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Abstract
Psychiatric disorders present a major global health challenge, yet the underlying biological
mechanisms behind them remain under researched and thus, poorly understood. Genome-wide
association studies have linked Tumor Necrosis Factor Receptor-Associated Factor 3 (Traf3) to
major depressive disorder, post-traumatic stress disorder, and suicidal ideation, though its
specific role in neural circuitry is unknown. Traf3 was proven to be enriched at excitatory
synapses of inhibitory interneurons by postsynaptic protein profiling. Moreover, the knock-out
(KO) of Traf3 from all inhibitory neurons (vGat-Traf3 KO) lead to heightened anxiety-like and
depressive-like phenotypes, as well as increased fear response during fear conditioning.
However, this vGat-Traf3 KO line is a very broad knockout, including many different subtypes
of inhibitory interneurons. Therefore, in this study, we investigated whether the behavioral
differences are driven by Parvalbumin (PV)-expressing interneurons specifically. We used a
conditional PV-Traf3 KO mouse line to evaluate baseline anxiety and associative fear learning
and memory using the Open Field Test, Elevated Plus Maze, and cued fear conditioning
extinction paradigms. Contrary to the broad vGat-Traf3 phenotype, PV-Traf3 KO mice exhibited
no significant differences from the control group in any of these evaluations (P > 0.05). These
results indicate that Traf3 expression specifically within PV interneurons is not required to
display an increased anxiety-like phenotype or increased fear learning. The discrepancy between
the two knock-out models suggests that the phenotypes seen in broad GABAergic Traf3 (vGat-
Traf3) knockouts can be attributed to Traf3 function in another or a combination of GABAergic

interneuron subtypes.



Introduction

Psychiatric disorders have been a growing global public health crisis. Over 30% to 40%
of US adults reported symptoms of anxiety or depression during peak periods of the COVID-19
pandemic (Mark & Eacute et al. 2020). Alarmingly, the suicide rate in the United States has
increased by approximately 35% over the past two decades (CDC, 2020). Despite the
unfortunate prevalence of these conditions, current treatment options remain limited in
reliability. Between 30-55% of individuals receiving antidepressant treatment experience
treatment-resistant depression (MclIntyre et al. 2023), leading to a critical need for more effective
and targeted approaches. These must come from a deeper understanding of the underlying
genetic mechanisms that contribute to symptom expression.

Previous studies have shown how the dysfunction of interneurons, which control the
neural network activity in the brain, leads to an imbalance in neural circuits, which has been
implicated in the pathophysiology of psychiatric disorders. Inhibitory interneurons (INs) make
up a minority of the brain’s neuronal population and represent a diverse population of neurons.
As GABAergic neurons, INs tightly regulate the activity of surrounding neurons, making INs of
great interest when researching psychiatric disorders. Accordingly, large-scale genome wide
association studies have begun to identify specific IN genes that may be involved in psychiatric
disorder susceptibility. Among these, Tumor Necrosis Factor Receptor-Associated Factor 3
(Traf3) has stood out as a gene with likely risk for major depressive disorder (MDD), suicide,
and PTSD, though its biological basis remains unknown.

Background
INs are a small and diverse group of GABAergic neurons, which produce the brain's

main inhibitory neurotransmitter, GABA. INs tightly regulate the activity of the PNs and are



identified based on the presence of Vesicular GABA Transporter (vGat), a marker of inhibitory
neurons. There are different types of INs, such as vasoactive intestinal peptide-expressing (VIP)
neurons, somatostatin-expressing (SST), as well as parvalbumin-expressing (PV) neurons. These
differ by the location they each target and their interaction style; for example, PV INs synapse on
the soma and proximal dendrites of pyramidal cells and they provide powerful, fast-spiking,
global shunting inhibition to control overall action potential output. Whereas SST INs target
distal dendrites and they selectively modulate specific clusters of synaptic inputs arriving at the
dendrites rather than shutting down the whole cell (Fishell and Kepecs 2020), as observed on

Figure 1.
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Figure 1. A few major classes of interneurons are shown. Somatically targeting neurons can be
classified into two large classes of PV- or cholecystokinin (CCK)-expressing basket cells. SST
interneurons form synapses on dendrites, while VIP-expressing interneurons target mainly SST
and, to a lesser degree, PV interneurons. Inset shows depiction of interneuron targeting
pyramidal cells. Taken from Fishell and Kepecs, 2020.

Something that is less known about INs is the postsynaptic composition at their
glutamatergic synapses, which allow INs to become depolarized and thus release GABA to

suppress nerve cell firing. A new protein was identified in these synapses by Dr. Bygrave’s



postdoctoral work, which conducted an unbiased proteomic characterization of the proteins in
complex with Psd-95, which is the scaffolding protein in postsynaptic density of glutamatergic
synapses (Bygrave et al. 2023).This was done by breeding conditional Psd-95-GFP knockin mice
with vGat- or CaMKII-Cre animals. Psd-95-GFP mice express a green fluorescent protein (GFP)
attached to the Psd-95 protein, whereas vGat and CaMKII-Cre animals mark for inhibitory
GABAergic neurons and excitatory glutamatergic neurons (ENs), respectively. By breeding
these two transgenic mouse lines and observing the cortex and hippocampus (HPC) the Psd
complexes preferentially originating from INs or ENs were identified. In the HPC and cortex, the
population of vGat-expressing neurons are virtually all interneurons and thus referred to as INs.
By normalizing to the amount of Psd-95, we found proteins that were specifically enriched in

INs, as seen in Figure 2.
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Figure 2. Identification of Traf3 as an inPsd protein. Mass spectrometry data from postsynaptic
density protein 95 (Psd-95) complex pull-down from vGat-expressing (inhibitory) and CaMKII-
expressing (excitatory) cells showed that Traf3 is enriched in inhibitory neurons compared to
excitatory neurons. All the protein values on the Y-axis were normalized to PSD-95 levels. Taken

from Bygrave et al., 2023.



Through postsynaptic protein profiling, Dr. Bygrave and his team identified Traf3, as a
novel protein heavily enriched at these glutamatergic synapses of INs. Traf3 has stood out as a
gene with likely risk for psychiatric disorders, but the possible biological mechanism underlying
this hypothesis remains unknown. Traf3 is a stable protein (Heo et al. 2026) and has been
primarily researched as a signaling molecule involved in immune pathways. More specifically, in
the context of injury and inflammatory responses following hemorrhage and spinal injury (Luo et
al. 2024), and it has been shown to regulate neural apoptosis (Zhou et al. 2021). Moreover,
genome-wide association studies using human samples have identified single-nucleotide
polymorphisms and differential Traf3 gene expression associated with psychiatric disorders and
related behaviors. These include major depression disorder (MDD) (Levey et al. 2021), post-
traumatic disorder (PTSD) (Nievergelt et al. 2024), and suicide ideation (Kimbrel et al. 2023).
These have given the Bygrave Lab enough reason to suspect there might be behavioral deficits
when Traf3 expression is disrupted.

Preliminary Data

The Bygrave Lab has been working to better understand Traf3 under the context of
neurobiology and psychiatric applications.

To demonstrate Traf3 was enriched at inhibitory neurons, the lab used tissue from both
control and vGat-Traf3 knock out (KO) mice, in which Traf3 was knocked out in neurons
expressing the vGat promoter. Key fear circuitry regions in the brain, such as the basolateral
amygdala (BLA), prefrontal cortex (PFC), and HPC, were analyzed. As seen in Figure 3, this KO
of Traf3 in all inhibitory neurons leads to a significantly reduced overall expression of Traf3.
This confirmed that Traf3 was knocked out successfully and, more importantly, that the gene is

enriched at INs compared to the excitatory neurons in these key areas.



BLA PFC HPC

Figure 3. Traf3 expression in control and vGat-Traf3 knockout mice. Representative
immunohistochemistry (IHC) images showing Traf3 expression in the BLA, PFC, and HPC of
control (CON, top row) and vGat-Traf3 knockout mice (KO, bottom row). Traf3 is shown in
white in the BLA and red in the PFC and HPC.

Moreover, to show that Traf3 is enriched at excitatory glutamatergic synapses,
immunohistochemistry (IHC) microscopy combined with co-localization analysis was conducted
in brain slices in the amygdala. Brain tissue sections were stained using primary bodies against
Traf3 and Gephryn. These were then fluorescently labeled to visualize each protein channel
under a high-resolution confocal microscope. As seen in Figure 4, specific dendritic segments
were mapped, and Traf3 was found to be co-localized with Psd-95 and almost never with
Gephyrin, the scaffolding protein in postsynaptic density of GABAergic synapses. This indicates

that Traf3 expression is specific to glutamatergic synapses.
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Figure 4. Traf3 Colocalization with Psd-95 and Gephyrin. (4) IHC images showing the
localization of Traf3 in gray, parvalbumin (PV) in blue, Psd-95 in green, and gephyrin (Geph) in
magenta. The left panel shows a PV-expressing interneuron and surrounding synaptic markers,
with the boxed region enlarged on the right. Enlarged panels show the individual Psd-95, Traf3,
and gephyrin channels. Yellow arrowheads highlight puncta showing colocalization of Traf3
with Psd-95. Blue arrowheads highlight puncta showing colocalization of Traf3 with gephyrin.
(B) Bar graph showing colocalization of Traf3 with Psd-95 vs its colocalization with Gephyrin.
The lab worked with a mouse line with conditional knock-out of Traf3 under the vGat
promoter (vGat-Traf3 KO), which knocks out Traf3 only in vGat-expressing inhibitory neurons,
and conducted a range of behavioral tasks. The vGat-Traf3 KO and control mice underwent a
series of experiments, such as the Open Field Test (OFT) and the Elevated Plus Maze (EPM). As
seen in Figure 5, the vGat-Traf3 KO mice displayed greater anxiety-like behavior compared to

the control group in both the OFT and EPM. The Tail Suspension Test showed that the KO mice



spent noticeably longer time immobile compared to the controls. This is interpreted in rodent
models as a depressive-like symptom. Both control and KO mice did not show any changes in
their motor or reward systems during the Rotarod Test and the Sucrose Preference Test,
respectively (data not shown). This suggests that, in vGat-expressing neurons, Traf3 plays a
significant role in regulating mood and emotional states, without affecting baseline motor

functions or reward-seeking behaviors.
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Figure 5. Behavioral performance of control and vGat-Traf3 knockout mice. The data on the left
show the comparison of behavior during the OFT, data on the right show the comparison during
the EPM. Individual data points represent individual mice, with bars showing group means and
error bars representing variability within each group.

Finally, fear conditioning tests were conducted using a new set of vGat-Traf3 KO mice.
These KO mice showed greater levels of freezing on the conditioning day and slightly less so but

still freezing a little more on the first day of recall, displayed on Figure 6.
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Cued FC: 2-way ANOVA (genotype, timepoint, genotype x timepoint: p<0.0001); Sidak’s post-hoc test
Ext Day 1: 2-way ANOVA (genotype: p=0.009, timepoint = p<0.001); Sidak’s post-hoc test

* p<0.05, ** p<0.01, *** p<0.001

Error bars are + SEM

Figure 6. Fear conditioning and extinction in control and vGat-Traf3 knockout mice. The panel
shows the percentage of freezing in both control and knockout mice during cued fear
conditioning (Cued FC), 3 consecutive extinction days, and late retrieval. Each point represents
the mean percentage of freezing with error bars showing variability. Asterisks above the data
represent statistically significant differences (p < 0.05, p << 0.01, and p <<< 0.001) between
the two groups.

Neurons expressing vGat are composed of a highly diverse population of cells, including
PV, SST, and VIP subtypes, each with their own circuit innervation patterns. While previous
work in the lab demonstrates that a pan-inhibitory knockout of Traf3 (vGat-Traf3 KO) induces
anxiety-like and depression-like phenotypes, it is hard to infer the circuit mechanisms underlying
these phenotypes. Therefore, the aim of this project was to determine whether these behavioral
alterations are driven by a specific interneuron subtype: namely, parvalbumin-expressing (PV)
neurons, which constitutes the biggest population of INs.

Methods

PV-Traf3 KO

To investigate the cell-type-specific role of Traf3, we used a novel conditional KO mouse

line featuring the targeted deletion of Traf3 exclusively within parvalbumin-expressing
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interneurons (PV INs). This line was generated using the Cre-loxP recombinase system by
crossing a tissue-specific PV-Cre driver line with a floxed Traf3 line. In the driver line, Cre
recombinase is knocked in under the control of the endogenous Pvalb promoter, ensuring Cre
expression is strictly restricted to active PV INs - which, as mentioned, are predominately fast-
spiking GABAergic inhibitory interneurons in the brain. The floxed line harbors loxP sites
flanking essential coding exons of the 7raf3 gene, preserving normal protein function until
recombination occurs. The final mouse lines used were the control (Pvalb <WT/WT> ; Traf3
<FL/FL>) and the knockout line (Pvalb<tml(cre)Arbr/WT>;Traf3 <FL/FL>). Mice were tested
at 12-weeks-old and were handled for one week prior to the behavioral battery.
Open Field Test

Baseline locomotor activity and anxiety-like behavior were assessed using the Open Field
Test. Each mouse was placed in the center of a square 406 x 406 x 380 mm chamber and allowed
to freely explore for 10 minutes. Automated behavioral detection measured the percentage of
time spent in the center (230 x 230 mm) versus the periphery. The total distance traveled (in) was
quantified to measure locomotor function, and the ratio of time spent in the designated central
zone was measured as an index of anxiety-like behavior. The apparatus was thoroughly cleaned
with Chlorine Dioxide (C1O2) between subjects to eliminate olfactory cues. A lower ratio of time
spent in the center of the arena was interpreted as increased anxiety-like behavior.
Elevated Plus Maze

Anxiety-like behavior was further evaluated using the Elevated Plus Maze. Each mouse
was placed in the center of an elevated plus maze (EPM) and allowed to explore the maze for 5
minutes. The dimensions of the center of the EPM were 62 x 62 mm, while each arm measured

350 x 62 mm with a closed-arm wall height of 152 mm. Automated behavioral detection
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measured the percentage of total time spent in the open arms. The maze was cleaned with C102
between each trial to eliminate any olfactory cues from the previous subject. A lower ratio of
time spent in the open arms was interpreted as increased anxiety-like behavior.
Fear Conditioning

Fear conditioning is performed after the OFT and EPM because it involves an aversive
stimulus that induces a profound stress state, which could otherwise invalidate subsequent tests.
There was a waiting period of at least 1 week between the end of EPM and cued fear
conditioning experiments.

To assess associative fear memory, mice underwent a cued fear conditioning presented in
Figure 7. The conditioned context was a cubic chamber with a metal grid floor measuring 255 x
285 x 290 mm (measurements without grid floor: 255 x 285 x 325 mm). A higher frequency or
longer duration of observed freezing behavior was interpreted as increased anxiety-like behavior.

Videos were acquired using the FreezeFrame (Actimetrics) software.

Cued Fear Conditioning Extinction Day 1 Extinction Day 2 Extinction Day 3 Late Retrieval
ContextA Context B Context B ContextB Context B
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Figure 7. Fear conditioning and extinction paradigm. Schematic illustrates the fear conditioning
and extinction paradigm followed by each mouse in the study.
On Day 1, Cued Fear Conditioning (Context A) was performed. Following a 90-second

baseline acclimation period, mice are exposed to 3 pairings of an auditory cue (tone) co-
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terminating with a mild foot shock (0.6 mA). The trials are separated by variable inter-trial
intervals (ITI 1: 60s, ITI 2: 90s, ITI 3: 120s).

Separated by 1-day intervals, mice undergo three consecutive days of fear extinction
training in a novel environmental context (Context B) to alter visual, tactile, and olfactory cues.
Each daily extinction session begins with a 90s baseline, followed by 25 presentations of the tone
alone (no foot shock) separated by a fixed 60s ITI, concluding with a 90s cooldown period.

Finally on Day 18, to assess the long-term persistence or spontaneous recovery of the fear
memory, mice are returned to Context B after a 14-day incubation period. This final late retrieval
session follows the same parameters of an extinction session as listed in the previous paragraph
(90s baseline, 25 tone-alone presentations with a 60s ITI, and a 90s cooldown).

Statistical Analysis

GraphPad Prism (v11) was used for all statistical analysis. Data were first evaluated for
normality and lognormality. Data demonstrating a lognormal distribution were analyzed using a
lognormal Welch’s t-test to assess statistical significance between groups. Data meeting normal
distribution assumptions were analyzed using a standard unpaired t-test, whereas non-parametric
data were evaluated using a Mann-Whitney test. Group comparisons were then evaluated using a
two-way ANOVA. Statistical significance was defined as p < 0.05.

Results
Open Field Test

We did not observe any statistically significant difference in the ratio of center versus the
periphery ratio, the total distance traveled, and the total time spent in the center of the arena
between the control and knockout groups. These measures remained statistically similar between

genotypes when analyzed separately by sex, as shown in Figures 8 and 9, respectively.
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Figure 8. Open Field test activity in control and knockout mice. Comparison of OFT activity
between control and PV-Traf3 knockout mice. The graphs show the 10-minute bin distance ratio
(left), total distance traveled (middle), and 10-minute bin time ratio (right). Individual points
represent measurements from individual mice, while bars represent group means and error bars

indicate variability. The reported p-values are shown above each graph.
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Figure 9. Open Field test activity by sex and genotype. Comparison of OFT activity between
control and PV-Traf3 knockout mice separated by sex. The graphs show the same measures as
mentioned above, for female (F) and male (M) mice. Individual points represent individual mice,
bars indicate group means, and error bars represent variability. The statistical analyses shown

above each graph assess the effects of sex, genotype, and the sex x genotype interaction with the

corresponding F- and p-values displayed.
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Elevated Plus Maze

We did not observe any statistically significant difference in the ratio of distance traveled
in the open arms versus the closed arms, the total distance traveled, and the ratio of total time
spent in the open arms versus the closed arms. These measures remained statistically similar
between genotypes when analyzed separately by sex, as shown in Figures 10 and 11,

respectively.
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Figure 10. Elevated Plus Maze test activity in control and knockout mice. Comparison of EPM
activity between control and PV-Traf3 knockout mice. The graphs show the 5-minute bin
distance ratio (left), total distance traveled (middle), and 5-minute bin time ratio (right).
Individual points represent individual mice, bars indicate group means, and error bars represent

variability. The p-values for the comparisons are shown above each graph.
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Figure 11. Elevated Plus Maze test activity by sex and genotype. Comparison of elevated plus
maze (EPM) activity between control and PV-Traf3 knockout mice, separated by sex. The graphs
show the 5-minute bin distance ratio (left), total distance traveled (middle), and 5-minute bin
time ratio (right) for female (F) and male (M) mice. Individual points represent individual mice,
bars indicate group means, and error bars represent variability. Statistical analysis was used to
assess the effects of sex, genotype, and the sex x genotype interaction, with corresponding F-
values and p-values shown above each graph,
Fear Conditioning

During fear conditioning, freezing increased across the conditioning events, which
indicates the association formation between the cue (tone) and aversive stimulus (foot shock)
(event effect: p < 0.0001). However, there was no significant effect of genotype (p = 0.9844) and
no significant sex x genotype interaction (p = 0.5813), indicating that control and KO mice did
not differ significantly in their acquisition of conditioned freezing. During cued fear retrieval on
Day 1, freezing also differed significantly across cue presentations. There was no significant

effect of genotype (p = 0.1784) or sex x genotype (p = 0.9192).
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Figure 12. Fear conditioning and retrieval in control and knockout mice. The graphs show
percentage freezing in control (CON, green) and PV-Traf3 KO (KO, orange) mice during fear
conditioning (Cued FC G, left) and the first day of cued fear retrieval (Cued FR day I cues G,
right). Data are presented as mean and their error bars. Statistical analyses examined the effects
of event, genotype, and event x genotype interaction, with F-values and corresponding p-values
shown above each graph.
Discussion and Future Directions
The primary objective of this study was to determine whether the anxiety- and

depression-like phenotypes observed in the vGat-Traf3 KO are specifically driven by PV INs.

Using the conditional PV-Traf3 KO mouse model, the baseline anxiety-like behavior and fear

conditioning dynamics were evaluated.

Based on the absence of baseline behavioral phenotypes in the PV-Traf3 KO subjects

observed in the OFT and EPM, it was proven that the selective deletion of Traf3 in PV
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interneurons did not recapitulate the behavioral differences seen in the global vGat-Traf3 KO
mice. In both the OFT and EPM, PV-Traf3 KO animals exhibited no significant differences (p-
value > 0.05) compared to controls across total distance traveled, center time ratios, or open arm
exploration. These findings indicate that Traf3 expression strictly within PV INs is not required
for maintaining baseline anxiety levels.

Similarly, PV-Traf3 KO mice displayed intact fear acquisition and extinction recall.
While vGat-Traf3 KO mice showed elevated freezing during both conditioning acquisition and
initial recall, the conditional PV-Traf3 KO did not follow this. Both control and knockout
cohorts demonstrated similar learning during the acquisition and extinction periods of the fear
conditioning protocol. Statistical tests confirmed that there were no statistically significant
genotype or genotype-by-event interaction effects on either fear acquisition or extinction. The
difference in the two KO models suggests that the increased fear response observed in broad
v(Gat-Traf3 knockouts does not depend on the absence of Traf3 from PV INs.

These results could be attributed to several reasons. The behavioral differences between
the vGat-Traf3 KO and the PV-Traf3 KO mice may be driven by distinct windows of gene
deletion. While vGat expression begins early during embryonic interneuron development (Saito
et al. 2010), PV expression occurs later in postnatal development (P13 - P14) (Carlén et al.
2012). Thus, it is possible that Traf3 plays a fundamental role in early neurodevelopmental
processes, which would occur before PV gene expression switched on. Because Traf3 expression
remains intact throughout embryonic and early postnatal development in the PV-Traf3 KO mice,
critical circuit maturation likely proceeds normally during this window. This preservation could
explain why these mice, which were tested at 12 weeks old, don't exhibit the same anxiety and

fear acquisition deficits observed in the broad vGat-Traf3 KO mice. Alternatively, the behavioral
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phenotype seen in the vGat-Traf3 KO mice may be driven by a different interneuron subtype
altogether. As explained previously, the vGat promoter targets all inhibitory neurons, which
encompasses not only PV INs, but also SST and VIP INs. It could be that Traf3 disruption within
another IN subtype drives these behavioral phenotypes, or that a concurrent disruption or loss
across multiple IN populations is required to elicit phenotypes.

Overall, this project revealed that the behavioral phenotype and increased fear response
observed in the vGat-Traf3 KO mice are not directly attributed to Traf3 deletion within PV INs.
However, to clarify these findings, the laboratory’s next step will be to validate the efficiency of
Traf3 knockout specifically in PV neurons in the PV-Traf3 KO model. If validation testing
reveals incomplete or unsuccessful recombination at 12 weeks, performing the behavioral battery
in older mice may be suitable. If Traf3 PV-specific deletion efficiency is confirmed, future work
should pivot toward isolating other distinct IN subtypes. Targeted knockouts in SST or VIP INs
will be essential to determine whether another specific IN subtype drives the behavioral

phenotype previously observed in the broad vGat model.
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