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Abstract

Depression is the leading cause of disability worldwide with global distribution of 322 million people suffering from the disease.
While much is understood about depression, the underlying pathophysiology is yet to be fully characterized. Recently, the
unfolded protein response (UPR) has been shown to be involved in regulating key aspects like inflammation, cell death, and
behavioral depression. The UPR is an evolutionarily conserved ancient response system that reacts to the stressful environmental
impact on a cell; the net effect of stress to a cell is that the quality of protein folding is diminished. The UPR responds by repairing
and removing misfolded proteins and, if necessary, initiates apoptosis. Here, we demonstrate that the UPR is not only involved in
depression, but that its activation causes a depressive phenotype. The hippocampi of rats were directly infused with 500 ng of
tunicamycin (TM), an agent that initiates the UPR by blocking N-terminal glycosylation. Three to 8 days post-surgery, the rats
showed depressive behavior in escape latency, forced swim despair, sucrose preference anhedonia, and also physiological signs
of depression like decreased weight. Further, these behavioral changes were associated with enhanced expression of key UPR
genes and proteins in the hippocampus. We propose that this model will make an excellent tool for studying depression and for

understanding pathways that are affected by the UPR which directly causes depressive behavior.
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Introduction

Depression is a debilitating mental health problem. About 300
million individuals world-wide suffer from depression with a
staggering 1.7:1 female to male ratio [1, 2]. This illness has
been described as the leading cause of disability according to
the World Health Organization [3]. Depression is commonly
associated with medical illnesses (e.g., stroke), and medical
illnesses have been identified as significant risk factors for
both suicidal behavior and suicidal ideation, especially among
older adult depressed patients. Specifically, the existence of
previous mood disorder, prior history of stroke, and cognitive
impairment have been reported to be the most important risk
factors for suicidal behavior. [4]. Despite decades of research
and a plethora of past and current data on depression and the
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pathophysiology that comes about as a result of the disease,
there is still no consensus on its underlying cause.

The unfolded protein response (UPR) is an evolutionarily
conserved series of intracellular cascades which responds to
misfolded proteins that accrue in the endoplasmic reticulum
(ER) [5]. The primary functions of the UPR are to repair these
misfolded proteins; direct them for degradation; or, in extreme
cases, initiate and facilitate the apoptotic pathways that lead to
cell death [6]. The unfolded protein response can be consid-
ered an excellent target for studying the impact of stress on
emotionally salient regions of the brain and thus on behavior.
Not only is it a direct physiological response that correlates to
psychological stress, but it is involved in much of the same
physiology that is seen in depression studies. For example, the
UPR is involved in inflammation [7, 8] through several
means, including direct activation of NF-«kB (nuclear factor
kappa-light-chain-enhancer of activated B cells) and subse-
quent inflammatory cytokine production [9, 10] via IkB (in-
hibitor of kappa B) degradation, through c-Jun N-terminal
Kinase (JNK) hyper-activation [11], and through increased
toll-like receptor expression and activity [12, 13], which has
been studied in human post-mortem tissue with similar ex-
pression trends [14, 15].
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Interestingly, downstream of UPR activation is regulation and
facilitation of apoptosis [5, 6, 16-21] which is also implicated in
depression [21-27]. Namely, this occurs via the PERK (eukary-
otic translation initiation factor 2-alpha kinase 3, EIF2AK3) path-
way by first initiating a global downregulation of protein synthe-
sis through elF2x (Eukaryotic translation initiation factor 2A)
[28]. Under prolonged stress, this pathway leads to the induction
of CHOP (C/EBP homologous protein) which induces cell cycle
arrest or apoptosis [29]. CHOP regulates the expression of DRS
(death receptor 5) [17] and suppresses the expression of the sur-
vival protein BCL2 (B cell lymphoma 2) [30]. Further, this arm,
in conjunction with the inflammatory activity of JNK via the
IRE1 o (Inositol-requiring enzyme 1 o) branch of UPR activa-
tion, activates caspases, their cleavage, and their downstream
activation and pro-apoptotic signaling which leads to DNA frag-
mentation and cell death [29]. While not explicitly analyzed in
the MRI (magnetic resonance imaging) studies that showed hip-
pocampal atrophy [31-33], apoptosis could be inferred as a pos-
sible cause of the hippocampal atrophy and thus makes the acti-
vation of UPR and its downstream activity of particular interest
when discussing underlying pathophysiology in depression.

Previous studies from our lab [12, 21] and others [20, 34]
have indicated that the UPR is active in the hippocampus of
depressed rats. However, these studies have relied on methods
wherein animals were stressed by an outside stimulus and rela-
tive UPR activity was studied in hippocampi post-mortem. The
hippocampus is a relevant target due to its susceptibility to stress
and atrophy in depressed individuals [31-33]. In the present
paper, we propose that the induction of the UPR in the hippo-
campus is a critical molecular determinant in developing depres-
sion phenotype. We propose that this induction of the UPR
causes an acute and severe depressive response which can be
utilized for studying severe depression in rodents. Due to previ-
ous studies, it 1s evident that the UPR is involved in the under-
lying pathophysiology of depression in the hippocampus. Thus,
we hypothesize that the induction of the UPR in the hippocam-
pus suffices to cause depressive behavior. Based on the data
obtained in this manuscript, we confirm that the activation of
the UPR via tunicamycin is sufficient to cause behavioral deficits
that are congruent with depressive behavior in rodents.

Materials and Methods
Animals

Adult male Sprague-Dawley rats (300-350 g body weight)
were obtained from Envigo (Indianapolis, IN, USA) and
housed in similar cages (2 rats/cage) within the same room
under standard laboratory conditions (temperature 21 +1 °C,
humidity 55=+5%). Animals were given free access to food
and water and adapted to the laboratory environment for
1 week prior to the experiment. All the experiments were

carried out according to the National Institutes of Health
(NIH) guide for the care and use of laboratory animals and
were approved by the Animal Care Committee (IACUC) of
the University of Alabama at Birmingham.

Surgical Procedure

Rats were anesthetized with 99.9% isoflurane prior to stereo-
taxic surgery. The head was placed in a stereotaxic apparatus
with the skull exposed. Small burr holes were drilled in the left
and right hemispheres for drug administration. A stainless-
steel needle (26 gauge) was inserted (coordinates: DV 3.5,
AP -4.8, ML +2.5) and connected to a Hamilton syringe. A
total of 2.5 puL of tunicamycin (TM; 200 ng/ul) in methanol or
150 mM dextrose (control) was infused for ~12.5 min; the
needle was left in place for 5 additional minutes to allow
diffusion of the drug or vehicle. This process was repeated
in the second hippocampal location in the opposite hemi-
sphere. After the initial infusion of TM on day 0, rats were
assigned to either an “8-day paradigm” or a “12-day para-
digm” (named for the day they were sacked).

Behavioral Paradigms

The behavioral paradigm followed in this study has been de-
signed based on a precise timeline which can be viewed in
Fig. 1. As mentioned in the previous section, the rats were
distributed into two groups (8-day and 12-day paradigm)
based on their sacking after TM infusion.

Eight-Day Paradigm

A timeline of TM injections and subsequent behavioral tests
are depicted in Fig. 1a. In this paradigm, the rats were subject-
ed to a series of behavioral tests beginning 3 days after the
initial injection. Body weights of each rat were taken on day 0
and days 4 and 8 post-injection (see Fig. 2). Rats were sacked
on day 8 post-injection. This paradigm was utilized to assess
depressive behavior as quickly as possible post-surgery.

Twelve-Day Paradigm

A timeline of TM injections and subsequent behavioral tests
are depicted in Fig. 1b. In this timeline, rats were injected, and
the normal regimen of behaviors was not executed until 7 days
post-injection. Rats’ weights were taken every 3 days instead
of 3x over the 8-day period of the first study (see Fig. 2). Rats
were sacked on day 12 post-injection. This was used to assess
how long the TM would impact behavior.
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Fig. 1 The paradigm followed in behavioral assessment. a The 8-day
paradigm. This figure depicts the 8-day paradigm in which rats’ hippo-
campi were infused with TM and behavioral studies began on day 3 with
EPM. The rats were sacked on the eighth day after the initial infusion.
EPM elevated plus maze, ET escape test, SPT# sucrose preference test
(day#), FST# forced swim test (day#). b The 12-day paradigm. This

Behavioral Analyses
Sucrose Preference Test

This is a 5-day procedure that assesses anhedonia in the ro-
dents. During the week prior to and after surgery, rats
underwent a sucrose preference test. Following is the proce-
dure which has been adapted from a previously published
report [35]. Briefly, on day 1, both standard hydro-packs were
replaced with 500 mL of 1% sucrose in bottles; this allowed
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Fig. 2 Change in weight by paradigm and group. This figure depicts the
contrast in the weights from both the 8-day (n = 10/group) and the 12-day
(n=10/group) paradigms. The shades of red show the changes present in
the TM-infused groups while the shades of blue depict the control groups.
The 8-day paradigm had three weigh-in points while the 12-day had 5
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figure depicts the 12-day paradigm in which rats’ hippocampi were in-
fused with TM and behavioral studies began on day 7 with EPM. The rats
were sacked on the 12th day after the initial infusion. EPM elevated plus
maze, ET escape test, SPT# sucrose preference test (day#), FST# forced
swim test (day#). Data presented are the mean + SEM

for acclimation to the new bottles. Day 2—one of the two
bottles was replaced with a 500 mL bottle of regular tap water.
This allowed the rats to become acclimated to the concept of
choice between sucrose and regular tap water. Day 3—All
water and food was removed for 24 h. Day 4—The rats were
moved to individual cages; food was added and two pre-
measured bottles with 500 mL of 1% sucrose for one bottle
and regular tap water was supplied. The rats were left for an
overnight sucrose preference test. Day 5—The sucrose and
water consumption were then removed and measured.

Weight change (12-day)
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Weight (g)

Control 1-Week TM

points. The most significant differences between groups were observed
on day 4 (8-day; p=0.43) and day 6 (12-day; p =0.54). This indicates
that TM had a small window for maximum performance. The level of
significance is indicated with *p <0.05. Data presented are the mean +
SEM
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Finally, the rats were returned to their original cage with stan-
dard hydro-packs and food that they had access to ad libidum.

Percent sucrose consumption was calculated by dividing
the volume of 1% sucrose solution consumed by the total
volume of all liquid consumed (1% sucrose + tap water).
Further, the sucrose preference percentage was compared be-
tween a before-surgery total to an after-surgery total (sucrose
preference testing completed during the behavioral portion of
the study). The percentage from before surgery was subtracted
from the percentage after to give a within-subjects change in
preference as a result of the surgery. Finally, the sucrose pref-
erence percentage changes in the control group were com-
pared to the changes in the TM-injected rats, thus yielding a
within-group and between-groups result.

Elevated Plus Maize

Rats were acclimated to the testing room for 15 min. After
acclimation, the rat was placed in the center of the maze and
the recording was started. After a 5-min testing period, the rat
was then removed from the testing apparatus and returned to
its cage. The maze was wiped down with ethanol in prepara-
tion for the next rat. The next rat was then placed in the center
of the maze and the test was started again. The previously
described methods were used for each successive rat [36].

Shuttle Escape Test

To determine if the rats were exhibiting helpless/depressed
behavior, they were subjected to an escape test (via electric
shock to the foot; 0.6 mA on a VI schedule) in an escape
shuttle (Model no. ENV-413, Med Associates, Lafayette, IN,
USA) as described earlier [21, 37]. The rats were brought to
the testing room with the escape test apparatuses and accli-
mated for 15 min. Rats were placed individually in the shuttle
escape apparatuses. Once inside the chamber, the program
started the timed sequence for FR-1. FR-1 is programmed
such that, after 5 min of acclimation, the rat will have electrical
shock applied to the feet (0.6 mA). In order to deactivate the
current, the rat must pass under an archway and successfully
move to the other side of the chamber; this takes place five
times. Next, FR-2 is initiated. FR-2 requires the rat to escape
from the initial shock. The current is continued on the opposite
side, and the rat must return to the original position to escape
the shock. This shock is delivered 25 times. After completion,
the rat was returned to its cage, and the shuttle boxes were
cleaned.

The learned helpless (LH) behavior was assessed based on
the average amount of time it took the rats to escape the shock.
The cut-off time for exposure to constant shock was 30 s. Any
rat that took 25-30 s to escape was considered severely de-
pressed (or severe LH), while 20-24 s was considered mod-
erately depressed. For this study, the TM-infused rats ranged

from 24.7 s escape latency to the full 30-s time while the
control rats ranged from 1.93 to 6.5 s escape latency.

Forced Swim Test

The forced swim test protocol followed here has been adopted
from previous literature [38] and was broadly broken down into
2 days; before beginning the test each day, the rats were brought
to the room to acclimate for 15 min prior to testing. On day 1, after
acclimation to the room, a rat was placed in a large cylinder
containing water filled to an appropriately marked level (so the
rat could not stand on the bottom) and was unable to escape for
15 min. Afterward, the rat was retrieved, dried, and returned to its
cage. The cylinder was cleaned with chlorhexidine and warm
water. On day 2, after acclimation to the room, the rat was placed
in a large cylinder of water. A video recorder was placed in front
of the cylinder, and the rat was recorded for a total time of 6 min.
After that time, the rat was retrieved, dried off, and returned to its
cage. The cylinder was cleaned with chlorhexidine and warm
water. The cylinder was refilled for the next rat.

The videos of the rats were watched by other members of
the lab to ensure no biases; the rater was blind to the animal
grouping (vehicle or TM infused). The video analysts record-
ed how much time was spent by the rat making overt attempts
to escape the container (noted by exasperated motion, rapid
kicking, and use of front paws in motion. Non-exasperated
motion was considered equilibrating or attempting to keep
the rat afloat). The total amount of time swimming was then
compared to the total amount of time the rats were in the
containers. The initial 2 min was analyzed separated from
the full 6 min as this showed the rats’ initial response to the
water and any effect was not dampened by exhaustion shown
in the latter 4 min. The percentage of time swimming was then
compared across both groups.

The Test of Mobility: SHIRPA

The SHIRPA (SmithKline Beecham, Harwell, Imperial
College, Royal London Hospital, Phenotype Assessment)
method was used to assess the mobility and motor coordina-
tion of the animals. This procedure is typically used for
assessing the extent of cerebellar ataxia [39]. Kyphosis, ledge
balance, gain, and grasp were assessed to determine motor
ability in the rats. The scoring system is based on observation
of the aforementioned areas and is ranked from 0 (no problem
in this task) to 3 (severely debilitated) [40].

Tissue Collection
Rats were sacrificed on day 5 of the sucrose preference test
paradigm in all three timelines. After anesthetizing the rats,

blood was collected via exsanguination of the heart followed
by decapitation. Brains were removed and hippocampi were
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dissected and flash frozen in liquid nitrogen. Tissues were
stored at — 80 °C until they were analyzed.

RNA Isolation and qPCR-Based Gene Expression Assay

RNA was isolated using TRIzol® (Life Technologies, USA), as
described earlier [21]. RNA purity (260/280 nucleic acid quanti-
fication; cut-off > 1.8) was determined with NanoDrop spectro-
photometer (ThermoScientific, Waltham, MA, USA). The RNA
quality was further assessed using denaturing agarose gel elec-
trophoresis and evaluating the 28S and 18S rRNA band integrity.
Finally, only those samples were selected for analyses which
showed 260/280> 1.8 and 28S:18S rRNA =2:1.

M-MLV-based reverse transcription of hippocampal RNA
was performed following oligo (dT) priming method. One
microgram (1 pg) total RNA was reverse transcribed using
M-MLV Reverse Transcriptase (Invitrogen, Grandsland, NY,
USA) and oligo (dT),g primer (Invitrogen, Grandsland, NY,
USA). The oligo (dT);g primer annealing step was carried out
at 5 uM concentration in presence of 1 mM dNTPs
(Invitrogen, Grandsland, NY, USA) by incubating the reaction
at 65 °C for 5 min. The reaction was quenched by holding at
4 °C for 2 min. The reaction was mixed with 1% first-strand
synthesis buffer (Invitrogen, Grandsland, NY, USA),
0.01 mM DTT (Invitrogen, Grandsland, NY, USA), 2 U of
RNaseOut (Invitrogen, Grandsland, NY, USA), and 200 U of
M-MLYV Reverse Transcriptase and incubated at 37 °C for
50 min. Finally, the reaction was inactivated at 70 °C.

The relative abundance of transcripts was measured with a
quantitative real-time PCR machine (AriaMx Real-Time PCR

System; Agilent Technologies, USA) using 1x EvaGreen
qPCR Mastermix (Applied Biological Material Inc., Canada)
in combination with 0.8 uM each of gene-specific forward
and reverse primers. A list of primers is given in Table 1.
Forty-fold diluted raw cDNA was used as template for
gPCR amplification using a thermal parameter of initial dena-
turation at 95 °C for 10 min followed by repeating 40 cycles of
denaturation at 95 °C for 10 s, primer annealing at 60 °C for
15 s, and an extension of amplicon at 72 °C for 20 s. The
possibility of primer dimer formation and secondary product
amplification was ruled out by running a single cycle of
EvaGreen-specific dissociation curve analysis program with
an initial denaturation at 95 °C for 1 min followed by anneal-
ing at 55 °C for 30 s and repeat denaturation 95 °C for 30 s.
The relative gene expression level was quantified after nor-
malization with Gapdh as a reference gene, and fold change
value was determined following Livak’s AACt calculation
method. Data are presented as fold change.

Western Blot-Based Protein Quantification

Protein lysates prepared in RIPA buffer (Tris—HCI (pH 8.0)
50 mM, NaCl 150 mM, NP-40 1%, sodium deoxycholate 1%,
SDS 0.1%, supplemented with 1x protease inhibitors, 1 mM
phenylmethylsulfonyl fluoride, and 25 pm proteasome and
calpain inhibitor MG-132) were subjected to immunoblot
analysis using denatured discontinuous SDS—polyacrylamide
gel electrophoresis (SDS-PAGE). Probing with primary anti-
body was performed after titrating the optimum dilution point
for the detection of a specific protein on blot. All antibodies

Table 1 DNA oligo sequences

used for gPCR based gene Genes Primer sequences

quantification
Forward

Reverse

Grp94
Atf6
Xbp-1
Atf4
Chop

Gapdh

Xbp-1s
1-1B
1-6
Tnf-a
Nf-kG
Tlr2
Tlr4
Tir7
Tir9

5-AAACGGCAACTCTTCGGTCA-3'
5'-CGAGGGAGAGGTGTCTGTTTC-3'
5'-CCACTTGGTACAGACCACTCC-3'
5-AAGGCAGATTCTCTCGCCAA-3’

5-AGGAGAGAGAAACCGGTCCA
A-3'
5-CACTGAGCATCTCCCTCACAA-3'

5'-GCTGAGTCCGCAGCAGGT-3'
5-AAATGCCTCGTGCTGTCTGA-3'
5-AGTGGCTAAGGACCAAGACC-3'
5-AAGCTGTCTTCAGGCCAACA-3'
5TTGAACAATGCCTTCCGGCT-3'
5-TGTTCCGGGCAAATGGATCA-3’
5-GAGGCAGCAGGTCGAATTGT-3'
5-TGAGGGTATGCCACCGAATC-3'
5'-CAGCCCTGACTAGGGACAAC-3'

5-TTAAGCTGAGGCGGAGCATC-3'
5-GTCTTCACCTGGTCCATGAGG-3'
5-AGACACTAATCAGCTGGGGG-3'
5-TTCTTCCCCCTTGCCTTACG-3'
5-GGACACTGTCTCAAAGGCGA-3'

5" TGGTATTCGAGAGAAGGGAG
G’
5-AGAGGCAACAGCGTCAGAAT-3'
5-AGGCCACAGGGATTTTGTCG-3'
5 TAGCAGACTAGGTTTGCCGAG-3'
5"-CCCGTAGGGCGATTACAGTC-3'
5 TCCACCAGCTCTTTGATGGTC-3'
5-GCCTGAAGTGGGAGAAGTCC-3'
5-AGAAGATGTGCCTCCCCAGA-3'
5-CCAATCTCGCAGGGACAGTT-3'
5-GTCGCTCGCTCTGAGCTATT-3'
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Table 2 List of antibodies used in

the immunoblot assay Antibodies Vendors Catalog no. Antibody dilution Antibody incubation time
GRPY%4 Enzo Life Sciences ADI-SPA-850-D 1: 500 Overnight, 4 °C
PERK-T Cell Signaling C33E10 1:500 Ovemight, 4 °C
CHOP Novus NB600-1335 1:500 Ovemight, 4 °C
«-Mouse Abcam SHO025 1:2000 1 h, room temperature
«-Rabbit Santa Cruz SC-2004 1:1000 1 h, room temperature
o-Rat Santa Cruz SC-2032 1:2000 1 h, room temperature

(Table 2) were diluted in 2% non-fat milk in TBST (1 L of 1x
Tris-buffered saline and 1 mL of Tween 20 [polysorbate 20]).
GAPDH was used to normalize the protein expression. Image
J (v.1.51; https://imagej.nih.gov/ij/download. html)-based
densitometry quantification was performed by averaging at
least three independent experiments. The fresh lysate was
taken from the same tissue for the second batch of
experiments which confirmed the findings of our previous
observation with the first batch.

Data Collection and Statistical Analysis

Statistical Package for the Social Sciences (SPSS) was used for
all the data analysis. The data are represented as mean + SEM.
Control and restraint groups were compared using two-tailed,
independent sample ¢ test. Significance level was set at p <0.05.

Results
Body Weights

In the two timelines, rats were weighed on days 0, 4, and 8 (8-day
paradigm, n = 10) and on days 0, 3, 6, 9, and 12 (12-day para-
digm, n = 11) depicted in Fig. 2. Within the control rats of the 8-
day group, there was no significance between the three measures
of weight when analyzed by one-way ANOVA [F (2, 27)=
1.3425, p =0.27]. Within the TM-infused rats of the same group,
there was a significant difference among the three measurements
[F F(2, 27)=6.7125, p<0.005]. Applying two-way ANOVA
with replication helped us to determine the difference between
control and TM rats which showed F value (5.27) higher than the
F critical value (4.01), whereas the level of significance was
lower (p <0.025) than the specified alpha value (cx=0.05) in
the statistical analysis. When comparing the average weights
(via two-tailed ¢ tests) by day between control and TM groups,
there was no significant difference on day 0 and 8 (p=0.99; p =
0.10), but a significant difference was found on day 4 (p < 0.05).
However, adjusting the p values with one-tail 7 test, we were

unable to show statistical significance for day 0 (p =0.49) and
day 8 (p =0.054).

A one-way ANOVA was used to analyze the average weights
within the groups for the 12-day paradigm. Within the control
rats, there was a significant difference in the weights collected
across the five time points [F(4, 50)=5.212, p <0.005]. In con-
trast, the TM group did not show a significant difference in the
five time points of weight collection [F(4, 50) = 1.040, p =0.39].
When comparing the average weights (via two-tailed ¢ tests) by
day between control and TM groups, there were no significant
differences on days 0, 3, 9, and 12 (p=0.74, p=0.74, p=0.16,
p=0.38), but there was a near significant difference on day 6 (p =
0.054) when two-tailed ¢ test was applied but adjusting the value
for one-tailed ¢ test resulted in a highly significant difference on
day 6 (p=0.027).

Behavior
Escape Tests

In the 8-day paradigm (n = 12 control, n = 12 TM; this includ-
ed rats from a preliminary study, hence the larger n), the av-
erage escape latency for the control group was 3.5 s while the
TM rats had an average of 28.4 s (p < 0.005). In the 12-day
paradigm (n =11 control, n =11 TM), the average escape la-
tency for the control group was 7.5 s while the TM rats had an
average of 7.9 s (p = 0.88) (Fig. 3).

Forced Swim Test

The forced swim test was analyzed in 1-min increments and
totaled for the amount of time swimming vs time floating. The
first 2 min was studied for the sake of significant differences in
groups, though all time points were analyzed. In the 8-day
paradigm rats (n =10 control, n=10 TM), the control rats
spent 56.9% (average of 68.3 s) of the first 2 min actively
swimming/attempting to escape while the TM group spent
33.8% (average of 40.6 s) of the time swimming/attempting
to escape (p < 0.005). In the 12-day paradigm (n =11 control,
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Fig. 3 Animal behavior by paradigm and group. This figure contrasts the
behavioral measures between the 8-day paradigm (panel a) and the 12-
day paradigm (panel b). Overall, the TM-infused rats showed a signifi-
cant change in their behavioral battery compared to the controls in panel a
while there was no significant change in panel b. These data are indicative
of depressive behavior if the delay from infusion to testing is kept brief

n =11 TM), the control rats spent an average of 36% (average
of 43.1 s) of the first 2 min actively swimming/attempting to
escape while the TM group spent 37.3% (average of 44.7 s) of
the first 2 min actively swimming/attempting to escape (p =

0.93) (Fig. 3).

Sucrose Preference Test

The sucrose preference test (SPT) was administered before
and after surgery to establish baseline sucrose preference.
Sucrose preference is described as the amount of sucrose wa-
ter consumed divided by the amount of sucrose water and tap
water consumed. A fter the second SPT data was collected, the
amount of change from baseline to post-surgery was recorded
(decrease in SPT pre/post in Fig. 3). For the rats who
underwent the 8-day paradigm, the control rats (z=10) had
a 2.6% overall decrease in sucrose preference between base-
line and post-surgery while the TM-infused group (n =10)
had an overall decreased preference in sucrose of 15.6%.
Figure 3 shows the total sucrose preference differences in
control and TM rats after surgery. In the 8-day paradigm, the
control rats had an average of 83.8% preference for sucrose
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(i.e., the 8-day paradigm shows significant changes) which, again, reiter-
ates the impact of TM being short-lived. In panel a, the number of sub-
jects is as follows by behavior: ET: n=12/group (preliminary rodents
included); FST: n = 10/group; SPT: n=10/group. In panel b, all experi-
ments were conducted in 10 rats/group. Data presented are the mean +
SEM

while the TM rats had an average of 71.8% (p < 0.05). In the
12-day paradigm, the control rats had an average of 92.7%
preference for sucrose while the TM rats had an average of
87.8% (p =0.20).

Molecular Analyses

RNA Level Expression Analysis of Unfolded Protein Response
Genes

In a random sample of the behaviorally tested rats of the 8-day
paradigm (6 control and 6 TM rats), qPCR analysis revealed
that TM rats expressed a significant increase in all tested genes
that are of particular importance in UPR activity. Grp78
(78 kDa glucose-regulated protein) showed a 2.7-fold in-
creased expression in TM-infused rats when compared to con-
trol rats (p <0.005), Grp94 (94 KDa glucose-regulated pro-
tein) showed a 2.2-fold increased expression in TM rats com-
pared to control (p < 0.001), Xbp-1 (X-box binding protein 1)
showed a 1.5-fold increased expression in TM rats compared
to control rats (p <0.05), Xbp-1s (previously designed and
described, see Timberlake M. et al. [12]) showed a 5.7-fold
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Fig. 4 Expression of UPR-associated genes in hippocampus of TM-
infused rats. In this figure, key genes of all three branches of UPR acti-
vation are compared in the TM-infused rats to the control vehicle rats;
these genes are Grp78, Grp94, Xbp-1, Xbp-1s, Atf6, Atf4, and Chop.
Between the two paradigms, the greatest fold change and significance

increased expression in TM rats compared to control rats
(p<0.001); Azf6 (Activating transcription factor 6) showed a
1.3-fold increased expression in TM rats compared to control

Fig. 5 Expression of key
inflammatory genes in
hippocampus of TM-infused rats.
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was observed in the 8-day paradigm rats. A trend was seen in the 12-
day rats; however, there was no significant change between the expres-
sions in the TM-infused and the control rats. The data is derived from a
sample of n = 6/group for the 8-day paradigm and » = 5/group for the 12-
day paradigm. Data presented are the mean + SEM

rats (p = 0.05); A#f4 (Activating transcription factor 4) showed
a 1.9-fold increased expression in TM rats compared to con-
trol rats (p <0.005); and Chop showed a 2.4-fold increased
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Fig. 6 Expression of UPR proteins in hippocampus of TM-infused rats.
In this figure, the proteins GRP94, CHOP, and PERK were analyzed
using western blot in the 8-day paradigm TM rat experiment. All three

expression in TM rats compared to control rats (»p <0.001)
(see Fig. 4).

In the 12-day paradigm (Fig. 4), a random sample of be-
haviorally tested rats (n =5 control and 5 TM) was analyzed.
While the trend persists, there were no significantly elevated
genes expressed in this paradigm. Grp78 showed a 1.3-fold
increased expression in TM-infused rats when compared to
control rats (p=0.18), Grp94 showed a 1.3-fold increased
expression in TM rats compared to control (p =0.18), Xbp-1
showed a 1.6-fold increased expression in TM rats compared
to control (p =0.24), Xbp-1s showed a 1.8-fold increased ex-
pression in TM rats compared to control (p =0.12), Atf6
showed a 1.1-fold increased expression in TM rats compared
to control (p = 0.35), Atf4 showed a 1.2-fold increased expres-
sion in TM rats compared to control (p =0.29), and Chop
showed a 1.1-fold increased expression in TM rats compared
to control (p =0.41).

In the same sample of the behaviorally tested rats of the 8-
day paradigm (6 control and 6 TM rats), qPCR analysis re-
vealed that TM rats expressed a significant increase in several
tested genes that are of particular importance in activity down-
stream of UPR activation by TM infusion. Figure 5 depicts
genes that are highly expressed in depression physiology and
are related to inflammation. Nf-xb showed a 1.644-fold in-
creased expression in TM-infused rats when compared to con-
trols (p <0.001), Tnf-ov (tumor necrosis factor-alpha) showed
a 3.23-fold increased expression in TM-infused rats when
compared to controls (p <0.01), 7I-6 (interleukin-6) showed
a 10-fold increased expression in TM-infused rats when com-
pared to controls (p <0.001), /I-13 (interleukin-1 beta)
showed a 1.87-fold increased expression in TM-infused rats
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proteins showed significant fold increase in the TM-infused rats when
compared to the control; all proteins were normalized to GAPDH. The

when compared to controls (p < 0.05), Tr2 (Toll-like receptor
2) showed a 5-fold increased expression in TM-infused rats
when compared to controls (p < 0.01), Tlr4 (Toll-like receptor
4) showed a 3.8-fold increased expression in TM-infused rats
when compared to controls (p < 0.01), 7/r7 (Toll-like receptor
7) showed a 3.7-fold increased expression in TM-infused rats
when compared to controls (p <0.01), and 7/r9 (Toll-like
receptor 9) showed a 2.6-fold increased expression in TM-
infused rats when compared to controls (p < 0.01).

Protein Level Expression Analysis of Unfolded Protein
Response Genes

In a sample of the behaviorally tested rats of the 8-day para-
digm, Western blot results revealed that TM rats had signifi-
cantly increased expression in all tested proteins when com-
pared to the control group. GRP94 showed a 0.71-fold in-
creased expression in TM rats (p <0.05), CHOP showed a
1.2-fold increased expression in TM rats (p < 0.005), and the
sensor protein PERK showed a 9.3-fold increased expression
in TM rats (p < 0.05) compared to the control group (Fig. 6).

Discussion

From our previous studies, it is evident that the UPR is active
in the hippocampus of depressed rats. In the present study, we
hypothesize that the induction of the UPR in the hippocampus
is sufficient to cause depressive behavior. Based on the data
reported in this manuscript, we confirm that the activation of
the UPR via tunicamycin is sufficient to cause behavioral
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deficits that are congruent with depressive behavior in rodents.
In light of our previous data, we designed a novel model that
utilized the activation of the UPR in the hippocampus of rats.
The present study highlights the results of this new model. Not
only did we show an acute, severe depressive response in
behavior, but we also showed significant increases in expres-
sion at both the gene and the protein level of relevant compo-
nents of the UPR. Most important to this finding are the sig-
nificant changes in rodent behavior that correlate with severe
depressive behavior. We also found that this effect, when the
UPR is directly induced via TM, is time-sensitive; rats who
had an infusion of TM but were left for 1 week before begin-
ning behavioral (12-day paradigm) testing did not show the
depressive behavior that the TM-infused rats who were
injected and began behavioral testing within 3—4 days showed
(the 8-day paradigm). The magnitude of these changes in be-
havior is indicative of an acute, severe, depressive episode.

In the 8-day paradigm, rats infused with TM showed
significant changes in depressive behavior when compared
to controls that also underwent the same procedure but
with an infusion of 150 mM dextrose instead of TM. The
first significant finding was that of the escape test which
has previously been used for validating depression in rats
[37]. Unlike the traditional learned helplessness model of
depression, this model does not utilize a round of inescap-
able shock. Instead, the rats are placed directly in the shut-
tle escape chamber 4 days post-injection to assess learned
helpless behavior. As evident from the data in the control
group, rats who were placed in this environment escaped
the aversive shocks rapidly. On average, the control rats
escaped the shock within 3.5 s. In contrast, the TM rats
had an average escape latency of 28.5 s. This suggests that
activated UPR localized to the hippocampus is sufficient to
cause learned helpless behavior in rats. In our previous
findings [21], we showed that rats that exhibited the
learned helpless behavior had a correlated heightened ex-
pression of UPR genes, namely Grp94, Grp78, Xbp-1,
Atf6, Atf4, and Chop. In contrast to these data, rats that
underwent the 12-day paradigm did not show significant
changes between groups in their escape latency. The con-
trol group had an average escape latency of 7.5 s while the
TM group had an average of 7.9 s. This reinforces the idea
that TM-induced UPR activation and subsequent depres-
sive behavior is acute in nature.

The next behavior analyzed was forced swim test (FST). In
the 8-day paradigm, the control rats spent an average of 68.3 s
in the first 2 min attempting to escape. The TM-infused group
spent only 40.6 s on average in the first 2 min. This significant
decrease in attempted escape time is indicative of behavioral
despair [41, 42]. By contrast, rats that underwent the 12-day
paradigm did not show a significant difference in their escape
time; control rats spent an average of 40.9 s attempting to
escape while the TM rats spent an average of 45.9 s.

The final behavior analyzed was that of sucrose preference
(SPT) [42, 43] which is a measure of anhedonia. For this, there
were both within/between-subjects’ analyses as well as
between-subject analysis for the within/between-subjects test;
rats were tested for a baseline sucrose preference before and
after surgery. The total changes in preference were then ana-
lyzed within the groups and controlled between the two
groups. For this study, sucrose preference is defined as a total
amount of 1% sucrose water consumed divided by the total
consumption of tap water + 1% sucrose. In the 8-day para-
digm, there was a noted decrease in sucrose preference in
the TM rats by an average of 16% compared to the 2.6%
decrease in sucrose preference in the control group. Further,
in analyzing only the post-surgery SPT differences, control
rats showed an average 83.8% preference of sucrose to tap
water while the TM group showed a 71.8% preference. For
the rats that underwent the 12-day paradigm, there was no
decrease in sucrose preference in the within/between-group
analysis. There was a small difference in sucrose preference
in the between-subjects-only analysis, but it was not signifi-
cant. Control rats had an average of 92.7% sucrose preference
compared to the TM-infused rats which had an 87.7%
preference.

Finally, we studied expression levels of genes relevant to
UPR activity in the hippocampus which have previously been
shown to be significantly upregulated in stress-induced-
depressed rats [12, 21]. In the 8-day paradigm, the genes
Grp78, Grp94, Xbp-1, Xbp-1s, Atf6, Atf4, and Chop were all
shown to be significantly upregulated in the TM-infused
group compared to their control counterparts. This is relevant
as we have shown in both LH and restraint-stress rats that
these same genes were significantly increased in hippocampus
[12, 13, 21]. As mentioned in “Introduction,” aberrant chang-
es in the expression of CHOP and the sensory protein PERK
may lead to the activation of caspases with functional conse-
quences linked to cellular apoptosis. Earlier studies have sug-
gested a significant loss of hippocampal functions due to ap-
optosis in dentate gyrus and CA3 regions of hippocampus. For
example, a systematic review on this topic has been published
by Lucassen et al. where they discussed the importance of
hippocampal apoptosis in relation to stress and depression
[44]. In addition, apoptosis has been reported in entorhinal
cortex, subiculum, dentate gyrus, and CA4 brain areas of de-
pressed patients [45]. Interestingly, in a recent report, the on-
tological enrichment of genes with the apoptotic function was
detected from a pool of 38 depressed patients when compared
to control subjects. Even pathway enrichment and network
analysis on differentially expressed genes identified a higher
degree of involvement in apoptotic and inflammatory path-
ways in these patients [46]. Further, the proteins of GRP94,
CHOP, and the sensor protein PERK were significantly up-
regulated in the TM rats. Not only is this indicative that the
UPR is an important feature of depressive behavior but also
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that the TM is, in fact, affecting the hippocampus and activat-
ing the UPR. The rats that underwent the 12-day paradigm
showed a similar trend in the expression of the aforemen-
tioned genes; however, there was no significant change be-
tween the groups suggesting that the TM-induced UPR may
have some residual and lasting effect, but it does not impact
the behavior after a certain amount of time.

In the same group, we also analyzed several genes relevant
to inflammation which reinforce our previous claim that the
UPR acts on a pro-inflammatory environment in the hippo-
campus of depressed subjects [12, 13]. The increased expres-
sion of 7lr2,4,7, and 9 in TM rats show that pro-inflammatory
environment is directly related to UPR activity. This is also
reinforced by other findings which suggest that TLR-mediated
inflammation is a key component in the underlying patho-
physiology of depression [12—-15, 27, 47-54]. Further, a direct
and increased measure of the cytokines Tnf-o, Il-6, and I1-1b
as well as the transcription factor Nf-k3, which is a known
regulator of cytokine production, indicated active inflamma-
tion in the hippocampus. This also correlates with many stud-
ies that have shown the relevance of inflammation in the de-
pressed brain [7, 9, 21, 55-61]. Moreover, earlier studies have
suggested the role of tunicamycin in inducing NF-kB through
the catalytic activity of the IRE1«x kinase [62]. Studies have
also documented the involvement of tunicamycin in regulat-
ing several inflammatory genes with their roles in immune
function. Many of them include various cytokines and their
receptors (e.g., IL23a, IL1a, IL6, IFNARI1, IL17ra, IL6ra),
chemokines (CCL2, CCL9), adhesion molecules (ICAM1),
and prostaglandin synthetases (PTGS2, COX-2). These find-
ings further validate the replication of this model in mimicking
known depression physiology associated with neuroinflam-
mation [63].

This new model allows the study of an acute, severe de-
pressive episode by activation of the UPR directly in the hip-
pocampus via stereotaxic injection. A benefit of this model is
that its delivery and implementation are very specific and the
TM dose is not lethal (2.5 uL at 200 ng/uL). Further, the rats,
though exhibiting depressive behavior, are not locomotor
compromised. Using a modified version of the SHIRPA meth-
od to assess locomotor activity, all rats, control, and TM
displayed a score of “0” in each of the four categories ob-
served (kyphosis, ledge, clasp, and gait) [39]. This suggests
that there is no locomotor abnormality associated with TM
injection.

We emphasize that the proposed model is a method for
studying an acute, severe depressive episode in rats. Further,
we propose that this model is most relevant as a method to
circumvent inducing depression by means of a behavioral
stressor like inescapable shock or chronic restraint stress and
directly induces depression via pharmacological activation of
the UPR. We also propose that this solidifies our prior findings
that correlated the activation of the UPR with depressive
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behavior in rats, and it may have broader implications for
expanding the study of the UPR in the context of depression.
Collectively, our findings from the current study suggest that
pharmacological activation of UPR system by tunicamycin
may lead to depression phenotype with increased susceptibil-
ity of the hippocampus to acute stress, causing dysfunction in
programmed cell death. This may hold clinical significance,
considering the fact that the failure of the UPR system in the
susceptible regions of depressed brain may perhaps be critical
in immunomodulation.

Future studies can be conducted in this model where a
pharmacological agent, like a lentiviral construct targeting a
specific gene, could be introduced before the infusion of TM
(via cannulation) and observation of behavior. Further, studies
with antidepressants could also be used if they are adminis-
tered for the recommended week before behavioral testing.
The primary disadvantage of this new model is that the dura-
tion of the effect is acute, despite the severity of depression.
‘We have tested the use of cannulas with this model; however,
a second infusion is not sufficient to prolong the effect of TM.
The rats that underwent a second infusion of TM via cannu-
lation did not show significant changes in behavior that mir-
rored the 8-day paradigm rats (data not shown). Instead, they
mimicked the results of the 12-day group wherein there was
an apparent recovery or resistance to the initial effects of TM.
This could be due to resistance to the drug, or possibly due to a
type of over-compensation which ameliorates the pharmaco-
logical effect of TM. This is speculative in nature, but pres-
ently, our data suggests that a second dose of TM at the same
concentration is not sufficient to alter behavior; further, higher
doses have not been tested beyond the 500 ng/hippocampus.
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