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Abstract

Major depressive disorder (MDD) is a complex illness caused by both genetic and environmental
factors. Antidepressant resistance also has a genetic component. To date, however, very few genes
have been identified for major depression or antidepressant resistance. In this study, we
investigated whether outbred heterogeneous stock (HS) rats would be a suitable model to uncover
the genetics of depression and its connection to antidepressant resistance. The Wistar Kyoto
(WKY) rat, one of the eight founders of the HS, is a recognized animal model of juvenile
depression and is resistant to fluoxetine antidepressant treatment. We therefore hypothesized that
adolescent HS rats would exhibit variation in both despair-like behavior and response to fluoxetine
treatment. We assessed heritability of despair-like behavior and response to sub-acute fluoxetine
using a modified forced swim test (FST) in 4-week-old HS rats. We also tested whether blood
transcript levels previously identified as depression biomarkers in adolescent human subjects are
differentially expressed in HS rats with high vs. low FST immobility. We demonstrate heritability
of despair-like behavior in 4-week-old HS rats and show that many HS rats are resistant to
fluoxetine treatment. In addition, blood transcript levels of Amfr, Cdr2?and Kiaal539, genes
previously identified in human adolescents with MDD, are differentially expressed between HS
rats with high vs. low immobility. These data demonstrate that FST despair-like behavior will be
amenable to genetic fine-mapping in adolescent HS rats. The overlap between human and HS
blood biomarkers suggest that these studies may translate to depression in humans.
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Major depressive disorder (MDD) is a debilitating disease that affects 6.7% of the adult
population and 11.4% of adolescents (https://www.nimh.nih.gov/health/statistics/prevalence/
index.shtml). Hallmarks of MDD include a sense of hopelessness and despair and are
frequently coupled with changes in sleep and appetite, inability to concentrate and low
energy. Adolescent depression is of particular concern, as it is a common and impairing
condition that often develops into chronic or recurrent MDD (Brent et a/. 2008). It is known
that MDD is affected by both the environment and genetics. Early childhood trauma and
stress are the largest environmental factors known to contribute to MDD risk and heritability
of MDD is around 30-40% (Sullivan et al. 2000; Kendler et al. 2006) but this increases to
60-80% for childhood or adolescent MDD (Wigg et al. 2009). Despite this, genome-wide
association studies (GWAS) have had relatively limited success identifying genetic loci
associated with disease (Converge Consortium 2015; Hyde et al. 2016; Power et al. 2016).
One of the reasons that GWAS has had limited success is because MDD itself is a
heterogenous disease (Verduijn et al. 2016), at times occurring as a secondary disease to
other chronic illnesses. Other reasons include the relatively small contribution of each
genetic locus, as well as the complex interaction between genes and the environment
(Levinson et al. 2014). This is further complicated by the fact that neither environment nor
genetics can be well-controlled in human studies.

Response to antidepressant treatment varies among individuals and to-date, there are no
direct and efficient ways to identify which drug will work in which patient. As a result,
patients often need to try multiple antidepressants before finding a drug that works for them.
The approved treatments for adolescent depression include selective serotonin reuptake
inhibitors (SSRIs), but a large percentage of adolescents with MDD do not respond to them.
A meta-analysis has suggested that fluoxetine has only about 20% more efficacy than
placebo for pediatric MDD (Bridge et al. 2007). It is known that response to antidepressant
treatment is also genetic (Fabbri ef al. 2014). Similar to GWAS for MDD, however, GWAS
for antidepressant response have had limited success, likely due to under-powered sample
sizes (Biernacka et al. 2015). Identifying the genetics of antidepressant resistance,
particularly in the highly vulnerable adolescent population, is therefore of major interest.

The study of despair-like behavior in animal models has the potential to circumvent some of
the challenges faced by studying this disease in humans, namely disease heterogeneity and
environmental influences. One of the most widely used measures of despair-like behavior in
the rat is the Forced Swim Test (FST) (Overstreet 2012; Slattery & Cryan 2012; Barkus
2013). Animals with high levels of immobility in the FST are said to exhibit high levels of
despair. The WKY rat is a recognized animal model of depression, with high FST
immobility (Armario ef a/. 1995; Lahmame & Armario 1996; Lopez-Rubalcava & Lucki
2000; Rittenhouse et al. 2002; Solberg et al. 2003; Solberg et al. 2004), altered sucrose
preference (D’Souza & Sadananda 2016), increased response to stress (Courvoisier et al.
1996; Gilad & Shiller 1989; Solberg et al. 2006), altered sleep and circadian patterns
(Dugovic et al. 2000; Solberg et al. 2001), and passive coping in multiple other tests
including defensive burying (Pare 1989; Pare 1994; Ahmadiyeh et a/. 2003). Because WKY
rats demonstrate despair-like behavior at an early age, they are regarded as a model for
juvenile depression (Malkesman & Weller 2009). In addition, the WKY rat does not respond
to treatment with fluoxetine and has been suggested as a model of antidepressant resistance
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(; Lahmame et a/. 1997; Lahmame & Armario 1996; Griebel ef a/. 1999; Willner & Belzung
2015).

Other inbred strains, including F344 and BN rats show low levels of immobility in the FST
(Lahmame & Armario 1996; Solberg et a/. 2003) and previous work in our laboratory used a
WKY x F344F2 intercross to demonstrate that FST behaviors are heritable (Solberg et a/.
2003). We conducted a quantitative trait locus (QTL) analysis on FST behavior, stress
response and other behaviors (Ahmadiyeh et al. 2003; Solberg et al. 2004; Ahmadiyeh et al.
2005; Baum et al. 2005; Baum et al. 2006; Solberg et al. 2006; Solberg Woods et a/. 2009),
identifying seven loci for immobility and seven loci for climbing. One of the FST loci
confirmed a previous QTL identified for immobility in the tail suspension test, a test for
behavioral despair in mice (Yoshikawa et al. 2002). To date, however, none of the underlying
genes for these loci have been identified. One of the drawbacks of QTL studies in F2
intercross models is that the identified QTL are usually very large (40-60 Mb) and include
several hundred genes. An alternative approach is to use outbred heterogeneous stock (HS)
rats. HS rats are created by combining eight inbred strains together and then maintaining the
colony in a way that minimizes inbreeding (Solberg Woods 2014). After 50-60 generations
of breeding, the distance between recombination events decreases, allowing one to fine-map
QTL to only a few megabytes (Solberg Woods et a/. 2010, 2012; Baud et a/. 2013). The HS
rat colony was created by the NIH in the 1980s using the following inbred strains: ACI/N,
BN/N, BUF/N, F344/N, M520/N, MR/N, WKY/N, WN/N (Hansen & Spuhler 1984).
Because the WKY rat is a founder of the HS rat colony, and BN and F344 founder strains
exhibit low immobility and do respond to sub-acute antidepressant treatment (Lahmame &
Armario 1996), alleles that drive despair-like behavior and antidepressant resistance should
segregate in the HS population. Although previous work has shown that adult HS rats tend to
exhibit high levels of despair-like behavior in the FST (Diaz-Moran et al. 2012), to-date,
FST behavior has not been assessed in adolescent HS rats, nor has the colony been used to
fine-map genetic loci for despair-like behavior in the FST.

In addition to QTL mapping with the WKY rat, our laboratory has also exploited the fact
that the WKY strain is not completely inbred, and generated two fully inbred strains with
opposite behavior in the FST test: the “‘depressed’ Wistar Kyoto More Immobile (WMI), and
the ‘non-depressed’ control strain, the WKY Less Immobile (WLI) (Andrus et al. 2012; Will
et al. 2003). Similar to WKY rats, the WMI strain does not respond to fluoxetine, while
tricyclic antidepressants and MAOIs normalize their immobility behavior in the FST (Will ef
al. 2003). Creation of the WMI strain allowed us to identify differentially expressed
transcripts in the hippocampus and amygdala between WMI and WLI and compare them to
those obtained from several rat strains in a chronic stress model of depression (Andrus et a/.
2012). Differentially expressed transcripts were also obtained from the blood of these
models, 26 of which were selected for overlapping with those in the brain and/or for their
high expression in human blood (Pajer et al. 2012). We carried out an unbiased analysis of
these 26 transcripts in blood from 15- to 19-year old humans with early onset MDD (Pajer et
al. 2012). Blood levels of 11 transcripts differentiated participants with Early Onset MDD
from the non-depressed group and a partially overlapping panel of 18 transcripts
distinguished between those adolescents who had anxiety disorder co-morbid with MDD
from those that had MDD without anxiety (Pajer ef al. 2012). In the current work, we
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hypothesized that at least some of these transcripts would be differentially expressed in HS
rats with high vs. low immobility in the FST.

In the current paper, we confirm that adolescent HS rats exhibit high phenotypic variation in
despair-like behavior and show that both swimming and immobility behaviors are heritable,
demonstrating that HS rats should provide an ideal model to fine-map genetic loci for
despair-like behavior. We further demonstrate that most HS rats are resistant to sub-acute
treatment with fluoxetine. Finally, we show that transcript levels of three genes (Amfr, Cadr2
and Kiaa1539), have lower expression levels in HS rats with high immobility relative to
those with low immobility, similar to what has previously been found in the above
mentioned animal models and humans with MDD (Pajer et al. 2012; Redei et al. 2014).
Taken together, these data demonstrate that despair-like behavior will be amenable to genetic
fine-mapping in the HS rat and that these studies will likely translate to humans with MDD.

Materials and methods

Animals

Heterogeneous stock (HS) (NMcwi:HS) rats were maintained at the Medical College of
Wisconsin (MCW). All protocols were approved by MCW IACUC (PHS Assurance number
A3102-01). We maintained 64 breeder pairs using a random breeding strategy, ensuring that
we did not mate two animals that are closely related. Two hundred and sixty-three HS rats
were used in the studies described below. Rats for the following studies were weaned at 3
weeks of age, with the FST being conducted 1 week later at 4 weeks of age. Rats were
housed 4-8 per cage prior to the FST. Rats were housed in micro-isolation cages in a
conventional facility using autoclaved bedding (sani-chips from PJ Murphy). They had ad
libitum access to autoclaved Teklad 5010 diet (Harlan Laboratories, Madison, WI) and were
provided reverse osmosis water chlorinated to 2-3 ppm. The HS rat colony is positive for
Helicobacter spp. but otherwise are pathogen free. All studies were conducted during the
light phase. Rats were taken from several different breeder pairs to ensure genetic diversity
within the population.

Original FST protocol

In the initial study, we determined if a 1-day FST could replace the original 2-day FST
protocol. A 1-day FST has previously been used to test behavior in adolescent rats (Mehta et
al. 2013), but to our knowledge, a direct comparison between behavior in day 1 and day 2
has not been conducted. To test this, we conducted the 2-day FST protocol, video-recording
and scoring behavior during both day 1 and day 2. Seventy-two animals (48 males, 24
females) 4 weeks of age were placed into a 7 in. x 10.5 in. beaker filled with water at 25°C
for 15 min on day 1 and 5 min on day 2. This size beaker is frequently used when testing
FST in mice and we expected it would be sufficiently large to test adolescent rats. In each
trial, two animals were placed side by side with males on the left and females on the right. A
divider was placed in between the beakers so the animals could not see each other and
influence behavior during the test. All tests were conducted between 0800 and 1300 h.
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Tests were recorded using a digital video camera. The recorded videos were then visually
scored using a time sampling technique in which every 5 seconds (60 times total) the animal
was marked as floating, swimming, climbing or diving (Detke et a/. 1995). Floating
(immobility) was defined as a general lack of motion consisting of only small movements to
keep the head above water. Swimming was interpreted as larger movements, more than
necessary to keep the head above water, which displaced water within the tank. Climbing
was classified as vigorous movements of the forepaws in and out of the water, typically
against the wall of tank. Diving was characterized as an animal’s full submersion. The first 5
min of day 1, last 5 min of day 1 and 5 min of day 2 were visually scored for all animals,
and behaviors during these time points were then correlated.

Modified FST protocol

The strong correlations between day 1 and day 2 (see results) led us to conduct a modified
FST for all subsequent studies. The modified FST consisted of a single 6 min FST on day 1
similar to Mehta et a/. (2013)). The last 5-min of this test were scored for immobility,
climbing, swimming and diving behaviors as described above. Upon learning that some
adolescent rats were able to hold themselves up during the FST, all subsequent tests were
conducted in a larger beaker (11.4 in. x 17 in.). We assessed despair-like behavior in 50 male
and 50 female 4-week old HS rats (all from different parents) using the modified 1-day FST.

Antidepressant study

At 4 weeks of age, a separate group of 91 HS male rats were subjected to the 1-day 6-min
FST. The test was video-recorded and baseline immobility, climbing, swimming and diving
were scored as described above. A second 6-min FST was performed 7 days later. This
second test was preceded by sub-acute intra-peritoneal injections with either saline or
fluoxetine. The injections were performed 23.5, 5 and 1 h before the swim test, as previously
described (Lopez-Rubalcava & Lucki 2000; Cryan et al. 2005; Slattery & Cryan 2012). The
fluoxetine group received 10 mg/kg of fluoxetine (Letco Medical, Decatur, AL, USA) in a
volume of 2 ml/kg. The saline group received the same volume of a saline solution.

Heritability estimates

Heritability estimates were calculated for baseline FST behaviors (swimming, immobility,
climbing) on 191 HS rats from the two studies above (modified FST protocol and
antidepressant study). Potentially confounding variables (sex, experimenter, scorer and date)
were regressed out and heritability was calculated using the residuals. Heritability estimates
were also calculated for response to the antidepressant using 91 HS rats; the effect of
treatment (fluoxetine or saline) was regressed out prior to estimating heritability.

It is known that HS rats are genetically related. Relatedness can be calculated from a
pedigree or estimated from genetic marker data. For our data, genetic marker data is not
available, and so relationship matrices were obtained from the HS pedigree using QTLRel
(Cheng et al. 2011). A random effect model was fitted to estimate variance components with
respect to polygenic and environmental variation
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wherey = (4, ¥, -, V) is a vector of phenotypic values, u = (g, 4 -, )" denotes

intercept, 9=(91, 92, - ,gn)/NN (07 GO;) represents random polygenic effect with G =
(9j) being the additive genetic matrix (i.e. kinship matrix), and & ~ MO, /6%) is the residual
effect. Heritability was estimated by

n
> b
2 i=1
h=a——,
Zgii6§+ﬂ5’2
i=1
Where [73 and &2 are maximum likelihood estimates (MLE) of the variance components

(equation 1). Variance of the estimated heritability was then estimated using the delta
method (Green & William 2000).

Blood collection and RNA analysis

After 3 weeks of the antidepressant or saline FST, animals were euthanized by decapitation.
Trunk blood was collected from 29 rats into PAXgene RNA tubes (PreAnalytix, Qiagen
Germantown, Maryland) for RNA analysis. Rats were chosen based on FST score: low
immobility during weeks 1 and 2 (<20; 12 rats), or moderate or high immobility during
weeks 1 and 2 (>20, 10 rats), or low immobility during week 1, but moderate or high
immobility during week 2 (7 rats). Half of the rats from each group received fluoxetine and
half received saline treatment during week 2.

RNA was extracted from blood using the PAXgene Blood RNA Kit 50 v2 (PreAnalytix,
Qiagen). cDNA was synthesized as described previously (Mehta-Raghavan et al. 2016). ABI
7900HT real time cycler was used to amplify 5 ng cDNA using SYBR green reaction mix
(ABI, Carlsbad, CA, USA). Primers were designed using the default settings in ABI’s
Primer Express software (version 3.0, PE Applied Biosystems Foster City, CA) to generate
primers that amplify 80-150 bp products. The primer pairs used for each gene are listed in
Table S1, Supporting Information.

gPCR reactions were performed in triplicate and reached threshold amplification within 35
PCR cycles. Transcript levels were determined relative to GAPDH (commercially available
from ABI, Foster City, CA, USA) and to a calibrator using the AACT method. For each
gene, gPCR was carried out on one plate.

Statistical analysis

Pearson correlation was used to determine relationship between day 1 and day 2 behavior in
the FST. Pearson correlation was also used to determine correlations between immobility,
climbing, diving and swimming behavior in the FST. An ANOVA was used to determine if
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there were significant differences in FST behavior between males and females. A Wilcoxon
rank sum test was used to determine if the change in immobility between week 1 and week 2
FST was different between the saline and fluoxetine groups. The Fligner-Killeen test of
homogeneity of variances was used to detect if variation between the saline and fluoxetine
groups differed. To determine if genes are differentially expressed by immobility or
antidepressant treatment, we fit a linear model that included week 1 immobility (as two
levels categorical variable: low vs. high immaobility), week 2 immobility (as a continuous
numeric variable) and antidepressant treatment (fluoxetine or saline).

Immobility in the 1-day FST is highly correlated with the standard 2-day FST protocol

After the first experiment, we observed that several of the adolescent rats (32 males and 13
females) were able to hold themselves up in the beaker by their tail and forepaws. All of
these animals were removed prior to analysis such that correlations were run on only 27 rats
(16 males and 11 females). Despite having to remove many of the animals from this initial
test, there is still a strong correlation between immobility during the first 5-min of day 1 and
immobility on day 2 (males: r=0.691, A= 0.003; females: r=0.744, £=0.008; see Fig. 1).
Immobility during the last 5-min of day 1 also correlates with day 2 immaobility in males,
although to a lesser extent (males: r=0.536, £=0.030), while no correlation is found in
females (r= 0.440, £=0.180).

HS rats exhibit large variation in despair-like behavior in the 1-day FST

Both male and female adolescent rats exhibit large variation for immobility, swimming and
climbing behaviors (see Fig. 2). Despite similar ranges for swimming, males exhibit
significantly more swimming than females (£ g9) = 5.17, £= 0.025). Other than swimming,
there are no differences in behavior between males and females. Immobility negatively
correlates with swimming and climbing behaviors in both males (r=-0.85 and -0.64, P=
5.27e-15 and 4.82e-07, respectively) and females (r=—-0.81 and —0.64, A= 6.3%¢-13 and
6.24e-07, respectively). Diving shows no correlation with any of the other behaviors
(possibly because there were so few animals that showed diving behavior). Climbing and
swimming are not correlated in either sex.

FST behaviors are heritable in HS rats

Estimated heritability for baseline swimming and immobility were 0.358 (SD = 0.236) and
0.520 (SD = 0.240), respectively. We do not report heritability for climbing and response to
antidepressant because the delta method did not provide an appropriate standard deviation
due to boundary constraints.

Most adolescent HS rats are resistant to sub-acute treatment with fluoxetine

As expected, most animals increase immobility between week 1 and week 2 (Mezadri et al.
2011). We find that this is the case whether the animals received saline or fluoxetine, as the
difference in immobility between week 1 and week 2 does not differ between saline and
fluoxetine groups (W= 945.5, P=0.591). We also considered a model with separate terms
for time (week 1 or week 2) and drug and their interaction between time and drug; this
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model did not yield a significant interaction for any of dependent measures, indicating no
effect of treatment with fluoxetine. In order to further explore these data the animals were
divided into the following categories based on week 1 immobility scores: low immobility
(<20), moderate immobility (20 < immobility < 30) and high immobility (>30). Using these
criteria, 63 rats have low immobility (31 given saline, 32 given fluoxetine), 16 rats have
moderate immobility (9 given saline and 7 given fluoxetine) and 12 rats have high
immobility (5 given saline and 7 given fluoxetine). In the low immobility group, there is not
a significant difference in change in immaobility from week 1 to week 2 between the saline
and fluoxetine groups (W= 410, £=0.239; Fig. 3). In the moderate immobility group,
although there is still no difference between the fluoxetine and saline groups (W= 28, P=
0.750), there is a trend toward increased variability in the fluoxetine group (;(2 =3.566, P=
0.059; Fig. 3). In the high immobility animals, the fluoxetine group appears to have
decreased immobility relative to the saline group, although this difference is not statistically
significant (W= 25, P=0.255), likely because of the small number of animals and relatively
high variability in this group (Fig. 3). These data indicate that fluoxetine has little or no
effect in HS rats with low immobility, while fluoxetine may have a variable effect in the
moderate and high immobility groups, although more animals are needed to substantiate this
claim.

Expression levels of Amfr, Cdr2 and Kiaal593 are differentially expressed in HS rats with
high vs. low immobility

We determined expression levels of 18 genes in the blood of 29 HS rats with varying degrees
of immobility in the FST. The genes chosen were previously identified to be differentially
expressed between rat models of depression and/or depressed vs. non-depressed human
adolescents (Pajer et al. 2012). To determine if genes were differentially expressed by
immobility or antidepressant treatment, we fit a linear model that included week 1
immobility (low vs. high immobility), week 2 immobility (as a continuous numeric variable)
and antidepressant treatment (fluoxetine or saline). In the initial model, week 1 immobility
was not a significant factor for any of the genes, so it was removed from the final model.
After including only week 2 immobility and antidepressant treatment, we found that three
genes (Amfr, Cdr2 and Kiaal539) reach unadjusted levels of significance for differential
expression during week 2 (P=0.004, 0.016 and 0.006, respectively) and Dgka was
significantly different in the antidepressant treated vs. non-treated groups (£ = 0.030). Use of
the Benjamini-Hochberg procedure showed that Amfr, Car2and Kiaa1539, but not Dgka,
remain significant after adjusting for multiple comparisons at 10% FDR. Expression levels
of all three genes are lower in HS rats with high immobility, similar to what is seen in
human adolescents with major depression (Pajer et al. 2012; Redei et al. 2014).

To visualize the data, we plotted RQ expression levels against immobility score for both
week 1 and week 2 (see Fig. 4). We note that several of the HS rats that originally had low
immobility scores in week 1 increased to moderate or high immobility in week 2, while
others remained low during both weeks 1 and 2. Interestingly, RQ levels of Amfr, Car2and
Kiaa1593 appear highest in animals that have low immobility during both week 1 and week
2. To determine if this difference is statistically significant, we ran a Wilcoxon rank sum test
between animals with low immobility in week 1 and 2 (blue dots in Fig. 4) vs. those that had
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low immobility in week 1 and moderate/high immobility in week 2 (red dots in Fig. 4). We
found that the difference was statistically significant for Car2 (P =0.028) and approached
statistical significance for Amfr (P = 0.083), but not for K/aa1539 (P= 0.142). These data
indicate that expression levels of Amfrand Car2 may predict which animals will be
protected from developing high immobility during the week 2 FST, although larger number
of animals are needed to confirm this.

Discussion

This work demonstrates that male and female adolescent HS rats show a large degree of
variability in immobility, climbing and swimming behaviors during a single 6-min FST and
that both swimming and immobility are heritable in this population. We also show that,
unexpectedly, many of the HS rats are unresponsive to treatment with fluoxetine. Finally,
with a very small sample size, we were able to demonstrate that three genes previously
known to be differentially expressed in the blood of rat models of depression and humans
with MDD are differentially expressed in HS rats with low vs. high immobility. These
studies strongly indicate that the HS rat model will be useful for identifying the underlying
genetics of despair-like behavior and that these studies may prove useful for understanding
MDD in humans.

We initially demonstrate that behavior during the first FST day is strongly correlated with
behavior during the second day of testing during the original FST protocol. A single day of
testing has previously been used in adolescent rats to avoid the stress of a 15 min test for
these young rats (Mehta et a/. 2013). Previous studies have also shown that immobility tends
to increase after repeated FST (Mezadri et al. 2011). To our knowledge, however, this is the
first study to directly test the relationship between behavior during the first day of testing
and the second day of testing. Similar to Mezadri et a/. (2011), we see that immobility
increases during the second day of testing. Despite this increase, however, the correlation
between the first 5-min of testing on day 1 and day 2 behavior is very strong, indicating that
day 1 behavior is representative of behavior on day 2 and a single day of testing can be used
in adolescent rats.

We demonstrate that immobility and swimming behaviors after a single 6-min FST are
heritable in the adolescent HS population. We show that both male and female HS rats
exhibit large variation in FST behavior, particularly immobility. The variation in behavior is
similar to previous studies (Diaz-Moran et al. 2012) and much greater than what we have
seen in an F2 intercross between WKY and F344 rats, where most of the animals had
immobility scores less than 10 (highly skewed toward F344 behavior) and only a few had
scores greater than 30 (Solberg et a/. 2003). Immobility scores in the HS rats tend to be
normally distributed, with the majority of rats showing immobility scores around 25 and
several showing scores greater than 30. These data indicate that the HS rat will likely prove a
much better model for genetic mapping of this trait than the WKY x F344 F2 intercross.
Variation in climbing behavior in the HS rat is similar to what we had previously seen in the
WKY x F344 F2 intercross, with the exception that the data are more normally distributed in
the HS. Other than a slight increase in swimming behavior in male HS rats, we do not see
any differences between adolescent males and females in FST behavior. As expected,
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immobility is strongly inversely correlated with both climbing and swimming behavior in
the HS rat (Solberg et al. 2003).

We were surprised to find that most adolescent HS rats do not respond to sub-acute
treatment with fluoxetine and due to high variability, we were unable to determine if
fluoxetine response is heritable in this population. We found that most animals from both the
saline and fluoxetine groups increased immobility during the second week of testing, which
was expected for the saline group (Mezadri et al. 2011), but not for the fluoxetine group.
While we expected that at least some of the rats within the fluoxetine group would increase
immobility, demonstrating resistance to fluoxetine, it was unexpected that most of the
animals in the fluoxetine group appeared resistant to the drug. We started to see decreases in
immobility behavior in the fluoxetine group only in the rats with high immobility scores
(>30), although due to the low number of animals, these numbers were not statistically
different from the saline group. These data suggest that the testing of antidepressant drugs in
animals that do not exhibit despair-like behavior may have limited meaning compared to
testing drugs in despair models. Previous studies have assessed response to antidepressants,
including fluoxetine, in several different strains. These studies demonstrate that the WKY rat
is unresponsive to fluoxetine and 8-OH-DPAT (Lahmame & Armario 1996; Lopez-
Rubalcava & Lucki 2000) as well as imipramine (Lahmame et a/. 1997), with conflicting
findings for desipramine (Lahmame & Armario 1996, Lopez-Rubalcava & Lucki 2000). Our
own work has shown that the WMI, a sub-strain created from the WKY is also unresponsive
to fluoxetine (Will et al. 2003). It is important to recognize, however, that fluoxetine
metabolism may differ in adolescent rats relative to adult rats. In fact, previous studies in
Sprague Dawley (Iniguez et a/. 2010) and Wistar Unilever (Homberg ef a/. 2011) rats
demonstrate an opposite or decreased responsiveness to fluoxetine in adolescent rats relative
to adults. It is also possible that the adolescent HS rat population requires a higher dose of
fluoxetine to elicit a response to the drug.

We found that Amfr, Cadr2 and Kiaal539 have significantly lower transcript abundance
levels in the blood of HS rats with moderate or high FST immobility relative to those with
low immobility, similar to what has been found in human adolescents with MDD (Pajer et al.
2012; Redei et al. 2014). Although a trend of decreased expression of these three genes is
noted during week 1, expression levels reach statistical significance only during week 2,
suggesting that these markers reflect either the learning response or the response to the
antidepressant treatment. Interestingly, we note that Amfrand Car2 show the highest
expression levels in HS rats that consistently have low immobility even during the second
FST, indicating that high expression levels of these genes may predict which animals are
protected from developing high immobility over time. Importantly, these transcript levels
were measured in the blood several weeks after the FST and are therefore likely to be trait
markers of FST immobility.

All three genes were initially identified in the chronic stress rat model (Pajer et al. 2012).
Amfr, and Cdr2 are also differentially expressed between MDD and non-depressed
adolescent subjects as well as between adolescents with MDD-alone vs. those with MDD
and anxiety disorder (Pajer ef al. 2012). In contrast, Kiaa1539 was differentially expressed
only between MDD-alone and MDD with anxiety indicating this gene may be specific to
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adolescent MDD comorbid with anxiety (Pajer et al. 2012). Interestingly, in a separate study,
Kiaa1539was differentially expressed in adult subjects with MDD relative to non-depressed
adults even after successful cognitive behavioral therapy indicating this gene may be a trait
marker for depression (Redei et a/. 2014). Importantly, this study and previous work in rat
models and humans demonstrate a negative relationship between blood transcript levels of
these genes and depression (Pajer et al. 2012; Redei et al. 2014), such that those with
depression (or high levels of immobility in the rat) exhibit lower expression levels of these
three genes. In a recent study both Amfrand Cadr2were among eight genes whose
expression were found to be highly predictive of MDD in humans (Yu et al. 2016).

Although highly conserved across species, very little is known about Kiaaz539and it
remains an uncharacterized protein. There is much more known about the other two
potential biomarkers. The autocrine matility factor receptor (Amir) encodes an endoplasmic
reticulum membrane-anchored ubiquitin ligase, which might be protective by enhancing the
removal of accumulated neurodegenerative disease proteins, such as mutant huntingtin,
SOD1 and ataxin-3 (Ying et al. 2009; Yang et al. 2010). Increased Amfrcan also enhance
learning and memory in the central nervous system (Yang et al. 2012) suggesting that a
decrease of Amfrexpression, as we found in subjects with MDD, and in HS rats with
moderate/high immobility, might make the organism more vulnerable to neurodegeneration.
CdrZ, the cytoplasmic cerebellar degeneration-related protein 2 antigen harbors a helix-
leucine zipper motif and interacts specifically with c-Myc (Okano et a/. 1999). CDR2 can
inhibit NF xB-dependent transcription in neurons (Sakai et a/. 2001) and is proposed to
regulate the nuclear helix—loop-helix leucine zipper protein MRGX, which has been
implicated in cell growth, DNA repair, cell aging and apoptosis.

Given the recurrent nature of adolescent depression, and the fact that relatively few
adolescents respond to treatment with fluoxetine, identification of the underlying genetic
basis of this disorder, as well as the genetics of antidepressant resistance is of major interest.
Our results demonstrate that despair-like behavior is heritable in the HS population. We also
show that most adolescent HS rats are unresponsive to fluoxetine. Although we saw some
increased variability in rats with moderate or high immobility, our numbers were insufficient
to demonstrate statistical significance or to determine if fluoxetine response is heritable in
this population. These data indicate that despair-like behavior in the FST, but not necessarily
fluoxetine response, will be amenable to genetic fine-mapping using the adolescent HS rat
model. We also find that blood-based expression of three genes previously identified in rat
models of depression and in adolescent subjects with major depression are differentially
expressed in HS rats with low vs. moderate or high immobility. Concordance of
differentially expressed genes between rat and human models indicate that information
gained from the HS rat will likely improve our understanding of human depression,
particularly in the adolescent population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Correlation between thefirst 5 min of day 1 and day 2 of the original FST protocol in
both males (a) and females (b)

Immobility score for day 1 (x-axis) and day 2 (y~axis) are shown. Results indicate a very
strong positive correlation between day 1 and day 2 in both male (r= 0.691, £=0.003) and
female (r=0.744, P=0.008) HS rats. 7= 16 males and 11 females.
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Figure 2. Frequency histograms of behavior in the FST in male and female 4-week-old HSrats
Immobility (a), climbing (b) and swimming (c) behaviors are shown. 7= 50 for both males

and females.
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Figure 3. Differencein immobility during FST between week 1 and week 2 in male HS rats given
sub-acute injections of either saline or fluoxetine

Rats are separated into (a) low immobility (< 20, 7= 63), (b) moderate immobility (30 >
immobility >20, 7= 16) and (c) high immobility (> 30, n= 12). Week 1 represents baseline
immobility values and week 2 represents response to either saline or fluoxetine. In the box
plot, the middle line shows the mean of the difference, with the surrounding box
representing the 25th and 75th percentiles. The maxima and minima are represented by the
uppermost and lowermost lines, respectively.
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Figure 4. Scatter plots showing relationship between immobility score and normalized RQ levels

of (&) Amfr, (b) Cdr2 and (c) Kiaal539

Data are shown for all animals during both week 1 and week 2. Animals are divided into
three groups based on week 1 and week 2 immobility scores: low immobility both weeks
(blue), high immobility both weeks (black), low immobility week 1 and moderate/high

immobility week 2 (red). Results indicate that high RQ levels

of Amfrand Cadr2may predict

which animals continue to have low immobility during week 2.
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