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Abstract

SPAK/STK39 is a mammalian protein kinase involved in the regulation of inorganic ion transport
mechanisms known to modulate GABAergic neurotransmission in the both central and the peripheral
nervous systems. We have previously shown that disruption of the gene encoding SPAK by
homologous recombination in mouse embryonic stem cells results in viable mice that lack expression
of the kinase [16]. With the exception of reduced fertility, these mice do not exhibit an overt adverse
phenotype. In the present study, we examine the neurological phenotype of these mice by subjecting
them to an array of behavioral tests. We show that SPAK knockout mice displayed a higher
nociceptive threshold than their wild-type counterparts on the hot plate and tail flick assays. SPAK
knockout mice also exhibited a strong locomotor phenotype evidenced by significant deficits on the
rotarod and decreased activity in open field tests. In contrast, balance and proprioception was not
affected. Finally, they demonstrated an increased anxiety-like phenotype, spending significantly
longer periods of time in the dark area of the light/dark box and increased thigmotaxis in the open
field chamber. These results suggest that the kinase plays an important role in CNS function,
consistent with SPAK regulating ion transport mechanisms directly involved in inhibitory
neurotransmission.
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Introduction

Sensory afferent fiber neurons, which have their cell bodies located in dorsal root ganglia,
abundantly express NKCC1, a Na-K-2Cl cotransporter which functions as a secondary active
transport mechanism and accumulates CI™ above equilibrium [1,41]. Upon GABA release,
afferent fiber terminals depolarize, leading to inhibition of incoming action potentials. How
this primary afferent depolarization results in synaptic inhibition is still not completely
understood. However, loss of NKCC1 results in a redistribution of CI™ and absence of
depolarizing GABA responses [41]. As a result, NKCC1 knockout mice exhibit increased
response latency to nociceptive stimuli [41;22]. In agreement with a role for the cotransporters
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in mediating pain signals, NKCCL1 inhibitors have been shown to have anti-nociceptive activity
[17;34]. A recent study demonstrated that peripheral nerve injury (axonotomy) results in
increased NKCC1 activity [33]. This enhanced activity was not due to increase NKCC1
expression, but rather due to increased phosphorylation of the cotransporter.

Both NKCC1 and KCC2, a K-Cl cotransporter that actively extrudes CI~ from central neurons,
are expressed in spinal cord [26]. Spinal cord dorsal horn neurons maintain relatively high level
of KCC2 [24] and, as a consequence, have low [CI7];. Postsynaptic inhibition of spinal cord
dorsal horn neurons via KCC2 may be critical for controlling the flow of sensory information
from the periphery through the spinal cord to the brain. Indeed, several studies have shown
that decreased KCC2 expression in the spinal cord is associated with increased pain perception
[3;23;28;20;25;47].

SPAK (Ste20-related Proline Alanine rich Kinase) and OSR1 (Oxidative-Stress Response 1)
are mammalian protein Kinases involved in the regulation of inorganic ion transport
mechanisms known to modulate GABAergic neurotransmission in the both the central and
peripheral nervous systems. In previous work, we identified SPAK and OSR1 as regulators of
the Na-K-2Cl cotransporters NKCC1 [32;14;13]. The kinases share high homology in both
their catalytic and regulatory domains. Although they belong to a large group of mammalian
kinases related to the yeast Ste20p protein, their regulatory domain is unique, indicating a
unique function [9;6]. We have recently examined the expression of the two Ste20 kinases in
dorsal root ganglion neurons and found that both kinases are expressed in similar amounts and
that each kinase participates equally in the regulation of the cotransporter [16]. As SPAK
knockout mice are viable, we were able to analyze NKCC1 activity in the absence of SPAK
function and observed that the cotransporter function was reduced by half. A similar study of
OSR1 function in native DRG neurons was not possible as the OSR1 knockout mouse is
embryonic lethal. SPAK is also expressed in gray and white matter of the spinal cord and brain
[31]. SPAK not only controls NKCC1 function, but also affects KCC2 function in a reciprocal
fashion [14]. The regulatory and expression pattern of SPAK suggests that it influences
intracellular CI™ concentration and thus the amplitude/direction of the GABA response. The
present study is the first to characterize the impact of SPAK deletion on general behavioral
function.

Material and Methods

Animals

Cohorts of 10 3-4 month old SPAK knockout mice [16] and 11 wild-type mice of identical
background were subjected to a battery of behavioral tests. The generation of SPAK knockout
mice has been described in detail previously [16]. Briefly, the SPAK gene was disrupted by
duplicating exon 6 and inserting tyrosinase, neomycin resistance, and 5’ hprt genes between
the two exons. Animals carrying the mutant allele were identified by PCR genotyping of tail
DNA. After two matings with C57BL6 mice, heterozygous mice were crossed to obtain
homozygous animals. As no PCR strategy could differentiate heterozygous from homozygous
animals, we mated each offspring with C57BL6 animals and assessed the number of mutant
and wild-type animals. Animals generating 100% heterozygous offsprings were mated together
and a homozygote line was thereby created. Verification of homozygosity was done by Western
blot analysis. Wild-type mice of the same background (88%C57BL6, 12%129SvVEvTac) were
generated by breeding the wild-type offspring of the SPAK heterozygous crosses. The animals
were transferred to the animal facility within the VVanderbilt Neurobehavioral Laboratory 2
weeks prior to testing and housed in groups of two-four per cage with the exception of two
singly-housed wild-type males. Food and water were available ad libitum. The colony room
was maintained on a 12:12 hr light/dark cycle, with lights on at 6 A.M. All procedures were
approved by the Vanderbilt University Institutional Animal Care and Use Committee. Before
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each test, the animals were transferred to each behavioral unit and allowed to habituate for at
least one hour. Behavioral studies were carried out in the light phase between 1200 and 1600
h. The order of tests were tail flick assay, hot plate assay, accelerating rotarod, wire hang, open
field, light-dark box, acoustic startle response, forced swim, tail suspension, and righting reflex.
Twelve mice (6 knockouts and 6 wild-types) were tested on the entire behavioral battery. In
addition, 4 knockouts and 5 wild-types mice from independent breeding were tested for
nociception, open field, locomotor, and anxiety tests.

Tail flick assay

The mice were gently restrained by hand with a towel and the distal ~2 cm of the tail was
inserted into a thermostatically controlled water bath. The latency to withdraw or flick the tail
was recorded using a stop watch. First, the mice were tested at 38°C. Then, the tests performed
3 times at two different temperatures (46°C and 52°C) with at least one hour interval between
trials.

Hot plate assay

Beam test

SPAK KO and wild-type mice were individually placed on a hot plate maintained at 52°C
(Hotplate Analgesia Meter, Columbus Instruments, Columbus, OH). A plastic cylinder 15 cm
in diameter and 20 cm high confined the mouse to the surface of the hot plate. The time
necessary for the mouse to respond to the thermal stimulus, i.e., hind paw fluttering, licking,
or jumping was measured with a stop watch. After the first response or the cut-off time of 15
seconds, mice were immediately removed from the hot plate and returned to the home cage.
The assay was repeated 3 times with one hour interval.

Each mouse was placed on the lower end of a round plastic beam of 2 cm outer diameter and
80 cm length (covered with synthetic material). The beam was placed at a 30 degree angle to
increase the motivation of the mouse to move upwards towards the platform. The time taken
by the mouse to travel to the platform was recorded. Limbs during beam locomotion were
closely examined to identify slippage events.

Accelerating rotarod

Wire hang

Open field

A neuromotor coordination task was performed using an accelerating rotating cylinder (model
47600: Ugo Basile, S.R. Biological Research Apparatus, Comerio, Italy). The cylinder was 3
cm in diameter and was covered with scored plastic. Mice were confined to a 4 cm long section
of the cylinder by gray Plexiglas dividers. Four mice were placed on the cylinder at once. The
rotation rate of the cylinder increased over a 6 min period from 4 to 40 rpm. The latency of
each mouse to fall off the rotating cylinder was automatically recorded by the device. Mice
that remained on the rotarod during the 360 sec trial period were removed and given a score
of 360 sec. The test was performed three trials daily for 3 consecutive days, with an intertrial
interval of at least 30 min.

Neuromuscular strength was tested by placing the mice on a wire suspended 50 cm above the
surface. The latency for the mouse to fall onto the bedding was recorded with a 60 sec cut-off
time.

Exploratory and locomotor activities were tested using an open-field activity chamber
surrounded by a Plexglas enclosure within sound-attenuating cubicles (ENV-022MD-027;
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Med Associates, Inc., St. Albans, VT). The mice were placed in the center of the open-field
and their activity was monitored for 60 min. The test was performed at ambient room
temperature (25°C), moderate light (60 lux), and background noise (80 dB). Distance traveled
and time spend in the periphery (thigmotaxis) of the chamber were quantified by the number
of beam crossings.

Light-dark box exploration

The relative anxiety status of each mouse was tested using the same open-field activity chamber
containing a dark-box insert. The dark box insert is opaque to visible light and designed to
cover half the area of the open field activity chamber. Mice were released at the center of the
light compartment, and allowed to freely explore for a period of 10 min. The test was performed
at ambient room temperature (25°C), moderate light (60 lux) and background white noise (80
dB). Travel distance, line-crossing behavior, and time spend in each section of the chamber
were quantified by software processing output from the device.

Acoustic startle response

Hearing was tested in both wild-type and knockout mice using the acoustic startle response
(Med Associates Inc. model: MALAGUARD S.A.C. ENV-021SX, serial number: 229). Mice
were gently restrained in transparent round acrylic animal holders with a 3.2 cm diameter (Med
Associates, Inc. model: ENV-263A). A train of 100 single acoustic stimuli of 120 dB in 15 sec
intervals, was produced and startle movements were recorded and analyzed using Startle-
Reflex software (version 5).

Righting tests

Two types of righting tests were performed: the air righting reflex and the contact righting test.
For the air righting reflex, animals were held supine and dropped from a height of
approximately 45 cm onto a soft bedding surface. Whether or not the animal landed on their
four feet was recorded. For the contact righting test, mice were gently restrained in a transparent
3.2 cm diameter round acrylic holder (Med Associates, Inc. model: ENV-263A). The tube was
then quickly rotated 180 degrees to place the mouse upside down and the time taken by the
mouse to right itself was recorded.

Tail-suspension

The tail suspension test was performed using a Square Test Cubicle equipped with a strain
gauge (Med Associates, Inc. Tail suspension amplifier, ENV-505TS, serial number: 425). Mice
were suspended by the tail with tape to the strain gauge and were positioned such that the base
of their tail is parallel with the bar. Each mouse was given one trial of 6 minutes. The device
constantly recorded movement and immobility was defined as movements below the preset
threshold of 3. The total duration of immobility during the 6 min trial was calculated. None of
the mice attempted to escape by climbing onto their tails.

Forced swim

The force swim test was conducted according to the method of Porsolt [36]. Mice were plunged
into vertical Plexiglas cylinders (height: 30 cm, diameter: 18 cm) containing 15 cm of 28°C
water. They were unable to reach the bottom with their feet or tail. The water surface was lower
than the top of the cylinder to prevent animals from jumping out. Mice were forced to swim
for a period of 6 minutes, and the test was recorded by video tape. After the swim period, the
mice were moved out immediately and transferred into a warm enclosure padded with dry
paper towel. The mice were kept in the paper towel for at least 15 min to allow them to dry
before being returned to their home cages. Mice were deemed immobile when they floated
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passively in the water, their head just above the surface; and with only minimal movements to
maintain themselves above water.

Statistical analysis

Results

All data were analyzed using two-tailed unpaired T-test (GraphPad Prism 3.0). Data were noted
to be significant at P < 0.05 and highly significant at P < 0.001.

SPAK knockout mice were generated by homologous recombination in embryonic stem cells,
as described in an earlier publication [16]. The mice did not display any overt adverse
phenotype, with the exception of a reduced breeding efficiency. Indeed, only 57% of SPAK
knockout matings (19 out of 33) resulted in progeny, versus 90.5% (19 out of 21) for wild-type
mice. Furthermore, the number of mice per litter was significantly lower for knockouts versus
wild-types: 4.5 £ 1.9 (n = 19 litters) versus 7.0 £ 1.7 (n = 17 litters), t35, P = 0.0002. Also on
average, knockout mice delivered 18.7 £ 4.3 (n =19) days past the projected due date based on
the mating date, compared to 5.2 + 1.2 (n = 19) days for wild-type, a difference that reached
statistical significance (t37, P = 0.0042). We have not yet determined the cause of this
phenotype, nor did we assess whether the deficit was coming from males, females or both
sexes. For the general neurological screen, a subset of tests from the Irwin Gross Neurological
Screen [19] was performed. First, physical characteristics such as coat color and consistency,
skin color, appearance of fur, presence of whiskers and wounds were examined. This
examination revealed an unsmooth coat for the SPAK knockout animals, giving them a larger
appearance. Interestingly, this was mostly observed when the animals were active on the
rotarod cylinder. Growth curves, however, showed no difference between knockout and wild-
type mice. At the age of 5 months, mice from the two genotypes presented at identical weights
(25.94 £ 1.19 g (n = 6 wild-types) versus 26.03 + 2.46 g (n = 6 knockouts)).The mice were
placed in an empty cage for 3 min, and responses to the novel environment, such as wild
running, excessive grooming or freezing as well as abnormal gait or postures, piloerection,
palpebral closure, tail elevation, urination, and defecation were scored. No differences in these
general behaviors were observed between the SPAK knockout mice and their wild-type
counterparts.

We tested acute heat-evoked pain sensitivity in wild-type and SPAK knockout mice. The
latency to respond to noxious heat was tested using the tail flick and hot plate assays to assess
spinal and supraspinal nociception, respectively. The tail flick response was elicited by
immersing ~2 cm of the tail in water at one control, non-noxious temperature (38°C) and two
noxious temperatures (46°C and 52°C). Figure 1A shows increased latency of the knockout
responses at 52°C (tpg, P < 0.001). A similar increased latency to respond to 52°C heat was
demonstrated in knockouts animals using the hot plate assay (see Figure 1B). The results from
these tests demonstrate a difference in pain sensitivity in SPAK knockout mice.

To evaluate motor coordination and balance, we tested wild-type and SPAK knockouts on an
accelerating rotarod. To assess the learning component of this motor task, we subjected the
mice for three trials a day for 3 consecutive days. There was a significant difference between
the abilities of wild-type and knockout mice to maintain their balance on the rotating cylinder
(Figure 2). Although impaired compared to wild-types (tq, P <0.05 for each day), performance
of the SPAK knockout mice improved significantly over the nine testing sessions, increasing
from 69 £ 18 s on the first trial of day one to 185 + 26 s on the third trial of the third day (tyo,
P =0.001). This demonstrates that the SPAK knockout mice retain an ability to learn motor
skills in spite of their reduced motor ability.
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There are many possible reasons that mice can exhibit deficits in the rotarod test. For example,
it could stem from an inner ear deficit, as balance relies on the proper function of the vestibular
labyrinth. To assess whether the SPAK knockout mice exhibit an inner ear phenotype, we used
an acoustic startle test (Figure 3A). Both SPAK wild-type and knockout mice responded
similarly to a moderately loud (120 dB) acoustic stimulus, indicating their ability to hear

properly.

Balance was also assessed using a suspended beam attached to a platform. The mouses’ability
to keep its balance and walk properly to the platform was recorded. As seen in Figure 3B,
SPAK knockout mice spent a significantly longer amount of time on the beam (t;1, P <
0.0001). Since they were, however, able to maintain their balance and were able to reach the
platform without falls, limb slippages, or overtly uncoordinated movements, we concluded that
the knockout mice did not display a balance phenotype. Thus, a lack of balance is an unlikely
explanation for their decreased ability on the rotarod. The extended amount of time that the
SPAK knockout mice spent on the beam can be explained by the open field data (see below).

Another possible explanation for the impaired locomotor activity is muscle weakness. To
determine whether the SPAK knockout mice display a neuromuscular phenotype, we
performed a wire hang test. Mice were allowed to grasp on an elevated wire with their front
paws and were observed for a period of 60 seconds maximum. The latency to release/fall, a
measure of muscle strength, was recorded. As seen in Figure 3C, there was no difference in
latency to release between the two genotypes.

Locomotor activity was recorded in an open field chamber equipped with infrared beams. Each
wild-type and SPAK knockout mouse were separately monitored for distance traveled, number
of jJumps and rearings over a one hour period. As shown in Figure 4, SPAK knockout mice
traveled significantly less than their wild-type counterparts (tpg, P < 0.01). Vertical activity
(jumping and rearing) were also comparatively diminished in the SPAK knockouts, relative to
controls.

As the locomotor phenotype could not be explained by balance or muscle weakness deficits,
we tested proprioception by performing righting tests. Indeed, righting reflexes are a measure
of proprioception (neuromuscular and sensory integration) and vestibular function [29;18;
43]. We did not find any difference between the two genotypes in either contact or air righting.
Indeed, in the air righting test, both knockout and wild-type animals landed on their four feet
when dropped from a 45-cm height. In the contact righting, both genotypes were able to right
themselves immediately after rotation of the tube.

To assess whether the absence of the kinase affected behaviors that have a CNS origin, we
tested the mice for anxiety- and depression-like behaviors. Although exploratory activity is the
primary parameter that is evaluated in the open field test, the data also indicated anxiety-like
behavior when comparing time spent in close proximity to the walls versus the center of the
test area. Indeed, the open space in the center of the open field box is more anxiogenic and thus
more aversive than areas near the walls. We observed that the SPAK knockout animals spent
significantly more time close to the surrounding walls rather than the center area (tyq, P <
0.001), whereas the wild-type mice spent similar amounts of time in both areas (Figure 5A).
In order to confirm that this behavior results from increased anxiety, we also performed the
light-dark box test (Figure 5B). In this test, the ratio of time spent in the dark compartment
versus the time spent in the light compartment is an index of anxiety [4]. Anxiety is considered
to be high if this ratio is high. Statistical analysis revealed that the SPAK knockout mice
exhibited more anxiety than their wild-type counterparts (tyg, P < 0.01).

We first used the forced swim test [36;30] as a screen for depression. In this test, time of
immobility is an index of depression. Wild-type and SPAK knockout mice were placed in the

Behav Brain Res. Author manuscript; available in PMC 2011 April 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Geng etal.

Page 7

water tank for a period of 6 min. The analysis was performed for the first 2 and the last 4 min.
Data presented in Figure 6A show no significant difference in swimming time, and therefore
immobility, between knockout and wild-type mice. To confirm these data, we also subjected
mice to the tail suspension test, which also measures depression. In contrast to the forced swim
test, the tail suspension test avoids any possible confounds induced by hypothermic exposure.
Furthermore, the tail suspension test does not rely on proper motor coordination. As shown in
Figure 6B, the tail suspension data were also not significantly different between the two
genotypes. Our data therefore indicate that the SPAK knockout mice do not display behaviors
that would indicate a depression-like phenotype.

Discussion

Work from this and other laboratories has shown that the kinases SPAK and OSR1 modulate
the activity of electroneutral cation-chloride cotransporters such as NKCC1[11;2;14], NKCC2
[38;35], NCC [37], and KCC2 [14;15]. They affect transport activity by binding to specific
amino acid motifs located in cytosolic tails of the cotransporters [32;13;44] and
phosphorylating them [12;27;45;37]. SPAK and OSR1 are two closely related Ste20p-like
kinases [5;6], with SPAK originating from gene duplication during late vertebrate evolution
[9]. It is interesting that the knockout of the older gene, OSR1, is embryonic lethal, whereas
the knockout of the more recent gene, SPAK, is viable with no overt phenotype [16]. These
observations indicate that these two functionally similar kinases are not identical.

The present study demonstrates that SPAK knockout mice exhibit several neurobehavioral
phenotypes: a higher nociceptive threshold, decreased locomotor activity, and increased
anxiety. The nociceptive phenotype is evident by the increased latency to respond to heat-
evoked noxious stimuli in both the tail flick and hot plate assays (Figure 3). The tail flick
response measures a spinal reflex involving cutaneous nociceptors, afferent conduction, central
conduction, and efferent conduction to muscles. This reflex is however modulated by
supraspinal structures, which have excitatory and inhibitory effects on the activity of dorsal
horn neurons [21]. One location where the kinase could play a significant role is in dorsal root
ganglion neurons. Indeed, an early SPAK paper identified high expression levels of the kinase
in these sensory neurons [24]. Furthermore, these neurons highly express Na-K-2Cl
cotransporters, which through its role in accumulating intracellular CI~, promote GABA-
mediated primary afferent depolarization and presynaptic inhibition. Interestingly, the SPAK
knockout exhibits a phenotype similar to the NKCC1 knockout, i.e., delayed response to
nociceptive stimuli. However, we demonstrated in a previous study that NKCC1 in DRG
neurons is regulated equally by SPAK and OSR1 and that NKCC1 activity is about half that
of wild-type DRG neurons in the SPAK knockout [16]. Moreover, reduced NKCCL1 function
in NKCC1 heterozygote mice did not result in a nociceptive phenotype [41;22]. Thus, in light
of the behavioral data of the NKCCL1 heterozygote mouse, it is difficult to attribute the
nociceptive phenotype on ~50% loss of NKCC1 function or a presynaptic deficit. Besides the
dorsal root ganglion, SPAK is also expressed in spinal cord and brain. In spinal cord, SPAK
likely regulates the K-CI cotransporter KCC2. In this case, the absence of SPAK expression
and function would increase cotransporter function [14]. This hypothesis is supported by the
observation that decreased KCC2 expression is associated with increased pain perception [3;
23;28,;20;25;47]. Further work involving crosses between the SPAK knockout and KCC2
hetereozygote mice, or intrathecal injection of novel KCC2 specific inhibitors [7], could
resolve this issue. We indeed expect that decreasing KCC2 expression by inactivation one
allele or decreasing KCC2 function through the use of inhibitors would reverse the phenotype
associated with the absence of SPAK

SPAK knockout mice also exhibit a significant locomotor phenotype. Indeed, both deficits on
the accelerating rotarod and decreased open field locomotor activity were observed in the
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SPAK knockout mice. Moreover, the beam test also indicated a significant decrease in the
activity of the knockout mice. Because inner ear balance, muscle strength, and proprioception
were all eliminated as possible causes of the locomotor deficits, it is likely that the deficit
involves the central nervous system. As mentioned above, a likely target of SPAK in the CNS
is KCC2. As this cotransporter facilitates GABAa-mediated hyperpolarization [39;48],
increased KCC2 function may lead to sedative-like effects, and the decreased locomotor
activity might be similar to the one induced by non-selective benzodiazepines [46]. Decreased
exploratory activity of SPAK knockouts in the open field chamber may indicate a possible
deficiency in motivated or goal-directed behaviors [40]. Although the decreased latencies on
the accelerating rotarod may point to coordination or balance problems that could involve
sensory deficits due to SPAK deletion, there remains the possibility that motor coordination
may not be affected per se, but poor rotarod performance could be the result of general
hypoactivity and/or motivation. Decreased exploratory behavior could also stem from anxiety.

Some of the phenotypes associated with the absence of the kinase in the knockout mouse might
not be related to effects on cation-chloride cotransporters, but to effects on other substrates of
the kinase. In a systematic search of the mouse proteome, we identified 137 mouse proteins
that contain SPAK binding sequences [8]. Therefore, these proteins are candidate targets for
SPAK phosphorylation and regulation. Furthermore, studies in C. elegans have demonstrated
the regulation of the CLH3 chloride channel by GCK-3, the worm orthologue of OSR1 [10].
Because this CI™ channel is the worm equivalent of the mammalian CIC2, it is possible that
CLC2 is regulated by SPAK and this regulation is affected in the SPAK knockout mouse.

Another phenotype observed in the SPAK knockout is increased anxiety. Indeed, as compared
to wild-type mice, the knockout exhibited increased anxiety-like behaviors by spending more
time in the dark versus light section of a box and increasing thigmotaxis in the open field
chamber. Anxiety-like behaviors are complex and the relationship between SPAK and this
phenotype is unknown. Benzodiazepines constitute a group of drugs that is particularly
effective in treating generalized anxiety disorders. It is therefore intriguing if the absence of
the kinase results in increased KCC2 function and GABAa-mediated hyperpolarization, which
leads to anxiety, especially since anxiety-like behavior has been demonstrated in KCC2
hypomorphic mice [42]. The SPAK knockout did not show any signs of behavioral despair (or
depression) in either the forced swim or tail suspension tests. This mood disorder is attributed
to serotonin and norepinephrine pathways that originate from brain stem nuclei (raphe and
locus coeruleus, respectively) and project to mid brain and forebrain structures.

In summary, neurobehavioral analyses of the SPAK knockout mouse demonstrate nociceptive,
locomotor, and anxiety-like phenotypes that could stem from increased function of the
neuronal-specific K-CI cotransporters, KCC2. These intriguing data indicate the need for
further studies of the role of SPAK in modulating KCC2 function in both brain and spinal cord.
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Figure 1.

Nociception tests in SPAK wild-type and knockout mice. A, Tail flick response was measured
at three temperatures. The cut-off times were 30 seconds for 38°C and 15 seconds at 46°C and
52°C to prevent injury. There were no statistical differences between the two genotypes at
either 38°C (tpg, P = 0.71) or 46°C (tpg, P = 0.11). Note the significant difference in response
t0 52°C (tpg, P = 0.001). B, Hot plate assay was performed with the same mice. The assay was
first conducted at 38°C with all mice reaching the cut-off time of 15 seconds without any
response (data not shown). Note the significant difference between control and SPAK knockout
mice at 52°C (tyg, P = 0.001). Bars represent means + SEM (n = 11 wild-types, 10 knockouts).
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Figure 2.

Motor coordination and balance through the rotarod test. Control (n = 11) and SPAK knockouts
(n=10) were placed on a rotating rod of ~3 cm in diameter, and the latency to fall was measured.
The test was performed three times a day for three consecutive days. Note the differences in
latency between the two genotypes as well as the improvement in locomotor skills for both
genotypes over repeated sessions.
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Figure 3.

Acoustic startle response (audition), beam walk and wire hang tests. A, For determination of
possible auditory changes, each mouse was restrained and startle responses to 120 dB sounds
spaced every 15 sec were recorded. Data were not statistically different (P = 0.7). B, For the
beam task, each mouse was placed on the lower end of an 80 cm long round plastic beam with
a diameter of 2 cm. The mouse was allowed to walk to the upper platform. The time to reach
the platform was measured and walking pattern was observed. Note that the SPAK-KO mice
displayed a significantly longer latency to reach the platform (P < 0.0001). C, The wire hang
test was performed by placing the mice on a wire suspended 50 cm above bedding. The latency
for the mouse to fall was recorded with a 60 sec cut-off time. No difference was recorded
between the two genotypes (t11, P = 0.31). Bars represent means + SEM (n = 6 mice per

genotype).
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Page 15

p <0.05

Rearings

Open-field test was performed to assess locomotor activity in wild-type and SPAK knockout
mice. Distance traveled (cm/h) and number of jumps and rearings (counts/h) were quantified
by the number of beam crossings. Note the significant difference in these 3 parameters. Bars

represent means = SEM (n = 11 wild-types, 10 knockouts).
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Figure 5.

Increased anxiety in SPAK knockout mice. A, Light/dark box. The ratio of time spent in the
light (anxiogenic) and dark (anxiolytic) areas was decreased in the knockout (tyg, P < 0.05).
B, Open field measurements of time spent in the center versus periphery of the chamber. There
was no difference observed for wild-type mice (tq, P > 0.05), but a significant difference
observed with the knockout mice (tyg, P < 0.001). Bars represent means + SEM (n = 11 wild-
types, 10 knockouts).
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Figure 6.

Two tests are used to measure depression-like behaviors in wild-type and SPAK knockout
mice. A, Forced swim test. Mice were placed in a water tank for 6 min and their time spent
swimming versus immobility was assessed. Data were analyzed for the first two minutes (no
difference, t11 P = 0.13) and the last 4 minutes (no difference, t1, P = 0.94). B, Tail suspension
test. Mice were hung by the tail for 6 min on a devise sensitive to movement. The movement
thresholds were set at 3 (minimum) and 50 (maximum). There was no difference between
genotypes for the amount of time spent below the minimal threshold (t;1, P = 0.24). Bars
represent means + SEM (n = 6 mice per genotype).

Behav Brain Res. Author manuscript; available in PMC 2011 April 2.



