to chilled 30% w/v sucrose. Brains were then sectioned into 50um-thick sections on a microtome
held at -20°C for histological verification or dendritic spine analyses.

In control mice, mCherry was imaged to document transfected regions. For mice
overexpressing 7rkb.t1, transfected regions were visualized by immunostaining for the HA tag.
Sections were blocked in a tris-buffered saline (TBS) solution containing 5% normal goat serum
and 0.3% Triton X-100 (Sigma) for 1 hr. at room temperature. Sections were then incubated in a
primary antibody solution containing the primary antibody for HA (1:500; Sigma), 1% normal
goat serum and 0.3% Triton X-100 at room temperature overnight. Sections were then incubated
in a secondary antibody solution containing 1% normal goat serum and 0.3% Triton X-100, with
biotinylated secondary antibody (1:1000; Vector Laboratories) for 1 hr. at room temperature.
Following secondary incubation, sections were incubated in streptavidin Dylight 594 (30g/ml;
Vector Laboratories) for 30 mins before tissue was mounted.

Dendritic spine imaging. A confocal microscope was used to image the neurons that co-
expressed the control mCherry or the experimental HA tag and YFP, with 0.1um z-steps to
resolve individual dendritic spines. Secondary and tertiary dendrites were analyzed from
dendritic segments of at least 50um from the soma and 15-30pum long. 3-9 independent dendritic
segments per mouse were obtained.

Dendritic spine reconstruction. Using the FilamentTracer module of Imaris (Bitplane
AQ), dendritic spines were reconstructed in 3D. Dendritic spines were classified using
established parameters (Radley et al., 2013). A single-blinded experimenter analyzed all images.

Statistics. Response rates for behavioral experiments were compared by ANOVA.
Session, pellet, aperture selection, and group were factors in the analyses, with repeated

measures as necessary. In the event of significant interactions, post-hoc comparisons were
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conducted with Tukey's tests. The results are indicated graphically, with p<0.05 considered
significant.

For dendritic spine analyses, comparisons were made by 2-tailed unpaired t-tests with
p<0.05 considered significant. Each mouse, instead of each neuron, was treated as an
independent sample to avoid power inflation. Each mouse contributed a single spine density per
subtype, which reflected the average of all dendrites from that mouse. Spine lengths were
analyzed using the Kolmogorov-Smirnov test with p<0.01 considered significant.

SPSS and GraphPad Prism were used throughout; » values for each group are reported in the

figure captions.

Results

Trkb.t1 overexpression in the mOFC impairs value-based action, particularly when outcomes
are unobservable.

Value-based action involves selecting actions based on the value of expected outcomes.
The mOFC is critical for choosing behaviors that result in higher-valued outcomes, specifically
when outcomes are unobservable. Bradfield et al. (2015) showed that rats with lesions to the
mOFC were unable to engage in value-based action when outcomes were unobservable. Gourley
et al. (2016) additionally showed that BDNF in the mOFC is essential for value-based action.
However, OFC-selective knockdown can deprive interconnected regions of the mOFC of BDNF
(Conner et al., 1997; Sobreviela et al., 1996). Thus, the exact area where BDNF-TrkB activity is
necessary for value-based action is unknown. We began to determine whether /ocal BDNF-TrkB
activity is necessary for value-based action by overexpressing truncated TrkB isoform, TrkB.t1,

in the mOFC.
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To investigate whether TrkB activity in the mOFC is necessary for value-based action,
we trained two groups of mice (controls and 7rkb.tl-overexpressing mice) to acquire the
behavior of nose-poking for food pellets (chocolate or grain) on two different nose poke
apertures (“response training”) (Figure 1 schematic; Figure 4a timeline). The rate of response
acquisition did not differ between groups [main effect of session Fs103=30.3, p<0.001, no
interaction or main effect of group F<1] (Figure 4b). Responses on each aperture from the last 7
sessions were totaled to compare “to be valued” (dark colors) and “to be devalued” responses
(light colors) (Figure 4b inset). There were no preferences for a specific response during
acquisition training [control: t10=-0.093, p=0.928, Trkb.tI: t=0.909=0.39]. In other words,
mice did not prefer one pellet over the other.

The mice then underwent the conditioned taste aversion assay (Figure 1 schematic),
where one pellet is “devalued” by pairing it with LiCl. Results indicated that across sessions,
both groups decreased consumption of the devalued pellet [main effect of session F47,=3.742,
p=0.008, main effect of pellet F(;,15=50.48, p<0.001, interaction of session*pellet F472-1.42,
p=0.001]. No differences between groups were detected [no main effect of group (F<1), no
interaction of session*group (F<1), no interaction of pellet*group (F<1), no interaction of
session*pellet*group (F<1)] (Figure 4c).

When all pairings were completed, mice were then placed back in the operant
conditioning chamber to test whether they utilized updated value information to guide future
decision making. The choice test was conducted under two different conditions, unobservable
and observable. When outcomes were unobservable (meaning no pellets were delivered), control
mice responded preferentially to the “valued” aperture vs. the “devalued” aperture; however,

mice overexpressing 7rkb.t1 responded non-preferentially on both apertures [interaction of
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aperture*group F1,15=6.58, p=0.019, control: t10=2.43, p=0.036, Trkb.t1: p>0.05, no main effect
of aperture F(;15=2.33, p=0.144] (Figure 4d). When the outcomes were observable (meaning
responses now yielded a food pellet), both controls and 7rkb.¢1-overexpressing mice responded
preferentially on the aperture associated with the valued pellet [main effect of aperture
Fu.9=5.55, p=0.043, no interaction of aperture*group (F<1)] (Figure 4e).

To confirm that the conditioned taste aversion was successful (and thus, that the action
selection patterns reported above were attributable to the ability of the mice to integrate value
information into choice behavior), we conducted post-probe consumption tests. Both control and
Trkb.t1-overexpressing mice consumed significantly more of the valued pellet than the devalued
pellet [main effect of pellet F1,15=117.06, p<0.001, no interaction of pellet*group (F<1), no main
effect of group (F<1)] (Figure 4f), demonstrating that both groups appropriately updated pellet
values. Thus, TrkB activity in the mOFC appears necessary for value-based action, particularly

under circumstances in which outcomes must be envisioned.
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Figure 4. Trkb.t1 overexpression in the mOFC impairs value-based action, specifically
when outcomes are unobservable. (a) Experimental timeline. (b) Mice were trained to nose
poke for 2 distinct food (last 7 sessions shown, and responses for both pellets are collapsed). We
detected a main effect of session, but no differences between groups. Inset: Mice exhibit
equivalent responding for the two distinct pellets (dark colors: “to be valued,” light colors: “to be
devalued.” (¢) Mice underwent conditioned taste aversion. No differences were found in the
pellet consumption between the two groups, and the consumption of the devalued pellet
decreased between sessions. (d) When outcomes were unobservable, the Trkb.t/-overexpressing
mice responded non-preferentially for both pellets, showing an inability to engage in value-based
action. Control mice demonstrated value-based action, with preferential responding for the
valued pellet. (¢) When outcomes were observable, both groups demonstrated an ability to
engage in value-based action, with preferential responding to the valued pellet. (f) In the post-
probe consumption test, both groups showed a preference for the valued pellet over the devalued
pellet. n=5-11 mice/group. Group sizes in the observable condition are smaller because only one
of two cohorts was tested in this condition. Bars and symbols represent means. Connected data
points represent individual mice; * represents p<0.05, ** represents p<0.01.
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Trkb.t1 overexpression reduces dendritic spine density and mushroom-shaped spines.

BDNF-TrkB activity initiates downstream signaling to facilitate dendritic spine formation
and stabilization (Park and Poo, 2013). We investigated how interfering with TrkB activity via
Trkb.t1 overexpression influences dendritic spine morphology and density on mOFC neurons
(Figure 5a). Mice were trained as previously to confirm the successful, or unsuccessful,
engagement in value-based action. Following the choice test, mice were euthanized; brains were
collected and immunostained; and sections were imaged for 3D reconstructions (Figure 5b).
Quantifying dendritic spine density revealed that there is a significant decrease in the overall
density of dendritic spines for 7rkb.tI-overexpressing mice compared to controls [tio= 3.13,
p=0.011] (Figure 5c). Thus, TrkB signaling sustains robust dendritic spine densities on mOFC
neurons.

We then classified dendritic spines into 3 dendritic spine types: stubby, mushroom, and
thin spines (Figure 5d-f). There was a significant loss in mature, mushroom spines in the 7rkb.¢1-
overexpressing mice when compared to the control mice [t(10=2.70, p=0.022] (Figure 5e). In
contrast, there were no differences in the density of stubby spines and thin spines between the
two groups [stubby: tu0=1.94, p=0.081, thin: t0=0.969, p=0.355] (Figure 5d and 5f). This
pattern suggests that interfering with TrkB activity via overexpression of Trkb.t1 causes a loss of
mature, mushroom spines.

Lastly, we analyzed dendritic spine lengths between the two groups. Results indicate that
mice overexpressing 7rkb.t1 have longer spine lengths than control mice [D=0.104, p=0.00326]
(Figure 5g). This increased spine length may be attributable to thin spines being aberrantly long

in mice with 7rkb.t1-overexpression. Inhibited TrkB activity may make it more challenging for
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these aberrantly long thin spines to retract into mushroom-shaped spines or regress entirely when
appropriate, which could also contribute to the overall lower density of mushroom spines.
Importantly, differences in dendritic spine density or spine-type were not biased by

different dendrite lengths [t10=-1.33, p=0.213] (Figure 5h).
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Figure 5. Trkb.t1 overexpression decreased dendritic spine density and mushroom-shaped
spines. (a) Experimental timeline. (b) Representative images of dendrites, reconstructed in 3D.
(c) The number of total spines is decreased in the 7Trkb.t1-overexpressing mice. (d) Dendritic
spines were classified by subtype. No significant difference in the density of stubby spines was
detected between the two groups. (e) There was a significant decrease in the number of
mushroom spines in the Trkb.t1-overexpressing mice. (f) The difference in thin spines was not
significant. (g) The Trkb.t1-overexpressing mice had increased spine lengths, compared to the
controls. (h) Dendrite lengths between the two groups were not significantly different. n=5-7
mice/group. Bars represent group means. Individual mice are represented by the grey points.
Individual spines are represented in (g). ns signifies non-significant. * represents p<0.05.
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Discussion

Value-based action, referring to choosing behaviors based on the values of the expected
outcomes, is pertinent to everyday life. People use this decision-making strategy to make choices
with little impact on one's life, such as where to purchase dinner, and large impacts, such as
choices relating to one’s career, health, etc. The OFC, particularly the mOFC, is conserved
across rodent and primate species (Carlén, 2017; Wallis, 2011; Izquierdo, 2017) and is essential
for this type of decision making.

Bradfield et al. (2015) showed that lesioning of the mOFC in rats caused an impairment
in value-based action, particularly when outcomes are not immediately observable. The
behavioral paradigm of this study contained a conditioned taste aversion procedure similar to
ours: the rats were trained to lever-press for two distinct outcomes (grain pellet vs. sucrose).
After one of the pellets was reduced in value, the rats were placed back into the operant
conditioning chambers for a choice task. The lesioned rats were unable to select the action
associated with the higher-valued outcome over the lower-valued outcomes when the outcomes
were unobservable (pellets not delivered). Both groups were able to select actions appropriately
when pellets were delivered. This study shows that the mOFC is involved in envisioning
outcomes to guide behaviors.

Gourley et al. (2016) showed that BDNF, a predominant neurotrophin in the brain
(Cattaneo et al., 2016), within the mOFC is necessary for mice to engage in value-based action.
Though Gourley et al. (2016) identified BDNF in the mOFC as essential for value-based action,
the exact region where BDNF-TrkB activity is needed is unknown. This is because BDNF can be
transported in the anterograde and retrograde directions (Conner at al. 1997; Sobreviela et al.

1996). Thus, OFC-selective Bdnf knockdown can cause a loss of BDNF in the interconnected
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regions of the OFC (see for examples, Pitts et al., 2018). To identify where BDNF is necessary
for value-based action, we manipulated its receptor, TrkB, and overexpressed what is classically
considered the inactive isoform of TrkB, TrkB.tl. Given that TrkB is a key mediator of neuronal
plasticity (Park and Poo, 2013), we also characterized effects on dendritic spines, the primary
sites of excitatory plasticity in the brain, in the mOFC.

In this study, we demonstrate that TrkB in the mOFC is necessary for value-based action,
particularly when outcomes are unobservable. Mice with 7rkb.t1 overexpressed were unable to
engage in value-based action, likely due to the inability to envision the values of expected
outcomes. When outcomes were immediately observable, however, Trkb.t1 overexpression did
not impair value-based action. Our results replicate those of Bradfield et al.’s study in 2015,
which used mOFC lesions to test value-based action. Notably, lesions identify what the brain
region does, but not zow. The results of our study help to clarify zow the mOFC contributes to
value-based action, i.e., via local BDNF-TrkB-mediated signaling.

BDNF-TrkB activity facilitates the formation and stabilization of dendritic spines.
Results indicated that impairing TrkB activity reduced the overall density of total spines. When
further investigated, this reduction in overall dendritic spine density was likely due to a reduced
density of mushroom spines, while the densities of other spine types (stubby and thin spines) did
not differ. Additionally, results indicate that impairing TrkB activity increased the lengths of
dendritic spines. This increased spine length may be attributable to thin spines being aberrantly
long in mice with 77kb.t1 overexpression. Though it may seem surprising that inhibiting TrkB
activity increased spine length, this may be caused by aberrantly long thin spines failing to

retract into mushroom-shaped spines.
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Mature dendritic spines develop from immature, thin dendritic spines upon synaptic
activity (Zagrebelsky et al., 2020; Yuste & Bonhoeffer, 2001; Harris et al., 1992; LeVay, 1973).
Studies confirm that BDNF-TrkB activity induces changes in dendritic spine growth,
maintaining “activity-dependent” maturation and stabilization of dendritic spines (Kellner et al.,
2014; Ji et al., 2010; Zagrabelsky et al., 2020). Kellner et al. (2014) observed that BDNF
deprivation resulted in a decrease in dendritic spine density and spine head width and an increase
in spine length (as also observed here). These spine characteristics resemble those of immature
spines, suggesting a decrease in mature spine phenotype and decreased synaptic communication
(Kellner et al., 2014). Our results support those found by Kellner et al. (2014), adding to the
literature that implicates BDNF-TrkB signaling in the development and maintenance of mature
dendritic spines.

Our findings are the first, to the best of our knowledge, to investigate excitatory neurons
in the mOFC, as opposed to the more commonly investigated hippocampus. Future studies
should image dendritic spines in vivo. The advancement of in vivo two-photon microscopy has
allowed researchers to analyze the same dendritic spines over time, such as during different
developmental periods (Moyer and Zuo, 2018). Future studies may use this technology to

analyze the effect of disrupted TrkB signaling on dendritic spines in the mOFC.

Does dendpritic spine plasticity impact behavior?

Importantly, although our results suggest that TrkB activity preserves mushroom-shaped
spines in the mOFC, we did not establish a direct, causal relationship between dendritic spine
loss upon TrkB inhibition and impaired value-based decision making. One strategy to establish a

causal relationship between dendritic spine morphology and value-based behavior is to
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manipulate the regulatory factors of the actin cytoskeleton, which inform the shape of both
neurons and dendritic spines. Our group found that cell adhesion and cytoskeleton regulatory
factors are necessary for OFC function. Inhibition of these factors induces dendritic spine loss,
occludes OFC-dependent learning, and inhibits the ability of mice to choose behaviors based on
their likely consequences (Gourley et al., 2012a; Depoy et al., 2017; Depoy et al., 2019).

Other studies by the Gourley group (Pitts et al., 2020) showed that TrkB stimulation can
rescue neurobehavioral deficits caused by cocaine exposure. In particular, cocaine exposure
during adolescence causes habit-biased behaviors, greatly reducing one’s ability to engage in
value-based decision making. Additionally, cocaine exposure in adolescence causes reductions in
dendritic spine density in the OFC that are apparent in adulthood (Gourley et al., 2012; Depoy et
al., 2017). Administration of 7,8-DHF rescued goal-seeking behaviors following cocaine (Pitts et
al., 2020), and it stimulated dendritic spinogenesis in the OFC (Zimmerman et al., 2017).
Whether 7,8-DHF impacts reward-related decision making through the development and
maintenance of mature dendritic spines is being investigated using some of the techniques that
will be discussed next.

One strategy to assess the consequences of dendritic spine plasticity on behavior directly
is through activated synapse targeting photoactivatable Racl, or “As-PaRacl” (Hayashi-Takagi
et al., 2015; Moda-Sava et al., 2019). This method labels recently potentiated dendritic spines
and induces the shrinkage of these spines, obstructing dendritic spine structure at a highly
localized level. This new tool can determine the functional consequences of dendritic spine
plasticity when used in conjunction with behavioral assays.

In order to test whether value-based action is affected by dendritic spine plasticity,

another approach would be to combine behavioral testing with manipulating actin dynamics. One
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method of intervening in actin cytoskeleton plasticity is to administer Latrunculin A (Lat A), an
inhibitor of F-actin polymerization. Future studies could administer Lat A while observing an
organism’s ability to engage in value-based action. If value-based decision making requires
dendritic spinogenesis, then Lat A would be expected to disrupt it.

Another future direction is investigating whether there is an association between dendritic
spine clustering and TrkB in the mOFC. Spine clustering is defined as the genesis of new spines
within Sum of another dendritic spine. Findings by Fu et al. (2012) suggest that dendritic spine
clustering is induced by repetitive action during learning. This study trained mice to reach
through a slit to grasp a food pellet and found that dendritic spines formed in clusters, with the
new spine forming close to a stable, mature spine. It is believed that when spines are clustered,
the synapses can be triggered more easily by activity. As TrkB facilitates dendritic spine
clustering (Fu et al., 2012), one future direction may be to investigate whether TrkB stimulation
(by 7,8-DHF or another TrkB agonist) induces dendritic spine clustering in the mOFC, and in
conjunction with reward-related decision-making tasks.

In addition to BDNF-TrkB signaling, neurotoxins, social isolation, and stress are other
factors that influence dendritic spine morphologies or densities. These factors are important to
consider, due to their prevalence in everyday life. Tetanus toxin, one of the most potent
neurotoxins known, has been shown to cause a loss of dendritic spine density (Heimer-McGinn
et al., 2013). Heimer-McGinn et al. induced expression of tetanus toxin light chain on fluorescent
labeled neurons in the adult mouse brain. The investigators found a 15% loss of dendritic spine
density. However, the investigators could not identify which specific spine type was being lost.
Further research should be conducted to deduce which types of spines are being affected by the

tetanus neurotoxin through imaging microscopy.
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The influence of social isolation on dendritic spine plasticity was explored in another
study by the Gourley lab (Hinton et al., 2019). This study found that social isolation in
adolescence decreased the ability of mice to update action-outcome associations. These authors
also found that the disruption of action-outcome-based decision making, caused by social
isolation, was unexpectedly associated with an excess of dendritic spines in the OFC. One
potential explanation is that both an excess and depletion of dendritic spines can impair behavior
due to an “inverted U-shape curve” function, in which case, both conditions imperil signal
fidelity in the OFC. An important caveat, though, is that Hinton et al. (2019) did not classify
spine subtypes. A future study may determine whether excess dendritic spines were of a mature
or immature subtype and whether TrkB activity is affected by social isolation (Liu et al., 2014).

A final consideration is that chronic stress disrupts TrkB signaling, which could interfere
with mature dendritic spine stability and induce long-lasting structural consequences that affect
behavior. Barfield and Gourley (2019) showed that exposure to the primary stress hormone,
corticosterone, in mice during early adolescence impaired decision making. Adolescence is a
period that is particularly affected by chronic stress and susceptible to the development of
neuropsychiatric disorders that are triggered by stress. The vulnerability to chronic stress during
this period may be exhibited by changes in dendritic spines, as dendritic spines experience
dynamic changes throughout adolescence into adulthood (Bai et al., 2015).

Studies have reported that chronic stress decreases PSD-95 in the OFC, which are
proteins that facilitate spine function, stabilization, and maturation (Ehrlich et al., 2007; Ma et
al., 2003). Additionally, Barfield and Gourley (2018) showed that exposure to excess
corticosterone in adolescent mice caused a loss of dendritic spines in the lateral orbital

prefrontal cortex. Further, p-ERK2 (a signaling process associated with TrkB) levels increase in
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the frontal and prefrontal cortex in rats following acute and chronic stress (Galeotti and
Ghelardini, 2012; Meller et al., 2003; Shen et al., 2004). Further research should be conducted to
show whether an interruption of BDNF-TrkB signaling in the mOFC, caused by exposure to
stress, would affect the maturation of dendritic spines and the capacity to choose behaviors based
on the value of outcomes.

Our current study has a wide range of implications for everyday decision making,
substance use disorder, and neuropsychiatric diseases. The results developed in this study add to
the growing literature that connects BDNF-TrkB signaling to value-based decision making; our
results showed that mice with inhibited TrkB signaling were unable to envision likely outcomes
and choose actions that resulted in outcomes of higher value. Additionally, we observed that
BDNF-TrkB activity is essential for dendritic spine maturation and maintenance, as 7rkb.t1-
overexpressing mice exhibited a decrease in mature-shaped mushroom spines. Although further
research should be conducted to determine if there is a direct association between dendritic
spines and value-based decision making, our results confirm the association of BDNF-TrkB with
these two processes. Our research thus renders us closer to targeting mechanisms that disrupt

value-based decision making in neuropsychiatric disorders.
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Conclusion

Value-based decision making is a critical adaptation necessary for everyday life. It allows
us to prospectively evaluate which outcome may benefit us most, thereby informing our decision
making. This type of decision making is disrupted in many neuropsychiatric diseases, such as
substance use disorder. In individuals whose value-based decision making is impaired, they may
be unable to envision the value of differing outcomes, such as using an addictive drug or seeking
treatment. These individuals are susceptible to perpetuating an action that can ultimately harm
them. Further, dendritic spines are the primary sites of synaptic communication and are heavily
implicated in learning behaviors. Our study tested how TrkB activity in the mOFC influences
value-based decision making and dendritic spine maturation. We find that TrkB activity is
required to envision values of likely outcomes to guide value-based action. Additionally, our
results show that TrkB facilitates the maintenance of mature, mushroom-shaped dendritic spines.
Thus, therapeutic agents targeted at modulating neurotrophin systems, specifically BDNF-TrkB,
may be effective treatments for those suffering from neuropsychiatric disease in which value-

decision making is impaired.
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