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Abstract
SLC9A9 (solute carrier family 9, member 9, also known as Na+/H+ exchanger member 9
(NHE9)) has been implicated in human attention deficit hyperactivity disorder (ADHD), autism,
and rat studies of hyperactivity and inattentiveness. SLC9A9 is a membrane protein that regulates
the luminal pH of the recycling endosome. We recently reported the interactions of SLC9A9 with
two molecules: calcineurin homologous protein (CHP) and receptor for activated C-kinase 1
(RACK1). We also reported two novel SLC9A9 mutations and abnormal gene expression profiles
in the brains of an inattentive type rat model of ADHD (WKY/NCrl rat). In this study, we further
examined the expression and relationship of SLC9A9 and nine additional genes (CHP, RACK1,
CaM, PPP3R1, PPP1R10, PKCm, CaMKI, NR2B, PLCb1) that may directly or indirectly interact
with SLC9A9 in the hippocampus of the WKY/NCrl rat and the spontaneous hypertensive rat
(SHR) model of the combined type of ADHD. We found that the expression levels of these genes
were significantly correlated, suggesting that they may be co-regulated. Principal component
analysis identified two main factors that accounted for 94% of the expression variance of the ten
genes. Significant differences were found for both factors across the three different rat strains. The
two ADHD rat models (WKY/NCrl and SHR rats), although different from each other in
adulthood, showed similar profiles in adolescence. Both models were significantly different from
WKY/NHsd control rats at both ages. The expression abnormalities of each gene were evaluated
and their roles in cell signaling processes such as calcium signaling and protein phosphorylation
are discussed. Our results suggest that abnormalities in SLC9A9 -mediated signaling pathways
could contribute to the ADHD phenotype of two rat models (WKY/NCrl and SHR/NCrl), and that
the perturbation of the SLC9A9-network is age-dependent.
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INTRODUCTION
SLC9A9, a member of the Na+/H+ exchanger (NHE), is a transmembrane protein, residing
mostly in the recycling endosome. It plays a key role in regulating the pH of endosomes [1,
2]. The endocytic pathway is crucial for the trafficking and membrane distribution of many
synaptic proteins such as neurotransmitter receptors and transporters. For example,
endosome-dependent trafficking of glutamate receptors is a critical component of long-term
potentiation (LTP)[3, 4]. Endocytosis-dependent trafficking of the dopamine transporter
(DAT, or SLC6A3) is the major determinant of presynaptic membrane-associated DAT, thus
regulating dopamine synapses [5]. Therefore, we believe that SLC9A9 may have the
potential to regulate neuronal activities.

Recently, SLC9A9 has been implicated in attention deficit hyperactivity disorder (ADHD),
autism (with epilepsy) and rat studies of hyperactivity and inattentiveness. SLC9A9 was first
implicated in ADHD by a clinical report of an extended family in which ADHD co-
segregated with a pericentric inversion of Chromosome 3 that disrupted both DOCK3 and
SLC9A9 [6]. Probands from that family presented with an ADHD-like phenotype with
mental retardation. Subsequently, SNPs in SLC9A9 were identified with significant findings
in several association studies of ADHD [7–10]. SLC9A9 has also been implicated in autism.
For example, a heterozygous stop codon mutation (R423X) that removes the C-terminal of
SLC9A9 was found in patients with autism and epilepsy [11].

Evidence from animal studies also supports the involvement of SLC9A9 in animal models
of ADHD. Although several molecular and genetic manipulations may produce hyperactive
animals, hyperactivity alone is insufficient for the animal to qualify as a model of ADHD.
Based on a wider range of criteria – behavioral, genetic and neurobiological – the
spontaneously hypertensive rat (SHR) obtained from Charles River, Germany (SHR/NCrl)
at present constitutes the best validated animal model of ADHD combined subtype (ADHD-
C), and the Wistar Kyoto substrain obtained from Harlan, UK (WKY/NHsd) is its most
appropriate control [12, 13]. Two inbred substrains have been created from a cross between
SHR and WKY/NHsd: the WKHA/N rat with selection for high spontaneous activity and
low systolic blood pressure and the WKHT/N with selection for normal spontaneous activity
and high systolic blood pressure [14–17]. QTL mapping of the WKHA/N identifying
chromosomal regions responsible for the phenotype, revealed a single genome-wide
significant QTL on chromosome 8, designated the Act QTL [18, 19]. SLC9A9 is located
within this region and close to the highest predicted LOD score. This region of the rat
genome is homologous to the region in human chromosome 3 where the pericentric
inversion disrupting SLC9A9 was found in the report from Silva and colleagues [6].
Moreover, the homologous region in mouse chromosome 9 that also contains the gene
SLC9A9 has also been reported to contain activity-related QTL by several independent
studies [20–22].

We recently reported the behavioral and genetic characterization of a new rat model (WKY/
NCrl) of the primarily inattentive subtype of ADHD [13, 23]. These rats demonstrated
severe impairment in sustained attention, but normal activity level and impulsiveness. We
also reported that the inattentive WKY/NCrl rats were genetically divergent from the
isogenic WKY strain (WKY/NHsd) we had used as control strains[23]. These divergent
regions included the region of chromosome 8 containing SLC9A9. Resequencing of this
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region discovered two co-transmitted non-synonymous mutations in exon 16 of the gene
SLC9A9 in the WKY/NCrl rats [24].

There are currently 10 known proteins in the Na+/H+ exchanger family, all of which contain
10–14 transmembrane domains forming the Na+/H+ exchanging pore and a long
intracellular C-terminal interacting with various signaling molecules, such as calmodulin
(CaM)[25], calcineurin-homologous protein (CHP) [26], the receptor for activated kinase C
(RACK1) [27], phosphatidylinositol 4,5-bisphosphate (PIP2)[28]and others [29]. The two
mutations that we identified in the inattentive WKY/NCrl rats are located in the
juxtamembrane C-terminal that also appeared to be putative binding regions for several
molecules. We found that the mutations affected SLC9A9 interaction with CHP [24].
Notably, the ADHD-associated pericentric inversion of chromosome 3 and the autism-
associated R423X mutation would completely remove all the potential interactions of the
SLC9A9 C-terminal. It is not known what functions may be affected by these mutations that
affect the protein’s C-terminal. At the molecular level, we believe that the protein-protein
interaction network of the NHE proteins, particularly their C-terminals, represents a
mechanism by which an abnormality in a single gene could affect multiple pathways and
functions. For example, we have shown that SLC9A9 C-terminals interact with CHP and
RACK1 [24]. It is not clear whether SLC9A9 also interacts with these other NHE binding
partners such as PIP2 and CaM. It is noteworthy that many of these binding molecules
participate in intracellular Ca2+ signaling cascades and protein phosphorylation/
dephosphorylation, key cellular mechanisms underlying synaptic transmission and neuronal
plasticity.

In order to understand the functional networks that SLC9A9 may play a role in and how the
mutations of SLC9A9 may perturb the other signaling pathways in neurons, we examined
the transcriptional relationship of SLC9A9 with the putative interacting molecules in the
hippocampus of two rat strains that model different aspects of the ADHD phenotype. This
study is a continuation from our previous gene expression analysis of SLC9A9 in different
ADHD rat models, but it is further expanded to an analysis of a network of genes that may
directly or indirectly interact with SLC9A9. We focused on the hippocampus for the real
time quantitative PCR (qPCR) analysis of the expression of these genes, but also explored
the relationship of genes in other brain regions relevant to ADHD (the prefrontal cortex and
the substantia nigra and ventral tegmental area (SN_VTA)) using a set of existing
microarray data. We chose hippocampus for three reasons. First, SLC9A9 expression in
hippocampal neurons has been reported to change in response to modulation of neuronal
activity [11]. Secondly, the endosomal protein trafficking pathway is crucial for
hippocampal long term potentiation (LTP) [3, 4]. Finally, these potential SLC9A9 -
interacting molecules participate in calcium signaling and protein phosphorylation, which
are also essential signaling events for hippocampal LTP. We hypothesized that there might
be synchronized expression abnormalities in the SLC9A9 gene network. If so, these may be
responsible for the behavioral abnormalities seen in ADHD and autism and in rat models of
ADHD.

METHODS
Animals

15 male rats at 28 days old (WKY/NCrl=6, SHR/NCrl=6 and WKY/NHsd=3) and 16 adult
(~65 days old, WKY/NCrl=5, SHR/NCrl=3, and WKY/NHsd=8) male rats were used in the
PCR-based analysis featured in this study. These rats were from two sources: WKY/NCrl
and SHR/NCrl rats from Charles River (Sulzfeld, Germany), and WKY/NHsd control rats
from Harlan Europe, (Blackthorn, UK). Day 28 reflects the transition point between late
childhood and early adolescence in rats. For simplicity, we refer to this age group as
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“adolescent” in the rest of the article. In this study, we also analyze microarray data
generated from a separate cohort of 40 male SHR/NCrl, WKY/NHsd, WKY/NCrl, Sprague
Dawley (SD) and Wistar rats. In that study, 8 animals were used at 65 days of age, and the
RNA from multiple brain regions compared using the Rat RAE230 2.0 GeneChip
(Affymetrix). Those rats were also housed, sacrificed and dissected in the same laboratory in
Norway, and shipped to the SUNY laboratory for RNA extraction and microarray analysis.
All animal procedures were approved by the Norwegian Animal Research Authority
(NARA), and the animals were housed and euthanized at the laboratory facilities at
University of Oslo (Oslo, Norway). The experiments were conducted in accordance with the
laws and regulations controlling experimental procedures in live animals in Norway and the
European Union, including minimizing the number of animals and their suffering. The
dissected hippocampus were preserved in RNAlater or AllProtect (Qiagen, CA), and shipped
at room temperature to SUNY Upstate Medical University (Syracuse, NY) for the
expression analysis.

Expression analysis with quantitative real time PCR (qPCR)
The RNA extraction of the brain tissue and reverse-transcription were done previously [24].
Briefly, total RNA was extracted using the RNeasy mini kit (Qiagen, Valencia, CA). Equal
amounts of RNA from each rat were reverse-transcribed using Quantitect Reverse
Transcription (RT) kit (Qiagen). Diluted RT reactions were used for qPCR in a Roche
LightCycler® 480 Real-Time PCR system using Roche LightCycler 480 SYBR Green I
Master reagents. Three genes (CycA, Hprt1, and Ywhaz), whose expression were found to
be very stable across different strains and age groups in rat brain tissues including the
hippocampus, were used as reference genes for normalization of gene expression [30]
(unpublished data). Relative expression levels (in log 2 scale) were calculated based on
differences in the number of cycles required to reach the threshold for target amplicon
detection (Ct) versus the geometric mean of the three reference genes (the ΔCt method).

SLC9A9 gene expression and a synaptic marker, the synaptophysin (SYP) gene, were
examined in our previous studies. The nine additional genes included in the current study are
three potential binding partners of SLC9A9 (CHP, RACK1 and CaM) and several molecules
that may directly interact with these binding partners and are involved in signaling pathways
critical for synaptic plasticity and learning and memory: a type B calcineurin (protein
phosphatase 3, regulatory subunit B, alpha isoform, PPP3R1), protein phosphatase 1 subunit
10 (PPP1R10), protein kinase C, mu (PKCm), calcium/calmodulin-dependent protein kinase
1 (CaMKI), glutamate NMDA receptor 2B subunit (NR2B), and phospholipase C, beta 1
(PLCb1). The primers for these genes are listed in the Supplementary Table 1.

Because developmental differences in neuronal numbers and synaptic connections between
different ages and strains of animals could be a confounding factor for gross expression
analysis, we calculated the gene/SYP ratio (a log 2 difference) to estimate the relative
amount of gene expression per synapse. SYP was chosen because its expression is correlated
with the basic differentiation process of neurons such as proliferation, fiber outgrowth and
the formation of synapses [31–33]. The level of SYP expression was normalized against the
GM of the 3 reference genes (ΔCt method). Then, the gene/SYP ratio was calculated as the
difference between the specific ΔCt of each individual gene vs. the ΔCt of SYP (ΔΔCt
method). All statistical analysis were performed on gene/SYP ratios.

Statistical Analyses
The statistical analyses were performed in STATA 12. Principal Factors Factor Analysis
(PFFA) was used to assess the associations among transcripts. The main principal factors
were subjected to linear regression analysis and Wald tests for the effects of strain, age and
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the strain by age interaction. We assessed all 10 individual genes together for the effects of
strain, age and the strain by age interaction using seemingly unrelated regression (SUR)
analyses with small sample corrections. This method provides joint estimates from several
regression models when the dependent variables in these models are correlated. The strain
by age interactions were included in our regression model only if there was a significant
effect. If there was no significant strain by age interaction, this term was excluded from the
model and the results from the main effects model were reported. Any significant main
effects were followed up by computing pair-wise comparisons using Wald tests.

Microarray Analyses
3 brain regions were included in this analysis, the hippocampus, the prefrontal cortex (PFC)
and the substantia nigra and ventral tegmental area (SN_VTA). RNAs from 8 rats were
pooled in equal quantities for each brain region and each strain, and processed in one
Affymetrix Rat Genome 230.2 GeneChip according to standard protocols, for a total of 15
arrays. The arrays for SHR/NCrl, WKY/NHsd, and Sprague Dawley (SD) rats have been
used in previous analysis and are available at Gene Expression Omnibus (GEO) repository
(record # GSE12457 [34]). After scanning, the .cel files were imported into Partek
Genomics Suite 6.6 (Partek Inc. St. Louis, MO, USA) using GCRMA normalization.
Because there is only one pooled sample per brain region per strain, we could not consider
the effects of both strain and region statistically. Also because these data had not been
generated to demonstrate strain effects, these effects were confounded by processing date.
Thus, we removed the effects of strain/processing date in Partek [35], in order to improve
the sample size and data quality for analyzing brain region effects. By doing so, we have 5
arrays for each of the three rat brain regions represented by rats from 5 different strains.
Normalized log 2 expression values of probes for the same 10 genes of interest, as well as
SYP and the housekeeping genes (CycA, Hprt1, and Ywhaz), were extracted from the array
data and imported into Stata 12 for additional analysis. We also included one of the two
probes for SLC6A3 (dopamine transporter, DAT), that demonstrated 5 fold higher
expression in SN_VTA region than the other two regions. We used linear regression to
normalize the expression of genes of interest to the housekeeping genes and SYP (at the
probe level). We have found previously that this method results in similar normalization
effects as the delta CT approach in real time PCR data. Subsequently, PFFA was applied to
extract the first two main factors for each individual brain region, as well as the three
regions combined. The rotated factor loadings were plotted for each analysis.

RESULTS
Principal factor analysis of real time PCR data

Two factors with eigenvalues greater than one were identified. These explained 79% and
15%, of the variance, respectively, and together accounted for 94% of the variance in gene
expression. Figure 1A shows the factor loadings for each transcript. Notably, SLC9A9
loaded equally on both factors. The other 9 genes appeared to segregate into two groups
(indicated by the shaded ovals and rectangles in Figure 1A), with each group representing
mainly one factor. Linear regression analysis of these two principal factors revealed no
strain by age interactions, significant strain effects for factors one (F(2, 28) = 3.73, p=0.0366)
and two (F(2, 28)= 12.38, p=0.0001) and significant age effects for factor two (F(1, 28)
=56.71, p<0.0001). The strain effects for both factors are plotted in Figure 1B. Figure 1C
further plots this expression profile in two age groups. It shows that both ADHD animal
models differed similarly from the WKY/NHsd control group at the adolescent age; at the
adult age the two ADHD animal models did not differ significantly from one another and
were both different from the control group. Regression analysis results for both factor scores
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are summarized in Tables 1 and 2. Table 3 shows further pairwise strain comparisons using
both factor scores.

Expression changes for each individual gene
The SUR analyses (in Table 1) showed that only two transcripts showed significant strain by
age interactions, CaMKI (χ2 (2) = 7.73, p=0.0209) and SLC9A9 (χ2 (2)= 6.02, p=0.0492).
We found significant effects of strain for 5 of 10 transcripts and significant effects of age for
8 out of 10 transcripts. The 5 transcripts that showed significant strain effects are RACK1,
CaMKI, PKCm, PLCB1, CaM. The results are summarized in Table 1. To clarify the nature
of the interactions, we evaluated the strain effects within each age group (Table 2). Figure 2
plots the normalized mean expression level for these 10 genes separated by age group, with
symbols highlighting the genes that demonstrated significant strain effects within each age
group (p<0.05).

Principal factor analysis of Microarray data
The first two main factors accounted for 74.5%, 69.1%, 70.6% or 56.5% of total variance for
the Hippocampus, PFC, SN_VTA, or all three regions combined, respectively. The rotated
loadings were plotted in Supplementary Figure 1. SLC9A9 loaded high on factor 2 for the
PFC, factor 1 for the Hippocampus and SN_VTA regions, and equally on both factors for
the three regions combined. Genes that were loaded high (positively and negatively) on the
same factor as SLC9A9 consistently across three individual brain regions were RACK1,
NR2B and CaMK1. In the SN_VTA, CHP, CaM, SLC6A3 and PPP3R1 also loaded high
with SLC9A9 on factor 1. When the three brain regions were combined, we obtained a
factor loading pattern that was very similar to the real time PCR data on hippocampus, in
which SLC9A9 loaded equally on both factors and all other genes were loaded positively on
one of the two main factors.

DISCUSSION
Like other Na+/H+ exchangers, SLC9A9 appears to interact with a number of molecules to
facilitate a local network of signaling pathways. In this study we examined the SLC9A9
gene network by assaying gene expression in the hippocampus of two strains of ADHD rat
models in comparison with a control WKY rat strain using real time quantitative
PCR(qPCR). The expression relationship of genes within the network was further explored
in three different brain regions using a separate cohort of rat microarray data. Both results
consistently showed that these genes are co-regulated and the qPCR results further showed
that this network is differentially regulated in different strains of rat models for ADHD.

We chose three potential direct binding partners of the SLC9A9 : CHP, RACK1 and CaM.
We reported previously that CHP and RACK1 bind to the SLC9A9 C-terminal. CaM is
known to bind to NHE family members such as SLC9A1 [25]. Although it is not clear if
CaM would interact with SLC9A9, the calmodulin target database (http://
calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html) predicted a putative calmodulin binding
site (145HAGYSLKKRHFFQNLG SIL163) for SLC9A9. This site is highly homologous to a
putative binding site (animo acid 195–213) for SLC9A7, which has been shown to mediate
the interaction of SLC9A7 with CaM [36].

Six other molecules that may indirectly interact with SLC9A9 were also included in this
expression analysis. The known or predicted interactions between these molecules are
summarized in Figure 3. It is important to note that many of these are involved in
intracellular Ca2+signaling and protein phosphorylation, essential signaling pathways for
many cellular functions, particularly synaptic transmission and plasticity. For example, CHP
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and CaM, two Ca2+-binding proteins, can either inhibit or activate calcineurin (CaN), the
main phosphotase that dephosphorylates membrane receptors and ion channels to counter-
balance the phosphorylation of these proteins by CaM-dependent kinases. The
phosphorylation of the N-methyl d-aspartate (NMDA) receptor is a crucial signaling
component underlying long term changes in glutamate synaptic efficacy including both LTP
and long-term depression (LTD) [37, 38]. Other molecules that we examined such as
phospholipase C (PLC) can cleave a potential SLC9A9 -binding membrane phospholipid,
PIP2, giving rise to the second messengers inositol 1,4,5-triphosphate (IP3) and
diacylglycerol (DAG). IP3 binds to IP3 receptors and stimulates the release of Ca2+ ions
from the endoplasmic reticulum (ER), whereas DAG is an activator of the Ca2+-sensitive
protein kinase PKC.

SLC9A9’s binding partner, RACK1, can bind to IP3 receptors (IP3R) and regulates Ca2+

release from intracellular stores by enhancing the affinity of IP3R binding for IP3 [39].
RACK1, in addition to being an adaptor for PKC, also binds to the dopamine transporter
(DAT) [40]. DAT is upregulated in the brains of ADHD patients [41–43] and is the primary
target of the stimulant drugs that treat ADHD [44, 45]. RACK1 mediated PKC activation
regulates DAT phosphorylation and trafficking, thus maintaining appropriate levels of
presynaptic membrane DAT and dopamine uptake[40]. In addition to its role in regulating
the PKC pathway and ER-release of Ca2+, RACK1 also directly binds to the NMDA
receptor subunit NR2B, and negatively regulates the phosphorylation of NR2B through Fyn
kinase and decreases NMDA receptor-mediated currents in CA1 hippocampal slices [46].
Collectively, the SLC9A9 gene network may participate in intracellular signaling pathways
that regulate synaptic transmission and plasticity, and lead to alterations in behavior such as
attention, addiction, learning and memory. Supporting this idea, our microarray results
showed that both the expression of NR2B and DAT were highly co-regulated with SLC9A9
in the specific rat brain regions examined, as suggested by their high loading on the same
factors as SLC9A9 (Supplementary Figure 1). Consistent with this idea, abnormalities in
hippocampal LTP and elevated DAT binding have been reported for SHR/NCrl and WKY/
NCrl rats [47, 48].

It is noteworthy that SLC9A9 binding partners such as RACK1 and CaM are key signaling
molecules with the capability of regulating or interacting with a wide variety of downstream
signaling molecules. Although in this study we have only examined the expression of a few
selected secondary interacting genes, our factor analysis results confirmed the relationship
of these genes with SLC9A9 and suggested possible co-regulation of their expression. In
addition, as a group (represented by the two main factors), the SLC9A9 signaling network
showed a significantly different expression profile for the ADHD rat models in comparison
with the WKY control strain (Figure 1B, 1C), indicating that dysregulation of the SLC9A9
signaling network may play a role in the pathophysiology of both ADHD animal models.
This network may play a particular role in inattentiveness, which is a shared feature of the
two rat models.

Examining the strain differences for each individual gene by age, we found that CaM and
CaMKI were the only two genes showed significant strain effect in adolescence (Figure 2
left). Although the strain effect was mostly due to the significantly deviated expression in
the SHR rats, it is noteworthy that the changes seen for CaM and CaMK1 in adolescence
(increases for CaM and decreases for CaMK1) were in the same direction for both ADHD
models compared with the control WKY/NHsd rats. This suggests a similar abnormality of
Ca2+/CaM/CaMK dependent signaling pathway in both models. The similarity between the
two ADHD models was more clearly demonstrated by the highly similar profiles
represented by the two principal factors at adolescence (Figure 1C left). More robust
changes in gene expression and more genes with significant strain differences were observed
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in the adult age. At this later time point, the WKY/NCrl rats significantly differed from the
control rats (Figure 2 right). However, a different set of genes showed significant effects of
strain at the adult age. For example the significant findings for CaM and CaMK1 during
adolescence were no longer observed in adulthood. Instead, we found significant strain
differences for SLC9A9, RACK1, PLCb1, PKCm and NR2B genes in adulthood. Moreover,
some genes with significant strain differences in the adult age were changed in the opposite
directions for the SHR and WKY/NCrl rats in comparison with the control rats (Figure 2
Right). These strain differences were also revealed by factor scores (Figure 1C. Right. Table
3). This suggests that the SHR and WKY/NCrl rats may demonstrate different functional
and behavioral abnormalities in adulthood due to different abnormal hippocampal gene
expression. For example, the differential abnormality in expression of the RACK1/PKC
pathway may affect DAT phoshorylation and trafficking differently in the animal models,
supported by observation of different responses to methylphenidate treatment-induced
normalization of DAT density in the two animal models [48]. However, we could not
exclude the possibility that the different expression between the two models in adulthood
was due to hypertension in adult SHR rats. Additional studies are needed to clarify this
possibility.

A major limitation of the current study is the small sample size for the PCR data. This may
have impaired our power to detect significant effects. For example, some of the genes that
showed no significant strain or age effects, may have become statistically significant if we
had had more animals. This limitation, however, was partly overcome by our network based
analysis approach, which examined the expression of multiple genes and their relationship at
once. Factor analysis not only extracts the common patterns shared by many different genes,
it also helps to improve statistical power by limiting the number of statistical tests and
creating summary factor scores that are more reliable than individual gene expression
values. For example, multiple genes with small but non-significant changes can together
lead to bigger and statistically significant effects, which may be captured by factor analysis.
In addition, our microarray data set has more samples per brain region. Each of the five
arrays comprised pooled RNA samples from 8 rats. With this larger sample size, we found
similar patterns of factor loadings for the microarray data as we had for the PCR data,
validating our PCR results, despite the small sample size.

In summary, SLC9A9 may interact with a variety of signaling molecules and participate in
the intracellular signaling networks that are important for synaptic function. Taken together
with our prior work, it appears that age-dependent dysregulation of gene expression of
SLC9A9 and its signaling networks may contribute to ADHD phenotypes in the animal
models we studied.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Principal Factors Factor Analysis (PFFA) results
A. Factor loadings for all genes were plotted in 2D. Ovals group the genes with factor
loading predominantly in one of the two factors. Notice that SLC9A9 loads equally on both
factors. B. Factor scores for all animals are plotted as group means with one standard error
in two dimensions. C. Factor scores separated by age and strain. Note that the two ADHD
rat models (SHR/NCrl and WKY/NCrl) were significantly deviated from the control WKY/
NHsd rats, and that the relative separation between the three strains appeared to vary by age.
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Figure 2.
Standardized expression level for each individual gene within age groups. Significant strain
effects (p<0.05) were highlighted with by * (WKY/NCrl vs WKY/NHsd), +(SHR/NCrl vs
WKY/NHsd), and $(WKY/NCrl vs SHR/NCrl). Note that the WKY/NCrl and SHR/NCrl
rats represent models of the primarily inattentive and combined subtypes of ADHD,
respectively.
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Figure 3. SLC9A9 network examined in the current expression study
Solid lines indicate known interactions, and dashed lines are predicted interactions. Shaded
ovals are proteins whose expression loaded mainly on factor one. Shaded rectangles are the
ones that loaded mainly on factor two. All molecules within the dash-lined box are known to
play roles in intracellular Ca2+ signaling and/or protein phosphorylation
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Table 2

Strain effects within age groups.

Strain Effect Adolescence Adult

Gene χ2
(2) p -value χ2

(2) p -value

RACK1 2.83 0.24 14.19 0.0008

CaMK1 15.46 0.0004 0.8 0.67

CHP 0.22 0.9 2.7 0.26

PPP1R10 0.58 0.75 5.91 0.52

PKCm 3.81 0.15 13.03 0.0015

PPP3R1 0.39 0.82 4.18 0.12

PLCB1 3.54 0.17 11.89 0.0026

CaM 6.57 0.04 2.72 0.26

NR2B 0.06 0.97 8.22 0.02

SLC9A9 0.57 0.75 7.64 0.02

Factor One 1.71 0.22 4.33 0.03

Factor Two 5.83 0.02 6.45 0.01
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